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I. Introduction 

First experimental observations of the nuclear magnetic resonaiice 
(NMR) phenomenon were made in 1946 independently by groups working 
under Bloch ( 7 )  a t  Stanford and Purcell ( f l d )  at Rarvard. For this dis- 
covery, these two physicists jointly were awarded the Nobel prize in physics 
in 1952. The experimental and theoretical aspects of nuclear magnetic 
resonance (NMR) have been developed rapidly so that today it is an indis- 
pensable technique for the investigation of a wide variety of chemical and 
physical phenomena. 

Briefly, the physical basis of NMIt is as follows. A nucleus possessing a 
spin quantum number I other than zero is endowed also with spin angular 
momentum, p, given by 

p = fiI (1) 
and a magnetic moment p, which, when expressed as a vector quantity, is 
given by 

p = yh1 (2) 

and as a scalar quantity, by 

Id = yfi dfU + 1). 

The magnetogyric ratio y is a constant for a given nucleus. When a nucleus 
is subjected to a magnetic field Ho, the energy of the nuclear spin system is 

(4) It7 = -p.Ho = -yRmHo, 

where m is the cwnponeiit of I along Ha arid takes the values I ,  I - 1, 
I - 2, . . . , - I .  Since the selection rule for transitions between nuclear 
spin states is Am = hl, we have 

A W  = h~ = ~ Z W  = 7hHo ( 5 )  

OL' 
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the familiar. Larmor frequency relationship. Thus we see thatt each nucleus 
that possesses a magnetic moment should exhibit a characteristic nuclear 
magnetic resonance absorption. Isotopic species of a given element, possess 
different, magnet,ogyric ratios. Empirically it is found that nuclei which 
contain an odd number of neutrons, an odd number of protons, or both, 
possess nonzero nuclear magnetic moments and consequently exhibit 
nuclear magnetic resonance absorption. All three isotopes of hydrogen 
therefore exhibit NMR absorption and, for example, whereas the 0l6 nucleus 
with eight protons and eight rieutrons has a zero nuclear moment, the 0” 
nucleus wit8h nine neutrons has a moment and is active in NMR absorption. 

Another import.ant nuclear charact.eristic is the nuclear quadrupole mo- 
ment which, possessed by nuclei for which I > 1, has given rise t80 the 
important field of nuclear quadrupole resonance srectroscopy. A major 
importance of the quadrupole moment with respect to NMR absorption 
resides i n  the effects of quadrupole coupling constants on iiuclear relaxation 
times and, therefore, on the line widt,hs and saturat,ion characteristics of 
NMR ahsorption (9). In addition, in favorable situations, quadrupolc 
coupling constants call be derived from t,he charact,eristics of nuclear reso- 
nance of quadrupolar nuclei (197). Some examples of these effects will be 
described in Sect,ions 111, IV and VI of this chapter. 

From the above brief discussion it is difficult to imagine how NMR could 
have had the revolut,ionary impact on our understanding of the electronic 
and geometrical structures of molecules that it has had. However, in the 
period 1949-51, spectromet’er systems (particularly magnets) were refined 
to the point where chemical shifts and nuclear spin-spin splittings became 
resolvabIe. It is, of course, from these two rather small effects (small energy- 
wise) that NMR derives its primary usefulness to chemistry. 

In the discussion t,o follow cert,ain aspects of chemical shifts and nuclear 
spin-spin interactions will be reviewed. However, it is not our intention to 
give the theories of these effects with any degree of completeness since 
excellent treatments may be found in reviews and the original literature 
(108). We only hope here to point out some results and approaches of 
NMR particularly applicable to inorganic syst,ems. Let it suffice a t  this point 
to say that chemical shifts of nuclei arise from shielding effects of nearby 
electrons. The ficld Hcff “seen” by the nucleus is not the externally applied 
field Ho,  but 

so that resonance for a given nucleus occurs a t  

w ;  = y;Ho(l - Ui). 
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u; is the shielding constant for nucleus i and experimentally 

233 

is defined as 

(9) 

Href and urpf refer to an arbitrarily chosen reference. The quantities 6 and 
u are dimensionless and expressed in ppm. 

The spin Hamiltonian for a two spin system is 
.X = --y$~miHO(l - u,) - yjhmjlio(1 - g,) + AijhIi*Ij (10) 

The first two t,erms describe the chemicaI shifts for nuclei i and j and the 
last, the nuclcar spin-spin interaction. Nuclear spins are coupled via inter- 
vening electrons. The coupling constant A,  sometimes represented by J in 
the literature, is expressed in cycles per second (cps). Analyses of observed 
spectra for 6i, 8 j  and Aii are quit'e straightforward in situations where 
vol8i - 6?j >> Aij but can become quite tedious where vO[& - 6 j [  and Aij 

are comparable. vo is the resonance frequency expressed in cps. The latter 
case is the so-called intermediate coupling situation and is discussed in 
detail by Pople et al. (108). 

II. Chemical Shifts and Nuclear Spin-Spin Coupling Constants 

A. INTRODUCTION 
The two observables of nuclear magnetic resonance spectroscopy of 

primary interest to the chemist in the elucidation of the electronic and 
geometrical structures of molecules are the chemical shifts of nuclei and 
nuclear spin-spin coupling constants. These two parameters can be and 
have been used with great success in purely empirical fashion for determin- 
ing the structures of molecules. A few examples illustrating the power of 
NMR in molecular structure determination will be given in a later section. 
Additionally, however, we have in chemical shifts and spin-spin coupling 
constants two observahles which can be measured to a high degree of accu- 
racy and which in principle reflect rather sensitively environments of 
individual atoms and properties of bonds in molecules. It is one of the 
chief tasks of theoreticians today to translate as quantitatively as possible 
chemical shifts and coupling constants into such molecular quantities as 
charge distributions, bonding hybrids and bond angles and lengths. 

Quantitative theories for the chemical shift and nuclear spin-spin 
interaction were developed by Ramsey (113) soon after the experimental 
discoveries of the effects. Unfortunately the complete treatments of these 
effects involve rather detailed knowledge of the electronic structures of 
molecules and require evaluation of matrix elements of the orbital angular 
momentum between ground and excited electronic states. These matrix 
elements depend sensitively on the behavior of the wave function near 
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the nucleus, a circumstance which makes most approximate wave functions 
commonly used for calculations on molecules yuit.e inadequate for evnluat- 
irig chemical shifts mid coupling coilstants from Itamscy's complete 
expressions. 

As was to be expected, a good deal of effort has been expended in 
attempts to develop approximate theoretical schemes for treating chemical 
shifts arid coupling constants. Such treatment,s have been of a largely semi- 
empirical nature and often have been based on observed cxperimcntal 
regularities. Resonaims of a large number of nuclei can be observed 
experimentally, and many of these have been studied with varying degrees 
of thoroughness. However, properties such as hybridization, ionic charac- 
ters of bouds, electron density, low-lying electronic states, and magnetic 
anisotropies of nearby atoms or groups dominate the NMIt obscrvubles of 
different nuclei to varying extents. For this reason, no one semiempirical 
or approximate treatment should be expected to be applicable to a very 
wide variety of nuclei. 

B. CHEMICAL SHIFTS 
Most experimcnt.al studies to date have been carried out on the HI 

nucleus in organic molecules and for this reason understlanding of t,he 
NMR characteristics of hydrogen is most advanced. Contributions to 
proton chemical shifts include diamagnetic shieldings (electron density 
effects) (21, 24, 32), ring currents (56, 1U7, 136) elcctrostatic field effects 
(10, 33, 82) and magnetic anisot,ropies of atoms and bonds in molecules 
( 2 1 ,  72 ) .  Chemical shifts for protoris arid most othcr nuclei also are sensitive 
to intermolecular environmental irifluences such as solvent-solute inter- 
actions. Further discussion of proton shifts will be deferred to later sections 
where specific effects arising in hydridcs, organometallics and paramagnetic 
chelates are reviewed. A few examples of chemical shifts in more typically 
inorganic nuclei will be discussed in the remainder of this section where it 
appears that some theoretical significance can be att,ached to observed 
chemical shifts. 

Chemical shifts, as treated by H.amsey (1lC3), are comprised of separate 
diamagnetic and paramagnetic contributions. The diamagnetic term was 
considered to arise from the response of the ext#ranuclear electrons to the 
external magnetic field and had heen given earlier by Lamb (65) as 

where p( r )  is the electron density at a distance r from the iiurleus. Keasoii- 
ably good estimates of this term for many atoms could be made from exist- 
ing Hartree functions. However, the paramagnetic term in its complete forni 
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proved difficult to handle, principally because of inadequacies in existing 
wave functions. Saika and Slichter in an important paper in 1956 (129) 
suggested that the principal contribution to paramagnetic shielding in 
atoms such as fluorine arose from local magnetic fields set up by orbital 
motions of the electrons of 2 p  orbitals as a result of unequal electron popu- 
lations of the 2p,, 2p,, arid 2p, orbitals. This term is given by the expression 

Here ( l / ~ ~ ) ~ ”  is the average value of l / r 3  for a 2p-orbital and AE is an 
“average” electronic excitation energy. This expression goes to zero for 
F- where N ,  = N ,  = N,. N,,  N , ,  and N ,  are respectively the numbers of 
electrons occupying the 2p,, 2pu, and 2p ,  orbitals. 

The treatment of Saika and Slichter has served as model for several 
subsequent calculatioris of chemical shifts of nuclei other than hydrogen. 
The most successful of these calculations have been those of Griffith and 
Orgel (39) and Freeman et a!. (35) on the shifts of complexed CO~~(I I I ) .  
Shifts for CO~~( I I I )  in a variety of octahedrally coordinated complexes are 
shown in Table I. The range of 14,000 ppm in chemical shifts for these 
rather similarly constituted complexes is such as to suggest that a para- 

TABLE I 
COSD S H I F T S  I N  SOME OCTAHEDRALLY COORDINATED COBALT COMPLEXES (35) 

Compound 

Cobalt resonance Positions of 
frequency (Mc/sec) absorption 

at 4370.9 gauss maxima (mNj 

Potassium hexacyanocobaltate(II1) 
Lithium tetranitrodiamminecobaltate(II1 j 
Trans-dichlorobis (ethy1enediamine)cobalt (I11 j 

Carbonatobis(cthylenediamine)cobalt(III) bromide 
Tris (cthy1enediamine)cobalt (I11 j chloride 
Trans-dinitrotetramminecobalt (I11 j chloride 
Tris(propy1enediamirie)cobalt (111 j chloride 
Cis-dinitrotetramminccobalt(II1) chloride 

chloride 

4.4171 
4.4478 

4.4485 
4.4486 
4.4488 
4.4489 
4.4490 
4.4493 

Sodium hexanitrocobaltate (111) 
Hexamminecobalt(II1) chloride 

{ 4.4502 (strong) ] 
4.4527 (weak) 
4.4534 . ,  

Curbon:ttotetramminecobalt(III) nitrate 
Cobalt(II1) trisacetylacetonatc (in benzene) 4.4731 
Potassium trioxnlatocobaltate(II1) 4.4747 
Tricarbonatocobalt(II1) nitrate 4.4795 

311 
426 

505 
512 
470 
445 
470 
450 

480 

475 

512 

597 
610 
645 

259 
347 

358 
340 

340 

- 

358 

338 

- 
425 
444 
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magnetic contribution completely swamps any effects of diamagnetic 
shielding. 

Assuming the strorig field approximation, the ground state of Co(II1) 
in octahedral complexes has the configuration (t2g)6and is of 'A1, symmetry. 
Nonvanishing matrix elements of the orbital angular momentum exist 
betweeri the lAlg ground state and the excited state of configuration 
(t2,J5(e,)l and symmetry lTl0. The calculatiori then gives the result that the 
chemical shift u for Co(II1) should be of the form 

B g = A - -  
AH 

where A is the Lamb diamagnetic shielding, B is proportional to the matrix 
element of the orbital angular momentum between the states 'A1, and 
'TI,, and AE is the energy separation between the lAlg grourld state m d  the 
singly excited lTlg state. AE' is approximately the crystal field splitting of 
cobalt by the ligands. Values of AE were obtained from spectral studies. A 
plot of Af$ vs. (T (Fig. 1) for a series of Co(II1) complexes is fairly linear, 

300 400 500 600 

WAVELENGTH, X 1 (mp) 

FIG. 1.  Co'O chemical shifta vs. AEdd for some octahedrally coordinated Co(II1) 
complexes. [Freeman et al. (y).] 

confirming the general validity of the treatment. Values of u obtained using 
Eq. (13) and calculated values of A and B give rather good agreement with 
experimental determinations of Co(II1) shifts. Finally, chemical shifts 
for Co(II1) in these complexes exhibit wide temperature variations (35, 
39). These variations were attributed to the temperature dependence of 
the crystal field splitting, caused in turn by thermal excitation of higher 
vibrational modes of the complex. This prediction of the model also is 
borne out rather well experimentally. 

This analysis of the chemical shifts of octahedrdly coordinated Co(II1) 
in terms of ligand field effects should point the way to many future studies 
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of metal resonances of diamagnetic organometallics and transition metal 
chelates. It should be noted that the success of the above treatment 
deFended on the fact that one of the several possible contributing mecha- 
nisms to the nuclear shielding of cobalt dominates. As we shall see later, a 
similar favorable circumstmce is encountered with the contact interaction 
shifts of certain paramagnetic transition metal chelates. Another situation 
favorable a t  least in principle is encountered with covalently bound chlorine 
where not only is one mechanism expected to dominate chemical shifts but 
the shifts are expected to be related to another measurable quantity, 
namely, the quadrupole coupling constant. 

