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Preface 

Volume 35 of Annual Reports on NMR Spectroscopy contains items repre- 
senting the application of NMR in four different scientific areas. 

The very interesting area of Proton Tunnelling Effects in Metal Hydride 
NMR is discussed by S. Szymanski, Structural Studies of Hydrogen-Bonded 
Peptides and Polypeptides by Solid State NMR are covered by N. Asakawa, 
T. Kameda, S. Kuroki, H. Kurosu, S. Ando, I. Ando and A. Shoji, W. Price deals 
with recent developments in NMR Imaging, and NMR Studies of Interfacial 
Phenomena are reported by J. Grandjean. 

It is a great pleasure for me to offer my thanks to all of these authors for their 
very successful endeavours in producing very valuable accounts of their chosen 
areas of scientific activity. My sincere thanks also go to the production staff at 
Academic Press (London) for their help and cooperation in the production of 
this volume. 

University of Surrey 
Guildford, Surrey 
Englund 

G. A. WEBB 
April 1997 
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The discovery, at the end of the 1980s, of coherent proton tunnelling in transition metal 
polyhydrides seems to be one of the most interesting findings ever made in N M R  
spectroscopy. This subtle quantum phenomenon, observed in liquids at ambient 
temperatures in the f o r m  of anomalously large proton-proton couplings, shows up  an 
unprecedented thermal stability. No less intriguing is the fact that the tunnelling frequency 
or the coupling magnitude apparently increases with increasing temperature. Under 
impact of temperature there also evolves an incoherent process that eventually prevails, 
causing a collapse of the hydride spectrum into a singlet with no fine structure discernible. 
In the present contribution a detailed account is given of the relevant experimental studies. 
Moreover, theoretical models involving both the microscopic origin of the phenomenon 
and its responses to temperature are reviewed. Emphasis is laid on the most recent 
approaches providing a consistent quantum-mechanical picture of both the coherent 
tunnelling and the associated incoherent process. 
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1. INTRODUCTION 

In NMR spectroscopy, the magnetic nuclei are generally thought of as 
semiclassical objects. Quantum mechanics is applied only to their spins; their 
spatial degrees of freedom are described classically. There are only rare 
instances where the latter also call or a quantum-mechanical treatment. About 
30 years ago it was anticipated th t tunnelling motion of a methyl group in a 
solid might produce extra splittin i s of the proton resonance signal.' A few 
years later such splittings were identified experimentally in a powder sample 
of ethyl iodide.2 The experimental material accumulated since then, including 
recent high-resolution data obtained for single molecular crystals.'4 involves 
hindered quantum rotors such as CH3 and NH; groups and their per- 
deuterated counterparts. In any such case, one deals with a specific quantum 
motion which only permutes identical particles among their equilibrium 
positions. In systems composed of like particles, the symmetrization postulate 
of quantum mechanics correlates the orbital degrees of freedom of thc 
particles with their spin coordinates. This is the ultimate reason why quantum 
tunnelling in such systems can lead to splittings in NMR spectra. In solid-state 
NMR, the observations of tunnelling splittings have so far been restricted to 
cryogenic temperatures. 

In liquid-phase NMR one necessarily works far above the cryogenic range. 
Until the late 1980s it was hardly imaginable that the usual semiclassical 
approach could fail in this regime. The semiclassical stereotype had at  last to 
be revised under the pressure of a growing number of reports on strange 
proton-proton J-couplings that could not be explained in terms of the usual 
electron-mediated interactions. The couplings were observed between hydride 
protons in complexes of some transition metal hydrides dissolved in organic 
solvents.'-12 These couplings show very strong dependence on temperature and 
reach unusually large magnitudes at high temperatures. Further variations with 
temperature are obscured by gradually evolving incoherent processes leading 
to coalescence and ultimate collapse of the offending multiplets. In 1989, 
tentative explanations of these unusual couplings were proposed in two 
simultaneous, preliminary reports by Zilm et af.I3 and by Weitekamp et aL.,l4 
followed by more detailed accounts."-'* The unusual phenomena were 
explained in terms of a concerted pairwise tunnelling of the hydrides through 
the vibrational potential. For pairs of spin$ particles the original formulation 
of Heisenberg's quantum-mechanical exchange is applicable. This 
virtual coupling between the particles' spins is formally identical with the 
familiar NMR J-coupling. Hence the NMR multiplets of the hydride unit can 
have the usual appearance and only the meaning of the relevant coupling 
constants needs to be modified. In place of the ordinary (magnetic) coupling 
constant, Pag, one observes an apparent coupling constant 
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where vl is the tunnelling splitting or, more precisely, a thermal average of such 
splittings over a ladder of vibrational levels. For subsequent vibrational levels 
the magnitudes of tunnelling splittings increase steeply. The dependence of P P P  

on temperature is generally related to the fact that the contributions to v, from 
different vibrational levels vary with temperature.”-lK 

The idea that these anomalous couplings are due to quantum-mechanical 
exchange is based on a strong experimental evidence from isotopic studies. 
When one of the tunnelling protons is replaced by a different hydrogen 
nuclide, the symmetrization postulate underlying Heisenberg coupling is no 
longer applicable and, accordingly, only the usual, magnetic component of the 
coupling can be observed.l”.’”.’‘ The quantum-mechanical origin of these 
anomalous phenomena has therefore generally been accepted in the literature. 
However, one faces a variety of approaches when it comes to details. In regard 
to the experimental data gathered prior to 1992, at least four substantially 
differing models, each invoking two or three free parameters only, afforded 
good fits to the observed dependences on temperature of the exchange 
coupl ings. 16.1 8.2 1.22 Further variants are able to reproduce these crucial depend- 
ences qualitatively. Presently, there seems to be emerging a clearer picture that 
is due to a series of recently published studies, including refined quantum- 
chemical calculations of the relevant vibrational p ~ t e n t i a l ~ ” ’ ~  and NMR 
measurements on isotopically labelled hydrides over a broad temperature 
range.*‘ Two of the most recent appro ache^^^.^' are aimed at a consistent 
explanation of both kinds of thermal effects observed in NMR spectra: the 
coherent tunnelling that produces resolved, temperature-dependent splittings 
of the resonance signals, and the gradually evolving incoherent processes that 
ultimately prevail. 

So far as is possible the arrangement of the present review follows the history 
of both experimental and theoretical studies on this fascinating subject. 

2. A SURVEY OF EXPERIMENTAL DATA 

In 1984, conclusive proof was reported that H2 molecules can be coordinated 
to the metal centres of some transition metal complexes, retaining many of the 
properties of molecular hydrogem2’ In particular, the proton-proton distance 
in the coordinated molecule is similar to that in the free molecule. Such a 
dihydrogen structure can be identified when the compound is prepared from 
HD: large values of J,,-up to 35 Hz, which is not far from the value of -43 Hz 
in a free H D  molecule-are observed for the dihydrogen ligand (see, e.g., a 
review by Heinekey and Oldham””). The unusual H-H couplings were first 
supposed to be magnetic couplings within hypothetical dihydrogen ligands 
coordinated to the metal In view of the already mentioned findings 
from isotopic studies, the explanation in terms of magnetic couplings could not 
be sustained. 



4 s. SZYMANSKI 
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H 
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The list of compounds exhibiting the unusual effects is dominated by 
derivatives for which there is no conclusive evidence of a possible contribution 
of dihydrogen structures. The compounds that are structurally characterized 
as trihydrides include neutral complexes of n iobi~m*,’ , ’~ .~~~~* ((1) in Fig. l ) ,  
r u t h e n i ~ m ~ ~ ’ ~ ~ ~ ~ - ~ ~  (2), and osmium,’6 (3) trihydrides. Further examples include 
cationic complexes of (4), osmium,37 (S), and molybdenum?’ 
(6) trihydrides. Except for (3) and (S), the ligands include one or two variously 
substituted cyclopentadienyl anions; tertiary phosphines or phosphites are 
coligands in all the compounds but (1) and (6). 

Neutron diffraction studies on (4a) (Cp” = C5H5, L = PMe,) reveal that the 
hydride protons are located at the vertices of a slightly distorted equilateral 
triangle with edges of 1.67,1.70, and 2.66 A; the Ir-H distances are in the range 
1.583-1.591 A.15 In the ‘H NMR spectra of (1)-(6) (31P-decoupled for (2)-(5)) 
the singlet of the hydride protons that is observed at high temperature 
decoalesces into an A2B pattern upon cooling the sample. In solution the 
compounds (1)-(6) have an effective symmetry plane crossing the metal atom, 

*Already in 1982 J. A. Labinger in his chapter on niobium and tantalum hydrides (Comprehensive 
Orgunometullic Chemistry, Vol. 3 (ed. G. Wilkinson, E G. A. Stone and E. W. Abel), p. 707, 
Pergamon Press, Oxford, 1982) quoted an unpublished observation by F. N. Tebbe of a coupling 
of about 100 Hz between hydride protons in a substituted niobocene trihydride. 
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Fig. 2 

one of the hydrides, and the centres of the coligands. The unusual couplings 
occur between each of the terminal hydride protons and the proton in the 
symmetry plane. Generally, along with increase of temperature, the coupling 
magnitude also increases. For (4b) (Cp" = CsHs, L = 1-methyl-4-phospha- 
3,6,8-trioxabicyco[2.2.2]octane) Ppp varies from 972 Hz at 176 K to 1565 Hz at 
196 K." The latter is probably the largest indisputable value of l a p p  reported 
so far. It is nearly an order of magnitude larger than the proton-proton 
coupling in molecular hydrogen, about 280Hz, which is believed to be the 
largest magnetic proton-proton coupling. Use of a chiral phosphine ligand 
afforded an assessment of the J-coupling between the otherwise magnetically 
equivalent terminal hydride protons: the value of 3.4Hz found for (4c) 
(Cp" = CSHS, L = P(H)(Ph)(n-decyl)) is independent of temperature and 
typical for magnetic coupling mechanisrn.l5 

Quantum exchange couplings are also observed for cationic33*38 ((7) in 
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Fig. 2) and n e ~ t r a l ~ ~ . ~ ~  (8) adducts of a ruthenium trihydride complex with 
Lewis acids containing Cu(I), and for a series of cationic adducts of niobocene 
trihydride (la) and its derivatives (lb) (Cp* = C,H,(SiMe,)) and (lc) 
(Cp* = CSH3(SiMe3)') with Lewis acids of Cu(I), Ag, and Au'2.39340 (9). The 
structures of (7)-(9) were determined from X-ray s t u d i e ~ . ' ~ ~ ~ ~ . ~ ~  In these 
compounds the high-temperature singlet of the hydride protons decoalesces 
into a broadened A2B multiplet which, on further cooling, either sharpens with 
a retention of the A2B form or transforms into an ABC pattern. The latter 
behaviour, observed for (9) where M = CU(I)~* ,~"  and Au,,~.~" and also for (7)3x 
is consistent with the X-ray data revealing different Ru-H (for (7)) and Nb-H 
(for Au derivatives of (9)) distances for the two bridging hydrogen 
In the low-temperature spectra of (7) and (9) the anomalous coupling occurs 
between the hydride proton not involved in the bridge and one of the bridging 
protons. For the derivatives of (9), transformation of the low-temperature 
ABC multiplet into an A2B one at intermediate temperatures was explained 
in terms of isomerization of the complex with two bridging hydrides in each 
moiety of the molecule into a hydride/dihydrogen form with only one hydride 
involved in the bridge. The latter may be either a stable species or a sort of 
intermediate on the reaction path.40 

First observations of quantum exchange couplings in non-trihydride systems 
involved cationic complexes of tantalum dihydrides41 ((10) in Fig. 3). In (loa) 
(L = P(OMe)3) the proton-proton distance of 1.67 A, i.e. similar to that in 
trihydride (4a) (Cp* = C5HS, L = PMe,) was estimated4' from longitudinal 
relaxation data following the procedure described in Refs 43. The 31P- 

Fig. 3 
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decoupled spectra of the hydride protons of (10) show an AB pattern at low 
temperatures. The temperature behaviour of the spectra is similar to that of 

A related tantalum derivative (11) has been reported42 that was formerly 
believed to be a typical dihydrogen complex.44 The more recent studies42 on 
the isotopomer (11)-d prepared from HD gave a value of JHD of 27.5 Hz, which 
was in a fair agreement with the previous guess as to the structure. The NMR 
behaviour of (11)-d at low temperatures was, however, incompatible with that 
of a typical dihydrogen complex where the dihydrogen ligand should undergo 
rapid reorientation on the NMR timescale.'" In 'H spectra of (11)-d, below 
208 K the high-temperature triplet at 6 = -5.17 ppm decoalesced into two 
tripets, at S = -5.14 and 6 = -5.78, both withJHD = 27.5 Hz. Similar decoales- 
cence was observed in 2H spectra. The two low-temperature signals were 
ascribed to the protons (deuterons) occupying the ex0 and endo positions. The 
activation energy of 40 kJ/mol (9.6 kcal/mol) for the assumed stochastic 
exchange between exo and endo positions was calculated from lineshape 
analysis. However, no decoalescence was observed for both the perprotio and 
perdeuterio ((11)-d2) derivatives. This can hardly be rationalized in terms of 
reduced activation energy of the stochastic exchange since for the d2 derivative 
the activation energy should actually increase owing to the isotopic H/D effect. 
The authors conclude that (11) represents a new class of dihydrogen com- 
plexes, with a nonrotating dihydrogen ligand. The failure to observe decoales- 
cence in the perprotio and perdeuterio derivatives is attributed to very strong 
exchange couplings in these compounds, exceeding by many times the chemical 
shift differences between exo and endo positions. In the case of two interacting 
nuclei, such a strong interaction would cause an apparent collapse of the 
multiplet to a singlet. Similar features were observed for a niobium derivative 
(12).4s The H-H distances for (11) and (U),  calculated from TI  data under the 
assumption of slow reorientation of the dihydrogen ligand, are 1.06 A42 and 
1.17 A:' respectively. The difference in the proton-proton distance is clearly 
reflected in the magnitudes of .IHD for the corresponding isotopomers (27.5 Hz 
for (11)-d and -15 Hz for (l2)d). 

Wherever it will not lead to ambiguity, in the following all of the derivatives 
of (1)-(12) exhibiting exchange couplings will generally be referred to as metal 
hydrides. In view of the findings described in the preceding paragraph, clear 
distinction between genuine hydrides and complexes containing a stretched 
dihydrogen ligand does not always seem possible. 

(1)-(9). 

2.1. Dependence of the spectra on temperature 

Apart from their unusual magnitudes, the most striking feature of the 
couplings in question is their unprecedented sensitivity to temperature. With 
a remarkable exception involving niobocene trihydride (la), where Ppp first 
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decreases to zero and then, along with further increase of temperature, 
reappears again:' the (absolute) magnitude of the coupling always increases 
monotonically with increasing temperature. Studies on the limiting low- 
temperature behaviour are obviously restricted by solubility problems. At  high 
temperatures the natural limit is set by the onset of coalescence phenomena: 
the chemical shifts of the hydride protons ultimately undergo averaging and 
further observation of the couplings is not possible. It is interesting that, 
generally, the chemical shifts show only a mild dependence on temperature. 
The changes of the appearance of the spectra due to incoherent exchange 
processes are extremely well described by the standard Ale~ander-Binsch~~.~ '  
lineshape equation.39s42q48 

Recently, the variation of Japp with temperature was studied systematically 
over a wide temperature range of 125-201 K for a series of derivatives of (4).26 
Representative examples of the observed trends are shown in Fig. 4 together 
with similar data reported previously for derivatives of (1) and (2). 

It is remarkable that at a fixed temperature the magnitudes of Japp for a series 
of derivatives of (4) differing only in the ligand L correlate inversely with the 
basicity of the ligand (the higher the basicity, the smaller the coupling).'"z6 
Similar trends were found for neutral ruthenium complexes (2).35 

The magnitudes of Japp show a rough inverse correlation with activation 
enthalpies of the incoherent processes occurring at elevated temperatures.26 
For the above-mentioned series of derivatives of (4), the activation enthalpies 
fall in the range of 38-50 kJ/mol (9-12 kcal/mol), while the corresponding 
activation entropies are below 1 e.u? 

2.2. Isotopic effects 

As already mentioned, studies on the metal hydrides with hydrogen selec- 
tively substituted by deuterium or tritium yielded definite evidence of the 
quantum exchange origin of the unusual coupling. For magnetic spin-spin 
couplings, substitution of one (two) of the interacting nuclei with a different 
isotope results mainly in a rescaling of J by the ratio (the squared ratio) of 
the corresponding gyromagnetic coefficients. The discrepancies arising from 

Fig. 4. Dependence of PPp on temperature for selected transition metal 
trihydride complexes. Data for compounds ( lb)  (Cp* = C,H,(SiMe,)), (lc) 
(Cp* = C5H3(SiMe3)2). (2a) (Cp* = CSMeS, L = P-P'r3), and (2b) (Cp* = C,Me,, 
L = P(ChH1J3) were taken from Ref. 12. Data for compound (4b) (Cp* = C5H5, 
L = l-methyl-4-phospha-3,6,8-trioxabicyco[2.2.2]octane) were taken from Ref. 16. 
Data for compounds (4s) (Cp* = C5H,, L = PMe,), (4) (Cp* = C5HS. L = PPhJ, (4e) 
(Cp* = CSH5, L = AsPh,), (4f) (Cp* = CSHsr L = P-P'r,), (4i) (Cp* = CsHs, 
L = P(C6H1,),), (4j) (Cp* = (C,MeS, L = PPh3), and (4k) (C5Me5, L = PMe,) wcre 
taken from Ref. 26. 
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changes in the system’s vibrational degrees of freedom do not usually exceed 
a few per cent of the coupling magnitude. 

Extensive studies on isotopically labelled iridium trihydride complexes were 
carried out by Heinekey e ~ a f . ~ ~ . ’ ~ , ’ ~  In (4d) (Cp* = C5H5, L = PPh3), for which 
the limiting low-temperature value of JdPP is 260 Hz, substitution of the hydride 
proton in the symmetry plane with a deuteron results in a collapse of the signal 
of the terminal protons to a broadened singlet (Av,,’ = 12 Hz).” Such a picture 
is repeated over a range of temperatures for a number of iridium hydrides. 
Longitudinal relaxation of the introduced deuteron is too slow to be respon- 
sible for the absence of a visible splitting if the coupling in the parent perprotio 
species is of purely magnetic origin. Substitution of a deuteron in one of the 
two equivalent terminal positions leaves the coupling between the remaining 
terminal and the central proton still slightly enhanced, by 3-6%.15 16s26 The 
latter observation, combined with the findings for (4c) mentioned at the 
beginning of Section 2, provided the first evidence for the two-particle nature 
of the phenomenon and quelled speculation on the possibility of a straight 
analogy between the trihydrides and tunnelling methyl groups. A pairwise 
mechanism has received independent confirmation from the more recent 
observations of exchange couplings in the dihydrides (10). 

Proper identification of individual resonances in ‘H spectra of partially 
deuterated trihydrides was facilitated by large upfield isotope effects on the 
proton chemical shifts.15 

Decisive proof of the quantum exchange origin of the unusual couplings 
stems from ‘H NMR studies on partially tritiated iridium h y d r i d e ~ . ’ ’ ~ ’ ~ ~ ’ ~ ~ ’ ~  In 
the monotritiated derivatives of (4e) (Cp* = CsH5, L = AsPh,) the H-T 
coupling constants in the HATBHA and HAHBTA isotopomers were found to 
be 24 and 29 Hz, re~pectively’”.’~ (accounting for a non-first-order character of 
the triton multiplet in the latter isotopomer would probably reduce the 
discrepancy between these two values). At the same temperature (185 K) the 
value of Ppp in the perprotio species is 500 Hz. It is the observed reduction by 
a factor of 20, instead of an increase to -530 Hz, of the coupling magnitude 
upon tritium substitution that enabled the authors to rule out magnetic 
interactions as the coupling mechanism. 

Heinekey et uf. reported values of H-T couplings for a series of nine tritiated 
derivatives of (4), where Cp* = CSMes.” These values are in the range 
19.1-29.4 Hz and do not vary with temperature. They were used to determine 
the magnetic components in the observed Japp values. For five compounds of 
the series T-T couplings were also measured. The latter lie in the range 
19.3-31.1 Hz and are temperature independent. The evident absence of 
quantum exchange between the tritons and its simultaneous occurrence in the 
respective perprotio species is rationalized in terms of mass effect causing a 
substantial reduction of the tunnel splittings.’6,26 As already mentioned, a 
possible example of exchange coupling between isotopes of hydrogen other 
than protons may be (ll)-d2.42 
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Heinekey et ~ 1 . ' ~  investigated isotopic effects on the thermally activated 
rearrangements. As in the case of tantalum dihydride (loa) (L = P(OMe),) 
studied by Chaudret et a1.?* the rearrangement rates observed for iridium 
trihydrides (4) are insensitive to successive deuteration of the hydride sites. 
The same is true for H/T substitution in the latter compounds.2h 

2.3. Dependence of the spectra on pressure 

The effects of pressure increase on the spectra of (lb) (Cp" = C5H7(SiMe3)*) 
were investigated by Ernst et UI.,~ Depending on the temperature, the coupling 
constant Japp is reduced by 5-8 Hz upon increasing the pressure up to 5 kbar. 
At low temperatures the decrement can reach 20% of the value at ambient 
pressure. At constant temperatures, the dependences of Jap" on pressure are 
nonlinear and resemble pressure dependences of the specific volume, V,,(p, T ) ,  
of the solvent which was methylcyclohexane-d,,. A good fit for the experimen- 
tal values of PPp(p, T )  was obtained using a linear relationship 

J"PP(p, T )  = a(T)  + bV,,(p, T )  (2) 
with a temperature-independent slope parameter b and an offset parameter 
a( T )  dependent on temperature. 

In (lb), the rate constant of the thermally activated rearrangement is 
dependent on pressure and attains a minimum at an intermediate pressure. 

3. BASIC PRINCIPLES OF EXCHANGE COUPLING 

The phenomenon that is the subject of this review has in many respects been 
a challenge to common intuitions involving the properties of molecules in 
solution at ambient temperatures. Tunnelling effects involving a molecular 
fragment, an atomic core in the simplest case, commuting back and forth in 
space are not as challenging as the phenomenon considered here, where the 
nuclei are only permuted at their binding sites. In condensed matter at high 
temperatures the former are generally incoherent processes,'"." while the 
latter is ostensibly coherent over a wide temperature range. In the metal 
hydrides an incoherent process starts to dominate only at high temperatures. 
At a phenomenological level, this incoherent effect can be explained in terms 
of the familiar stochastic permutations of the hydride protons among their 
binding sites. In favour of such in interpretation are the already mentioned 
excellent lineshape fits obtained in the framework of the standard Alexander- 
Binsch lineshape t h e ~ r y . " - ~ ~ . ~ * . ~ ~  The mutual status of both the incoherent and 
coherent processes simultaneously affecting the same nuclei has been clarified 
only recently. This was achieved in the framework of a consistent quantum- 
mechanical model invoking vibrational relaxation as the ultimate mechanism 
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of thermal effects observed in the hydride ~pectra . ’~ Consistent treatments of 
coherent and incoherent processes are reviewed in Section 6. The present 
section focuses on the concept of the effective spin Hamiltonian, which affords 
a convenient description of the coherent effect. Although the latter concept has 
a long hi~tory,’~,’~ its previous applications were to a large extent confined to 
electronic systems in solids (see, e.g., Ref. 52). Some logical difficulties 
concerning its application to nuclear systems in the context of NMR spectro- 
scopy have been resolved only recently.53 

The simplest model of the system of interest, retaining all the relevant 
features, includes two neighbouring hydrides occupying geometrically non- 
equivalent sites A and B. Assuming perfect separability of the overall 
molecular rotations from internal motions, quantum-mechanical description of 
the relevant orbital degrees of freedom of the system can be done in terms of 
a Hamiltonian referred to a molecule-fixed frame. In the presence of an 
external magnetic field the Hamiltonian is to be augmented by terms describ- 
ing both indirect spin-spin and Zeeman interactions. The spin operators 
entering Zeeman terms are referred to a laboratory frame. This is not 
inconsistent with the convention regarding the spatial variables (see below). 
The Hamiltonian, expressed in angular frequency units, is 

where it is assumed that the laboratory Z axis is parallel to the direction of the 
external field. In this rigorous quantum-mechanical description, the spatial 
particles’ coordinates entering the Zeeman and spin-spin interaction terms are 
dynamic variables. Obviously, the terms describing the kinetic ( T )  and 
potential energies (U) that govern the spatial, and in particular, vibrational 
motions do not contain the spin degrees of freedom. The through-space 
dipole-dipole interactions are neglected in Eq. (3) because one can anticipate 
that they will average out to zero owing to molecular tumbling. For the same 
reason one can neglect the spatially anisotropic parts of the chemical shift and 
J-coupling tensors; in Eq. ( 3 )  w(r) is a scalar quantity which describes the 
distribution of effective proton Larmor frequency within the molecular volume 
around the hydride sites. Because H is a proper quantum-mechanical Hamil- 
tonian, it is invariant under simultaneous permutation of spatial and spin 
coordinates of the (like) particles, represented by the product of the spatial, 
PR,  and spin, Ps, permutation operators. 

The sequential vibrational states of the model system will in general be 
separated by energy quanta that are large in comparison with Zeeman energies 
( 1  cm-’ = 30 000 MHz!). The most natural approach to the eigenproblem of 
Eq. (3) is thus to solve first the purely spatial or vibrational problem, with the 
Hamiltonian Wb = T(r1 , r2 )  + U(r l , r z ) ,  and only then include the spin-space 
part. The former is invariant under permutation of the purely spatial particles’ 
coordinates. This means in particular that the two potential minima of U(r l ,  r2)  
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Fig. 5. Schematic representation of the two-well potential (a), of the symmetric and 
antisymmetric eigenfunctions of two lowest-energy states (b), and of the corresponding 
home-based functions (c), for the tunnelling hydride pair. The two equivalent potential 
minima at the values -1 and 1 of the tunnelling coordinate, X ,  correspond to the two 
permutations of the hydrides at the binding sites. In absence of magnetic fields, the 
permutation symmetry of the system cannot be broken by any interactions with an 
environment. 

in configuration space, corresponding to the arrangements where proton 1 is 
at site A and proton 2 at B and vice versa, are perfectly equivalent (see Fig. 
5) .  They remain so even when the spatial system's degrees of freedom 
are subject to stochastic (nonmagnetic) perturbations from the condensed 
environment. Accordingly, the eigenstates of H " I h  are either symmetric (+) or 
antisymmetric (-) under PR. Exact solution of the vibrational eigenproblem 
can be found numerically provided that both U ( r l ,  r2) and the kinetic energy 
tensors4 entering T(r, ,  r2) are known (such calculations would generally involve 
the use of curvilinear coordinates, in which case the form of T could be quite 
complicated). However, some important properties of the eigenstates of Hvlb 

below the potential barrier separating the potential minima in configuration 
space (the hindered states) can be anticipated on general physical grounds. 

The repulsive part of U tries to keep the protons apart so that even for 
excited (but still hindered) states the amplitude of double occupancy of one 
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binding site should be small and so should the amplitude of a vacancy at a site. 
Similarly, there should be small amplitude for finding any of the nuclei in the 
barrier region. Hence, even in its vibrationally excited, hindered states the 
molecule retains a definite structure. The importance of the notion of 
molecular structure for a proper consideration of the present problem was 
emphasized by Inati and Zilm.53 

For an infinite energy barrier separating the two potential minima in 
configuration space, the eigenstates of the combined system would exist in 
two-component, degenerate bands. The two-dimensional manifold of each 
such band would be generated by two nonoverlapping one-particle functions 
concentrated around the respective sites A and B. An orthogonal basis of the 
manifold is spanned by the two product states describing the two arrangements 
of the particles at the sites. These product states account only for the on-site 
delocalization of each of the particles. The genuine eigenstates must conform 
to the formal symmetry requirements: the situation where particle 1 is at site 
A and particle 2 at B must be treated on equal footing with that where particle 
2 is at site A and particle 1 at B. This is obeyed by the appropriate 
Heitler-London functions, i.e. the sum and the difference of the two product 
states. These two combinations are transformed under the particle permutation 
with the signs (+) and (-), respectively, and are thus the proper (orthogonal) 
eigenstates. Beyond the on-site delocalization already accounted for in the 
product functions, the latter also show a long-distance delocalization that 
results from the formal nondistinguishability of the particles. In configuration 
space, each of the corresponding probability distribution functions therefore 
has two equivalent peaks around the two equivalent potential minima and 
vanishes in the barrier region. 

For a finite energy barrier separating these two minima the perfect 
degeneracy will be lifted. The resulting intraband splittings, v?, are customarily 
defined as differences between even and odd energy levels, 

u y  = (EI’ - E,-)/h (4) 

The corresponding exact eigenfunctions +*,(rl, r2)  are by definition adapted to 
the formal symmetry requirements. As long as the actual potential resembles 
its extreme, infinite-barrier form, the eigenfunctions must also resemble 
their infinite-barrier counterparts, exhibiting similar on-site and long-distance 
delocalizations. The appropriate linear combinations of these eigenfunctions, 
sometimes called home-based” or homebase functions, 

IcIAB,(rI, r2) = 2-l/2[++,(rl? r2) + +-,@I, r2)I 

IcIB*/(rb r2) = 2-”2[++,(rl? r2) - +-/(rl? 141 
(5a) 

(33) 

resemble in turn the (only on-site delocalized) product functions mentioned 
above. Unlike the product functions, the home-based functions can in principle 
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retain some residual long-distance delocalization: beyond the main peak 
located around one of the potential minima, the corresponding probability 
distribution can have a small secondary peak around the other minimum. 

It follows directly from Eqs (5a) and (5b) that, like their infinite-barrier 
counterparts, the home-based functions are transformable into each other 
by P R ,  the operator that permutes the spatial particle coordinates. The 
home-based functions form a complete orthonormal basis set which is an 
alternative to one comprising the genuine eigenfunctions. For the lowest 
band one approaches the infinite-barrier limit and the corresponding 
home-based functions can to a good approximation be factorized into 
appropriate one-particle functions, usually Gaussian functions, located at the 
sites A and B, 

The accuracy of such an approximation can be improved by multiplying the 
right-hand side of Eq. (6) by a type of two-particle step function, g(lrl - r2() ,  
which nullifies (in the hard-core approximation of the interproton repulsion) 
the already small amplitude of the product function in the region where the 
interparticle distance drops below some critical value (e.g. below -1 A for 
hard-core protons’”’6). 

It must be stressed that the long-distance delocalization, imposed by the 
postulate of nondistinguishability, is in a sense trivial and by no means 
invalidates the notion of molecular structure underlying the above reasoning: 
It is not important which of the nondistinguishable nuclei resides at a given 
moment in a given site; the only important thing is that the probability of 
finding one at that site be close to certainty. 

In systems composed of n like particles, excited levels can come in clusters 
comprising more than the n! elements necessary to form a set of home-based 
functions. As long as the molecular structure is retained, such clusters must be 
separable into “localizable” bands of which each can deliver a set of 
home-based functions that is closed with respect to all possible permutations 
of (spatial) particles coordinates. 

We now turn to the complete Hamiltonian of Eq. ( 3 ) .  As already mentioned, 
the spin-dependent elements of H that couple different vibrational levels are 
strongly nonsecular and can be neglected. The matrix representation of H is 
thus decomposed into independent blocks for individual (hindered) bands. In 
calculating the matrix elements one has to take into account the symmetriza- 
tion postulate, which correlates the spin and spatial states according to Fermi 
statistics. There are four correlated states for each band, all transforming with 
the minus sign upon permutation of the spin and spatial proton coordinates; 
one denoted below by u represents the singlet state, and three, designated by 
0, represent the M Z  = -1, 0, and 1 triplet states: 
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In the present context it is convenient to use a unitary transformed basis set. 
The new basis functions for band j ,  all behaving properly upon permutation of 
spatial and spin particle coordinates, are Slater determinants of the specific spin 
orbitals whose orbital parts are the appropriate home-based function*: 

If the residual long-range delocalization of the home-based functions, com- 
mented upon after Eq. (5b), is neglected, then these Slater basis functions 
acquire straightforward physical interpretation. Each of them describes a 
definite spatial arrangement of the nuclear spins. For example, 12j represents 
situation where site A is occupied by a particle in the spin state a and site B 
by a particle in the state P. Function &j describes the permuted arrangement 
of these spin states at the sites A and B. Neither of these two functions is an 
eigenfunction of Wb. They can serve to clarify the term “tunnelling”, which 
may be somewhat ambiguous in the present context since no net transport of 
mass is involved here. If interactions engaging the nuclear spins were absent, 
the system prepared initially in the state c2 (we drop the band index) would 
under the action of Wb continuously oscillate between the states f; and c3, with 
the frequency of 4 2 .  This process could be described in terms of the oscillating 
probabilities of the two spatial spin configurations, a at site A with P at site B, 
p[a(A)P(B);t], and P at A with a at B,p[P(A)a(B);t], 

p[a(A)P(B);t] = COS~(TW,~) 

p[P(A)a(B);t] = sin2(.rrvtt) 

*The standard Slater determinant involves products of one-particle spatial functions, while 
home-based functions are only approximately factorizable into one-particle functions. Home- 
based functions and product functions behave in the same way under permutation(s) of the spatial 
particle coordinates, which is the crucial property underlying the very concept of Slater 
determinant. 
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The tunnelling thus involves an oscillatory exchange of spins between the 
nuclear sites, and this is why the process has been termed quantum-mechanical 
spin exchange. 

The matrix elements of H in the Slater basis defined in Eqs (8a-d) can be 
calculated easily. The nonvanishing elements are listed below; the origin of the 
energy scale is set at  the average band energy, calculated taking account of spin 
statistics, (ET + 3E17)/4. 

where 

and 

and 4) is defined by analogy with Eq. ( l l ) ,  with w(r2) replacing w(r l ) .  In Eqs 
(loa-e) terms involving matrix elements of w(r) and J ( r l ,  r2) between two 
different home-based functions are neglected since such terms practically 
vanish. The above formalism can be generalized over systems of n like nuclei 
of arbitrary spin number, occupying n sites. 

Inspection of Eqs (loa-e) reveals that matrix representation of the single- 
band Hamiltonian in the Slater basis is the same as that of the standard NMR 
spin Hamiltonian in the ordinary spin product basis. In the latter Hamiltonian, 
instead of the magnetic coupling constant, one has to insert an apparent 
J-coupling defined according to Eq. (1). It is the above identity of matrix 
representations that is implicitly referred to in virtually all of the existing 
explanations of the phenomenon. It must be stressed again that without 
restrictions of the symmetrization postulate the single-band manifold would 
comprise all eight possible combinations of spatial and spin basis functions and 
this crucial coincidence of the Hamiltonian matrices could not take place. 

In setting the standard NMR Hamiltonian, formal symmetry of like particles 
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is abandoned and, accordingly, no reference is made to the symmetrization 
postulate. Why then, in spite of such an apparent violation of the very 
foundations of quantum mechanics, can this standard approach work at all? 
Such a question would hardly arise if one did not face the phenomena that are 
the subject of the present review. According to Inati and Zilm,s3 the answer is 
that the quantum postulates are in fact implicit in the standard NMR theory. 
Instead of the proper spin basis referred to the particle labels (as used in Eqs 
(7a)-(Sd), in the standard approach one actually uses a spin basis that is fixed 
at the nuclear sites. Such site-fixed basis is in a natural one-to-one correspon- 
dence with the genuine quantum-mechanical basis formed from Slater deter- 
minants (for like fermions) or from Slater permanents (for like bosons). In the 
two-particle case considered presently, the correspondence between site-fixed 
spin functions and the Slater spin-space functions of Eqs (8a-d) has already 
been pointed out in the discussion following Eq. (8d). If the site-fixed spin 
functions of the standard NMR theory were multiplied by purely spatial Slater 
determinants (or permanents) formed from exact or approximate home-based 
functions, the fundamental quantum postulates would be ~atisfied.~' However, 
for ordinary spin systems there is no need to perform such a procedure 
explicitly. 

Except for the simplest systems of spin-; nuclei, the rigorous quantum- 
mechanical procedure leading to Eqs (loa-e) (and employed here for didactic 
purposes) would be rather inconvenient to handle a general case of quantum 
exchange. Spin operators affording a compact formulation of an effective 
Hamiltonian could only with difficulty be reconstructed from the individual 
matrix elements calculated in this way. A solution addressing a general case of 
n like particles tunnelling among n nuclear sites in n! - 1 possible ways is 
proposed by Inati and Zilm,53 who make an explicit use of site-fixed spin basis 
from the start. They thereby obtain the effective spin Hamiltonian whose 
matrix representation (in the product spin basis) is identical with that of the 
corresponding quantum-mechanical Hamiltonian in the Slater basis. These 
results have been reproduced by SzymanskiS6 in a different way, involving an 
explicit transformation from the particle-fixed to site-fixed spin basis. The 
required effective Hamiltonian, supposed to be a thermal average over 
vibrational bands (the band index has been dropped), has the form 

" 1 - 1  

where the summations over k and over kf are over the sites and pairs of sites, 
respectively, and the index q enumerates the n! - 1 spin operators P," that 
permute the n nuclei among the n sites; for even permutations -y, is equal to 
1, and for odd permutations it is equal to 1 for bosons and to -1 for fermions. 
One can easily verify that for a pair of spin-: nuclei the quantum exchange term 
r y ( k r )  Vt(k()  ek/) can be transformed into the corresponding Heisenberg term 
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100 Hz 

Fig. 6. Comparison of theoretical NMR spectra for a pair of like particles of spin 1, 
coupled by the usual J-interaction (v, = 0, dashed lines) and by quantum exchange 
( S n a g  = 0, solid lines). The spectra were calculated assuming chemical shift difference, 
A, of 100 Hz, and natural linewidth, 1/n-T2, of 3 Hz. Case (a): Pag = 25.0 Hz and 
u, = 12.5 Hz. Case (b): PaR = 5.0 Hz and u, = 2.5 Hz. Compared are spectra for which 

P a p  = 2 4 ,  since for such relationship the corresponding spectral patterns become 
similar in the weak-coupling limit (see (b)). 

- 2 7 ~ v ~ ( ~ ~ ) I ~ I , .  This stems from the well-known relationship ei0 = 21k I[ + E/2, 
where E is unit operator, which is valid for spin-; particles.'" The same 
relationship can be used to  show that a sum of two mutually inverse cyclic 
permutations of three spin-; particles can be transformed into a sum of three 
corresponding Heisenberg terms (see, e.g., Ref. 55). Quantum exchange 
coupling between two spin-1 particles, e.g. two deuterons (whose occurrence 
in a tantalum dihydride or dihydrogen complex (ll)-d2 can be suspected), 
would produce different spectral patterns from the ordinary J-coupling. This 
is illustrated in Fig. 6 (see also Section 4.4). 

When the number of tunnelling particles, n, exceeds 2, the exchange 
parameters utq in Eq. (13) are no longer equal to tunnelling splittings within 
a band. Closed-form relationships between the former and the latter can be 
derived easily when the number of feasible tunnelling motions is limited by 
energetic constraints. For example, for methyl-like rotors one can in general 
consider only the torsional coordinate. The torsional bands are split into three 
components of which two form a perfectly degenerate pair. The corresponding 
exchange parameter equals one-third of the energy difference between the 
nondegenerate and the doubly degenerate sublevels (see, e.g., Ref. 53). In 
general, the exchange parameters can be expressed in terms of the level 
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splittings by making use of a unitary matrix transforming the eigenbasis of the 
spatial Hamiltonian into a complete set of home-based states. Explicit 
derivation of such a matrix for a general n-particle system may be a difficult 
problem. 

The Hamiltonian in Eq. (13) can be considered as a thermal average of the 
single-band Hamiltonians for a ladder of vibrational levels because rapid 
thermal transitions responsible for such an averaging can effectively occur only 
between levels of the same permutation symmetry. Transitions violating these 
selection rules are concerned with conversion of spins and as such are 
extremely slow in liquids. It is this fact that was invoked to explain the, at first 
glance, puzzling thermal stability of the quantum exchange  coupling^.'^^'^ 

4. MODELS OF TEMPERATURE EFFECTS ON 
EXCHANGE COUPLING 

In this section models aimed at a quantitative description of temperature 
dependence of vt in terms of a few adjustable parameters are reviewed. As has 
already been mentioned, with increasing temperature incoherent exchange 
processes are gradually activated. The same vibrational potential that governs 
both the magnitude and dependence on temperature of the coherent effect is 
also relevant for the dynamics of the incoherent process. In the approaches to 
be reviewed presently, no explicit account is made of this natural connection. 
The very recent models describing both effects consistently will be described 
under separate heading. 

4.1. The Landesman-Zilm model 

This model, proposed by Zilm et a1.'3315-'7 is the first attempt at a quantitative 
explanation of the microscopic origin and temperature behaviour of exchange 
coupling between the hydride protons. It is based on the Landesman theory 
of pairwise quantum exchange of 3He in solid helium.57 As in the case of two 
neighbouring 3He sites in a crystal lattice, the relevant properties of the 
tunnelling hydride pair are modelled by two three-dimensional, isotropic 
harmonic oscillators located at two neighbouring hydride sites; double 
occupancy is prevented by hard-core repulsion. The same force constant is 
assumed for both sites. Tho lowest eigenstates of the two-proton system are 
described in terms of Heitler-London functions formed from the correspond- 
ing Gaussians that are the ground-state eigenfunctions of the two harmonic 
oscillators; these Heitler-London functions are modulated by appropriate 
two-particle correlation function accounting for the hard-core repulsion (see 
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comment on Eq. (6)), 

Under such assumptions the Landesman theory gives the following estimate 
of the tunnel splitting of the fundamental band: 

where a is the equilibrium interproton distance, m is the proton mass, and A 
is the distance of the closest approach allowed by the hard-core repulsion (see 
Eq. (14)); 6 is the zero-point motion amplitude of a three-dimensional isotropic 
harmonic oscillator. Equation (1.5) is valid when this characteristic oscillator 
length is much smaller than the hard-core diameter, which condition is easily 
fulfilled for the metal hydrides. As is evident from the above equation, 
the ground-state tunnelling splitting is critically dependent on the on-site 
delocalization parameter, 6, of the individual particles. This observation led 
Zilm et al. to assume that dependence on temperature of the average splitting 
can be obtained by replacing 6' in Eq. (1.5) by the corresponding temperature- 
dependent delocalization parameter of a harmonic oscillator, calculated by 
Dunitz et al.,'* 

where P is the harmonic oscillator fundamental frequency. In this way the 
expression for thermally averaged tunnelling splitting, 

relates it to the familiar thermal ellipsoid parameters which can be obtained 
from neutron diffraction or X-ray studies. It is to be noted that by virtue of Eq. 
(16) vt is a sensitive function of the fundamental oscillator frequency and of the 
particles' masses: the effect would be quenched for large mass and/or large 
oscillator frequency. 

In the derivation of Eq. (17), Zilm et al." invoke the familiar expression 
defining vt( T )  as the Boltzmann average of tunnelling splittings for a ladder of 
vibrational levels, 
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where pi( T )  is Boltzmann population of bandj. This expression was introduced 
as a phenomenological postulate involving methyl-like quantum rotors." Its 
validity in the latter context has been impressively demonstrated for a 
tunnelling CD3 group in a molecular ~ r y s t a l . ~  Connecting Eq. (18) with Eq. 
(17), Zilm et uI."*'~ introduce a series of approximations. These include in 
particular the assumption that tunnelling splittings for the relevant excited 
bands can be calculated in the same way as for the fundamental band of a 
pair of harmonic oscillators. However, even in the latter case the pertinent 
formalism, involving integration over the hypersurface separating the 
potential minima in configuration may be reliable only when the 
corresponding home-based function is known with accuracy near the 
hyper~urface.'~ The approximate home-based functions, constructed from 
eigenfunctions of excited states of the individual harmonic oscillators," can 
hardly fulfil this condition. In view of these approximations, Eq. (17) may be 
regarded as more a counterpart than a consequence of Eq. (18). It therefore 
has an independent phenomenological status as the Landesman equation for 
two Gaussian states with temperature-dependent widths.16 A heuristic picture 
underlying Eq. (17) is that thermally induced on-site delocalization of the 
individual hydrides enhances the propensity of the latter to tunnel through 
the vibrational potential, which is reflected in the growing magnitude of vt( T )  
with increasing temperature. It is to be noted that the predicted sign of the 
average splitting is inherently negative. It is therefore an instance of 
antiferromagnetic exchange coupling, since the model predicts that the bands 
where the (nonmagnetic) singlet state has lower energy than the triplet state 
prevail on the average. 

Equation (17) afforded good least-squares fits of the experimental JaPP vs T 
trends for a series of derivatives of (l), (2) and (4).16 The fitted parameters were 
the interproton equilibrium distance, a, and the fundamental oscillator fre- 
quency, % the closest-approach distance, A, was kept fixed at 1 A. The unknown 
magnetic contribution to PPp was approximated by a constant of magnitude 
ranging from -25 to +25 Hz, depending on the compound. In all cases values 
of a around 1.6 A and values of V around 500 cm-' were obtained. The value 
of 6 calculated for (4a) (Cp" = C5Hs, L = trimethylphosphine) was in a fair 
agreement with the largest thermal vibration amplitude obtained from neutron 
diffraction data. It must be added that the experimental thermal ellipsoids for 
the hydride protons in (4a) are significantly anisotropic since the largest 
diameter is about twice the smal1est.l6 

The assumption that the three-dimensional potentials are isotropic may thus 
bias the Landesman-Zilm model. An improvement proposed by Heinekey 
et ~ 1 . ~ ~  relies upon eliminating the dimension that most offends the above 
assumption. This is the dimension corresponding to stretching motions, which 
are governed by a much stiffer potential than the motions perpendicular to 
bond stretches. In the improved version of the Landesman-Zilm model the 
relevant on-site vibrations are described by two isotropic, two-dimensional 
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harmonic oscillators modelling the bending/wagging modes of the hydride 
pair. ‘fie dependence of u, on temperature is now given by26,64 

where 

In comparison with its original version, the Landesman-Zilm model reduced 
to two dimensions afforded better fits of the experimental PPP( T )  data over a 
wider temperature range.” In addition to a and V ,  use of the improved model 
also made it possible to determine the hard-core diameter, A, for a series of 
derivatives of (4). The latter parameter was found to vary in the narrow range 
0.9-1.1 A. In the above studies the magnitudes of the magnetic contributions 
to PPr’( T )  were known, up to the sign, from NMR spectra of partially tritiated 
compounds. The (absolute) magnitudes of the magnetic proton-proton cou- 
pling constants are in the range 17.9-26.9 Hz. The “plus” sign was assigned to 
these magnetic coupling constants because for “minus” sign no fit could be 
obtained. If the Landesman-Zilm model (and its two-dimensional variant) 
correctly predicts the sign of ut as inherently negative then, in view of earlier 
observations by Heinekey,” the reverse applies, that is the “minus” sign is to 
be ascribed to the magnetic coupling in niobocene trihydride ( la)  (see Section 

The very foundations of the three-dimensional Landesman-Zilm model 
were examined by Hiller and Harris.65 These authors argue that the Landes- 
man theory is biased by nonorthogonality of the approximate home-based 
functions. As a further drawback they see the lack of an explicit account of the 
specific metal-proton potential, which is the dominating factor that holds the 
hydricles apart. Moreover, the two-dimensional basis assumed in theoretical 
calculations of exchange splittings is too small since, for reasonable potential 
parameters, it would lead to an unphysical ground state possessing a node. 
Hiller and Harris65 develop their own theory of exchange splitting for the 
fundamental band that is free of these drawbacks. One of the improvements 
involves expansion of the basis set to four states. The two additional basis 
functions represent virtual double-occupancy states, i.e. states where both 
protons reside in the same binding site. Short-ranged proton-proton correla- 
tions are described more accurately than in the Landesman model by use of 
a correlation function that is more general than the step function of Eq. (14) 
and can be optimized. 

The magnitudes of exchange couplings in the ground state predicted by 
Hiller and Harris6s are two to four orders of magnitude larger than the 

2.1). 
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corresponding values obtained with the Landesman-Zilm model. It is to be 
noted that for the realistic value of 1.7 8, for the separation between the proton 
sites the magnitudes of exchange couplings delivered by the model of Hiller 
and Harris could approach the experimental low-temperature values only with 
the assumption of relatively high oscillator frequency, exceeding 750 cm- I .  In 
the Landesman-Zilm model, the corresponding estimates, obtained from 
least-squares fits, are grouped around 500 cm-’. 

The three-dimensional version of the Landesman-Zilm model was ap- 
plied by Ernst et to their variable-pressure data obtained for ( lb)  
(Cp* = C5H,(SiMe,)2). For a series of Japp vs Texperimental data sets obtained 
for different pressures, least-square fits were performed, with a and V as free 
parameters and with fixed values of 1 A for A and of -10 Hz for Pag. No 
separate functional dependences of a and V on pressure could be determined 
since the responses of these two quantities to varying pressure were highly 
correlated. Statistical error analysis of the results obtained from the least- 
squares fits led the authors to question the validity of the model. It must be 
stressed, however, that the Landesman-Zilm model and especially its two- 
dimensional variant26 are able to reproduce the available experimental data 
with the relative errors, IJtheor( T )  - .Iexp( T)l/lJexp( T)I, seldom exceeding 2%; the 
values determined for the model parameters a and valso seem reasonable. The 
model is qualitatively correct when dependence of v, on the masses of the 
tunnelling particles is concerned. In the trihydrides, no exchange coupling 
was detected for the corresponding perdeutero and pertritio derivatives.’6.26 
Calculations based on Eq. (19) confirm that for deuterons the magnitude of v, 
should be reduced by at least three orders of magnitude as compared to 
protons. l6 

4.2. Effective translational tunnelling 

The model described below is considered extremely approximate by its 
proponents, Bowers et al.” It nevertheless gives a fair reproduction of 
experimental Ppp vs T trends for a number of trihydrides. The concerted 
tunnelling motion of a pair of protons between the pertinent binding sites is 
compressed, into a single Cartesian coordinate x that measures the instan- 
taneous distance between the particles. The symmetric two-well potential 
along the tunnelling coordinate is modelled by a superposition of a harmonic 
potential, k’x2/2 and a Gaussian barrier, d exp( -x2/2d). The kinetic energy 
tensor is assumed constant, equal to the inverse reduced mass of a pair of 
protons. The resulting spatial Hamiltonian is therefore identical to that in the 
case of a single particle of mass equal to half the proton mass undergoing 
translational tunnelling in the assumed two-well potential. The system’s 
eigenenergies were calculated numerically. The tunnel splittings at the hin- 
dered levels, all inherently negative, were then averaged according to Eq. (18) 
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and these Boltzmann averages were compared with experimental values. The 
procedure was repeated, according to a simplex minimization procedure, for 
different potential parameters until the best fit was obtained. For all com- 
pounds studied, the same value of -2.5 Hz was assumed for the magnetic parts 
of the apparent coupling constants. One of the compounds, (4a) (Cp* = C5H5, 
L = I’Me3) was reinvestigated by Heinekey et a1.26 In the latter study, where 
use was made of the improved Landesman-Zilm model, the best fit was 
obtained for a similar absolute value of Fag (calculated from measured lJml 
value of 27.3 Hz) but taken with “plus” sign. Thus, despite the fact that in both 
cases good fits could be obtained for (4a), there is a discrepancy of about S O  Hz 
(or about 30% of the maximum observed value of PPp) in the values of v, 
evaluated within the respective models. 

4.3. A model invoking dihydrogen structures 

Limbach et al.” have proposed a quantum exchange model in which it is 
assumed that in solution the trihydrides, T, are in a rapid dynamic equilibrium 
with metastable hydride/dihydrogen isomers, D (Fig. 7). 

It is further assumed that in the D form a facile rotation of the dihydrogen 
ligand can take place around an axis perpendicular to the H-H bond and 
pointing to the metal atom. Accordingly, even the lowest torsional level of the 
dihydrogen ligand in isomer D can suffer a large tunnelling splitting. The 
splitting actually observed is a population-weighted average of both the 
tunnelling splittings and magnetic J-couplings in the interconverting forms D 
and T. For form T average tunnelling splitting can be neglected over the whole 
temperature range. Presupposing low equilibrium molar fraction of the D 
form, one gets an Arrhenius-type equation describing the temperature depen- 
dence of v,, 

vt( T )  = - utD( T )  exp[( T A S  - AH)/RT]  (21) 

where AS and AH are the standard entropy and enthalpy differences for T and 
D isomers, and v,,(T) is thermal average, defined according to Eq. (18), of 
tunnelling splittings at sequential torsional levels of D. The latter quantity 
should follow a similar pattern of dependence on temperature to the cor- 
responding quantity for a methyl-like quantum rotor. Namely, it should remain 
nearly constant, equal to the splitting of the lowest level, over some tempera- 
ture range and then decay steeply (being negative all the time) to zero as the 
temperature is further increased. Such behaviour is typical for rigid quantum 
rotors for which the signs of the splittings at  sequential torsional levels 
alternate (see, e.g., Ref. 4). In the temperature range where v,,(T) is 
nearly constant, the absolute magnitude of PPP should increase exponentially 
with temperature. Along with further temperature increase, the growth 



26 s. SZYMANSKI 

'H c 

T 

'H C 

D 

D' 

HC 
\ 

'H c 

T' 

Fig. 7 

of the splitting should be slowed until a maximum is reached. At  still 
higher temperatures the behaviour of v, would be dominated by a rapid 
decay of v,,, with temperature. Equation (21), with temperature-independent 
v,,exp(AS/R) and AH treated as free parameters and with an assumed 
constant value of Snag, afforded good fits of the experimental PPP vs T data for 
13 trihydrides of iridium, ruthenium, and niobium, including the adduct 
(7). For the majority of the compounds the estimated reaction enthalpies 
were below 8 kJ/mol (2 kcal/mol) or, for (4) (Cp* = CSHS, L = PPhJ, (4e) 
(Cp* = CsHsr L = AsPh,) and (4f) (Cp* = CsHS, L = P-Pr;), even below 
4 kJ/mol (1 kcal/mol). This would suggest that for the latter compounds even 
at temperatures below 200 K the dihydrogen forms could occur in amounts 
exceeding 10%. For these three compounds the calculations should be 
repeated using the normalized version of Eq. (21), obtained by divid- 
ing its r.h.s. by 1 + 2exp[(TAS - AH)/RT]). A version of Eq. (21) where 
exp[(TAS - AH)/RT] was simplified into exp(-AEIRT) was used to fit ex- 
perimental data for (9a) (Cp* = C5H3(SiMe3)2, M = Au) encompassing a 
broad temperature range of 187-279 K.40 The calculated values of A E  were in 
the range 10.0-12.0 kJ/mol(2.4-2.8 kcal/mol), depending on the solvent. In the 
latter paper the definition of the D form was changed: it may be either a stable 
species corresponding to a minimum on the energy surface or a sort of reaction 
intermediate concerned with a minimum on the tunnelling path. 

Such a high abundance of the D forms as that estimated for (4d-f)21 should 
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be reflected in the magnitudes of H-T coupling constants in the monotritiated 
derivatives. Relatively large values of JHT, in the range 23-30 Hz, were reported 
recently for monotritiated derivatives of (4d-f).26 This might speak in favour 
of the model of Limbach et al. On the other hand, the magnitudes of J,, in 
these compounds should vary with temperature along with varying equilibrium 
populations of the dihydride isomers. If the isomerization enthalpies reported 
above are realistic, these variations should span a few hertz, which could easily 
be detected experimentally. However, the J m  values in the monotritiated 
derivatives of (4d-f) and in the remaining iridium trihydrides investigated are 
reported as temperature-independent.26 This observation cannot be reconciled 
easily with the T/D equilibrium model. Moreover, Arrhenius plots of the data 
obtained for a wide temperature range" significantly depart from linearity, and 
in a manner indicating an increase of the growth rate of FPp with increasing 
temperature (see Fig. 8). This behaviour conflicts with the predictions of the 
model. On the other hand, this model was found to be most plausible for 
explaining the results of high-pressure studies4' (Section 2.3). Similarly, 
the recent findings concerning nonrotating dihydrogen (and specifically, 
HD) ligands in tantalum and niobium complexes42~4' seem to provide new 
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Fig. 8. Arrhenius plots of trial curves of dependence of vt on temperature for (4) 
(Cp* = C,H,, L = PPh3) (squares) and (4f) (Cp* = CsH5, L = P-Pr;) (triangles). Open 
and solid symbols represent values of IJdpp I + IJmagI and IP"I - respectively. The 
values of Fpp(T) and Pas (27.6 Hz for (4) and 26.9 Hz for (4f)) were taken from ref. 
26. Note significant nonlinearity of the curves for any combination of relative signs of 
J"PP and P ' g .  