To a first approximation, bonding of fluorine or chlorine in a saturated 
system involves only the 2p ,  orbital for fluorine and the 3p,  orbital for 
chlorine. From the treatment of F19 chemical shifts by Saika and Slichter 
(122), the paramagnetic contribution to the shifts can be considered as 
arising from charge deviations from spherical symmetry about the fluorine 
nucleus. Since N,, Nu, and N ,  are the numbers of electrons occupying respec- 
tively the 2p,, 2pu, and 2p,  orbitals, then, qualitatively, a paramagnetic 
contribution to the shift arises where N ,  = N ,  # N,. However, in the 
treatment of Townes and Dailey (131, 232) such deviations from spherical 
charge symmetry about quadrupolar nuclei are what give rise to nonzero 
nuclear quadrupolar coupling constants for atoms in molecules. A connec- 
tion, therefore, is expected between paramagnetic contributions to nuclear 
shieldings and nuclear quadrupole coupling constants. 

Mssuda examined the relationship between C P  quadrupole coupling 
constants and chemical shifts in the series Sic&, TiC14, voC13, and CrO2CI2 
(83). By the procedure of Townes and Dailey (131, 132), quadrupole coup- 
ling constants e2qQ are given by 

ezqQ = (1 - s)(l - i)e2qoQ (14) 

where s is the s-character of the chlorine bonding hybrid, i is the ionic 
character of the bond, and e2qoQ is the quadrupole coupling constant for 
the chlorine atom (Nz  = N ,  = 2,  N ,  = 1). Application of the Saika and 
Slichter treatment (122) to chlorine gives for the chemical shift, 

where AE is an average excitation energy. Thus i t  would be predicted that 
(T should be proportional to e2qQ at least for a series of molecules for which 
l / A 3  remains sensibly constant. That such is not the case for the above 
series of inorganic chlorides is seen from Fig. 2 where u vs. e2qQ is not linear 
and u actually decreases as e2qQ increases. Values of 1 ev, 2 ev, 3 ev, and 



238 E. L. MUETTERTIES AND W. D. PHILLIPS 

15 ev must be assigned to AE for TiCla, VOCl,, Cr02C12, and SiC14 to bring 
observed values of u and e2qQ into agreement with the predictions of theory. 

The theory connecting u and e2qQ is highly approximate arid neglects 
among other things effects of d-orbital hybridization which may be fairly 
important in these molecules. Ignorance of appropriate values of 1 /AB 
also makes comparison between theory arid experiment awkward. A more 
appropriate test, of the relationship between u and e2qQ would be in a series 

10 1s 20 

k ~ e z q O I Y c / s e c )  

FIG. 2. CIS chemical shifts vs. C P  quadrupolc coupling constants for some covltlent 
chlorides. [Masiida (8Y).] 

of molecules for which &orbital hybridization would be expected to be 
small and for which l/AE values could be expected to be similar. Such a 
series is provided by the chlorinated methanes where a number of e2q& 
values are known to a high degree of accuracy. Values of u and e’qQ for 
CH&I2, CIICI3, and CC1, are given in Table I1 (101). While a linear rela- 

TABLE I1 
CORRELATION BETWEEN u AND e2qQ FOR SOME ORGANIC CHLORIDES (101) 

c (gauss shift from e2qQ 
Compound C1- at 10,000 gauss) (Mc/sec) 

CH2C1: -2.8 72.4 
CHCla - 4 . 5  77.0 
CCl, -7 .3  81.8 

tion between u and eZqQ is not observed, here a t  least u increases with e2qQ 
without variations in l/AE having to be invoked. More complete studies 
of theoretical and experimental nature will be required t,o establish the 
extent to which u and e2qQ can be correlated. 
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C. NUCLEAR SPIN-SPIN COUPLIXG 
Empirically it was found that the field independent fine structure super- 

imposed on the chemical shifts of NMR spectroscopy could be described by 
an interact,ion energy, EN”, between nuclear spin vectors IN and IN’ of 
the form (46, 48) 

EN” = hA”’IN’IN’ (16) 
where h is Plunck’s constant and ANN, is characteristic of the molecule 
containing nuclei N arid N’. Quantum mechanically, the nuclear spin-spin 
interaction energy is given by 

where X”, is the Hamiltonian describing the interaction between N and 
N’. There are several possible contributions to XNN, (114, 115) but it 
appears that in most cases the Fermi interaction (29) is the dominant one. 
The Fermi or contact interaction takes the form 

where the k’s refer to electrons and the N’s to nuclei. YN is the magnetogyric 
ratio of nucleus N, S ( T ~ N )  is a delta function that vanishes except when 
there is a finit,e probability of electron k being located a t  nucleus N, and 
Sk is the electron spin vector. Perturbation theory gives the result that the 
contribution to ANN,  by the contact interaction is 

where AE again is an average electronic excitation energy. 
A calculation of the contact contributions to nuclear spin coupling in 

the H-D molecule has been carried out (114) using the James-Coolidge 
wave function (55). This calculation gave 

cps ZZ 40 cps. 55.8 
AB 

AIrDcont.zct = __ 

Experimentally, AH= = 44 cps, so that considerable weight can be givcii 
the contact interaction as a primary contributor to nuclear spin-spin 
splittings, a t  least where hydrogen is involved. 

Molecular wave functions of the accuracy of the James-Coolidge func- 
tion do not, of course, exist except for the Hz molecule. Consequently avail- 
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able molecular orbital and valence bond functions have been used for 
approximate calculations of A",CUntUGt in more complicated molecules. For 
example, McConnell (71) has shown using a molecular orbital wave func- 
tion that proton-proton couplings are given by 

AHH' 2 0 0 ~ H ~ '  CPS. (21) 

The factor VHH' is the bond order between the interacting hydrogen atoms 
and is unity for H,. Proton-proton bond orders in substituted benzenes as 
derived from coupling constants and Eq. (21) are given in Table 111. 
The same quantitative significance should not be attached to the proton- 
proton bond orders of Table I11 that one gives to the carbon-carbon 

TABLE I11 
PROTON-PROTON BOND ORDERS IN BENZENES 

AS DERIVED FROM COUPLING CONSTANTS 

Proton pairs AHHI VHH' 

Orlho 
Meta 
Puru 

7 . 9  
2 . 1  
0.5 

0 . 2  
0.1 
0.05 

7r-bond orders often calculated for conjugated organic systems using, for 
example, the Hiickel LCAO MO approach (19). The chief significance of 
q resides in its emphasis that spin-spin interactions between nonbonded 
nuclei in molecules only exist because the spins of electrons centered on the 
interacting nuclei are riot entirely uncorreluted. 

In this light Eq. (21) has beeii given the following statistical interpreta- 
tion (71).  Consider two hydrogen atoms N and N' in a molecule not ncces- 
sarily bonded directly. Then let 

be the probability a t  any instant for the Is  electrons of the two hydrogen 
atoms to have antiparallel spin alignment and 

be the probahilitJy for parallel spin alignment. Then 

ANN, 0~ (Pap - Pap 1. (22) 

Thus nuclear spin-spin coupling between protons N and N' that are not 
directly bonded is a measure of the spin correlation betwecri the Is electrons 
of the two hydrogen atoms. This concept of spin correlation between non- 
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bonded protons has been used by Hecht et al. (51) to give a quantitative 
and convincing explanation for the barrier to internal rotation in ethanes. 

Calculations of nuclear spin-spin couplings by Karplus and co-workers 
(60) using valence bond functions* have been gratifyingly successful. It 
was to  be expected that valence bond functions would be more accurat>e 
than LCAO MO functions for this purpose since the former include explicitly 
effects of spin correlation. For interactions between nonbonded nuclei 
such as occur, for example, between the hydrogen at,oms of CH4 or NH4+, 
structures of the forms (62) 

are considered to be the primary contributors to the ground state wave 
function. Bond structures & and G3 may be considered to represent devia- 
tions from perfect pairing. For CH,, the ground state wave function ob- 
tained from solution of the appropriate secular equations is (62) 

$0 = 1.08#1 f O.OOl& - 0.028$3. (23) 

Use of this wave function with Eq. (19) then yields a theoretical value for 
AHH in CH, of 12.5 cps which is to be compared with the experimental 
value of 12.3 z!= 0.6 cps. Valence bond calculations of this nature have 
successfully accounted for the variation with H-C-H angle of the proton- 
proton coupling constants in substituted methanes (4,5) (Fig. 3), for the 
difference between A H H F a n  and A H H F a n S  across double bonds in ethylenes, 
and for the difference between A H H ~ ~ ' ~ '  and AHIIfQauche across C-C bonds 
in ethanes (59). 

Nuclear spin-spin interactions between directly bonded nuclei also are 
considered to proceed primarily via the Fermi contact interaction mecha- 
nism. Here, however, there is no need to consider structures representing 
deviations from perfect pairing and indeed such have been ignored in cal- 
culations to date as of being of secondary importance. 

Karplus and Grant (61) have considered from the LCAO MO point of 

* Actually it is a defect of the simple Huckel LCAO MO approach that spin correla- 
tion is not included and is responsible for poor success of these approximate wave func- 
tions in calculating nuclear spin-spin interactions and also spin density distributions in 
nonalternate and odd alternate paramagnetic molecules. 
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1000 110* 1200 130’ 
H-C-H ANGLE 

1 h  3. AHH vs. H-C-H angle in some mct)hanes. [Gutowsky el al. (&).I 

view M-H coupling constants in the series of tet(rahedra1 niolecules IUE-L-, 
CH4, and NI14+. Tetmhedral hybrid orbitals of the form 

1 3  
cp = - - s  + - p u  

2 2  

were employed for the bonding orbitals of M. Ioiiic terms as  well as covalent 
were included in the wave function since con tart spin-spin interactions 
are transmitted only if the bond has a nonvanishing covalent character. 
Usirig measured values of AIiH, the quantities [ q 2 4  were calculated which 
should be related to the bond ionic characters. Comparisons between cal- 
culated arid “experimental” ionic characters arc given in Table IV and 
are seen to be in reasonably good agreement when one considers the 
approximations iriherent in the calculation and thc rather ambiguous 
iiature of “experimental” ionic characters. 

TABLE I V  
COMPARISON BETWEEN IONIC CHARACTERS OF BONDS DERIVED FROM 

EXPERIMEKT A N D  CAI~CULATEL) FROM COUPLING CONSTANTS (61) 

Species ~ ’ 1 M I I  (cps) X’M-XH h2r21 

BII~C 80.5 0.07 0.02 
CH, 124 0.14 0.047 
NHA+ 53.5 0.27 O.O!M 

M-H ionic characters calculated by the above procedure then were 
employed (61) to compute A hfillT coupling constants for the nontetrahedral 
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series of molecules R2Hs, C2H4, and NH, Orbitals centered on M were taken 
to be of t)he form 

cp = (1s t Bpa; 

a and b were adjusted for each of the three molecules to give hybrid orbitals 
having directional properties consistent with the known bond angles. Com- 
parisons between calculated and experimental values of A & ~ H  for these 
three molecules are shown in Table V. Agreement between theory and 
experiment is quite good here and suggests further fruitful applications of 
this approach. 

TABLE V 
CALCULATED AND EXPERIMENTAL COUPLING CONSTANTS (61) 

H-M-H AMH (CPS) f l M H  (cp8) 
Pvlolecule angle a2 (calculated) (experimental) 

n d T S  121.5" 0.337 109 125 & 2 
CzH, 117.4" 0.315 156: 157 k 2 
NH, 106.8" 0.224 48 46 k 2 

Muller and Pritchard (90) have considered the effects of orbital hybrid- 
ization of carbon on ACL311 for C-H bonds. They used a C-H bond orbit,al 
of the form 

$' = a ( l s H )  + b(2sc) -I- C(2pg) l  (24) 

where a2 + 6' + c2 = 1, and a2 = 45 for a nonpolar bond. The important 
term in A c L 3 H  usiiig this function was found to be 

ACL3*f = Aoa*b*, (25) 

where A" is a constant characteristic of a C-H bond (independent of 
carbon orbital hybridization) and is to be determined empirically. Com- 
parison between experimental and theoretical values of ACH for a series 
of hydrocarbons is shown in Table VI. AcrI of 125 cps for CII, was used to 
determine Ao. Agreement between theory and experiment for sp2 and s p  
carbon orbital hybridization is seen to be remarkably good. 

A qualitatively similar dependence of AnH on boron orbital hybridiza- 
tion is noted in boron hydrides (104). ABH = 81 cps for BH4- where boron 
is tetrahedral while A ~ H  = 136 cps for borazole where boron presumably 
is sp2 .  AIlH for BR, adducts with ethers, amines, and phosphines range 
between 90 and 103 cps and for these compounds boron quadrupole cou- 
pling constants have been interpreted (22) in  terms of a boron hybridization 
intermediate between sp2 and sp3. However, the simple dependence of 
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ACE on carbon orbital hybridization in hydrocarbons is not found to hold 
quantitatively for the boron hydrides. 

The principal M-F coupling mechanism in inorganic fluorides also is 
believed to be via the Fermi contact interaction. Here, even semiquantita- 
tive treatment is much more difficult. M-F coupling is possible through 

TABLE VI 
SOME COUPLING CONSTANTS BETWEEN DIRECTLY BONDED H AND C13 (90) 

Molecule 
ACH (CPS) 

(experimen td) 
ACE (CPS) 

(theoretical) 

Cyclohexrtne 
CII, 
(CHdrC 
CH, --C=C-C H3 

Ethylene 
Benzene 
Cyclopropane 

125 

131 

16 1 

167 

250 25 1 
(:H3-C~C'3-- H 
C6H5-C=Cls-H 

the a-bond system only if the orbital of fluorine involved in a-bonding 
contains some s-character. Also, possible M-F 7r-bonding must be con- 
sidered. Table VII lists some P--F arid Si-I? coupling constants (89). 
Qualitatively it is seen here that as the s-character of the u-bonding hybrid 
of P and Si is reduced, so too is AP--F arid A8i-p. 