28 s. SZYMANSKI 

arguments in favour of the idea of the approach of Limbach et al. These findings 
allow removal of the difficulties of the original formulation concerned with the 
fact that typical dihydrogen ligands are known to undergo rapid stochastic 
reorientation which would make the possible exchange coupling unobservable 
in NMR spectra. 

4.4. Tight-binding models 

In the theoretical approaches reviewed above, a pairwise exchange is assumed 
from the start. Such a simplification seems well motivated by the experimental 
findings reported in Section 2. This nevertheless disregards the fact that the 
majority of experimental data were obtained for trihydrides, where three- 
particle processes cannot be excluded apriori. The only attempt at tackling the 
problem in its full complexity is due to Hiller and Harris.22 These authors apply 
a second-quantized, tight-binding description of the hydride system. Tight- 
binding models have commonly been used for years to study electronic 
properties in solids,"6 including the prominent phenomena of high-tempera- 
ture ~uperconductivity.~~ There have also been a few applications of such 
models to heavy particles adsorbed on metal  surface^.^^-^^ The tight-binding 
approach of Hiller and Harris22 that is reported briefly below addresses a series 
of questions involving the microscopic origin of exchange couplings in the 
trihydrides and the unusual temperature behaviour of these couplings. In the 
first place, however, this second-quantized approach provides an independent 
derivation of the effective Hamiltonian in which the exchange couplings are 
represented in terms of spin angular momentum operators rather than 
permutation operators. 

In the model considered, the motions of the three hydrides in a trihydride 
molecule are confined to the plane through the three equilibrium positions. 
Serious problems may arise when a theory developed to tackle many-body 
problems in solids is applied to a group of a few atoms arranged into a 
molecule. Here too there arises the difficult question of how to separate out 
a suitable single-particle part from the essentially nonseparable Born-Oppen- 
heimer potential. In the approach considered, it is assumed that the pertinent 
single-particle potential can be modelled by a periodic angular function with 
three nonequivalent minima separated by three maxima. Explicit calculations 
are carried out for an idealized case of threefold rotational symmetry of the 
one-body potential. In view of the existing structural data, this seems to be an 
over-idealization, in spite of the authors' arguments to the contrary. The results 
derived for the idealized case may nevertheless be interesting in a general 
context. 

In the limiting case of threefold symmetry, the eigenstates of the one-body 
Hamiltonian are the familar solutions of the corresponding Mathieu equation. 
As in the case of methyl-like quantum rotors, the one-particle eigenstates 
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below the barrier, the hindered states, cluster into three-component bands. (It 
should not lead to confusion that in this subsection the term “band” refers to 
a cluster of one-particle eigenstates rather than, as in the remaining parts of 
the present chapter, to a cluster of states of the complete system.) In each band, 
two states form a perfectly degenerate pair separated from the third state by 
a tunnelling energy quantum. For each hindered band the eigenstates, delocal- 
ized over the three potential minima or the three sites, are unitarily trans- 
formed into home-based, i.e. orthogonal, localized states. The latter form basis 
states or Wannier states for setting the complete, second-quantized Hamil- 
tonian, which also includes two-body interactions. It is turned into a tight- 
binding Hamiltonian66 by neglecting proton-proton interactions between 
home- based states located around different equilibrium sites. The two-body 
interactions that are retained in the Hamiltonian include both repulsion and 
Hartree-Fock exchange interactions between protons located at the same site 
(the latter interactions can occur only between different bands). In this 
second-quantized approach the symmetrization postulate is accounted for 
automatically via appropriate commutation properties of the creation and 
annihilation operators. 

One of the advantages of the tight-binding approach is that the Hamiltonian 
can be decomposed into independent blocks concerned with different sets of 
band occupation numbers. For three particles there are only three different 
occupation schemes: (i) all three particles in the same band; (ii) two particles 
in the same band and the third one in a different band: and (iii) each particle 
in a different band. The structures of the Hamiltonian matrices for a given 
occupation scheme are analogous and differ only in the values of the 
parameters involved. In addition to the average energies of the individual 
one-particle bands and tunnelling splittings, t,, of such bands (these splittings, 
characterizing the fictitious one-body system, should not be confused with the 
splittings for the complete system that are to be evaluated), the parameters that 
define a given multiple-band Hamiltonian include two-body terms, Us, and U z ,  
describing direct repulsion and Hartree-Fock interaction, respectively, be- 
tween bands s and t. Of course, the Hartree-Fock terms can occur only for s # t ,  
that is, for occupation schemes (ii) and (iii). We remember that in the 
tight-binding approximation both U,, and U: comprise only on-site interac- 
tions. In setting the Hamiltonian matrices for the relevant multiple-band 
Hamiltonians, the dimensions concerned with double occupancies of indi- 
vidual sites are eliminated, although the effects of these double occupancies 
on the single-occupancy states are approximately accounted for using Van 
Vleck’s perturbation theory.” Such a reduction of the sizes of the Hamiltonian 
matrices is based on an implicit assumption that for all relevant vibrationally 
excited states the structure of the pertinent molecular fragment is retained. In 
this way the above quantitative approach parallels the qualitative reasoning 
presented in Section 3 to justify the validity of the effective Hamiltonian, Eq. 
(13), derived in a more traditional fashion. 
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In the low-temperature limit, the only relevant term is the single-band 
Hamiltonian describing the situation in which all three particles occupy the 
fundamental band. The Hamiltonian can be expressed in terms of only two 
parameters, tl and Ul Upon neglecting the symmetrization postulate, this 
second-quantized Hamiltonian can be transformed into an effective Hamil- 
tonian. Up to an irrelevant shift in the energy origin, the effective Hamiltonian 
derived along this line proves equivalent to its counterpart in Eq. (13). 
However, in the second-quantized approach spin permutation operators are 
no longer the natural representatives of quantum exchange interactions. Such 
interactions are now described directly in terms of spin angular momentum 
operators. For example, in a system with threefold rotational symmetry (of the 
one-body potential), effective spin-spin interactions between three identical 
spin-1 nuclei (e.g. deuterons) are described as follows:22 

where 

and 

Equation (22) provides a direct confirmation of the fact already commented 
upon that for particles of spin greater than ; the Heisenberg Hamiltonian no 
longer applies. As can easily be verified, for spin-1 particles (and only for such 
particles) the operators IkI/ + (&I/)2 and [I1.(Iz X I3)I2 can be expressed in 
terms of spin permutation operators, E + P&/) and 2E - PtIz3) - P;;$ respec- 
tively, where the symbol x designates a cross product of spin vectors, E is 
identity permutation, and index (123) denotes cyclic permutation of three 
objects. The correspondence with Eq. (13) is therefore evident. 

and x describe three-particle rotation and pairwise 
exchange, respectively, in a three-particle system. In a system lacking perfect 
threefold symmetry there will be three different quantities x but still one R. 
The authors citedz2 point to the fact that within the tight-binding approxima- 
tion rotation would necessarily be dominated by pairwise exchange. Spectro- 
scopically, these two processes could not be distinguished for spin-; particles; 
in such a system the rotation term in the counterpart of Eq. (22) is decomposed 
into three Heisenberg terms which would merge with the Heisenberg terms 

The quantities 
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describing pairwise exchanges. With broken threefold symmetry, the effective 
spin-spin interactions in the three-proton system in a trihydride could be 
described as follows:” 

In the case of protons, that is fermions, in the model presented, the low- 
temperature exchange coupling would be antiferromagnetic. We recall that 
experimental study on (4c) did not detect exchange coupling between terminal 
hydritle protons.lS The second-quantized approach by Hiller and Harris” is 
actually referred to a hypothetical three-proton system in which quantum 
exchange can occur between each pair of binding sites. In their approach, the 
microscopic exchange mechanism in the low-temperature limit can be ex- 
plained in terms of interplay between delocalization, measured by the 
parameter t ,  and correlation. As is seen from Eqs (23) and (24), quantum 
exchange would be suppressed by an enhanced correlation owing to a 
substantial on-site repulsion, U .  As remarked by the authors themselves, 
because of an inherent domination of pairwise exchange over three-body 
rotation, the tight-binding approach would not be appropriate to describe 
tunnelling in methyl-like systems; extreme correlation renders such systems 
tractable within a rigid-rotor model. 

By considering the appropriate multiple-band Hamiltonians, Hiller and 
Harris derive explicit expressions for the relevant level-splittings at excited 
vibrational levels. For band occupation schemes of types (ii) and (iii) above, 
in addition to the parameters t and U the splittings depend also on Hartree- 
Fock on-site interactions, UH, which in the case of fermions favour states with 
high spin. Accordingly, exchange couplings in the vibrationally excited states 
would predominantly be ferromagnetic. The splittings for the ground and 
vibrationally excited states were estimated numerically assuming that the 
on-site parameters U and UH could be calculated in a three-dimensional 
isotropic-harmonic oscillator approximation to the home-based or Wannier 
states; in these calculations the two-body potential was approximated by 
Coulombic repulsion. The t parameters were derived from the one-particle 
Mathieu equation (see above) with the pertinent one-particle potential 
described by a cosine function with period of 2 d 3  and the barrier V.  For V of 
the order of 200 meV (-4.5 kcal/mol) the estimates gave a value of about 
-10 Hz for the fundamental band and about 0.1 MHz for the lowest excited 
bands. 

To explain the dependence of the observed couplings on temperature, the 
authors2’ consider the spatial system’s degrees of freedom in interaction with 
a quantum-mechanical thermal bath. The impact of the bath is described in 
terms of Mori-Zwanzig t h e ~ r y , ~ ~ , ~ ~  with an account of the specific selection 
rules that forbid thermal transitions concerned with conversion of spins. The 
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theoretical apparatus employed in the discussion of thermal interactions is 
rather sophisticated. Fortunately, the general picture arrived at within the 
approach of Hiller and Harris can be translated into the familiar model 
of classical multisite spin exchange. Namely, tunnel splittings at different 
vibrationally excited levels are analogous to the Larmor site-frequencies, 
and Boltzmann populations of individual vibrational levels correspond to 
the equilibrium site populations; accordingly, the magnetization vectors at 
individual sites become counterparts of the coherences engaging tunnelling- 
split sublevels, which oscillate with the corresponding tunnelling frequencies. 
From here on such coherences will be referred to as tunnelling coherences. The 
off-diagonal vibrational relaxation rate constants that couple tunnelling 
coherences of the fundamental band with those of the excited bands are 
supposed to be smaller than the differences between the respective tunnelling 
frequencies (about 0.1 MHz, see above). In the multisite-exchange picture, the 
analogous situation involves the case where rate constants of nuclear jumps 
from the most populated site, one representing the fundamental band, to the 
remaining sites are smaller than the corresponding Larmor frequency dif- 
ferences. The analogy with the tunnelling system of Hiller and Harris requires 
that Larmor frequencies of these remaining sites all be shifted in the same 
direction relative to the frequency of the most populated site. For the assumed 
magnitudes of the relevant quantities, in the case of multisite exchange one 
would actually observe only one NMR signal whose position, changing with 
temperature, would nevertheless remain close to the resonance frequency of 
the most populated site. Owing to the very short lifetimes of the remaining 
sites, their resonance signals would be too broad to be detected. With an 
increase in temperature, the only observable signal would suffer a gradual shift 
towards the resonances of these remaining sites or, more precisely, towards a 
population-weighted average of the site frequencies. In thermal averaging of 
the quantum exchange splittings the behaviour would be similar: the antifer- 
romagnetic coupling of the lowest band would gradually be dominated by the 
growing ferromagnetic contributions from the excited bands, which gain 
population with increase in temperature. The authors assume that the whole 
process of thermal changes takes place in the regime that in the classical 
multisite-exchange model is sometimes termed “initial broadening” and which 
precedes the stage of signal coalescence. The latter assumption seems to be the 
weakest point of the approach discussed. It is nevertheless worthwhile to 
consider this approach in some detail, including a comparison of the theoretical 
predictions with experimental data. It is probably the first attempt at a detailed 
treatment of thermal effects in NMR spectra of these metal hydrides. 

In the initial broadening regime, temperature-dependent positions of 
individual (broadened) resonances can be evaluated using the familiar 
second-order perturbation formalism for eigenvalues of the pertinent 
Hahn-Maxwell-McConnel (HMM) matrix.74 In the present context, only the 
dominating signal would be of interest. In the calculations of temperature- 
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dependent tunnelling frequency, Hiller and Harris use a sophisticated variant 
of Green's function theory which is applied to the evolution of the system's 
density matrix in the presence of a driving radiofrequency field and vibrational 
relaxation. For the system considered, the above approach corresponds to the 
standard second-order perturbation calculations, which fact allows us to carry 
on the analogy with multisite exchange. In particular, we can immediately see 
that in the case of the HMM matrix the corrected eigenvalues delivered by 
consistent perturbation calculations will still be far from the population- 
weighted average eigenvalue (such an average can only be obtained in the 
calculus suitable to the motional narrowing regime). It is therefore hardly 
surprising that the average exchange splitting arrived at within the model of 
Hiller and Harris differs significantly from the Boltzmann average of Eq. (18). 
This is one of the most remarkable features of the model, distinguishing it from 
the remaining quantitative approaches reviewed in the present section. 

Despite this essential difference, Hiller and Harris managed to reproduce 
theoretically the experimental Ppp vs T curves for ( 4 d ) , I 6  (Cp" = CsHs, 
L = PPh,) and for niobocene trihydride (la) dissolved in methylcyclohexane- 
dI4 and in CDFC12,3' achieving similar accuracy to the cited authors. In the 
approach reviewed presently, the model parameters U ,  UH and the mean radius 
of one-particle rotation in the Mathieu equation were fixed. Fits were obtained 
by varying two parameters only: the one-particle potential barrier, V ,  and an 
effective, temperature- and frequency-independent thermal coupling constant 
Cn. The latter is determined by both the system-bath coupling Hamiltonian 
and the spectral density of bath fluctuations at the typical vibrational frequency 
of the system. In all three cases the calculated optimum values of V were in the 
range 205-215 meV. The best-fit values of C,, were more diversified: for (4d) 
two similar values, about 17 000 Hz and about 13 000 Hz, were determined, 
depending on whether the raw experimental data were corrected for a possible 
magnetic contribution or not. For (la), a value for C,, of about 900Hz was 
calculated for CDFCI, solution and of about 1700 Hz for methylcyclohexane 
solution. In the latter case, when the temperature is increased from the lowest 
attainable value, first a decay and then a reappearance of Japp are observed.31 
Hiller and Harris interpret this behaviour as a change in the character of 
exchange coupling, from antiferromagnetic at low temperature to ferromag- 
netic at elevated temperature. This is at variance with the interpretation by 
he in eke^,^' who attributes this effect to mutual cancellation of the magnetic 
and exchange terms in Ppp, where the exchange term has the same minus sign 
over the whole temperature range. For (4d) Hiller and Harris obtain ferromag- 
netic exchange coupling over the whole temperature range studied. The same 
data were fitted by the Landesman-Zilm model,16 according to which the 
coupling should remain antiferromagnetic at any temperature. 

The relevant vibrational relaxation rate constants should be of the same 
order o f  magnitude as Cn. Even for the largest reported value of C, (17 kHz), 
the estimated rate constants do not leave the microsecond range, which is 
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about four orders of magnitude longer than vibrational relaxation times 
commonly observed in l iq~ids .~ '  It thus seems that the assumption that the 
initial broadening regime is suitable for describing the thermal averaging 
cannot be maintained. 

In a more recent paper Hiller and Harris7' reduce their tight-binding model 
to two sites, in agreement with experimental inferences, and assume that 
thermal averaging of exchange splittings takes place in the motional narrowing 
regime. Such an assumption suggests itself as the most natural if physic- 
ally reasonable magnitudes of the relevant vibrational rate constants are 
considered. Consequently, in conformity with other authors,'"I8 thermally 
averaged exchange coupling is supposed to be the Boltzmann average, Eq. 
(18). No attempt was made, however, to compare the predictions of the 
modified model with experimental data. 

Hiller and Harris76 find their modified model flexible enough to yield a close 
analogue of the Landesman-Zilm model, the validity of which they earlier 
questioned.6s In this more recent paper7' they also propose their own 
explanation of the disappearance of signal splittings from spectra at high 
temperatures. Simple rationalization invokes the random exchange process 
that leads to magnetic equivalence and thereby makes the coupling unobserv- 
able regardless of its magnitude. Hiller and Harris consider also the possibility 
of a direct impact of the bath on the individual level splittings that may reduce 
the magnitude of the average coupling. It is estimated that the latter process 
develops in such a narrow temperature interval that one can speak of a 
quenching temperature for quantum e~change.~ '  No experimental observa- 
tions of such quenching have so far been reported: an increase of J " P P  with 
increasing temperature is generally observed as long as some residual fine 
structure remains discernible in the gradually broadened spectrum. 

5. AB ZNZTZO CALCULATIONS 

The unusual NMR behaviour of the metal hydrides may originate from specific 
features of the Born-Oppenheimer potential governing the spatial motions of 
the hydride atoms. First attempt at explaining this behaviour by quantum- 
chemical ab initio calculations is due to Daudey ef ~ 1 . ' ~  These authors 
performed comparative study on isostructural and isoelectronic tantalum and 
niobium trihydrides. This was done for model compounds in which cyclo- 
pentadienyl ligands were replaced by C1- ions to achieve feasibility of the 
calculations. Of the two groups being compared, only niobium derivatives 
present anomalous couplings. It was found that for the chlorine analogue of the 
latter a hydride/dihydrogen isomer is more stable than trihydride form, while 
the reverse is true for the tantalum model compound. The above inference for 
niobium compound is not confirmed by experiment. It can nevertheless suggest 
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that contribution of a metastable dihydrogen form is more probable for 
niobium trihydrides than for tantalum trihydrides. Accordingly, in the former 
the trihydride moiety may be more flexible than in the latter. 

In a series of papers, Lluch et al.23-25 reported on systematic ab initio 
studies on iridium trihydrides, using (4g) (Cp” = CSHS, L = PH,) and 
(4h)(Cp* = C5H5, L = CO) as model  compound^,^"^^ and on cationic 
molybdenocene and tungstenocene, and neutral tantalocene and niobocene 
trihydrides.*’ For all these compounds similar features of the relevant 
Born-Oppenheimer potential were identified. Scissor vibration of a pair of 
neighbouring hydride ligands modifies both interproton distance, r, and the 
distance between midpoint of the interproton vector and the metal atom, x .  
The instantaneous arrangements with r substantially shorter and x markedly 
longer than the corresponding equilibrium distances are energetically 
favoured due to formation of a virtual dihydrogen structure. Despite the fact 
that there is no local minimum corresponding to such a structure, the region 
of configuration space where one deals with the virtual dihydrogen ligand is 
thermally accessible. This is critical for a facile tunnelling between the 
equivalent potential minima. Upon reaching that region, the two-hydrogen 
system enters an easy route to librate around the axis connecting the midpoint 
between the hydrogens and the transition metal. The relevant motions can be 
fairly represented on a three-dimensional surface defined by r ,  x ,  and the 
dihedral angle, 8, between the instantaneous plane containing both hydrogens 
and the metal atom, and the ‘‘equilibrium’’ plane crossing the respective 
equilibrium positions. The saddle point between the equivalent equilibrium 
configurations corresponds to 8 = d 2 ,  r = r, < requll, and x = x,  > xeqUll. 
Selected geometric parameters calculated for the relevant structures for a 
series of trihydrides are given in the legend to Fig. 9. The picture revealed by 
the above ab initio studies seems to be close to reality, as has recently been 
demonstrated by Ernst et aL2* Except for the fact that no genuine dihydrogen 
isomer was found in the calculations (even as a metastable form), it proves 
fairly close to the intuitive model previously proposed by Limbach et d2’ (see 
Section 4.3). 

In order to perform a preliminary numerical evaluation of tunnel splittings, 
Lluch et aZ.24,25 make a series of simplifications which seem to bury much of 
the beauty of the above picture. The relevant motions are simplified to a 
three-stage process to be further projected onto a single, aperiodic tunnelling 
coordinate. First, the nuclei execute a scissor motion in the equilibrium plane 
(see Fig. 9a). It ends up with the parameters r and x reaching their critical 
magnitudes, r, and x,, which indicates formation of a virtual dihydrogen (Fig. 
9b). Then comes the phase of rigid rotation of the virtual dihydrogen, 
measurcd by the values of 8 increasing from zero to n (Figs 9b and 9c). At the 
end of this second phase the virtual dihydrogen is back in the equilibrium 
plane, but with permuted nuclear labels (Fig. 9d). The final phase, which is the 
reverse of the first one, comprises opening the scissors. The length of the 
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Fig. 9. Mechanism of hydride pair tunnelling in metallocene trihydride complexes 
proposed by Lluch et alF5 on the basis of their quantum-chemical calculations. Along 
the optimized exchange path the Hl-H2 distance decreases from its equilibrium value 
of 1.64-1.82A, depending on the metal atom, to about 0.76-0.78 A for the intermediate 
structures b-d. Simultaneously, the distances M-HI and M-H2 increase from their 
equilibrium values of 1.67-1.75 A by about 0.10-0.13 A on transforming into structure 
b and by another 0.10-0.15 A upon reaching the saddle point, c. A similar mechanism 
was identified for iridium trihydride c~mplexes?~  

tunnelling coordinate describing the above motion is calibrated under a 
simplifying assumption that in the first and third phases the nuclei move along 
appropriate straight lines. The part representing rotation is approximated by 
twice the length of the circumference whose diameter is r,; the factor of 2 stems 
from the fact that there are two nuclei moving. 

The one-dimensional, double-well model reported above is essentially 
equivalent to the simple model of Weitekamp e t ~ l . ' ~  reviewed in Section 4.2. 
In the presently described calculations of tunnelling splittings for vibrationally 
excited levels, the main improvement is that potential energy values along the 
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reaction coordinate are much more reliable, being obtained from advanced ab 
initio calculations. In both cases the calculations yield a constant “minus” sign 
for splittings at sequential levels. This may be an artefact originating in the fact 
that an  intrinsic periodicity of one of the coordinates is lost upon compressing 
the motion into a single aperiodic coordinate. 

In a quantum-chemical ab initio study by Eisenstein et ~ 1 . ~ ~  devoted to 
neutral osmium trihydrides (3). no evidence was found for a metastable or 
virtual dihydrogen form participating in tunnelling. The compounds inves- 
tigated experimentally, (3a) (L = P-Pr;, X = Cl) and (3b) (L = P-Pr;, X = I),36 
were modelled by the respective derivatives, (3c) and (3d), in which the P-Pr; 
ligand was replaced by PH3. For both model structures the calculated 
equilibrium geometries are in good agreement with the experimental data for 
the parent compounds.36 Equilibrium geometry of each such trihydride 
comprises a coplanar arrangement of the three hydrides, the halogen, and the 
metal atom, with the phosphine ligands roughly orthogonal to the plane. The 
H-0s-H angle between the terminal and central hydrogen is about 57”. The 
calculated frequency of the in-plane scissor motion is about 900 cm-’ as 
compared to 450 cm-’ for the out-of-plane twist vibration of the hydride pair. 
The latter vibration was therefore assumed to be the leading component of the 
tunnelling mechanism. It was found that along with gradual twist of the hydride 
pair from the equilibrium plane, the optimized H-H distance, r, decreased from 
the equilibrium value of -1.51 A to the minimum values of 1.38 A (for (3c))  
and of 1.35 A (for (3d)) attained for the twist angle, 8, of d 2 .  The calculated 
energy barriers are 53.9 kJ/mol (12.9 kcal/mol) for (3c) and 61 .O kJ/mol 
(14.6 kcal/mol) for (3d). 

Guided by these inferences, Eisenstein et al. assume a two-dimensional 
model of tunnel motion, with r and 0 as the tunnelling coordinates. They use 
a rovibrational Hamiltonian in which the kinetic energy term involving r is 
formulated according to the concept of reaction path Hamiltonian,’’ and the 
term describing rotation has the usual appearance except that the associated 
moment of inertia varies with varying r. In calculating the tunnelling splittings 
for the ladder of rovibrational levels, an explicit use is made of the formal 
system’s symmetry; the eigenenergies and eigenfunctions of the even and odd 
levels are calculated separately. The assumed model with explicitly periodic 
coordinate yields tunnelling splittings whose signs alternate for successive 
levels. The values of splittings for individual levels are not reported. The 
authors present only the corresponding Boltzmann averages for (3c) and (3d), 
calculated according to Eq. (18) in the temperature range 100-350K. The 
high-energy levels where the tunnelling splittings exceed 10 cm-’ are not 
included in the averages. This cutoff value was suggested by the commonly 
assumed averaging mechanism invoking rapid thermal transitions between 
vibrational levels: since vibrational relaxation processes occur generally in the 
picosecond range (i.e., the corresponding rate constants are of the order of a 
few cm-’) thermal transitions would be ineffective in coupling tunnelling 
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coherence of such a high frequency with the coherences at lower vibrational 
levels, oscillating with lower frequencies. Introducing such a sharp cutoff in 
the averaging is certainly a crude approximation, especially in the high- 
temperature region. In the approaches already reviewed, where similar explicit 
Boltzmann averaging was employed, the problem of how many levels are to 
be included in the average was not commented upon. 

At a qualitative level, the model discussed presently7* remains in agreement 
with experimental observations for (3a) and (3b).36 In particular, it predicts 
that in the relevant temperature range the compound with CI ligand should 
show up much larger exchange splitting than its iodo-substituted analogue. It 
is noteworthy that, at variance with the majority of the remaining approaches, 
the present one yields ferromagnetic exchange coupling (i.e. u, > 0) in the 
temperature range where the average coupling differs significantly from 
zero. 

6. CONSISTENT TREATMENT OF COHERENT AND INCOHERENT 
EFFECTS 

In the present section two very recent approaches are reviewed in which both 
the coherent tunnelling and the incoherent nuclear exchange appear as 
associated p r o c e s ~ e s . ’ ~ ~ ~ ~  The main idea of these approaches is to consider the 
dynamics of the tunnelling system with an explicit account of the perturbations 
exerted by a quantum-mechanical thermal bath on its spatial degrees of 
freedom. Coupling to a thermal bath was previously considered by Hiller and 

in their attempts at explaining only one aspect of the thermal 
phenomena, the impact of temperature on the magnitude of exchange coupling 
(Section 4.4). The dependence of v, on temperature is poorly structured (see 
Fig. 4). This is probably the main reason why such different approaches as those 
reviewed in Section 4 were all able to reproduce the experimental data on v,( T )  
with a similar, fairly good accuracy. The models to be reviewed presently are 
subject to more stringent constraints because within each of them a natural 
connection between the temperature behaviours of both u, and the rate 
constant of the incoherent process is obtained. In view of this, success can be 
claimed only upon achieving a consistent parametrization of both these 
quantities varying with temperature. 

6.1. Tunnelling coherence as damped oscillation 

Like in the works of Hiller and in the papers reviewed pre~ent ly~’ .~* 
it is assumed that the perturbations exerted by the bath are weak enough to 
be treated within a second-order approach. Despite some differences in details, 
in both these papers the same general result is arrived at. The main points of 
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the theory developed in Ref. 27 are reported below. 
In the latter paper, the vibrational relaxation processes are described in 

terms of the quantum-mechanical versionx@** of Wangsness-Bloch-Redfield 
(WBR)X'-Xs theory. In absence of an external magnetic field, the system 
dynamics can be described by the WBR equation of motion for the 
reduced density matrix, pR, comprising the sole spatial degrees of freedom. 
By common practice, dynamic frequency shifts are neglected. In the 
superoperator/supervector notation (see, e.g., Ref. 82), the equation assumes 
the form 

where the double ket symbol is used to distinguish Liouville representation of 
an operator (i.e., a supervector) from vectors in state space. In Eq. (26) LR is 
the spatial superHamiltonian, generated by the spatial, spin-independent part 
of thy Hamiltonian in Eq. (3), and R is the relaxation matrix. It can safely be 
assumed that the relaxation processes described in Eq. (26) will not be affected 
by an external magnetic field. 

A distinctive feature of Eq. (26) is that, owing to an invariance of 
all of the underlying interactions, including the system-bath interac- 
tions, under permutation of the spatial coordinates of the particles, 
the LR and R superoperators undergo partitioning into independent 
blocks. For the two-particle system considered here, there are four such 
blocks or symmetry partitions, (++), (--), (+-), and (-+), which are 
spanned by supervectors I mn+ + )) = I m+ )( n+ 1, . . . , I mn- - )) = I m- )( n - 1, 
..., I m n + - ) ) = l m + ) ( n - l ,  ..., and Imn-+))=Im-)(n+ 1, ..., respectively, 
where the vectors Im?) represent eigenfunctions +em of the spatial 
Hamiltonian in Eq. (3). The individual symmetry partitions of R are blocked 
out further. The (++) and (--) blocks of R have the usual appearance 
resulting from the so-called secular approximation:" the only relevant 
off-diagonal elements, R::,,,,,, occur within the subblocks describing the 
dynamics of level populations. The quantum-mechanical WBR relaxation 
matrix has the property of conservation of mass,81 which is expressed in terms 
of the following relationship between the diagonal and off-diagonal elements 
of R: 

Within the framework of quantum-mechanical WBR theory it is warranted 
that the elements Rn;:,,,, and R,&, obey the principle of detailed balanc- 
ing.") '* Hence the stationary solutions of Eq. (26), 

(- iLR+ R) /p t??) )  = 0 (28) 
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represent Boltzmann distributions of equilibrium populations within each of 
the two manifolds of energy levels: 

I pt?  2 )) exp(- ~ : / k ~  T )  Inn -+ 2 )) (29) 
n 

Any deviation from the equilibrium distribution would be suppressed in the 
course of picoseconds, which is the characteristic time scale of the vibrational 
relaxation processes. 

As far as the partitions (+-) and (-+) are concerned, by examining 
detailed expressions for the pertinent off-diagonal elements of R one arrives 
at a relationship which connects these elements to the rate constants of 
population transfer, namely27 

Xi,,, = Ri,f.nn === k ( R r Z , n n  + R G , n n )  (30) 

Equation (30) is valid only for the hindered bands for which, owing to the near 
degeneracy of the pairs of levels of different symmetry, R,f&, = Rn;;,,,,. In the 
absence of dynamic frequency shifts, the diagonal elements of the (+ -) and 
(- +) blocks of R are given by an exact fo rm~la :~ ’  

(31) f -  = R - +  - 1  f f  
Rn,m.n,ni mm.nim - d R m m m m  + R i i , m m )  

The relationships described in Eqs (30) and (31) are crucial for the whole 
reasoning presented in Ref. 27. They immediately imply that the dynamics of 
the coherences involving pairs of states within individual tunnelling-split bands 
must closely resemble the dynamics of level populations. (This is the point that 
must have been overlooked in the approach by Hiller and Harris22 reviewed 
in Section 4.4.) However, instead of the stationary solutions describing 
Boltzmann population distributions within the (+) and (-) energy level 
manifolds, for the ( ? T )  partitions one has to deal with quasi-station- 
ary solutions represented by two appropriate eigensuperkets, I q? T )), of 
-iLR + R such that 

( - i L R + R ) I q R f T ) )  = ( T i v t - K ) l q R f T ) )  ( 3 2 )  

In the present discussion it is again helpful to keep in mind the analogy 
between the dynamics of individual tunnel coherences and the classical 
multisite nuclear exchange. The coherences described in Eq. (32)  are combina- 
tions of tunnelling coherences at individual vibrational levels. They thus 
correspond to exchange-averaged magnetization in the multisite exchange 
model considered in the limit of motional narrowing (as we shall see later on, 
this is a limited analogy). They evolve as damped oscillations with the 
frequencies of ?vt and the same damping-rate constant K.  The latter is 
generally several orders of magnitude smaller than vibrational relaxation 
constants and this is why the supervectors in Eq. (32) can be referred to 
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as quasi-stationary solutions of the relaxation equation. For the sake of 
brevity, these long-lasting coherences will further be called average tunnelling 
coherences. By virtue of the above-mentioned similarity with the behaviour of 
level populations, for each of the partitions (+ -) and (- +) any instantaneous 
combination of coherences different from the respective (unique!) average 
tunnelling coherence will be dissipated away in the course of picoseconds. 
Howcver, at variance with the population distribution, the average tunnelling 
coherence arrived at in this rapid process will not persist forever but will 
eventually decay, though in a much longer time period. For NMR experiments 
on tunnelling systems of the sort discussed presently, only these long-lived 
coherences are relevant. The discussion of such an experiment will be preceded 
by a closer description of the average tunnelling coherences. 

In this point the approaches of Refs 27 and 28 differ slightly, owing mainly 
to the fact that in the former these coherences are described by approximate 
closed-form expressions while in the latter the formalism is developed for the 
purposes of a direct computer implementation. The closed-form description of 
Ref. 27 will be reported first. 

It is valid in the case, believed to be the case of the metal hydrides, where 
tunnelling splitting at some hindered level near the top of the potential 
barrier, say level N, achieves magnitude comparable with the matrix ele- 
ments R:Zl N - I . N N ,  that is, with the vibrational relaxation rate constants 
W,',-, = Ri11N-1,~~. In view of the fact that the (absolute) magnitudes of 
tunnelling splittings at sequential levels grow steeply, the splitting at the level 
immediately preceding, i.e. level N ,  will generally be much smaller than W$N-,. 
The approximate form of the average tunnelling coherence was obtained in 
Ref. 27(a) under the assumption that population transfer between levels 
separated by two or more vibrational quanta is much less effective than 
between neighbouring levels. The required description was obtained using 
perturbation calculus, up to second order, for eigenvectors and eigenvalues of 
a complex, non-Hermitian matrix. Below we report the pertinent expressions 
from Ref. 27(a) reformulated according to the prescription given in Ref. 27(b) 
(see below). In these expressions, the elements R;,:,,, are approximated by 

++  

WL !  + W,,,) = w,,,. Thus, 

where El, = ( E i  + El;)/2 is the average energy of the (hindered) band n ,  Z is 
half the spatial partition function, and 
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In Eq. (35) there occur levels ( N  + 1)' and ( N  + 1)- which immediately follow 
the respective levels N +  and N -  forming a hindered band. If the former also 
form a hindered band (one with tunnelling splitting exceeding W,,,,, perhaps 
substantially, since by definition the splitting at level N is already comparable 
to W,,,,,), one can put E i + ,  = EN.+, E N +  and W;,,, = W,,,, WN+,W The 
corresponding (unnormalized) eigensupervectors are practically equal to 
Boltzmann averages of tunnel coherences at levels 1,2, . . ., N - 1: 

N- 1 

1 V R ? T ) ) =  eXp(-E,,/kBT)It"l??)) f oLi(J7~) (36) 
n= 1 

where Ozr?(pN) denotes a small contribution from band N + 1, of the order of 
the Boltzmann population of level N .  The corresponding weighting factor is 
generally a complex quantity. The results reported above provide a formal 
justification to the phenomenological postulate defining the observed tunnel- 
ling splitting as the Boltzmann average of Eq. (18); the Boltzmann average 
appears now as a first-order approximation to u,. 

As can be deduced from Eq. (34), the damping rate constant describing 
decay of the average tunnelling coherence should show up Arrhenius-type 
dependence on temperature, provided that certain conditions to be mentioned 
below are satisfied. The expression for K reported above is formulated in terms 
of vibrational rate constants describing transfer of population down the ladder 
of vibrational levels. This is at variance with the original presentation in Ref. 
27(a) where the same quantity was expressed in terms of geometric averages 
of the respective constants down and up. Transformation to the form in Eq. 
(34) was effected by invoking detailed balancing. A consideration of the latter 
property clearly suggests that rate constants describing transport down the 
energy scale should exhibit milder dependence on temperature than the 
corresponding rate constants describing the reverse processes.27b The former 
are thus better suited to the Arrhenius pre-exponential factors than the 
geometric averages employed in Ref. 27(a); these averages are biased by the 
necessarily high sensitivity of the rate constants up to temperature. Actually, 
a significant departure from an Arrhenius-type behaviour might only result 
from the intrinsic dependence on temperature of the population ratios entering 
the expression for W' in Eq. (35). The dependence of W' on temperature 
induced by the varying population ratios would to a large extent be suppressed 
when the energy gaps separating band N from the levels ( N  + 1)' were large 
and/or transfer of population from these levels to the levels N' was less 
effective than from the latter to still lower levels. When, moreover, the energy 
gap separating two lowest hindered bands is much greater than kB T,  variations 
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with temperature of the partition function can be neglected. Under such 
circumstances. which seem quite likely to be encountered in practice, the 
temperature behaviour of K should follow Arrhenius law rather closely. In this 
point there is a breakdown of the analogy between dynamics of tunnelling 
coherences and that of site magnetizations in the multisite exchange. In the 
former case, along with increasing the temperature, the damping rate of the 
average tunnelling coherence increases steeply. On the other hand, the 
dephasing rate of exchange-averaged site magnetization decreases with in- 
creasing temperature (motional narrowing). The difference is due to the fact 
that multisite exchange must exactly obey conservation of the overall site 
population while the set of tunnelling coherences, by definition comprising 
only hindered levels, does not form such a closed system. Temporary escape 
of population from the hindered manifold to highly excited levels, which is 
enhanced by temperature, implies an effective loss of coherence that will not 
be regained on return. 

In the parallel approach,” the eigenvectors I qt G )) and eigenvalues 
kiv, - K are calculated numerically. The elements of the complex matrix 
-iL” + R are derived from appropriate model assumptions to be reported in 
Section 6.3. 

The spirit of the theory reported in the present section is similar to that of 
earlier treatments of the related problem for hindered, methyl-like quantum 
rotors, where only a pair of tunnelling-split torsional bands was taken into 
a c c o ~ n t . ~ ~ ~ ~ ~  Coherent dynamics of a hindered quantum rotor perturbed by 
stochastic classical forces was considered by Hennel.x8 He discussed the impact 
of such forces on the oscillating probabilities of finding the rotor in each of its 
two equilibrium orientations. For these probabilities he also obtained damped 
oscillation behaviour, which result is essentially in agreement with the 
quantum-mechanical picture presented above. 

6.2. ‘runnelling coherence dynamics in NMR spectrum 

One of the main results of the theory developed in Ref. 27 relies upon a 
clarification of the relationship between damped oscillation behaviour of the 
average tunnelling coherences and the phenomena observed in NMR spectra 
of the  metal hydrides. This is achieved by looking at the NMR experiment from 
a somewhat nonstandard perspective. In the following account of the above 
theory, magnetic spin-spin interactions between the tunnelling protons are 
neglccted; this is done merely for sake of clarity. 

When the two-hydride system, placed in an external magnetic field, is driven 
by a radiofrequency pulse, the pre-existing Zeeman order is initially converted 
into coherences between Zeeman sublevels. Such coherences involve pairs of 
states that differ only in the spin part of the  state functions. In the absence of 
Larnior frequency differences between the hydride sites, further evolution of 
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the system would follow the well-known pattern of oscillating magnetization 
in the plane perpendicular to  the field direction. The entire evolution would 
be confined to the spatial symmetry partition (--) (the partition (++) 
corresponds to nonmagnetic singlet state). The spatial degrees of freedom 
would remain dormant. When the sites are magnetically nonequivalent, which 
is the case in the metal hydrides, the anisochronous part (of the order of a 
kilohertz) of the Zeeman interactions introduces a sort of spin-orbit coupling. 
The latter is of course invariant under simultaneous permutations of spin and 
spatial coordinates of the protons involved but is no longer so with respect to 
separate spatial and spin permutations. It can therefore mediate in transferring 
the Zeeman coherences to the remaining partitions and, in particular, to those 
(+ -) and (- +) which include tunnelling coherences. Since the magnitude of 
the spin-orbit coupling is comparable with that of the average tunnelling 
splitting, vt, the average tunnel coherences (of the frequencies +vt) can be 
created effectively. The evolution involves thus an interplay between the 
Zeeman and the average tunnel coherences. Because the latter undergo 
damping (with rate constant K ) ,  the overall coherence that gives rise to the 
observable oscillating magnetization is gradually lost. 

The above process can be described in a rigorous quantum-mechanical 
language, using the appropriate WBR equation for density superket compris- 
ing both spatial and spin degrees of freedom, IpRS(t))). The spatial part of the 
density superket includes only the equilibrium modes, I pff? ? )), and the 
long-lived tunnel coherences I qR+ T )), because any other spatial order, even 
if it existed, would be dissipated away in the course of picoseconds. By virtue 
of the symmetrization postulate, each of these relevant spatial components is 
correlated with a unique instantaneous spin supervector of appropriate 
symmetry, 

where pRS has unit trace and the spatial supervectors are normalized such that 
all have the same lengths of unity. Because there is only one spatial vector for 
each symmetry partition, the spin and space quantities in Eq. (37) can be 
summed up separately and then recorrelated without any loss of information. 
This can be effected using the superantisymmetrizer (or, for bosom, super- 
symmetrizer), 

ARS = $[(I?' X Es*) ER X ER*) - (P' X ES*)(PR X ER*) 

- (Es  X P"*)(E* X PR*) + (Py X PS*)(PR X PR*)] (38) 

where and ER denote unit operators in the corresponding state spaces. In 
this way, the evolving density superket comprising spin and spatial variables 
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assumes the form: 

where 

(39) 

and 

The subscript A B  is used in the description of the spatial supervector in the 
1.h.s. in Eq. (41) because, as can be seen from Eqs. (5a), (29) and (36), the 
leading term in that supervector comprises the Boltzmann average of “local- 
ized” shift superkets IABn)) = I t,hABn)( I constructed from appropriate 
home-based functions that are concentrated around only one of the two 
equivalent potential minima. The specific form of the spin-space density 
superket, as displayed in the r.h.s. of Eq. (39), can be given a clear physical 
interpretation in the spirit of the work by Inati and Zilm.’3 Namely, the spin 
part, defined according to Eq. (37), is implicitly referred to the space-fixed spin 
basis which is natural for the above set of home-based functions. 

Evolution of the density supervector I p S R ) )  = 2A I p“( t ) ) )  IdAB)) is governed 
by the Liouville superoperator in the r.h.s. of Eq. (26) augmented by the 
Zeeman superHamiltonian, L:”. The latter is a quantum-mechanical super- 
Hamiltonian generated by the Zeeman term in the Hamiltonian in Eq. ( 3 )  
and as such it is invariant under simultaneous permutation of spin and 
spatial particle coordinates. The complete WBR equation describing NMR 
experiments is therefore a proper quantum-mechanical equation obeying 
the requirements of the symmetrization postulate. Upon an appropriate 
elimination of the redundant spatial part, Ip,fAe)), from the complete density 
supervector, it is turned into an effective equation of motion for the spin- 
density supervector of Eq. (40).” This effective equation is analogous to the 
Alexander-Binsch equation, but instead of the usual magnetic spin-spin 
interaction term there appears now quantum exchange term. Upon rewriting 
to the more familiar Hilbert space form, it reads 

Obviously, the quantum exchange term will for this system (two particles of 
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spin i) be transformed into the Heisenberg term, -27rvtI,12. For a pair of 
tunnelling bosons, the quantum exchange term would come with the “plus” 
sign. Magnetic spin-spin coupling, neglected here for clarity, would appear in 
Eq. (42) in its usual form. 

The formal reasoning reported above reveals that damping of the average 
tunnelling coherence is seen in the NMR experiment as an apparent classical 
exchange of localized particles. The rate constant of the apparent exchange, k ,  
equals half the rate constant of the damping process, 

We emphasize that the spin permutation operator entering Eq. (42) derives 
from the superantisymmetrizer of Eq. (38). It is interesting to note that it 
describes not only the coherent exchange but the stochastic exchange as well. 
It may seem surprising that there is a connection between the latter, seemingly 
classical process and the symmetrization postulate, the more so as the theory 
leading to Eq. (42) can without change be applied to any system of two like 
nuclei undergoing typical “classical” exchange. In such a system, tunnelling 
coherences will also be created (unless the nuclei are equivalent, but then there 
is no exchange) by a radiofrequency pulse, only the corresponding oscillation 
frequencies will be much lower than the damping rate constants. Dissipation 
of such coherences is caused by perturbations exerted on the spatial variables 
while it is observed by monitoring the spin degrees of freedom. No wonder 
then that the symmetrization postulate correlating the former and the latter is 
again active, now in transferring the spatial disorder to the spin part. 

6.3. A comparison with experiment 

As compared to the approaches described in Sections 4.1-4.4, the theory 
reported in the two preceding subsections imposes more stringent restrictions 
on the models aimed at explaining the tunnelling phenomena in the metal 
hydrides. Any such model should be capable of reproducing at least quali- 
tatively the most striking feature of the systems in question, which is the 
dominance, maintained over a broad temperature range, of coherent tunnel- 
ling over the incoherent exchange, 

At a qualitative level, this goal was achieved in Ref. 27, where a 
one-dimensional tunnelling path was considered and thermal effects were 
parametrized by two vibrational rate constants describing population transfers 
between levels N and N + 1, and between N + 1 and N + 2 (see comment 
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preceding Eq. (33)). The assumed tunnelling coordinate represents correlated 
rotation of the hydride pair in the plane perpendicular to the bisector of the 
H-M-H angle. The proton-proton distance is allowed to decrease to some 
critical value of about 1 A along with the interproton vector being twisted by 
the angle 7d2 relative to the equilibrium orientation. The assumed model of 
tunnelling motion can be regarded as a simplified version of the two- 
dimensional model by Eisenstein et (Section 5) .  The hindered eigenstates 
of such a quantum rotor with variable moment of inertia were determined 
numerically following the procedure by Pyka et al.'" Because the tunnelling 
coordinate is periodic, the signs of the calculated tunnelling splittings at 
sequcntial levels alternate. The thermally averaged quantities v,( T )  and K( T )  
were calculated according to Eqs (33) and (34), respectively. A sharp increase 
of both with increasing temperature was obtained. In the whole temperature 
range considered, the inequality of Eq. (44) was fulfilled. The results reported 
in Ref. 27(a) are biased by the questionable assumption concerning the use of 
geometric averages of population transfer rate constants up and down the 
vibrational ladder (see discussion following Eq. (36)). Repeated calculations 
with the more appropriate choice of temperature-independent parameters did 
not bring about any essential modifications to the above conclusions since the 
recalculated values of v,( T )  and K( T )  are close, to within 5%,  to those obtained 
previo~sly.'~" In the model assumed in Ref. 27, the sign of v, proves critically 
dependent on whether the number of relevant hindered bands, N + 1, obtained 
for the assumed torsional potential, is even or odd. For the values of potential 
parameters adopted in Ref. 27, positive values of v,(T) (that is, ferromagnetic 
exchange coupling) were obtained in the wholc temperature range consid- 
ered. 

The parametrized model proposed by Ernst et aLzX succeeds in a quantitative 
fit of both v,( 7') and K (  T )  over a broad temperature range of 125-210 K, using 
three adjustable parameters to describe the isolated system and one such 
parameter to represent coupling to thermal bath. The experimental data for 
the compound studied, which was (4d) (Cp" = CSHS, L = PPh,), were taken 
from the work by Heinekey et al.'" The assumed model for hydrogen pair 
exchange is inspired by quantum-chemical results by Lluch et aL2' (see Section 
5 and Fig. 9). The relevant motions of the hydride pair are parametrized by two 
variables, 8 measuring rotation about the bisector of the H-M-H angle and p 
describing an instantaneous value of the latter angle, or, in other words, the 
stage of the scissor vibration of the two hydrogens. When /3 decreases to certain 
critical value corresponding to formation of a virtual dihydrogen ligand, the 
scissor vibration merges into a lift-off motion, resulting in a substantial increase 
of thc distance between metal atom and the centre of mass of the hydrogen 
pair. At this lift-off stage, the barrier to rotation is reduced considerably 
compared to its values at the early stages of the scissor vibration where the 
H-H distance is still large. These motions were represented in terms of a 
motion surface. The potential energy over the motion surface was described 
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by a function of p and 8 defined by two constants and three free parameters. 
The latter include bending (scissoring) force constant, f, the barrier to rotation 
at the equilibrium distance, Be, and the parameter a that measures the decay 
of the barrier to rotation along with increasing distance between M and the 
centre of mass of the hydride pair. The energy levels, the tunnelling splittings 
and the wavefunctions for the above vibrational problem were obtained by 
solving numerically the corresponding Schrodinger equation, with the use of 
the flexible model method.” 

Interactions between thermal bath represented by a large set of harmonic 
oscillators and the hydride system were described in a three-dimensional, 
molecule-fixed Cartesian coordinate system. They were taken to be linear in 
both the bath coordinates and the Cartesian displacements of the hydride pair 
from its equilibrium position. The perturbations exerted by the bath were 
supposed to be isotropic and uncorrelated for different (Cartesian) co- 
ordinates. The displacements of the system particles were expressed in terms 
of parameters defining the motion surface, which allowed calculation of the 
relevant matrix elements of the system-bath Hamiltonian using the sys- 
tem’s wavefunctions obtained numerically. Further assumptions regarding the 
system-bath interactions involve the supposition that coupling constants 
between the system and bath displacements depend only on the frequencies 
of the bath modes rather than on the modes themselves (see, e.g., Refs 22,51, 
86,87). Assuming finally that the above dependence is so mild in the relevant 
frequency range that it can be approximated by a constant, the authors 
quoted2* were able to calculate all the relevant vibrational relaxation constants 
W,,, (Section 6.1), introducing only one free parameter, S ,  independent of 
temperature, to describe the strength of the system-bath coupling. The 
quantities u, and K were determined numerically by handling the relevant 
block of the WBR superoperator in Eq. (32 ) .  The whole procedure described 
above was repeated with varying potential parameters f, Be, and a, and the 
thermal parameter S until the best fit of both u,(T) and K(T) to the 
corresponding experimental data was achieved. The contribution of magnetic 
terms to the experimental splittings was accounted for using the data for the 
pertinent tritium derivative.26 The quality of the fit so obtained is really 
impressive (see Fig. 10). As compared to the previous quantitative studies 
(Section 4), the real breakthrough of the approach of Ref. 28 involves the fact 
that a consistent parametrization employing so few free variables is now 
extended to the incoherent process as well. 

Among the fitted model parameters, the barrier to rotation at equilibrium 
distance, Be, has the most immediate physical interpretation. The relatively 
large value of 8003 +- 78 cm-’ (about 96 kJ/mol) obtained for Be indicates that 
in absence of the “lift-off” motion no facile rotation path would exist for the 
hydride pair. Under increased pressure the freedom of this lift-off motion 
would be limited. The earlier o b ~ e r v a t i o n ~ ~  that increased pressure leads to a 
decrease of tunnelling splitting provides independent confirmation of the 
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Fig. 10. The temperature-dependent hydrogen pair exchange in (4d) (Cp” = C5HS, 
L = F’Ph3). The full lines show the tunnel frequency J = -u,  and the damping rate 
constant M = K / 2 r  fitted to the experimental data from Ref. 26 using the two- 
dimensional, four-parameter model by Ernst et a1.28 described in Section 6.3. The dotted 
line shows the experimental curve k( T)/T calculated from the experimental activation 
enthalpy and entropy parameters of the incoherent exchange, reported in Ref. 26. 
(Reproduced with permission from Ref. 28. Copyright 1997 American Institute of 
Physics.) 

tunnelling mechanism proposed by Ernst et The authors quoted find the 
calculated fundamental frequencies of the torsional vibration, 649.6 cm-’, and 
the bending (scissoring) vibration, 725.6 cm-’, in fair agreement with the 
pertinent experimental values for related metal hydrides. No regular beha- 
viour was observed in the signs of tunnelling splittings at sequential excited 
levels. These levels can be classified as concerned with torsional, bending, or 
combined vibrations. The signs at  sequential torsional levels alternate, while 
they remain negative at bending levels. The splitting of the fundamental band 
is negative, and so is the average splitting in the whole temperature range 
considered (caution: the sign convention adopted in Ref. 28 is the reverse of 
that of the present review). The calculated magnitude of the fundamental band 
splitting is - 124.5 Hz. 

The “best fit” curve J( T )  = - vt( T )  shown in Fig. 10 departs only slightly 
from the respective Boltzmann average, calculated for 25 pairs of tunnelling- 
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split levels, with the highest level having an energy of about 3500 cm-’ relative 
to the ground level. The “best fit” curve K( T )  can to a good approximation be 
described by the Eyring formula, with the values of activation enthalpy 
of 33.0 kJ/mol (7.9 kcal/mol) and activation entropy of -33.4 J mol- ’ K-’ 
(-8.0 cal mol-I K-’). 

The fitted thermal coupling parameter, S, delivers values of population 
transfer rate constants. Those describing transport down the ladder of energy 
levels prove almost independent of temperature; the calculated rate constants 
for the transitions from the first excited torsional and bending levels to the 
fundamental level, 2.7 X 10” and 9.3 X lO“’s-’, are typical for vibrational 
relaxation processes in liquids. 

7. CONCLUDING REMARKS 

The discovery of quantum exchange couplings in metal hydrides seems to be 
one of the most intriguing findings ever made in the general area of 
liquid-phase NMR. Despite being restricted to a specific class of compounds, 
it provided an inspiration to reconsider the very principles of NMR theory in 
a wider context, including the question of the status of the symmetrization 
postulate and its possible relevance for the lineshape theory of “classically” 
exchanging systems. 

The often contradictory results produced within the models parametrizing 
exchange couplings should not be wondered at. In this regard the situation in 
the metal hydrides does not differ greatly from that which existed until late 
1970s in the studies on quantum exchange in solid helium” where again even 
the sign of the coupling could for a long time not be agreed upon. Compared 
to typical vibrational energies, tunnelling quanta are extremely small so that 
correspondingly subtle theoretical tools are needed, especially when vibration- 
ally excited states are concerned. 

Quantum-chemical studies described in Section 5 suggest that, regardless of 
formal structure of the valence shell, a similar tunnelling mechanism is 
operative in trihydrides of various transition metals. A common feature of 
these compounds is relative stability of a dihydrogen-like transition state. The 
results illustrated in Fig. 10 may indicate that tunnelling phenomena in these 
trihydrides are now to a large extent understood. It is noteworthy that in this 
most successful approach an extreme correlation was assumed between the 
individual hydrides; the spatial motions were considered in regard to the 
hydride pair as a whole. This is in contrast with the approaches derived from 
theories dealing with related phenomena in quantum crystals. In the latter 
context the interesting correlated behaviour is evaluated by considering 
short-ranged, two-body corrections to the basically one-body description of 
the system’s particles. Specific chemical forces acting within the hydride system 
are apparently better approximated by the assumption of extreme correlation 
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than by an effective potential artificially separated into one-body and two-body 
parts. Further studies are necessary to check whether the same tunnelling 
mechanism, involving a dihydrogen-like structure, is valid also for the adducts 
of ruthenium and niobium hydrides with Lewis acids. Metal dihydrides 
containing stretched dihydrogen ligands may constitute a separate problem. 
The quantum-chemical results obtained for osmium trihydrides, where no 
merging of wagging vibrations into a “lift-off” motion was found, may be 
regarded as a warning against premature generalizations. 

In the present review, considerable attention was paid to the tight-binding 
approach despite the fact that, for the reasons mentioned in the preceding 
paragraph, it does not seem very useful when exchange coupling is to be 
described quantitatively. However, in view of the well-documented versatility 
of tight-binding models, an attempt at employing such a model in one more 
field could not be neglected. 

An important element of the successful approach described in section 6 is 
the damped oscillation description of the tunnelling coherence dynamics, 
translated consistently into a quantum-mechanical analogue of the Alexander- 
Binsch equation. The quantum-mechanical theory was developed in the 
context where it was clear from the start that the Alexander-Binsch equation, 
employed on a phenomenological basis, properly describes the spectra of the 
unusual hydrides. In the latter field, the main contribution of the quantum 
theory of NMR lineshape relies upon a novel interpretation of the parameters 
entering that equation. For systems comprising more than two nuclei the 
situation is more complicated. For methyl-like quantum rotors an analogue of 
the Alexander-Binsch equation is the phenomenological Clough equation” in 
which both the coherent tunnelling and the stochastic nuclear exchange are 
described in terms of the appropriate cyclic permutation operators. The 
stochastic term represents classical random jumps of the rotor between its 
three (equivalent) equilibrium orientations. The Clough equation was recently 
arrived at independently, by a simple extension of the NMR lineshape theory 
developed for metal hydrides.‘ However, detailed derivation to be reported 
soon yields a generalized equation containing an additional stochastic term 
that has no classical interpretation. Numerical simulations of single-crystal 
NMR spectra of methyl-like quantum rotors reveal that for appropriate model 
systems such nonclassical stochastic behaviour could be detected experimen- 
tally. Verification of this theoretical inference may be a challenging task for 
future experimental studies on quantum tunnelling in systems of several like 
nuclei. 
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The nature of hydrogen bond has received much attention in various scientijic fields. It 
is well known that hydrogen-bonding plays crucial roles in forming higher-order 
structure in peptides, polypeptides and proteins. 

Systematic studies of  the hydrogen-bonding effects on "C, I5N and "0 N M R  chemical 
shifts for  amide carbonyl-carbon, amide nitrogen, and carbonyl-oxygen atoms in solid 
peptides and polypeptides containing various amino acid residues have been made. 

This review describes the recent studies on hydrogen-bonded structures in the solid 
state through the observation of N M R  chemical shifis and also through theoretical 
calculations of nuclear shieldings in order to gain further insight into the nature and 
effects of hydrogen-bonding. 

1. INTRODUCTION 

It is well known that the hydrogen bond plays an important role in forming 
higher-order structures of peptides and polypeptides including proteins. 
Accordingly, the nature of the hydrogen bond has been widely studied by 
various spectroscopic methods. High-resolution NMR spectroscopy has also 
been used as one of the most powerful means for obtaining useful information 
on the details of the hydrogen bond. 

NMR chemical shifts are one of the most important parameters for 
providing information about molecular structure. Since the electronic struc- 
ture around the amide carbonyl-carbon and nitrogen atoms in peptides and 
polypeptides is greatly affected by the nature of hydrogen bond, the NMR 
chemical shifts for these atoms are sensitive to the special arrangement of the 
nuclei comprising the hydrogen bond. 

It is difficult, however, to estimate exactly the hydrogen-bonding effect on 
the chemical shift because the observed chemical shifts of peptides are often 
averaged values for all of the rotational isomers owing to interconversion by 
rapid rotation about the bonds in solution. On the other hand, chemical shifts 
in the solid state provide direct information about the hydrogen bond present 
in peptides and polypeptides with a fixed conformation. From such a view- 
point, systematic studies on the hydrogen-bonding effects on the I3C, "N and 
I7O chemical shifts of amide carbonyl-carbon, amide nitrogen, and carbonyl- 
oxygen atoms of peptides and polypeptides containing various amino acid 
residues of the solid state have been made. 

In this review article, we introduce recent studies on the hydrogen-bonded 
structures of peptides and polypeptides in the solid state through the observa- 
tion of NMR chemical shifts and through theoretical calculations of nuclear 
shieldings (chemical shifts) with a view to  finding a deeper understanding of 
the nature and influence of hydrogen bonds. 
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2. THEORY AND EXPERIMENT 

2.1. Theory of NMR spectra 

Several physical parameters affect NMR spectra.' These are indirect scalar 
coupling (J-coupling), direct dipolar coupling, quadrupolar coupling, and 
chemical shift. J-coupling emerges from the interaction mediated by electrons 
between nuclei. J-coupling, particularly 'H-'H coupling, has played a crucial 
role in liquid-state, or solution-state, NMR spectroscopy; scalar 'J-coupling 
data give the dihedral angle in a molecule through the Karplus equation. A 
large number of studies of protein structure have exploited this scheme. Direct 
dipolar coupling does not influence the solution NMR spectrum, since the 
direct dipolar coupling is represented by a traceless second-rank tensor and 
rapid molecular motions unavoidably average this traceless tensor. Moreover, 
in solid-state NMR, direct dipolar coupling exhibited severe line width 
problems before magic-angle spinning (MAS)' and dipolar decoupling experi- 
ments (DD)3 were performed. More recently, some groups have tried to 
develop methods for detecting the direct dipolar coupling of spin-: pairs in 
rotating solids; thereby one can determine internuclear distances of spin pairs 
by detection of the dipolar coupling. 

Chemical shifts have been exploited for the identification of molecules 
because the different electronic environments around a nucleus, i.e. the 
electron density and three-dimensional spread of electron wavefunctions, give 
different chemical shift values. Although the quantum-mechanical description 
of nuclear shielding, i.e. chemical shift, was given in 1950, highly accurate 
nuclear shielding calculations for large molecules could not be carried out 
because the available computational facilities were not adequate. However, the 
development of computers has enabled us to carry out shielding calculations 
with medium-size basis sets for large molecules. 

2.2. Chemical shift tensor for I3C and "N nuclei 

Let us consider a nucleus in a molecule with a particular magnetic shielding 
environment. The effect of the environment is described by the Hamiltonian 
(XI 

X = y 1 . a . B  (1) 

where y is the gyromagnetic ratio of the nucleus, I is the spin operator, (T is the 
shielding tensor and B is the magnetic field. The NMR experiment measures 
a,, in the frame with the z axis along the magnetic field B. If we take the 2 
component of the external magnetic field to be Bo, we obtain 

= YIyl,UZ7B" (2 )  
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for the shielding Hamiltonian. Note that the chemical shift (6) is defined as the 
difference between any given shielding and shielding for a given nucleus in a 
reference molecule. For powder samples, the NMR spectrum appears as the 
superposition of signals with the nuclear shieldings ( a,,) for several different 
orientations of the principal axis system (PAS) of the sample with respect to 
the magnetic field. The observed resonance frequency ( w )  associated with this 
orientation of the shielding tensor is given by 

w = - y&(axx cos2 a sin’ p + aYu sin2 a sin2 p + a,, cos2 p) ( 3 )  

where a and p are two of the three Euler angles that specify the orientation 
of the PAS in the frame of the spinning system, and o,,, a,,, and a,, are the 
principal values of the shielding tensor. When integrated over all values of the 
angles (a ,  p), which are defined as the orientation of a PAS with respect to the 
magnetic field, this lineshape represents the absorption spectrum of a powder 
sample, in which all orientations of the principal axes with respect to the 
magnetic field are present with equal probability. Bloembergen and Rowland4 
derived the lineshape function Z(w) for a powder spectrum. The intensity is 
directly proportional to the number of molecules with shielding tensor 
orientation (a ,  p), as 

P (a ,p )das inpdp  = [ Z(w)dw = [F(a)dn h (4) 

where P(a, p) is the probability that the principal shielding axes of a molecule 
have the orientation specified by a and 0. 

Herz feld-Berger analysis 

The powder spectrum offers information about the exact principal values (6, I ,  

h2 and &) of a chemical shift tensor only when there is no severe overlap 
between the powder spectra. In most cases of NMR of organic molecules, this 
situation might not be encountered; powder spectra would be composed of 
some signals that are derived from several chemically and electronically 
inequivalent environments. 

Herzfeld and Berger’ developed a method for determining the principal 
values of chemical shift tensors from the accurate measurement of the spinning 
sideband intensities under the condition of MAS with a low spinning rate. 
While this method, called the Herzfeld-Berger analysis, maintains the high- 
resolution NMR spectrum, one can obtain principal values of several chemical 
shift tensors at once. 

From the viewpoint of computation, the original Herzfeld-Berger analysis 
was not necessarily suitable for writing the simulation program. Fenzke et al. 



SOLID-STATE NMR OF PEPTIDES AND POLYPEPTIDES 59 

developed a novel method for determining the principal values of a chemical 
shift tensor from MAS sideband intensities, in which one calculates the mean 
square deviation of the calculated sideband intensities from the experimental 
results and minimizes the deviation.6 

2.3 Chemical shift tensor and quadrupolar coupling for the "O nucleus 

The I7O nucleus has spin 5/2 and so has a quadrupole moment. Solid-state 1 7 0  

spectra contain quadrupolar interactions, and for this the central transition 
signal (-1/2,1/2) becomes broad by a second-order perturbation. Therefore, 
a static I7O NMR signal contains eight kinds of NMR parameters such as the 
nuclear quadrupolar coupling constant (e'qQlh) (which comes from the 
electrostatic interaction between the nuclear quadrupolar moment ( e Q )  and 
the electric field gradient tensor elements (Vl l ,  V2, and V3')); the asymmetry 
parameter (?J@); and the principal values of the shielding tensor (all, g22 and 
u ~ ~ ) .  To determine these parameters, computer simulation is carried out to 
superimpose the theoretical lineshape on to the observed spectrum. 

In the presence of a quadrupolar interaction the quadrupolar Hamiltonian 
(XQ,,,,) at the resonance frequency w,, can be expressed by4' 

where 

R = w$[Z(Z + 1) - i ]  
3e2qQ 

2Z(2Z- l ) h  

27 9 3 
A($)  = - - - - ? ~ p  C ~ S  2 4  - - & Cos2 24 

8 4  8 

w, = 

30 .I$ 3 B ( 4 )  = - - - - + 2710cos 2 4  - - 77;cos224 

3 ?J$ 1 3 
C( 4) = - - + - + - ?Jy cos 2 4  - - q; cos2 2 4  

8 2  4 

8 2 4  8 

v,1 - v22 
Iv331 2 lv22l 2 IVlll 

?J@ = v,, 
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in which V , ] ,  V2, and V,, are the values of the three principal elements of the 
electric field gradient tensor, eQ is the quadrupole moment of the nucleus, and 
8 and 4 are Euler angles relating the magnetic field Bo to the PAS of the electric 
field gradient tensor of the nucleus. 

In the presence of an anisotropic nuclear shielding interaction, the Hamil- 
tonian (Xe,,) can be expressed as43 

xeCs = wo[ (T, , sin2 8 sin2 4 + a22 sin2 e cos2 4 + cos2 01 I ,  (6) 

Further, we rearrange Eq. (6) using 6 instead of (T as follows: 

[(3 cos2 0 - I) - TJ sin2 TJ cos 241 (7) 

where 

in which S,,, is the isotropic chemical shift, TJ is the shielding asymmetry 
parameter and AS is the anisotropic parameter. The total Hamiltonian 
expressed by Baugher et al.43 is simply the sum of Eqs ( 5 )  and (7). 

For the more general case, one has to consider the second-rank tensor 
properties of both the quadrupolar and shielding tensors. One cannot simply 
add two tensor quantities without considering the relative orientation of one 
tensor with respect to the other. In this case, there is no reason to believe that 
the PAS for the anisotropic shielding tensor will be coincident with that of the 
quadrupolar tensor. Hence, the first step in the analysis is to place the tensors 
in a common reference frame. As the quadrupolar interaction is more 
dominant for "0, it is convenient to express the shielding tensor in the frame 
of the quadrupolar tensor. Thus, the quadrupolar resonance frequency is 
considered to be the same as that in Eq. (5) .  The shielding Hamiltonian (X,,), 
transformed to the quadrupolar PAS frame, expressed in terms of its value in 
the shielding frame is 

+ sin28cos (4 + a) - TJ sin Pcos pcos 27 
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+ sin 28 sin (4 + a)( 7 sin p sin 2yJ 

+ -sin2 BCOS 2(+ + a)(3 sin2 p - 7 cos 2y( 1 + cos2 p))  1 .  
2 

1 
2 1 +-sin26sin2(++ a ) ( 2 7 c o s ~ s i n 2 y )  

Note that when ( a ,  p, y )  = (O,O, 0), Eq. (8) reduces to Eq. (7). In our lineshape 
simulations the Hamiltonian of the system is the sum of Eqs (5) and (8) as well 
as the Zeeman term. 

From these Hamiltonians, the central transitions (- 1/2,1/2) will be at the 
positions given by 

3 ~ 0 ~ ~ p - 1  7 

2 
- - sin' p cos 2 y 6cs = 6i,, + [(3 cos2 8 - 1)( 

+ sin 26cos (+ + a)  2p - 7 sin p cos p cos 27 

+ sin26cos(++ a ) ( ~ ~ s i n p s i n 2 y )  

+-sin2ecos2(++ a)(3sin2p-  qcos2y(l  +cos2p))  1 .  
2 

1 .  
2 

+ - s i n 2 6 s i n 2 ( ~  + a)(2qcospsin2y) 

R 
6Q2112 = -- [ A  (4) c0s4 8 + B( 4) cos2 8 + C( +)] X lo6 

60" 

The static powder spectrum can be calculated by integration over all possible 
orientations using Eqs (4) and (9). Using a Sun 4 SPARC Station for the 
calculations, it takes about one minute to obtain a simulated spectrum. 

2.4. MO calculations of nuclear shielding 

The "(2 chemical shift obtained from solid-state NMR is closely related to the 
electronic structure of a molecule, and therefore includes information about 
the three-dimensional structure of the molecule. In order to reveal the 
correlation between the structures of peptides and the 13C chemical shifts, I3C 
shielding calculations have been carried out using finite perturbation theory 
with intermediate neglect of differential overlap (FPT-IND0)738 and by the 
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coupled Hartree-Fock method using ab initio gauge-invariant atomic orbitals 
(GIAO-CHF).’.“’ FPT-INDO calculations enable us to understand what 
kinds of physical phenomena contribute fundamentally to chemical shifts in 
molecules; it is much easier to perform this calculation than the ab initio 
methods. On the other hand, the ab initio GIAO-CHF method is more suitable 
for highly accurate shielding calculations, and so becomes the methodology for 
the determination of a molecular structure compared with the observation of 
chemical shifts. In each procedure, the total shielding constant is estimated as 
the sum of diamagnetic (d)  and paramagnetic (up) contributions. 

u = ud + u p  (12) 

Finite perturbation theory with the INDO M O  method (FPT-INDO) 

Here we describe the FPT within the INDO framework for calculating the I3C 
shielding constant. The FPT-INDO theory has the advantage of allowing the 
calculation of the paramagnetic term without the explicit wavefunctions of 
excited states and the one-electron excitation energies, which are difficult to 
obtain to high accuracy by the usual semiempirical MO approximations. In the 
FPT-INDO calculations, however, the contributions from AOs centred on two 
different nuclei are not involved. N-Acetyl-N’-methyl+-alanine amide (Ac-L- 
Ala-NHMe) (having the same skeletal bonds as a peptide) forming hydrogen 
bonds with two formamide molecules as a model supermolecule (Fig. l a )  has 
been often employed. The bond lengths and bond angles proposed by Momany 
et al.” have been used. 

Coupled Hartree-Fock method employing the 4-31G ab  initio M O  method 
with gauge-invariant atomic orbitals (4-31 G-GIAO-CHF) 

The model molecule, Ac-L-Ala-NHMe, is shown in Fig. lb .  All the bond 
lengths in this model molecule were optimized by the ab initio 4-31G MO 
method. The calculated shielding values were converted to chemical shifts as 
given in ppm relative to methane. (The calculated 13C shielding of methane by 
the 4-31G/4-31G basis setk2 is 207.2 ppm and the observed 13C chemical shift 
is -2.1 ppm relative to trimethylsilane (TMS).) Finally, the calculated chemical 
shifts can be given relative to TMS. 

3. HYDROGEN-BOND LENGTH AND NMR CHEMICAL SHIFT 

3.1. Hydrogen-bonding effect on the 13C chemical shift of the 

Figure 2 shows the 67.80 MHz 13C CP-MAS NMR spectrum of Ala-Ser in the 
solid state as a typical example. The carbonyl-carbon of the C-terminal 

carbonyl-carbon in several amino acid residues 



SOLID-STATE NMR OF PEPTIDES AND POLYPEPTIDES 63 

H 

Fig. 1. Molecular structure of N-acetyl-N'-methyl-L-alanine amide, hydrogen-bonded 
(a) with and (b) without two formamide molecules. The chemical shielding calculation 
is made for the carbonyl marked by *. 

carboxylic group is deshielded by several ppm and appears as a rather sharp 
peak relative to the internal amide carbonyl-carbon ~igna1. l~ The isotropic I3C 
chemical shifts of the L-Ala carbonyl-carbons measured are listed in Table 1, 
together with the geometrical parameters obtained by X-ray diffraction 

Some of the geometrical parameters arc calculated using the 
unit-cell parameters and fractional coordinates reported in the literature. 

of the 
L-Ala carbonyl-carbon against the N . . . O  separation (RN o),  where RN 
gives a measure of hydrogen-bond length. It is found that a decrease of RN 
leads to a decrease in shielding shift, and there exists an approximately linear 
relationship between the "C  chemical shift and RN o. It is noted that not only 
in oligopeptides (dimers or tnmers) but also in the polypeptide ((L-Ah),, with 
the a,-helix form) the L-Ala carbonyl-carbon chemical shifts give a similar 

Figure 3 shows plots of the observed isotropic "C chemical shifts 
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Fig. 2. 67.8 MHz cross polarization magic-angle spinning (CP-MAS) NMR spectrum 
for [5%,  l-'3C]Ala-Ser, as a typical example. The solid-state NMR measurements are 
performed under the following conditions: the R F  field intensity for the carbon channel 
is 56 kHz; the contact time for the matched cross polarization between 'H and "C is 
2 ms; heteronuclear dipolar decoupling during the acquisition period is carried out at 
an intensity of 56 kHz. The number of data points collected is 2048; before Fourier 
transformation, the FID is zero-filled; the total data points are 8192. SSB denotes a 
spinning sideband. 

hydrogen-bond length dependence. This suggests that the I3C chemical shifts 
of any L-Ala carbonyl-carbon accepting the hydrogen bond that is formed 
between the amide )C=O and amide )N-H are strongly influenced by the 
hydrogen-bond length. This relationship is expressed as 

Giso(ppm) = 237.5 - 21.7RN...o (A) (13) 

Equation (13) indicates that the hydrogen-bond length can be determined 
through the observation of the I3C chemical shifts of the L-Ala carbonyl- 
carbons in peptides and polypeptides. 

However, the relationship between the observed solid-state I3C chemical 
shifts of the Gly carbonyl-carbon and RN. has been determined by Ando et 
L Z ~ . ~ '  and expresssed as 

(14) Giso(ppm) = 206.0 - 12.4R N...o (A) 



Table 1. Observed 13C chemical shifts of the L-alanine-residue carbonyl-carbons of some oligopeptides in the solid state as determined 
by I3C CP-MAS NMR and geometrical parameters. 

Sample 

Geometrical parameters' 

I3C Chemical shift (ppm) Dihedral angles (") 
~~ ~ ~ N...O C=O.. .N 

&, 61 1 6 2 2  length (A) angle (") 4 $ w 
~ ~~ ~~ 

Ac- Ala-NHMe 175.9 245 
177.0 241 

Ac- Ala- Aib-OMe" 174.7 - 

171.7 - 
Ala-Gly-Gly . H 2 0  172.6 245 
Ala-Ser 170.1 249 
Ala-Pro-Gly . H,O 169.3 235 
(Ala):: 176.8 243 

186 
196 

- 

179 
172 
178 
194 

96 
94 
- 

- 

93 
89 
95 
94 

2.92 
2.72 
2.93 
2.97 
3.00 
3.04 
3.157 
2.87 

138.3 -84.3 
132.4 -87.6 
154.5 - 134.0 
152.2 - 129.8 
150.2 - 
156.3 - 

155.2 - 

- -57.4 

159.0 173.3 
154.8 171.9 
122.2 -174.1 
121.5 -179.5 
160.0 172.4 
124.8 -178.0 
153.2 177.0 

-47.5 -179.8 

"With the a-helix form. 

'Determined by X-ray diffraction. 

b '  Aib: aminoisobutyric acid. 
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Fig. 3. Plots of I3C chemical shifts for the carbonyl-carbons in Gly, L-Ala, L-Val, u,L-Leu 
and L - A s ~  residues in peptides in the solid state, against the N . . . O  separation 
( R N  0). 

As can be seen from these two relationships, Eqs (13) and (14), the slope of 
the variation of the 13C chemical shift of the L-Ala carbonyl-carbon against 
RN is 1.7 times larger than that of the Gly carbonyl-carbon. This shows that 
the R, dependence of the former is much larger than that of the latter. 
Recently, the same NMR experiments were performed for several peptides 
that contain a bulky side-chain such as L-valine (Val), D- and L-leucine (Leu), 
and L-aspartic acid (Asp) residues.45 These data are also plotted in Fig. 3.  From 
these results, expressions are obtained for the relationships between S,,,, and 
RN as determined by least mean squares methods. These are given in ppm 
relative to TMS by 

S,,,, (ppm) = 215.4 - 14.2RN (A) for L-Val (15) 

a,,, (ppm) = 202.2 - 1 0 . 0 ~ ~  (A) for L-Leu (16) 

a,,,, (ppm) = 199.0 - 9.6RN (A) for L - A s ~  (17) 

It is found that the slope of the variation of Siso against the hydrogen-bond 
length for these amino acid residues decreases in the order L-Ala>L- 
Val > Gly > L-Leu = L - A s ~ .  The magnitude of the intercept decreases in the 
same order as the slope. Therefore, we can say that the equations for these 
relationships are quite characteristic for the individual amino acid residues. 
Most recently, Take et af. have studied L-phenylalanine residues hydrogen- 
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Fig. 4. 67.8 MHz (a) CP-static and (b) the dipolar-dephased CP-static spectra for 
[5%, I-''C]Ala-Ser in the solid state, as a typical example. The other conditions for 
NMR measurements are the same as those in Fig. 2. 

bonded in peptides and polypeptides. It is found that the amide carbonyl I3C 
chemical shift is strongly affected by the orientation of the aromatic ring and 
the hydrogen-bond length. 

The principal values of the '"C chemical shiji tensor of the L-alanine 
carbonyl-carbon in peptides 

It is expected that the principal values of the I3C chemical shift tensors (a,,, h2 
and 6,, in order of increasing shielding) will, in principle, be more valuable as 
parameters for obtaining detailed information on hydrogen-bonding, to be 
related to electronic structure, than will the isotropic ',C chemical shift 

Figures 4a and 4b show the 67.80 MHz I3C NMR powder pattern spectra of 
[5%,  l-"CC]Ala-Ser measured by CP-MAS and by the dipolar dephasing 
(DDph) pulse respectively. From these spectra, one can see the 
severe overlap between the carbonyl-carbon and C, carbon powder spectra. 
Even when one uses the DDph pulse sequence, it is realized that it is not 

(&so '= (61 1 + & + &33)/3). 
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necessarily easy to determine the exact principal values for the I3C chemical 
shift tensor because of the overlap of the powder patterns of more than two 
sites due to the carbonyl-carbons of several amino acid residues, which arises 
from the low concentration of the ~arbonyl-'~C-labelled L-Ala residue. For this, 
it is useful to apply the spinning-sideband (SSB) analysis?z6.2' namely, the 
Herzfeld-Berger analysis, to  determine the exact principal values of the 
I3C-labelled L-Ala carbonyl-carbons. 

Figures 5a-e show the 67.80 MHz I3C CP-MAS spectra for several peptides 
with spinning frequencies around 1.6 kHz. The above-mentioned spinning- 
sideband analysis is carried out to determine the principal values of the 13C 
chemical shift tensor. Figures 5f-j show the calculated MAS SSB spectra for 
these peptides. The errors in a,,, h2, and & from the SSB spectrum simulation 
are estimated as <1.5 ppm, <0.7 ppm, and <1.5 ppm, respectively. 

Table 1 lists the determined principal values of the 13C chemical shift tensors 
of the L-alanine residue carbonyl-carbons of some oligopeptides. The plots of 
a,,, h2 and 833 against the N . . . O  separation are shown in Figs 6a-c, 
respectively. Cross and coworkers have reported solid-state NMR measure- 
ments of gramicidin A, and determined the principal values for the chemical 
shift tensor of L-alanine carbonyl-carbon."' These data are included in Fig. 6. 
From this plot, it is found that the experimental a,, values are the most sensitive 
to a change in RN ...O, and the aZ2 values shift linearly to high frequencies with 
a decrease of RN ...o except for the &, value of Ala-Pro-Gly.H,O. In the case 
of Ala-Pro-Gly.H,O, the covalent bond between the Ala and Pro residues 
does not form the peptide bond but the imide bond. The electronic structure 
of the L-Ala carbonyl-carbon in Ala-Pro-Gly -H,O is thought to be different 
from that of the L-Ala carbonyl-carbon forming the peptide bond and, hence, 
the chemical shift for the L-Ala carbonyl-carbon might be sensitive to both 
RN...o and the nature of the bonds involved. A decrease of RN ...O leads to a 
slight decrease in a,,, except for Ala-Pro-Gly .H20. The experimental 633 values 
are almost independent of RN . . . O  with some scatter of the data. From the above 
results, it can be concluded that the large high-frequency shift of the isotropic 
I3C chemical shifts, ais0, with decreasing RN...O comes from the behaviour of the 
822 component in overcoming that of the a1 I component. 

'-'C shielding constant calculation by the FPT-INDO method 

Figures 7a-d show the calculated isotropic shielding constants (atlo) and the 
tensor components of the paramagnetic terms (oL1, a2, and for the L-Ala 
carbonyl-carbon of the model compound (Fig. l a )  as a function of RN O. The 
calculated values are expressed in ppm with sign opposite to that of the 
experimental chemical shifts. Note that a negative sign for the calculated 
shielding constant denotes deshielding, in contrast to the positive sign of the 
experimental chemical shift values. An isotropic shielding constant and its 
tensor component arc usually represented as the sum of the diamagnetic and 



SOLID-STATE NMR OF PEPTIDES AND POLYPEPTIDES 69 

A 5 H z  a) NA Ala-Pro-Cly.H20 

Fig. 5. '% cross polarization magic-angle spinning (CP-MAS) NMR spectra (left) for 
the several peptides that contain 1.-alanine residues, and the MAS spectrum simulation 
(right) for each L-alanine residue carbonyl-carbon using the principal values of 
determined chemical shift tensors. The RF field intensity for the carbon channel is 
56 kHz; the contact time for the matched cross polarization between 'H and I3C is 2 ms; 
the heteronuclear dipolar decoupling during acquisition period is carried out at  an 
intensity of 56 kHz. The delay time before acquisition is set at 34.8 ps; the gate for I3C 
channel is opened at 20.0 ps after CP contact duration. The number of data collected 
is 2048; before Fourier transformation, the FIDs are zero-filled and the total data points 
are 8192. (a) Natural abundance Ala-Pro-Gly.HzO; (b) [ S % ,  l-"C]Ala-Ser; (c) 
[ S % ,  I-13C]Ala-Gly-Gly.H,0; (d) Ac-[5%, l-"C]Ala-NHMe; (e) ([lo%, l-"C]Ala),. 
In the spectrum simulation procedures, 4851 orientations of chemical shift tensors with 
respect to the external magnetic field are accumulated. 
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Fig. 6. Plots of the observed principal values of the I3C chemical shift tensors (a) 
S,, ,  (b) &, and (c) 833 against the N. . .O separation (RN o): (1) Natural abundance 
Ala-Pro-Gly.H,O; (2) [ S % ,  l-13C]Ala-Ser; (3) [SYO, l-i3C]Ala-Gly-Gly~H,0; (4, 5 )  
AC-[5%, 1-I3C]Ala-NHMe; (6) ([lo%, l-'3C]Ala),; (7) Ala-S in gramicidin A, see 
Ref. 111. 
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the paramagnetic terms. However, the relative change for the 13C shielding 
tensors is predominantly governed by the paramagnetic term. 

shielding constant (a,so) of the central L-Ala carbonyl-carbon of the model 
compound with the a-helix, @sheet, and 3,-helix form. In the large RN...O 
region, the values of q,', depend significantly on conformational changes. 
However, in the short R N  . . .O  region, the change in R N  . . .O dominates the change 
in aiSc,. Therefore, the experimental finding that the isotropic chemical 
shift moves linearly to high frequencies with a decrease of R N  ...O should 
be explained by the calculated results in the short R N  ...O region. As the 
semiempirical INDO MO approximation adopted here neglects some two- 
centre electron integrals, the intermolecular interactions are considered to be 
reasonably reproduced in the short R N . . . O  region.24 

The variation of the total electronic energy also supports this view as shown 
in Fig. 8, where the total energy minimum appears at around the R N . . . O  value 
of 2.3--2.5 A. 

As shown in Fig. 7a, a decrease of RN...O leads to a decrease of a,,, in the short 
R N  ...O region ( R N  ...O = 2.3-2.5 A). In this region, the effect of changes in 
hydrogen-bond length on the chemical shift is much larger than that in 
the main-chain dihedral angles. These results agree with the experimental 
results. 

Figures 7b-d show the R N  ...O dependence of the calculated principal values 
of the I3C shielding tensor (al,, azz and q3). It is shown that a decrease of RN...O 
leads to a reduction in aZ2 and an increase in aI I .  u33 is not sensitive to changes 
in RN .O. The magnitude of change for aZ2 is much larger than those for all and 
a33. These results agree with the experimental ones. If we look carefully at the 
calculations and experiments, the effect of changes in the main-chain dihedral 
angles on uII and uZ2 from calculation is relatively larger than that from the 
experimental results. The difference between experiment and calculation is 
probably due to the fact that the calculation is carried out under the assumption 
that the hydrogen-bond angle (LN-0-C) is 180". To explain the experimental 
behaviour, the calculation of the magnetic shielding requires a more accurate 
model that takes account not only of the main-chain dihedral angles and the 
hydrogen-bond length but also of the hydrogen-bond angle. 

Figure 7a shows the R N  ...O dependence of the calculated isotropic 

R N  dependence of the calculated electron densities on the carbonyl-carbons 
of the i>-Ala and Gly residues 

Figures 9a and 9b show the R N  dependence of the calculated electron 
densities on the carbonyl carbons of the L-Ala and Gly residues, respectively. 
The "C chemical shift is closely related to the electron density on the carbon 
atom. In general, the smaller the electron density on the carbon atom the lower 
the nuclear shielding. As shown in this figure, a decrease of R N  leads to a 
decrease of the electron density. However, it appears that the variation in the 
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Fig. 7. Variation of the calculated ''C shielding constants and the tensor components 
of the paramagnetic term with respect to the N . . .O  separation RN for (a) isotropic 
shielding constant CT,~~,, (b) u,,. (c) u22 and (d) c33; (1) a,-helix; (2) P,-sheet; ( 3 )  
3,-helix. 
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electron density on the L-Ala carbonyl-carbon is smaller than that on the Gly 
carbonyl-carbon, and conversely, the change of the experimental I3C chemical 
shifts o f  the L-Ala carbonyl-carbon is larger than that of the Gly. This cannot be 
understood through the behaviour of electron density. Therefore, I3C nuclear 
shielding calculations are required to understand the experimental behaviour. 

The direction of the principal axes of the L-Ala carbonyl-shielding tensor 

Figures 10a-c show the directions of the principal axis system of the I3C 
shielding tensors for L-Ala carbonyl-carbon, as determined by theoretical 
calculations, where the value of RN of the model compounds considered 
here is 2.3A and the main-chain dihedral angles are those of the aR- 
helix (4 = -57", +b = -48"), P,-sheet ( 4  = -139", ((I = 135"), and 3,-helix 
(4 = -88". I) = 155") forms, respectively. Figure 10d shows the direction of the 
principal axes for the shielding tensor determined by the NMR study of a 
[l-'3C]Ala-['sN]Ala powder sample.25 The component nearly lies along the 
amide carbonyl bond, and the a, I is in the amide sp2 plane and lies along the 
direction normal to the carbonyl bond. The cr33 component is aligned in the 
direction perpendicular to the amide sp2 plane. The calculated directions of the 
principal axes do not conflict with the previous experimental results.25 Thus, it 
is found that the aZz value for the principal axis parallel to the carbonyl bond 
is the most sensitive to changes of RN o. 
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for (a) L-Ala carbonyl-carbon and (b) Gly carbonyl-carbon. 

Application of Eqs (13)-(16) to determination of the hydrogen-bond length 
in solid polypeptides 

Table 2 shows the values of RN ..o for some solid polypeptides, determined 
using Eqs (13)-( 17), from the observation of the amide carbonyl-carbon 
chemical shift; listed here are solid polyglycine[(Gly),], poly(L-alanine) [(L- 
Ala),], poly(L-valine) [(~-Val),,], and poly(L-leucine) [L-L~u),] with several 
conformations such as right-handed a-helix (aR-helix), P-sheet, 3,-helix. 

In these homopolypeptides, the RN . . . O  values determined for the P-sheet 
form are constant in the range 3.02-3.07 A (average 3.04 A), regardless of 
amino acid residue species. The RN,,.O value for the 3,-helix in (GIY),~ is 2.76 A; 
only one result for the 3,-helix form is available. Although the RN . . .O values for 
the aR-helix form are distributed more widely in the range 2.65-2.82 A 
(average 2.76 A) than for the P-sheet form, the RN . . . O  value for the P-sheet 
form is much longer than that for a,-helix and 31-helix forms. Further, from 
the table, it can be seen that the RN . .O  values of 3.02 A for the P-sheet form 
and 2.76 A for the 3,-helix form in (Gly), are very close to the corresponding 
RN . . . O  values of 2.95 A and 2.73 A, respectively, determined by X-ray diffrac- 
tion. Also, the RN...O values of 2.78 A for the aR-helix form in (L-Val), and of 
2.89 A for the a5-helix form in (L-Ala), are not far from the RN . . . ~ ~  values of 
2.89 A and 2.87 A, respectively, as determined by X-ray diffraction. According 
to the X-ray diffraction results on (L-Ala),l, the RN...O value for the p-sheet 
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Fig. 10. Orientation of the principal axes of the calculated and observed I3C nuclear 
shielding tensors for the ~-alanine residue carbonyl-carbon: (a) a,,-helix; (b) P,-sheet; 
(c) 3, -helix; (d) [ 1 -"C]Ala-[ "N] Ala. 

form IS  smaller by 0.06 A than that for the aR-helix form. This shows that only 
the NMR results for (L-Ah),, conflict with the X-ray diffraction results. 
Re-investigation would be needed to determine whether X-ray diffraction for 
the P-sheet form underestimates the hydrogen-bond length. 

values for a Gly residue incor- 
porated into (L-Ala),6, (L-Leu),,, (L-Val),,, and poly(0-benzyl-L-aspartate) [L- 
Asp(OBzl),] as shown in Table 3. From the table, it can be seen that the RN o 
value for the a,-helix form is in the range 2.74-2.82 A (average 2.78 A) and 
that of the 0-sheet form is 3.02 A. The R N  value for the P-sheet form agrees 
with that for homopolypeptides as mentioned above. Also, the RN values for 
the a,,-helix are fairly widely distributed; these results are quite similar to those 
for homopolypeptides. Moreover, the average value is almost the same as that 
for the homopolypeptides. This indicates that the glycine residue is completely 
incorporated into the homopolypeptides with the &,-helix and 0-sheet forms. 
The K N  value for the wL-helix form, for which the dihedral angles (4, $) are 
very close to those of the &,-helix form, is larger by 0.07 A than for the aR-helix. 
This indicates that the &,-helical stability is somewhat higher than the 
w , ~ -  he 1 ical s t a bi I i t y. 

Now we are concerned with the RN 
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Table 2. N ... 0 separations for some homopolypeptides obtained using Eqs (13)-(16) 
and the amide carbonyl I3C chemical shift. 

Sample 
conformation 

Amide carbonyl I3C 
chemical shift 

8 (PPm) 
~~ ~ 

(GlY),, 
P-sheet 
3,-helix 

(Ala)n 
a,-helix 
p-sheet 

a,- helix 
P-sheet 

a,-helix 
P-sheet 

(Val),, 

(Leu), 

168.5' 
171.8' 

176.8 
172.8 

174.9 
172.8 

175.7 
171.5 

3.02 2.9Sd 
2.76 2.73' 

2.82 2.87f 
3.02 2.83R 

2.78 2.89h 
3.00 

2.65 
3.07 

"Determination using Eqs (13)-(16) and carbonyl ''C chemical shift. 
'Determined by X-ray diffraction. 
'See Ref. 47. 
"Ref. 51. 
''Ref. 52. 
IRef. 20. 
PRcf. 53. 
"Ref. 54. 

Verification of hydrogen-bonding structure in proteins: basic pancreatic 
trypsin inhibitor (BPTI): ribonuclease H from E. coli (RNaseH) 

Using two- and three-dimensional NMR and the isotopic labelling techniques, 
Yamazaki and Nagayama have carried out the assignments of backbone 
carbons of a large protein, ribonuclease H (RNase H) extracted from E. coli, 
which consists of 155 amino acid residues and has a molecular mass of 
17.6 kDa.26 The sample is dissolved in a 0.1 mol/L deuterated acetate buffer 
of 80% H20/20% D 2 0  (pH5.5). It is also found that the structure of RNase 
H determined by NMR agrees with that obtained from the X-ray diffraction 

From these results, it is obvious that the main-chain conformation 
of RNase H in the solution state is quite similar to that of the crystalline 
RNase H. 

C chemical shifts of the carbonyl-carbons of the L-Ala residues in RNase I1 

Figure 11 shows the plots of the I3C chemical shifts of the L-alanine residue 
carbonyl-carbons in RNase H against the RN.. .O values obtained from the X-ray 

13 
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Table 3. N . . .O separations for Gly residue incorporated into some polypeptides 
obtained using Eq. (14) and the amide carbonyl I3C chemical shift. 

Sample 
conformation 

Amide carbonyl 
''C chemical N . . . O  

shift 6 (ppm)" separation (A) 

171.7 2.82 

171.4 2.79 

168.5 3.02 

172.0 
171.1 

2.74 
2.81 

"See Ref. 41. 

diffraction study. The solid straight line in Fig. 11 was obtained from Eq. (13). 
In this figure, there are many data that have large deviations from the solid 
straight line given by Eq. (13). It is thought that this is not caused by the 
difference between the secondary structure in the solid state and that in 
aqueous solution, but by the lack of accuracy of RN as determined by X-ray 
diffraction. Since structural analysis of proteins by X-ray diffraction gives 
covalent bond lengths to an accuracy of lop2 A, the main-chain dihedral angles 
can be determined to sufficient accuracy.28 In the case of a small protein such 
as BPTI, the hydrogen-bond length can be determined acc~rately.~~." '  There- 
fore, the result for the carbonyl-carbon of alanine-48 (A48) in BPTI lies on the 
solid straight line as shown in Fig. 11. However, through-space internuclear 
distances such as the hydrogen-bond lengths in large proteins (such as 
RNaseH) determined by X-ray diffraction might include a large experimental 
error (about 0.3 A), which results in accumulated errors for the main-chain 
dihedral angles.28 This means that for the structural elucidation of large 
proteins it is useful to utilize the chemical shift of the carbonyl-carbon as a 
fingerprint of hydrogen-bond length. 

3.2. Hydrogen-bonded structure and 13C NMR chemical shift tensor of 
amino acid residue carbonyl-carbons of peptides and polypeptides 

Kameda et ~ 1 . ~ ~  have studied hydrogen-bonding effects on the principal values 
of the I3C chemical shift tensor for Gly, Val, Leu and Asp residue carbonyl- 
carbons of peptides and polypeptides in the crystalline state and have 
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R N  - 0 (A) 

Fig. 11. Plots of the observed chemical shifts of the L-alanine residue carbonyl-carbons 
in RNaseH and BPTI in the aqueous solution against (RN o). The straight line is the 
correlation between the observed 13C chemical shifts of the L-alanine residue carbonyl- 
carbons in some peptides in the solid stale and their RN values reported pre- 
viously. 

elucidated the relationship between the tensor components and hydrogen- 
bond length. The I3C shielding of the amino acid residue carbonyl-carbon 
of a peptide model compound is calculated by finite perturbation theory 
(FPT)8,48-50 within the INDO framework. 

Correlation between the hydrogen-bond length and "C chemical shift tensor 
components of Gly, Val, Leu and Asp residue carbonyl-carbons 

A typical 67.8 MHz I3C CP-MAS spectrum of poly(G1y) with 3,-helix form at 
the spinning rate of 1.75 kHz is shown in Fig. 12. The other remaining samples 
give similar sideband spectra. The determined ti,,, &2 and tiTT components of 
the poly(G1y) with the 31-helix form are 247,182 and 91 ppm, respectively. The 
experimental errors in ti1,, h2 and tii3 are 4 . 7  ppm, c0.7 ppm, and < 1.7 ppm, 
respectively. The tensor components of the other samples are determined in 
the same manner. The determined isotropic I3C chemical shifts and tensor 
components for Gly, Val, Leu and Asp residue carbonyl carbons in oligopep- 
tides are listed in Table 4, together with the RN values determined by X-ray 
diffraction, in addition to those of the Ala residue as reported previously by 
Asakawa et al.44 It has been reported that till is in the amide sp2 plane and lies 
along the direction normal to the C=O bond; the h2 component lies almost 
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0 

Fig. 12. A 67.8 MHz I3C CP-MAS NMR spectrum of polyglycine with 3,-helix form in 
the solid state. The magic angle spinning rate is 1.75 kHz. 

along the amide C=O bond; and the i333 component is aligned perpendicularly 
to the amide sp2 plane.ss 

Figure 13 shows plots of the I3C chemical shift tensor components (SI1, h2 
and i333) against RN.. .O for Gly, Ala, Val, Leu and Asp residues. The S,, value 
for Gly, Leu and Ala residues moves linearly to high frequencies with a 
decrease in RN.,.o.44 The slope and intercept of the variation of the plot of &, 
against RN ...o vary depending on the amino acid residue. The slope of the 
variation of h2 against RN . . .O  for the Ala residues in peptides is larger than 
those for the other amino acid residues. This shows that the value of ij2, for the 
Ala residue is more sensitive to a change in RN . than for the other amino acid 
residues. The expression for the relationship determined by the least mean 
squares method for oligopeptides containing a Gly residue is 

&2 = 262.9 - 30.2RN 0 (A) (18) 

where h2 and RN are in ppm and A, respectively. This relationship indicates 
that RN can be determined through the observation of h2 for the carbonyl 
carbon of the Gly residue in oligopeptides within an error of <0.7ppm. It 
should be noted that the Gly C=O carbon chemical shifts for poly(Gly) with 
the p-sheet form and the 31-helix form are located on a straight line as 
expressed by Eq. (14). This shows that this relationship can be applied to 
polypeptides. Next, we are concerned with values of a,, and S3?. As seen from 
Fig. 14, the experimental data for S,, and of the Gly, Ala and Leu residues 
scatter widely. The ijl, and S3? values are insensitive to changes in R, O ,  but 
it seems that S , ,  and S3? move slightly to low and high frequencies, respectively, 



Table 4. Observed isotropic I3C chemical shifts and tensor components of the Gly, L-Val, L-Leu, L - A s ~  and L-Ala residues in peptides 
and polypeptides, and the N ... 0 separations determined by X-ray diffraction. 

Sample" 
~ 

Gly residue 
Gly*-Gly 
C1 Ac-Gly*-Gly 
Ala-Gly*-Gly 
Val-Gly *-Gly 

Poly(G1y) P-sheet 
Poly(G1y) 3]-helix 
Poly(Ala, Gly*) a-helix 
Poly(Ala, Gly*) P-sheet 
Poly(Leu, Gly*) a-helix 
Poly(Va1, Gly*) P-sheet 

Val*-Gly-Gly 

Boc-Pro-ILe*-Gly 
DL-Leu*-Gly-Gly 

Gly*-Gly. HN03 

Val residue 

Leu residue 

Asp residue 

Ala residue 
A~p*-Gly 

Ac-Ala*-NHMe 

Poly(A1a) a-helix 
Ala*-Gly-Gly 
Ala*-Ser 

168.1 
170.1 
170.6 
169.2 
168.3 
169.6 
173.2 
173.0 
168.8 
172.8 
169.6 

169.2 

173.0 
172.0 

170.3 

177.0 
175.9 
176.8 
172.6 
170.1 

242 
244 
240 
245 
248 
245 
247 
243 
241 
241 
240 

174 
176 
177 
170 
168 
173 
182 
181 
171 
180 
169 

88 
91 
94 
93 
89 
91 
91 
95 
95 
97 
99 

245 170 93 

249 183 88 
246 178 92 

242 175 93 

241 196 94 
245 189 96 
243 194 94 
245 179 93 
249 172 89 

331 
335 
334 
338 
337 
336 
338 
338 
336 
338 
340 

338 

336 
338 

336 

335 
341 
337 
338 
338 

N . . .O separation (A) 
RN ob Reference 

~ ~ 

~~ ~ 

2.97 75 
2.82 105 
2.93 106 
3.05 78 
3.12 77 
2.91 51 
2.73 52 

3.05 78 

2.83 107 
3.06 108 

2.98 109 

2.72 15 
2.92 
2.87 20 
3.00 17 
3.04 18 

"Amide carbonyl I3C chemical shifts for !he asterisk-marked amino acid residues were measured. 
'Amide-amide hydrogen-bond length (A) between nitrogen and oxygen atoms in a hydrogen bond. 
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Fig. 13. Plots of the observed chemical shift tensor components for (a) SII ,  
(b) h2 and (c) S33 for the amide carbonyl-carbons in the Gly (O), Ala (W), Val (0), 
Leu (A) and Asp (0) residues in peptides against the N . . . O  separation (RN <)). The 
experimental errors of S,, and S33 are indicated by error bars. 

with a decrease in RN...O. In order to clarify the relation between SI1 and S3,, 
a,, is plotted against S,, as shown in Fig. 14. The slope of the linear relationship 
between the a1 and S,, values is about - 1. When S,, moves to high frequencies, 
a3, moves to low frequencies by the same magnitude. Therefore, the sum of S,, 
and ti3:, is almost constant (337.5 ? 3.5 ppm) and is independent of the amino 
acid residue, except for Gly-Gly. This leads to the experimental finding that 
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252 248 244 240 236 
611 (PPW 

Fig. 14. Plots of the observed S33 against S , ,  for various peptides. The experimental 
errors of S , ,  and S3, are indicated by error bars. The slope of the line is expressed by 
S , ,  + S32 = 337.5 ppm. 

there is a linear relationship between a,,, and aZ2 as expressed by Eq. (19): 

a,,, = $22 + 112.5 ppm (relative to TMS) (19) 

Therefore, it can be said that the large high-frequency shift in Siso, with a 
decrease in RN...O, is predominantly governed by the decrease in h2. Similar 
relationships have been reported by Oas et al. for peptides containing the Gly 
amino acid residue.’6 

Application of Eq. (18) to the determination of the hydrogen-bond length in 
Gly -containing polypeptides 

Here we are concerned with the application of Eqs (13) and (18) to the 
determination of the RN . . . O  value for the guest Gly residue incorporated into 
host copolypeptides. As reported previously, it is determined from the 
reference data of poly(Ala) with the aR-helix form that the Ala residue in 
poly(Ala, Gly*) takes the a,-helix f ~ r m . ’ ~ - ’ ~  However, we still have the 
problem of whether the guest Gly residue incorporated into host polypeptides 
takes the same conformation as the host amino acid residues. The RN ...O values 
of the guest Gly residue in some host polypeptides determined using Eq. (18) 
from the observation of the h2 values of Gly residues are listed in Table 5, 
together with the RN ...O values determined using Eqs (13)-( 16) through the 
observation of the value of ais0 as reported by Tsuchiya et aL4’ 

The 13C chemical shift tensor component G2 for the Gly residue leads to the 
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Table 5. N .. .O separations for some polypeptides and copolypeptides incorporating 
Gly residues determined using Eqs. (13)-( 18) through observation of the I3C chemical 

shift tensor component & and the isotropic chemical shift. 

N . . . O  separation (A) 
Sample Conformation RL Rf:  Oh Rf:' o' RL" od RX oc 

~~ 

Poly(Leu) 
Poly(Leu, Gly*) 
Poly(Va1) 
Poly(Va1, Gly*) 
Poly(A1a) 
Poly(Ala, Gly*) 
Poly(Ala) 
Poly(Ala, Gly*) 

a-helix 
a-helix 
P-sheet 
P-sheet 
a-helix 
a-helix 
p-sheet 
P-sheet 

~~ 

- 2.7 
2.7 2.8 - 

- 3.0 
3.1 3.0 - 

- 2.8 
2.7 2.8 - 

3.0 
3.0 3.1 - 

- 

- 

- 

- - 

"Determined using Eq. (18) and "C chemical shift tensor component h2 for the Gly residue in 
copolypcptides. 
"Determined using Eq. (14) and isotropic "C chemical shift for the Gly residue. 
'Determined using Eq. (16) and isotropic "C chemical shift for the Leu residue. 
"Determined using Eq. (15) and isotropic "C chemical shift for the Val residue. 
'Determined using Eq. (13) and isotropic I3C chemical shift for the Ala residue. 

result that the hydrogen-bond lengths of the guest Gly residue (Rh...o) in 
poly(Leu, Gly*) and poly(Ala, Gly*), of which the host Leu and Ala residues 
take the a,-helix form, are 2.7 A as estimated by using Eq. (18). This value is 
in agreement with the values for the lengths of 2.7 and 2.8 A for the host Leu 
and Ala residues RE!.., and R:..., respectively, determined using Eqs (13) and 
(16) through the observation of the ais0 for Leu and Ala residues in homo- 
poly(Leu) and poly(Ala), respectively, with the a,-helix form. Moreover, the 
Rh ...,, values of the guest Gly residue in poly(Leu, Gly") and poly(Ala, Gly*) 
are very close to the value of 2.88, for the guest Gly residue (R:...o) 
determined using Eq. (14) through the observation of the ais0 value for the Gly 
residue in poly(Leu, Gly*) and poly(Ala, Gly*). This indicates that the guest 
Gly residue is completely incorporated into host polypeptides with the 
a,-helix form. In the case of poly(Va1, Gly*) and poly(Ala, Gly*) with the 
p-sheet form, similar results are obtained. It can therefore be concluded that 
the guest Gly residue is completely incorporated into the host polypeptides 
with p-sheet form. These results indicate that the hydrogen-bond length for the 
host residue in copolypeptides and proteins can be determined through the 
observation of & for the Gly residue in addition to the method using ais0. 

I3C shielding calculation on a hydrogen-bonded peptide model compound 

FPT-INDO calculations on 13C shielding tensors of some model peptides have 
been carried out to shed light on the relationships obtained between the tensor 
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Fig. 15. Plots of the calculated "C nuclear shielding tensor components (a) u,,, (b) uZ2 
and (c) a,, for amide carbonyl-carbon in Gly (O), Ala (U), Val (0), Leu (A) and Asp 
(0) residues in peptide model compounds against the N . . .O  separation (RN o). 

components and hydrogen-bond length. Figure 15 shows the RN...O depend- 
ence of the calculated values of ull, aZ2 and a,, for the Gly, Ala, Val, Leu and 
Asp carbonyl-carbons. The negative sign for the calculated shielding constant 
denotes deshielding, which corresponds to a positive sign for the chemical shift 
change. 

It is known that for the semi-empirical INDO MO approximation adopted 
the intermolecular interactions are well reproduced in the region of small 



SOLID-STATE NMR OF PEPTIDES AND POLYPEPTIDES 85 

RN c) values.24 Therefore, in the calculation, the total energy minimum appears 
around the RN value of 2.3-2.5 A as shown in Fig. 8. For this reason, the 
experiment is compared with the results of the calculations in the region of 
small RN values. From this figure, it is found that u2* is the most sensitive to 
a change of RN and moves linearly to high frequencies with a decrease in 
RN o. Correspondingly vlI  moves increases with a decrease of RN o, whereas 
a3? is insensitive to changes in RN o. The results of the theoretical calculations 
agree well with the experimental results. Such agreement indicates that the ''C 
chemical shift changes originate predominantly from the change of the 
electronic state of the amino carbonyl groups caused by the hydrogen-bond 
length variation. Further, the amino acid residue dependence of the calculated 
tensor components is similar to the experimental one. 

3.3. Hydrogen-bonded structure and "N NMR chemical shift for the amide 
nitrogen in glycine-containing peptides 

High-resolution I5N NMR spectroscopy has been applied increasingly to the 
investigation of peptides, polypeptides and proteins in the solid ~ t a t e . ~ ' - ~ ~  Shoji 
et have demonstrated that the isotropic "N chemical shifts of a number 
of homopolypeptides in the solid state, as determined by the cross polariza- 
tion-magic angle spinning (CP-MAS) NMR method, are significantly dis- 
placed by as much as 1.2-10.0 ppm, according to their particular conformation, 
such as the a-helix and P-sheet forms.74 Such a large chemical shift difference 
may come from changes in the hydrogen-bond length and angle and through 
a change in the dihedral angles (8,$). 

" N  N M R  chemical shifts of the glycine aniide nitrogen of peptides in the 
solid state 

The "N chemical shift values of the glycine residues of some oligopeptides are 
tabulated in Table 6, together with geometrical parameters obtained by X-ray 
diffraction studies. "NH4N03 is conventionally used as standard referen~e. '~  
Some of the geometrical parameters were calculated by using the unit 
cell parameters and fractional coordinates given in the l i t e r a t ~ r e . ~ ' ~ '  The 
"N chemical shifts and the geometrical parameters of t-butyloxycarbonyl- 
glycylglycylglycine benzyl ester (Boc-Gly-Gly-Gly-OBz1) are inferred from the 
results of Hiyama et a1." Figure 16 shows the plot of the observed "N chemical 
shifts of Gly NH against the N . . . O  separation (RN . . .O) .  However, it is found 
that there is no clear relationship between RN.. and 15N chemical shifts. This 
is different from the case of I3C chemical shifts of the carbonyl-carbons 
associated with the hydrogen bond reported previ~usly,'~~'' where the 13C 
signals of the carbonyl carbons are linearly deshielded with a decrease in 
RN.. .o. 



Table 6. I5N chemical shift of glycine residue amide nitrogens for oligopeptides containing a glycine residue as determined by "N 
CP/MAS NMR (from "NH4N03) and the geometrical parameters of the glycine residue amide nitrogen of GlyGly* peptides. 