TABLE VII 
SOME P-F AND Si-F COUPLING CONSTANTS (89) 

P or Si 
Compound Bonding hybrid AP-F (CPS) ASiF  (CPS) 

1441 
916 
710 

- 
- 

178 
110 

F-F and M-F coupling constants for a series of octahedrally coordi- 
nated atoms are listed in Table VIII. BrFs and IF5 may be considered to 
be octahedrally coordinated since a pair of nonbonding electrons occupies 
an axial site 011 the coordination sphere. F-F coupling interactions are 
between fluorine atoms on approximately axial and equatorial sites. In  
column four of Table VIII, M--F coupling constants have been divided 
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through by the ratio YM/YF in order to permit comparisons of magnitudes 
of M-F coupling constants. Little can be said a t  this point concerning rela- 
tionships between M-F and F-F coupling constants and such properties 
as bond angles, bond distances, and ionic characters of bonds. Quantitative 
treatments of spin-spin coupling involving fluorine have yet to be made. 
However, the variations in F-F coupling constants are seen to be rather 
small over the series when one considers the variability of H-C-H 
coupling const,ants. For the few examples of Table VIII for which com- 

TABLE VIII 
F-F AND M-F COUPLING CONSTANTS 

IN OCTAHEURALLY COORDINATED FLUORIPES" 
~ 

Molecules AFF (CPS) AYF (CPS) AMF/-YM/W Reference 

55 

125 

100 

- 

- 

53 

110 
91 

145 
145 
70 
50 
39 

156 

93 

740 
710 
995 
930 

1843 
72 
48 

1720 
1670 
5530 
5170 

7350 
1670 
1110 

a Basel: Amines, amides, sulfoxides, oximes; Basez: Pyridine; Baser: Ethers, alcohols, 
sulfoxides, amides, oximes. 

parison is possible, there does appear to be a rough correlation between 
AFF and A~IF/YH/YF.  It is also noteworthy how insensitive are F-F and 
M-F coupling constants for a given MFb or MF, fluoride to the nature 
of the ligand employed. 

I l l .  Siereochemistry 

A. INTRODUCTION 

High resolution nuclear magnetic resonance spectroscopy of molecules 
yields, in favorable situations, separate resonances for nuclei in nonequiva- 
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lent environments. Intensities of the individual resonances are proportional 
to the number of nuclei in each environment. Superimposed on these charac- 
teristic resonances or chemical shifts are hyperfine structures arising from 
nuclear spin interactions between noneyuivalent nuclei. Analysis of these 
two effects provides, in some cases, a simple, unique answer to stereochcmi- 
cal problems. Sample requirements are relatively simple for best spectra 
in high resolution NMR. The compound should be present as a liquid, gas, 
or in solution so that anisotropic dipole-dipole interactions that lead to 
line broadening are conipletely or almost completely averaged by fast' 
tumbling motions. Also, the nuclei of interest ideally should have zero or 
small electric quadrupole moments in order to maximize nuclear relaxation 
times and minimize line widths since quadrupolar interactions can provide 
import8ant8 rclaxntim and line broadening mechanisms in environments of 
nonzero electric field gradients. 

The value of NMR as a stmctural tool has been strikingly dernonst,rated 
in organic chemistry, but examples of structures first established by NMH 
are fcw in the field of inorganic chemist,ry. This may reflect in part an 
unsatisfactory st,at,e of the inorganic synthetic art; however, a fundamental 
difference residcs in the characteristics of the compounds intrinsic to  the 
two disciplines. The majority of organic compounds are tractable liquids 
or solids and contain hydrogcri atoms, an ideal nucleus from the high reso- 
lution NMR point of view. In cont,rast, inorganic compounds are mainly 
solids of generally low tractability. Furthermore, a significant fraction of 
inorganic compounds are not suited to high resolution NMH because (1) no 
magnet,ic nuclei are present, (2) only magnetic nuclei with large yuadruople 
moments are present, or (3) the compound is paramagnetic." Thus, NMH is 
not a panacea for inorganic st,ruct,ural problems; it, is complementary to  the 
growing array within the spectroscopic arsenal. A major recommendatioii 
of NMR, particularly to the synthesis chemists, is the simplicity and speed 
of interpretation. Even for NMR spectra complicated by second order 
effects, the time required for analysis is small compared to, say, vibrational 
analysis, three dimensional X-ray studies or a microwave investigation. 
In  the following sections, specific st)ructural analyses are presented. The 
objective here is not a comprehensive review, but a description of thc 
potential and also the limitations of high resolution NMR in stereochemical 
determinat,ions. Accordingly, examples are largely restricted to structures 
first, established by NMR or to those that best illustrate a particular point. 

B. FLU~RIKE COMPOUNDS 
The first rigorous striictural determination of SF, was based on an 

analysis of the F19 spectrum by Cotton et al. (18). Here two resonances of 
* Under certain conditions, chemical shifts and nuclear spin-spin splitting8 may t)c 

observed in paramagnetic species. See p. 280. 
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equal intensity are observed, thus establishing the presence of two fluoriiie 
atom environments each containing the same number of nuclei. This rules 
out tetrahedral symmetry and suggests that, the nonbonding pair of elec- 
trons in SF,, resides largely in a directed orbital. Of all the possible trigonal 
bipyramid and tetragonal pyramid models 

only structure (IV) the model of Cav symmetry originally proposed by Dodd 
et d. (26), fits these data. 

Superimposed on each of the SF, resonances is a triplet fine structure of 
1 :2:  1 intensity ratios (Fig. 4) which reflects spin-spin coupling between 
rioneyuivalent sets of fluorirte atoms. This fine structure establishes the 
number of nuclei per environment as two by the following line of reasoning. 

. .  

A = 7 8 c p r  - 980 c 

FIG. 4. Pg spcct,rum of SF, at -98". [Muettertirs and Phillips (89).] 

The first-order treatment which is applicable when vofi >> A gives the number 
of nuclear spin states of equivalent sets of nuclei as 21 + 1 where I is the 
total spin of the equivalent set. The spin for a fluorine atom is 55. There- 
fore, for bhe SF, molecule, observation of triplet fine structure establishes 
that I = 1 for an equivalent set and, consequently, that each equivalent 
set contains two fluorine atoms. 
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Statistical weight I Spin states 

$1 F a  T F h  T 1 

F, 1 F b  T ; Fa T F b  1 
-1 Fa 1 Fb I 1 

0 2 

Such reasoning may be extended to more complicated systems. If, however, 
the magnitude of the spin-spin splitting is comparable to v& the chemical 
shift, this first-order treatment is no longer applicable since the nuclear 
spin energy levels become perturbed and the spectra become more complex.* 
For the general analysis of NMR spectra, the reader is referred to Pople 
et al. ( l o g ) ,  Roberts (119) and Corio ( I r a ) .  

An excellent example of stereochemical analysis by NMK was furnished 
by Hoffmann ct (11. in the study of antimony pentafluoride (63). The F19 
spectrum consists of three broad peaks of relative intensities 2 : 2 : 1 (Fig. 5 ) .  

FIG. 5 .  Flg spectrum of (ShFs)z at - -10". Fine structure, presumably due to F-F 
spin coupling, is incompletely resolved. [Hoffmann et al. (63).] 

No rational monomeric structure can be devised to fit these data. Actually, 
SbF5 is a very viscous liquid and it must be significantly associated. Cyclic 
or linear polymers could be formed by association through trans fluorine 
bridge bonds. However, this type of polymer would have as the recurring 
unit 

* A n  example may he found on p. 281. 
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which provides only two types of fluorine atom envir0nments.t On the other 
hand, polymeric structures based on cis-fluorine bridge bonding do provide 
three distiiict fluorine atom environments containing 2, 2, and 1 nuclei 
per SbFS unit. Two of thc simpler possible polymers are a dimer and a 
cyclic tetramer. 

F O  I 

DlMER 
FO 

CYCLIC TETRAMER 

The degree of polymerization of liquid SbF5 cannot be determined from the 
NMR data; the spectrum is equally consistent with dimer, cyclic trimer, 
tetramer, etc., and infinite chains, provided that the mode of association 
is cis-bridge bonding. This stereochemical point could probably not have 
been established by any other existing spectroscopic technique. A unique 
vibrational aiialysis of this complicated system seems improbable. X-ray 
structural analysis would be difficult because SbF5 freezes to a glass. Finally, 
because the polymerization (at least to the same degrce as in the liquid) 
is not retained in the gas phase, microwave and electron diffraction analyses 
are not applicable. Thus, this system illustrates nicely the type of structural 
problem best suited to NMR investigation. 

Another class of octahedral structures whose stereochemistry was estab- 
lished by NMR is tungsten hexafluoride complexes with donor molecules, 
e.g., WF6.(CsHS)SP ( 8 7 ~ ) .  For these, the F19 spectra consist of a low-field 
doublet, a medium-field quintet and a high-field singlet of relative intensi- 
ties 4 : 1 : 1. The doublet and quintet resonances establish the geometry 

A heptacovalent structure cannot be devised to fit the NMR data because 
directed bonds from tungsten to both the donor ligand and the sixth fluorine 

t Irrespective of end groups in a linear polymer. 
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atom would make the four fluorine atoms in the Fb set no longer equivalent. 
To preserve the required fourfold symmetry of the structure and also to 
account, for the absence of FF couplirig in the high-field singlet, an ionic 
octahedral model is proposed. 

This model is consistent with the FI9 spectrum and with the observation of 
electrolyte behavior for the complexes in a liquid siilfur dioxide medium. 

C .  HYDRATION PHENOMENA 

A potcntially very important application of NMIt is the dctermination of 
solvation numbers for ions in solution. In  aqueous systems there are, how- 
ever, considerable difficulties in such applications. Proton resonanc'es arc 
unsuitable because of the extremely fast proton exchange between bound 
and unbound water. The 0 l B  isotope does rial possess a magnetic moment 
arid, accordingly, cannot be observed in the IYMU experiment. The 0 1 7  

isotope does have a magnetic moment but is of very low natural abundance 
(3.7 X lo-*%). Fortunately, 017 ( I  = 35) also has B small nuclear quad- 
rupole moment, that is not large enough to broaden thc nuclear resonances 
to the point that chemical shifts become nonobservable, but large enough 
to reduce TI, the longitudinal relaxation time, and, permit use of large rf 
fields that would normally saturate spin lcvels of nuclei with I = 35. 
Jackson el al. (54) have shown that separate 0 1 7  resonances are obtained 
in certain cases for bound and unbound water in electrolyte solutions. 
Integration, then, of the separate 0 ' 7  resonances is an approach to 
direct determination of hydration numbers of ions. This application of 
NMR is limited by kinetic processes; the l i f e h e  of water in the bound 
state must be greater than about sec to prevent exchange broadening 
or coalescence of thc individual resonances. 

The 0 1 7  resonance of a saturated water solution of [Co(NH&.O€I$&* 
consists of two peaks; the 0'' resonance of bound water is shifted to the 
high field side of solvent water. This shift unfortunately is of the same order 

*The  uquo cobalt salt was enriched in 0 1 7  by treatment with water containing 
1.3vo 0 ' 7 ;  natural ltburidaiice of 0'7 is 3.7 X 10-2'& 



THE US+: O F  NMR I N  INORGANIC CHEMISTRY 25 1 

of magnitude as the line widths and does not permit intensity deter- 
minations of very high accuracy. Jackson, Lemons, and Taube overcame 
this difficulty in elegant fashion by introducing a large paramagrictic 
solvent shift. This was achieved by adding a substantial concentra- 
tion of the paramagnetic ion CO(H~O)~++ which rapidly exchanges bound 
water with solvent water so that the observed Ol7 solvent shift is 
6~,o[H20] + ~c~(H,~)~++[CO(H~O)~++]. Because the rate of HzO exchange 
between Co(Hz0)6++ and [(NHJ6CoOH2l3+ is L‘slow,’’ there is no detectable 
shift in the OI7 resonance of the bound water in the latter. This technique of 
inducing a largc solvcrit shift is also of qualitative importance. For example, 
there is no detectable shift of 0 1 7  resonance between bound and unbound 
water in solutions containing Be++,Al”+, and Bi3+ ions, but addition of 
paramagnetic ions such as Fe3+ and Co++ leads to solvent shifts of sufficient 
magnitude to permit resolution of separate resonances for solvent water 
and bound water. 

The concentrations of OI7 used in the work of Jackson, Lemons, and 
Taube proved too low for very accurate determination of hydration num- 
bers. Water samples more highly enriched in 0 1 7  should provide the basis 
for important studics of solvation phenomena in solution.* This approach 
could be extended to other solvent systems such as  liquid ammonia, amines, 
arid acetonitrile (NI4 or NI6 resonances), ethers, sulfur dioxide, and di- 
methylsulfoxide (Ol?), and BrF3 (F19). 

D. METAL HYDRIDES 

Abnormally large protori chemical shifts are encountered in transition 
metal hydrides, and these shifts have served as an excellent diagnostic test 
for the presence of metal-hydrogen bonds. Wilkinson and co-workers 
(3?’,38, 40, 70,139) have used the NMR approach to establish the existence 
of M-H bonds in a number of systems. Reduction of cyanorhodate(II1) 
solutions was knowii to yield a unique anion, and this was presumed to be 
a cyanorhodate(1) species. However, Griffith and Wilkinson (40) found 
that the protori spectrum had a line shifted far to the high-field side of 
water. Since this high-field resonance is split into a doublet, its assignment 
to a hydrogen atom directly bound to rhodium is virtually unequivocal 
because RhLo3 has a nuclear spin of 4%. Thus, the anion is an hydridorhod- 
ium(II1) ion rather than a lower valent species. Similarly, reduction of 
cobalt(II1) cyanides had beeii considered to yield cobalt(1) ions; the proton 
spectra of these and of aqueous cobalt(I1) cyanide solutions show a high 
field resoriarice indicative of Co-H bonds (probably an [HCo (CN)6]3- 

* Recently, Connick et al. (16a, b)  have studied exchange reactions of water between 
the coordination sphere of transition metals and the solvent by 0’’ shifts. 
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anion). No fine structure due to C O ~ ~  - H' coupling is discernible, but this 
may reflect effects of Co60 relaxation through the interaction of the large 
C O ~ ~  yuadrupole moment (e& = 0.5 X with the electric field gradient 
about cobalt. 