Hydrogen bond length and angle 
~ ~ ~~~~ ~~ 

Dihedral angle (") N...O H.. .O N-H N-H...O 
"N chemical shift,' ~ _____ __________ length 1:l;h 1e;l;h angle 

(") Reference 
~~ ~ ~~~ 

(A) 
~ ~ ~ _ _ _ _ _  

Sample 8 (PPm) 4 * 
Gly-Gly* 95.3 157.1 10.7 2.94 1.97 1.02 158 75 

Gly-Gly* .H20 .HC1 91.0 -79.6 3.8 3.30" 2.30 0.79 162 77 

Val-Gly-Gly* 94.4 - 146.6 -4.3 3.05 2.19 0.93 152 79 

~~~~~~ 

Gly-Gly*. HN03 89.4 165.6 176.9 3.12 2.38 0.76 165 76 

Ala-Gly-Gly* 88.3 170.9 175.2 3.00 2.19 0.84 160 78 

Pro-Gly-Gly* 89.4 - 110.5 175.1 2.89 2.07 0.85 165 80 
Sar-Gly-Gly* 89.0 -85.4 -177.5 3.06 2.23 0.85 167 81 
Tyr-Gly-Gly* 92.3 -103.9 - 152.6 2.88 2.13 0.86 144 82 
Boc-Gly-Gly-Gly*-OBzI 92.8' -77.8 -178.4 2.92 2.10 0.92 157 83 

"The glycine residue participates in H...Cl type of hydrogen bond. 
bThis value is converted to the "NH4N03 aq. reference from Ref. 83. 
'For amide nitrogen of Gly residue marked by *. 
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Fig. 16. Plots of the observed ''N chemical shift of oligopeptides in the solid state 
against the N . . . O  separation (R ,  "). 

Figure 17 shows the plot of the observed "N chemical shifts of the glycine 
residue in X-Gly-Gly against the N-H bond length (RN-H) associated with a 
hydrogen bond. It is found that there is a clear relationship between these 
parameters and the decrease of RN-H leads to a linear increase in shielding. The 
expression for this relationship is 

a,,, = 57.73 + 39.32RN-f.1 (A) (20) 

Such a trend is very different from that obtained from the corresponding 
NMR study. Amide "N chemical shifts are closely related to the length of the 
N-H bond but are not related to the N . . .O  separation. This implies that the 
"N chemical shift value gives useful information about the length of the N-H 
hydrogen bond. It seems that the hydrogen bond angle (LN-H.. .O) is also 
related to the "N chemical shift. 

The structure of the two hydrogen-bonded N-methyl acetamides used as a 
model system is shown in Fig. 18. First, the geometrical parameters of an 
N-methyl acetamide molecule were optimized using the ab initio STO-3G MO 
method. Next, for two hydrogen-bonded N-methyl acetamides, the bond 
length N-H is optimized as a function of the N . . .O  separation. Figure 19 
shows the relationship between the minimized bond length N-H or the total 
energy and the N . . .O  separation as determined by ab initio MO calculations. 
It is shown that at RN ...o <2.97 A, an increase of RN...O leads to a decrease of 
RN-H. However, at RN . . .O  > 2.97 A, an increase of RN...o leads to a decrease of 
RN-H. [n the model used in this work, the RN . . .O  values are between 2.85 and 
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Fig. 17. Plots of the observed "N chemical shift of oligopeptides in the solid state 
against the N-H bond length (RN-H). 

Fig. 18. Molecular structure of the two hydrogen-bonded N-methylacetamides used as 
model compounds for STO-3G MO calculation. 



SOLID-STATE NMR OF PEPTIDES AND POLYPEPTIDES 89 

1.02 

r, m 
K 
a, - 
I 1.01 

I 
Z 

1 .oo 

I I I I I 

I I I I I I 

2.4 2.6 2.8 3.0 3.2 3.4 

-487.69 

- 
=! 
m 
v 

- m 
c 

r-0 

-487.71 

I I I I 

2.4 2.6 2.8 3.0 3.2 3.4 
N - 0 separation (A) 

Fig. 19. Plots of the calculated N H  bond length (RN-M) and total energy against the 
separation (RN o). 

3.30 A. Therefore, it can be concluded that the RN-H values decrease with an 
increase of RN...o. This is in agreement with neutron diffraction studies (Fig. 

From the above results there is an apparent relationship between the 
2 0 ) F  

hydrogen-bond length RN .o and the bond length RN-H. 

"N shielding calculation 

Figures 21 and 22 show as a function of N-H separation the calculated 
isotropic shielding (u , ,~ )  and the paramagnetic terms of the tensor components 
(u,,,  u2*, u3?, from high to low frequencies) of Gly obtained for the model 
compound N-acetyl-N'-methylglycineamide. The calculated values are all 
expressed in ppm and opposite in sign to the chemical shift data given in Table 
6. Note that the negative sign for the calculated shielding denotes deshielding, 
which corresponds to a positive sign for the change in chemical shift values. A 
shielding value, or tensor component, is usually represented as the sum of 
diamagnetic and paramagnetic terms. However, the anisotropic behaviour of 
the shielding tensor can be explained predominantly by the paramagnetic 
term, since the diamagnetic term is isotropic. 
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Fig. 20. (a) Distribution of RN-, for the 83 bonds determined by neutron diffraction. 
(b) Scatterplot of RN-H against RH o. (c) Scatterplot of R N  ,< against R, (); the 
least-squares regression line is also shown (Ref. 84). 

From Fig. 21 it is seen that a decrease of R N - H  leads to very large increase 
of uiso; for example, a decrease of 0.4 8, in R N - H  leads to  a shielding increase 
of about 30 ppm. This agrees with the observed results. This implies that the 
observed shielding increase is a consequence of the changes in the electronic 
state expressed through a decrease of the N-H bond length. Figure 22 shows 
that a decrease of l?N-H leads to an increase in ul,, and u33. The magnitudes 
for changes of the principal values of the shielding occur in the order 
uzz > a,, > ul,. The direction of the principal axes of the Gly NH I5N shielding 
tensor components, as determined by an NMR study of a Boc-Gly-Gly-Gly- 
OBzl single crystal:, are shown in Fig. 23. 



SOLID-STATE NMR OF PEPTIDES AND POLYPEPTIDES 91 

-290 - 
A 

E 3 -310 

.s 
- 

v 

0 

-320 - 

-330 ' I I 1 
0 . 9  1 . o  1 . 1  

N-11 leiiglli (A) 

Fig. 21. Plots of the calculated "N isotropic shielding against the N-H bond length 
(RN-,,) from the FPT-INDO method. 

The ull component lies approximately along the N-H bond, and the a,, 
component lies aproximately along the N-C' bond. The u2z component is 
aligned in the direction perpendicular to the peptide plane. From this, it can 
be inferred that the u22 and u33 components, rather than the uI1 component, 
are sensitive to RN-H changes. This is due to the fact that the a22 component 
lies approximately along the direction of the nitrogen lone-pair electrons and 
the electron density is very high in this direction. The a,, component lies 
approximately along the N-C' bond into which lone-pair electrons of the 
nitrogen atom transfer, and so the bond order becomes very high. Conse- 
quently, the u2* and components are sensitive to changes in RN-". 

"N N M R  chemical shifts o,f the glycine residue of BocGly peptides in the 
solid .state 

All 0 1  the isotropic 15N chemical shift values ( u , ~ ~ )  and the principal values of 
the "N chemical shift tensors uIl, u22 and are tabulated in Table 7. The 
geometrical parameters obtained by X-ray diffraction studiesX5-X9 are given in 
Table 8, where some of the geometrical parameters are estimated by using the 
unit-cell parameters and fractional coordinates given in the literature. The 
values of RN for the peptides used in this work are in the range from 2.95 
to 3.08 A. However, the hydrogen bond angles LC=O.. .N are in the range 
from 113" to 155". Figure 24 shows the plot of the observed isotropic "N nuclear 
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Fig. 22. Plots of the calculated ''N shielding tensor components against the N-H bond 
length (RN-H) from the FPT-INDO method. 

Fig. 23. Orientation of the principal axes of the 15N shielding tensors of the glycine 
residue amide nitrogen as determined in the literature. 
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Table 7. Observed "N isotropic chemical shifts and nuclear shielding tensor com- 
ponents of glycine amide nitrogen of Boc-Gly* peptides (ppm from "NH,N03 as.). 

Boc-Gly 59.75 127.0 51.2 1.1 
Boc-Gly-Ala 61.61 121.5 52.2 11.1 
Boc-Gly-Phe 54.04 112.7 56.1 -6.7 
Boc-Gly-Aib" 57.70 127.0 49.1 -3.0 
Boc-Gly-Pro-OBzl 53.06 117.2 50.6 -8.6 

"Aib: aminoisobutyric acid. 

shieldings (aiso) of Gly NH against the value of R,...o. It is found that there is 
a clear relationship between ai5,, and RN . . .O ,  and a decrease of RN ...o leads to 
a decrease in shielding. This trend is similar to that found for the carbonyl I3C 
nuclear shielding and RN ...O. Figures 25a-c show the plots of the observed 
principal values (a,,, and a,,) of the lSN nuclear shielding tensor of Gly NH 
against RN ...,. It is found that a,,  and a,, are more sensitive than a,, to changes 
in R,. .O. A change of 0.2 A in RN...O leads to a change of 20 ppm in a l l  and a,,, 
although the change in &, is 5 ppm. However, only decreases linearly with 
decrease of RN...O; for a, ,  and 622 there is no clear relationship with RN ...O. 

These results show that such behaviour is governed not only by the hydrogen- 
bond length, but also by the hydrogen bond angle. 

Theoretical calculation of ''N shielding 

To obtain a deeper understanding between the experimental finding that the 
isotropic IsN chemical shift and the principal value of a3, depend upon the 
hydrogen-bond length, theoretical calculations of "N chemical shifts have 
been carried out by the FPT-INDO method. Figures 26 and 27a-c show, 
respectively, the calculated isotropic "N shielding (a,s,,) and the paramagnetic 
terms of the shielding tensor components (all,  a2* and u,,) of Gly NH in the 
model compound. The calculated values are all expressed in ppm with sign 
opposite to that of the experimental chemical shift values shown in Table 7. 

As shown in Fig. 26, a decrease of RN ...O leads to a decrease of qso. This 
agrees with the experimental results. Such a relationship suggests that the 
isotropic "N chemical shift value can be used in the estimation of R,...o. This 
is similar to the case of the carbonyl I3C chemical shift reported previously. 

Figures 27a-c show the RN ...O dependence of the calculated principal values 
of IsN nuclear shielding tensor (cT,,, a,, and CT~~). It is shown that a decrease 
of RN leads to decrease of all, a2, and a33. The magnitudes for changes of 
the shielding are in the order uI1 > u33 > q,. Such an order for shielding 
changes agrees with the observed order. Further, a linear decrease of with 
a decrease of RN ...o agrees with observation. However, experimentally there 



Table 8. The geometrical parameters of the glycine residue amide nitrogen of Boc-Gly peptides. 

Dihedral angle (") 

Sample w 4 

Boc-Gly 174.0 -61.5 
Boc-Gly- Ala 178.8 -125.6 
Boc-Gly-Phe -176.9 -88.0 

Boc-Gly-Pro-OBzl 172.2 - 109.5 
Boc-Gly- Aib" -159.4 89.5 

Hydrogen bond length and angle 
~~~~ ~~~~~~ ~~ 

N.. .O H. . .O N-H ...O N-OZC 
length length angle angle 

(A) (A) (7 ("1 Reference 

-15.1 
45.0 

- 14.5 
165.1 
164.4 

3.01 - - 113.1 85 
2.95 2.02 161.1 - 86 
3.08 - - 1.55.4 87 
3.08 - - 116.4 88 
3.01 2.24 163.4 136.7 89 

"Aib: aminoisobutyric acid. 
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Fig. 24. Plots of the observed isotropic "N chemical shifts (ai,") in the solid state against 
the N " 0  separation ( R ,  (,). 

is no relationship between RN. .o and uI1 or a22, but in the calculation there is 
a relationship. Where does this discrepancy come from? In the above 
calculation, only the hydrogen-bond length is taken into account. For more 
complete understanding of hydrogen-bonding, another important factor such 
as the hydrogen-bond angle (that is the distortion from the linearity of the 
hydrogen bond) should be taken into account. For this reason, the ''N chemical 
shift was calculated as a function of the hydrogen bond angle (LN-H...O) 
using the model compound given in Fig. 28. The H . .  ' 0  length is fixed at 1.75 A 
and the hydrogen bond angle (LN-H...O) is varied. 

Figures 29 and 30a-c show, respectively, the plots of uiso, and u1 u22 and a,, 
against the angle 8. From Fig. 29 it is apparent that a change of the angle 8 from 
140" to 220" leads to change of 5 ppm in a,,, compared with the value of about 
20 ppxn induced by a change of RN . . .O  from 2.4 to 3.2 A. Hence the angular 
dependence is not as sensitive as the distance dependence. 

From Fig. 30 we see that the magnitudes of changes in a, and are about 
10 and 4 ppm, respectively, in going from 8 = 140" to 220". In contrast, all and 
u2, change by about 30 and 4 ppm, respectively, as RN.. .O change from 2.4 to 
3.2 A. The magnitude of change in is about 1 ppm in going from 8 = 140" 
to 220" and about 15 ppm as RN ." among from 2.4 to 3.2 A. Thus, al I and u12 
are relatively sensitive to a change in 8, but cr33 is relatively insensitive to 
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Fig. 26. Variation of the calculated isotropic "N shielding (uiso) with the N . . . O  
separation (RN.. ."). 
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Fig. 27. Variation of the calculated I5N shielding tensor components with the N. . .O 
separation (RN o): (a) w,,; (b) u ~ ~ ;  (c) u33. 
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Fig. 28. Molecular structure of N-acetyl-N'-methylglycine amide hydrogen-bondcd 
with a formamide molecule. 
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change of 8 when compared with the R N  . . .O  dependence of ull and uzz. From 
these results we may understand the experimental finding that there is a 
relationship between hydrogen-bond length and the values of a,, and qso in 
spite of the distribution in the hydrogen bond angles but there is no clear 
relationship between R N  ..o and uI1 or uz2. 

3.4 Hydrogen-bonded structure and the "0 NMR of glycine- and 
L-alanine-containing peptides and polypeptides 

The oxygen atom is one of the more important atoms forming hydrogen- 
bonded structures in peptides and polypeptides. However, solid-state 1 7 0  

NMR study of peptides and polypeptides has not been carried out, owing to 
the very weak sensitivity of solid-state 170 NMR measurement, which has two 
origins. One is that the I7O nucleus has a very low natural abundance of 
0.037%. The other is that the I7O nuclear spin quantum number ( I )  is 5/2; thus 
the nucleus is quadrupolar and the I7O signal is broadened by nuclear 
quadrupolar effects in the solid. Solution-state I7O NMR spectroscopy has 
been successfully employed to elucidate a number of structural problems in 
organic chemi~try,"~ '~ because the 1 7 0  signal becomes very sharp owing to the 
removal of some quadrupolar interactions by isotropic fast reorientation in 
solution. For example, as the oxygen atom is directly associated with the 
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Fig. 30. Variation of the calculated "N shielding tensor components with the hydrogen 
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formation of hydrogen bonds, hydrogen-bonding of the carbonyl group in 
various compounds often results in large low-frequency shifts of the carbonyl 
I7O NMR From these results, solution-state I7O NMR has been 
established as a means of performing structural characterizations; it can be 
anticipated that solid-state I7O NMR will provide an understanding of the 
hydrogen-bonding structure in solid peptides and polypeptides as described 
previously.y6 In this section, solid-state I7O NMR spectra of [Gly], form I 
(PG I ) ,  [Gly], form I1 (PG II), glycylglycine (GlyGly) and glycylglycine nitrate 
(GlyGly . HN03) are discussed with a view to understanding the relationship 
between the hydrogen-bonding structure and the I7O NMR parameters. 

Static I7O spectra of the 170-labelled peptides and polypeptide;\ 

Static 1 7 0  CP NMR spectra of GlyGly were observed at 36.6, 54.2 and 
67.8 MHz as shown in Fig. 31 .40 The spectra at 36.6 and 54.2 MHz consist of two 
major split signals, but that at 67.8MHz becomes one major signal. Such 
splitting comes from the quadrupolar interaction. By computer simulation, the 
quadrupolar coupling constant e2qQ/h was determined to be 8.55 MHz. This 
value is much larger than that for the amide I4N nitrogen nuclei (1.11 MHz). 
It is seen that the I7O NMR spectra depend strongly on the measurement 
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Fig. 31. I7O CP Static NMR spectra of Gly-Gly in the solid state. 

frequencies because the quadrupolar effect depends on the measurement 
frequencies and the broadening of "0 NMR signal is increased by the 
quadrupolar effect as the measurement frequency is decreased. Consequently, 
high-frequency measurements are needed for quadrupolar nuclei such as 

Figure 32 shows the 67.8 MHz static 1 7 0  CP NMR spectra of PG I, PG 11, 
GlyGly and GlyGly HN03. Computer simulations were performed for super- 
imposition of theoretically calculated spectra on to the experimental spectra. 
To determine the "0 NMR parameters unequivocally, computer simulations 
are carried out for frequencies of 36.6, 54.2 and 67.8 MHz. For example, Fig. 
33 shows 67.8, 54.2 and 36.6MHz static I7O CP NMR spectra of GlyGly 
together with theoretically calculated spectra, and Fig. 34 shows 67.8 MHz 
static I7O CP NMR spectra of PG I, PG 11, GlyGly and GlyGly . HN03 together 
with theoretically calculated spectra. The 1 7 0  NMR parameters of PG I, PG 11, 
GlyGly and GlyGly.HN03 obtained by computer simulation are shown in 

1 7 0 .  
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Fig. 32. 67.8 MHz "0 CP static NMR spectra of (a) Gly-Gly.HNO,, (b) GlyGly; 
(c) PC; I and (d) PG 11. 

Table 9. From these results, the a1 &, and values of the samples vary from 
546 to 574 ppm, 382 to 425 ppm, and -132 to - 101 ppm, respectively. The 
magnitude of the chemical shift change is much larger than those of the 
carbonyl "C  and amide ''N chemical shifts. Each A 8  value, defined as 
A8 = a,,, - S,,, is about 400 ppm, much larger than those for the carbonyl 13C 
and arnide 15N chemical shifts, which are about 170 and 100 ppm, respectively. 
Each 77 value, defined as 77 = (a1, - 822)/A8, is constant -0.4. These values are 
common to the carbonyl-oxygen atoms in peptides. Although the chemical 
shift tensor is axially symmetric (8,, = 1 3 ~ ~ )  for the case of the carbonyl-oxygen 
of L-alanine as reported by Fiat et the chemical shift tensor of the 
carbonyl-oxygen in the peptides considered here is not axially symmetric. The 
e2qQlh values change from 8.30 to 8.75 MHz. These values are larger than the 
corresponding value for L-leucine, which is 8.0 MHz at 190 K.98 The h, values 
of polypeptides such as PG I and I1 are 0.26 and 0.29; the corresponding values 
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Fig. 33. "0 CP static NMR spectra of Gly-Gly together with theoretically simulated 
spectra. 
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Fig. 34. 67.8 MHz "0 CP static NMR spectra of (a) Gly-Gly.HN03, (b) Gly-Gly, 
(c) PCi I, and (d) PG 11, together with theoretically simulated spectra. 

for oligopeptides such as GlyGly and GlyGly.HN0, are 0.4.5 and 0.47, 
respectively. The difference may arise from a difference in molecular packing 
between these samples. Further, it is found that the PAS of the quadrupolar 
tensor and the PAS of the "0 nuclear shielding tensors for the carbonyl 
oxygens of peptides and polypeptides are not coincidental with each other. The 
relationship between these two sets of PAS is shown in Fig. 3.5 for PG 11. From 
these experimental results, each of the above NMR parameters is seen to be 
strongly influenced by the electronic structure of the molecule. 

The direction of the principal axes of the electric field gradient tensor and the 
nucleiir shielding of the carbonyl-oxygen of peptides and polypeptides 

So far there have been few studies aimed at determining the direction of the 
PAS of the electric field gradient tensor and the nuclear shielding tensor of 



Table 9. Determined "0 NMR parameters of solid peptides containing a Gly residue. 

Sample 

Polypeptides 
~~ ~ 

PGII 
PG I 

GlyGly 
Oligopeptides 

GlyGly. HNO, 

8.30 0.29 562 410 -108 288 
8.55 0.26 574 425 -101 299 

8.55 0.45 546 382 -132 265 
8.75 0.47 559 408 -127 280 

Angle A (O)' 
~~ 

A6" V h  (Y P r  
~~ 

396 0.38 92 89 -81 
400 0.37 100 91 -79 

397 0.41 94 90 -87 
407 0.37 94 89 -81 

"A6 = 6,,, - &. 
b q  = (6,, - &)/A6. 
'Angle A indicates the Euler angles between the principal axes of the quadrupolar tensor and the chemical shift tensor. 
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Fig. 35. The relationship between the PAS of the quadrupolar (V) and chemical shift 
(a) tensors on the carbonyl-oxygen for PG 11. 

Fig. 36. The direction of the PAS of the nuclear shielding tensor of the carbonyl-oxygen 
obtained from the FIT-MNDO-PM3 method. 
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Fig. 37. The direction of the PAS of the electric field gradient of the carbonyl-oxygen 
obtained from the FPT-MNDO-PM3 method. 

carbonyl-oxygen atoms of peptides and polypeptides from NMR experiments. 
The direction of the PAS of the nuclear shielding of the carbonyl oxygen of 
peptides and polypeptides is determined as shown in Fig. 36 employing 
FPT-MNDO-PM3 methods. It is shown that the a,, component lies approxi- 
mately along the C=O bond, the all component is aligned in the direction 
perpendicular to the C=O bond on the peptide plane, and C T ~ ~ ,  which is the 
most shielded component, is aligned in the direction perpendicular to the 
peptide plane. 

The direction of the PAS of the electric field gradient tensor of the 
carbonyl-oxygen is shown in Fig. 37 employing the FPT-MNDO-PM3 method. 
It is shown that the V,, component lies approximately along the C=O bond, 
the V,, component is aligned in the direction perpendicular to the C=O bond 
in the peptide plane, and the VII component is aligned in the direction 
perpendicular to the peptide plane. These results show that the largest 
component V,, of the electric field gradient lies along the molecular chain 
direction. The relationship between the electric field gradient tensor and the 
nuclear shielding obtained by this calculation agrees with the experimental 
results as shown in Fig. 34. 

Nuclear quadrupolar coupling constant (2 qQ/h) of carbonyl-oxygen atoms 
o,f peptides and polypeptides 

The geometric parameters and hydrogen-bonding geometrical parameters of 
some peptides and polypeptides containing a glycine residue are shown in 
Table 10. Some of the geometric parameters are calculated by using the 
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unit-cell parameters and fractional coordinates as determined by X-ray 
d i f f ra~t ion .~~~~ ' - ' " '  Figure 38 shows a plot of the observed e2qQlh values against 
the hydrogen-bond length. 

The e2qQlh values decrease linearly with a decrease in the separation 
(RN o)  in A. This relationship can be expressed by 

(MHz) = 5.15 + 1.16RN 0 
e2qe 

h 

This experimental result shows that a decrease of the hydrogen-bond length 
leads to a decrease in electric field gradient (4).  The q value is very sensitive 
to a change in hydrogen-bond length. From this relation it is apparent that 
hydrogen-bond length can be determined by the observation of the e2qQlh 
value. 

1 7 0  N M R  chemical shifts of the cnrbonyl-oxygen of peptides und 
polyp c.ptiries 

From Table 9, it is apparent that there is large difference in the I7O chemical 
shift values between peptides and polypeptides. Figure 39 shows the plot of the 
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h 8 8.6 

a 
wff 8.4 

z 

8.2 

8.0 
I I I I 

2.7 2.8 2.9 3.0 3.1 

RN...O <A> 
3.2 

Fig. 38. Plots of the e'qQlh against the N . ' 0  separation (RN o). 



Table 10. The geometrical parameters of some peptides containing a Gly residue. 

Dihedral angle (") 
~~~ ~ ~ N.; .O H.;.O LC=O . . . N  LN-H ...O N-C=O ...H C=O ...H-N 

Sample 4 + (A) (A) (") ("1 (7 (") Reference 

PGII -78.0 145.8 2.73 1.84 159 146 -47 157 52 
PG I -149.9 146.5 2.95 2.16 149 133 68 - 173 51 
Gly-Gly 157.1 151.0 2.94 1.97 157 157 -161 - 145 75 
Gly-Gly.HN03 165.6 148.9 3.12 2.38 162 165 3 - 156 77 

~ ~ ~~~~~~~~~~ ~ ~ ~~~ ~~~~ ~ ~ ~ ~~~ ~~ ~ ~ ~~~ 
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observed isotropic 1 7 0  chemical shift values against the separation 
(RN ()). The a,,, values in both the peptides and polypeptides move to low 
frequencies with a decrease in the separation (RN o). Figures 40a-c show plots 
of the observed principal values of I7O chemical shifts against the separation 

Every principal chemical shift value in both peptides and polypeptides 
moves to low frequencies with decrease in the separation (RN o). What is the 
origin of the difference of the chemical shift between peptides and polypep- 
tides? Two possible origins are considered. The first is that the difference 
between peptides and polypeptides comes from the hydrogen-bond angle and 
hydrogen-bond dihedral angle, which are closely related to the I7O chemical 
shift. The second is the difference in molecular packing between them. 

The spatial locations of these samples are shown in Fig. 41, using the 
geometrical parameters given in Table 10. Figure 41 shows the dihedral angle 
N-C=O...H (defined by 6 here), giving a measure of the location of the 
amide group on the peptide plane. In the case of GlyGly (5 = -160") and 
GlyGly.HN0, (6 = 3"), the amide-group-related hydrogen-bonding is nearly 
in the peptide plane and carbon, oxygen, hydrogen and nitrogen atoms related 
to hydrogen-bonding are located in the peptide plane. On the other hand, in 
the case of PG I (6 = 68") and I1 (5 = -47"), the amide group-related 
hydrogen-bonding is away from the peptide plane. Consequently it appears 
that the location of the amide group affects the 6 value. 

( R N  0). 
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Fig. 41. The hydrogen-bonding spatial location of peptides. 
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4. MAIN-CHAIN DIHEDRAL ANGLES AND 13C NMR CHEMICAL 
SHIFTS 

4.1. I3C chemical shifts of the L-alanine C,- and Cp-atoms in peptides in the 
solid state 

Figure 42 shows the 67.8 MHz CP-MAS I3C spectra for Ac-L-Ala-NHMe in the 
solid state. From the X-ray diffraction study of the Ac-L-Ala-NHMe crystal, 
it has been found that the unit cell contains two molecules whose conforma- 
tions are not magnetically identical. In Fig. 42, for the carbonyl-, C,- and 
Cp-carbons, two signals are observed which come from two different conforma- 
tions. The observed chemical shifts for L-alanine residue C,- and Cp-carb- 
ons, with their geometrical parameters as determined by X-ray diffraction 

are summarized. Some of the geometrical parameters are calcu- studies2n,31 -3s 

lated using the unit-cell parameters and the fractional coordinates. Table 11 
shows that the L-alanine residue in the peptides takes dihedral angles (+,I,!J) 
corresponding to several conformations such as a,-helix, P,-sheet, 3 ,,,-helix, 
etc. The "C signal of the L-alanine C,-carbon in poly(L-alanine), which forms 
the a,-helix conformation, appears at lower frequency by several ppm relative 
to the signals of the other conformations. However, the 13C chemical shift of 
the L-alanine Cp-carbon in the PA-sheet conformation is at 21.0 ppm, and thus 
appears at high frequency relative to those for the other conformations. The 
"C chemical shift of the L-alanine C,-carbon for the PA-sheet conformation is 
48.7ppm, which is shielded relative to those for the other conformations. 
However, the I3C chemical shift for poly(L-alanine), which forms the aR-helix 

AlaC' 

30 20 10 
Ac-[1-I3C, 5%]Ala-NHMe 

182 

PPm , . . - . , - . - . , . . ~I v-,--ycm 

250 200 150 100 50 0 -50 

Fig. 42. 67.8 MHz CP-MAS I3C spectra for N-acetyl-N'-methyl-L-alanine amide in the 
solid state. The conditions for NMR measurements are the same as those for Fig. 2. 
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Table 11. Observed chemical shifts for solid peptides that contain an L-alanine residue 
by "C CP-MAS NMR measurements, and their main-chain dihedral angles for the 

L-alanine residue portions determined by X-ray diffraction studies. 

Chemical shift 
(ppm from TMS) + II, Secondary 

Sample C, C, ("1 (7 structure 

(Ala),, 53.0 15.5 -54.7 -47.5 a,-helix 
48.7 21.0 -138.8 134.7 PA-sheet 

(D,L-Ala),," 50.1 15.9 54.7 47.5 aL-helix 
(Ala-Gly-Gly),, I 49.7 22.6 P-sheet 
(Ala-Gly-Gly),, 11 49.7 18.4 - 90.0 150.0 3,-helix' 
( Ala-Ala-Gly), 50.1 21.4 p-sheet 
(Ala-Gly),, 1' 49.5 21.0 P-sheet 
(Ala-Gly)n 11' 51.5 17.6 Unknownf 
(Pro-Ala-Gly), 49.3 18.6 Triple-helix'' 
Ac-Ala-NHMe" 49.3 18.8 - 84.3 159.0 3,-helix likeg 

Boc-Ala- Aib-OH" 52.3 17.4 -66.3 -24.1 :?:,-helix 
Boc-Ala-Pro-OH 49.2 17.2 -95.4 153.6 3,-helix-likeg 

"(D,i.-Ala),, denotes copolymer of D- and L-alanine. 
h(Ala-C;ly),, form I is a model compound for silk 11. 
'(Ala-Gly), form I1 is a model compound for silk I. 
"There are two conformers in a unit cell. 
'(Ala-Gly-Gly), form I1 and (Pro-Ala-Gly),, are model compounds for collagen. 
Some X-ray crystallographic  structure^'^.'^ were presented by other groups. However. 
arguments about the structure for (Ala-Gly),, and silk I have been raised.' 
"e secondary structures for these samples are not exactly 3,-helix conformation because the 
hydrogcn-bonding structures are not the same as for the 3,-helix for polypeptides. 
"Aib: arninoisobutyric acid. 

~ ~ ~ ~~ 

50.4 21.2 -87.6 154.8 

conformation, is 53.0ppm, which is shielded by several ppm relative to the 
other conformations. The chemical shifts of the L-alanine C,- and 
Cp-carbons for the other specified conformations are intermediate values 
between those for the a,-helix and the p,-sheet conformations. We recognize 
from these results that the I3C chemical shifts of the C,- and Cp-carbons in the 
L-alanine residue in peptides relates closely to the main-chain conformation. 
However, since the term "main-chain conformation" of a peptide implies not 
only the main-chain dihedral angles (4,  +) but also its hydrogen-bonding 
structure (hydrogen-bond length and angle), i t  is not yet apparent whether the 

C chemical shifts of the L-alanine C,- and Cp-carbons should be governed by 
the dihedral angles for the ~-alanine residue moiety. 
I 3  
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Nuclear shielding calculation by the FPT-INDO and 4-31 G-GIAO-CHF 
methods: dihedral angle (+, $) dependence of the '.3C chemical shifts of the 
L-alanine residue C,- and C,-atoms 

The correlation between the chemical shifts and the main-chain dihedral angles 
of peptides has been investigated by nuclear shielding calculations by the 
FPT-INDO and ab initio GIAO-CHF methods, the latter with a 4-31G basis 
set." 

An N-acetyl-N'-methyl-L-alanine amide (Ac-L-Ala-NHMe) molecule was 
employed as a model (Fig. 1b). All of the geometrical parameters of this 
molecule, except for the C-H bond lengths in the acetyl methyl group and the 
amide methyl group, are optimized by the ab initio molecular orbital method 
with the 4-31G basis set. Using the optimized geometries of this molecule, the 
carbon nuclear shieldings9~"' were calculated." In contrast, standard geometri- 
cal parameters are used for the FPT-INDO calculation. 

Table 11 shows the main-chain conformation and the observed 13C chemical 
shifts for a series of peptides that contain the L-alanine residue. As mentioned, 
"main-chain conformation" of peptides implies not only the main-chain 
dihedral angles but also the hydrogen-bonded structure. Since the L-alanine 
residue in a protein does not necessarily form a hydrogen bond, it is still 
important to estimate the contribution of the main-chain dihedral angles to the 
chemical shift of the L-alanine residue C,- and C,-atoms. The shielding map 
obtained is fairly close to that produced by the ab initio MO method. Figure 
43a shows the dihedral angle (+,$) dependence of the calculated isotropic 
chemical shift for the L-alanine residue C,-atoms. 

The isotropic shieldings for C, are 186.4 ppm for the main-chain dihedral 
angles that correspond to the P,-sheet conformation, 189.4 ppm for the 
a,-helix, 189.6 ppm for the a,-helix, 188.7 ppm for the 3,-helix, and 186.5 ppm 
for silk I and (Ala-Gly),, form 11. By comparison, the observed isotropic 
chemical shifts are 21.0 pprn for the PA-sheet, 15.5 pprn for the a,-helix, 
15.9 ppm for the a,-helix, 18.4 ppm for 31-helix (we employ the chemical shift 
values for (Ala-Gly-Gly), that forms a collagen-like helix), and 17.6 ppm €or 
(Ala-Gly), form 11. It is found that changes of the main-chain dihedral angles 
dominate the isotropic chemical shift behaviour of the L-alanine residue 
Cp-atom, except for silk I and (Ala-Gly), form 11. Saito, Ando, and coworkers"' 
have previously presented a structural model of silk I and/or (Ala-Gly), form 
I1 that is known as a crankshaft model. In addition, they have predicted that 
the structure of silk I and/or (Ala-Gly), form I1 might be a loose fourfold 
helical conformation, which was originally proposed by the X-ray diffraction 
study of Konishi and K ~ r o k a w a . ~ ~  From the calculated structure, the loose helix 
model is found to be unacceptable. Thus, at present it is difficult to deduce with 
certainly values for the main-chain dihedral angles. 

In order to elucidate the isotropic chemical shift behaviour, we have 
calculated the principal values of the nuclear shielding tensor. The dihedral 
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Fig. 43. The dependences on the dihedral angles (4, tj), of the nuclear shielding constants for the L-alanine residue C,- and Cp-atoms 
in peptides. Chemical shielding calculations are carried out using the GIAO-CHF method with the 4-31G ab initio basis set. 4-31G 
optimized geometries are employed for the model molecule, N-acetyl-N’-methyl-L-alanine amide. (a) Isotropic, (b) ml (c) uZ2, and 
(d) q3 for the CB-carbon (in ppm). (e) Isotropic, (f) ullr (g) and (h) m333 for the C,-carbon (in ppm). 
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angle (4, @) dependences of uI1, azz and u33 (in order of increasing shielding) 
are shown in Figs 43b-d. From these figures the fact that the isotropic C, 
chemical shift for the a,-helix appears at a lower frequency (15.5 ppm) than 
that for the PA-Sheet (21.0 ppm) is rationalized by the explicit differences found 
for u1 I (ACT], = 9 ppm). Careful investigation of the nuclear shielding tensor 
shows that the paramagnetic contribution to ull dominates the total ulI value. 
The 2p orbital for the C,-carbon, which is influenced by the angular momentum 
operator L,  and which contributes to the C,-C, bond, provides the most 
effective contribution to the paramagnetic contribution to u,, , since the 
coupling integral, (+,,lLK/&14,J, is dominated by a contribution from the 2p 
orbital perpendicular to the u, I direction. In the 4-31G optimized geometries, 
the distance between the C,- and Cp-atoms is 1.51 8, for the P,-sheet and 
1.53 8, for the a,-helix; thus changes in the value of uI , are explained by the 
differences in the length of the C,-C, bond that arise from the changes in the 
main-chain dihedral angles. 

Figures 43e-h show the dependence of the isotropic nuclear shielding for the 
C, on the main-chain dihedral angles. From Fig. 43e, the isotropic nuclear 
shielding for C, is 160.4 pprn for the P,-sheet, 159.6 ppm for the aR-helix, 
159.2 ppm for the a,-helix, 161.4 ppm for the 3,-helix, and 157.9 ppm for silk 
I and ( Ala-Gly), form TI. The corresponding observed isotropic chemical shifts 
are 48.7 ppm for the P,-sheet, 53.0 ppm for the a,-helix, 50.1 pprn for the 
aL-helix, 49.7ppm for the 3,-helix, and 51.5ppm for (Ala-Gly),, form 11, 
respectively. Although it is obvious that there exists a main-chain dihedral 
angle dependence on chemical shift for the C,-atom, it seems to be more 
complicated than that for the Cp-atom, since the orientation of the chemical 
shift tensor for C, with respect to the molecular fixed frame is different from 
one set of values of (4, @) to another, and also because, in the case in which 
the L-alanine residue carbonyl or amide group forms the hydrogen bond, the 
hydrogen-bonded structure can also affect the behaviour of the chemical shift 
for C,. As regards the structure of (Ala-Gly), form I1 and silk I, chemical shift 
calculation including hydrogen-bonding is required. 

For further insight into the C, chemical shift behaviour, principal values of 
the nuclear shielding tensor were calculated.h".hl From Figs 43f-h, it is obvious 
that all of the principal values are quite sensitive to change in the dihedral 
angles (+,@). In particular, the value of u33 is the most sensitive to (4,+) 
differences. For almost all values of (4, @), the principal axis of u3? is aligned 
along the C,-C' bond, but with about 30" deviation, and is also nearly 
perpendicular to the C,-C, bond. Since it is generally known that a bond 
extension causes a shielding decrease," it is predicted that the C,-C' 
bond length differences associated with dihedral angle variations contribute 
dominantly to the u33 changes. However, the C,-C' bond lengths in the 4-31G 
energy-optimized geometry are 1.512 8, for the p,;sheet and 1.516 A for the 
a,-helix; thus the bond length difference is 0.004 A. It seems that this bond 
length difference is too small to be responsible for the behaviour of g3?. For 
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the values of a33 of C,, it is found that the diamagnetic contribution dominates 
changes in the total u33 value; therefore, the most crucial factor for this 
behaviour is a change in the geometric parameters of the C, moiety along 
the u33 axis of model compounds which have several main-chain dihedral 
angles. 

It should be noted that the other principal values, ull and aZ2, change the 
orientation of their principal axes from one set of (4,t+b) values to another. One 
of the complexities concerning the orientation of chemical shift tensors is 
discussed in the next section. Another complexity, the hydrogen-bonding 
effect, seems to be rather intricate because the chemical shift for C,, especially 
the principal values of the chemical shift tensor, is greatly affected by 
differences not only in RN...O and RH.. .O but also in the hydrogen-bond angles 
(for example, LN.. .O=C and LH. . .O=C)  . The hydrogen-bonding effect on 
the C, chemical shift is estimated from solid-state NMR measurements 
combined with GIAO-CHF nuclear shielding calculations. 

The orientation of the PAS of the calculated nuclear shielding tensor with 
respect to the molecular fixed frame 

As mentioned above, the principal values of the chemical shift tensor give 
information about the three-dimensional electronic state of a molecule. 
However, in order to understand the behaviour of the principal values, one 
needs information about the orientation of the PAS of a chemical shift tensor 
with respect to the molecular fixed frame. 

Figures 44a-d show the calculated orientations of the principal axis systems 
of the nuclear shielding tensors of the L-alanine C,-atoms in some 
peptides whose L-alanine moieties have different main-chain dihedral angles 
(4, t+b) = (-57.4', -47.5') (a,-helix), (-138.8', 134.7') @*-sheet), (-66.3', 
-24.1') (310-helix), and (-84.3', 159.0') (31-helix). Figures 44a-d show that the 
u33 component lies nearly along the C,-C, bond for all of the peptides 
considered here, and also that the uI1 component is nearly perpendicular to the 
plane which is defined by C,, C,, and the N atoms in the L-alanine residue. In 
contrast, the uZ2 component is parallel with respect to the plane. These results 
agree with the direction of a33 of C, in the L-alanine amino acid determined 
experimentally by Naito et al.39 As seen from Table 12, the value of the vII 
component, for dihedral angles corresponding to the P,-sheet conformation, 
is 37.06 ppm. This shows a deshielding of about 9 ppm with respect to the value 
found for the a,-helix conformation. This result means that the value of uII  
dominates the shielding decrease of the C,-atom for the p,-sheet conforma- 
tion. Since the uII does not lie along a specified chemical bond, it is not easy 
to comprehend intuitively the chemical shift tensor behaviour of C,. However, 
it is obvious that the through-space interaction between the C,-methyl group 
and its surroundings might be important in understanding the behaviour of 
ff11. 
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Fig. 44. Orientation of the principal axes of the calculated "C nuclear shielding for the 
L-alanine residue. C,-carbons: (a) (4, $) = (-57.4", -47.5') (a,-helix); (b) (- 138.8", 
134.7') (PA-sheet); (c) (-66.3", -24.1") (3T0-helix); (d) (-84.3", 159.0') (3,-helix). 
Cp-carbon: (e) (4, $) = (-57.4", -47.5") (a,-helix); ( f )  (- 138.8", 134.7') (PA-sheet); 
(8) (-66.3", -24.1') (3'&helix); (h) (-84.3", 159.0') (3,-helix). 

Figures 44e-h show the calculated orientations of the PAS of the nuclear 
shielding tensors of the L-alanine C,-atoms in peptides with respect to the 
molecular frame. As is seen from these figures, the calculated orientation of 
the PAS for C, is quite different from sample to sample. For all of the 
dihedral angles employed in the calculations, the u33 component of the 
nuclear shielding tensor of the L-alanine C, always lies along the C,-C' 
bond. However, for the dihedral angles (4, $) = (-57.4", -47.5') (a,-helix), 
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Fig. 44. continued 

(-66.3", -24.1") (310-helix), and (-84.3", 159.0.) (3,-helix), the ull component 
lies along a direction which deviates slightly from the C,-C, bond; for the 
dihedral angles (+,$) = (-138.8", 134.7") @,-sheet), the a,, component is 
along this direction. As shown in Table 12, the principal value that lies nearly 
along the C,-C, bond is 47.53 ppm for the PA-sheet form, 61.93 ppm for 
the a,-helix form, 64.74ppm for the 310-helix form, and 65.79ppm for 
(4, $) = (-84.3", 159.0") (31-helix). Changes of the dihedral angles cause large 
deviations in the nuclear shielding tensor element that is along the C,-C, 
bond. Moreover, since the value of u33 depends on changes from one dihedral 
angle to another, it is obvious that there exists an explicit dihedral angle 
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Table 12. Calculated I3C chemical shielding for the C,- and C,-atoms of the L-alanine 
residue by the 4-31 G-GIAO-CHF method. 

I7C chemical shielding (ppm) 

c, c, 
Sample fl!,, ( T I  I g 2 2  1 ~,\,, Cl I tT22 a j 3  

a,-helix 45.52 61.93 43.69 30.93 15.72 28.16 22.14 -3.16 
P,-sheet 44.73 62.02 47.53 24.64 18.74 37.06 21.70 -2.53 

3$helix 45.71 64.74 45.04 26.37 15.84 32.47 19.03 -4.00 
3,-helix 43.62 65.79 46.46 18.91 15.94 33.80 17.97 -3.49 

dependency for the value of a33. Consequently, if the carbonyl group in the 
L-alanine residue forms a hydrogen bond, the a33 value will probably be 
affected. The principal values of the nuclear shielding tensor of the L-alanine 
C,-carbon in peptides have not yet been measured, because the nuclear 
shielding anisotropy is not so large that we can accurately evaluate it. 
Measurement of the principal values of the nuclear shielding tensor for the 
L-alanine C,-atom remains as a future task. 

4.2. Applications to the structural elucidation of some proteins: Basic 
pancreatic trypsin inhibitor (BPTI); ribonuclease H from E. coli 
(RNaseH) 

"C ch(Jrnica1 shifts of C, for  the L-Ala residues in RNase H 

The correlation between the I3C chemical shifts of peptides and their backbone 
conformations is of great interest for structural elucidation studies. We have 
calculated the isotropic I3C chemical shift of the CB-atoms in the L-alanine 
residue using the GIAO-CHF method; the calculated shifts are shown in Table 
13. A comparison of the calculated and experimental "C chemical shifts is 
given in Fig. 45. From this it is clear that the isotropic I3C chemical shift of the 
L-alanine C, is apparently related to the main-chain dihedral angles of the 
L-alanine residue of RNase H in aqueous solution. In this figure, the observed 
chemical shift behaviour of the L-alanine residue C, is generally similar to that 
of the RNase H in aqueous solution. From this comparison between the 
experimental and calculated chemical shifts, one appreciates that there are 
some data that deviate from the dashed line. This may be produced by a 
difference between the solution and the crystalline structure of the protein, or 
by the interaction between the L-alanine C,-atom and its surrounding, solvent 
molecules (H,O) or side-chains of the adjacent amino acid residues. For 



Table 13. Geometrical parameters of L-alanine residues in RNase H and BFTI determined by X-ray diffraction, and I3C NMR chemical 
shifts of the carbonyl-, C,- and Cp-atoms in the corresponding residues. 

Amino acid 
residue a 

A24 
A37 
A51 
A52 
A55 
A58 
A93 
A109 
A l l 0  
A125 
A137 
A139 
A140 
A141 

~ ~ ~ _ _  ~ 

A16 
A25 
A27 
A40 
A48 

Dihedral angle (") 
~ __ ~ .~ ~ _ _  

4 (1, 

- 

w R ,  ...o 

-144.6 
-160.5 
-55.2 
-71.3 
-65.8 
-81.0 
-62.4 
-53.5 
-72.2 
-66.5 
-53.7 
-67.4 
-67.6 
-60.5 

-76.2 
-62.3 
-82.9 
-62.5 
-61.7 

134.7 
150.4 

-46.1 
-35.4 
-49.2 
-11.5 
-22.9 
-49.9 
-25.6 
123.7 

-57.3 
-38.4 
-41.7 
-22.9 

172.0 
-28.0 
-23.1 
151.1 

-35.9 

178.7 
179.9 

-179.1 
- 178.6 

178.1 
176.8 

- 179.0 
-177.5 

180.0 
-179.8 

179.8 
177.7 

- 179.0 
-178.9 

170.6 
177.0 

170.6 
-178.7 

- 179.4 

2.83 
3.27 
3.20 
3.24 
3.30 
- 

- 
3.22 
3.30 

3.25 

3.06 
3.31 

- 

- 

- 
2.80 

Observed chemical shift (ppm) 
~~~ - ~ 

C' C, c, 
~ ~ ~ ~~ ~ ~~ 

173.7 49.2 21.3 
172.1 50.2 19.7 
175.5 53.3 19.3 
176.1 52.7 15.3 
175.6 52.7 17.2 
176.1 51.2 17.2 
175.8 53.1 16.0 
178.4 52.9 15.8 
178.1 52.7 16.5 
176.1 50.8 16.4 
177.3 53.5 16.6 
178.9 52.9 15.7 
177.7 52.7 15.3 
175.8 52.7 16.0 

- 50.5 18.5 
- 53.0 17.5 

176.3 50.5 19.0 
176.9 52.5 18.5 
177.9 53.5 16.0 

Calculated chemical 
shift (ppm) 

c, ci3 
~~~~~ 

49.55 22.74 
50.13 21.61 
49.76 19.88 
49.52 19.90 
49.27 19.83 
49.34 20.93 
50.07 20.14 
49.66 20.00 
49.66 20.11 
49.74 19.06 
49.29 20.17 
49.60 19.77 
49.51 19.76 
50.14 20.20 

"A = Alanine. 
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Fig. 45. Comparison of the calculated chemical shifts with the observed shifts of the 
L-alanine residue Cp:atoms of some peptides in the solid state (solid squares) and in 
RNascH in the solution state (open circles). 

example, the data for A51, A58, and A125 as shown in Fig. 45 deviate from the 
correlation curve; where A, indicates the ith L-alanine residue. These L-alanine 
residues do not form any hydrogen bond in the protein; that is, the solvent 
molecules or side-chains of adjacent residues can be proximate to the 
Cp-methyl group. From such a situation, it is thought that the isotropic chemical 
shifts for the A51, A58 and A125 Cp-atoms are affected by not only their 
main-chain dihedral angles but also by the above-mentioned interactions. It is 
important in studying the functional aspects of a protein to detect these 
interactions. The detection of such interactions in solution can only be done 
by a comparison of solid-state NMR measurements and chemical shift 
calculations, as well as solution NMR and X-ray diffraction studies. 

'.7C chrmicul shifts of the C,-utoms of the L-Ala residues in RNase H 

Chemical shift calculations for the L-alanine residue C,-atoms have been 
carried out by the GIAO-CHF method with a 4-31G basis set. In this 
calculation, N-acetyl-N'-methyl-L-alanine amide (Ac-L-Ala-NHMe) with the 
dihedral angles (4,  $) is employed. The experimental and calculated isotropic 
chemical shifts are shown in Table 13. A comparison between the experimental 
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Fig. 46. Comparison of the calculated chemical shifts with the observed shifts of the 
L-alanine residue C,-carbons in some peptides in the solid state (solid squares) and in 
RNaseH in the solution state (open circles). 

and the calculated 13C chemical shifts is shown in Fig. 46. From this figure it is 
found that there is no clear relationship between the experimental and the 
calculated chemical shifts. This is because we carried out the calculation 
without taking account of hydrogen-bonding effects. Although we have tried 
to perform calculations taking hydrogen-bonding into account, we have so far 
suffered from being unable to obtain the self-consistent field (SCF) conver- 
gence. 

4.3. The relationship between the helical conformation and I3C NMK 
chemical shift of the carbonyl-carbons of polypeptides in the solid state 

It has been demonstrated that the 13C chemical shift contour map for the 
Cp-carbon reasonably explains the experimental 13C chemical shift behaviour 
for the L-alanine residue with the a-helix, /3-sheet, etc. However, from the 
experimental results reported p r e v i o ~ s l y , ~ ~ ~ ~ ~ ~ ~ ~ ' ~ ~  it ' has been shown that the 
13C chemical shifts of the amino carbonyl-carbons of various amino acid 
residues such as those of glycine (Gly), L-Ala, L-valine (1-Val), L-leucine 
(1-Leu) and L-asparatic acid (L-As~)  residues are closely related to the 
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hydrogen-bond length. From these previous results, it can be appreciated that 
the I3C chemical shift of the amide carbonyl-carbon in polypeptides is closely 
related not only to the main-chain conformation but also to the hydrogen-bond 
length. In the helical region it is apparent from the structural requirement that 
in the helical conformation formed by intramolecular interactions there is a 
close relationship between the dihedral angles (4, $) and hydrogen-bond 
length for the peptides and polypeptides. Therefore, if in the right-handed helix 
region (the dihedral angles (4 = -110" to -20" and IC, = -110" to -20")) the 
dihedral angles (4,$) are fixed, the hydrogen-bond length and angle are 
immediately determined. This means that the conformation dependence of the 
I3C chemical shift of the amide carbonyl-carbon comes from the hydrogen- 
bond length variation through a change of the dihedral angles (4, $). With this 
in mind, the ''C chemical shift contour map of the amide carbonyl-carbon of 
some amino acid residues is produced as a function of the dihedral angles (4, $) 
in the vicinity of the helix region using the relationship between the I3C 
chemical shift and hydrogen-bond length reported previously. This contour 
map has been used to explain satisfactorily the experimental I3C chemical shift 
behaviour. 

Calculation of the hydrogen-bond lengths and angles as functions o,f the 
dihedral angles (4, $) 

Polypeptides with a helical conformation form intramolecular hydrogen bonds 
that stabilize the conformation. The hydrogen-bond length and angle are 
closely related to the main-chain helical conformation with specified dihedral 
angles (+,$) in the vicinity of the a-helix form. Thus, when standard 
geometries are used for the bond lengths and bond angles,lo3 the main-chain 
conformation and also the hydrogen-bond length and angle can immediately 
be determined by giving the dihedral angles (4, $ ) . I o 4  

In geometrical calculations on intramolecular separation (RN o)  between 
nitrogen and oxygen atoms in the )C=O...H-N( form and hydrogen-bond 
angle (LC=O.. .N),  we have adopted a pentapeptide molecule as a model for 
polypeptides. The a-helical conformation for the pentapeptide is shown in Fig. 
47, where the dotted line shows the intramolecular hydrogen bond. The bond 
lengths and angles are assumed to be the same for all of the amino acid residues 
except for LC(=O)-C,-N. The bond lengths for the N-C,,, C,-C(=O), 
C(=O-N and C=O bonds are assumed to be 1.453, 1.530, 1.325 and 
1.230 A, respectively, and the bond angles for LC,,-C(=O)-N, LO-C-N, 
LC,--C=O and LC(=O)-N-C, are assumed to be 115.0", 124.5", 120.5' and 
121.0", respectively.lo3 As the bond angle 0, we use 111.0" for the Gly residue 
and 109.3" for the L-Ala, L-Leu, L-Val and L - A s ~  residues.'('3 The angle w is fixed 
to be 180" for all of the amino acid residues. 

Using these bond lengths and angles, the hydrogen-bond length and angle 
for any specified helix forms in polypeptides can be calculated as a function of 
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Residue 1 Residue 2 Residue 3 Residue 4 Residue 5 

Fig. 47. Molecular structure of pentapeptide molecule. The possible hydrogen bond 
obtained by forming the a-helix form is shown by the dashed line. The definition of the 
dihedral angles (4, $) is indicated. For the bond angle 0 (LC(=O)-C,-N), 111.0" is 
used for the Gly residue and 109.3' for the L-Ala, L-Leu, L-Val and L - A s ~  residues. 

the dihedral angles (4, +) in the skeletal bonds. The calculations were carried 
out at intervals of 1' by changing the dihedral angles (4, +) from -110" to -20" 
in the vicinity of the right-handed a-helix form (4 = -57.4' and + = -47.5'). 
The hydrogen-bond lengths and bond angles obtained are shown as the 
contour maps of functions of the dihedral angles (+,+) in Figs. 48 and 49, 
respectively. 

Calculation of the I3C NMR chemical shift contour map as a function of the 
dihedral angles (4, +) 

In previous work on the effect of hydrogen-bonding on the I3C chemical shift 
of the amide carbonyl-carbon in solid polypeptides and ~ l i g o p e p t i d e s , ~ ~ ~ ~ ' ~ ~ ~ * ' ~ ~  
it has been demonstrated that the isotropic chemical shifts (Siso) of the Gly, 
L-Ala, L-Val, L-Leu and L - A s ~  residues are predominantly governed by RN.. .O,  

the separation between the nitrogen and oxygen atoms in the hydrogen bond, 
and move linearly to high frequency with a decrease in RN...O as expressed in 
ppm by Eqs (36)-(41). 

Using these relationships, the RN . . .O  values of polypeptides in the solid state 
have been determined through the observation of the carbonyl I3C chemical 
shift. Further, it has been shown that the RN...O values for the guest Gly residue 
incorporated into host polypeptides and proteins are successfully determined 
through the observation of the carbonyl I3C chemical Using Eqs 
(13)-(18) and the calculated RN ...O contour map (Fig. 48), the 13Cchemical shift 
contour map was produced as a function of the dihedral angles (4, +) as shown 
in Fig. 49. On the basis of these contour maps, the main-chain helical 
conformation is analysed below. 
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'-3C chemical shift contour maps for the carbonyl-carbon of the Gly, L-A~u,  
L-Leu, !>-Val and L - A s ~  residues 

The bold solid lines in Figs 48a and 48b show the RN...O contour maps as 
functions of the dihedral angles (4,  $) for the Gly residue, and for the L-Ala, 
r.-Leu, L-Val and  asp residues in the vicinity of the right-handed a,-helix 
form, respectively. RN...o is expressed in angstroms at 0.3 A intervals in the 
range from 2.5 to 3.0 A. It can be seen that each of the contour lines on the map 
distributes from the top left (4 = -110", $ = -20") to the bottom right 
( 4  = -20', $ = - 1100) in Figs. 48a and 48b, and the region of the contour line 
decreases with a decrease in RN ...,. 

As the angle LN-Ca-C(=O) of the Gly residue is different from that of 
the L-Ala, L-Leu, L-Val and L - A s ~  residues, the RN . . . O  contour map for the Gly 
residue (Fig. 48a) is somewhat different from that of the L-Ala, L-Leu, L-Val and 
L - A s ~  residues (Fig. 4%). For example, the region of the contour line for the 
Gly residue, as shown in Fig. 48a, is smaller compared with the maps for the 
L-Ala, L-Leu, L-Val and L - A s ~  residues at the same value of RN . . . O .  

As shown in Figs. 48 and 49, as the dihedral angles (4,  $) are varied, the 
hydrogen-bond angle changes together with change of RN . . .O.  The broken lines 
in Figs. 48a and 48b show the hydrogen-bond angle (LC=O.. .N) contour map 
as a function of the dihedral angles (4, $). The angle LC=O-. .N is expressed 
in degrees at 20' intervals in the range from 90" to 180". As seen from 
these figures, the deviation of the dihedral angles (4,  $) from ( 4  = -57.4', 
$ = -47.5') (the a-helix form) leads to a deviation of the angle LC=O. . .N 
from 180" (the linear hydrogen bond). Further, it is seen that the hydrogen- 
bond angle (LC=O.. .N) contour map for the Gly residue is similar to that for 
the L-Ala, L-Leu, L-Val and L - A s ~  residues. This is different from the case of 
the RN . . .O  contour map. 

Using Eq. (14) and the calculated RN ...O map for the Gly residue (Fig. 49a), 
the contour maps for polyglycine (poly(G1y)) were produced as functions 
of the dihedral angles (4, $) as shown in Fig. 49a. Similarly, using Eqs. (13)-( 17) 
and the calculated RN...() maps for the I.-Ala, L-Leu, L-Val, and L - A s ~  residues 
(Fig. 48b), the a,,, contour maps for poly(L-Ala) were produced as functions 
of the dihedral angles (+,$) as shown in Fig. 49b. The tiiso value for the amide 
carbonyl-carbon of poly(L-Ala) with the a-helix form is 176.8 ppm," and the 
dihedral angles (4 ,  $) determined by X-ray diffraction are 4 = -57.4' and 
$ = -47.S'.20 The data point for the a-helix form fixed with tiiso = 176.8 ppm 
and ( 4  = -57.4', 9 = -47.5') (indicated by "c") is correctly placed on the 
predicted contour maps as shown in Fig. 49b. From this result, the possible 
dihedral angles (4 ,$)  for unknown conformations of polypeptides can be 
predicted by the a,,, contour maps (Figs. 49a and 49b) for the amide 
carbon yl-carbon. 

The hydrogen-bond angle is within a specified range for a given 
hydrogen-bond form. Most of the LC=O.. .N values for oligopeptides and 
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polypeptides used in our previous ~ ~ r k ~ ~ , ~ ~ , ~ ~ , ~ ~ ~  are within the range 145" to 
165", and the mean value and standard deviation are 156" and +4", respectively. 
From this limitation, the acceptable region in the a,,,, contour maps is between 
the hydrogen-bond angle contour lines at LC=O. . .N = 152" and 160", and 
so the optimum dihedral angles (4, $) are predicted to be at the crossing point 
of the hydrogen-bond angle contour line at LC=O.. .N = 156" and the I3C 
chemical shift contour line. The probable dihedral angles (4, $) of poly(L-Ala) 
with the a-helix form are at the crossing point between the hydrogen-bond 
angle contour line at LC=O.. .N = 156" and the 6,,, contour line at 176.8 ppm. 
There are two crossing points, as seen from this contour map, but the point 
in the vicinity of 4 = -57.4" and = -47.5" is acceptable for the a-helix as 
indicated by "a" in Fig. 49b. Thus, the predicted dihedral angles (+,$) are 
not far from the dihedral angles (4 = -57.4", $ = -47.5') corresponding to 
the a-helix form indicated by "c" in Fig. 49b. Moreover, using Eq. (18) and 
the calculated RN map for the Gly residue (Fig. 48a), the 622 contour map 
for poly(G1y) was produced as a function of the dihedral angles (4, $) as shown 
in Fig. 49c. 

Application of the contour '.'C chemical shift map to the elucidation of the 
conformational behaviour of a small protein (BPTI) 

Values of the dihedral angles (+,I)) and RN...O of BPTI are accurately 
determined by X-ray d i f f r a ~ t i o n , 2 ~ , ~ ' , ~ ~  and the assignments of the 13C NMR 
signals for the C, and amide carbonyl-carbons are made by solution NMR 
measurements." In BPTI, the 47th to 56th amino acid residues, Ser(47)- 
Ala(48)-Glu(49)-Asp(50)-Cys( 5 1)-Met( 52)-Arg( 53)-Thr(54)-Cys( 55)-  
Gly(56), take the a,-helix conformation. The oxygen atom in the amide 
group of the Ala(48) residue with the a,-helix forms an intermolecular 
hydrogen bond with the nitrogen atom in the amide carbonyl group of the 
Met(52) residue. The ais0 value for the amide carbonyl-carbon of Ala(48) is 
177.9 ~ p m , ~ ~  and the dihedral angles (4, $) determined by X-ray diffraction are 
(4 = -61.7", I,!J = -35.9").42 From the crossing point between the a,,, contour 
line at 177.9ppm and the hydrogen-bond angle contour line at 156" in Fig. 
49b, the dihedral angles (+,$) for Ala(48) in BPTI are predicted to be 
(4 = -45", $ = -61"). These are very close to the dihedral angles (4 = -61.7", 
$ = --35.9") determined by X-ray diffraction. This means that the 13C chemical 
shift contour map is very useful for analysing the conformations of polypep- 
tides and proteins through the observation of the I3C chemical shift of the 
amide carbonyl-carbons. 

Finally, it can be concluded that the "C chemical shift contour maps are very 
useful for predicting the dihedral angles (4, $) of polypeptides and proteins in 
the solid state through the I3C shifts of the amide carbonyl-carbons of the Gly, 
L -AI~ ,  L-Leu, L-Val and L - A s ~  residues. 
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Fig. 49. The 6,,, contour maps for (a) Gly and (b) L-Ala residue 
carbonyl-carbons and (c)  the & contour map for the Gly 
residue carbonyl-carbon as functions of the dihedral angles 
(4, +). Magnification of the range of the dihedral angles (4, +) 
from 4 = -65" to -35" and from + = -65" to -35" is shown in 
the lower left of (b). The labels a and b indicate the predicted 
dihedral angles (4, +) for poly(L-Ala) and any specified amino 
acid residue sequence with cuR-helix form in BPTI, respectively, 
obtained from the 6,, for L-Ala and Eq. (36). The labels c and 
d indicate the dihedral angles (4, +) for poly(L-Ala) and BPTI 
with aR-helix form, respectively, obtained by X-ray diffrac- 
tion. 
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5. CONCLUSIONS 

As discussed, it is concluded that solid-state high-resolution NMR 
spectroscopy combined with quantum-chemical calculation is a very useful 
methodology for elucidating the hydrogen-bonded structure of peptides and 
polypeptides, including proteins, in the solid state. 
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This chapter extends upon the chapter ‘Gradient NMR’  (Annual  Reports on N M R  
Spectroscopy 32, 51-142 (1996)) and covers the use of gradients f o r  providing spatially 
dependent information. The chapter provides a general coverage of nonclinically 
oriented imaging especially high-resolution imaging (i.e., N M R  microscopy), and surveys 
the types of experiments that are currently feasible and their applications. The  chapter 
begins with a conceptual introduction to imaging followed by  a discussion of the 
“building blocks” of imaging pulse sequences In subsequent sections, the physical 
phenomena that produce contrast in images are considered as well as the pulse sequences 
that can be used to incorporate these sources of contrast into the image. The technical and 
hardware aspects of imaging are presented as well as a discussion of artefacts and 
complications in imaging. In the final section some examples o f  the applications to which 
imaging has been applied ure surveyed. 

1. INTRODUCTION 

NMR imaging has been recognized as a powerful diagnostic tool in medicine 
for more than two decades. In medical imaging systems the resolution is 
generally of the order of 1 mm’. More recently and with the advent of smaller 
imaging systems (e.g., radiofrequency and gradient coils built especially for 
NMR tube size samples), ever higher levels of resolution are being obtained. 
In fact, the major NMR instrument makers now offer imaging accessories for 
many commercial spectrometers. Levels of resolution with volume element 
(voxel) sizes less than (100 pm)’ are now very commonplace. High-resolution 
imaging is generally termed NMR microscopy as the human eye cannot resolve 
voxels smaller than (100 pm)’. Presently, the highest resolution obtained is 
under (10 ~ m ) ~ .  The proton is still the predominant choice for imaging owing 
to its higher sensitivity and magnetogyric ratio. Other common nuclei are *H, 
”0, ‘’F, 23Na and 3’P. However, with the increasingly higher fields and more 
sensitive imaging probes, the range of feasible nuclei for imaging studies is 
increasing. Nonmedical imaging generally has fewer restrictions on the amount 
of time for which the sample may be imaged and on the experimental 
conditions such as RF  irradiation limits. 
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NMR imaging is essentially the use of one or more magnetic ( B J  or 
radiofrequency ( B , )  gradients to provide a well-defined spatial dependence to 
nuclear spin dynamics. A spatial image of the sample can then be reconstructed 
from the NMR signals acquired. The actual appearance of the image depends 
not only upon the spin density but also upon sources of contrast (e.g. local field 
fluctuations, molecular rotational dynamics and molecular translational mo- 
tion), which modulate the image intensity and thus impart a signature of the 
local environment of the spin on to the image. In the case of biological studies, 
NMR microscopy provides excellent soft-tissue contrast and can make use of 
a number of endogenous contrast mechanisms that are directly related to tissue 
biochemistry, pathology and physiology. Although NMR microscopy can never 
compete with, for example, electron microscopy in terms of spatial resolution, 
it is the additional sources of contrast and the fact that the image results from 
the density of the particular type of spin being observed (e.g. ‘H) or even a 
particular molecule, together with the noninvasive nature of NMR, that 
set NMR imaging apart from all other forms of optical microscopy and 
tomography. ’ 

Owing to the increasingly higher resolution obtainable and its ability to 
provide information on the spatial distribution of chemical species, spatially 
localized velocity and self-diffusion measurements, all in a noninvasive man- 
ner, imaging is becoming a standard tool with myriad applications in many 
areas of  science. Areas of application include biotechnology, fluid dynamics, 
the food industry, natural product processing, petrochemicals, fluid dynamics, 
plant physiology, porous materials, the morphology and dynamics of polymeric 
materials and molecular dynamics. 

This chapter extends upon the earlier contribution in the series, “Gradient 
NMR”.’ Whereas the earlier chapter was mainly concerned with the behaviour 
of nuclear spins under the influence of a single gradient, this chapter is 
concerned with the theory and applications of more than one gradient. The 
purpose of this chapter is threefold: (1) to provide a general coverage of 
selected areas in imaging so as to provide a “flavour” of what sort of 
information can be obtained; (2) to describe what type of experiments are 
currently feasible; and (3) since it is not possible to adequately survey either 
the methods or applications of imaging in a single chapter, to provide pointers 
to other sources of information. NMR imaging actually includes a number of 
subdisciplines including localized spectroscopy in which imaging techniques 
are used to provide spectroscopic information from a limited region of a whole 
sample (i.e. volume of interest: VOI), medical imaging, solid-state imaging and 
imaging of diffusion and flow. Particular emphasis will be placed on recent 
developments in imaging techniques, with a bias towards those that involve 
higher-resolution (i.e. microscopy) and nonmedical applications. Historical 
aspects can be found el~ewhere.~,“ Since NMR imaging is now such a huge area 
of research, the following areas are either beyond the scope of the present 
chapter or will be only mentioned in passing: imaging using surface coils and 
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localized spectroscopy,’ ESR and EPR imaging6 and force detection imaging.7 
The area of solid-state imaging was reviewed by CoryX in this series, and this 
chapter will not attempt to cover this area in any depth. 

In Section 2, a conceptual introduction to imaging is presented, while in 
Section 3 the “building blocks” of imaging pulse sequences are discussed. In 
Section 4, the physical phenomena that produce contrast in images are 
considered. However, diffusion and flow as sources of contrast are considered 
separately in Section 6. Some representative imaging pulse sequences are 
presented in Section 5 ,  with attention paid to how the contrast factors are 
incorporated. The technical and hardware aspects of imaging are presented in 
Section 7. Discussion of artefacts and complications is delayed until Section 8 
since these can result from the sample, the pulse sequence or the hardware. 
Finally, in Section 9, some examples of the applications to which imaging has 
been applied are surveyed. 

1.1. Literature sources 

It should be noted that the recent Encyclopedia of Nuclear Magnetic 
Resonance’ has chapters devoted to nearly every conceivable area of imaging 
and its applications. Reviews on specific areas of imaging are listed in the 
relevant sections in this chapter. While the common thread in imaging is the 
use of gradients, the common thread in the imaging literature is the plethora 
of acronyms, some for the same imaging technique, which results in maximum 
confusion for the reader. 

The most complete treatment of imaging theory and techniques is that by 
Callaghan.3 The book edited by Bliimich and Kuhn” includes chapters dealing 
with many aspects of theory and application. More medically oriented books 
on magnetic resonance imaging (MRI) are by Mansfield and Morris,” Foster 
and Hutchison,’2 and Morris.13 There have been numerous review articles on 
NMR imaging and m i c r ~ s c o p y ’ ~ ~ ~ ”  and also reviews on gradients featuring 
sections on imaging.1x.19 There have also been a few reviews on specific areas 
which are either totally or partially devoted to imaging applications. Many of 
these are listed in Section 9. The review by Gladden2() specializes in applica- 
tions to engineering. The area of solid-state imaging forms a very large body 
of work and there have been a number of  review^.*.^'-^^ 

2. BASIC IMAGING PRINCIPLES 

This section attempts to provide a conceptual background to the imaging 
process sufficient to render the remainder of the chapter comprehensible and 
to provide an overview of how imaging (and this chapter) fits together. 
Crooks” has provided a succinct overview of image reconstruction methods 
including the factors leading to contrast. 
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Most of the work described in this chapter is based on variants of imaging 
techniques that produce images of all points within a plane, that is the 
projection reconstruction29 and Fourier imaging'" techniques. As will be seen 
below, imaging can be performed using B,, and/or B ,  gradients. The properties 
of B ,  gradients are generally analogous to those of Bo gradients except that 
whereas a B(, gradient has a spatially dependent effect on the resonant 
frequency, B1 gradients have a spatially dependent effect on  the nutation 
angles.I8 As most of the current imaging studies are based on Bo gradients, they 
represent the primary focus of the present chapter. However, it should be 
emphasized that under some circumstances B ,  gradients have advantages and 
these will be pointed out in the relevant sections. 

At the most elementary level, the image can be thought of as a map of the 
spatial nuclear spin density, p(r). Imaging is the technique by which the 
behaviour of the spins can be modulated by using cogent combinations of 
delays. radiofrequency (RF) pulses and gradients to obtain information on 
p(r). The fundamental equation for describing NMR imaging is the Larmor 
equation, which for a single quantum transition in the presence of a static field 
of strength Bo (T) and a (normally linear) gradient G (T m-') is given by 

w(r) = yBo + y G . r  (1) 
ii i---' 

hc~mogrnei~u\ inliomogeneou\ 
\patl'llly \patlally 

where w (rad s-') is the Larmor frequency, y (rad T-' s-I) is the gyromagnetic 
ratio and we have neglected the small effect of the shielding constant. Thus, as 
depicted in Fig. 1, a spatially well-defined gradient applied to the nuclear spin 
results in a spatially dependent Larmor frequency (that is, spatial displace- 
ments in the direction of the gradient become frequency displacements). It is 
convenient to define a quantity 

k = (2r)- 'yGt  (2) 

Thus k has units of m-' and can be thought of as a reciprocal space vector. From 
Eq. (2) i t  can be seen that k-space can be traversed by either changing the 
magnitude of G or altering the  duration, t ,  of the application of G. The 
direction of the traverse is given by the direction of G. We can express the 
observed signal, S(k), as a function of k as 

S(k) = p(r)elZd'dr (3 )  I 
Thus, from Eq. (3) it can be seen that p(r) in the conjugate r-space can be 
reconstructed from S(k) by Fourier transformation, that is 

(4) 
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Fouricr Transform I 

Fig. 1. An example of the use of a gradient and an RF pulse to  produce a 
one-dimensional “image” or profile of an NMR tube containing water and a Teflon plug 
with two holes in it. The static field and the applied gradient are oriented down the tube 
( i t .  the z direction). In the absence of the gradient, all water protons, neglecting the 
small susceptibility and imperfections in Bo, have the same Larmor frequency. If a 
gradient is applied, the Larmor frequency becomes a function of the z position and thus 
the signal acquired shows two peaks corresponding to rcgions of high (NMR-visible) 
proton density, i.e. the water in the holes. 

While conceptually correct, Eqs (3) and (4) do not indicate how to fill the 
void between theory and practice in imaging. Imaging involves a number of 
steps (see Fig. 2). In essence p(r) is a three-dimensional (3D) quantity and thus 
we require three orthogonal gradients (i.e. one for each spatial dimension) in 
order to obtain the observed image, pl(r). Typically, not all of the image is 
sampled and even then, and as is usually the case, only a two-dimensional (2D) 
slice through the sample is acquired. A combination of gradients and (selec- 
tive) RF pulses is used to acquire an image of (a section of) p(r) into k-space 
in the form of the signal S(k). Depending on the experimental conditions used 



I M A G E  
R E C O N S T R U C T I O N  

J 

Fig. 2. A schematic representation of the imaging process. The spin density in r-spacc 
is transformed into a k-space representation using the imaging pulse sequence (i.e. 
gradients, delays and R F  pulses). Depending on the sample and the pulse sequence 
employed, the signal acquired, SJk), is modulated by contrast factors according to the 
properties of the sample. The image is thcn reconstructed from the acquired data set 
using a conjugate (e.g. Fourier) transform. Finally, the image may be further enhanced 
using image processing to give the final image, p,(r). (After Callaghan.3) 
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(i.e. delays, gradient and RF  pulses), the signal S(k) will be modified such that 
nuclei with some distinctive property (chemical shift, relaxation behaviour, 
dipolar or scalar couplings, flow or diffusion, etc.) will have an unequal 
weighting in the signal (i.e. the signal will not just be a function of the 
population density of the observed nuclei). We will denote the signal modified 
to include the effects of contrast as S,(k). S,(k) is then transformed to give 
the nuclear spin density including the effects of a contrast factor C(r), 
pc(r) = C(r)p(r). Finally, pc(r) is processed (i.e. image processing), which may 
include the application of digital filters, etc., to give the displayed image 

In Section 3 we consider in detail the building blocks (e.g. including volume 
selection, selective excitation) of imaging pulse sequences that can be used to 
transform from p(r) to S,(k). In Section 4 image contrast is considered and how 
it can be incorporated into the acquired signal (i.e. S,(k)). In Section 5 
reconstruction of the image is considered (i.e. S(k) - pl(r)). 

P W  

3. SPATIAL ENCODING AND DECODING 

3.1. Introduction 

In this section the ways in which a combination of gradients and RF  pulses can 
be used to transform from r-space to k-space are considered. There are three 
common ways in which a gradient can be used to impart a spatial dependence 
into the acquired NMR signal, (1) slice selection, (2) frequency-encoding and 
(3) phase-encoding, and these will be discussed in Sections 3.2-3.4, respec- 
tively. In Section 3.5 selective RF pulses are considered, and finally in Section 
3.6 two typical imaging sequences are described. Mulkern31 has provided a 
detailed summary of the in-plane spatial encoding process. 

3.2. Slice selection 

A slice of a sample can be selectively excited by the simultaneous application 
of a well-defined gradient through the sample to achieve a spatially dependent 
Larmor frequency (i.e. Eq. (1) and Fig. 1) with a frequency-selective (i.e. 
“soft”) RF  pulse (see Fig. 3 ) .  The slice thickness (Az) will depend on the 
strength of the applied gradient and the frequency selectivity of the R F  pulse, 
Am,, (see Section 3 3 ,  
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Slice G, - 
gradient 

Further, the slice position is determined by the frequency ( w B , )  of the 
excitation field B,(t) with respect to the Larmor frequency (wo = yBo) resulting 
from the static (polarizing) field, Bo 

Y 

The concept of slice selection is shown schematically in Fig. 3.  It should be 

t z 

rf 
B 

Slice G, RW ~ 

gradient 

Fig. 3. Two possible slice selection schemes using selective RF pulses (denoted by the 
approximate sinc function shapes) together with a gradient applied perpendicular to the 
slice of interest. In scheme (A) the magnetization in the slice is rotated into the xy plane. 
Since the transverse magnetization is dephased during the slice selection, a short, 
negative gradient is applied immediately after the RF pulse to refocus the mag- 
netization. (B) Slice selection using a T pulse. The magnetization is automatically 
refocused. 
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noted that any arbitrarily oriented plane can be selected by imposing a gradient 
normal to the required image plane. 

The magnetization components within the excited frequency range are 
completely dephased immediately after the RF  pulse and, consequently, the 
signal originating from different positions within the slice along the gradient 
direction will interfere destructively with one another. Thus, in the simplest 
case it is necessary to apply a negative gradient for a short period of time 
immediately after the RF  pulse to refocus the magnetization (see Fig. 3A). A 
rr pulse (see Fig. 3B), however, is self-refocusing. Other refocusing methods 
such as prefocused p ~ l s e s ~ * - ’ ~  are possible and these have been considered in 
detail by Callaghan.’ 

3.3. Frequency encoding 

If an NMR signal is acquired in the presence of a gradient, then the frequencies 
contained in the NMR signal will have a spatial dependence (see Eq. (1)) or, 
conversely, the spatial dimension along the direction of the gradient is 
frequency-encoded. In the simplest implementation, a gradient is applied 
immediately after the excitation pulse and the free induction decay (FID) is 
acquired in the presence of this gradient, subsequent Fourier transformation 
of the FID gives the one-dimensional (1D) profile p ( z )  in the direction of the 
gradient, which we have taken to be z in this case (see Fig. 1). When used in 
this way, the applied gradient is termed the frequency-encoding or readout 
gradient. It is clear that frequency-encoding can be performed in a single 
scan. 

The simplistic pulse sequence featured in Fig. 1 is susceptible to the effects 
of eddy currents generated by the rapid switching of the gradient (see Section 
7 3 ,  which distort the FID and consequently the resulting image. A common 
means of circumventing this problem is to use an echo sequence such that by 
the start of signal acquisition the perturbations of the magnetic field due to the 
eddy currents have become negligible. There are two types of echoes that can 
be used: (1) spin-echoes (see Fig. 4A) and (2) gradient-echoes (see Fig. 4B). 
Hennig has presented a detailed discussion of the echoes and their place in 
imaging.35.’6 It is important to understand the distinction between a gradient- 
and a spin-echo. In the case of a gradient-echo, at the time of signal acquisition 
only the gradient-induced phase has been refocused. In the case of the 
spin-echo, not only is the gradient-induced dispersion refocused but, by virtue 
of the inclusion of the rr RF pulse, chemical shifts and frequency dispersion due 
to residual Bo inhomogeneity and susceptibility effects in heterogeneous 
samples are also refocused. Whether this difference is significant in practice 
depends on the experimental conditions. 

In a more general case when unequal gradient strengths are used during the 
defocusing and refocusing periods, refocusing occurs when the “area” of the 
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n/2 n 

rf 
A 

G L 

n/2 

Fig. 4. (A) Gradicnt- and (B) spin-echo schemes for frequency encoding. Both 
sequences contain two gradient pulses. In the case of the gradient-echo, the gradient 
pulses are antiphase, while in thc spin-echo sequence the sign of the applied gradient 
in thc second half of the sequence is effectivcly negated by the T pulse. In a 
gradient-echo, only the phase dispersion resulting from the gradient pulses is refocused 
by the beginning of signal acquisition. In the spin-echo sequence, not only is the 
gradient-induced dispersion refocused but also chemical shift effects and dispersion due 
to magnetic inhomogeneities in the sample. 

gradient in the defocusing period equals that of the refocusing period, 

G(t)  dt = P(r) di 
defocusirig refocusing 

(7) 

In Eq. (7) the gradient is written as G(t) to emphasize that the gradient itself 
may bc a time-dependent function. 
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3.4. Phase encoding 

The third method of obtaining spatial information is to consider a spatially 
dependent phase change. If a gradient is applied for a fixed time, t ,  prior to 
signal acquisition then the phase of the signal, 4, is spatially dependent, 

where the integrand is identically given by w(r) as in Eq. (1). Since Bo is 
(effectively) homogeneous through the sample, it does not contribute to the 
spatial dependence. In this case the gradient is referred to as a phase-encoding 
gradient. In contradistinction to frequency encoding, in phase encoding it is 
necessary to observe an appropriately phase-encoded signal multiple times. 

3.5. Selective excitation 

In Section 3.2 it was noted that the slice thickness was a function of the 
selectivity of the RF  pulse in the presence of the slice selection gradient. The 
selectivity of a rectangular R F  pulse can be increased merely by lengthening 
the pulse and using a reduced power; however, this approach is limited as it 
results in a sinc function-shaped excitation profile. Also, to achieve the desired 
selectivity, the pulse duration will eventually become too long and relaxation 
effects may become significant during the pulse. Selective RF  pulses can be 
grouped into amplitude-modulated and frequency- (or phase-) modulated 
pulses. There have been a number of reviews on shaped pulses, selective 
excitation and design  technique^."^^' 

When considering the use of a selective pulse, a number of factors must be 
considered including the excitation profile and the phase of the excited 
magnetization, the duration of the pulse and its vulnerability to machine 
limitations such as RF  inhomogeneity. Finally, it is necessary to consider 
whether it is technically possible to produce the pulse and whether it will cause 
excessive heating of the sample (although this is normally not a problem with 
nonbiological samples). In NMR microscopy, the RF homogeneity is normally 
quite good and, as a result, amplitude-modulated pulses are typically used. The 
exact magnetization excitation pattern resulting from an RF  pulse can in 
general be calculated from the Bloch equations. However, the reverse problem 
of how to find the form of the time-domain RJ? excitation needed to achieve 
the desired frequency domain is not straightforward, owing to the nonlinearity 
of the Bloch equations. Insight into the problem can be gained by assuming that 
the magnetization behaves as a linear system in response to an RFpulse. Under 
this condition and certain restrictions, the frequency domain excitation pattern 
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generated by an arbitrarily shaped pulse is directly proportional to the Fourier 
transform of the pulse. Thus, to obtain a rectangular excitation profile, the 
shape of the time-domain RF  pulse should be modulated according to the 
Fourier transform of a (rectangular) sinc function. However, time restraints 
require the selective pulse to be as short as possible, and the selective pulse 
used for slice selection is one that is amplitude-modulated as a sinc function 
and truncated over a finite interval of time. A number of approaches for 
optimizing amplitude-modulated pulses have appeared in the literature, 
including optimal control theory (see the review by Warren and Silver”) and 
Shinnar-Le Roux (SLR) pulse design (see the review by Maudsley and 
Matson”’). 

Frequency-modulated (or adiabatic) pulses operate according to a spin- 
locking mechanism in which the spins follow the direction of the effective B, 
field. An advantage of frequency-modulated pulses is that they are able to 
maintain both selectivity and tip angle over a range of RF  power. Consequently 
they have found application in surface coil studies. 

3.6. Typical 2D and 3D imaging sequences and nomenclature 

3.6.1. Introduction 

Using the different spatial encoding techniques outlined in Sections 3.2 to 3.4, 
it is possible to construct many imaging schemes (see, for example, Section 5). 
After exciting a single slice through the sample, there comes a choice of how 
to sample k-space. The geometry in which the plane is sampled is known as the 
“raster” and how it is sampled will affect both the efficiency of the sampling 
procedure and the reconstruction procedure. If the slice is sampled in a 
Cartesian raster, the imaging process is termed Fourier imaging; alternatively, 
if the slice is sampled in a polar raster, it is termed projection reconstruction. 

3.6.2. Fourier imaging 

Imaging is by nature a three-dimensional (3D) experiment and as a con- 
sequence requires three orthogonal gradients (see Eq. (1)) to locate a spin in 
laboratory space. However, the acquisition of a full 3D data set comes with 
substantial time and memory requirements. It is more typical to acquire a 
two-dimensional slice through the sample. This dramatically reduces the size 
of the acquired data set from the order of N’ to N 2  where N is the number of 
discrete points sampled. A simple sequence for Fourier imaging is depicted in 
Fig. 5. This can be likened to a two-dimensional NMR experiment as it 
comprises clear preparation, evolution and detection periods. During the 
preparation period the magnetization is allowed to reach a steady-state 
condition (N.b., time constraints normally preclude full relaxation in imaging 
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Fig. 5. A basic two-dimensional Fourier imaging sequence. A slice is first selected using 
a gradient-echo by applying a selective RF pulse in the presence of the slice gradient 
(GJ as shown in Fig. 3. The slice is then sampled in k-space with two orthogonal 
gradients (Le. G,, the phase gradient, and G,, the read gradient) producing a 
Cartesian raster which subdivides the slice into a "matrix" with 256 X 256 elements. 
In this example, N data points are sampled from k, = -(1/2n)yGr(4N)T to 
k, = (l/2.rr)yGX(4N- l )T and thus all four quadrants of k-space are sampled. 
Alternatively, the read gradient could be started later and only the second half of 
the echo acquired, which would then correspond to sampling from k, = 0 to 
k ,  = (l/2.rr)yGx(N - 1)T. TE denotes the echo time. The precursor read gradient before 
the .rr pulse causes a delayed "spin-echo'' to be formed so that the origin of k-space is 
shifted away from the leading edge of the gradient. 
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experiments). A slice is selected by applying a selective R F  pulse in the 
presence of the slice gradient (i.e, Gz). This (two-dimensional) slice or 
“imaging plane” is then sampled using two other orthogonal gradients. One 
gradient (i.e., C,) serves to phase-encode the magnetization with information 
on they coordinate (see Eq. (8)). During the detection period (i.e. acquisition) 
the FID is frequency-encoded owing to the presence of the third orthogonal 
gradient (i.e. the read gradient, Gr). A series of FIDs are collected while either 
incrementing or decrementing G, by a set amount (AG,) in successive 
experiments. The recycle delay, TR, is the time from the beginning of one 
sequence to the start of the next and the echo time, TE, is defined in Fig. 5. It 
should be noted that the choice of x, y and z gradients for read, phase and slice 
gradients is purely arbitrary and any permutation is possible. Thus, this method 
samples k-space in a Cartesian coordinate system in the xy plane with the units 
of the abscissa (k,)  and the ordinate (k , )  being (2rr)-’yG,t, and (2rr)-’yGYt,, 
respectively, as depicted in Fig. 5. Normally, a fixed phase period is used and 
the gradient magnitude is varied so that the time of the experiment stays 
constant. This procedure is also known as “spin warp imaging”. Thus, ignoring 
the average across the slice (i.e. the integral over the slice thickness) and 
neglecting the effects of spin relaxation, the signal in a two-dimensional image 
(a two-dimensional version of Eq. (3)) is 

Two-dimensional Fourier transformation of the data (Eq. (9)) will return 
the image (i.e. p(x ,y ) ) .  k-Space is sampled with a finite number of points 
(suitable for fast Fourier transformation), for example 256 X 256. p(x,y) 
should be a real function and thus S(k,,k,) should satisfy the symmetry 
S( -kx. -ky)  = S*(k,, k”) ,  where * denotes complex conjugate. 

It is an appropriate juncture to consider the maximum spatial distances 
(commonly known as jield of view; FOV) represented along each dimension 
in the final image (see Fig. 5 ) .  The FOV in each direction are independent of 
each other and are determined by their respective sampling frequencies. The 
FOV in the frequency-encoded x direction and the phase-encoded y direction 
are given by 

and 
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Fig. 6. An example of a projection reconstruction sequence. The desired slice is first 
selected with a gradient-echo. During signal acquisition, two orthogonal gradients are 
applied simultaneously to sample the N 2  points on the imaging plane with a polar 
raster. 

respectively, where At, is the time between data point acquisitions in the FID 
(i.e. the dwell time). The digital resolution for a particular gradient direction 
in the final image is given by Ax (or Ay)/N, where N ,  in the case of frequency 
encoding, is the number of complex data points sampled per FID. For the case 
of phase encoding, N is the number of phase-encoded FIDs acquired. 

3.6.3. Projection reconstruction 

Projection-reconstruction techniques have recently been reviewed by Glover 
and Pa~ ly .~ '  In some circumstances it may be more efficient to sample k-space 
using polar coordinates. Experimentally this is realized by applying G, and G, 
simultaneous1 which is equivalent to a gradient of constant amplitude 

cp varying from 0 to 2.rr (see Fig. 6). Acquisition is performed during the 
gradient application and no echo procedure is required. This is particularly 
advantageous for samples with short relaxation times. However, the transfor- 
mation from k-space to r-space now has the form (this can be compared with 
Eq. (9) where a Cartesian raster was used) 

G( = + GZ + G;) rotated around the polar angle given by tan cp = G,/G, with 

S(k ,  cp) = p(x, y )  ei2d'r dr dy II 
In the polar raster, the lower frequency components (i.e. the inner part of the 
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raster) are sampled more densely than the outer (higher frequency) region. 
p(x, y )  is determined using the filtered back-projection te~hnique .~’  

4. IMAGE CONTRAST AND QUANTITATION 

4.1. Introduction 

Contrast in NMR images results from spatial variations in the spin density of 
the observed nucleus and the chemical and physical environment of the 
nucleus.42 The chemical environment of the nucleus is reflected in the NMR 
observables of the chemical shift, spin-spin coupling constants ( J )  and 
internuclear dipolar interactions, whereas the physical environment (i.e. the 
molecular dynamics of the nucleus) effects the nuclear magnetization. Hence 
the physical environment can be probed through its effects on the nuclear spin 
relaxation (i.e. longitudinal, spin-spin and apparent spin-spin relaxation 
times) and transport properties (i.e. flow and diffusion). Ultimately, however, 
the imaging pulse sequence must be engineered in such a way that the desired 
contrast factor(s) affects the (observed) transverse magnetization. Further, 
efforts must be made so that the contrast observed in an image can unam- 
biguously be related to its source; that is, care must be taken to avoid, or at least 
recognize, artefacts. Artefacts are mentioned in passing in Section 5 and in 
detail in Section 8. Thus, adding contrast in imaging is essentially the 
modulation of the transverse magnetization to reflect one or more elements of 
the environment of the nucleus. 

It is the sources of contrast and the ability, in some cases, to selectively alter 
the contrast that is one of the great strengths of NMR imaging. Conversely, 
however, the additional sources of image contrast beyond the pure spin density 
is precisely the reason why it is generally difficult to relate the NMR image 
intensity directly to the nuclear spin density. Thus, for example in biological 
samples, the observed water proton density can be inconsistent with the known 
proton den~ity.~’ In this section, the sources of contrast are examined, with the 
exception of motion as a form of contrast, which will be considered in Section 
6, and diffusive edge enhancement, discussed in Section 8.3.2. In Section 3 the 
effects of contrast were ignored. Including such effects, Eq. ( 3 )  is written 

S(k) = p(r)E,(r) ei2d’rdr I 
where Ec(r) is the normalized and combined contrast factor.42 Thus, image 
reconstruction returns p(r)Ec(r). E,(r) is the product of several factors and is 
given by4’ 

Ec(r) = &(TI) E,(~,)&(q) (14) 
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where E,( T J ( x  = 1, 2 or lp) is the contrast factor representing the effects of 
spin-lattice, spin-spin or spin-lattice relaxation in the rotating frame. E,( Si)  
represents chemical shift effects and E,(q) is the contrast factor for molecular 
motion, which contains contributions from self-diffusion and flow. The factors 
included in Eq. (14) are primary contrast factors as they can all be included into 
the Bloch equations. In addition to the primary contrast factors, there are also 
secondary contrast factors such as temperature and susceptibility differences 
which appear as perturbations of the primary contrast factors. 

The fundamental approach for applying contrast is to precondition the 
magnetization prior to the imaging (i.e. spatial localization) step in the pulse 
sequence. However, the method employed depends on the desired degree of 
quantitation. The higher the degree of quantitation, the more time required. 
There are three general approaches (qualitative - quantitative) for incor- 
porating contrast factors: (1) a one-shot scheme, (2) a two-image scheme and 
(3) a multiple slicing scheme. In a one-shot scheme, the pulse sequence is 
designed such that only spins that are responsible for a particular contrast 
produce the final signal. For example, a chemical shift imaging sequence can 
be made to select just one resonance frequency. In a two-image scheme, two 
imaging experiments are performed using different experimental conditions 
that result in different contrasts. One image is then compared (e.g. by 
subtraction) to the other on a pixel (image picture element) by pixel basis. The 
final experimental scheme is the use of multiple slice imaging, in which multiple 
images are acquired under different contrast conditions. Thus, each 2D image 
is a slice along the “contrast direction” (e.g. see Section 6.3.2). Then a 1D data 
array can be formed from the same respective pixel in each image. 

In the following sections we consider the different origins of (inherent) 
contrast in NMR imaging. The use of contrast agents (e.g. Ref. 44) is not 
considered. 

4.2. Chemical shift 

In our discussion of basic imaging principles in Section 2, it was simplistically 
assumed that in the absence of a field gradient the frequency domain signal 
consisted of only one peak at zero frequency (see Eq. (8)). However, if we 
consider the possibility of there being more than one resonance in the 
spectrum then Eq. (8) becomes4’ 

w(r) = -y(Bo + G * r + aiBo X (15) 

where tii is the chemical shift of the ith species. The last term in Eq. (15) can 
be a source of artefacts (see Section 8.3.2); however, it can also provide 
valuable information (see Section 5.1.3). In this case the chemical shift can 
provide an extra dimension and thus the ultimate form of a chemical shift 
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imaging (CSI) data set is four-dimensional (three for the spatial axes and one 
chemical shift axis). 

4.3. Relaxation contrast 

Relaxation contrasts are intrinsic in all imaging experiments and provide 
information on motions with a time scale on the order of the rotational 
correlation times of the observed spins. T , ,  T2 and T I ,  probe different motional 
time scales and thus, by appropriate choice of contrast method, images can be 
made to reflect particular  motion^.^' TI filters are sensitive to motions with 
correlation times between lo-’ and s. The dipolar filter can be used to 
probe motions with correlation times faster than lo-’ s.46 By changing the 
strength of the spin-locking field, the T I ,  filter can be used to probe motions 
with correlation times between 

In biological systems, the relaxation times of the water protons are very 
common sources of contrast. The relaxation times reflect the relaxation of the 
macromolecular phase and the exchange (i.e. magnetization transfer) between 
the aqueous and macromolecular phases (i.e. hydration effe~ts).~’-’’ 

and lo-* s. 

4.4. Susceptibility 

Susceptibility differences in heterogeneous samples induce local magnetic field 
gradients across boundaries. These local gradients degrade the homogeneity 
of the applied magnetic field at and around such interfaces. As will be discussed 
in Section 8.3, this can significantly reduce the T2 of spins in the affected region, 
resulting in image artefacts and distortion, but it also provides a source of 
contrast in its own right. Since the effect of magnetic susceptibility is field 
dependent, the problems (or degree of contrast) associated with susceptibility 
differences become more pronounced at higher fields. The oxygenation state 
of haemoglobin can also lead to a change in susceptibility as blood changes 
between the deoxygenated (paramagnetic) state to the oxygenated (diamag- 
netic) state. The contrast arising from this process is commonly termed BOLD 
(blood oxygen level dependent) contrast (e.g. see Ref. 51). 

4.5. Temperature 

As temperature increases, so does molecular motion. Consequently, molecular 
diffusion coefficients and relaxation times increase with temperature. Similarly, 
the chemical shifts of some resonances are temperature dependent (e.g. 
methan01”~). Thus, diffusion coefficients, relaxation times and chemical shifts 
can be used to measure sample temperature indirectly in imaging. Of these, the 
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most general method is to monitor diffusions3 and the interpretation of the 
data is also the simplest for this case. Doran et ~ 1 . ’ ~  have concisely summarized 
the three different approaches. 

4.6. Quantitation of image density 

From the above discussion of contrast factors it is clear that it is not possible 
to obtain a true “density” image since it is impossible to remove all of the 
contrast factors apart from the spin density. Suitable choices of imaging 
sequences can serve to lessen contrast contributions and this will become clear 
in subsequent sections. In the case of relaxation, by obtaining relaxation maps 
(see Section 4.3) it is possible to extrapolate the image intensity such that there 
is no relaxation contrast (i.e. TR = 0 ~ )  and TE = 0). Such an approach is 
of importance in biological tissues where the inherent heterogeneity and 
susceptibility differences result in large relaxation contrast in images. 

5. IMAGE RECONSTRUCTION TECHNIQUES 

5.1. Bo gradient-based sequences 

5.1.1. 3 0  imaging 

Sometimes it is desired to acquire a full 3D data set, or in the case of samples 
with short T, values to avoid the time-consuming slice selection procedure and 
thereby avoid some signal loss. In full 3D imaging, the slice selection procedure 
is removed and either a phase- or frequency-encoding gradient is employed in 
the third orthogonal direction; the imaging of the other two dimensions is then 
performed as before with Fourier imaging or projection reconstruction. 

5.1.2. Echo summation and multislice imaging 

The minimization of the total image acquisition time or the maximization of 
the signal-to-noise ratio (S/N) is generally a very important aspect of imaging 
experiments. One method of improving S/N when T, is longer than the 
acquisition time such that coherent transverse magnetization remains, is to 
refocus the magnetization using a phase-inverting 7~ pulse and then repeat the 
imaging sequence, for example a Carr-Purcell-Meiboom-Gill (CPMG) train 
of echoes. 

Another efficient experimental technique is to use multislicing. A simple 
method is to replace the nonselective 7~ pulse with a slice-selective 7~ pulse in 
the Fourier imaging sequence (see Fig. 7A). In this case, since the magnetiza- 
tion is only perturbed in one slice at a time, the imaging of other slices can be 
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Fig. 7. Multislice imaging sequences: (A) a simple variant of the two-dimensional 
Fourier imaging sequence given in Fig. 5 where the “hard” T pulse is replaced by a 
slice-sdective 7~ pulse; (B) a stimulated-echo-based sequence. In (B) the first two hard 
7r/2 pulses store the phase-encoded magnetization along the z axis and the third 
(slice-selective) pulse results in the formation of a stimulated echo, which is measured. 
The transmitter frequency is then shifted and the slice selection and acquisition part of 
the sequence (enclosed by the dotted box) are repeated for the adjacent slices. The 
spin-echo can also be observed to obtain a “transmission” image of pixels projected 
normal to the slice axis. 
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conducted while the spins in other slices are relaxing. However, selective 7~ 
pulses are subject to nonlinearity artefacts. This process can be reduced by 
judicious choice of the order of the interleaving. Multislice imaging methods 
involving stimulated echoes are generally superior as they obviate the T pulse 
problem. This approach has been termed STEAM (stimulated echo acquisition 
mode; see Fig. 7B); further details can be found e l s e ~ h e r e . ~ . ~ ~  

5.1.3. Chemical shift imaging (CSI) 

Chemical shift imaging is a combination of spectroscopy and imaging. In this 
technique the distribution of different substances is mapped so that the pixel 
intensity is a function of the space variable and of the chemical shift (see 
Section 4.2). Most techniques are variants of Fourier imaging sequence where 
the chemical shift and spatial information are sampled in k-space. Chemical 
shift selectivity may be obtained by (1) selective excitation or saturation, (2) 
phase encoding of the chemical shift in the evolution period, or ( 3 )  detection 
in the absence of gradients. CSI techniques, especially the acquisition of all four 
dimensions, are expensive in terms of acquisition time and memory. Conse- 
quently, it is normal to acquire only some subset of the data. One extreme is 
to observe the full chemical shift information but for only a single voxel (i.e. 
localized spectroscopy). The other extreme is to acquire all spatial dimensions 
but to limit the acquisition to a very narrow chemical shift range (i.e. the shift 
of interest) and perform chemical shift-selective (CHESS) imaging (see Fig. 8). 
Numerous methods have been proposed. The different chemical shift imaging 
techniques based on spin-echo imaging sequences have been reviewed by 
Rumpel and Pope.” The STEAM sequence provides a straightforward ap- 
proach to CHESS imaging”’ (see Fig. 9), where the first (selective) R F  pulse 
is used for chemical shift selective excitation, the second (selective) pulse for 
slice selection and the third for producing a stimulated echo. Great care must 
be taken to avoid image contamination from residual signal from a resonance 
other than that of interest. Xia and J e l i n ~ k y ~ ~  have proposed a new variant 
of the CHESS sequence, CD-CHESS, that allows greater suppression of 
unwanted resonances. 

Selective excitation techniques are more suited to measurements at high 
field owing to the greater dispersity in the spectrum and correspondingly less 
stringent requirements on the selectivity of the excitation. Selective saturation 
or selective inversion” of the unwanted resonance is more applicable for 
imaging at lower field. In some circumstances multiple quantum filters (see 
Section 5.1.5) can also be used for suppression of unwanted resonances. 

5.1.4. Relaxation time imaging 

T I  contrast occurs when TR is insufficient to allow full thermal relaxation. An 
inversion recovery preparation period before the main imaging sequence 
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I( 1 t l f l  

Fig. 8. (A) Conventional 'H spectrum of a shiraz berry grape showing the resonances 
from water (4.8 pprn), glucose and fructose at 3.6 pprn and oil (1.1 pprn; expanded 
scale). (B) Water image, (C) sugar image and (D) oil image. (Reproduced with 
permission from Pope et ~ 1 . ~ ' ' ~ )  

introduces T,-weighting, but it also introduces the possibility of bulk flow 
effects. Similar to T, contrast, T2 contrast occurs if the echo time (i.e. TE) in the 
imaging sequence is long compared with T2. Relaxation times can be mapped 
by performing a pixel-by-pixel analysis of the corresponding pixels in images 
acquired with either different values of TR in the case of TI contrast or of TE 
in the case of T2 contrast. 

Owing to the effects of magnetic susceptibility differences in the sample and 
the imaging gradients, T2 and diffusion effects are strongly coupled together 
(see Section 8.3). Accurate T2 relaxation time measurements in NMR micro- 
scopy are complicated by the diffusional losses in signal intensity due to the 
necessity for using large gradients. In an echo-based imaging sequence, the 
pairs of gradient pulses (i.e. read-gradient-dephase and read gradient) on 
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Fig. 9. Chemical shift-selective imaging using a stimulated-echo-based sequence. The 
first selective ?r/2 pulse is applied in the absence of gradients to effect chemical shift 
selection. The second r / 2  pulse is applied for slice selection leading to a spin-echo, and 
after the third (hard) n- pulse a stimulated echo is formed.57 

opposite sides of the 7~ pulse (see Section 6.3)60 effectively form a pulsed field 
gradient (PFG) spin-echo sequence (see Section 6), and thus if TE is increased 
to measure the T2 decay the signal loss due to diffusion will also increase. 
Consequently, the measured T2 will be an underestimate.61 Careful considera- 
tion must be given to the imaging sequence used to measure T2 (or, conversely, 
diffusion). Two approaches are presented in Fig. 10; in the first by Hsu et al.62.63 
the spin-echo imaging sequence is modified so that the read gradient does not 
form a PFG sequence; in the second approach by Haase et aL6' a magnetization 
preparation period is used before the imaging part of the sequence so that the 
effects of T2 relaxation and diffusion in the sequence can be uncoupled. 

5.1.5. Zero- and multiple-quantum imaging 

Zero-quantum coherence can be a practical solution for obtaining separate 
chemical shift resolved images of samples in which the single-quantum 
transitions are not otherwise able to be resolved owing to internal gradients 
since the homonuclear zero-quantum coherence is independent of magnetic 
field inhomogeneity. Multiple-quantum filters are an easy way to separate 
nuclei on the basis of the number of scalar coupling partners. In particular, 
double-quantum filtration can be used for water suppression. This is of 
particular consequence in imaging since the lines do not have to be resolved 
from each other and no selective pulses are required. Multiple-quantum 
coherence phase encoding can be used to effectively increase the gradient 
strength (consider Eq. (l)), but generally at the expense of increasing the 
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Fig. 10. Examples of sequences for measuring T2 while minimizing the effects of 
diffusion. (A) In the 1D spin-echo imaging sequence the read-dephasing gradient is 
normally placed (i) before the T pulse; however, the diffusional loss is alleviated by (ii) 
placing the read-dephasing gradient after the T pulse and immediately before the read 
gradient.63 The crusher gradients are  common to either version of the sequence and 
serve to eliminate refocusing or imperfectly inverted magnetization. (B) A “magnetiza- 
tion-prepared’’ spin-echo imaging sequence.h0 A CPMG sequence is prefixed to the 
spin-echo sequence t o  provide T,-weighting to the magnetization. Since the imaging 
part of the sequence is unchanged (i.e. TE is constant) the effects of diffusion during 
the imaging sequence are kept constant and can be neglected in the relaxation analysis 
when considering the effects of the CPMG. 
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experimental time. Although multiple-quantum filters have many useful 
features, they suffer from poor signal efficiency owing to leakage pathways, and 
multiplets with differing J values will have different amplitudes in the final 
(detected) single-quantum coherence, leading to problems in obtaining quan- 
titative results from images. Chandrakumar and Velad4 have presented an 
imaging method in which the frequency-encoded direction is single-quantum 
encoded and the others are multiple-quantum phase-encoded. Consequently, 
the images exhibit a characteristic form factor reflecting the modification due 
to the n-quantum phase-encoding. Importantly, this increased resolution in 
the phase-encoded direction(s) does not require an increased bandwidth 
since the signal is acquired using a conventional bandwidth as required for 
single-quantum frequency encoding. They note that their method enables 
the measurement of images with contrast controlled by multiple-quantum 
coherence relaxation and diffusion coefficients. Zero- and multiple-quantum 
imaging was considered in detail by Callaghad and has been reviewed by 
Norwood and Hall." 

5.1.6. Fast imaging (EPI, FLASH, etc.) 

Obtaining an image quickly has enormous significance in the medical and 
biological fields, where motional artefacts are a real problem, but it also has 
significance for multiparameter data sets and multidimensional imaging. What 
is needed is a rapid means for sampling k-space. Two common approaches are 
to measure all of k-space using a series of echoes after a single excitation (i.e. 
a single shot) or to sample k-space more quickly (i.e. reduce TR). The echo 
planar imaging (EPI) technique66 falls into the first category and the fast low 
angle shot (FLASH) techniqueh7 belongs to the second category. It should be 
stressed, though, that the rapid sampling of k-space comes at the expense of 
reduced S/N. FLASH is less efficient than EPI owing to the need to repeat the 
selective excitation process. Other approaches are alternative k-space trajec- 
tories and the reduction of the number of k-space lines (e.g. Refs. 68-72). 
Hafner has presented a simple fast imaging scheme termed back-projection 
low-angle shot (BLAST), which is applicable to solids as well as liquid-like 
 material^.^' There is a vast number of acronyms for fast gradient-echo 
sequences, and some attempts have been made to correlate the different 
acronyms to their proper generic 

FLASH. The main features of FLASH imaging have recently been surveyed 
by The method is an extension of the gradient-echo pulse sequence 
i n  which a single gradient-echo is preceded by a low angle ( -5") slice-selective 
R F  pulse together with a fast repetition time (see Fig. 11). The longitudinal 
magnetization approaches a saturation value that determines the signal 
intensity. The minimum gradient-echo time is hardware dependent and is 
typically of the order of lms ,  and the minimum repetition time of a 
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Fig. 11. The FLASH pulse sequence.” A very low-angle slice-selective pulse is used 
( a  - 5’) to excite the magnetization, which is detected in the form of a gradient-echo 
after reversal of the read gradient. The sequence (dashed box) is rapidly repeated using 
differcnt values of the phase-encoding gradient so that all of k-space is traversed. No 
relaxation delay is used between subsequent scans. 

gradient-echo imaging experiment is twice this long. Hence a 128 X 128 pixel 
image can be obtained in 250ms; assuming that there is sufficient signal to 
noise. H a a ~ e ~ ~ . ~ ’  has discussed the artefacts that are likely to occur in FLASH 
imaging; these include susceptibility to artefacts arising from magnetic field 
inhomogeneities, distortion of the slice profile, flow artefacts and chemical shift 
artefacts. 

A train of R F  pulses with a repetition time smaller than T2 results in a 
constant signal with an echo-like signal before the pulse and an FID after the 