The nature of the bonding of hydrogen in (x-C6H6)2ReH and (~-CgH6)2- 
ReH2+ was elucidated by analysis of the proton spectra (3'7). Several 
models for the locatiori of Re-H hydrogen atoms in these compounds had 
been proposed. For the neutral species, two possible structures are (I) arid 
(11). 

The proton spectrum consists of a doublet C6H6 resonance arid a high field 
Re-H peak. The doublet C6H6 resonances do not represent chemically- 
shifted resonances but Hca~rsHne coupling, because in (C6H6)&eD the 
C6H5 resonance is a singlet. The Re-H peak accordingly should be an eleven- 
line resonance but is, in fact, a broad structureless resonance. It is probable 
that the breadth of the proton resonance is attributable to the Re-H 
spin-spin interaction broadened by a short relaxation time of the rhenium 
nucleus (I = 96).  These data are wholly consistent with Structure I. 

In  recent work, Wilkinson and co-workers have established from proton 
spectra that the M-H hydrogen atoms in ( R - C ~ H ~ ) ~ W H ~ +  (38) and 
(?r-C6H&TaH3 (38, '70) are not equivalent. In  the H1 spectrum of (7r-C6H5)2- 
TaH3 there is a low field singlet of intensity ten which was assigned to 
protons of the two C6H6 groups. There are also two high field resonances of 
relative intensities two and one which are respectively a doublet arid a 
triplet* ( A H H  = 9.6 cps) and these were assigned to TaHz and TaH groups. 
This somewhat surprising nonequivalencc of MH hydrogen atoms in these 

* There is some distortion of the triplet and doublet components. In this case AH,H, 
and vo6n,n, are comparable, A / u d  = 1/8.2, and perturbation of energy levels calculated 
from fist order considerations is to be expected. 
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metal hydrides would have been rather difficult to establish by any other 
spectroscopic technique. 

El. ORGANOMETALLIC COMPOUNDS 

There are numerous cases of orgaiiometallic structure proof based on 
proton spectra. An interesting class within this group are the x-ally1 
metallics (59, 57, 69, 128). Ally1 derivatives of transition metal carbonyls 
have been made, but these are for the most part rather unstable and readily 
lose carbon monoxide to form a new structure, e.g., 

Nah!hl(C0)5 + CJLCl ---t CH2=CH--CH2Mn(CO)5 
150" (-CO) 

C3H6Mn (CO)C 

The proton spectrum of CH2=CHCH2Mn(CO)s is wholly consistent with 
a simple allylic structure (69) and will not be discussed here. In  the case 
of C3H,Mn(Co)4 the proton spectrum (69), shown in Fig. 6, requires a 

PROTON S P E C T R U M ,  56.4 Mc/src 
r - A L L Y  L MANGANESE CARBONYL 

I I  
14 C p S  

I I  
A 10 

FIG. 6. Proton spectrum of T-C,H~M~(CO)~.  Areas designated a and b are due to 
impurities. [McClellen et al. (69).] 

structure with three distinct hydrogen-atom environments containing hy- 
drogen atoms in the ratios 1 :2:2;  and this does not fit either an ally1 or a 
vinyl structure for the ligand. Two possible structures that satisfy the inert 
gas consideration are 
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Hb 

I 

In (I) there are four hydrogen-atom wvironmeiits, and this structure may 
be discarded. Structure (ZI), in  which the allyl group is presurriably planar, 
provides three environments for hydrogen atoms and is consistent with 
the proton spectrum. Thc two doublets represent the Hh and H" hydrogen 
atorris. Thc seven-line multiplet represents the central hydrogen atom (this 
can be precisely reproduced by using the H"--Nb arid €1"-H" coupling 
constarits dctermiried from the doublet separations). Spin coupling between 
H" and Hc is vanishingly small and thus is consistent wit,h the theoretical 
rcsults of h'arplus atid vo-workers (4.') that, suggest A H H  is very small where 
L HCH is near 120'. Further support of the ?r-ally1 assignment is found in 
the H' spectra of allyl derivatives of cobalt (69), palladium ($3, 69, 128) 
and nickel (69) which exhibit H1 spectra qualitatively identical to that of 
the manganese compound. The H' spectra of substituted *-ally1 derivatives 
(58, 6'9) provide a final confirmation for a coplanar T-ally1 ligand. 

The proton spectrum of the allyl Grigiiard reagent consists of a quintet 
and a doublet of intensities one and four, respectively (94). Possible major 
Grignard species are: 

CLASSICAL MODEL 

'SANDWICH' MODEL ION 
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None of these structures is consistent with the observed spectrum; some 
rapid dynamic process must exist which permits environmental exchange of 
the hydrogen atoms at  C' and C3. To attain equivalence, the "sandwich" 
model may be invoked as an exchange intermediate for the classical model 
if the latter is the major solution species, and vice versa. The NMR data do 
not, however, permit selection of any of these as the major solution species. 
The spectrum for a substituted allyl Grignard supports the classical formu- 
lation (95). This Grignard derived from either CH3CH=CHCH2Br or 
CH3CHBrCH=CHz exhibits a proton spectrum fully consistent with the 
butenyl structure 

/ 
\ 

CH,CH=CHCH,Mg-* 

There is a CH, doublet in the region characteristic of aliphatic CH2 reso- 
nances, a CH3 doublet arid two multiplets in the vinyl CH region. Sirice 
some rapid exchange process occurs in the allyl Grignard, i t  presumably 
also occurs here 

but the equilibrium must lie far to the left to account for the chemical shift 
data. 

F. BORON COMPOUNDS 
Boron compounds contain two isotopes Bl0 and B'l of natural abun- 

dances 19% and Sl%, respectively. Although both these isotopes possess 
msgrietic moments, the B1' nucleus is better suited to the high resolution 
experiment because of its (1) greater natural abundance, (2) smaller 
quadrupole moment,, and (3) larger nuclear moment." Because of the broad 
range of structures possible in boron compounds, particularly the hydrides, 
there has been considerable NRIR work done in this field to confirm pre- 
viously proposed structures and in a few cases to  first establish geometry 
of a compound. The B" spectra of tetraborane and a tetraborane derivative 
are considered below. 

The striicture of tetraborane had been established by X-ray analysis 
(86') (Fig. 7). Consistent with this structure the BI1 spectrum (Fig. 8) 
comprises a low field tripIet and a high field doublet of equal intensities 
(117a, 158). Splittings here reflect B1l-H1 coupling since the H' spectrum 

* With other things equal, the NMR signal-to-noise ratio increases with increasing 
nuclear moment. 
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consists of two overlapping quartets (for Bl1, 1 = 35) of relative intensities 
one and two and a partially obscured bridge hydrogen resonance. Thus, the 
Bl1 triplet represents the BaH2 groups and the doublet, the BbH groups. 

I 
HC 

FIG. 7. Structure of tetraborane, B,Hlo. I P  and €10 represent the two types of ter- 

Tetraborane and cthylene rcact in a 1:l ratio to form B4H12C2 and 
hydrogen (50) ; the Bll and 11' spectra permit a unique structural assign- 
ment to be made for the B4 derivative (1%). In  the R1l spectrum, the low 
field triplet found in B4H10 becomes a doublet, and the high field doublet is 
unchanged. Thus, the B" boron atoms now haw only one terrninsl hydrogen 

minal B-H hydrogen atoms and Hb the bridge €3-H hydrogen atoms. 

TETRABORANE; B ~ H I o  
B" , 12.8 Mc/sec 

151 C P S  
H 

2 128 128 - 
FIG. 8. €31' spcctrum of tetraborane, B,H,o. [Williams et al. (1581.1 

bond. The proton spectrum comprises a single sharp CH2 resonance, a 
broad bridge hydrogen (Hb) resonance arid two quartets for the terminal 
I€" and H" hydrogen atoms. Thc only reasonable model consistent with 
these data is an ethylene bridged structure: 
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G. OTHER NUCLEI 

There have been many important studies based on resonances of nuclei 
other than those previously discussed; these include NI4, Na23 f f  P3* C135 1 

CoB9, Sri116s 1171 and T1203, 205. Several of these studies are considered here be- 
cause they illustrate two particular applications of NMR. 

The T1205 spectrum of TlzCI3 consists of two peaks of relative intensities 
one and three, and is consistent with the structure (T1+)3(T1C1G3-) (34). 
The most interesting point here is that this spectrum is of TlzC13 as a solid. 
Thus, chemically shifted nuclei can be detected in spectra of solids in appnr- 
ent contradiction to the previously cited requirement that the compound 
be present in the gas, liquid, or solution state. I K ~  principle, chemical shifts 
can be resolved in spectra of solid compounds provided that the line widths, 
which are primarily governed by dipolar interactions in solids, are relatively 
small with respect to the separation between chemically shifted resonances. 
Recently, Andrew et al. (3) have described a sample spinning method for 
reducing resonance line widths in solids. They found that a t  a magnetic 
field of about 4740 gauss the P3I resonance of solid PC15 is broad and struc- 
tureless. Broadening effects were reduced by an averaging of the dipole- 
dipole interactions through high speed rotation (2800 rps) of the sample 
on an axis a t  an angle of 54"44' to the direction of the magnetic field. 
Under these conditions, two equal intensity resonances were observed and 
this is the P3I spectrum expected for solid Pel5 which is a tetragonal lattice 
composed of PCI4+ and PCls- aggregates. This technique of high speed 
rotation of samples may greatly enlarge the scope of NMR stereochemical 
analysis by making some techniques of high resolution NMR applicable to 
solids.* 

Attempts to isolate mixed halides of tin from mixtures of tin tetrahalides 
have been unsuccessful because of apparent rapid redistribution of halogen 
atoms. Existence of such mixed species has been suggested by extra lines ob- 

* In a rrcent study (Ma)  Dreitlcin and Ressemcicr developed more completely the 
theory of NMR absorption by a mechanically rotating solid. 
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served in the Raman spectra of mixtures of SnC14 arid SnBr4 and of SnC14 :md 
81114. Burke arid Lautcrbur (14) have confirmed the existence of rapid equi- 
lilmtlion ai-~iong mixtures of SnCL, SnBr,, and Sn14 and quantitatively de- 
scribed these systems from a study of the SnLJ9 spectra of such mixtures; e.g., 
the SdJ9  spectrum of a SnCJ4 :SnHr4 mixture consists of five resonances- 
two are attributable to SiiC14 and SnBr4 and the remaining tEirce, nearly 
cyually spaccd bctwccri the outer two lines, arise from SnClj13r, SnC:lz13r,, 
and S1iCIBrJ. The intensities of the five lines are those expected for a redis- 
tribution reaction in which all five species have equal thermodynamic 

EXPERIMENTAL I 

500 1000 ISOOpprn 

CALCULATED 
SPECTRUM I 

SnCiBr,I ’ 

Fro. 9. Expcrimental and thcorctical spectra for a 2 :  1 : 1 molar mixture of SIII~,  SnBr4, 
and SnC1,. Dottcd lines represent the three ncw peaks for thc new species SnCLBrI, 
SnClBrJ, and SnCIBrI2. [Burkc and Lauterbur ( I d ) . ]  

stability. This random distribution was further substaritiatcd by varying 
the proportions of the pure halides and following intensity changes of Sn 
resonances for the various species. Similar behavior was found for the 
SnC14-SnI4 aiid SnBr4-Sn14 systems. Finally the ternary system SnCI4, 
SnBr4, and Sn14 was examined. The observed spectrum for a 2 : 1 : 1 molar 
mixture of Sn14 : SnBr4 : SnC14 agreed fairly well with the calculated spec- 
trum, assuming random distribution of halogen atom among all possible 
species (Fig. 9). 

A similar analysis of mixed boron halides from FIS spectra of the 
BFS-BCl3-BBr3 system has been niade by Coyle arid Stone (go), and 
the existence of all possitile mixed species was established. 
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H. SOME SOURCES OF INTERPRETATIONAL ERROR 
Interpretation of NMR spectra is subject to  the same types of errors 

encountered in other spectroscopic analyses. There are, however, several 
pitfalls unique to NMR that may not be avoided if all the factors that can 
affect rcsonance-line shape are not clearly understood. These factors are 
considered here to emphasize the need for care in interpretation. 

The most serious arid probably most common error is encountered in 
conclusions based solely on the observation of a single-line resonance. In 
itself, such an observation permits only one conclusion : there are magnetic 
nuclei prescnt in the sample. This may seem an exceedingly cautious posi- 
tion ; however, there are several distinct processes through which environ- 
mentally nonequivslent nuclei can be rendered spectroscopically equiva- 
lent. Furthermore, processes characterized by rather low rat.es (10’ to 
lo3 sec-l) often can he responsible for effective averaging in the NMR exper- 
iment. Unless the absence of such processes can be established directly or 
indirectly, the single-line resonance is stereochemically meaningless. Fac- 
tors which can affect line shape are considered separately in the following 
sections. 

I. INTERMOLECULAR EXCHANGE 

The F19 spectrum of TiF4.2C2H50H is a single-line resonance at  room 
temperature. This observation would suggest the structure is trans octa- 
hedral as would be expected from purely electrostatic or steric considera- 
tions. In fact, however, the geometry is cis and the expected pair of triplets 
arising from this structure is not observed unless the sample is cooled to 
0” or below (87). Spectroscopic equivalence of fluorine atoms in this com- 
pound results from a chemical exchange process involving alcohol molecules 
that results in environmental exchange of fluorine atoms between the two 
nonequivalent sites. 

TiFc2C3HbOH ~ CsHsOH + TiFaC2H50H 

Only when thc rate of alcohol exchange is lowered by cooling is the non- 
equivalence of fluorine atoms evident in the NMR spectrum. These exchange 
effects are observed because a t  room temperature the chemical shift* 
between fluorine atoms in the two environments is comparable to the ex- 
change rate. Chemical shifts? and coupling constants of nuclei in molecules 
are comparable to the rates of many chemical processes. Consequently this 
possible “complication” must always be kept in mind. Exchange phe- 

* At 40 Mc/sec. 
Expressed in frequency units. 
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nomena themseIves are an important area of NMK, investigation and are 
treated in the folIowing section of this chapter. 

Exchange collapse of multiline spectra has been observed in a large 
number of inorganic compounds, e.g., SF4 (18, 89), SbF6 (63), C1Fs (49, 
88a), BF,.2C2H,0H (as), and B2H5N(CIIe)2 (104). Such effects are to be 
especially anticipated in unstable or highly reactive compounds. In these 
cases the spectra must be examined as a function of temperature. It may 
not always be possible to lower exchange rates sufficiently by cooling be- 
cause of experimental complications. Alternatives arc (1) to employ for 
resonance the maximum possible rf frequency (or magnetic field) to increase 
the chemical shift, and (2) dilution with inert solvents to reduce intennolec- 
ular exchange rates. Purity is also a consideration in that trace impurities 
may catalyze the exchange process. For example, the expected triplet 
(N14-H coupling) proton spectrum for ammonia is observed only if the last 
traces of water are removed with sodium metal (96). This purity considera- 
tion is especially relevant for inorganic fluorides in that traces of F- or 
HF can often catalyze fluorine exchange. 

Line shape changes due to  intermolecular exchange processes can also 
be minimized or even eliminated by reducing the concentration of the ex- 
change intermediate by chemical complexing. For example, the triplet 
proton spectrum expected for NHd+ is observed only at low pH where 
ammonia, the principal intermediate in proton exchange between NH4+ and 
H20, is a t  very low concentration (97'). Recently, a striking application of 
this type was rerorted by MacLean and Mackor (80). They observed the 
proton singlet for HjO+ and the triplet for the H2O+ group in +H20CH2CH3 
in acidified ethanol. Here, concentrations of the principal proton exchange 
intermediates, water and ethanol, were reduced by addition of excess strong 
acid, IIBF,. 

In some nistan(w, structural conclusions based on single-line rcsoiimces 
may be justified if there are supporting data. A case in point is that of the 
sulfur(V1)fluorides (89n). In the monomeric compound 

Fa 

the CF2 groups are obviously cis and the S-F resonances do consist of the 
expected pair of triplets; the Fa-Fb chemical shift is large, 28.2 ppm. 
The closely-related compounds, (C2F5),SF4 and (C3F,)2S1c4, have single 
S-F resonances. In these cases, a trans structure is strongly indicated 
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since the established cis structure has a very large Fa-Fb shift arid since 
fast exchange processes in these nonreactive molecules are very unlikely. 
Other evidence for large Fa-Fb shifts in cis octahedral SF4A2 structures 
comes from the spectrum of SF4(S08F), (15). The part of the spectrum 

sF4 (so,F), 
FI9 SPECTRUM 56.4 Mc/sec 

H- 

FIG. 10. Experimental and calculated F19 spectra of SF4(S03F)2. Only that part 
of the spectrum arising from the 8F4 fluorine atoms is reproduced. The recurring triplet 
fine structure is due to F-F coupling between SF, fluorine atoms and SOIF fluorine 
atoms. [Cady and Yhreeve (15).] 

arising from the SF, set (Fig. 10) is complex, indicating that higher order 
effects must be taken into consideration. This A2Bz* situation for the cis 
configuration has been solved and analysis yields values of 9.1 ppm for 
8 F a - F b  and 156 CpS for A F g i - F b .  

J. INTRAMOLECULAR EXCHANGE VIA CLASSICAL PROCESSES 

Intramolecular exchange based on rotational or vibrational processes 
can in principle aIso lead to effectively averaged environments in the KMK. 
experiment. Rotational exchange is often encountered in organic com- 
pounds; in particular, striking examples are found in spectra of substituted 
ethanes, asnides, and nitrites, and these have been treated in detail in the 
original literature (105) and in reviews (iUf?,  110, i20). No examples of 
this type of exchange in inorganic compounds have as yet been estab- 
lished; however, this may be the explanation for an anomaly found in 
the F19 spectra of phosphorus(V) fluorides. Phosphorus pentafluoride has 
trigonal bipyramid symmetry (ib, 13)) but the FI9 spectrum is a single, 
sharp resonance (47). A similar situation obtains in a large number of mono- 
substituted derivatives which include CH3PF4, i-CBH16PF4, CGH~PF~,  and 
CH3CeH4PF4 (123). Apparent environmental equivalence cannot in these 
cases be the result of iritermolecular fluorine exchange because P31-F19 
coupling is preserved, and all these spectra are invariant over fairly broad 

* See reference 109 for tcrminology used in classification of NMR spectra. 
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temperature ranges, -- 100" to +150". Intramolecular exchange based on 
:L vibrational process would not involve P-F bond breaking and could 
accouiit for the spectroscopic equivalcrice of fluorine atoms. Berry (6) has 
considered this possibility in some detail and suggested a specific mecha- 
nism for PF6. Interestingly, several other compounds that have trigonal 
bipyramid geometry show spectroscopic equivalence of ligand atoms or 
groups. These are lTe(CO)5[CY3 NMK] (110, I % ) ,  VF6 (150)  and AsF6 
(88, 89) [F" NMlt]. 

K. QUADRUPOLE INTERACTION 

Other effects frequently encounlered in inorganic systems that can 
severely affect line shape involve relaxatlion processes arising from interac- 
tions of nuclear quadrupole moments with electric field gradients. For quad- 
rupolar nuclei ( I  3 l), the quadrupolar contribution to the spin-lattice 
relaxation tinie TI is given approximately by 

l/Tl = (3/8)h2~,(ep)2(e&)2 (26) 

where q is the field gradient, eQ the nuclear quadrupole moment and T, 
the correlation time for rotational motion of the molecule in the liquid. 
The correlation time may be approximated from the expression for an ideal- 
ized spherical model 

where is the niacroscopic viscosity and u is the radius of the sphere. From 
Eq. (26), it can be seen that if the yuadrupole coupling constant is large, 
7'1 is small. The NMR line width, to which T I  contxibutes, will therefore be 
large. In a symmetrical enviroriInent where the field gradient is zero or 
very small, there should be no significant, line broadening from quadrupolar 
effects. 

In  NMR investigations of nuclei that possess quadrupole moments, the 
possible consequences of quadrupole interaction must always be considered. 
Apparent sperkroscopic equivalence of environmentally noncyuivalcrit 
nuclei may arise in special instances. For example, in a molecule for which a 
given nucleus of spin 3 1 may reside in two nonequivalent environments, 
the qusdrupole coupling constant in one environment may be small and in 
the other very large. For the latter environment, the line broadening due to 
quadrupole relaxation may be so great as to make the resonance indistin- 
guishable from the background. 

A possible example of this behavior is encountered in the N14 resonance 
spectrum of azoxybenzene. Since two N14 resonances are observed for 
h.,N-dinicthylnitrosamiiie (101) and three N14 rcsonsnces are observed for 
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benzylazide (101), it was to be expected then that the two structurally 
nonequivalent nitrogen atoms of azoxybenzene would exhibit two well 
separated resonances. However, only one N14 resonance is observed (101). 
As was first suggested by Orgel (99), it is possible that the electric field 
gradient experienced by Na may be so large as to make its 

0 

resonance practically nonobservable. In a possibly related example, one 
isomer of NzFz is thought to have one of two structures (28) : 

F\+ ,N=N 
F F  or 

\ ,N=N- 

F 

(1) (11) 

I t  is generally agreed that the second isomer has the trans structure (111) 
(28) : 

F 
X=N 

\F 
(111) 

Single N14 resonances are observed for both isomers (16). This suggests 
that (I) is the correct structure of the isomer of disputed structure. While 
this may be so, the azoxybenzene example cautions restraint in basing 
proof of structure on this evidence alone. 

All nuclear multiplet structures due to coupling of nonequivalent riuclci 
are, as  noted earlier, subject to effects on line shapes by chemical or posi- 
tional exchange. For those milltiplet structures arising from coupling of 
nuclei, one of which has a nonzero nuclear quadrupole moment, effects of 
quadrupole relaxation must be considered. For example, if a proton or 
fluorine atom is bonded to a nitrogen nucleus (I = l), a triplet resoiiarice 
will be expected in the proton or fluorine spectrum. For observation of this 
fine structure it is necessary that the lifetimes of the nuclear spin states of 
nitrogen (m  = I ,  0, - 1) be greater than the inverse frequency separation 
between multiplet components, i.e., T > l/ANx (106). The lifetimes of 
N14 spin states car1 become comparable to or less than l /A  as a result of 
quadrupole relaxation. When the N14 spin-state lifetimes are comparable 
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to or less than 1/8, the F19 or €1' multiplet structure disappears and a 
single resonance appears. Here, trarisitiorls between N14 spin states have 
become so rapid that the multiplet structure on F9 or H1 no longer is 
observable. Molecular correlation time increases with temperature decrease 
[Ey. (27)]  and an increase in correlation time decreases the effectiveness of 
the relaxation proccss. Thus, transitions from singlet to multiplet spectra 
will follow tempcraturc increase rather than the inverse sequence found in 
processes reflecting chemical or positional exchange. In  Fig. 11, the tern- 

I 

2702 cpr - -205' C 

... - I65'C 

- - 1900 c 

I ,  I 

2942 2702 2622 c p s  
200 c 

NFJ,SOMC, REF: SFs 

FIG. 11. Temperature depcndcnce of the F'Q spectrum of NF, [Muettcrties a d  
Phillips (89). j 

perature dependence of the FI9 spectrum of NF1 is reproduced. For this 
particular case, a t  the temperature of N- 180" where the triplet structure 
disappears, the lifetime of a given N14 spin-state approximates (SiaA NF) 

or  see (89). This phenomenon connected with quadrupolar nuclei 
again demonstrates the importance of examining spectra as a function of 
temperature. 

I,. NONCLASSICAL HXCHANGE PROCICSSES 

Apparent NMIt equivalence of nuclei can also arise by a quaiitum 
mechanical intramolecular tunneling process. In principle, this process 
may be differentiated from intermolecular exchange processes because 
although the exchanging nuclei are rendered equivalent insofar as the NMR 
experiment is concerned, spin-spin splitting by other magnetic nuclei is not 
washed out. This type of intramolecular exchange is manifested in several 
boron hydride derivatives. It was first proposed by Ogg and Ray (98) to 
explain the NMR spectra of aluminum borohydride, whose structure is 
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The proton spectrum consists of a single broad line, presumably due to 
broadening effects arising from the quadrupolar AlZ7 nucleus. Spin coupling 
of H’-A12’ can be eIiminated by a saturating field at the A127 resonance 
frequency and the resulting HI spectrum is a quartet suggesting that all 
protons are environmentally equivalent and equally coupled with the 
boron nucleus (B”, I = 36). Consistent with this picture, the B” spectrum 
comprises the quintet expected for equal coupling with the four protons. 
There is no intermolecular process that will produce equivalence of hydro- 
gen atoms and yet retain H’-Al*7 and H-B11 coupling. The only process 
consistent with the data is an intramolecular quantum mechanical tun- 
neling through the potential barriers to BH4 rotation. This mechanism 
would not break the H1-A12’ coupling and would only demand a frequency 
of tunneling greater than the NMR frequency separation of the bridge and 
terminal hydrogen atom positions. In  diborane, the bridge-terminal shift is 
4.3 ppm. Accordingly, the frequency of tunneling must be greater than 
about lo3 cps (at 30 Mc/sec). 

A similar situation is found in the HI and BI1 spectra of B3Hs. X-ray 
studies show this anion to have the boron atoms a t  the corners of an isosceles 
triangle. 

The BI1 spectrum is a symmetrical nine-line pattern with intensity ratios 
in close agreement with that expected for eight hydrogen atoms equally 
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NaB3 He IN H 2 0  

B "  at  10 Mc/sec 

H 

FIG. 12. B" spectrum of an aqueous solution of NaB3Hs. ABH is 32 cps. [Miller (85).] 

coupled to each of the three boron atoms (Fig. 12). In  agreement with this 
picture, the proton spectrum is B decet with proper intensity ratios for three 
BL1 atonis eqiially coupled to each hydrogen atom (Fig. 13). The original 
work (104) reported B septet Bll spectrum and a diffuse H1 spectrum. With 

NaB3H8 IN D 2 0  

H' a t  56.4 Mc/sec 

FIG. 13. Protori spectrum of NaaBJHs in D20. Area A is a water resonance due to 
trace amount,s of water in t,hc sodium salt. [IbIiller (86).] 
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sample purification, the spectra reproduced in Figs. 12 and 13 were obtained 
(85). The most likely explanation of the H1 and Bll spectra of B3Hg-, first 
proposed by Lipscomb (67),  again appears to be a tunneling process. 