pulse; this is commonly termed steady-state free precession (SSFP).76 The echo 
part can be refocused by inverting the gradient pulses after the acquisition of 
the gradient-echo and before the next pulse, or  removed by “spoiling 
methods” using gradient (also known as “crusher”) pulses or phase scram- 
bling. For “spoiled” gradient-echo imaging with large flip angles, the signal 
strength is proportional to TRITL ; for low flip angles the signal is dominated 
by the spin density. If the echo is refocused and large flip angles are used, the 
signal is proportional to T21TI, and for smaller flip angles to the spin density. 
Hence, by manipulating these effects, contrast can be added to  the image. 
Refocused gradient-echo imaging leads to T2 -weighting, while “spoiled” 
gradient-echo imaging leads to TI  -weighting or, in both cases, if low flip angles 
are used, to the spin density. 

As noted by Haase,7’ it is difficult to obtain quantitative data on relaxation, 
flow and diffusion using standard fast gradient-echo sequences. However, the 
situation is alleviated by using magnetization-prepared (or snapshot- or  



166 W. S. PRICE 

turbo-) fast gradient-echo  sequence^.^'.^^.^' In these sequences, the magnetiza- 
tion is altered in a specific way before the acquisition of the whole image using 
short TR values. The contrast in the image is then dependent on the 
manipulations in the magnetization preparation period (i.e. the preparation 
part and the imaging part of the sequence are separated; see, for example, Fig. 
10B). Such preparation can involve single inversion for TI  -weighted images, 
a T / ~ - T - T / ~  (DEIT)  sequence for T2 weighting, chemical shift imaging 
or DEFT pulse sequence in combination with diffusion or flow encoding 
 gradient^.^".^^,^^ 

Echo planar and hybrid methods. Although EPI was proposed early in the 
history of NMR imaging by Mansfield,66 technical limitations prevented its 
wide acceptance. EPI is a Fourier imaging technique and has recently been 
reviewed.79 In EPI a single train of very rapid gradient-echoes with different 
phase encoding is acquired after a slice-selective excitation pulse. A sufficiently 
large effective transverse relaxation time, TT, is necessary to prevent too rapid 
decay of the magnetization during the echo train. A number of variants of EPI 
exist. EPI techniques have the advantage that all of the echoes needed to form 
an image are collected within a single shot of 25-100 ms. 

T-EPI (PEPI)'" is a modified version of EPI in which the gradient reversals 
are replaced by T pulses; hence the effects of magnetic inhomogeneities are 
greatly reduced since they are periodically refocused (i.e. the image depends 
on T2, not TZ). Guilfoyle et al." have proposed a 3D version of T-EPI; while 
it is no longer a single-shot technique, it does allow an N X N X N image to be 
obtained in N acquisitions. 

From the discussion in this and the preceding section, it can be surmised that 
imaging sequences that are hybrids of both the FLASH and EPI approaches 
will give better results. Deichmann et aLX2 have considered the optimization of 
such sequences (see Fig. 12) as a function of TI and TZ. 

5. I. 7. Heteronuclei 

While almost all imaging has been conducted using protons, primarily for 
reasons of superior sensitivity, some other nuclei are candidates at natural 
abundance (e.g. 7Li, '"N, "F, '"a, "SSi and 31P), although generally with lower 
spatial resolution. It is not only the S/N which determines the success of 
imaging with heteronuclei but also T2 and T I  as they determine the minimum 
repetition time. For example, Link and Seeligs3 have compared the different 
imaging sequences suitable for deuterium imaging. The lower sensitivity of 
deuterium (- 1/100 the sensitivity of protons) is partly compensated by its 
more favourable relaxation properties. The lower y of deuterium also means 
that larger gradients are required if resolutions comparable to those observed 
with protons are to be obtained with the same acquisition time. However, the 
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Fig. 12. A hybrid FLASH-EPI sequence.x2 A small-angle slice-selective excitation 
pulse ( a )  is used as in FLASH and then a series of rn gradient-echoes with different 
phasc encoding are acquired. The optimal value of rn depends on the values of TI and 
T?. The sequence is repeated until the required number of echoes is acquired. If rn = 1 
the scquence would correspond to the FLASH sequence as shown in Fig. 11. 

smaller y also means that deuterons are less sensitive to magnetic susceptibility 
problems than are protons. As a consequence, the deuterium signal decays 
more slowly. 

It is possible to image some other nuclei if isotopic enrichment is used (e.g. 
"C, I5N and "0). The situation can be vastly improved if the heteronuclei are 
close to protons (e.g. hydrocarbon compounds) so that heteronuclear polariza- 
tion transfer methods can be used. In this case it may be possible to image with 
proton sensitivity. Kimmich et aLx4 have demonstrated that proton-detected 

C imaging can be performed using multiple-quantum filters'' or cyclic J cross 
polarization-based spectral editing." 

The use of hyperpolarized atoms offers a novel solution to the signal-to- 
noise limitations that plague imaging since it can yield up to a 1OS-fold 
enhancement in detectability (see Fig. 13). Navon et aI.x7.x8 have investigated 
the use of hyperpolarized 129Xe in imaging experiments. The hyperpolarized 
gas can be imaged directly or indirectly through the environment of the gas (see 
Plates 1 and 2). They have coined the term spin polarization-induced NOE 
(SPINOE) to describe the process where NOES transfer enhanced polarization 
from hyperpolarized gas (e.g. ""Xe) to the solution phase without the need for 
radiofrequency irradiation. This technique has many potential applications 
such as a contrast agent in materials science,x9 and can be used with 'He. The 
nature of the hyperpolarized nuclei, and in particular the fact that the large 
nonequilibrium polarization is nonrenewable, dictates that special considera- 
tion must be given to the imaging method uscd.90 Zhao et al.") have reported 
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Fig. 13. Optical pumping enhancement of Iz9Xe gas. (Reproduced with permission 
from A. Pines.) 

the use of gradient-echo imaging approaches suitable for use with hyper- 
polarized '29Xe. Recently, Skalla et aL9' obtained images of spatial distribu- 
tions of (optically) spin-polarized Rb atoms in a vapour cell. 

5.2. B, gradient-based sequences 

B1 gradients have a number of interesting features compared with Bo gradients, 
namely negligibly small rise and fall times, the fact that they do not generate 
eddy currents and that they are technically simple to produce. A number of 
reviews have been devoted to them.'8~'9~92~9' The disadvantages of B1 gradients 
are that it is difficult to generate independent gradients along three spatial 
directions and that it is difficult to generate strong B,  gradients. 
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5.2.1. Rotating-frame spectroscopic imaging 

The rotating-frame imaging (RFI) experiment was first proposed by H o ~ l t . ~ ~  
This is essentially a two-dimensional experiment in which one dimension is 
along the direction of the B, gradient and the other dimension provides 
chemical shift information. In the simplest case, the B1 gradient is applied (in 
the z-direction) for a time t l ,  which is incremented followed by acquisition 
during tZ. This gives a two-dimensional data set, 

S(t,, f 2 )  = sin(2~rzk) cos(2~rvt~) (16) 

where z and v are the position and resonance frequency, respectively, and k is 
now given by (the B1 analog of Eq. (2)) 

k = (2r ) - ’yGI t  (17) 

Double Fourier transformation of Eq. (16) results in the chemical shift 
information along one dimension and the spatial information along the other. 
Since this method employs only a single gradient coil, the sample must be 
rotated and the RFI process repeated at each orientation if a plane is to be 
imaged. This method is consequently very slow. 

5.2.2. Rapid rotating-frame imaging 

A more time-efficient scheme has been devised for 2D imaging by B1 
gradients” (see Fig. 14). It is sometimes referred to by the acronym RIPT 
(rapid rotating-frame imaging with an RF  pulse train). Using a purposely 
designed saddle coil that produces a significant Bl  variation along z, slice 
selection in the z direction is achieved by a DANTE-type pulse trainy6 Owing 
to the inevitable leakage between the gradient coil and the detection coil, the 
read R ,  gradient cannot be on during acquisition; the solution is to apply the 
read gradient in the form of pulses separated by acquisition windows and 
thereby acquire a pseudo-FID point by point.”-” The signal is damped 
according to an effective relaxation rate constant,”’ 

1 - (l/T1) + (1/T2) 
-- 

TI .2 2 

Of particular significance is the dependence on T2 and not Tf. During the 
acquisition windows the effects of TI  and T; are operative depending on the 
orientation of the magnetization. However, the effects of Tf and internal Bo 
gradients are partly compensated by an averaging process since the nutation 
encoding normally involves a large number of periodsy5 The xy plane is then 
sampled using projections along the gradient axis collected for different 
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Fi 14. A pulse sequence for one-dimensional B, gradient encoding (after Maffei et 
af. ). A DANTE-like pulse train (the tip angles a and 2rr refer to the magnetization 
at z = 0, with na = d 2 )  is used to rotate the magnetization of interest ( z  = 0) along 
the y axis using the slice gradient (GIz). The selected magnetization (denoted by 
M ( z  = 0)) is then spin-locked during the gradient "purge" pulse of duration T,,, while 
the unwanted magnetization (denoted by M ' ( z  # 0) and M"(z # 0)) is spread in the xz 
plane and does not contribute to the pseudo-FID obtained during the off periods of the 
application of the read gradient (Glx). The data points of the pseudo-FID are denoted 
by solid circles. A schematic diagram of the RF coil arrangements used to generate the 
slice selection and read gradients is given in Fig. 22. N.b., lower-case letters with a prime 
refer to the rotating frame. 

% 

orientations of the sample with respect to the z axis. If the angle a describes 
the rotation of the object with respect to x axis of the laboratory frame, the 
signal can be expressed as9' 

S ( k ,  a)  = \/p(x, y)cos[27~k(x cos a + y sin a + DSJ]  dx dy (19) 

where DBl is the distance between the axis about which the sample is rotated 
and the virtual point of zero B1. Using this technique a typical measuring time 
is of the order of 10min,'O1 assuming that about one hundred projections are 
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necessary to acquire the image and also waiting a sufficient relaxation time 
between the acquisition of successive projections. The filtered back-projection 
algorithm is used to reconstruct the image of the xy plane. Although this 
imaging procedure is more efficient than RFI, it is at the expense of losing 
chemical shift information. TI  contrast can easily be performed as in conven- 
tional Bo imaging and T2 contrast can be incorporated by including an echo 
sequence prior to the slice selection. This method also requires less power than 
RFI." Complications arising from the intermixing of off-resonance peaks with 
the on-resonance signal have been considered.'"* Recently, Raulet et a1.'" 
have investigated a more time-efficient EPI-like modification to the above- 
mentioned B, imaging method. 

5.2.3. Chemical shift imaging 

Bowers et a1." performed chemical shift imaging relying on the frequency- 
selective excitation and B,-independent inversion properties of hyperbolic 
secant RF  pulses. By combining the DANTE-Z approachlo3 for selecting a 
given resonance in a multiline spectrum with imaging by B, gradients, Valtier 
et ~ 1 . ' " ~  were able to perform chemical shift imaging. 

5.3. Volume selection 

For completeness, in this section the different techniques of volume selection 
are briefly explained; more detailed accounts can be found elsewhere (e.g. Ref. 
105). A simple, but inaccurate, means of obtaining such information is via the 
homogeneity of the RF  coil. Such methods typically involve the use of single 
surface coils and thus the technique is normally limited to superficial regions 
of the sample. Surface coil spectroscopy is outside the scope of this chapter and 
a review of its use and application may be found elsewhere.Io6 Volume selection 
typically proceeds in one of three ways: (1) excitation of spins inside the 
VOI or its complement (2) destruction outside the VOI, or ( 3 )  difference 
techniques. 

A simple example of the first approach is to use the STEAM sequence (see 
Fig. 713) modified such that each selective d 2  pulse is applied in the presence 
of a different orthogonal gradient and thereby directly excite spins in the VOI. 
Of particular significance is that such methods result in localization in a single 
scan. In the complementary approach of destruction outside the VOI, different 
combinations of R F  pulses (e.g. pulse-trains, sandwiches or three pulses) are 
successively applied in the presence of field gradients to retain only magnetiza- 
tion in the region of interest. The final approach is that of a difference 
technique such that by a process of addition and subtraction the VOI is 
selected. A common difference technique is image selected in vivo spectro- 
scopy (ISIS)'07 in which a combination of selective inversion pulses is applied 
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with special phase cycling which result in inversion of the longitudinal 
magnetization in the selected planes. Since only inversion pulses are involved, 
the signals are not T,-weighted. 

5.4. Solid-state techniques 

5.4.1. Introduction 

The imaging of solids and near solids presents special difficulties in imaging 
owing to two problems: (1) much larger natural line widths and (2) the 
longitudinal relaxation rate not being correspondingly short. This area of 
imaging has been comprehensively reviewed by Cory' in this series. Conse- 
quently, in this section we give only brief coverage to solid-state imaging with 
emphasis on some of the more recent developments. There have been two 
general approaches to imaging in the solid state: (1) using some method to 
increase the effective T 2 ,  that is line-narrowing techniques which attempt to 
reduce the anisotropy of the interaction Hamiltonians; or (2) brute force 
methods where the larger natural line widths are left unchanged and the 
imaging method is adapted to work with the much smaller T2 values. The 
very short T2 values also complicate slice selection processes and some 
methods have been proposed (see the reviews by Kimmich"'H and Blumler 
and BliimichZ6). The stray field imaging technique inherently includes slice 
selection. 

The line-narrowing techniques can be classified into two groups depending 
upon the space chosen to produce the averaging of the interaction Hamil- 
tonians (mainly the dipolar interaction): (1) averaging in real space (i.e. magic 
angle spinning; MAS) and (2) techniques in which the narrowing is performed 
in spin space by RF excitation (e.g. multipulse, magic echo and magic angle in 
the rotating frame). Maraviglia et ~ 1 . ' " ~  have provided a detailed coverage of 
the methods for manipulating line widths in solid-state imaging. The appli- 
cation of relaxation filters to solid-state imaging has been 

5.4.2. Multipulse line narrowing 

These approaches are based on nullifying the interactions that result in line 
broadening (e.g. dipolar interactions between neighbouring spins). However, 
these also cancel the effect of magnetic inhomogeneities. Thus, it is necessary 
to separate the natural and the applied inhomogeneity (i.e. the applied 
gradients). Tho approaches have been proposed and both require that the 
imaging gradients are off during the application of the RF pulses. The first 
approach is the 6-pulse ZIG ZAG sequence"' in which the RF pulses coincide 
at the zero crossing of an oscillatory field gradient. In the second, very 
technically difficult, approach the gradients are applied in very short bursts 
between the RF pulses."' 
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5.4.3. Magic angle spinning 

In this method the sample is rotated at the magic angle (54.7') with respect to 
the static field to average the dipole-dipole interactions at  the same time 
imaging gradients are applied that match the frequency and phase of the MAS 
rotor. However, it is normally necessary to combine some form of multipulse 
line-narrowing procedure to produce sufficiently narrow lines. A weak point 
of this approach is that many samples cannot withstand the centrifugal forces 
involved in the MAS experiment. However, this approach does retain (limited) 
chemical shift information (e.g. Refs 112, 113). 

5.4.4. Rotating-frame imaging 

In this technique the radiofrequency is applied at a suitable amplitude and 
frequency to produce an effective field, Beff at the magic angle to the rotating 
frame (hence the acronym MARF).II4 This results in line narrowing since the 
magnetization is spin-locked at the magic angle. The Bo and B, fields are 
modulated to establish a gradient in the resonance offset while maintaining Beff 
at the magic angle. This method produces narrower lines than the MAS 
methods and the sample is static but the sensitivity is much lower. 

5.4.5. Magic sandwich echo (MSE) imaging 

In this approach, also known as magic echo phase encoding (MEPSI), an 
extended FID is produced using a train of magic echoes.""'2" The imaging 
gradients are applied and acquisition is performed during various windows in 
the pulse sequence. Matsui et a1.I" have achieved resolutions of 50 pm with this 
technique. Hafner et a1.121 have extended the magic echo technique to three 
dimensions and were able to obtain a resolution of (300 pm)3. 

5.4.6. Constant-time imaging (CTI) 

In constant-time imaging (also known as single-point imaging) all of the spatial 
information is obtained using phase-encoding gradients (see Fig. 15). The 
method allows the observation of images from samples with very short 
relaxation times. In fact, it is possible to image samples where the T2 is less than 
the typical gradient switching times (-0.2 ms for many microimaging probe 
heads). In this sequence a single short RF  pulse is applied to create transverse 
magnetization in the presence of the gradients. At the end of the phase- 
encoding time, the phase and amplitude of the magnetization are measured. 
This procedure is then repeated for different values of the phase-encoding 
gradient. Since this method relies on pure phase encoding, it is slow, but as it 
does not record the time evolution of the magnetization, chemical shift, 
magnetic susceptibility, and dipolar and quadrupolar distortions are not 
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Fig. 15. A 3D CTI imaging sequence (after Gravina and CorylZ2). This simple sequence 
can be implemented on a liquid-state NMR spectrometer with microimaging probe. A 
short RF pulse ( a )  excites the magnetization after the gradients have been turned on. 
A single point is acquired after a fixed duration r,,. The sequence is then repeated with 
different values of the phase-cncoding gradients. 

observed. Further, neglecting the effects of diffusion, the resolution is a 
function only of the gradient strength. The duration of the RF  pulse must be 
short to achieve even excitation of the gradient-broadened spectrum. Addi- 
tionally, the bandwidth of the receiver needs to be made sufficiently large. If 
either condition is not met, the signal acquired when the gradient is strongest 
(i.e. high k values) will be attenuated, resulting in blurring of sharp edges in 
the spatial image and a resolution less than that predicted on the basis of the 
gradient alone. 

Gravina and Cory have described a version of the CTI experiment that can 
be implemented on a standard liquid NMR spectrometer with a microimaging 
probe head.I2* They derived expressions for the resolution and S/N of this 
technique and compared the efficiency of the CTI technique to frequency- 
encoding techniques. While CTI provides distortion-free images for a large 
range of samples and the diffusion-limited resolution is twice as fine as that of 
a spin-echo technique with frequency encoding, the sensitivity is less than that 
of the frequency-encoded methods. They concluded that CTI is thc method of 
choice when the sample T2 is less than the gradient stabilization time. 
Compared to other imaging experiments, CTI is generally performed with a 
very high gradient duty cycle. More recently, a ramped gradient version of the 
CTJ sequence that is much faster and enables the introduction of quantitative 
T I  contrast or suppression has been presented.Iz3 
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5.4.7. Fringe (or stray) field methods 

The stray field imaging (STRAFI) technique is a conceptually and experimen- 
tally simple method.’24 STRAFI makes use of the linear region of the stray field 
gradient outside the centre of a superconducting magnet, and this gradient can 
be in excess of 50 T m-’. Spins in a thin slice orthogonal to the gradient are 
excited by a nonselective R F  pulse. Since the gradient is so large, the 
nonsclective RF  pulse is effectively a selective pulse with the excited slice 
having a thickness of typically 7-70 pm. As the gradient is static, the sample 
has to be mechanically moved through the gradient. The FID is extremely short 
owing to the gradient broadening and so a train of solid echoes (i.e. 
(71./2),--7-[( ?~/2),-~-echo-~],,) is used to preserve the magnetization (- spin 
locking). This also overcomes the problem of spectrometer dead time. Also, 
since the echo is produced by pulses of the same length, the width of the 
selected slice is constant. Typically the sample is moved on the order of 50 Fm 
between pulse sequences. T1 saturation effects are obviated since the sample 
is moved through the sensitive slice during the imaging process and hence the 
repetition rate can be made very fast. From moving the sample through the 
gradient and exciting slices, a 1D profile can be obtained. Two- and three- 
dimensional data sets can be obtained by combining sample rotation and 
translation. The image is reconstructed using the back-projection algorithm. 

The multiple echoes can be used either for signal averaging or for producing 
a series of spin relaxation-weighted profiles. The very strong gradient and 
sample movement have the effect of modulating the amplitude of successive 
echoes. This modulation has been explained quantitati~e1y.l~~ It was shown in 
a later work’26 that it is also possible to use the spin-echo sequence (~/2)~--7-  
[~r,--~-echo-.r],,, where the intensity of the T pulse is double that of the d 2  to 
maintain the  constant slice width. This echo sequence affords a considerably 
improved S/N for soft solids. 

It has been pointed out that the very large gradient is usually the dominant 
factor in determining the line width and so that the other interactions 
such as magnetic sus~ept ibi l i ty , ’~~ dipolar interactions and even electron 
nuclear interactions can be neglected. This leads to the concept of a “high- 
gradient” approximation.12* The STRAFI technique even allows the imaging 
of paramagnetic solids.”* 

5.4.8. Oscillating gradients 

This is also a direct approach and is most applicable to semisolids. An oscillating 
gradient with a period T, which must be of the order of T2, is applied and a d 2  
pulse is applied at the zero crossing of the gradient field. Providing the RF pulse 
is short, the gradient will appear to be zero during the time of the R F  pulse and 
all spins will be affected by the RF pulse. After one cycle of the gradient, a 
gradient-echo is formed and the echo data are sampled in the capture window 
from T/2 to 3T/2. Two-dimensional images can be formed using back-projection. 
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This method is simple but restricted. A large receiver bandwidth must be used on 
account of the large gradients and, because it is based on a gradient-echo, the 
method is vulnerable to susceptibility artefacts. Recently a three-dimensional 
oscillating gradient-echo technique has been developed that uses a doubly 
resonant circuit for the read gradient.'2y~'3" It can produce three-dimensional 
images using an echo time under 100 ps. This method is suitable for imaging 
nonbiological semisolids and has particular applications for objects to which 
MAS and STRAFI methods cannot be applied. 

5.4.9. Stochastic imaging 

Blumich has reviewed the use of stochastic excitation in imag i~~g . '~ ' , ' ~ '  This 
technique is suitable for both liquid and solid-state samples. The most 
impressive aspect of stochastic (i.e. RF  noise) excitation is the low power 
required compared to pulse e ~ c i t a t i o n . ' ~ ~  The RF  amplitude required is about 
one hundredth of that required in pulsed NMR and thus the method has 
particular relevance to the imaging of solids. Stochastic imaging can be divided 
into two approaches: (1) cross correlation and time-dependent magnetic field 
gradients and (2) the back-projection technique in which back-projections of 
the sample are derived from the linear response to stochastic (i.e. random"' 
or Hadamardl3') excitation. The Hadamard technique is fast and, significantly, 
results in projections free of systematic noise. As yet, there have been few 
examples of the use of stochastic imaging. 

6. DIFFUSION AND FLOW IMAGING 

6.1. Introduction 

Flow (net movement) and diffusion (random movement) represent two 
motional forms of contrast in an image. How these two phenomena may be 
incorporated into the image experiment to provide contrast is the subject of 
this section. In the earlier chapter in this series on gradient NMR' the use of 
magnetic field gradients to study diffusion was considered in detail. The 
imaging of flow and diffusion forms a huge subject area in its own right and it 
is not possible to give more than a cursory coverage in the present chapter. 
More complete accounts and links to relevant literature sources can be found 
elsewhere.3.53.1~~l~Y 

6.2. Flow 

Flow imaging techniques can be classified into three categories: inflow/outflow, 
time-of-flight methods, and phase-sensitive methods. As noted by Callaghan,' 
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the range of average velocities, v, that are measurable is limited by v,,, =UTE 
(where 1 is the length of the receiver coil) from above and by the molecular 
self-diffusion from below. For water at room temperature the minimum 
velocity measurable is about 20 pms-’ .  (Ref. 3.) 

Flow-sensitive (or steady-state techniques) rely on the build-up of 
longitudinal magnetization being limited by the transit time.76.’40 The RF  and 
gradient pulses are rapidly repeated such that the saturation recovery or the 
steady-state free precession signal amplitude depends on the molecular motion 
since moving spins will not be permanently in the excitation slice. This can be 
achieved using either B,, or B, gradients. ?he  steady-state free precession 
method can be made more sensitive to slow fluid flow using the moving 
reference frame t e ~ h n i q u e . ’ ~ ’ . ’ ~ ~  

Time-of-flight methods involve selectively exciting (or destroying) a 
particular group of spins and then following their displacement during the 
pulse sequence. An example of a time-of-flight pulse sequence is given in Fig. 
16. This method differs from the flow-sensitive method in that the slice that 
is eventually imaged is different from that which was initially excited. The 
excited slice is chosen to be normal to the principal flow direction, whereas 
the detected slice can be parallel or perpendicular to the flow. A novel 
time-of-flight technique is the use of “tagging” pulse sequences. The basic idea 
is to use RF  modulation (e.g. a DANTE sequence) to encode an endogenous 
marker onto the sample of interest and observe its e v ~ l u t i o n ’ ~ ’ ” ~ ~  (see Fig. 
17). Thus, the tagging effect lasts only on the order of T,. As will be seen 
in Sections 9.1 and 9.4, tagging techniques have vast potential in the field of 
fluid dynamics. 

The phase-sensitive techniques are based on the phase shift of the transverse 
magnetization that occurs in the presence of a magnetic field gradient in the 
direction of f l o ~ . ’ ~ ~ , ’ ~ ~  These are the most precise of the three methods, 
especially in the form of dynamic NMR microscopy (see Section 6.3.2). 

In flow measurements it is desirable to suppress the signal from the 
stationary spins, and there are a few ways of doing thisI4’ including (1) 
subtraction, in which two data sets are obtained which contain different 
contributions from flowing spins but the same contribution from static 
spins; (2) saturation of the static spins as in steady-state free precession 
approaches;”’ or (3) selective excitation of the flowing spins, which is 
considered in the subsequent paragraphs. 

Before proceeding it is worth while to review briefly the connections 
between flow and phase. The phase shift at time t of a nuclear spin following 
a path r ( t )  in a gradient g ( t ‘ )  (N.b., this gradient is denoted by a lower-case g, 
to emphasize that its purpose is not spatial encoding) is given by 

+(t) = y g ( t ’ ) .  r ( t ’ )  dt’ r’ 
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Fig. 16. An example of a time-of-flight imaging pulse sequence for measuring spin 
displacement. A slice selective 1d2 pulse excites a y z  plane parallel to the direction of 
flow ( z ) .  A slice-selective 7~ pulse refocuses spins in the xy plane orthogonal to the 
direction of flow at z = z,,. This process effectively labels the spins in the xy plane at 
the coordinate zo. A second selective r pulsc is then applied to refocus the mag- 
netization into the xy plane. The z axis is frequency encoded during acquisition. 

Only the component of the spin's motion in the direction of the gradient, z ( t ) ,  
is relevant and this can be expanded in a Taylor series: 

The terms on the right-hand side of Eq. (21) correspond to the position zo, 
velocity vo = (dz/dt),,", acceleration, a,, = (a'z/dt2),=,, etc. Equation (20) can 
then be rewritten as 

where 

M ,  = g, ( t ' ) ( t ' )"  dt' r' 
M ,  is termed the nth moment of g,(t) with respect to t (N.b., this should not 
be confused with macroscopic magnetization). Equation (22) provides the 
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Fig. 17. An image of a U tube flow phantom obtained with a DANTE grid-tagging 
sequence. (From J. M. Pope and S. Yao, Concepts M a p .  Reson., 1993,5,281. 0 1993 
John Wiley and Sons, Inc. Reproduced by permission of John Wiley & Sons, Inc.) 

basis of so-called gradient moment nulling methods and flow compensation. By 
using appropriately shaped gradient pulses, certain moments can be nulled. For 
example, a bipolar gradient waveform encodes for flow velocity (i.e. MO = 0, 
MI # 0). Many examples of such gradient waveforms have been summarized 
by Pope and Y ~ o ' ~ ~  and the design methods of such waveforms have been 
discussed by Duerk and Sim011etti.l~~ A typical flow-selective excitation 
sequence is ( 7 ~ / 2 ) ~ - ~ - - ( 7 ~ / 2 ) - ~  with a bipolar gradient pulse between the RF 
pulses. An imaging sequence incorporating such a selection sequence is shown 
in Fig. 18. Pope and Yao have described a series of flow-selective sequences 
based on binomial selective excitation in combination with flow-encoding 
 gradient^.'^' It is an appropriate stage to mention that gradient moment nulling 
can be employed in conventional spin-echo imaging sequences to avoid flow 
artefacts. 

6.3. Diffusion measurements with pulsed field gradients 

Diffusion can be measured using both Bo and B ,  gradients. Two basic pulsed 
field gradient (PFG) sequences, one &-based and the other B,-based, for 
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Read gradient Gx z 
gradient Phase G y y  

Fig. 18. An example of a single slice imaging sequence with a flow-selective excitation 
sequence (i.e. ( T / ~ ) ~ - G - (  - G ) - ( T / ~ ) - , ~ ) .  This sequence suppresses the signals from 
stationary spins since magnetization from stationary spins is returned to the static field 
direction, whereas that from moving spins acquires an additional phase change due to 
the effects of the gradient pulse and is consequently rotated into the transverse 
plane. 

measuring diffusion are presented in Fig. 19. As the basis of NMR diffusion 
measurements was described in detail earlier in this series? here it is sufficient 
to note that if in the period between the leading edges of the gradient pulses 
(A) there is no translational motion of the spins in the direction of the 
applied gradient then the dephasing effects of the first gradient pulse will be 
counteracted (i.e. rephased) by the effects of the second gradient pulse. A net 
displacement (i.e. flow) will be reflected by a net phase change of the signal and 
a random displacement will be reflected by attenuation of the echo signal. The 
degree of dephasinghephasing is proportional to 

q = (2m)-'yg6 (24) 

where q defines a dynamic reciprocal space vector and is clearly similar to k 
(see Eq. (2)) except that q provides information on displacement whereas k 
provides information on position. In our definition of q we have denoted the 
amplitude of the gradient by g to emphasize that it is the amplitude of the 
gradient pulses in the PFG sequence. It should be emphasized that g is a vector 
quantity and it determines the direction in which the diffusion is measured. 

There are a number of ways of relating the diffusion coefficient to the echo 
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Fig. 19. (A) Basic Bo gradient-based and (B) B, gradient-based sequences for 
measuring diffusion. In the B, gradient sequence, the phase of the second gradient pulse 
is shifted by r to ensure the cancellation of any contribution other than longitudinal 
magnetization prior to  the read pulse. The B,-based scquence has the advantage of 
being weighted by longitudinal relaxation instead of transverse relaxation. However, 
there is a factor of 2 loss in signal to noise due to the inherent defocusinglrefocusing 
behaviour of the B,  gradient pulses. 

attenuation: E,(q),  including the short gradient pulse approximation (SGP). 
In the short gradient pulse approximation we 

E,(q)  = 11 dro drp(ro)Z'(ror, t = A) eizq("0) 

where p(r,) is the equilibrium spin density, P(ro, r, t )  is the Green's function or 
diffusion p r ~ p a g a t o r , ' ~ ~ , ' ~ ~  which is the conditional probability of finding a 
particle, initially at a position ro, at a position r after a time t. P(ro, r, t )  satisfies 
the (isotropic) diffusion equation (e.g. see Ref. 1.50), subject to the initial 
condition P(ro,r,O) = 6 (ro - r) (N.b., 6 is the Dirac delta function) and 



182 W. S. PRlCE 

appropriate boundary conditions. In some materials (liquid crystals, ordered 
biological tissue, etc.) the diffusion is anisotropic and the scalar diffusion 
coefficient must be replaced by a Cartesian tensor. 

For the case of (three-dimensional) diffusion in an isotropic and homo- 
geneous medium (i.e. boundary condition P - 0 as r - m), P(ro, r, t )  is given 

Equation (26) states that the radial distribution function of the spins in an 
infinitely large system with regard to an arbitrary reference time is Gaussian. 
Using Eq. (26), the solution to Eq. (25) becomes 

EA(q)  = exp( - 4 d q ’ D A )  (27) 

which describes a pure attenuation; including the effects of flow in the t 
direction (v , )  the solution becomes 

EA(q)  = exp( - 4 d q ’ D A  + i 2 ~ q v , )  (28) 

The second term in the exponential in Eq. (28) produces a phase shift due to 
flow in the direction of the applied gradient. 

The solution of the diffusion equation becomes much more complicated 
when the displacement of the particle is affected by its boundaries and P(r,,, r, t )  
is no longer Gaussian. When the PFG method is used to measure diffusion in 
free solution, the value of A chosen has no particular significance, as is clear 
from Eq. (27). However, in the case of restricted diffusion the effects of the 
geometry on the motion of the species must be accounted for. Consequently, 
if the boundary effects are not properly accounted for, an apparent diffusion 
coefficient, Dappr will be measured instead of D .  

6.3.1. “Diffusive diffraction” and imaging molecular motion 

If a spin is trapped within a fully enclosing pore, then in the long-time limit 
( A  - M) all memory will be lost of the starting position (and, therefore, the 
diffusional process) and so 

and we can define the average propagator, 
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Plate 1. Example of imaging using a hyperpolarized gas. Left:"Hyperpolarized" xenon gas 
gives off a large magnetic resonance signal in a solution containing hydrogen atoms. 
Right: 2 minutes later, that signal transfers to the hydrogens. (Reproduced with permission 
from A. Pines.) 





Plate 3. (a) Water proton density image of a transverse section of the stem of 
Equisrrurn obtained at 60 MHz. The image reveals the high water content of the 
vascular bundles and outer cortex. (b) Water velocity image of the stem at the same 
position. The maximum velocity is around 40 pms-'. (Reproduced with permission 
from Xia et 

Plate 4. IH 7-2 enhanced image of PMAA gel under (a) no stress and (b) a stress of 4.8 kPa. 
(Reproduced with permission from Yasunaga ct N I . ' ~ ~ . )  



Plate 5. Solvent penetration in stretched PVC and swelling, after being immersed in 
toluene for (a) 14 h and (b) 30 h; (c) the final state after being immersed in 
trichloroethylene. Diffusion profiles (cross-sections) along the preferential solvent 
penetration are shown on the right. The images were acquired using radiofrequency 
gradients (Reproduced with permission from Valtier et al. 293 

.) 
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where R = r - ro. Thus, P(R,m) is the autocorrelation function of the 
molecular density. From Eq. (30) and using the Wiener-Kintchine theorem,15’ 
it is found that E(q,m) is the power spectrum of p(r0),3,152,’53 

E(q, m) = (dRP(R, m) 

= ISh)  l 2  (31) 
where S(q) is the Fourier transform of p(r). 

This is the origin of diffraction-like effects in PFG diffusion studies. S(q) is 
analogous to the signal measured in conventional NMR imaging. However, 
whereas conventional imaging returns the phase-sensitive spatial spectrum of 
the restricting pore, E(q, 00) measures the power spectrum, IS(q)I2, and thus is 
sensitive to average features in local structure (not the motional characteris- 
tics). Further, because E(q, 00) measures the power spectrum of S(q), Fourier 
inversion cannot be used to obtain a direct image of the pore. However, q-space 
imaging has the potential to give much higher resolution than conventional 
k-space imaging since the signal is not acquired in the presence of a gradient 
and thus results from the entire sample rather than a voxel (see Fig. 20). Thus, 
the resolution achievable in q-space imaging is limited only by the magnitude 
of q. It is important to note that the above discussion regards “diffusive (i.e. 
q-space) diffraction” not “Mansfield (k-space) d i f f r a ~ t i o n ” . ” ~ ~ ’ ~ ~  Mansfield 
(k-space) diffraction depends on the relative positions at fixed time (N.b., 
normal imaging returns an image of p(r)), whereas q-space diffraction depends 
on the relative displacements of the molecular origin during A. 

6.3.2. Dynamic N M R  microscopy 

The term “dynamic NMR microscopy” has been applied to the situation in 
which the PFG pulse sequence (Fig. 19) is incorporated into the imaging 
experiment (see, for example, Fig. 21) and a sequence of high-resolution 
images is obtained, each with an increasingly large value of g that corresponds 
to slices in q-space.”’s“”R This allows diffusion and flow to be sources of 
contrast in the image. Each slice in q-space is weighted progressively by E,.(q) 
(see Section 4). The spectrum of displacements at each pixel is then calculated 
using Fourier methods. Hence, maps of the velocity and diffusion can be 
obtained simultaneously with high precision. Dynamic NMR microscopy has 
elements of both PFG and conventional imaging and the signal is modulated 
in both k- and q-space, 

S(k, q) = p(r) exp(i2nk. r)  P(rO, r, A) exp(i2rq. (r - ro)) dro dr I I 
= Ip(r)E,(q. r) exp(i2nk. r) dr (32) 
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Fig. 20. “Image” of the pore autocorrelation function convoluted with the diffusion- 
weighted three-dimensional lattice correlation function of water in monodisperse 
polystyrene spheres with a pore spacing of 15.8 pm. (Reproduced with permission from 
Callaghan et 

X I 2  n n n n 

rf 

Fig. 21. A n  example of an imaging sequence for velocity-compensated dynamic NMR 
r n i c r o ~ c o p y ’ ~ ~  which incorporates the PFG sequence given in Fig. 19A. The sequence 
contains two PFG trains resulting in an even echo effect so that phase shifts resulting 
from coherent motion are refocused. The precursor read gradient is not shown. 
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In Eq. (32) an infinitesimally small volume dr is assumed and we can consider 
EA(q, r) as the Fourier transform of the local dynamic profile, 

E,(q, r) = /P(R, A) exp(i2rq. R) dR (33) 

where P(R, A)  is really a function of the pixel coordinate. Note that EA(q, r) 
refers to the normalized echo contribution at the pixel coordinate r, whilst 
EA(q) refers to the whole sample. If gradients for both imaging and diffusion 
were used in all three spatial dimensions, the signal in Eq. (32) would be 
six-dimensional. However, in practice, q is applied in only a single dimension 
(along which the motion is detected; normally z ) .  From a series of images in 
which q is incremented, EA(q) can be calculated for each pixel. P(Z,  A)  can be 
determined for each pixel in the image from Fourier transformation with 
respect to q. These functions can then be analysed to return values of v and D 
for each pixel. 

For the case of free diffusion, P is a Gaussian curve centred at vA and 
the width of the curve is proportional to the width of the square root of 
the self-diffusion coefficient. The velocity and the diffusion coefficient are 
given by’ 

2rrk,n, 
N Y g m  c3A 

(%kFWHM) 

v =  

2 

D =  
(4 ln(2)/7r2) y2N2& 6 * A  

(34) 

(35) 

where N is the size of the array in the transformation, gm is the maximum pulsed 
field gradient applied, n,  + 1 is the total number of increments of q in the 
experiment, k, is the position of the peak and k,,, is the width of the peak. 
The use of “difference propagators” has been demonstrated to be a viable 
means for obtaining accurate information about velocities at the subvoxel level 
using dynamic NMR spectroscopy.’s9 Xia and Callaghan have reported a less 
sophisticated and slightly less accurate but more time-efficient “one-shot’’ (i.e. 
it does not require multislicing in q-space) phase-encoding method of velocity 
micro~copy.~’ Using this method they successfully measured flows down to 
45 pm SKI.  

6.3.3. Diffusion tensor imaging 

In the general case as noted in Section 6.3, the diffusion process is represented 
by a Cartesian tensor and thus in anisotropic systems (e.g. skeletal muscle) the 
scalar Dapp measured will depend on the direction of the imaging gradients. In 
such cases the diffusive processes are better described by an apparent diffusion 
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tensor Dapp instead of Dapp. DaPP contains information relating to the structure 
and orientation of the restricting geometry and the principal diffusivities.'60 
Scalar imaging parameters can be derived from Dapp including the mean 
diffusivity (= Trace(Dapp)), diffusion anisotropy of the sample, and organiza- 
tion of the fibres.'61 Importantly, these features, which may be used as contrast 
factors, are rotationally and translationally invariant and are thus free of 
orientational Le Bihan and coworkers have developed methods 
to estimate Dapp from 2D spin-echo  image^'^^.'^^ and more recently using EPI 
techniques. '64 

6.4. Miscellaneous 

It should be noted that diffusion imaging is also possible using other imaging 
techniques including steady-state free p r e c e s ~ i o n ' ~ ~  and B1 gradient imaging- 
based methods.'65 In a technique somewhat related to STRAFI, Callaghan and 
Stepisnik'66 have performed spatially distributed pulsed gradient spin-echo 
NMR experiments using a single wire through the sample. Using this technique 
they were able to achieve gradients on the order of 100Tm-'; since the 
gradient is produced by a single wire instead of a (more inductive) coil, they 
were able to achieve very rapid switching times. They remarked that gradients 
well in excess of this figure should be feasible, allowing measurements of 
molecular displacements smaller than 10 nm and thereby bridging the gap 
between PFG NMR and neutron scattering. They used their technique to 
observe anisotropic diffusion in a liquid crystal. Randall et al?' have suggested 
the use of high-order primary Hahn echoes in combination with the STRAFI 
method to obtain diffusion maps of materials of all types, including solids. 

7. TECHNICAL ASPECTS OF IMAGING 

7.1. Introduction 

The elements of an NMR microscope are essentially those of a normal NMR 
spectrometer with the addition of gradient coils and amplifiers. However, 
particular emphasis has to be placed on achieving very high S/N. In this section 
we consider the elements of the NMR microscope and some of the recent 
advances in the construction. A more detailed coverage of the elements of the 
NMR microscope may be found e l~ewhere .~  Xia et af.16* have presented the 
designs of two microscopy probes for use in plant imaging and for measure- 
ments of slow molecular diffusion. More recently Schoeniger and BlackbandI6' 
presented the design of a microscopy probe for use at 8.5 T with the aim being 
to image a single cell. 
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7.2. Radiofrequency coils and systems 

Many types of coils can be used in microscopy with specialized coils being more 
suited for particular tasks and sample geometries. At the most fundamental 
level they can be classified into volume coils or surface coils. Readers interested 
in the aspects of surface coils should refer to the reviews by Bosch and 
Ackerman1"6 and Edel~tein. '~ '  Volume coils and RF  systems for imaging were 
also covered in the review by Ede1~tein.l~" 

To achieve higher signal-to-noise ratios, the smallest possible RF  coil size 
should be used so as to achieve a higher filling factor and have a high quality 
factor (Q).17' There is much interest in providing better theoretical approaches 
for determining the magnetic and electric fields generated by RF  
Solenoid coils provide superior B ,  homogeneity and sensitivity as well as being 
easy to fabricate; however, their geometry precludes them from being coaxially 
placed in magnets. More recently solenoids with diameters as small as SO pm 
for use in microprobes have been r e ~ 0 r t e d . I ~ ~  These can result in drastic 
reductions in the averaging time required but at a cost of a more delicate 
coil/sample assembly and perhaps increased distortions of the static magnetic 
field due to susceptibility variations around the sample. 

To maintain homogeneity, solenoidal coils need to be relatively long 
compared to their diameter and this becomes an issue as the lower inductance 
required at higher fields requires a shorter solenoid, which results in reduced 
homogeneity. Birdcage coils are known to have high RF  homogeneity but 
typically have been used only for whole-body  application^.'^^ There have been 
reports of the use of small birdcage r e s o n a t ~ r s ' ~ ' * l ~ ~  for microscopy work, even 
for small samples with diameters of 3 mm or less.'7x These have the advantage 
of maintaining good homogeneity and Q at high frequencies and convenient 
orientation as the cylindrical axis is along Bo, 

When imaging with large coils, the sample noise is larger than the coil noise. 
However, in the case of NMR microscopy where much smaller RF  coils are 
employed, the converse is true and a large improvement in S/N can be obtained 
by reducing the coil noise. Black et al. have used the high-temperature 
superconductor YBC0.'7' At 7 T  their coil had a Q of about SOOOO. This 
approach can provide up to a 60-fold increase in S/N. This increase may, in 
many cases, make signal averaging unnecessary and the total imaging time then 
becomes dependent only on the time required to traverse k-space. 

Superconducting coils are not only technically more difficult to manufacture 
but must also be kept at low temperatures (e.g. 1 0 K  for YBCO) while 
maintaining the sample at room temperature. Hence, complicated Dewar 
arrangcments must be employed to maintain the temperature differential 
between the two compartments. Further, owing to the very high Q, the 
resonant frequency of the superconducting coil is temperature dependent and 
thus the coil temperature must be accurately maintained. 
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7.3. Bo gradient coils 

The design and construction of Bo gradient coils were summarized in an earlier 
chapter in this series’ and has recently been the subject of several reviews.’Xo.’K’ 
Consequently, we will focus only on some very recent innovations in the field, 
especially those relevant to NMR microscopy. Surface gradient coils are not 
covered and details can be found in the review by Cho and Yi.I8O The 
performance requirements of current amplifiers have been considered by 
Callaghad and more recently by Turner.”’ 

An ideal Bo gradient set would include the following properties: a large 
gradient for a given current input (i.e. high current efficiency); low inductance 
so as to allow rapid switching; minimal eddy current production; and, rather 
importantly, a linear gradient over a large sample volume. There are also 
practical considerations such as the ease of fabricating such a coil and whether 
it provides a convenient geometry for locating the sample. The gradient coils 
in modern imaging spectrometers are almost invariably shielded. In this 
technique a secondary set of windings has the effect of confining the gradients 
to the sample region and thereby preventing (or at least reducing) the 
generation of eddy currents in surrounding conductors. 

The current efficiency of a coil increases with the number of turns in the coil, 
whereas the inductance increases with the square of the number of turns. This 
increase in inductance necessitates the use of larger voltage to maintain fast 
switching times, or conversely using large currents but with fewer turns in the 
gradient coil. Since increasing current generates many undesirable effects 
(overheating, mechanical vibrations and eddy currents, etc.) it is technically 
simpler to decrease the coil diameter than to increase the current. This has the 
added advantage that there is a rapid decay in the stray field amplitude with 
distance, so that decreasing the coil dimensions also helps to reduce eddy 
current problems.’82 

Gradient coil design can involve discrete windings or distributed windings. 
The simplest gradient coil producing a gradient in the z direction is the 
Maxwell pair; for transverse gradients the double saddle (“Golay”) coil is 
commonly used. The distributed winding type of gradient coil is more difficult 
to design and to fabricate since, after the ideal current distribution is 
determined, the continuous current distribution must be approximated using 
a discrete number of conductors of finite length. A number of approaches have 
been used to determine the optimal positions of the coil windings. These 
approaches include the “target field” approach, “stream function” methods 
and matrix inversion techniques. The matrix inversion techniques related to 
finite-element methods are the most general in that they can be used for any 
shape of coil. The stream function is the integral of the current density. Equally 
spaced contours of the stream function provide cogent locations for the 
placement of the individual windings. In the target field approach the desired 
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field is specified and then Ampltre's law is inverted to enable the calculation 
of the currents required.Is3 

Simulated annealing methods have emerged as a powerful new method 
in the design of longitudinallx4 and transverse gradient coils."' Simulated 
annealing,"' a combinatorial optimization technique, is used to find the global 
minimum of a gradient error function within the allowable physical constraints 
(dimensions, linearity, stored energy, inductance, etc.). The advantage of this 
technique is that real-space current elements can be modelled and manipulated 
in any geometry. While the method is computationally intensive, this would 
seem to become less significant with ever-faster computers. Adaptive simulated 
annealing has been used to design biplanar x and z gradient coils,'x7 and coils 
with coaxial return paths"* that represent a new alternative to Golay coils for 
producing transverse gradients. 

The development of improved gradient coils with better performance 
characteristics is an area of great interest, with recent designs including 
transverse coils with low inductance and restricted length,18' elliptic cylinder 
longitudinal gradient coils,'y"~'yl a novel semi-shielded quadrupole gradient 
coil16' and coils containing wires wound in a sinusoidal distribution.'y2 For solid 
imaging experiments involving magic angle spinning, special gradient coils 
generating gradients at magic angles with standard cylindrical geometries have 
been designed and b ~ i I t . ' ~ ~ - ' ' ~  

7.4. B ,  gradient coils 

B1 gradient coil design is technically much easier than that for Bo gradient coils. 
A typical arrangement for performing imaging with Bl gradients is to use a 
single-turn coil to generate the read gradient (GI (x)) and a saddle coil as the 
detection coil and possibly to generate a B l  gradient in the z direction"' (see 
Fig. 22). A single-turn gradient coil is capable of producing a uniform gradient 
in a region from 0.2rcoll to o.!hcoll, where rcoll is the coil radius.ly6 The gradient 
strength is strongly related to the efficiency of the tuned circuit and the 
transmitter power. A major problem with Bl  gradients is that they are normally 
much weaker than those obtainable for Bo gradients. The simplest way to 
increase the gradient strength is to decrease rcoll; by doing this Humbert et al.'" 
achieved gradients up to 0.2Tm-'. However, this gain is at the expense of 
gradient uniformity. Other approaches have included the use of flat coils,'98 
which produced gradients up to 0.75Tm-'; using a solenoid instead of a 
single-turn coil, with gradients as large as 3 T m-' being obtained in the fringe 
field;"" and toroid cavity detectors.20" Other interesting designs have included 
a cone coil suitable for spatial encoding along the Bo axis2"' and a coaxial 
resonator for producing cylindrically symmetric gradients.'"' 
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Fig. 22. A simple RF coil arrangement for the generation of B ,  gradient for encoding 
(after Maffei et ~ 1 . ’ ~ ) .  The single-turn coil generates the RF gradient, which acts in the 
x direction, and the saddle coil is used to generate an RF gradient along the z direction 
and also for signal detection. 

7.5. Miscellaneous 

A few groups have reported the use and construction of apparatus for imaging 
at cryogenic temperatures.203 The designs of such apparatus must meet several 
requirements. First, only a low power can be used to regulate the sample 
temperature. Second, to maintain constant sensitivity the RF coils must be 
thermally isolated and, conversely, to prevent sample heating. Finally, non- 
metallic parts are preferred near the sample not only €or the obvious reason 
of avoiding the generation of eddy currents but also to prevent heating due to 
eddy currents that may be induced in conducting materials. 

8. ARTEFACTS, COMPLICATIONS AND RESOLUTION 

8.1. Introduction 

There are numerous artefacts that can affect images, and a deeper considera- 
tion of these, especially those pertaining to nonmedical studies, is the subject 
of this section. We note in passing that, apart from diffusion and flow, image 
resolution can be limited by sample (e.g. physiological) motion, and to 
minimize such effects, fast imaging sequences, synchronized acquisition and 
post-data-processing procedures have been devised. It is important to realize 
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that some artefacts are image sequence-dependent. This section is particularly 
concerned with artefacts resulting from the effects of imperfect gradient pulses, 
eddy currents, magnetic inhomogeneities, diffusion, flow and chemical shifts. 
In the last part of this section the limits to image resolution are considered. 

8.2. Applied gradients and eddy currents 

The rapid switching of B,, gradients generates eddy currents in surrounding 
conductors (e.g. heat shield in the Dewar, RF  coils and shielding). These in turn 
genei-de secondary magnetic fields that spoil the homogeneity during the 
frequency encoding and result in image distortions, and in the case of diffusion 
gradients also contribute to gradient pulse mismatch. The eddy currents also 
distort the applied gradient field temporally, resulting in slower rise and settling 
times. A simple solution is to use “pre-emphasis”, whereby the input current 
to thc gradient coils is designed so that it compensates for the induced eddy 
currents. A more effective approach is the use of shielded gradient coils (see 
Section 7.3). It is common to use both pre-emphasis and shielded gradient coils 
together and, with this approach, gradient settling times of less than a few 
hundred microseconds are possible. Balcom et al.”’ have demonstrated that 
1D constant-time imaging (see Section 5.4.6) can be used to measure gradient, 
rise, stabilization and decay. 

Imperfection in gradient pulses resulting from amplifier instability or eddy 
currents is especially serious in the case of diffusion gradients as it can result 
in large artefactual losses of signal intensity. This aspect was considered in an 
earlier contribution2 However, when a PFG sequence is incorporated into an 
imaging sequence, as in dynamic NMR microscopy, the problems are further 
complicated by cross terms between the diffusion gradients and the imaging 
gradients. These problems are exacerbated in the case of microscopy where the 
imaging gradients can be as large as or larger than the size of the diffusion 
gradients. Neeman et have considered the effect of diffusion on the signal 
attenuation in various spin-echo diffusion imaging sequences and derived 
analytical expressions for the cross terms. Thus careful experimental calibra- 
tion of the gradient strength is required.5’ 

8.3. Susceptibility and diffusion effects 

8.3.1. Susceptibility artefacts 

In high-resolution NMR great effort has been put to minimizing the residual 
inhomogeneity arising from imperfect shimming, and in fact the use of 
imaging to measure field maps is now well established as a method for 
sample shimming.20s However, in the case of imaging, residual magnetic 
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inhomogeneity is rarely of significance, but residual inhomogeneities in 
heterogeneous samples (in the sense of magnetic susceptibility, x) can be both 
a source of contrast and a source of artefacts, especially in biological samples 
owing to the presence of air b ~ b b l e s . ~ ~ ~ . ~ ~ ~  Severe inhomogeneity problems are 
encountered in samples containing paramagnetic centres.IZ7 

Internal gradients can either add to or subtract from the applied imaging 
gradients since the differences in x result in a spatially varying Bo, ABo(r), 
which in turn results in a local precession frequency offset, yAB(,(r). The spin 
warp imaging scheme (see Section 3.6.2 and Fig. 5 )  provides a useful model for 
illustrating the effects of ABO(r). As noted in Section 3.3, a spin-echo-based 
sequence is much less sensitive to magnetic field inhomogeneities than a 
gradient-echo-based sequence since the spin-echo in the absence of diffusion 
will refocus (i.e. remove) the static susceptibility effects at k = 0 which is the 
centre of k-space and determines the overall image intensity. However, 
perturbations to the local magnetic field result in a residual distortion. 
Including the effects of AB,(r), the raster of the spin warp imaging scheme in 
which the x direction of the raster is encoded using frequency encoding and the 
y direction using phase encoding is given by3,208,20y 

exp[i27rkYy + iyAB,(x,y)ty] exp [ i2rrkx ( x + AB$’y))]dxdy 
L . a - (36) 

phase 
encoding 

Thus, AB,(r) causes a local phase shift of 

frequency 
encoding 

and in the frequency-encoded x direction the pixels to be offset by a factor 

In a spin-echo experiment the phase shift will be refocused; or if the signal is 
acquired immediately after the phase-encoding step, the local phase shift can 
be removed by calculating a final image modulus.209 The offset given by Eq. 
(38) is more troublesome and affects all imaging sequences involving fre- 
quency-encoding and, significantly, it is y independent and depends only on the 
ratio of the inhomogeneity to the strength of the read gradient. From Eqs (37)  
and (38) it can be inferred that one, albeit time-consuming, solution would be 
to use only phase-encoding gradients, such as in constant-time imaging. 
However, from Eq. (38) it can be seen that the image distortion can be avoided 
by increasing the read gradient strength so that the local field offset is less than 
the variation in the applied field across a single voxel. Hence, different imaging 
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sequences will have different degrees of vulnerability to the effects of magnetic 
inhomogeneity and it is important to be able to recognize such effects. 
Chemical shift imaging techniques and particularly the selective excitation 
method are very sensitive to B,) inhomogeneities, especially when attempting 
to resolve peaks that are close in frequency.206 

B1 gradients, in contradistinction to Bo gradients, are unaffected by the 
effects of magnetic susceptibility since it relies on nutation rather than free 
precession, providing that B,  is sufficiently strong that off-resonance effects 
can be However, as noted above, in B1 gradient imaging the read 
gradient is applied in the form of pulses separated by acquisition windows and 
in these windows T2 and the effects of internal Bo gradients cannot be ignored. 
Raulet et al."" found that, at least to first order, B ,  gradient microscopy is not 
affected by susceptibility effects. They noted that by compensating for residual 
leakage between the read gradient coil and the detection coil, the acquisition 
windows can be shortened, thereby further reducing any susceptibility 
effects. 

8.3.2. Di f i s i ve  relaxation and edge enhancement 

Translational diffusion can affect imaging experiments in a number of ways, 
including shortening the apparent T2 (i.e. diffusive relaxation) by inducing 
phase shifts as the spins move within spatially dependent magnetic fields.21',2'2 
Such fields can arise from susceptibility differences within the samples and also 
due to the applied imaging gradients (and it is therefore sequence specific). For 
example, diffusive relaxation due to the read gradient increases as the number 
of pixels is increased.6'.20y For a read-direction bandwidth T - ' ,  the attenuation 
factor at k, = 0 is213 

A,(k, = 0) = exp(- &-r2Dk:,,,(NT)) (39) 

where k,,,, is the maximum value of k-space employed. The signal loss 
associated with application of a phase-encoding gradient (i.e. G,) pulse such 
as in Fourier imaging is2'' 

A,(k,)  = exp(- !.rr2Dk:t) (40) 

In the case of projection reconstruction where both the x and y directions are 
phasc-encoded, A,(k,, k,) has the same form as Eq. (40) but k, is replaced by 
k. Thus, in an imaging experiment the signal relaxation due to free diffusion 
ultimately limits the available resolution as it leads to a blurring of sharp 
features. However, there is no loss of average image amplitude since no 
attenuation occurs at k = 0. Observing Eq. (40) and recalling the definition of 
k (see Eq. (2)), it can be seen that for a given pixel dimension the blurring 
effects may be arbitrarily reduced by using a shorter phase-encode time and 
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correspondingly larger gradient. It should be noted that phase-encoding 
gradients are less susceptible to diffusive attenuation. Gradients resulting 
from susceptibility differences in the sample superimpose on the applied 
gradients, 

G'"'al(r) = G + G'"'(r) (41) 

leading to additional attenuation by the above mechanisms. 
Callaghan et a1.2"9 noted that as a "rule of thumb" the ratio 

where Axplxel is the pixel dimension and Axdlff is the r.m.s. displacement of the 
spins over the signal acquisition period, determines the significance of 
self-diffusion effects on imaging. In fact the 2Dkka,(N7') (see Eq. (39)) is 
equivalent to (Axd,fflAxplxel)2. Thus, sensitivity and resolution limitations 
resulting from diffusion apply only at high resolutions. 

In the case of restricted diffusion the situation is rather different. Restricted 
diffusion results in edge enhancements that are observable only at the 
microscopic leve1.212.216218 Piitz et aL2" proposed a mechanism whereby 
diffusive boundaries impermeable to water distort the lineshape function of 
the observed frequency spectra so as to enhance image contrast around 
boundaries. As pointed out by Callaghan et the edge enhancement that 
occurs in a spin-echo sequence arises from diffusive attenuation, and this effect 
will dominate the lineshape distortion effects. The edge enhancement provides 
an interesting source of contrast that may be used to discern features that 
would otherwise be too thin to resolve, such as membranes.218 De Swiet21x has 
noted that the type of phase-encoding used strongly affects the results. 
Callaghan et have considered the complicated interplay between sus- 
ceptibility and diffusion in spin warp imaging that can lead to local boundaries 
appearing as bright features. In this case the susceptibility-related fields 
modulate the net local gradient, and as a result the total gradient at any point 
can be larger or smaller than the read gradient, leading to relative signal 
enhancement or attenuation. Thus, at points where the local gradient and read 
gradient are equal in magnitude but of opposite sign (i.e. a gradient null point) 
it is possible for sharp bright spots to occur, or dark spots if the gradients are 
of the same sign. 

8.4. Flow 

It is perhaps less than surprising that flow and sample motion also lead to image 
artefacts in conventional spin-echo imaging sequences, although these tend to 
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be more serious in medical imaging. The artefacts are in two forms. First, if 
there is variations in flow (e.g. turbulence) across a voxel, the resulting phase 
dispersion will cause a loss in image intensity.2" In this sense the turbulence 
can be thought of as a diffusion-like process. Second, if the spins in a voxel have 
a nonzero average velocity, the phase of the resulting signal will be offset by 
the phase shift related to M I  (see Eqs (22) and (23)); however, providing that 
this difference does not change from step to step in the phase-encoding 
gradient, the spatial localization will be unaffected. Flow parallel to the 
direction of the phase-encoding gradient will result in phase-misregistration. 
These motional artefacts can be reduced by using flow-compensated imaging 
sequences in which the imaging gradients meet the condition M ,  = 0. Flow- 
related artefacts have been considered in detail elsewhere."8.220 