IV. Exchange Phenomena 

A. INTRODUCTIOX 
In NMR, the resonance frequency separations between nuclei in non- 

equivalent environments and between nuclear spin hyperfine components 
are comparable to the rates of many chemical processes. Thus, resonance 
characteristics can be profoundly affected by a variety of inter- and intra- 
molecular rate processes. This area of application of NMR is exceedingly 
important for it provides a straightforward approach to  studies of many 
exchange reactions. In  the NMR measurement, there is no perturbation or 
consumption of sample. Temperature control and line-width or line separa- 
tion measurements are the limiting factors in the precision. Most impor- 
tantly, this approach can be applied to fast chemical or exchange reactions 
that in many cases could not be analyzed or could be analyzed only with 
extreme difficulty by other existing techniques. These are exemplified by the 
exchange processes, first detected and studied by NMK, analyses, in such 
systems as (SbF6)23, ally1 Grignard reagent", thallium alkylssl and SF4I8. 

Changes in nuclear resoriance characteristics due to exchange processes 
may be described fairly accurately. Consider a hypothetical molecule in 
which there are two proton environments, each containing equal numbers of 
hydrogen atoms. The H1 resonance spectrum (assume A H A ~ B  -+ 0) will 
then consist of two peaks of equal intensity separated by some chemical 
shift vA0-vI3O 

If, by heating or catalysis, exchange of hydrogen atoms betwecii ciivi- 
ronments A and B occurs, and if the exchange rate 7-l (where T is an 

(v~' - VB')], the spectrum will consist of a single peak centered a t  a position 
midway between ~ A O  and vBo. 

The transition region between ((slow" and '(fast" exchange has been 

average time between exchanges) is large with respect to  VAO - V B O : T - ~  > 10 
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described by Gutowsky et aZ. (47),  Gutowsky and Holm (44),  and McCon- 
nell (73) for the above case by solution of modified Bloch equations that 
take into account the possibility of exchange between environments A and 
€3. With the simplifying assumptions of equal numbers and lifetimes of 
hydrogen atoms in environments A and B, and large transverse relaxation 
times ( 1 / T 2 A  = 1/Tz~ = 0), a line shape function g(v)  may be derived. 

where K is a normalizing constant and T is the lifetime of a hydrogen atom 
in environment A or B. The plots of the function in the transition rcgiori 

Pro. 14. Plot of line shape change versus rate of exchange of protons between environ- 
ments A and Ti. The intensities of the various line functions are not comparable. Repro- 
duced by permission from "High-Resolution Nuclear Magnetic Resonance," by Pople, 
Schneider, and nernstcin. McGraw-Hill, New York, 1959. 

are shown approximately in Fig. 14. Thus it can be seen that as T--+ 
l / (YAo - vg0), the individual peaks broaden and begin to merge. At 

the peaks merge into a single broad resonance, and then progressively 
sharpen with further decrease in the lifetimes. Analysis by line shape 
function is applicable to any part of the exchange region; however, line- 
shape analysis is a tedious process. If certain conditions are met, the 
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exchange analysis may be greatly facilitated. These special cases are con- 
sidered in the following paragraphs. 

From Eq. (28), a relation between the chemical shifts and the lifetimes 
may be derived : 

or 

where V A  - VB represents the resonance separations under conditions of 
exchange. These equations are suitable only for analysis of that part of 
the transition region in which separate resonances for HA and HB are ob- 
served, and only if the separations are large with respect to the line widths. 
In some cases, this transition region may not be accessible either because 
( 1 )  the rate is too low for complete coalescence of the components within 
the experimentally limited temperature range or (2) the rate is too high 
for separation into individual components by cooling. If the “fast” or 
“slow” areas of the transition region can be approached experimentally, 
these may be analyzed by line-width measurements. In  the case of slow 
exchange, the broadening of components is related to lifetimes. 

These equations are identical if the lifetimes in environments A and B are 
equal. T2 and T’’ are the transverse relaxation times in the absence of ex- 
change and the presence of exchange, respectively, and are inversely related 
to the line widths. 

As noted before, very rapid exchange leads to complete collapse to a 
single resonance which is located between vAO and .vso. The position of the 
resonance is a t  ~ A v A O  + pnvuo where p represents the fraction of resonating 
nuclei in a given environment. If the exchange is not sufficiently fast to 
give complete collapse, the line width will be given by Eq. (34) in which 
the lifetimes rA and T~ are related to line broadening. 

Use of Eqs. (32), (33), or (34) for determination of 7 requires an independent 
determination of Tz’s, the transverse relaxation times in the absence of 
exchange. 
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The above equations are limited to treatment of exchange between two 
environments; the general analysis for n environments has been described 
in detail by Anderson (2) ,  Kubo (6‘4), and Sack (191). 

3. PROTON EXCHANGE 

The H1 spectra of compounds in which hydrogen atoms are directly 
bonded to a nitrogen atom consist of a triplet in the absence of fast ex- 
change. Any exchange process that involves fast N-H bond breaking will 
then destroy this coupling. Experimentally, this effect has been observed 
for proton exchange between NH4+ and H20. The triplet proton spectrum 
of, for example, an aqueous NH4CI solution broadens with increase in pH 
and ultimately collapses to a single peak. Meiboom et al. (84) have studied 
this system by analysis of component broadening in the “slow” exchange 
region Eq. (32)l. This “slow” region comprises a relatively broad range of 
exchange rates because AN-H is -1 cps. In  this kinetic analysis, four con- 
tributing mechanisms to proton exchange were considered : 

k. 
NHa+ + HzO --t NIIs + 1 1 3 0 ’  

NH4+ + OH- + NIT3 + HzO 
kc 

NH4+ + NIT, + NH3 + NH4+ 

( 4  

(b) 

( 4  

kb 

H H 

NHf + 0-H + NHI + NH, + H-0 + NH4+ 
I k d  I 

(4 

The contribution of reaction (a) to the HI line width may be est,imat,ed from 
the line width a t  very low pH where [OH-] and [NHs] are very small arid 
accordingly kb, k,, and kd are relatively unimportant. This sets an upper 
limit to k ,  of <0.6 X sec-1 M-I a t  21’. Since the analysis of exchange 
was studied in t,he pH range 1.5-2.5, reaction (b) is relatively unimportant 
because [OH-] is very small and the upper limit for kb was estimated to be 
10-l2 sec-I M-’. Thus, under these experimental conditions, only k,  and k d  

to the overall exchange broadening, and these are 
lifetime in a given NH4+ ion by Eq. (35). 

contribut,e significantJy 
relatcd to 7 ,  the proton 

4 2  
- = - k ,  + kd* 
TN 3 (35) 

Separate values for k ,  and lcd may bc obtained by analysis of the broadening 
of the water proton resonance; since only reaction (d) contributes to this 
process, Eq. (36) holds. 

* Proton exchange betwern nitrogen ttioms in the same spin state does not affect 
line shape and since there are three spin states for nitrogen, only 2/3 of the proton trans- 
fers in reaction (c) contribute to line broadening. 
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1 2[H20] 1 
C d  - [NHJCl] T\V 

Evaluatioii of T\\ aird T V  yield 

k ,  = 10.6 f 1.0 x 10' sec-' M-' a t  21" 
kd = 0.9 f 1.0 X loR sec-' M-I at  21" 

A more detailed treatment of proton cxchange in NIL+ has been described 
in two recent articles (17, 27). Similar analyses of proton exchange for 
IiaNH+, Ii2NH2+, and RNHJ+ have been made by Grunwald el al. (41-43)j 
arid Lowenstein and Meiboom (68). 

C. EXCHAKGE OF ALKYL GROUPS IN ORGANOMETALLIC COMPOUNDS 
Rapid exchange of alkyl groups occurs in thallium(II1) alkyls as demon- 

strated by the proton NMR study of Maher and Evans (81). At low tem- 
peratures (-- 85") the multiplet structure expected for proton-thallium 
coupling is superimposed on the proton spectra of thallium alkyls. On 
warming, the multiplets collapse. Analysis of this collapse region [Eq. (29)] 
yielded a value of 6 f 1 kcal mole-' for thc exchange-activation energy 

TI(GH3)S- TI (C&j)3 

PROTON SPECTRUM, 56.4 Mclsec 

I\ I\ D' C' 
Y I R n  

6 8 
'200 '100 0 

FIG. 15. Proton spectrum of a dichloromethane solution of Tl(CH3)B and Tl(C2IL):j 
a t  -85". Assignments were made to individual groups by following intensity changes 
with variation of thc 1'I(CH:,)3/Tl(C2FI,), ratios. Thallium-203 and -205 isotopes have 
spin of 1/2 so each alkyl proton resonance is widcly split into a doublet. Assignments 
are T1(CH3)&2H5: A,A', CHI of C2Hs group; C,C', CH,, and FP', CIIB groups; 
Tl(CI13)(CJI&: B,B', CH, of C2Hs group; D,D', CH,, and G,G', CH, groups; Tl(CHa),, 
E,E'. The resonanccs at X and Y are for dichloromethane and tetmmethylsilane, respec- 
tively. [Maher and Evans (8f).] 

in T1(CHJ3 in dichloromethane. It was further shown that in a mixture of 
Tl(CH3)3 and T1(C2H,)3 there is rapid exchange of alkyl groups, and 
resonances for T1(CHd2C2H5 and TlCH,(GH& as well as t,hose for 
Tl(CH,), and T1(C2H5), were observed at  --85" (Fig. 15). In  similar 
fashion, Muller and Pritchard (91) have shown that fast exchange of 
methyl groups occurs in the trimethylaluminum dimer. Here the exchange 
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activation energy is 6-12 kcal mole-’, significantly less than the heat of 
dissociation of the dimer, 20 kcal mole-’. Thus, Muller and Pritchsrd con- 
cluded that the exchange mechanism is not dimer dissociation but some 
type of intramolecular process. 

D. FLUORINE EXCHANGE 
Examples of kinetic analysis of NMR spectra in the transition between 

“slow” and “fast” exchange (on the NMR time scale) are somewhat limited. 
Treatment of fluorinc exchange in sulfur tetrafluoride is selected here 
because this exchange process exemplifies the type of kinetic process ideally 
suited to NMR study. The fluorine atoms of the two iionequivalent environ- 
ments in this molecule of CBv symmetry give rise to two triplets under con- 
ditions of very slow exchange a t  temperatures below -85” (at 40 Mc/sec). 

0 - 52 ppm 

-98’ 

SF4 Fl9 30Mc/sec 

FIG. 16. Temperature dependence of the F10 spectrum of SF+ [Muetterties and 
Phillips (89).] 

As the temperature of the system approaches - 8 5 O ,  the triplet fine struc- 
ture broadens and finally merges. Then these two peaks broaden with 
further temperature increase and finally merge at about -45’; this single 
broad peak then progcssively sharpens with further temperature increase. 
The I?lg spectra of SF, in the temperature range -98 to 23” are pre- 
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sented in Fig. 16. Cotton et al. (18) determined an average activation 
energy of 4 f 1 kcal mole-' for this exchange process by calculation of the 
fluorine atom lifetimes a t  the temperatures of triplet collapse and coales- 
cence of chemical shifts [Eq. (29)]. In  another analysis of the exchange in 
SF, (89), the separations between the chemically shifted peaks in the 
transitional region were substituted into Eq. (30). Results of this analysis 
are presented graphically in Fig. 17, and the activation energy derived from 
this plot is 4.5 f 0.8 kcal mole-', which is in good agreement with the deter- 
mination of Cotton, George, and Waugh. 

-.35 E, = 4.5 f 0.8 KCAL 

yo  = lo7 TO lo9 SEC-' 

-1: 
4 

-.25 - 

4.5 4.6 
I xi03 

' 
T 

FIG. 17. Determination of E,  and PO for fluorine exchange in SF, where PO here is 
the frequency factor and 6 is the chemical shift in cps. [Muetterties and Phillips (89).] 

Possible reaction mechanisms may be eliminated in some cases by NMR 
studies. This has been done in the case of fluorine exchange in SF, (89) and 
it is perhaps worthwhile to consider the simplicity of such determinations. 
First, a wall reaction was ruled out by adding finely divided glass fragments 
to the sample; this iricrcase in wall area by a t  least a factor of lo2 did not 
detectably affect the exchange rate. Differentiation between an  inter- and 
intramolecular process was made by examining the exchange rate as a 
function of SF, concentration in inert solvents; here the rate was markedly 
lowered on dilution, clearly indicating an intermolecular exchange. Of the 
three possible intermoleciilar processes, ionization, association, and dissocia- 
tion(radical), the last was readily eliminated. In  such a radical scheme, 
Pa is produced aiid this radical is so reactive that if organic molecules are 
present an irreversible fluorination must take place; fluorination was not 
observed when SF4 was in contact with a variety of organic compounds. 
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Final choice between an ionization and association mechanism was not, 
reached in this case. 

In  principle, N A I R  could provide information about an actual exchange 
intermediate. For this, the intermediate must, in order to be detected, have 

An example that perhaps comes close to this sitiiation is to be found in the 
F19 spectrum of antimony pentafluoride. As noted in the Stereochemistry 
section (p. 248) this fluoride is polymeric a t  low temperatures. This asso- 
ciation is achieved through cis fluorine bridges. The three chemically shifted 
components of the F19 spectrum of (SbF6)z obaerved below 15" undergo 
exchange collapse near room temperature (53). IIere exchangc may be 
adequately described as a dissociation based on the breaking aiid reforming 
of bridge bonds. 

a substantial lifetime arid be prcsciit iii rather appreciable concentr. 'I. t' 1011. 

E. I<INETICS OF TnrIonrnr;: E'ORMATTON 
NRI li absorption line of covalently hound iodine is so broad that 

it, has not yet been observed. This breadth is due to the short rclaxatioii 
time of the I'27 nucleus whivh possesses a large nuclear quadnipole moment 
( P Q  = 0.59 X (mi'). If, however, the field gradient seen by the P7 
nucleus is vanishingly small as in the case of the spherically symmetrical 
iodide anion, the broadening effect is correspondingly small or zero because 
line width is proportional to the product of the squares of the field gradient 
and the quadruple moment. Myers (93) has utilized the differences in 
IlZ7 line widths in I-, I%, arid Is- to study the kinetics of triiodide formation. 