8.5. Chemical shift 

Slice selection can be hampered by chemical shift effects that result in 
localization errors.38 If there is sufficiently high resolution, a simple imaging 
method will produce an image that is the superposition of the images of the 
individual signals that appear to be shifted in space (recall that imaging relies 
on making the position frequency dependent).' The choice of soft pulse for 
chemical shift selective excitation in chemical shift imaging is important in 
minimizing artefacts from nearby resonances.22' 

8.6. Resolution and signal to noise 

To a first approximation, resolution in NMR microscopy is "sensitivity 
as the minimum acceptable S/N translates into the highest usable 

resolution (=smallest voxel). The S/N obtainable depends on a number of 
factors, including the electronic noise of the instrument, the resolution 
required ( i t .  the voxel size), the experiment time and the inherent properties 
of the sample (e.g. relaxation characteristics, chemical shift, diffusion and 
susceptibility differences in a heterogeneous sample). For an isotropic voxel 
the number of spins per voxel reduces cubically with the resolution. For 
example, to go from an isotropic resolution of (1 mm)' to (10 pm)' and 
maintain the same image quality, the SIN per voxel would have to increase by 
a million times. The relationship between S/N and experimental variables is 

limited??171,222 

where n is the number of scans, and k is the Boltzmann constant, T is the 
temperature, A v  is the bandwidth, Rcoil and Rsamplr are the coil and sample 
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resistance, respectively. When small R F  coils are used, Rsample is negligible. 
Since Rco,, is proportional to %"& owing to skin effects, the overall S/N 
increases as Bi'4. The S/N can also be increased by decreasing the size of the 
RF   coil^'^'.'^^ and thereby increasing B I .  There are many sources of noise in 
the NMR experiments, but in a well-designed system the sensitivity and overall 
noise are ultimately determined by the probe and RF  preamplifier. As noted 
above, the Johnson noise in the receiver coil can be reduced through the use 
of superconducting materials and reducing the operating temperature of the 
receiver coil-preamplifier system. 

Apart from superconducting RF  coils, imaging with the sample itself at 
cryogenic temperatures results in enormous gains in S/N by virtue of the 
Boltzmann distribution. For example, Moore et aZ.,203 after allowing for molar 
densities and TI relaxation rates, estimated a gain in S/N of about 16 for n-'H2 
(n  denotes the equilibrium rotational state populations at room temperature) 
at 14 K relative to *H20 at room temperature. 

The least technically demanding means of increasing S/N is simply to 
increase the number of averages. However, owing to time constraints, this is 
generally not an acceptable solution. A more prudent alternative is to use an 
appropriate pulse sequence suited to the sample and experimental conditions; 
for example, diffusion-induced signal loss can be reduced by using diffusion- 
reduced gradient-echo pulse sequences.".223 

Ideally, the best resolution is obtained using the minimum bandwidth 
consistent with the intrinsic line width (i.e. 1/(7rT2)) equal to the pixel width 
in the frequency domain. This leads to an optimal gradient amplitude 
for a given sample d imen~ ion .~  Resolution of a few micrometres (i.e. 1- 
5 pm) is theoretically obtainable with B, gradients of the order of a few 
T m-' and observing proton resonances. However, as noted above, magnetic 
susceptibility and translational diffusion act to degrade spatial resolution, 
although some of these problems can be overcome using larger gradients 
(-6 T m-').213 

An interaction that affects the spatial resolution results in a modulation of 
the signal in k-space. The shape of this modulation is called the modulation 
transfer function (MTF) and its Fourier transform is termed the point spread 
function (PSF). The convolution of PSF with the spatial distribution of spins 
determines the smallest feature that can be resolved in an image. The 
resolution is commonly defined by the full width at half-height (FWHH) of the 
PSF.224 Using the PSF, M ~ F a r l a n d * ~ ~  has analysed resolution in the spin warp 
and projection reconstruction sequences. 

In B, microscopy the obtainable resolution depends on various factors 
including T2, diffusion, S/N and the strength and quality of the B I  gradients 
over the sample volume. On the basis of relaxation times, it was calculated that 
even with modest gradients sub-micrometre resolution is possible.'5 The major 
problem with B,  gradient-based microscopy is the low gradient strengths 
obtainable. Woelk et aZ.200 predicted a theoretical maximum (observing 'H) of 



NMR IMAGING 197 

6.5 p m  and experimentally managed to observe 20 pm resolution using a 
toroidal cavity detector that produces a B ,  field gradient inversely proportional 
to the distance from the centre of the torus. More recently, a resolution better 
than 5 pm was achieved using a two-turn flat Canet has shown" that the 
theoretical spatial resolution in B I  imaging under the somewhat ideal con- 
ditions of the magnetization decay during the acquisition of the pseudo-FID 
being described by (see Eq. (18)). and ignoring the effects of translational 
diffusion, is 

Of particular interest is that when T2 6 TI, = 2 X T2, whereby a factor of 
2 is gained over conventional B,, imaging. Further, since the B ,  method does 
not use an echo, in contrast to many B,) methods, there is a significant gain in 
S/N. The S/N can be further enhanced by using a low-pass filter with a cut-off 
frequency equal to the Nyquist frequency of the acquisition process. 

9. AREAS OF APPLICATION 

This section is intended to introduce some of the systems and areas that 
imaging has been applied to, especially in the areas of biology, chemistry and 
fluid dynamics, and some recent novel applications. 

9.1. Biological studies 

Biological studies, being directly related to the medical field, were an obvious 
and early extension of the domain of imaging applications. Biological studies 
have benefited from the increasingly higher resolutions obtainable, and the 
deeper understanding of image contrast mechanisms (and how to control 
them) permits different aspects of physiological processes and metabolism to 
be visualized noninvasively even at cellular levels.225 The applications to plant 
science and agriculture have been reviewed by Sarafis eta1.226 'H imaging is also 
a very convenient means of studying freezing behaviour in plants227 (see Fig. 
23). From images acquired at 500 MHz, Bowtell et ~ 1 1 . ~ ~ ~  were able to observe 
cellular detail in a geranium petiole. They achieved an in-plane resolution of 
4.5 pm with a slice thickness of 100 pm. They remarked that much of the 
appearance of the images obtained was a consequence of signal loss due to 
diffusion in the local gradients that surround intercellular air spaces. Similarly, 
taking advantage of higher fields, images have been obtained of single-cell 
organisms (i.e. green algae) with spatial resolutions of 6 pm;'7' also images of 
single neurons isolated from the marine snail Aplysia with in-plane resolutions 
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Fig. 23. Visualization of freezing behaviour in an azalea flower bud at (A) 1°C (B) 
-7”C, (C) -14°C and (D) -21°C using ‘H NMR spin-echo images. The progression of 
the freezing process is clearly seen with only supercooled water remaining visible in the 
images below 0°C. (Modified with permission from Price et u/.**’.) 

of 20 pm have been obtained at 360 MHz~’,’~‘ and later at 500 MHZ.~’’ In a 
pioneering study, Jacobs and Fraser230 studied cell movement and lineages in 
developing frog embryos. To do this they injected a single cell at the embryonic 
16-cell stage with a contrast agent. Kemp-Harper et have reported 
three-dimensional triple-quantum filtered ”“a imaging of agarose gels and in 
a blue mussel. 

Chemical shift microscopy has found application in plant histochemis- 
t r~~” ’ -”~  with recent applications including determining the distribution of 
sucrose in castor bean seedlingsz3’ and imaging the distributions of water, oil 
and soluble  carbohydrate^.^'^ Biological chemical shift microscopy applica- 
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tions are not only the preserve of the botanist, and Skibbe et u!.236 have recently 
reported the use of ‘H spin-echo and 31P chemical shift-selective microscopy 
to study pH metabolism in (living) caterpillars. 

Dynamic NMR microscopy has particular relevance to understanding 
physiological processes in biological tissue such as observing in vivo vascular 
flow measurements in botanical samples. Back et ~ 2 1 . ~ ~ ~  have reviewed the 
biophysical applications of motional contrast. Recent studies have included 
observing flow in ripening kiwi fruit,’” diffusion of cell-associated water in 
ripening barley seeds2”’ and xylem transport and water flow in  plant^^'^^^^"^^^' 
(see Plate 3 ) .  In a fascinating study, Gorke et ~ 1 . ’ ~ ~  studied coherent and 
incoherent flow in fertilized quail and bantam eggs using multiplane tagging 
and gradient-echo imaging sequences. They were able consistently to observe 
distinct motions to and from the yolk. Further, they showed that the flow is 
largely of a pulsating nature with a pulsation frequency of 0.4 Hz. 

I n  vitro imaging applications have included ‘H spin-echo imaging studies of 
the finger-like lysis patterns of blood and a 23Na NMR microscopy 
study of the sorption of sodium ions in the polyelectrolyte matrix of bovine 
nasal cartilage from which the ion activity coefficients and fixed charge density 
in cartilage were able to be determined.*‘“ In a later study, Potter et ul. used 
an inversion recovery null-point technique to investigate the transport of 
divalent copper ions into cartilage.24h They pointed out that transient diffusion 
studics of ion interdiffusion are a useful method for investigating the effect of 
matrix composition on ion transport. It was noted that had PFG measurements 
been used, the self-diffusion coefficient would have been measured, not the 
interdiffusion coefficient. 

9.2. Chemical systems and materials 

9.2.1. Chemical systems 

Imaging provides a unique approach for studying the distribution of species in 
materials and the spatial dependence of chemical reactions and phase transi- 
tions. It is certain that the range of applications in this field will grow 
enormously in the next few years. 

Mobile protons in many transition metals have liquid-like narrow lines. 
McFarland and Lee247 used conventional imaging techniques to localize 
hydrogen spatially in the H-Pd system (see Fig. 24). They noted that NMR 
microimaging represents perhaps the only way of imaging protons in metal 
hydrides. NMR microscopy has found application in monitoring the formation 
of the gel layer in hydrophilic matrix pharmaceutical t a t ~ l e t s ~ ~ ” ~ ~ ~  (see Fig. 25). 
Imaging has proved to be an excellent method for visualizing ice structure in 
saltwater ice.*’” Tallarek et ~ 1 . ’ ~ ’  have used ‘H FLASH imaging to observe the 
chromatographic bands of gadolinium chelates. The images allowed the 
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Fig. 24. Three views of a 3D 'H NMR image of a section of H-Pd 1.0 mm in diameter. 
The image intensity is proportional to the proton density. The spin-echo image was 
obtained using a 300ms repetition time and a 4ms echo time. Each image element 
corresponds to a spatial volume of approximately 50-100 pm in linear size. As can 
clearly be seen, the signal is confined to the surface layer. (Reproduced with permission 
from McFarland and Lee247.) 

formation and resorption of fissured and/or compact zones in the column to 
be visualized. Hills et al.2s2 studied drying in granular beds of nonporous 
particles using standard spin-echo imaging. 

The noninvasive nature of NMR imaging has particular relevance to study 
of the delicate interactions in chemical systems. Even at cryogenic tempera- 
tures NMR imaging is noninvasive, since the NMR excitation energy cor- 
responds to only a few millikelvins. Moore er a1.2"' used a cryogenic imaging 
device to image 'H,. 'H, and mixtures of these isotopes in the liquid and solid 
states. A three-dimensional image of solid 'H2 at 13K is shown in Fig. 26. 
Cryogenic imaging is likely to become a routine method for probing the spatial 
distribution of hydrogen isotopes inside inertial-confinement fusion targets. 
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Fig. 25. 500 MHz 'H NMR images showing the axial and radial growth of the gel layer 
of hydroxypropylmethylcellulose tablets after (A) 10 min and (B) 30 min of hydration. 
(Reproduced with permission from Bowtell ef a/.24').) 

Fig. 26. Three-dimensional image of solid 'H2 at 13.0 K: (a) iso-surface, (b) as for (a) 
but with a cutaway to enable a void within the solid to  be visualized; (c-e) central slices 
in thc indicated directions. The experimental parameters used were a total acquisition 
timc o f  12 h with an FOV of 120 p m  (x) X 270 p m  ( y )  X SO0 p m  ( z )  digitized into 
128 X 64 X 64 points. (Reproduced with permission from Moore et u / . ~ " ~ . )  
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German and M ~ C a r t h y ~ ' ~  took advantage of the noninvasive properties of 
magnetic resonance imaging to study the structure and collapse of foams (i.e. 
unstable colloidal systems) from cream, egg white and beer. Kose has 
imaged the three-dimensional foam structures and analysed their geometric 
properties.2s4 

Microimaging has great application in following kinetics of chemical reac- 
tions. Recent studies have dealt with following the progress of the dispersion- 
limited oxidation and reduction of iron in a polyacrylamide gel 
Belousov-Zhabotinsky and the transport and spatial distribu- 
tion of copper and heavy metal ions in calcium alginate  gel^.^^'.^^" The copper 
ion transport was imaged indirectly using the effects of the copper on the water 
proton relaxation times using an inversion recovery sequence that allowed the 
selective imaging of a specific relaxation time. It was noted that this technique 
is applicable to the study of ion-exchange kinetics in situ and for tracking the 
motion of ions under chemical and electrical potential gradients. More recently 
a combined magnetization transfer and null-point technique was used to study 
the degradation of calcium alginate gels by EDTA.26' 

Solid-state imaging has found application in following anisotropic chemical 
reactions, including the reactions of substituted benzoic acid crystals and 
powders with ammonia gas.262.26' 

9.2.2. Polymers and materials 

As for chemical systems, the adoption of imaging methods in polymer and 
materials science was hampered by the lack of practical imaging methods. With 
recent advances in solid-state imaging, more and more systems, and not only 
those with near liquid-state line widths, are becoming experimentally acces- 
sible and with increasingly higher resolutions. For example, Barth et al.264 have 
successfully studied rubber far below the glass transition temperature (163 K); 
Maas et a1.26s have reported the use of 'H NMR imaging at 600 MHz of solid 
propellant materials (i.e. elastomers) in which a resolution of 8.5 Fm X 8.5 pm 
was achieved. Imaging has also been applied to natural composites such as 

Relaxation times generally have wide variations in solid samples as well 
as being sensitive to temperature and pressure; thus, structural and chemical 
changes often provide sources of contrast in the  image^.^'.^^^ 

A number of reviews have either focused on or contained sections on the 
application of NMR imaging to  polymer^.^'^^^^^'^^ Imaging has been applied to 
study the ageing and processing of elastomers and  polymer^.^'^^^^,^^' Doran et 
dS4 have used a fast inversion recovery imaging sequence to map the 
steady-state temperature distribution within a block of cis-polybutadiene. 
Importantly, and in contradistinction to traditional methods, imaging provides 
accurate information on the temperature distribution through the entire block. 
Beuf et ~ 1 . ~ ~ '  have reported a magnetic resonance imaging method for 
estimating the volume magnetic susceptibility of materials. Imaging has even 
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been used to observe dental microleakages resulting from shrinking during 
poly~nerization.~~' 

The visualization of strain in materials has been revolutionized by imaging. 
'H NMR imaging has been used to study strain in elastomers through its 
effect on the quadrupole splitting."" In another study,2x' 'H imaging was 
used to study the propagation of strain induced by stress in a crosslinked 
poly(methacry1ic acid) (PMAA)/water gel. It was noted that the IH spin 
density and the molecular motion of water molecules in the gel are changed 
by altering the strength of the stress (see Plate 4). 

Imaging has proved itself a valuable tool in studies of solvent penetration 
in polymeric materialszx2 since it gives information on the evolution of 
the mobile components within the materials and not just at the sur- 
face. Systems studied include solvent mobility in swollen PMMA,'x3-2'4 
crosslinked poly~tyrenes,2*~ high-molecular-mass polybutadiene,28h the diffu- 
sion of acetone and methanol into p~lycarbonate?'~ cyclic sorption-desorption 
into poly(methy1 methacrylate)?x8 the ingress of water into nylon 6.6.2'y and 
the distribution of water in the polymer matrix of a silicon microchip."" 
Swelling kinetics in glassy and rubbery networks have also been studied using 
'H and "F microscopy.'" 

B I  gradient microscopy is well suited to studying solvent penetration in 
polymeric materials owing to its weak sensitivity to magnetic susceptibility and 
its inherent applicability to samples with short T2.2y2~2y3 Maffei et studied 
the penetration of toluene into poly(viny1 chloride), acetic acid into cellulose, 
and n-pentane into polystyrene. More recently, Valtier et ~ 1 . ~ ' ~  have studied 
solvent penetration into stretched PVC (see Plate 5) and later used B,-based 
chemical shift imaging to observe the penetration of isooctane, toluene and 
ethanol into p~lyamide. '"~ 

Imaging has found many applications in ceramics since it allows the 
discrimination between amorphous, crystalline and highly plasticized binder 
and observation of porosity and void di~tributions. '~~ Reviews of the applica- 
tion of imaging to ceramics can be found e l s e ~ h e r e . ~ ~ ~ ~ ~ ~ ~  

9.2.3. Porous media 

Imaging has become an important tool in the study of porous media and the 
area has been reviewed by Gladden.2y7 The investigation of the characteristics 
of fluids in porous media (see also Section 9.4) is important in a diverse range 
of applications from the absorption of water by building materials to the oil 
industry.2yx Packer"' noted that imaging has great potential for supporting and 
evaluating production strategies and for studying fluid dynamics in the rocks 
themselves. In rocks the fluids comprise gas, oil, and aqueous phases. Much of 
the Work performed in the use of imaging to study fluid displacement has been 
summarized by Majors et ~ 1 1 . ~ ~ ' )  and also by Nesbitt et al.**" Attard e f  ~ l . " ~ '  used 
Fourier transform two- and threc-dimensional saturation recovery imaging to 
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obtain density and T I  images of brine-saturated sandstone core samples. They 
remarked on the advantage of acquiring full 3D data sets and that the long 
acquisition time required was not significant compared to the time required for 
traditional means of analysis for core samples. 

Although the water content of rocks is typically far below that of biological 
specimens, rocks have the advantage that the imaging process can be averaged 
for as long as necessary to make up for the inherently lower abundance of the 
proton (the typically observed) nucleus. Relaxation processes (e.g. T I ,  TI,, and 
T,) and D and v are sensitive to molecular mobility and, by appealing to these 
sensitivities, it is possible to use imaging to map the interactions of the fluids with 
the surface of the pores. Transverse relaxation in rocks is often strongly 
influenced by susceptibility variations on the scale of the pore dimensions. For 
example, sandstone often contains a considerable amount of iron oxide, which 
causes the line width to increase to several kilohertz. Generally only a fraction of 
the fluid present is detectable and the susceptibility variations also complicate 
attempts to measure diffusion and flow”” and the use of chemical shift imaging 
to separate different phases. The imaging measurements are further compli- 
cated by the presence of more than one type of fluid in the pores, since the voxel 
will contain contributions from both. Owing to the inherent line broadening in 
rocks, chemical shift imaging is possible only in special cases.3o2 

In some cases it is possible to image with a voxel size smaller than the pore 
size and thereby obtain direct information on the pore structure on the rock. 
When this is not the case, it may be possible to resort to secondary sources of 
information. For example, it is known that fluids in pores undergo enhanced 
relaxation at the rock-fluid interface (i.e. surface-mediated transport) and 
since self-diffusion is the means of transport within the pore, there is a 
relationship between the pore size and the relaxation rate.””3 For many 
sandstones, the fast diffusion limit applies and the relaxation has the form304 

P p ( S / V )  = - 
1 
TI U 
-= (45) 

where p is the surface relaxation strength (m s-I), S/V is the surface-to-volume 
ratio and a is the linear dimension of the pore. However, the pore sizes in the 
rock are not homogeneous and so the apparent relaxation is typically 
multiexponential. By imaging spin-lattice relaxation and then fitting the data 
for each voxel in the image to an appropriate model, information can be 
obtained on the pore size. 

Thus, while a density image reflects the porosity in a sample and a T I  map 
is related to the pore size, flow should be sensitive to both properties. Slow 
movements can be monitored using standard imaging techniques, whereas 
more rapid flows require the use of flow-sensitive techniques. The typically 
very low flow rates and the presence of internal gradients necessitate the use 
of special techniques to measure flow. For example, Guilfoyle er aL8” used an 
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EPI-based technique that minimized the effect of background gradients to 
mearure water flow through Bentheimer sandstone. In a later study on 
Bentheimer sandstone, Waggoner and Fukushima3”’ modified a stimulated- 
echo sequence used in diffusion studies3o5 to maximize velocity sensitivity and 
to minimize the effects of background gradients. Rajanayagam et ~ 1 . ’ ’ ~  have 
performed quantitative flow and diffusion imaging on model porous media 
(glass beads). They noted that the imaging-derived flow values were systemati- 
cally higher than directly measured values and that this difference results from 
partial volume effects. Imaging has also been used to study percolation.307 

It is worth while noting that whereas the fast imaging-type sequences were 
originally used only in the domain of medical imaging, they are finding 
increasing application in nonmedical applications, especially in rock studies. 
For cxample, using microscopy at 11.7 T, Peters et ~1. ’~’ ’  have used T-EPI’” to 
obtain TI maps of Bentheimer sandstone in an order of magnitude less time 
than that required had an equivalent 3DFT experiment been used. Similarly, 
by using this technique they were able to measure flow rapidly using an 
EPI-based flow encoding procedure.’” Mansfield and Issa”’ have used T-EPI- 
based sequences to measure water flow through Bentheimer sandstone. Their 
measurements have led them to propose a stochastic theory of flow in porous 
rocks. Their theory leads to a Gaussian velocity distribution that is in 
good agreement with their data. In a subsequent paper”’ they proposed a 
hydrodynamic model for flow and intervoxel coupling. 

Imaging has also been applied to more straightforward aspects of porous 
materials, including using Ti  -weighted relaxation measurements to charac- 
terize fractures and porous matrix in fractured permeable rock systems”’ and 
a conctant-time imaging study in which the hydration of cement was studied.’I2 
2’Na imaging was used to measure the diffusion coefficient of Na’ and ‘H 
imaging was used to measure indirectly the diffusion of Ni’ in 

Hollewand and Gladden3I4 used imaging to study various alumina and silica 
catalyst support pellets. They recorded spin-density, spin-lattice relaxation 
times and self-diffusion coefficients in the samples. They noted that the 
advantage of NMR imaging measurements is that they allow the characteriza- 
tion of pore structure and transport processes in the same experiment. In a 
later study, Cheah et ~ 7 1 . ~ ’ ~  studied catalyst deactivation; in particular they 
studied the deposition of coke within alumina pellets. 

9.3. Food science 

Recently there have been a number of reviews and books on the application 
of NMR and imaging to food science, including two chapters in this series.”‘-”’ 
Consequently we will not delve into this area except to remark that the real 
strength of imaging in studying food is the noninvasive examination of heat and 
mass transport during food processing. 
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9.4. Fluid dynamics 

Apart from the applications presented above, the ability of NMR imaging to 
measure diffusion and flow noninvasively has enormous potential in the fields 
of fluid dynamics and rheology. It is not only that it is more convenient than 
other methods, but that it is able to perform measurements that are simply not 
possible with traditional techniques.’”.’2’ For example, in contradistinction to 
many traditional methods which require a “beam” to be directed at the sample, 
NMR has no preferred directions and it is also possible to image only the 
flowing material and not the stationary material, as noted in Section 6.2. 
Further, it is applicable to fluids that need to be isolated. The ability of NMR 
to measure diffusion and flow in a non-spatially-resolved manner was covered 
in an earlier contribution.’ 

Magnetic resonance flow imaging has been used to study thermal con- 
vection3*’ and was found to be capable of resolving details at a level 
comparable to optical techniques. In a later study, Weis et demonstrated 
that the combined application of Fourier encoding velocity imaging and 
multistripe/multiplane tagging imaging allows the quantitative examination of 
thermal convection for arbitrary boundary conditions. In fact, multistripe 
tagging procedures have found increasing use in applications such as studying 
(gas-solid) granular flows,324 studying the flow of a pair of density-stratified, 
immiscible fluids?*’ mapping flow streamlines326 and, in combination with EPI. 
visualizing turbulent flow327 and the study of laminar flow.’2x 

Imaging has found application in studying particle migration in suspensions 
flowing in tubes3*’ and in couette flow (e.g. flow between rotating concentric 
cy~inders).~~~l.~.3 I Dynamic NMR microscopy has been used to study shear 
thinning in high polymer solutions,”’ the laminar flow of water through 
cylindrical tubes in the vicinity of abrupt expansions and contractions,3*’ 
couette flow,333 the time evolution of electroosmotic flow in a ~api l lary,~” and 
to observe the “spurt-like effect” in the nonNewtonian flow of a worm-like 
surfactant system.”’ Microimaging has been used to observe flow profiles in 
hollow-fibre membrane filtration.’3h Chemical shift imaging was also used to 
investigate quantitatively the oil concentration polarization layers that formed 
during hollow-fibre membrane filtration’36 and in cross flow membrane 
filtration of an oil-water emulsion.337 

Fast imaging sequences such as EPI have particular utility for studying 
systems in which there are irregular changes in the spin-density or the local 
molecular velocities and thus the entire k-space needs to be sampled on a time 
smaller than these changes.33x K ~ s e ~ ~ ~ ~ . ” ” ~ ” ‘ )  has used an EPI-based sequence 
to study the instantaneous flow distribution in the equilibrium turbulent 
region, or “puff”, in a circular pipe (see Fig. 27) and to observe the 
spatiotemporal structure of wavy Taylor-Couette 

Davies et ul.342 have used a prefocused FLASH pulse sequence to obtain 2D 
images quickly with a TI-dependent signal intensity for the  study of viscous 
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(a) -7.OD (b) -4.7D ( c )  -3.50 (d) -2.3D 

( e )  -1.20 (f) OD (9) 1.2D (h)  2.3D 

(I) 7.OD ( j )  12D (k) 20D (I) 30D 

Fig. 27. Instantaneous distribution of the flow component along a pipe axis in the 
equilibrium puff. The numbers under each figure denote the distances in terms of the 
inner diameter of the pipe (D) from the upstream interface at the pipe axis. Poiseuille 
flow occurs near the upstream and far downstream from thc upstream laminar to 
turbulcnt interface. (Reproduced with permission from K ~ s e ~ ~ " . )  

fingering; in particular, they studied the miscible displacement by water of the 
non-Newtonian fluid carboxymethyl cellulose. Imaging has some advantages 
over traditional techniques (e.g. time-lapse photography) in that it can be used 
in systems where there is no colour contrast and that it can examine the 
phenomenon in three dimensions. Imaging has even been used to study the 
extrusion and flow of 

10. CONCL,UDING REMARKS 

In this chapter, I have attempted to provide an introduction to the theory and 
practice (and pitfalls) of magnetic resonance imaging. Particular emphasis was 
placed on the methods that result in higher resolution (i.e. NMR microscopy) 
and their diverse applications in the nonmedical sciences. In NMR imaging, the 
single largest problem is signal to noise, and with increasingly more sensitive 
NMK probes, higher static fields and innovative methods such as the use of 
hyperpolarized nuclei, imaging will become a standard technique for thc 
physical sciences. In the confines of one chapter it is not possible to cover 
comprehensively the methods available or to survey more than a few of the 
applications, but it is hoped that what has been reviewed is sufficient to inspire 
the imagination of what systems imaging methods may be applied to. 
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Althoirgh conventional N M R  methods such as relaxation rate or  quadrupolar splitting 
measurements remain useful, multidimensional N M R  and multiple-quantum filtering 
techniques have emerged as new tools to study interfacial phenomena in isotropic and 
anisotropic media. A s  this review deals with liquid-liquid, liquid-solid and solid-solid 
interfaces, solid high-resolution N M R  techniques are sometimes required to obtain 
appropriate data. The results cited cover many domains of chemistry, including 
hiochrrnical, polymer, surfactant, and colloid research. 

1. INTRODUCTION 

This article is an updating of an earlier contribution published in this series.' 
First, to delimit the scope of this review, one should recall that the interface 
may be defined as the space in which two phases perturb each other. Properties 
of interfacial species, different from those in the bulk phase, are used in many 
aspects of science and technology, and NMR studies of interfacial phenomena 
have been a growing area of research for several years. As a general rule for 
such NMR investigations, the two phases should be characterized by different 
mobilities. The less mobile phase (phase I) may be formed by dissolved 
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Fig. 1. Schematic representation of the interfacial region (i) for a negatively charged 
phase I. 

macromolecules, dispersed aggregates or solid materials, and the second phase 
may consist of gaseous, liquid or solid components. A schematic representation 
of the interfacial region with a charged phase I is shown in Fig. 1. 

The extent of the interfacial region depends on the experimental technique 
and, typically, the interfacial region observed by NMR covers a distance of a 
few (tens of) angstroms from the surface of the less mobile component. 
Air-liquid interfaces have not been much studied by NMR methods. NMR 
studies of molecules and ions adsorbed onto a solid surface may require 
invasive techniques such as drying under high vacuum. These studies are 
usually not considered in this article, but the interested reader may find 
information on this topic in the literature.* Thus, observation of molecules or 
ions in the liquid phase or investigation of mobile groups at the surface of 
macromolecules, aggregates or solids has been envisaged. 

For more than two decades, the state of water near the surface of biological 
and synthetic macromolecules has been a matter of debate. New techniques 
based upon the observation of nuclear Overhauser effects in the static or in the 
rotating frame have emerged more recently. The next section summarizes the 
main observations that are related to the residence time of water molecules on 
the surface of proteins and DNA. Different NMR relaxation techniques give 
access to the dynamics of these “bound” water molecules in biological and 
synthetic macromolecular systems. 

When the water concentration is low, the NMR spectra are characteristic of 
anisotropic media, as revealed by quadrupolar splittings in water *H and ”0 
spectra. In heterogeneous media, the quadrupolar splitting may remain 
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undetected, but local anisotropy may be detected with double-quantum 
filtering techniques. 

Amphiphilic (surfactant) molecules consist of a polar group associated with 
an apolar chain. Their aggregation in solution gives rise to diverse structures 
such as micelles, microemulsions or lyotropic mesophases. Numerous in- 
dustrial applications of these suspensions have boosted fundamental research 
of surfactant behaviour, and NMR reviews have been devoted to these 
molecules.'-6 In contrast to these articles, which deal chiefly with the deter- 
mination of phase diagrams, this paper focuses on interfacial phenomena 
that mainly concern dynamic processes. As shown with proteins, the water 
residence time near the aggregate surface can be estimated from measure- 
ments of nuclear Overhauser effects. Isotropic media as well as systems 
showing long-range ordering are considered, and the behaviour of interfacial 
water molecules is inferred from quadrupolar splitting, relaxation rate and 
self-diffusion coefficient measurements. 

Minerals such as silica or clays suspended in water provide heterogeneous 
media with a liquid-solid interface. Applications of such suspensions can be 
found in drilling fluids, paints, cosmetics and water treatment. The mobility of 
polar and apolar molecules near the solid surface has been described within 
the framework of models deduced from NMR relaxation dispersion data. 
In clay suspensions, the NMR signal of quadrupolar nuclei of interfacial 
molecules is split as an effect of residual quadrupolar interaction. This splitting 
is a useful probe for studying the behaviour of interfacial molecules. Indeed, 
its value is influenced by different factors such as the type of clay, the nature 
of the counterions or the liquid composition. Macromolecules can also interact 
with minerals. Polymers adsorbed on inorganic substrates and swollen with 
solvents are useful in many applications such as coatings and adhesives. A 
review in this series has covered this subject' from the NMR point of view; only 
a few more recent articles are considered here. 

When the phase I (Fig. 1) is charged, counterions are present in the liquid 
medium to preserve electroneutrality. These ions are mostly inorganic and 
their nuclei often have a spin quantum number greater than 1. NMR studies 
of these quadrupolar nuclei in different systems are summarized in Section 3. 
NMR techniques for the study of relaxation phenomena have been improved 
for both isotropic media and systems showing long-range ordering. Thus, 
multiple-quantum filtering methods have been applied here but they have been 
employed also to reveal local anisotropy or to show a loss of NMR visibility. 
The determination of counterion location and distribution near the surface of 
macromolecules or aggregates is discussed in several articles, but most papers 
deal with dynamic information of these ions in isotropic and anisotropic media. 
Relaxation data are usually explained in terms of a fast local motion and a slow 
lateral diffusion of ions near the surface of macromolecules or aggregates. In 
solid suspensions, loss of cation NMR visibility has been demonstrated from 
competition experiments and multiple-quantum filtering techniques. Alkali 
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NMR is also appropriate for studying polymer-based ionic conductors. Among 
organic ions, ionic surfactants are particularly important. NMR of these 
adsorbed charged molecules shows how their properties are affected by 
comparison with those in solution. 

Species in phase I1 (Fig. l), usually solvent or solute molecules, may perturb 
the structure and the dynamics of superficial groups in phase I, and nuclei at 
the surface of phase I are useful probes for investigating such perturbations. 
Obviously, these nuclei also intervene in nuclear Overhauser experiments cited 
above, but in Section 4 other NMR data, more specific to superficial groups, 
will be discussed. Polar head groups of amphiphilic molecules contain relevant 
nuclei for such studies. Polymers or alkyl chains may be grafted onto a solid 
surface. Changes in their conformation and dynamics compared to those in 
solution are seen by NMR methods. Alkyl-modified silica and alumina are used 
as stationary phases in reversed-phase liquid chromatography. A wealth of 
information on these systems has been obtained by NMR spectroscopy, as has 
been reviewed.* Results on other systems have been also described previously: 
and only more recent contributions are presented in this article. 

In solid mixtures, NMR techniques allow the study of the solid-solid 
interface when the components are characterized by different mobilities. These 
techniques have mostly been applied to polymer blends. Strictly speaking, such 
systems usually form an interphase since both phases interpenetrate each 
other. This subject has been summarized in a review in this series.' Solid-solid 
interfaces have been studied for other systems and a few recent works are 
reported at the end of this article. 

This review, which mainly covers literature within the 1992-1996 period, 
emphasizes the applicability of NMR theories to the description of the 
structure and dynamics of interfacial species in quite different systems. 
Accordingly, updated NMR theories and techniques are also reported. 

2. STUDY OF INTERFACIAL MOLECULES 

Most of the work in this field deals with water molecules, as a result of the huge 
importance of hydration processes in (bio)chemistry. Thus, water molecules 
interacting with molecular surfaces give rise to perturbation either by ordering 
(nonpolar surfaces) or strain (polar surfaces). These water molecules adopt 
states of greater free enthalpy than that prevailing in the bulk. This stored 
energy helps to drive specific molecular events such as biological association. 
Indeed, when a substrate is complementary to the active site of an enzyme, it 
can displace these hydration water molecules easily to form a properly bonded 
complex." Among different techniques, NMR has been used extensively to 
study hydration of macromolecular systems. The more traditional methods are 
based on the measure of self-diffusion coefficients or spin relaxation rates. 
Water molecules are rapidly exchanged between the interface and the bulk 
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regions. Compared to the bulk liquid, the self-diffusion coefficient decreases 
and the relaxation rates increase for interfacial water molecules. In systems 
with long-range anisotropy, the residual quadrupolar splitting of water 'H or 
"0 is another useful parameter for characterizing molecular properties at the 
interface. Such studies have been performed for many years,' and they are still 
useful. More recently, a further approach which uses the dipolar cross 
relaxation between water and macromolecular spins has emerged, and will be 
described first. 

2.1. Hydration of macromolecules 

2.1.1. Isotropic systems 

Hydration of biological macromolecules. When two protons are close enough, 
their mutual dipolar interaction generates a nuclear Overhauser effect (NOE), 
which is currently observed from cross peaks in a two- (multi-) dimensional 
spectrum (NOESY). The short-range nature of NOE ensures that cross peaks 
occurring in the F2 dimension at the water chemical shift of the F1 dimension 
originate from magnetization transfer between protein and hydration water 
protons." Hydration water molecules display the same chemical shift as bulk 
water, and fast chemical exchange occurs between these molecules. These 
observations can be translated into a lifetime for hydration water molecules 
lower than about 1 ms. To allow this magnetization transfer, a particular water 
molecule must reside long enough at the surface of the macromolecule. The 
amplitude and the sign of these cross peaks are sensitive to changes of the 
residence time in the nanosecond range. A positive NOE (negative cross peak) 
indicates an exchange rate faster than -lo9 s-' as observed typically for 
solvent-exposed protons. Internal water molecules show negative NOES 
(positive cross peaks) owing to slower dynamical processes.12.i1 Cross peaks 
from proton exchange may also appear in the NOESY experiment; to 
discriminate between these two effects, NOE spectra in the rotating frame 
(ROESY) are also performed. The cross peaks at the water chemical shift in 
the Fl dimension may originate in different magnetization transfer processes 
(Fig. 2). 

Positive NOESY and negative ROESY peaks result from spin-spin cross 
relaxation between bound water (slow motion regime) and protons in 
proteins. Lifetimes with respect to exchange with the bulk water are 
greater than lo-' s.I4 
Both NOESY and ROESY peaks are negative when the reorientation of 
"bound" water molecules is fast (WT, < l), and the exchange lifetime is 
within the lo-" to 10pi" s range.'' 
Positive NOESY and ROESY cross peaks indicate proton exchange 
between water and macromolecules. 
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Fig. 2. Water-protein cross peaks in NOESY and ROESY (cross peaks between 6 and 
9.5 ppm are scaled down and inverted). (Reprinted with permission from Ref. 12. 
Copyright 1995 American Chemical Society.) 

(4) Cross peaks are also observed when protein proton signals are degenerate 
with the water resonance. Obviously, the latter cross peaks are not related 
to hydration processes. 

Technical details on these methods are reported in the literature.Is 
Continuous and discrete diffusion models have been proposed to provide 
better insight into the physical origin of cross relaxation data on surface 
hydrati~n.’~,’’ With the bovine pancreatic trypsin inhibitor (BPTI), all 
surface-bound water molecules exchange in the subnanosecond time range 
with the bulk water.I3 Four internal water molecules are characterized by 
residence times longer than ca. 1011s. When they intervene in the structure 
of the protein, external water molecules may have lifetimes longer than 1 ns. 
For instance, in the immunoglobulin binding domain of streptococcal protein 
G, such water molecules form hydrogen bonds with specific amino acid 
residues and they contribute to the conformation of the protein in solution.’8 
DNA-water interactions also give rise to NOEs. In the minor groove of 
adenine-thymine-rich regions, the residence time of water is longer (>1 ns) 
than that obtained in the major groove (<1 ns).”-’’ Water molecules are also 
present at the interface of protein-DNA complexes. NOEs with hydration 
water molecules are observed for specific protons of the protein and/or of 
the DNA.”-’4 A lifetime within the nanosecond to millisecond range is 
estimated for these water molecules.” The state of water molecules at the 
protein-inhibitor interface can also be approached by these NMR techniques. 
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Thus, in solution water molecules are present within the interface between 
the HIV-1 protease, a primary target of AIDS antiviral agents, and the potent 
inhibitors KNI-2722' and DMP323.2h The four interfacial molecules found in 
the first complex play a more significant structural role than that of the water 
molecule found in the second complex. 

Suppression of the huge water signal is critical in these experiments. To 
improve it, these studies have increasingly used selective detection of protons 
bound to heteronuclei of "C- or "N-enriched proteins, and hetero- 
NOE(R0E)SY experiments (HOESY) have been These 
studies have also benefited from the use of pulsed field gradient (PFG) 
technique to determine water exchange ratesz7 Advances in gradient 
spectroscopy28.2y allow the determination of exchange rates within the 
1OY-l0' s- ' range." Pulse sequences using both selective water proton 
excitation and the PFG technique have been proposed for the study of protein 
hydration.3'--33 A technical limitation of this method based on NOE and ROE 
cross peaks stems from the overlap of water and protein resonances, Even in 
2D and 3D experiments, the resolution may still be too low. In uniformly 
'sNN,'3C-isotope-enriched proteins, intramolecular NOEs can be suppressed 
using ''N- and I3C-filtering techniques, but to assign these peaks unam- 
biguously a 100% enrichment is required. With selective excitation of the water 
signal in the first step of the pulse sequence, only water-macromolecule 
interactions are ob~erved.~ ' .~ '  

Again, this approach works well as long as the solvent and macromolecule 
peaks are not superposed. Isolation of intermolecular solvent-protein NOEs 
has been achieved with diffusion filters that are based on the different diffusion 
properties of water molecules and macromolecules.'6 For investigation of 
proton exchange between water and protein molecules, a pulse sequence 
dedicated to detection of selectively exchangeable proton signals has been 
r ep~r t ed . '~  

As far as dynamic phenomena are concerned, water in the presence 
of macromolecules may be divided into three classes: free water, whose 
properties are similar to pure water; weakly bound (vicinal) water, with 
properties different from both the solid and the liquid states; and water bound 
to macromolecules. " 

In contrast to many previous theories that focused on the role of bound 
water for analysis of water proton relaxation data, a new model has been 
proposed. This includes the effects of fast exchange between water and 
biopolymer (hydroxyl or amino) protons and dipolar cross relaxation between 
exchangeable and nonexchangeable biopolymer From transverse, 
longitudinal relaxation data in the static and in the rotating frames, it is argued 
that in dilute globular protein solutions the contribution of hydration (bound) 
water to the relaxation is relatively smaIL3' 

The dependence of the water proton longitudinal relaxation rate on the 
Larmor frequency (relaxation dispersion) (Fig. 3) has been explained from 
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Fig. 3. Typical dependence of the water nuclei relaxation rates on the Larmor 
frequency in protein systems. 

various theoretical models of water proton cross relaxation to gelatin or 
collagen protons. 

On the high-frequency side, relaxation dispersion data are best explained by 
the fractal diffusion model with a 4/3 value for the fractal dimension. In the 
low-frequency range, a variation of the Rorschach-Hazlewood model is 
consistent with the results.40 Thus, translational degrees of freedom with a 
reduced dimensionality appear for solvent molecules adsorbed onto the 
surface of macromolecules. Isolation of “bound” (nonfreezing) water can be 
achieved with frozen protein samples. The diffusion coefficient of adsorbed 
water molecules is one order of magnitude smaller than that of bulk water.41 
If the translational mobility of these water molecules (nonfreezing) remains 
high, as determined by PFG methods, their orientational correlation times 
obtained by proton or deuteron relaxation experiments are longer than those 
of bulk water by at least 6 orders of magni t~de.~’  The authors interpret this as 
an effect of translational displacements on the orientational correlation of 
water molecules. In analogy with scattering theory, they introduce an orienta- 
tional structure factor to separate structural information of the macro- 
molecular surface from the dynamics of molecules diffusing on this confining 
system.42 Among water nuclei, the 1 7 0  nucleus ( I  = 5/2)  is probably the best 
candidate to provide information on water reorientation near the protein 
surface. Indeed, its quadrupolar relaxation is not influenced by proton 
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Fig. 4. Water ”0 NMR relaxation dispersion for a BPTI solution and for a ubiquitin 
solution. 

(deutcron) exchange or by cross relaxation effects as observed with protons. 
Denisov and Halle have carried out a well-documented study of I7O NMR 
relaxation dispersion data on BPTI and ubiquitin  solution^.^^ Although it does 
not seem possible to determine both the number of perturbed water molecules 
and the degree of this perturbation, their results strongly suggest that the 
dispersion arises from internal water molecules. According to previous NMR 
studies, BPTI  contain^".'^ such water molecules, and shows strong relaxation 
dispersion. Conversely, ubiquitin, which is devoid of internal water molecules, 
exhibits a reduced relaxation dispersion within the 2 .649  MHz frequency 
range (Fig. 4).43 An upper limit of 4 p s  for the residence time of these trapped 
water molecules is 5000 times lower than (but consistent the values 
obtained from paramagnetic shift e~pe r imen t . ’~  Deuteron (proton) exchange 
effects on the relaxation dispersion have been evaluated from comparison 
between the I7O and ’H NMR curves.44 

Fast chemical exchange implies that water I7O NMR relaxation rates are 
weighted averages on the different water sites. For a two-state model, which 
is often applied, fast exchange between bulk and “bound” (in slow motion) 
water molecules is usually assumed. Theoretically, the relaxation process is 
multiexponential, but, owing to the small amount of “bound” water, deviation 
from a monoexponential behaviour is difficult to observe by conventional 
methods, and multiple-quantum filtering techniques have emerged as an 
alternative for studying quadrupolar nuclei in the slow motion regime. In my 
previous review in this series’ I reported the possibility of exciting multiple- 
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quantum coherence of 3/2 spin nuclei4' This theory has been extended to 
nuclei with a spin quantum number of 5/2 such as the 1 7 0  nucleus.46 Such an 
approach allows direct visualization of the motionally hindered water fraction 
in biological tissues.47 This experiment has been quantified in protein and 
erythrocyte solutions from transverse and longitudinal relaxation of triple- 
quantum coherences, and the fraction of water in slow motion and its 
correlation time have been determined. The population of "bound" water 
molecules varies from 0.062 to 0.096 within a concentration of bovine serum 
albumin (BSA) between SO and 150g/l. The behaviour of bulk water was 
different from pure water and was interpreted as due to weak or transient 
interactions with macromolecules. The correlation time of "bound" water 
molecules evolves from 5.7 to 9.0 ns within the same concentration range.48 

Hydration of synthetic macromolecules. The hydration process has been also 
studied for polymers. Poly(oxyethy1ene) is water-soluble to any extent and 
recent molecular dynamics studies have shown that the water residence time 
near a monomer unit is -25 ps49 compared to values ranging from tens to a 
few hundreds of picoseconds for hydration water molecules on the BPTI 
~urface.~' .~ '  A value of 25 ps is near the lowest limit of the water residence time 
range for application of the NOE NMR techniques. Thus, these techniques are 
probably not well suited to study the behaviour of water molecules near this 
polymer surface. 

The number of water molecules per monomer unit has been a controversial 
matter in literature. Recently, water proton and deuterium relaxation rates in 
aqueous solutions of poly(ethy1ene glycol) have been determined in a broad 
range (3-90 wt%) of water concentration. Assuming fast exchange of water 
between a bound state and the bulk, the number of water molecules per repeat 
unit is estimated to be At water contents lower than one molecule per 
monomer unit, both the water and the polymer mobilities are reduced. Water 
molecules form bridges between two chains of poly(ethy1ene glycol) and the 
resulting anisotropic motion gives rise to a residual quadrupolar splitting in the 
water deuteron ~pectrum.~ '  

To study hydration of poly(ethylene oxide) solutions, a Dutch group has 
measured the quadrupolar relaxation of water 2H and 170 nuclei and the 
'H-I7O dipolar relaxation of "0-enriched water. As the intramolecular part 
of the latter relaxation process is proportional to the inverse of the sixth power 
of the 0-H bond length, the authors conclude an increase of this distance 
compared to the pure water value, and they postulate increased hydrogen- 
bonding at both the hydrophilic and the hydrophobic interface.'3 

Polymer hydrogels are also good candidates for study of the hydration 
phenomenon. Here again, relaxation rates of water nuclei may be used to infer 
dynamic information. For instance, the introduction of hydrophilic side-chains 
in methacrylate hydrogels leads to an increase of water molecule m~bil i ty . '~  
More interestingly, dipolar cross relaxation between water and polymer 
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protons are observable. 2D-NOESY experiments on hydrolysed starch-g- 
polyacrylonitrile ("g" indicates grafted) have shown water-polymer positive 
cross peaks. Using previous data from 13C NMR NOE measurements on the 
same system," this study lends support to the importance of cross relaxation 
between starch and water protons rather than proton chemical e~change. '~  In 
such gel systems, magic angle spinning (MAS) improves spectral resolution. In 
polyacrylamide hydrogel, NOESY and ROESY experiments under MAS have 
revealed positive cross peaks between water and the polymer n e t ~ o r k . ' ~  Thus, 
the dominant mechanism for magnetization transfer is chemical exchange 
between water and polymer protons. Water-selective l3C-{'H}HOESYS* and 
MAS have also been combined for studying hydration in polyacrylamide- 
water systems. Selective inversion of the water proton signal allows study of 
the cross relaxation between water protons and carbonyl carbons of the 
polymer.'x Using a correlation time value of 0.58 X 1 0 - l ' ~  determined from 
0 longitudinal relaxation time measurements, a mean distance of 3.45 A is 

estimated between water protons and amide ~arbonyls. '~ 
17 

2.1.2. Anisotropic systems 

In long-range-ordered media, the quadrupolar (dipolar) interaction is not 
averaged out by fast molecular motions, and line splitting occurs. Macro- 
molecules with low water contents provide such systems. Quadrupolar split- 
tings of water deuterons allow identification of different types of water 
molecules. In this way, three kinds of water bound to the cellulose matrix have 
been detected: nonfreezable, strongly bound water molecules remaining rigid 
but amorphous at low temperatures; highly mobile water molecules exhibiting 
isotropic motion even below 270 K; and water molecules that undergo 180" flips 
around their bisector axis with a rate greater than lo5 sp'.6"This last component 
cannot be removed from the polymer matrix by high-temperature drying. In 
oriented cellulose fibres, water deuteron NMR spectra indicate that the 
molecular motion of adsorbed D20 is only slightly anisotropic, and its average 
residence time on a fibril is estimated at -1.5 ms.6' 

Deuterium NMR studies of water in oriented nylon-6 fibres have shown 
three types of water molecules: isotropic water and two classes of water with 
different amounts of residual orientational order. The water molecules that 
exhibit the largest anisotropy are associated with intrafibrillar channels, the less 
anisotropic water molecules reside in the intralamellar regions, and the 
isotropic water is probably located at the surface or in macroscopic fibre 
defects6' Similar studies have been performed on polyimide (Kapton) films of 
varying thickness. Two distinct water sites have been found, neither of which 
is strongly bound to the polymer or isotropically free. One site is uniformly 
distributed throughout the volume of the film while the second appears to be 
small molecular clusters.63 Water diffusion in wood pulp cellulose fibres has 
been investigated by diffusion measurements. The reduction of the water 
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Fig. 5. 2D-WISE spectra of pure cellulose: (a) spectrum without mixing time before 
cross polarization; (b) spectrum after allowing a 5ms mixing time (the mobile 
component due to mobile water is seen at the cellulose signals); (c) spectrum after 
allowing a 50ms mixing time (the arrows mark the position where the PVA CHOH 
signal is observed for the blends). (Reprinted with permission from Ref. 60. Copyright 
1996 American Chemical Society.) 

self-diffusion between the fibres is caused by the obstruction effect of 
the cellulose fibres, whereas the hydration of macromolecules is of minor 
importance.bJ 

In cellulose-poly(viny1 alcohol) blends, water distribution throughout the 
polymer matrix can be determined. 2D wide-line separation (WISE) experi- 
ments emphazise spin diffusion due to dipolar couplings between water and 
polymer protons. These proton signals are resolved in the second dimension 
along 13C chemical shifts. Since narrow water signals occur only at the I3C 
chemical shifts of cellulose signals (Fig. 5), this gives evidence that water 
molecules are predominantly associated with the cellulose polymer.60 
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Anisotropy in macroscopically disordered systems may be difficult to detect 
in the single-quantum 2H NMR spectrum since the quadrupolar splitting may 
not be resolved. As the double-quantum-filtered (DQF) signal originates 
exclusively in the anisotropic motion, such a peak reveals the presence of 
a n i s ~ t r o p y . ~ ~  Analysis of water deuteron DQF spectra of suspensions of 
collagen and cartilage leads to a wide distribution of quadrupole split- 
tings (110 -+ 73 Hz). The water deuteron quadrupole constant (-220 kHz) is 
reduced as a result of fast exchange between free and bound water molecules, 
anisotropic motion of bound water molecules, and diffusion of water molecules 
on the surface of the macromolecules.h5 

2.2. Hydration of aggregates 

Amphiphilic molecules in solution are known to form self-assemblies. 
Solutions of micelles or vesicles (discrete units) are isotropic. Conversely, 
long-range ordering is found with surfactant aggregates that extend over 
macroscopic distances in one, two, or three dimensions. The behaviour of water 
near the aggregate surface can be studied by several NMR techniques. In the 
previous section, we have seen that the dipolar interaction between hydration 
water and protein protons generates NOES. To study the behaviour of water 
molecules in suspensions of l-palmitoyl-2-oleyl-sn-glycero-3-phosphocholine 
(POPC), a similar NMR approach, combined with the MAS technique, has 
been used.66 The 2D-NOESY spectrum combined with proton magic angle 
spinning shows negative cross peaks between water and protons near the 
aggregate surface, i.e. those of the polar headgroup, the glycerol backbone, and 
the hydrocarbon chain close to the carbonyl group of POPC. This indicates a 
residence time shorter than -5OOps", which is consonant with a value of 
100 ps determined independently from relaxation time measurements on 
progressively hydrated POPC.h6 Nonionic surfactants are used for membrane 
protein crystallization and reconstitution, and their effect on lipid hydration 
is of interest. In the presence of a nonionic surfactant (tetraethyleneglycol 
dodecyl ether: C,,EO,), the above negative cross peaks disappear, presumably 
owing to the lipid dehydration. Positive cross peaks are observed between 
water and ethylene oxide protons, corresponding to residence times of water 
molecules longer than -10 m6" Similar studies have been undertaken 
to examine surface hydration in suspensions of monomethyldioleophos- 
phatidylethanolamine (MeDOPE). In the lamellar phase at room temperature, 
two water signals are observed at 4.75 and 4.88 ppm for bulk water outside the 
multilamellar vesicles and interlamellar water, re~pectively.~' Positive NOESY 
cross peaks are observed between the low-field water signal and both NCH, 
and CH2N- segments of the phospholipid headgroup. Again, a water 
residence time longer than -10 ns may be inferred from this observation. It 
should be remembered that positive NOESY cross peaks may also occur from 
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Fig. 6. Cross peaks at the carboxylate chemical shift with water and a-methylene 
proton signals. (Reprinted with permission from Ref. 58. Copyright 1992 American 
Chemical Society.) 

exchange between labile protons of the aggregate surface and bulk water.'' 
This alternative process, when suspected, may be tested by ROESY 
experiments. Dipolar interactions also occur between protons and nearby 
hereronuclei. A previously mentioned HOESY experiment58 has been applied 
to sodium octanoate micelles. Cross peaks at the carboxylate carbon chemical 
shift for water and a-methylene protons are detected (Fig. 6). 

Upon selective excitation of water protons, the intensity of the carboxylate 
C NMR resonance increases and levels off with the length of excitation. From 

the well-known Solomon equations, a mean distance of -2.8 A is obtained 
between water proton and the carboxyl carbon nucleus.s8 Further studies on 
similar systems have confirmed that this distance varies within the 3 4  A range, 
depending on the surfactant concentration. An increase of this distance is 
observed in the course of micelle build-up.68 Magnetization transfer from 
solvent protons to superficial nuclei of surfactant molecules is relatively easy 
to observe when the relevant nucleus-proton interaction is not overwhelmed 
by stronger interactions due to protons directly bound to the nucleus under 
consideration. The I3C nuclei of carboxylate"@ or 31P nuclei of phosphate" 
groups are good candidates for such studies. Cross-relaxation peaks are 
expected to be more easily detected in 'H-I9F HOESY experiments than in 
other heteronuclear cross relaxation studies, owing to their large gyromagnetic 
ratio. Furthermore, the sign of the cross peaks can be obtained as the Larmor 
frequencies of these two nuclei are of the same order, in contrast with 
the 'H-13C experiment. In a micellar solution of caesium pentadecafluoro- 
octanoate, a small positive cross relaxation rate for fluorine on the carbon atom 
next to the carboxylate group indicates a short residence time for interfacial 

13 
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water. The mean distance between water and fluorine nuclei deduced from 
these data is about 3 

Interaction between the quadrupolar moment of a nucleus with Z 2 1 and the 
electric field gradient formed by the nucleus environment gives rise to a line 
splitting in the presence of long-range ordering. Lyotropic liquid crystals are 
probably the best examples of such systems. Water deuteron splittings have 
been used to study heterogeneous systems for many years, but this review deals 
only with a few recent results. The dynamic properties of water in POPC, 
1,2-dioleyl-sn-glycero-3-phosphatidylcholine (DOPC), and egg yolk phospha- 
tidylcholine (EYL) aqueous dispersions have been described by analysing 
water deuteron splittings, longitudinal relaxation times, and water proton 
self-diffusion coefficients versus the water/lipid r a t i ~ . ~ '  Only a small fraction 
of water molecules is significantly affected by the bilayer surface and, for 
waterllipid ratios greater than 5 ,  water molecules share essentially isotropic, 
free-water characteristics in terms of correlation times and molecular order. 
Hydration properties of POPC and EYL are similar but differ from those of 
DOPC. At very low water contents, water molecules are strongly coupled to 
the lipid lattice, and their behaviour depends on the head group conformation. 
A somewhat smaller number of water molecules are more strongly immobi- 
lized and ordered with this last lipid.7' In the lamellar phase L, of these lipidic 
systems, the quadrupolar splitting of heavy water varies linearly with the water 
activity up to -98%. Using a simple interaction potential containing an 
orientation-independent and an orientation-dependent term, a good fit of the 
data is obtained. The energy for hydration (dehydration) of lipids is mainly 
stored in the orientation-dependent term.72 

Water dynamics in oriented 1,2-dipalmitoyl-sn-glycero-3-phosphocholine 
(DPPC) have been studied by 2H NMR relaxation. At low water content, 
longitudinal relaxation rates depend on fast water motions and transverse 
relaxation rates are related to slower water mobility. These data are explained 
in terms of two correlation times. A uniaxial rotation of water molecules 
tightly bound to DPPC headgroups is characterized by a correlation time of 
-62 ps, whereas the slower reorientation of the rotational axis occurs in the 
nanosecond time scale.73 2H NMR relaxation rates of heavy water have been 
used to determine the free energy of hydration of two phospholipids. Using a 
simple two-state binding model, energy values of 36 and 28 kUmol have been 
determined for DOPC and POPC lipids, re~pec t ive ly .~~ These data are in good 
agreement with those obtained from sorption measurements. 

A similar approach is used to calculate hvdration free energies of 
homologous nonionic alkyl oligo(ethy1ene oxide) surfactants forming lamellar 
phases. A linear relationship between this energy and the number of 
oxyethylene units is found and the energy grows by 7 kJ/mol per additional 
group (n  = 2-8).75 

The cesium perfluorooctanoate-water mixture forms a nematic phase. 
Recent NMR studies of this system deal with the measurement of water 
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Fig. 7. Typical decay of the water proton signal intensity as a function of the 
gradient amplitude in caesium perfluorooctanoate-water nematic system (upper and 
lower curves for gradients perpendicular and parallel to the field direction, rcspcc- 
tively). (Reprinted with permission from Ref. 76. Copyright 1993 American Chemical 
Society.) 

self-diffusion by the pulsed field gradient spin echo (PFGSE) 
Experiments with field gradients parallel and perpendicular to the magnetic 
induction field show anisotropic water diffusion in a few liquid crystals (Fig. 

Water diffusion in these systems proceeds from two basic effects, leading to 
a reduction of the diffusion coefficient compared to that of bulk water: 
interaction of water molecules with polar headgroups (hydration or “bound” 
water) and obstruction of water diffusion by the apolar part of the aggregate. 
Data obtained in the long-time and short-time diffusion regimes are related to 
the population of water bound to the lamellar surface and to the obstruction 
factor, re~pect ively.~~ Meaningful physical information requires accurate self- 