'l'he 

kl 

hz 
I- + I, 6 1,- (37) 

In aqueous iodide solution to which small amounts of iodine has been added, 
the resoriaiicc for I- is broadcried over that for pure iodide solutions. 
Degree of broadening here is related to the average lifetime of an iodine 
nucleus as I,<-. These experimental conditions then appear to meet the con- 
ditions of slow exchange. The frequency separations between the 1- and 
1, and betwem the I- and 13- resonances are not known, but presumably 
these are Inrgc with respect to the I- line width and Eq. (38) is valid Tor 
this system. 

1/7'?A' = 1/Tza + 1/.,- (381 

Aiialysis of line width variatioii with respect to initial I- and I, concentra- 
tioiin gave values of 

1;1 = 4.1 f 0.4 X 10'" l/Scc-' AT-' 

kz = 7.6 f 0.8 X lo7 sec-1 
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These extraordinarily fast reactions probably are not kinetically analyzable 
by alternative techniques. 0pportunit)ies for st,udies of similar, fast solution 
reactions by NR4R appear unlimited. 

F. EXCHANGE IN PARAMAGNETIC SYSTEMS 

Formally similar to NMR kinetic analysis of systems in which nuclei 
are subject to yuadrupolar relaxation effects are systems which are influ- 
enced by paramagnetic species. Interaction of a magnetic nucleus with a 
paramagnetic molecule or ion leads to a decrease in the longitudinal (T I )  
and transverse (T,) reluxation times of the nucleus. An example of this is 
found in the proton resonance of aqueous solutioiis of transition metal ions. 
For many ions, the most important relaxation mechanism is ail electroii- 
nucleus dipole-dipole interaction. In these cases, nuclear Ti's and Tz’s are 
approximately equal and show a linear dependence on the reciprocal con- 
centration of paramagiletic ion. For paramagnetic. ions that have long elec- 
tron relaxation times [long enough to observe a relatively sharp electron 
paramagnetic resonance (EPR) sigiial] another mechanism, an exchange 
interaction, contributes to the transverse relaxation time arid leads to very 
small T2 values (118). This mec%hanism, as developed by Bloembergen arid 
Morgan (a), is a scalar coupling, AIsS, between the nuclear spin of the 
proton and the electron spin of the paramagnetic ion. This relaxation 
mechanism has a comniori origin with the isotropic hyperfine contact inter- 
action shifts discussed in Section V (p. 280). This formulation has been 
verified by studies of marigmious ion solut,ions (5) ,  and the temperature 
dependence of T2 and has heii  utilized to derive values for proton 
exchange betwccii solvent water and water in the coordination sphere of 
the manganous ion (MII(H~O)~++). 

For the complete expressions for T I  and Ts the reader is referred to the 
original literature (5). Let it suffice hcrc to note that the temperature 
dependcnt term resides in the correlation times T~ (dipolar interaction) and 
7, (exchange interaction), The temperature dependences of the individual 
correlation times are: 

7c = T,O exp (VJRT) 
71, = T ~ O  exp (Vh/RT) 
7, = Q(T - Tyro 

(39) 

where V ,  is the activatioti eiiergy for the molecular motion of the hydrated 
ion (approximately equal to that for the rotation of the hydrated ion) and 
V h  is the activation energy for proton exchange over the temperature 
range T to To. Hecause proton exchange can dcstroy the scalar coupling, 
the lifetime, Th, of a proton in the hydration sphere of Mn++, in addition 
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to the electron correlation time, T,, contributes to the over-all exchange 
correlation time T,, i.e., 

(40) 

Substitution of Eqs. (39) into Eq. (40) gives the temperature dependence 
of the net correlation time 

1/78 = 1/7h + 1/7s. 

In Fig. 18, the experimental dependence of T2 on temperature in a 
manganous ion solution is presented and compared with the theorctical 
relation. Agreement is good and these data permit an evaluation of the 
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FIG. 18. Experimental and theoretical curves for dependence of the transverse relaxa- 
tion time Tf on temperature for protons in an aqueous solution of manganous ion a t  a 
resonance frequency of 10 Mcjsec. [Bernheim et al. @).I 

prot,on lifetime in the hydration sphere. Since the dipolar contributions to 
TI arid Tz are essentially identical, the exchange contributions to T2 can be 
calculated: 

Contributions to (T%)exch. include effects of 7h  and T,. A plot of log [(Tz)eToh. 
- c/T,]* vs. 1/T gives 8.4 kcal/mole for the activation energy of proton 
exchange between water and the hydration sphere of the manganous ion. 
For more recent data on exchange involving Mn(H20)6++, the interested 
reader is directed to the 0 1 7  NMR studies of Connick and Swift ( lea) .  

G I  ELECTRON EXCHANGE 
McConnell and Weaver (78) have utilized line width measurements of 

Cusv and Cues resonances in a Cul-Cull-HCl system to estimate the 
* C is a constant evaluated under conditions of slow exchange. 
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rate of electroii exchange between Cu' and Cu'I. Experimentally, i t  is found 
that the Cu63 resonance of 1M [CuCl] in concentrated hydrochloric acid is 
progressively broadened with addition of copper(I1) chloride. The broaden- 
ing here is due to a relaxation mechanism associated with the Cu'-Cu1' 
electron exchange. Eq. (32) is applicable here and in this case T ' ~ A  is the 
observed transverse nuclear relaxation time for a Cu'-Cu'I system, TZ* 
is the transverse nuclear relaxation time for the pure Cu' system and 7~ 
is the lifetime of a Cu' state. With the assumption that the electron transfer 
process follows a bimolecular rate law, it follows that 

7ACu1 = [l /k(Cu'I)]  (43) 

Accordingly, evaluation of k from line-width measurements gives a bimolec- 
ular rate constant of 0.5 X lo8 1 sec-' M-1. This is one of the fastest electron 
exchange reactions studied in aqueous solution. Transfer rate here may not 
describe direct electron transfer between Cu' and Cu"; Stranks has sug- 
gested (129) that the rate may refer to transfer within a bridged activated 
complex, e.g., 

I1 
'c1 1 - 2  

E:; cul-cl-cu 

Unquestionably, extensive future use will be made of NMR in the impor- 
tant problem of understanding electron exchange processes in metal com- 
plexes. There are many nuclci within the transition group that are probably 
suitable for such studies, e.g., V51, MrP, C O ~ ~ ,  Nbg3, and Mog6. A recent 
application (36) has dealt with electron exchange between V'' and Vv in 
acid chloride solutions. 

V. Hyperfine Contact interaction Shifts 

A. PARAMAGNETIC CHELATES AND ORGANOMETALLICS 
In paramagnetic systems an interaction can exist between unpaired 

electrons and nuclei possessing magnetic moments which is of the form 
1.S. In the hydrogen atom, for example, this interaction is manifested in 
the EPH spectrum by the appearance of a doublet of spacing 508 gauss. The 
origin of the doublet is t;he Fermi contact interaction which is given by the 
expression (29) 
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where a is the contact interaction constant, g e  and gH are respectively the 
electron and proton “g-values,” Pe and pII are respectively the Bohr mag- 
rieton and nuclear magneton and $(O) is the value of the wave function 
describing the distrihution of the unpaired electron evaluated at  the nu- 
cleus. This Fermi contact iriteractiori is manifested in the electron paramag- 
netic resollance spectra of radical species as the hyperfine structure. For 
example, in the benzene negative ion a seven line hyperfine structure is 
observed of spacing 22.5/6 gauss (134). Observation and analysis of hyper- 
fino spl i thgs has become: an important approach to t,he elucidation of the 
electronic structiires of molecules. 

McConnell (74) has shown that  for the case of aromatic radical specks 
where the iriteract,ion is between a spin density localizcd on a pr orbital 
of a carbon atom and t,he proton bonded to t,hat carbon atom a relation- 
ship exists between an observed proton contact int,eraction constant a ,  
and the spin density p; on the d jacent  carbon atom. This relationship is 

where Q is a proportionality constant characteristic of the particular mech- 
anism giving rise to the 1.S interaction. Q for a11 aromatic C-H fragment 
is -22.5 gauss (134) and for a 4:-CH, fragment, the best current value is 
about, f27 gauss (31). For a .C--CH3 fragment, the CI-I, prot,ons “seiise’’ 
the spin density on the p7r orbital of the adjacent carbon at,om dircctly by 
a hyperconjugtltion mechanism and so the sign of Q is positive. For the 
aromatic -C-H fragment,, however, only ari indirect sensing mechanism 
(involving an interaction between r- and u-electrons) is possible and so the 
sign of Q hcre is negative. Signs of Q and p are not det’erminable from the 
EPR experiment; however, as we shall see, signs of p in paramagnetic 
syst,cms are nimifested in an NMR experimcrit by the direction of reso- 
nance field shift. 

At this point it would be well to difierentiabe clearly between spin 
densities, p’s, which arc obtained experimentally from contact interaction 
constants, and ebctron densities in molecules. If a simple IIuckel JCAO MO 
calculation is carried oil t on the ally1 radical, the computed distribution of 
the single unpaired electron is as shown below 
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The valence bond calculation as carried out on the ally1 radical, however, 
gives the spin densky distribution (76) 

H 

An experimental determi~lation of the spin density distribution in the allyl 
radical recently has become available (SO) and is in fair agreement with the 
results of the valence boiid cdculat,ion aiid in somewhat better agreement 
with an extended Hartree-Focqk calculation to be described below. It is 
seen that although the allyl radical possesses only a single unpaired electron, 
the total calculated a-electron spin density on the molecule is 35 to F5 
units depending on the approximation employed. However, the relationship 
(76) 

p i  = 1 
a= i: 1 

(47) 

is obeyed. 
The origin of total molecular spin densities greater than one for doublet 

state radicals is most clearly shown by an extended Hartree-Fock calcula- 
tion on the allyl radical carried out by MacLachlan (79). The distributions 
of the t,hree a-clcctrons of the allyl radical are by this calculation those 
shown below. 

H 
I 

$'oa (a) 0.50 0 0.50 
@12 (a) 0.31 0.38 0.31 
qC/la ( P )  -0.19 -0.62 -0.19 

In  both the extended IIartree-Fock calculation arid the valence bond cal- 
culation effects of spirt correlation are included, but not in the simple 
Huckel schcme. The a-energy levels for the allyl radical are shown sche- 
matically bclow. 



280 E. L. MUETTERTIES AND w. D. m I L L I r s  

We see in the extended IIartree-Fock calculation where effects of spin cor- 
relation are included that the two electrons of a- and P-spin in the orbital 
designated are distributed differently. This can be thought of as a polar- 
ization effect in which there is an exchange interaction between the electron 
of a-spin in $0 and the electron of a-spin in $l. This polarization results in a 
migration of the electron of a-spin in away from the central carbon atom 
of the ally1 radical lcaving a net p or negative spin density a t  this carbon 
atom. Signs cannot be distinguished in the EPR expcrirnent; negative spin 
densities are manifested by hyperfine splittings in precisely the same 
fashion US are positive spin densities. It will be seen below that signs of 
spin densities can, however, be determined in the NMR experiment in para- 
magnetic systems to which the technique is applicable. It should be pointed 
out that tjhe sign of the spin density is an important parameter. In  alternate 
radical systems, spin densities are all positive whereas in odd alternate 
systems the signs of spin densities are alternately + arid - . The sequences 
of spin density signs in a conjugated paramagnetic system can be revealing 
as to the mechanism of the propagation of conjugation effects. 

Normally one cannot observe in paramagnetic systems the character- 
istic chemical shifts and nuclear spin-spin splittings which make high 
resolution NMIt so valuable in chemical and physical applications. This is 
because the presence of the electronic paramagnetism gives rise to an elec- 
tron-nucleus relaxation mechanism which tends to broaden the resonances 
to the point where only a single, broad signal is observable. It has been 
pointed out (75) however, that if either or both of two conditions exist in a 
paramagnetic system, 

TI-' >> a, 

Te-l >> ai 

isotropic hyperfine contact interaction shifts are superimposed on the 
chemical shifts. In the above inequalities Tl is the electron relaxation time 
of the paramagnetic system and T, is the characteristic exchange time. If 
either or both of these conditions are satisfied in a paramagnetic system, the 
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nuclei experience a time-averaged isotropic contact hyperfine interaction 
field which is given by (76, 77) 

where 

S is the electron spin quantum number and i3i = gPS,H. Nuclear resonance 
field shifts AH then are observed which are given by the expression 

where H is the nuclear resonance field and y o  and YN are respectively the 
magnetogyric ratios of the electron and the nucleus under observation. 
Thus, in favorable situations the contact interaction coilstants a; of a 
paramagnetic system can be derived from measurements of the NMR con- 
tact interaction shifts, (AH/H) i .  

Rather extensive studies of contact interaction shifts have been carried 
out on the nickel(I1) chelates of the substituted aminotroponeimineates 
(4,103). The HI spectrum of the nickel(I1) chelate of 1-(2-naphthylamirio)- 
7-(2-naphthylimino)-1,3,5-cycloheptatrien~ in CDCI, is shown in Fig. 19. 
There are ten nonequivalent sets of protons in this chelate and the same 
number of protoii resonances are observed. li esonances designated a, 0, 
arid y can be assigned to the three nonequivalent sets of protons of the 
seven-membered ring. The seven resonances of the 0-naphthyl group are 
shown expanded in Fig. 20. The total spread of these seven proton reso- 
nances in the nickel(I1) chelate is about 1800 cps (at 60 Mc/sec and 23°C) 
and for the diamagnetic zinc chelate about 50 cps. The positions of the pro- 
ton resonances of the zinc chelate are indicated by the zero on the base line 
of Fig. 20. It is seen that four of the P-naphthyl resonances in the nickel(I1) 
chelate are shifted to high field and three to low field. High field contact 
shifts for aromatic C-H fragments indicate positive carbon atom spin 
densities, arid low field shifts indicate negative carbon atom spin densities. 
The N-substituted aminotropoiieimineate ligand is rionalternate so on the 
P-naphthyl group we expect an alternating sequence of spin density signs. 
Four of the seven HI resonances of the 0-naphthyl group exhibit resolvable 
nuclear spin-spin structure (two doublets indicating that these protons are 
immediately flanked by only one other proton and two triplets indicating 
protons with two adjacent hydrogen atoms). 
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VIU. 19. TI1 spcrtrrini of the nicltcl(I1) chelate of 1-(2-nnphthylumino)-7-(2-nttph- 
t,liylimino)-l,3,.5-c~~(~lolieptatricrie in CDCl,. [Benson et nl. (4).] 