diffusion coefficients, and data with errors smaller than 0.5% have been 
r ep~r t ed . ’~  Using a theoretical description of obstruction and hydration effects, 
water deuteron diffusion coefficients support a discrete-micelle model for the 
microstructure of the nematic phase of the above fluorinated s~rfactant .~’  

Water self-diffusion has been also determined in aqueous solutions of 
hydrophobically end-capped poly(ethy1ene oxide) (associative polymer).x0 
This parameter decreases smoothly when the polymer concentration increases, 
independently of the polymer molecular mass and of the terminal alkyl chains. 
This decrease is due to the combined effect of obstruction and hydration. 
A cell-diffusion model that assumes two spherical diffusion zones des- 

7).76 
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cribes reasonably well the water diffusion, but at the highest polymer 
concentrations.80 The degree of obstruction due to the presence of particles 
depends on the particle size and geometry. Therefore, such diffusion experi- 
ments can be used to give information on the shape and size of colloidal 
particles, after correction for hydration (solvation) effects. These applications 
are beyond the present scope, but interested readers may find more details in 
two recent reviews.’X8’ 

Measurement of self-diffusion coefficients is a well-established method and 
a few pulse sequences can be used for it. However, it has been pointed out 
recently that proton cross relaxation perturbs the value of self-diffusion 
coefficients determined by stimulated-echo methods, and that effect must be 
taken into account.82 

The most popular NMR parameter is obviously the chemical shift. Examples 
of its use to describe properties of interfacial species are rather scarce. 
Nevertheless, the structure of water at interfaces of microemulsions or aqueous 
micelles has been approached by this way. The deuterium solvent isotope effect 
on the water proton chemical shifts of micelles in H20-’H20 mixtures 
indicates an increase of interfacial water structure compared to the bulk 
water .K3-x5 

2.3. Molecules adsorbed at a solid surface 

Silica. Proton relaxation of water adsorbed on silica gel shows a multi- 
exponential behaviour. A model introduced to explain quantitatively this 
observation assumes three phases: the OH groups at the mineral surface, the 
protons of “bound” water molecules, and the protons of the other water 
molecules (“free” water). This model accounts for cross relaxation between 
superficial OHs and “bound” water protons and exchange between “bound” 
and “free” water.86 

At temperatures lower than 273 K, “bound” water molecules do not 
freeze,” and special relaxation mechanisms for water protons can act in such 
confined systems. Disordered structures define some local preferential orienta- 
tions, whereas some translational motions with reduced dimensionality are 
allowed.42 Thus, the dipolar correlation function of diffusing molecules reflects 
not only the molecular dynamics but also the structural properties of the 
confining system. 

A reorientational model of water molecules mediated by translational 
displacements (RMTD) has been considered to explain the longitudinal 
relaxation dispersion curves of water protons in some silica samples. The 
low-frequency plateau ( a  process) indicates a long correlation time of -lop4 s, 
eight orders of magnitude longer than that of bulk water.xxThe high- frequency 
plateau implies a correlation time of the order of lO-’s ( p  process). The 
interaction of water molecules with the solid surface apparently leads to a very 
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fast but restricted rotation along an axis normal to the solid surface (yprocess). 
This process may contribute to longitudinal relaxation at high frequency. 
Direct evidence of this third process has been obtained with ceramics of 
controlled porosity whose relaxation dispersion curve shows a third plateau at 
the highest frequencies.8x The analysis of experimental data is based on a 
correlation function with three components accounting for exchange between 
“free” and “bound” water: reorientation by the y process, and the a and /3 
processes which are successfully interpreted as RMTD mechanism. Using 
diffusion coefficient data, the p process is consonent with a small reorientation, 
typically of the order of a silica fine particle. In contrast, the CY dispersion must 
refer to longer length scales determined by the network of particles or by the 
pore size.” In later studies on porous glasses, similar deuteron and proton 
dispersion curves have been obtained.” The fluid polarity plays an important 
role in liquid behaviour. As the RMTD mechanism becomes effective with 
polar molecules, it is expected that the relaxation dispersion curves will show 
only a strong frequency dependence with these molecules, as experimentally 

To explain the high water diffusivity at the solid (or macro- 
molecular) surface, mediation by the bulk medium has been proposed.” This 
model accounts for data on porous glass. Indeed, when “free” water is frozen, 
leaving liquid about two superficial water layers, the longitudinal relaxation 
dispersion curve changes drastically and the frequency dependence is much 
lower, similar to that of nonpolar liquids in porous glasses.” As with water 
adsorbed on proteins, the diffusivity inside the nonfreezing layer is only 
reduced by one order of magnitude as compared with that of bulk water.” 

The water-pyrogenic silica interaction has been also investigated by NMR 
techniques for solids. Combining magic angle spinning and multiple-pulse 
averaging of proton-proton dipolar interactions, the proton NMR spectrum 
shows three peaks corresponding to hydrogen-bonded silanol groups, 
physisorbed water, and non-hydrogen-bonded silanol protons, respectively. 
Upon dehydration, the freezing point depression is -40 K.” More recently, 
combining broad-line and MAS ‘H NMR at 4 K with *’Si data, the superficial 
composition of two silicas has been assigned to geminal silanols, single silanols, 
water molecules relatively strongly hydrogen-bonded to silanols, and water not 
interacting with OH  group^.'^ Water adsorption on pyrogenic silica surfaces 
modified by phosphorous compounds has also been investigated by ‘H NMR. 
The amount of water increases hydrolysis of the Si-0-P groups, and this 
perturbs the overall location of water.94 

Polymers adsorbed on solid surfaces in contact with a liquid are important 
for different purposes such as structural coatings, stabilizers, or adhesives. The 
ways in which the polymer interaction affects the conformation and dynamics 
of the macromolecule at the interface are the main questions addressed by 
NMR. If the solvent is able to penetrate the polymer layer, NMR solution 
techniques are adequate to characterize the material. If the polymer is tightly 
bound to the solid with little solvent penetration, this part of the system is 
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solid-like. As this subject has been discussed extensively in a review in this 
series,’ only one article which introduces a new NMR technique for studying 
the adsorption selectivity for polymers with a high polydispersity will be 
mentioned. As the self-diffusion coefficient is related to the molecular mass of 
the investigated species, pulsed-gradient spin-echo NMR has been applied to 
the polyoxyethylene-silica system to study the process known as “adsorption 
fracti~nation”.’~ The self-diffusion coefficient distributions resulting from the 
inverse Laplace transform of the echo attenuation function have been 
examined before and after exposure to the solid surface. The results indicate 
that the adsorption process favours the larger molecules, as predicted by the 
theory and confirmed by other experimental techniquesy5 

Clays. Smectite clays belong to the 2:l phyllosilicate family, and they are 
formed by an octahedral layer sandwiched between two tetrahedral layers. 
Silicon(1V) is at the centre of the tetrahedra. In a trioctahedral clay such as 
saponite or hectorite, the three octahedral sites are occupied by Mg(I1). Two 
out of three sites are occupied with AI(II1) in a dioctahedral phyllosilicate 
(montmorillonite). The clay platelets are negatively charged as a result of 
cation isomorphous substitution, either in the octahedral layer (Li(1) for 
Mg(I1) in trioctahedral clays, or Mg(I1) for AI(II1) in dioctahedral clays), or 
in the tetrahedral layer (AI(II1) for Si(1V)). These negative charges are 
counterbalanced by exchangeable cations (sodium, for instance) present in the 
interlamellar space. The location of the defects affects both cation and water 
interactions with the solid surface. 

Nuclear magnetic relaxation dispersion studies on suspensions of bento- 
nite (a montmorillonite-rich mineral) demonstrate that the water proton 
longitudinal relaxation rates are dominated by magnetic interaction with 
paramagnetic centres present in the solid matrix.96 To avoid this effect, 
hectorite clay, which does not contain paramagnetic species, was used to 
investigate the water proton relaxation in solid suspensions. Transverse R2 and 
longitudinal R I  relaxation data as a function of temperature and angular 
frequency indicate that the dominant relaxation mechanism of water molecules 
in the presence of clay is not the intramolecular proton-proton dipolar 
coupling modulated by molecular rotation but the interparticular dipolar 
Hamiltonian affected by the diffusion of adsorbed water at the clay surface.” 
This diffusion process accounts for the logarithmic decrease of R I  in the static 
and the rotating frames, respectively, and for a large difference between R1 and 
RZ, as found experimentally. A strong liquid-solid interaction is responsible for 
the 21) diffusion of the adsorbed liquid, even at  large distance from the pore 
walls. At times larger than the residence times, longer than 10-6s, water 
molecules start to desorb and diffuse in a 3D ~pace . ’~  These conclusions are 
consistent with the above studies on silica.xx~y” 

The quadrupolar splittings of solvent nuclei in solid suspensions provide 
information on the structure and dynamics of molecules at the interface since 
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the bulk liquid exhibits a single line. Thus, molecules near the solid surface are 
preferentially oriented with respect to a director (which may be the normal to 
the solid surface). Variation of molecular orientation with respect to the 
director modulates the value of the splitting, and this problem was solved 
mathematically for water molecules several years ago.y8 Fast water exchange 
between the clay interface and the bulk drastically reduces this splitting. 
Typically, NMR spectra of aqueous clay suspensions show water *H and "0 
splittings of a few tens and hundreds of hertz, respectively.yy-'O1 

In smectite clays, the location of cation isomorphous substitution, in either 
the octahedral or the tetrahedral layer, influences the mean orientation of 
interfacial molecules. Data obtained with montmorillonites, one hectorite, and 
one saponite, or with their 1:l mixtures, indicate water deuteron splittings of 
opposite signs for tetrahedrally (saponite) or octahedrally (montmorillonites 
and hectorite) substituted clays.'02.10' With montmorillonite from Wyoming 
(Mon-WY), in which cation replacement occurs in both layers, a sign reversal 
of the splitting is observed when increasing the calcium content of exchange- 
able  cation^.'^^^'"^ No sign inversion was detected for clays with isomorphous 
cation substitution either in the octahedral or in the tetrahedral layer.'".'nh 
Two average water orientations at the clay interface may account for the 
sign reversal of water deuteron splittings: a cationic director prevails with 
tetrahedral cation replacem~nt ,"~ or for Mon-WY when the calcium content 
is larger than -10%'O4 (Fig. 8). 

From similar studies on suspensions in aqueous binary mixtures, simi- 
lar conclusions are deduced for cosolvent molecules such as acetonitrile, 
acetone, dimethylsulfoxide or methanol. Accordingly, deuteron splittings of 
the deuterated cosolvent have opposite signs for tetrahedrally or octahedrally 

"+ 0 
'H 

Fig. 8. Mean water orientations of opposite anisotropies (sign reversal of the splitting) 
at a clay interface. 
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substituted clays"' or for Mon-WY suspensions when the content of calcium 
counterions increases.lW Again, two plausible orientations of interfacial 
molecules can be inferred from these data.'04 

Conversely, water 'H and "0 splittings are not significantly affected by the 
molar fraction of acetonitrile in water-acetonitrile suspensions of a lithiated 
saponite. Thus, water orientation remains basically unchanged within the 
0-50% (vh)  concentration range of the organic ~olvent . ' "~  Deuteron and I4N 
splittings of acetonitrile-d, decrease, disappear, and reappear with the opposite 
sign when the concentration of the organic cosolvent increases. As a single 
interfacial site was deduced for sap~nite, '"**' '~~ variation of the acetonitrile 
splittings is due to the change of the (3 cos20DM - 1) factor, where 0 is the 
azimuthal angle between the Z axes of the referents associated with the 
director and the molecule. Interfacial organic molecules remain bound directly 
to lithium counterions, but, as the acetonitrile concentration increases, their 
orientation varies relative to the saponite surface.'"' A similar behaviour is 
observed for acetone molecules when the same saponite is suspended in 
water-acetone mixtures.'"' By contrast, water and methanol splittings vary 
similarly in suspensions of this lithiated saponite in water-methanol mixtures. 
Splitting data and self-diffusion coefficient measurements of both liquids attest 
to the increased liquid structuring at the clay surface as compared to that of 
the solution in the absence of clay."" 
Thc layer charge is expected to influence the behaviour of interfacial species. 

To verify this, similar studies have been performed with synthetic saponites 
differently charged. The mean water orientation at the synthetic clay interface 
differs from that observed with the previously investigated natural saponite. 
The relative population of water molecules near the solid surface decreases as 
the charge increases. Indeed, a larger number of layers per clay aggregate 
(tactoid) is formed when the layer charge increases, resulting in smaller 
external surface areas.'"' The importance of the charge effect is also displayed 
with suspensions in water-acetonitrile mixtures. As observed with the natural 
saponite, water orientation at the surface of more highly charged clays (0.5,0.6 
and 0.75 charge per formula unit) is not perturbed by the molar fraction of 
acetonitrile, within the 0-50% (v/v) range. With a less charged clay (0.3 unit 
charge), water molecules do not interact strongly enough with the solid surface, 
and a sign reversal of the water deuteron splitting is observed as the cosolvent 
content increases.'"" 

Other solids. Aluminophosphate molecular sieves form structures with rela- 
tively wide unidimensional channels. Water deuteron NMR spectra of two 
members of this family (A1P04-5 and VPI-5) are explained in terms of a 
two-site jump between free and bound water (AIPO,-S) and a three-site 
exchange with an additional 3-site jump (VIP-5)."" This latter model has been 
improved subsequently to account for data in the temperature range from 225 
to 348 K."' 
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NMR studies of porous media are devoted to other aspects than inter- 
facial phenomena, and the interested reader may find such information 
elsewhere."* 

Deuteron longitudinal relaxation times have been used to monitor solvent 
association with stationary phases used in reversed-phase liquid chromatog- 
raphy. Suspensions of these alkyl-modified silicas in D20-CD30D and D20- 
CD,CN binary mixtures have been studied by such 2H NMR data. Results have 
been analysed in terms of interactions between solvent molecules, interactions 
of each solvent with the solid support, on conformational changes of the alkyl 
chain,l13.114 

3. STUDY OF INTERFACIAL IONIC SPECIES 

3.1. Advances in NMR study of quadrupolar nuclei 

Isotropic medium. This section first summarizes the main features of the 
relaxation theory for quadrupolar nuclei ( I  2 1). More detail can be found in 
a previous review' or in the original papers cited in the following sections. 
When the electric quadrupole moment of the nucleus is high enough, as 
observed for most quadrupolar nuclei, the dominant relaxation mechanism 
stems from the interaction of this moment with the electric field gradient 
generated by the surroundings of the nucleus. In an isotropic solution, fast 
molecular motion cancels (or averages to zero) the value of the electric field 
gradient, and a single line is observed. In the extreme narrowing limit (07, < l), 
the longitudinal (R,) and transverse (R2) relaxation rates are governed by the 
same exponential function. Above this limit, these relaxation rates are 
different and they show a multiexponential behaviour ( = I  + i) if I > 1, and the 
NMR lineshape is super-Lorentzian. Generally, the relaxation rates R are 
expressed as 

where K depends on the magnetic interaction (quadrupolar, here) responsible 
for the relaxation process. The spectral density J ( m w )  has usually the form 

7. 
J(mw) = 1 + (mu)*< 

with rc being the correlation time characteristic of the fluctuation of the 
quadrupolar interaction. The sum (rn = 0, 1 or 2) of the spectral densities 
C,, J (mw)  differs for the longitudinal and transverse relaxation rates. Approxi- 
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mate expressions for relaxation rates have been reported previously for 
half-integer spin (or equations (21) and (22) of Ref. 1). They are 
valid only for small differences between J (O) ,  J ( w )  and J(2w), i.e. when RY and 
R:"' are nearly equal. More recently, a set of approximations for isotropic media 
has been used to account for situations where Rltot differs significantly from 
RZto'.' " In addition to single-quantum transitions, the understanding of the spin 
dynamics of quadrupolar nuclei has improved by consideration of multiple- 
quantum transitions, and their spin dynamics have been described for nuclei 
with spin quantum number of 312;' 512,46 and 7/2.Il8 

Anisotropic medium. When counterion mobility is not fast enough, a residual 
quadrupolar interaction persists and the NMR spectrum shows 21 lines. 
In these anisotropic media, the splitting is a population-weighted average 
between a free (bulk, no splitting) and "bound" sites in the simplest case of 
a two-site model. 

The growing use of quadrupolar nuclei in quite diverse applications requires 
more sophisticated theoretical exchange models. Thus, contrary to previous 
studies that mainly describe the single-quantum lineshape of 312-spin nuclei, 
spin dynamics of quadrupolar nuclei have been extended to arbitrary spin I and 
to other density matrix elements, i.e. zero- and multiple-quantum coherences. 
This broader approach involves four parameters: the Larmor frequency w, the 
residual quadrupolar frequency wQ, the mean residence time TA in an 
anisotropic site, and the molar fraction of studied nuclei in all anisotropic sites. 
Direct exchange is allowed only between sites of two classes, i.e. anisotropic 
and isotropic (bulk medium) environments, and all the sites in a given class are 
characterized by their equilibrium population P and their mean residence time 
T. Typical curves are simulated for different situations, and particularly the 
dilute regime ( P A  4 l),  a quite common case, where the longitudinal relaxation 
is effectively exponential for all values of W T ~  and wQ TA. It should be pointed 
out that the relaxation curve at different values of w (relaxation dispersion 
curve) is uncorrelated with molecular dynamics when fl, T* 9 1 (the quad- 
rupolar coupling constant a, = &oQ).'19 

NMR theory of counterions has been also developed for macroscopically 
aligned anisotropic fluids such as liquid crystals, and the relaxation rates differ 
from those in isotropic media.' As an extension of the previous theory, 
the contribution of the director fluctuation to the relaxation behaviour of 
quadrupolar nuclei has been considered. Such a situation occurs near the 
nematic-isotropic phase transition."" In a previous review in this series,' the 
development of a new 2D quadrupolar echo sequence for relaxation studies 
of 1 > 1 nuclei was mentioned."' This experiment allowed homogeneous line 
widths to be obtained, a prerequisite for determining accurate spectral 
densities. The applicability of this method has been further 
Besides single-quantum coherences, multiple-quantum coherences can also 
provide independent information on the motional spectral densities or useful 
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redundancy. The highest coherence ( = 2 0  of a quadrupolar nucleus is unaf- 
fected by quadrupolar inhomogeneity, and its line width can be determined by 
a spin-echo experiment. The other satellites from lower multiple-quantum 
transitions suffer from quadrupolar inhomogeneous broadening (e.g. imper- 
fect alignment), and quadrupolar echo techniques are required to obtain 
homogeneous line widths.'24 Appropriate pulse sequences have been designed 
to achieve this.'24 A derived 1D NMR experiment with selection of even-rank 
coherences makes possible the determination of homogeneous widths of 
satellite transitions in heterogeneous systems and has been applied to reveal 
static quadrupolar effects in tissues.12s In heterogeneous systems, the central 
line contains an isotropic component that may hide the observation of the 
quadrupolar splitting. This contribution can be suppressed by multiple- 
quantum filtering techniques as described later. To obtain relaxation data 
for 1 = 1 and 1 = 3/2 nuclei, the highest rank quantum-filtered method is 
most appropriate.'26 A 2D version of the Jeener-Broekaert experiment has 
also been proposed for obtaining homogeneous line widths for a 3/2-spin 
nucleus. 

When the quadrupolar splitting is small, the satellite peaks may be un- 
resolved and a single super-Lorentzian line occurs. To distinguish between 
isotropic and anisotropic situations, experiments based upon double-quantum 
coherences have been proposed for a 3/2-spin nucleus. The first two 90" pulses 
(usually with a refocusing 180" pulse between them) are used to generate a 
double-quantum coherence. A third 90" pulse is applied to detect the NMR 
signal. Although the central peak is suppressed, there is not necessarily clear 
evidence for quadrupolar splitting. Obviously, the first 90" pulse excites 
in-phase quantum coherence, represented by a combination of the first-rank, 
single-quantum tensor operators TI, + and T1, -l. Under biexponential quad- 
rupolar relaxation, characteristic of 3/2-spin nuclei outside the extreme 
narrowing limit in isotropic solutions, this coherence evolves into doubly 
antiphase single-quantum coherence described by the third-rank tensors T3, + I  

and T3, - I (odd ranks from 1 to 21). In contrast, under quadrupolar splitting, the 
above in-phase coherence evolves into both singly (T2,  ,, even ranks from 2 
to 21 - 1) and doubly antiphase single-quantum coherence. Thus, a filtration 
experiment that selects second- (even)-rank tensor operators ( T2,p) identifies 
the cause of the non-Lorentzian behaviour observed in the single-pulse NMR 
spectrum. With the basic sequence, filtration through a state of double- 
quantum coherence (T2,+> and T3,+2)  results in the formation of single- 
quantum coherences with 1 = 2 and 1 = 3. A flip angle of 54.7" for one of the 
last two pulses cancels the contribution of the third-rank tensor operator and 
phase cycling eliminates triple-quantum coherences formed after the second 
pulse.'28 An ordered structure (local anisotropy) is shown by an asymmetric 
doublet with suppression of the central band (Fig. 9). 

In the Jeener-Broekaert experiment with the last two pulses of 45", the 
unwanted signal components are deleted as a result of the orthogonality of the 
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70 Hz 

Fig. 9. Typical "Na NMR asymmetric doublet obtained with double-quantum filtering 
techniques in the presence of anisotropy (aqueous suspension of natural saponite). 

phasc of the first 45" pulse compared to that of the initial 90" pulse, and not from 
a flip angle effect. This sequence is claimed to be more robust.I2' Recently, the 
equations describing both the second- and the third-rank double-quantum 
signals have been reformulated. This makes easier the analysis of the double- 
quantum signal derived from a double-quantum filtering scheme, and new 
pulse sequences have been suggested. If some improvements are obtained in 
acquiring the third-order double-quantum signal or in maximizing the total 
double-quantum signal with nonvanishing quadrupolar coupling, it appears 
that the above conventional double-quantum filtering (or zero-quantum 
filtering) should be employed to select the second-rank double- (multiple-) 
quantum 

Broadening of the fast relaxation component(s) in the isotropic case or of 
the satellite signals may lead to a loss of NMR visibility. Extensive broadening 
may arise from inhomogeneous effects due to spatial variation of the splitting 
or from homogeneous effects due to large adiabatic spectral density. A third 
cause may be insufficient radiofrequency pulse power to excite the satellite 
transitions if the quadrupolar coupling is large. To understand the physical 
basis o f  NMR invisibility, it is important to establish whether one is dealing 
with a static or a dynamic quadrupolar effect. The above sequences based on 
multiple-quantum transitions (not affected by the spectrometer dead time) can 
be useful in this respect. 

Chemical exchange of nuclei with spin I > 1 between a rotationally immobi- 
lized and an isotropic environment has been also considered."' When the 
quadrupolar coupling constant is large, the contribution of the central (4- -;) 
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transition may be observed only in the NMR spectrum. This central line is 
anisotropically broadened to second and higher orders, and the anisotropy of 
the lineshape may contain information about local dynamic averaging. When 
ion exchange is too low to sample different orientations of the bound sites, a 
powder pattern results. The lineshape becomes distorted with an intermediate 
exchange rate. Fast exchange gives rise to a single super-Lorentzian line.’” 

3.2. Counterions of macromolecules 

The electric field gradient at the counterion nucleus originates in surrounding 
species. Different models have been proposed to account for the observed 
quadrupolar relaxation rates. One of the more recent has used sodium 
dimethyl phosphate as a model for DNA to investigate the influence of 
counteranion and solvent on the electric field gradient at the sodium nucleus. 
These molecular dynamics simulations conclude that the contributions from 
counteranions and solvent molecules largely cancel each other. It is also 
expected that both contact and solvent-separated ion pairs make potentially 
important contributions to the NMR observations in DNA 

Magnesium-DNA interactions have been investigated by ”Mg ( I  = 5/2)  
NMR. Both longitudinal relaxation rate and lineshape have been analysed 
using the isotropic two-site discrete exchange model reported above. Although 
the variation of the experimental lineshape with temperature has been rather 
well fitted with a set of theoretical parameters, it was not possible to fit 
simultaneously both the lineshape and the longitudinal relaxation rate with the 
same parameters.133 Furthermore, this model was not able to reproduce the 
field dependence of the 1 ine~hape . I~~  More than two sites being in the exchange 
process, multiple correlation times involved in relaxation at the bound site, 
residual anisotropy at the bound site, and loss of 25Mg NMR visibility may 
explain the failure of this model to fit experimental data.lT4 The last two causes 
could be evaluated with multiple-quantum filtering techniques adapted to 
Y2-spin nuclei. The distribution of counterions near the macromolecular 
surface has been estimated with various theoretical models, the most popular 
being based on the Poisson-Boltzmann equation. 23Na NMR data of highly 
concentrated DNA solutions with different salt contents have been analysed 
using such models. For low and moderate salt concentrations, ions accumulate 
into the grooves, and then onto phosphate groups. The residence times of 
counterions near the phosphate oxygens and the carbonyl-oxygen of guanine 
in the major groove are of the order of a few picoseconds and do not depend 
on DNA concentration. With counterions at distances greater than 11 A, the 
residence time decreases with increasing DNA c~ncen t r a t ion . ’~~  

Motions of ions parallel and perpendicular to the helix axis are restricted, 
and their anisotropy increases with a decrease of the DNA concentration. 23Na 
NMR quadrupolar splittings have opposite signs for cations located either near 
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the base atoms in the grooves or around phosphate oxygens. The dependence 
of the 23Na NMR quadrupolar splittings as a function of DNA concentration 
and temperature is explained by changes of the relative populations of these 
two cation sites.135 The effect of temperature on the coupling constants and 
correlation times has also been reported for salt-free DNA solutions under 
different magnetic fields.'76 Using a 2D quadrupolar echo sequence, the 
authors conclude that the quadrupolar splitting is homogeneous throughout 
the sample. This indicates that the director is uniformly oriented perpendicular 
to the magnetic field. The relaxation behaviour of sodium counterions in 
isotropic and anisotropic solutions is caused by at least two processes on 
different time scales. The fast process is probably associated with fast water 
dynamics in solution. The second process occurs on the nanosecond time scale 
and is presumably caused by counterion diffusion near the macromolecule. No 
additional slow motions in the frequency range between 200 and 9000 Hz are 
observed,136 but counterion relaxation rates are not greatly influenced by the 
macroscopic organization. Thus, a similar decrease of the relaxation rates with 
increasing temperatures is found for isotropic and anisotropic solutions. 
Studies at different fields show that this observation stems from a decrease of 
the coupling constant in the isotropic phase and from a decrease of the 
correlation time in the anisotropic phase. This emphasizes the importance of 
field-dependent measurements in data analysis.'36 Another group has also 
monitored field-dependent 23Na NMR relaxation studies of sodium counter- 
ions in ordered DNA. Again, these results indicate that the main contribution 
to the field-dependent spectral densities occurs from slow and fast local ion 
motions near the macromolecule.137 

Quadrupolar NMR splittings of macroscopically oriented samples also allow 
the study of the hydration of counterions. When ion exchange between 
different sites is fast relative to the inverse of the quadrupolar interaction, the 
observed splitting is a weighted average of the values for each anisotropic site 
(no splitting occurs in isotropic medium). In oriented DNA fibres, 7Li, 23Na and 
133Cs NMR splitting changes with water content and temperature are explained 
in terms of a three-site model: free ions, specifically (site-) bound ions and 
nonspecifically bound (condensed) ions. 13' 

The location and dynamics of Nat  in frozen proteins, relevant in the context 
of food storage, has been addressed by NMR.13' With BSA, the alkali ions are 
concentrated within the nonfrozen water layer. Multiexponential relaxation is 
due t o  separate relaxation rates for the central and outer transitions of the 23Na 
NMR signal, and no residual quadrupolar interaction can be displayed by 
multiple-quantum filtering techniques. The apparent correlation times at 
different temperatures have been deduced from transverse relaxation rates at 
two different fields. Their values are similar to those of liquids in contact with 
 protein^.'^' In collagen, proteins form fibres, an organized structure. Using "Na 
NMR double-quantum-filtered spectra, local anisotropy has been evidenced. 
Collagen is mainly responsible for the Na' local anisotropy found in 
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suspensions of ~arti1age.l~' This is in agreement with results obtained with 
water deuteron spectra.hS 

The behaviour of counterions has also been studied by 23Na, 15C1 and 39K 
NMR in poly[methacrylic acid-co-(N,N-dimethy1amino)ethyl methacrylate] 
hydrogel (MMA-co-DMAMA). Within the low water content range, decreas- 
ing the water content of the sodium salt hydrogel (MMA Na-co-DMAMA) 
gives rise to an increase of the line width and an upfield shift of the "Na NMR 
signal. This upfield shift supports the formation of contact ion pairs with the 
polyions, whereas the line broadening results mainly from the variation of the 
electric field gradient at the nu~leus . '~ '  At  water concentrations greater than 
6 molecules per sodium cation, contact ion pairs are progressively dis- 
rupted and hydrogen bonds between hydrated cations and COO- groups of 
methacrylic acid are formed. Addition of KC1 broadens the 2'Na NMR signals, 
indicating that the competitive binding of potassium ions to COO- groups is 
not very effective. Chain contraction and/or water mobility restriction due to 
K' account for this observation. Within the concentration range investigated, 
the potassium form of the hydrogel as studied by 39K NMR exhibits a similar 
beha~iour . '~ '  Protonation of the amino group by hydrochloric acid allows 
study of this system by "Cl NMR. As expected, hydrated chloride ions interact 
with protonated amino groups.L4L 

Gel electrolytes formed by solutions of lithium or sodium salts in organic 
solvents such as propylene carbonate or ethylene carbonate can be 
immobilized in a polymer matrix based on polyacrylonitrile (PAN) or 
poly(methy1 methacrylate) (PMMA). These composite materials have con- 
ducting properties. Alkali NMR relaxation rates have evidenced ion-polymer 
interactions. Indeed, above the glass transition temperature, the polymer 
network determines fluctuations of the electric field gradient generated at the 
alkali nuclei, even for the shortest time scale of observation by NMR.'42,141 

In polyelectrolyte solutions, the alkali NMR relaxation is often biexponen- 
tial. From the resulting super-Lorentzian line, the apparent correlation time 
and the pBx product can be extracted. The determination of the quadrupolar 
coupling constant x requires the knowledge of the population pB of cations 
interacting with the macromolecules. As noted above, the counterion distribu- 
tion can be estimated from theoretical models. The Poisson-Boltzmann cell 
model has been used for poly(2-hydroxyethyl methacrylate-co-methacrylic 
acid). *"a NMR quadrupolar coupling constants of -200 kHz and a correla- 
tion time for electric field gradient fluctuation within the nanosecond range 
have been obtained.'44 This model has also been used in polysaccharide 
solutions. The applicability of this model for poly(ga1acturonic acid) has been 
studied as a function of polymer concentration and neutralization. Agreement 
with the Poisson-Boltzmann model is not obtained over the full concentration 
range, and this is explained by an effect of polymer conformational change.I4' 
To describe the field dependence of the longitudinal and transverse 2'Na NMR 
relaxation rates in aqueous solutions of xanthan, at least two correlation times 
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are needed, and the largest value is typically a few  nanosecond^.'^^ 21Na 
NMR has been also used to show whether heparin, a polysaccharide with 
anticoagulant properties, behaves like a polyelectrolyte. Analysis of relaxation 
rates at different pD values according to the Manning's model indicates that 
both Na' and Mg'+ are mainly condensed (polyelectrolyte behaviour) to 
carboxylate groups of heparin, whereas Ca2 ' , Zn'' and La7+ form site-specific 
interactions with the carboxylate and sulfamino  group^.'^' Addition of 
electrolytes into a polyelectrolyte solution results in a decrease of "Na NMR 
relaxation rate owing to the displacement of Na+ from the polyion 
environment by the added cation. Using Bull's formalism based on a 
two-site exchange model,"5 the binding order Ca" > Mg" > K+= Na ' has 
been found for poly(sodium acrylate) and poly(sodium-3-acrylamido-3- 
methylbutanoate). Conversely, the sequence Ca2+ = Mg2+ > K t  > Na+ has 
been obtained with poly(sodium 2-acrylamido-2-methylpropanesulfonate).'48 
Copolymers of 2-( 1-naphthylacetamido)ethylacrylamide (NAEAM) and 
acrylic acid (AA) contain hydrophobic components (NAEAM) which induce 
a stronger binding of Na ' to carboxylates, consistent with the decrease of the 
dielectric constant in the hydrophobic domains.'49 

Although most studies of polyelectrolyte counterions concern cation nuclei, 
a few examples of anion studies have also been reported. For instance, 
interaction of anions with the helix of low-charge carragenans has been 
investigated by I4N NMR relaxation of SCN- ion. NMR results have been 
rationalized within the Poisson-Boltzmann cell model by assuming a single 
class of anion binding. Intrinsic binding constants have been determined for 
different anions, and the sequence C1K < NOT < Br- < SCN- < I -  has been 
obtained.I5" 

3.3. Counterions of aggregates 

This section is mainly concerned with dynamic information from counterions, 
but it should be pointed out that these data may give access to the microstruc- 
ture o f  aggregates. The most popular counterion nucleus is certainly sodium- 
23, and relaxation data may be analysed in terms of Bull's equations.'l5 For 
instance, sodium dodecyl sulfate (NADS) in aqueous and nonaqueous systems 
has been investigated by this way.'51 More recently, a similar study has been 
carried on aqueous solutions of sodium dodecylbenzenesulfonate (NaDBS). 
This commercial product has a composite nature as reflected by the non- 
linearity of the plot of "Na NMR relaxation rates versus the reciprocal of the 
surfactant concentration (above the critical micellar concentration (CMC))."' 
Modclling of the surfactant as a binary mixture leads to a consistent description 
of the experimental results. The characteristic parameters of the spectral 
density function for this systemlS2 are quite similar to those obtained with 
NADS.'" Thus, the correlation time associated with the modulation of the 
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electric field gradient generated at the sodium nucleus near micelles is a little 
less than 1 ns. The relaxation is caused by local motions and not by dynamics 
on a length or time scale associated with the size of micelles. A similar 23Na 
NMR relaxation study has been performed with NaDBS-PMMA latex 
 mixture^."^ In contrast to the observed behaviour with the surfactant, the 
transverse relaxation decay curves are clearly biexponential. The faster 
relaxation components are determined almost completely by the fraction of 
surfactant adsorbed onto the particle surface. Here, a much longer correlation 
time of 28.5 ns is found but the quadrupolar coupling constants are similar for 
sodium cations near surfactant molecules in micelles or adsorbed at the surface 
of latex particles. Clearly, the relaxation is caused by similar processes in both 
environments. Water movement does not seem to be the principal cause of 
relaxation associated with the correlation time of 28.5 ns. The discrete charges 
at the micelle or particle surface can also cause a fluctuating electric field 
gradient at the sodium nucleus upon cation diffusion parallel to the surface. A 
distance of 11 A between the charges at the latex surface compared to a 
distance of 6 8, in the micellar system accounts for the observations."' 

The interpretation of spin relaxation data from isotropic media such as 
micelles or microemulsions is always difficult since, in contrast to anisotropic 
fluids, only a single spectral density function is probed (Eq. (1)). To alleviate 
this problem partially, dynamic shifts that are related to the imaginary part of 
the complex-valued density function are also measured. 23Na NMR lon- 
gitudinal and transverse (slow and fast) relaxation rates, together with the 
dynamic shift, have been measured in microemulsion droplets formed from 
appropriate mixtures of sodium bis(2-ethylhexyl)sulfosuccinate (AOT), water, 
and isooctane. The model assumes that fluctuation of the magnitude and 
orientation of the electric field gradient at the sodium nucleus is due to fast 
local and slow motions. Dynamics within the Na' hydration layer or local 
diffusive motions of ionic species within the interfacial region and lateral 
diffusion of the counterion at  the interface account for fast local motions and 
slow motions, respectively. Thus, *"a NMR data are described in terms of the 
Na' lateral diffusion coefficient, a spectral density contribution to fast local 
motion, and the residual quadrupolar coupling obtained from the dynamic 
shift.'53 The close agreement between the present data and those obtained for 
the same system in the reversed hexagonal phase indicates that the local 
structure and dynamics at the interface are highly similar in both systems.'s3 

An isotropic phase formed by NADS-decanol-water mixtures has been also 
studied through its 23Na NMR relaxation at different magnetic fields. The data 
were analysed in terms of fast local motion, counterion diffusion, and micelle 
re~rientation."~ Polymers with ionic groups at one chain-end are studied as 
models of ionomers. Inverse micelles of a narrow size distribution are formed 
by these simple models. 'Li and 'Li NMR have been used to describe ion 
behaviour within the micelle cores. Lineshape analysis or double-quantum 
filtering techniques indicate a homogeneous biexponential relaxation process 
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for all the investigated lithium sulfonated polystyrenes in toluene. Fluctuations 
of the electric field gradient, in the nanosecond range, are due to lithium ion 
exchange between different coordination sites within the ionic core.1ss 

Within the motional narrowing regime (no quadrupolar splitting), the spin 
relaxation rates are completely determined by the three laboratory-frame 
spectral densities J,,,(mw) with m = 0, 1, 2 (Eq. (1)). In macroscopically 
ordered samples, quadrupolar splittings occur. Thus, the spectral density 
functions are influenced by the sample orientation, and they are described in 
terms of director-frame spectral density functions. For uniaxial systems there 
are three such functions for each m value. To determine the resulting nine 
spectral densities, at  least three linearly independent relaxation rates must be 
measured for three different orientations. Such a study has been performed for 
the macroscopically oriented hexagonal phase of the system NADS-decanol- 
water.Is6 A model assuming fast, weakly anisotropic local motions and a slower 
counterion diffusion around the cylindrical aggregates accounts for the 
six high-frequency spectral densities (rn = 1, 2). The three zero-frequency 
functions (rn = 0) also contain large contributions from the slow director 
fluctuations.lS6 

With nematic liquid crystals, the magnetic field used to polarize the nuclear 
spin system also aligns the nematic phase. Lyotropic nematic phases are 
composed of amphiphilic micellar aggregates having a long-range orienta- 
tional order and no translational order. In such systems, spin relaxation of 
counterions is expected to reflect the diffusion of ions over the curved micelle 
surface and thereby to contain information about the size and shape of the 
micelle. Spectral densities have been calculated for such motions, and a set of 
appropriate relaxation experiments allow their determinat i~n."~ From the 
values obtained, uniaxial micelles with an axis ratio of 3-4 have been proposed 
for the NADS-decanol-water ~ystern."~ More recent experiments, using 
angularly dependent longitudinal 2'Na NMR relaxation in the same nematic 
phase, have shown that these micelles are biaxial, with approximate axial ratios 
of 3% Comparison with previous results indicates that the interfacial curvature 
of the micelles changes with the composition of this nematic phase.'58 The 
ternary mixture also shows a discotic nematic phase and 23Na NMR relaxation 
dispersion data have been described in terms of fast and slow motions, as 
previously noted.Is4 

Alkali NMR is also an appropiate probe for detection of small structural 
differences. Thus, 133Cs NMR reveals that Cs' is more tightly bound to 
the carboxylate group of pentadecafluorooctanoate in heavy than in light 
water.'59 

In heterogeneous systems, the quadrupolar splitting may be unresolved. 
Local anisotropy around sodium ions can be revealed by multiple-quantum 
experiments (Section 3.1). As an example, double-quantum quadrupolar-echo 
measurements on red blood cells and resealed ghosts have shown such 
behaviour. Line fitting of the observed curves allows the values of the residual 
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quadrupolar interaction to be obtained. Changes in the structure of the sodium 
anisotropic binding sites are correlated with known conformational changes of 
the membrane cytoskeleton.16' 

3.4. Counterions of solids 

Znorganic ions. As clays are negatively charged solids (Section 2.3), 
cations - alkali ions for instance - are present to counterbalance these 
charges. The Poisson-Boltzmann theory fails to reproduce the cation be- 
haviour near the solid surface. More sophisticated Monte Carlo simulations 
indicate that the location of isomorphous cation substitution, either in 
the octahedral layer or in the tetrahedral layer, leads to cation inner- 
sphere complexes (i.e. site-bound) in the last case or to cation outer-sphere 
complexes (i.e. atmospherically bound) in the former.16' The 7Li NMR 
spectrum of lithium-exchanged clays suspended in aqueous solutions 
shows either a super-Lorentzian or a triplet structure when 
the quadrupolar interaction is not averaged to zero, as found with a 
natural ~ap0nite.l'~ In this latter case, the double-quantum-filtered spectrum 
exhibits the expected asymmetric doublet for long-range anisotropic systems 
(Fig. 9), whereas in the former case the spectrum is characteristic of the 
homogeneous biexponential type (Section 3.1). Rather surprisingly, the 23Na 
NMR spectrum obtained with clay suspensions of sodium-exchanged clays 
exhibits a Lorentzian l i n e ~ h a p e . ~ ' ~ ' ~ ~ ~ ' ~ ~ ~ ~ ~  Competition experiments between 
sodium and tetrapropylammonium cations lead to a 60% increase of NMR 
visibility with suspensions of laponite, a synthetic trioctahedral clay with cation 
isomorphous substitution in the octahedral layer (see Section 2.3) (Table 1). 
Removal of sodium cations from the clay surface by the organic ions is 
responsible for the increase of the 23Na NMR signal inten~i ty . '~~ Conversely, 
the 7Li NMR spectrum of lithiated laponite suspensions is totally visible, 
although organic cations progressively replace alkali ions at the clay 
i n t e r f a ~ e . ' ~ ~ , ' ~ ~  

Thus, for sodium-exchanged clays only the signal associated with the 

indicate a broad distribution of Na+ sites near the clay surface.*63 With 
synthetic saponites, NMR visibility upon addition of tetrapropylammonium 

(m = 1-m = -1 2) transition is detected. Double-quantum filtering techniques 2 

Table 1. 23Na NMR visibility as a function of the tetrapropylammonium cation 
(Q+)/Na+ molar ratio. 

Q+/Na+ (mol/mol) 0 17 34 50 57 67 84 100 118 134 151 
NMR visibility (%) 40 40 40 42 43 81 99 106 97 97 107 
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cations depends on the layer charge. At similar layer charges, cation interaction 
is expected to be stronger for trioctahedral clays with cation replacement in the 
tetrahedral layer than for laponite clay.I6' Increase of NMR visibility with 
addition of the organic cation is observed only for the less charged solids."" 

The 133Cs NMR spectrum of caesium-exchanged bentonite suspended in 
water shows only the NMR visibility of the central transition and the signal 
intensity increases with the addition of poly~at ions . '~~  The weak electric 
quadrupole moment of the '13Cs nucleus implies a rather narrow NMR signal, 
as indeed observed. Spectra of hectorite slurries in CsCl solutions exhibit two 
peaks due to the hydrated cations in solution and to cations near the clay 
surface. Cation exchange between these two types of site is slower than 120 s-I 

at 50"C.'65 At low water concentrations, the spectrum pattern is solid-like and 
the MAS technique is used. Typical values of the electric field gradient result 
in a quadrupolar interaction that remains small compared to the Zeeman 
interaction. Thus, the chemical shift of the central signal is not expected to be 
influenced by second-order effects, and its value is the isotropic one (Section 
3.1). Hydration studies on different clay samples reveal two sites for caesium 
ions at the solid surface. The low-field and high-field signals are assigned to 
relatively tightly bound (site-binding, Stern layer) and loosely bound (atmos- 
pheric binding, Gouy layer) cations, r e ~ p e c t i v e l y . ' ~ ~ ~ ' ~ ~  Motional averaging 
between these two cationic environments occurs with an increase of water 
content or of temperature, and a narrow peak is observed for frequencies 
larger than 100kHz.'6s~'66 The 23Na NMR line width of montmorillonite 
dispersed in aqueous poly(ethy1ene gycol) monooctyl ethers broadens with the 
concentration of the nonionic ~ u r f a c t a n t . ' ~ ~  This broadening results from the 
interaction between sodium cations and the oxygen atoms of the polyether. 
Similarly, intercalation of polyoxyethylene between the platelets of lithiated 
clays displaces cation hydration molecules. In the solid state, these materials 
behave like ionic conductors and provide an alternative to traditional solid 
polymer electrolytes.'68 

Organic ions. Interaction of organic cations, in particular ionic surfactants, 
with solid surfaces has been studied by NMR spectroscopy. Surfactant 
adsorption at a solid-liquid interface modifies its surface properties such as 
charge, wettability, or biocompatibility. Selective deuteration of the choline 
methyl groups of hexadecylphosphocholine (HDPC-d6) has been used to 
investigate the binding of this lipid to polystyrene particles. The 'H NMR 
spectrum of bound lipids consists of an axially symmetric powder pattern, 
indicating that bound surfactant molecules experience fast anisotropic mo- 
tional averaging, and that there is a narrow distribution of motional environ- 
ments. 'This is in agreement with the formation of a monolayer of surfactant 
molecules at the particle surface.16' Addition of ionic surfactants reveals that 
the choline group undergoes a conformational change due to surface charge 
similar to that of phosphatidylcholine in bilayer membranes. 170 Upon binding, 
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an effective correlation time of 5.84 X lo-" s, longer than that in micelles, has 
been calculated from *H NMR longitudinal relaxation times of choline 
groups.171 The effect of sodium polystyrenesulfonate and cetyltrimethylam- 
monium bromide on this system shows that the dynamics of the HDPC polar 
head group is only affected for high contents of both added corn pound^.'^^ 
Interaction of silica particles with dipalmitoylphosphatidylcholine (DPPC) 
liposomes occurs through the formation of hydrogen bonds between Si-OH 
and 0-P  groups, but the conformation of the choline group is not significantly 
affected.'73 

Adsorption of dodecyltrimethylammonium bromide from aqueous solution 
onto silica particles has been followed by 'H NMR spectroscopy. Surfactant 
molecules selectively deuterated at the methyl or at the a-methylene positions 
have been synthesized for this purpose. Data analysis indicates that two slowly 
exchanging molecular domains exist on the solid surface, and accordingly a 
bilayer adsorbate structure is suggested.174 The mobility of the head group is 
strongly hindered as compared to that in the dissolved state. The relaxation 
rates are described in terms of a model assuming fast anisotropic local and slow 
isotropic collective motions. The spectral densities J ( o )  (Eq. (1)) are changed 
according to9* 

where the frequency-independent spectral density J,(O) characterizes the fast 
motion and Js(w) is associated with the slow motion, TJ is the asymmetry 
parameter of the electric field gradient (EFG) tensor, and Sb is the order 
parameter. 

Fast motions are slower than those obtained in micelles and slow motions 
are similar to those observed for aggregates with a radius similar to the particle 
radius.174 More attention has been paid to slow motions in a subsequent study 
with didodecyldideuteromethylammonium chloride. Using the well-known 
Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence with variable pulse 
spacings, motions with correlation times in the microsecond time scale have 
been observed.'75 With spherical supported vesicles of POPC, 31P NMR has 
revealed that slow motions, in addition to the diffusion of the lipid molecules 
along the solid surface, can be due to an area mismatch between the bilayer 
and the surface of its solid support.'76 Similarly, *H NMR spectra reveal 
the interaction of sodium 4-(1'-heptylnony1)deuterobenzenesulfonate with 
alumina in aqueous suspensions. Again, these results support the formation of 
a surfactant bilayer made of two slowly exchanging domains. The inner layer 
next to the solid surface gives rise to a quadrupolar splitting, whereas the outer 
layer gives rise to a broad unsplit signal indicative of a more isotropic 
e n ~ i r 0 n m e n t . l ~ ~  Using sodium dodecyl sulfate deuterated at the a-position, 2H 
NMR methods are appropriate for investigating the local ordering and 
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dynamics of this surfactant at the alumina-water interface. Fast, slightly 
anisotropic motions (Eq. (2)) are probably dominated by the alkyl chain 
trans-gauche i s~mer i za t ion . '~~  On another hand, the quadrupolar splitting is 
sensitive to the curvature of the surfactant aggregate interface. Among the 
possible structures of the adsorbed surfactant, residual quadrupolar couplings 
are consistent with long, ribbon-like aggregates, oblate micelles, or a porous 
b i 1 a ~ e r . I ~ ~  From a chain conformational point of view, 13C chemical shifts of 
several surfactants adsorbed on to silica or alumina indicate that the state of 
surfactants is similar to that in the micellized state.18' 

4. STUDY OF SUPERFICIAL GROUPS OF THE LESS MOBILE 
PHASE 

Hydration studies based on NOE experiments and reported in Section 2 
involve cross peaks with superficial groups of macromolecules or aggregates, 
but here we are dealing with selective observation of groups at the surface of 
the phase I (Fig. 1). In macromolecular systems, it has been shown recently that 
C=O...HOH protein-solvent hydrogen-bonding has a marked influence on the 
value of the coupling constants 'INC of amide groups. Conversely, this constant 
is weakly affected by the formation of N-H-HOH hydrogen bonds. Thus, this 
parameter can also provide useful information in the study of protein 
hydration.'" 

Properties of the polar head groups of amphiphiles are affected by the 
composition of the mobile phase 11. Among possible nuclei, 'H and I4N 
isotopes have been studied, and relaxation measurements give rise to quan- 
titative information on the dynamics of the interface. These data have 
been analysed with a reorientational model:x assuming a fast motion as- 
sociated with the internal motion of surfactant molecules within the aggregate 
and a slow motion due to the lateral diffusion of surfactant molecules 
and/or the aggregate tumbling (Eq. (2)). This model is strictly valid for 
micelles,'82 but it has been successfully applied to describe dynamics in other 
systems. For nonspherical particles, simulated curves have been used to 
evaluate how these spectral densities are influenced by oblate and prolate 
particles. L83~184 These calculations also serve to estimate the particle size. In 
most mesophases, however, fluctuation of the EFG over three time scales must 
be considered.lsS 

14N NMR relaxation experiments have been carried out on the micellar and 
cubic phases formed by the cetylpyridynium chloride-sodium salicylate-water 
system.'86 The longitudinal relaxation rate Rl  is rather insensitive to the 
surfactant concentration; it is affected by fast local motions that do  not depend 
on the aggregate concentration and microstructure. Conversely, the transverse 
relaxation rate R2 is governed by slow motions. No discontinuity in the 
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relaxation rates (and in the self-diffusion coefficient) is found at the phase 
boundary, indicating a similar microstructure in the micellar and cubic phases. 
The effective correlation time calculated from both relaxation rates decreases 
from -30011s to -40ns with an increase of the surfactant concentration, a 
peculiar observation that has been rationalized within the frame of a bicon- 
tinuous structure.'s6 The two-step model (Eq. (2)) should remain appropriate 
for describing the dynamics of surfactant molecules in the lamellar phase, as 
exemplified by the didodecyldimethylammonium bromide-water ~ystem. '~ '  

The general orientation dependence of longitudinal relaxation rate of spin-1 
nuclei has been described from a theoretical point of view,'88 but to the best 
of our knowledge this approach has not been used to describe dynamics of 
polar head groups on amphiphiles. The mean orientation of polar head groups 
with respect to the aggregate surface can be estimated from NMR studies of 
selectively deuterated amphiphiles. Deuterium quadrupolar splittings and 
longitudinal relaxation rates were recorded for three selectively deuterated 
head group segments of DPOC over a range of water:lipid ratios from 4 to 100. 
Increasing the water concentration provokes a concerted change in the head 
group conformation together with an enhancement in its motion rate. These 
molecular changes result in an increase of the accessibility of the polar 
headgroups.'" A quantitative correlation has been found between the *H 
NMR parameters and the thermodynamics of hydration."' With phosphatidyl- 
cholines, deuterated on the a- and /3-carbons of the choline group, the 
dependence of the splitting on the hydrostatic pressure suggests a tipping of 
the head group away from the surface, as found for an effect of the membrane 
surface charge."' 

Dipolar nuclei are other useful probes for defining motions of the polar 
head groups. In oriented phases, dipolar coupling constants and anisotropy 
of the chemical shift lead to structural information on molecular frag- 
ments at the aggregate surface. Several glycolipid analogues, labelled with 
13C on the sugar ring, have been incorporated into bilayers of oriented 
dimyristoylphosphatidylcholine.1y2 Comparison of dipolar 13C couplings for 
the natural sugar rings and some of their deoxy analogues reveals some 
subtle changes in the orientation of the polar head groups of interfacial 
glycosides. This suggests the presence of hydrophobic interactions at the 
membrane surface, in addition to the more often cited hydrogen-bonding 
interactions.'y2 

P NMR anisotropic relaxation times of POPC membranes have been 
measured to define slow motions of lipid molecules. Lateral diffusion and 
collective slow motions of phospholipids such as surface undulations and/or 
collective director fluctuations can account for these data.'76 Longitudinal 
relaxation times also give insight on the interfacial structure. This can be 
exemplified with reverse micelle systems formed by AOT in liquid hydrocar- 
bon. The effect of solubilized H20 and D20  on the l3C spin-lattice relaxation 
time of the two AOT carboxylates indicates that the carbonyl group of the 

31 
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a-chain is more tightly bound to water molecules than that of the 
@chain.1y3 

Silica and modified silica are versatile materials. Their numerous applica- 
tions rely on their surface properties, which in turn are determined by the 
silanol groups on the surface. Cross polarization (CP) ('H+ 29Si) can give a 
rough estimate of heteronuclear dipolar interaction strengths. Thus, 29Si 
CP-MAS NMR experiments allow hydrogen-bonded silanols to be distin- 
guished from nonbonded silanols, and their ratio to be quantified under 
different  condition^.'^^ With two untreated silicas, all the surface silanols are 
hydrogen-bonded, either to adjacent silanols or to water  molecule^.'^^ 

The alkyl chain mobility of modified silicas has been investigated by 
solid-state and solution-state 13C and 2H NMR. These results have been 
summarized,' particularly in the context of reversed-phase liquid chroma- 
tography,' and are not considered further here. 

5. STUDY OF SOLID-SOLID INTERFACES 

These studies mainly concern polymer and composite systems. Strictly speak- 
ing, an interface is present between two incompatible polymers, whereas the 
region between two more or less compatible polymers is called interphase. This 
zone is of major importance in determining many of the physical and 
mechanical properties in advanced materials that are increasingly used as 
compatibilizers, surfactants or adhesives. Some NMR results have been 
reported in earlier  review^,'.^ and more recent works are reported here. 

Various solid-state NMR methods have been designed for the characteriza- 
tion of solid-solid interfaces. Recent approaches use the r-6 dependence of 
polarization transfer to excite selectively nuclei of the interfacial region. 
Conventional NMR methods based on proton or 13C relaxation time measure- 
ments have been used to characterize the interphase of dimethylsiloxane- 
styrene block  copolymer^,'^^ polybutadiene-poly(methy1 metha~rylate),'~' 
and poly(diviny1benzene) poly(n-butyl acrylate) core-shell latexes.'98 More 
recent techniques are based on polarization transfer, from protons to nuclei of 
lower gyromagnetic ratios such as I3C or 29Si under MAS (CP-MAS).19y When 
one of the immiscible polymers is deuterated, 'H-'H cross polarization magic 
angle spinning spectroscopy has been proposed to elucidate the composition 
of the interphase.200 This method requires an appropriate deuteron spin 
counting procedure, which has been described in the In sym- 
metric diblock copolymers of perdeuterated polystyrene and poly(methy1 
methacrylate), an interphase width of -40 A has been determined.200 Polariza- 
tion transfer between nuclei and unpaired electrons using dynamic nuclear 
polarization has been also described. At the interface of polycarbonate 
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and doped polystyrene heterogeneous blends, the dominant mechanism of 
polarization transfer occurs between electrons in the polystyrene phase and 
protons in the polycarbonate phase. The chain mobility of interfacial polycar- 
bonate is lower than that in the bulk p ~ l y m e r . ~ " ~ . ~ ' ~  The interface of immis- 
cible polymer blends has been also investigated by rotational-echo double 
resonance (REDOR).204 This method, which requires a stable isotope labelling 
for each component of the blend, has been applied to a heterogeneous blend 
of ["C]polycarbonate and poly(p-fluorostyrene-co-styrene). By this means, the 
spectrum of interfacial polycarbonate is selectively isolated and can be used to 
examine the structure and dynamics of the chains at the interfa~e.~"'.~"~ The 
shorter '3C-19F distances are estimated between 4 and 7 A.204 Selective 
deuteration of one polymer component has also been used to describe mobility 
within the interfacial region. With poly(styrene-b-isoprene), 'H NMR indi- 
cates that the portion of polystyrene close to the junction with polyisoprene 
remains flexible even below its nominal glass transition temperature. On the 
other hand, polyisoprene molecules near the interface are less mobile than 
those far from the interface.2"' Similarly in poly(dimethylsi1oxane) (PDMS)- 
nylon-6 block copolymers, an extra narrow peak is observed in the 2H NMR 
spectrum of the copolymer. This signal arises from a shell of softened nylon in 
the vicinity of PDMS domains.206 Thus, a gradient of mobility, i.e. partial 
immobilization of the soft component and mobilization of the rigid com- 
ponent, occurs across the interface between the two polymers. This has been 
used to show differences in the interfacial structure of core-shell polymers. A 
2D WISE (wide-line separation) experiment provides both structural and 
dynamic information from the isotropic I3C chemical shift in one dimension 
and the proton lineshape in the other dimension, respectively. Again, this 
experiment reveals that the dynamics in the interfacial region is different from 
the respective dynamical behaviour in the pure phases.207 Confirmation of this 
is obtained from dipolar filtered I3C NMR, which is able to select regions with 
different mobilities. For many years, 'H spin-diffusion experiments have been 
used to determine the interface thickness up to -150 nm.9 Here, advantage has 
been taken of dipolar filter and 'H-I3C CP-MAS to detect selectively I3C NMR 
spectra of interfacial molecules. Increasing the mixing time of the pulse 
sequence results in a remagnetization of the less mobile component by 
spin diffusion. The interface thickness of poly(buty1 acry1ate)-poly(methy1 
methacrylate) core-shell latexes is typically 10 nm. Analysis of these data gives 
also rise to information on the morphology: the low-temperature latexes 
consist of a core-shell structure, the high-temperature latexes form an interface 
with microdomains. Poly( butyl acry1ate)-polystyrene latexes are characterized 
by a confetti-like structure (Fig. 

These NMR techniques have been applied to poly(styrene-b-methylphenyl- 
siloxane) diblock copolymers. As expected from the partial compatibility of 
these systems, a rather broad interphase of 4.2-5nm thickness has been 
determined.208 
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Fig. 10. Morphologies of investigated latexes: a core-shell structure with an interface 
formed by two components mixed on a molecular level with a continuous concentration 
gradient (a) or built up of microdomains (b) and a non-core-shell structure but particles 
with a confetti-like structure (c). (Reprinted with permission from Ref. 207. Copyright 
1996 American Chemical Society.) 

6. CONCLUSIONS 

The past few years have seen the emergence of multidimensional NMR 
techniques for characterizing interfacial molecules. These studies are based on 
nuclear Overhauser effects between water protons and superficial nuclei of 
macromolecules or aggregates. The results are interpreted in terms of water 
location or residence time at the interface. 

The relaxation behaviour at an interface has been considered in isotropic 
and anisotropic media. These data have generally been analysed by assuming 
fast and slow motions of the interfacial species, and appropriate forms of 
spectral density functions have been developed. In heterogeneous systems, 
long-range ordering can be difficult to see. Multiple-quantum filtering tech- 
niques can reveal local anisotropy. These methods also reveal the cause of 
NMR invisibility of quadrupolar nuclei with I 2  3/2. 

Quadrupolar splittings have been used to define the number and characteris- 
tics of molecular (water) sites at different interfaces. 

For characterization of some solid-solid interfaces, NMR methods are useful 
in describing the size of this region. They also indicate the presence of a 
mobility gradient across the interface. 
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