Ho- 

FIG. 20. Expanded I11 spectrum of thc p-naphthyl protons of the nickel(I1) chelate 
of 1-(2-naphth~.lnmino)-7-(2-naphthylimino)-1,3,5-cycloheptatriene. (Benson, Eaton, 
Josey, and Phillips (4 )J  

Assignments were made on the basis of the abovc considerations. Using 
Eq. (50) and the measured susceptibility, t)hc observed spin density distri- 
bution for the 8-naphthyl chelate is shown in Fig. 21. All spin densities in 
these chelates arise, of coursc, from the two uiipaired electroils of nickel(I1) 
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in the d8 configuration. Spin density is introduced onto the mystem of the 
ligand as a result of metal-ligand bonding. In most cases it is not clear 
whether spin densities are introduced onto ligands as a result of direct 
delocalization of the unpaired 3d electrons of the transition metal or through 
spin polarization effects not involving direct delocalization. However, 
measurements of this kind should be of value in furnishing new insights 
into the important and still obscure problem of the nature of bonding in 
chelates and organometallics. 

+.057 

A 

+ .00073 

+.0013 

c2% 
Ip 

FIG. 21. Spin density distribution in some nickel(I1) aminotroponeimineates. 
[Benson et al. ($).I 

Irrespective of the nature of metal-ligand bonding, contact shifts in 
paramagnetic chelates can be employed to map spin density distributions 
in conjugated ligands and generally elucidate conjugation effects in mole- 
cules. An important point to be recognized is that in these systems spin 
densities are introduced onto the ligand atoms directly bonded to the metal 
atoms. These spin densities then are distributed throughout the conjugated 
system in a fashion that is determined primarily by the electronic structure 
of the ligand's x-system. Thus, for example, in I1 and 111 of Fig. 21 we see 
that spin densities on the second phenyl rings of the biphenyl- (11) and 
azobenzene- (HI) substituted nickel aminotroponeimineates are less than 
those of the first ring. From this comparison we see too that the azo linkage 
is highly effective in transmitting spin densities. Such quantitative measure- 
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ment of attenuation of conjugative effects in ?r-systems currently is of im- 
portance in the understanding of the effects of conjugated ligands in en- 
hancing rates of elect,ron exchange in systems where chelates are involved. 

In IV of Fig. 21 is sccn that spin density is transmitted through the 
oxygen atom linking the phenyl and seven-membered ring. In  the valence 
bond formulation, the only way spin density can be transferred from the 
seven-ring to the phenyl ring is through contributions of ionic structures 
such as 

to tlhe ground electronic state of the molecule. It is noteworthy that struc- 
tures of the same form are required in the superexchange mechanisms of 
Kraniers (63) and Anderson (1) to account for the ferromagnetic and anti- 
ferromagnetic ordering of spins in magnetic transition metal oxides and 
sulfides. 

13. MAGNETIC INTERACTIONS IN SOLIDS 
Tirikham (130) first observed additional splittings in the EPR spec- 

trum of Mn++ embedded in an ZnF2 lattice that could only be attributed 
to an interaction between the ad-electrons of Mn++ and the surrounding 
fluorine nuclei. It was postulated that the Mn++-F- bonds are not purely 
ionic and that the unpaired electrons have finite probability densities on the 
fluorine orbitals. In other words, the MnW-F- bonds are partially 
covalent in character. These conclusions derived from EPR hyperfine 
splittings were confirmed by Shulman and Jaccarino (126) when they 
observed a shift in the F19 spectrum of solid MnF2. Such a shift would be 
expected in the FIS spectrum if covalent or charge transfer structures 
such as Mn+-Fo contributed to the electronic structure of the system. 
Shulman (125) also has observed a shift in the N14 spectrum of Fe(CN)e2- 
which is a t  lcast partially attributable to a finite probability density 
of the unpaired electrons of the ferric ion residing a t  the nitrogen atoms 
of the cyano groups. Important results of the electronic structures of com- 
plexes and chelates of the transition and rare earth elements will be forth- 
coming from other studies of this nature. 

VI. NMR of Solids 

The NMR observables of a substance as a liquid, solution, or in the gas 
phase of paramount importance to the inorganic chemist are chemical shifts 
and nuclear spin-spin coupling constants. In the solid state, however, 
these effects generally are dwarfed by anisotropic dipolar interactions so 
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that chemical shifts and coupling constants experimentally are not observ- 
able, and one usually is confronted with analysis of a single, st>ructureless 
absorption peak with a width of up to tens of gauss. Applicat,ion of NMR to 
inorganic solids has given a great deal of new information concerning struc- 
tures of molecules arid ions, phase transformations, diffusion in solids, 
electronic structures of conductors and semiconductors, and magnetic 
interactions and spin structure in ferromagnetic and antifcrromagnetio 
substances. Such information is of interest not only to physicists and physi- 
cal chemists but also to those working in the rapidly developing new field 
of solid state inorganic chemistry. 

Consider two nuclei A and B which possess nuclear moments pA and 
pet separated by a distance TAB and which are subjected to a magnetic field 
Ho whose direction defines the z-axis. Then if p~ = p ~ ,  a quantum mechani- 

Z 

cal perturbation calculation (100) shows that a field in the z-direction is 
produced a t  A by p~ which is given by 

Since there is a reciprocal effect of p~ on B, a doublet resonance is expected 
with spacing 

Note that the above model refers to a single crystal containing only 
two interacting like nuclei and is a good first approxiniation to, for example, 
a hydrate where because of the dependence of the dipolar interaction, 
the two protons of a given H,O molecule provide the dominant interaction. 
Interactions between protons on different HzO molecules serve mainly as 
a source of line broadening. The first example of such an application was 
by Pake on single crystals of gypsum (100). Gypsum has the formula 
CaS04.2H20 and contains two differently oriented water molecules per 
unit cell. From a detailed analysis of the resonance line shape as  a function 
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of crystal orientation, Pake deduced an iritcrmolecular proton-proton 
separation of 1.58 A for the water molecules. 

More often than not, one is forced to study a polycrystalline sample 
rather than a single crystal. If as above the dominant dipolar interaction 
is between two identical nuclei with I = 56, a doublet resonance is observed 
of spacing  TAB-^. Studies on powders have, for example been useful in 
elucidating the nature of the 13-F bond in [FHFI- (137) and in establish- 
ing the existence of the H30+ ion in solid HNOa-HzO (117). For this latter 
study the calculated line shape for three interacting nuclei a t  the vertices 
of an equilateral triangle was shown to be in agreement with experiment. 
Howevcr, line shape calculations on more complicated systems become 
tedious and instead the van Vleck treatment of second moments (135) 
generally is used to obtain information about interriuclear distances from 
NMR studies on solids. 

Perhaps a more generally useful application of NMR to solids derives 
from the sensitivity of NMR line widths and shapes to inter- and intramo- 
lecular motion. The angular term (3 cos2 0 - 1) t,hat appears in the expres- 
sion for the nuclear dipole-dipole interaction as for example in Eq. (51) can 
be either partially or completely averaged by rotational or translational 
motions in the solid. Motional narrowing effects on resonances are observed 
whcii the characteristic frequency of the motion becomes comparable with 
the resonance line width expressed in frequency units, i.e., about lo4 to 
106 sec-1. Thus in the rigid lat,tice a t  low temperatures where all int,er- and 
intramolecular motions are "frozen out," the maximum NMR line width is 
observed. Upon increasing the temperature, line width decreases are ob- 
served as the various first and second order transitions possible to the solid 
are passed through. Finally a t  the melting point the (3 coy2 e - 1) term is 
coInpletcly averaged (at least for low viscosity liquids) and chemical shifts 
arid nuclear spin-spin intcraction again become observable in the NM R, 
spectra. 

A particularly interesting example of the efl'ect of molecular motions oil 
NMIt line widths was observed by Murray arid Waugh for CO(NHJ)&I~ 
(92). Theoretical line shapes for the proton resonance of Co(NH3)eC13 are 
shown in Fig. 22 for (1) a rigid lattice, (2) rotation about the Co-N bond, 
and (3) rotation of the entire Co(NH3)2+ ion in the crystal lattice. Experi- 
mental points for 11' spectra a t  100°K and 300'K are seen to fall quite well 
on curves calculated for, respectively, models (2) arid (3). Thus even a t  
100°K rotation about the Co-N bond a t  frequencies in excess of about 
lo4 sec-1 is occurring. Between 100°K and 300"K, the frequency of rotation 
of the Co(NHJC3+ ion exceeds lo4 sec-'. 

There are a number of areas where NMR has made significant contribu- 
tions that are of more interest to the solid state inorganic chemist than to 
the molecular inorganic chemist. These applications will not be treated here 
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I 
RIGID LATTICE MODEL 

FIG. 22. Theoretical and experimental proton line shape derivatives in solid Co- 
(NH&CI3. [Murray and Waugh (9,9).] 

in any detail because they generally depend on rather extensive theoretical 
developments. Rather, some of these applications will be mentioned and 
the reader is referred to the original literature for more detailed treatment. 
It is to be expected that it will be in these areas that the NMR of solids 
will make its most important future contributions. 

Symmetries of local electrical environments of quadrupolar nuclei 
(I 3 1) profoundly influence relaxation times and resonance line shapes 
of such nuclei (9, 116). Consider a nucleus for which I = $5 (Br79, B"). In  
the absence of quadrupolar perturbation, the nuclear spin levels are evenly 
spaced, as shown in I below, and the three possible nuclear resonance tran- 
sitions have equal energies (Am = &l). If, however, en& # 0 

J 

-z 7 
1 1  

t - 2  

1 
2 t E t 

eqQ = 0 

(1) 



288 E. L. MUETTERTIES AND W. D. PHILLIPS 

the four levels are displaced and three transitions of different energies he- 
come possible. A higher order effect will also displace the 35 + -I’ / 2  

transition. Heif in an important study (116) has utilized such effects on 
bromine resonances to investigate diffusion and imperfections in AgBr 
lattices. Recently Silver and Bray have studied (127) the second order 
displacements of the 36 -+ - $5 resonance of R1’ to obtain boron quadrupole 
coupling constants in Bz03 and some sodium borate glasses. From the 
electrical symmetries about boron, deduced from the quadrupole coupling 
constants, it was possible to draw some conclusions about the structures of 
these materials. 

It was found by Knight in 1949 (62) that nuclear resonances of elements 
as metals were displaced to low field (at constant frequency) from the reso- 
nances of the elements as salts. These large shifts (AH/Ho = 0.1% to l%), 
called Knight shifts, were attributed to interaction between the nuclei and 
electrons near the top of the Fermi distribution polarized by the magnetic 
field. These electrons, the conduction electrons, often have a large prohabil- 
ity distribution near the nuclei and can be thought of as producing large 
local internal fields a t  the nuclei. The expression for the Knight shift is 
(233) 

where a is the Fermi cont.sct interaction constant defined by Eq. (45), 
x p  is the electron spin siisceptibility of electrons in the conduction band, 
M is the nuclear mass and (j3/~(0)1~)~~ is the probability density a t  the 
nucleus of all electronic states on t,he Fermi surface. The close similarity 
bet,ween the Knight shift [Eq. (52)] and the contact interaction shift dis- 
cussed earlier [Ey. (50)] is apparent. The Knight shift, through the factor 
{l+F(O) has provided a sensitive tool for testing wave functions devel- 
oped to describe the behavior of conduction electrons in metals. 

Knight shifts produced by the conduction electrons of metals are gen- 
erally somewhat greater than the chemical shifts of nuclei in different 
molecular environment-s. However, both of these shifts are small compared 
to the external fields generally employed for observation of NMR (1000- 
15,000 gauss). In ferromagnet,ie and antiferromagnetic substances below, 
respectively, the Curie and Nee1 temperatures, internal fields resulting from 
spin aligriment in the magnetic state can he very much greater than con- 
veniently accessible laboratory fields. For example, the C O ~ ~  resonance in 
ferromagnetic face-centered cobalt occurs a t  213 Mc/sec in zero applied 
field a t  300°K (%a). From 1Sq. (6) and the known magnetogyric ratio for 
Co59 this frequency corresponds to a resonance field of 213,400 gauss. Simi- 
larly in ferromagnetic iron, the Fe6’ resonance frequency of 45 Mc/sec 
corresponds to  a local int.crnal field of 330,000 gauss (366). 
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Above the Curie and Nhel temperatures, ferromagnetic and antiferro- 
magnetic substances behave as simple paramagnetic substances without 
long range electron spin correlation , and “normd” nuclear resonances are 
observed. The electron moments produce effects on the nuclei that are 
small because of averaging over the distribution of states available to the 
electron spins. However, below these magnetic transition t,emperatures , 
spins are aligned throughout the solid to varying degrees of sublattice 
complexity and the nuclei consequently “see” huge local fields. Studies of 
ferromagnetic and antiferromagnetic resonances are quite new but it is 
very apparent even a t  this early date that they will be valuable in elucidat- 
ing the mysteries of magnetic interactions in solids. 
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