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Preface 

The fecund nature of NMR in many areas of molecular science is evinced by 
the well-presented contributions in volume 46 of Annual Reports on NMR Spec- 
troscopy. It is my great pleasure to introduce the chapters and to simultaneously 
thank the reporters for their very considerable et'tbrts in providing up-to-date 
contributions to the present volume. 

The first chapter is on NMR Studies of the Radiation Modification of Polymers, 
by D, J. T. Hill and A. K. Whittaker, following this is a report on Qualitative and 
Quantitative Exploitation of Heteronuclear Coupling Constants, by G. E. Martin, 
next comes a review of the Dynamics of Silk Fibroin Studied with NMR Spec- 
troscopy, by T. Kameda and T, Asakura, finally there is an account on Computer 
Processing Techniques in High-resolution NMR by D. Jeannerat. 

My thanks are due to the production staff of Academic Press (London) for 
their considerable efforts in the reification of this volume of Annual Reports (m 
NMR. 

Royal Society of Chemistry G . A .  WEBB 
Burlington House July 2001 
London 
UK 
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This chapter provides a survey of the use of NMR methods to determine struc- 

tural changes in irradiated polymers. A general survey of other methods is 
intended to place the NMR measurements in their appropriate context. Generally 

speaking, two classes of NMR experiment are described, namely the measure- 
ment of transverse relaxation times to provide information on the molar mass 

of the irradiated polymer, and the measurement of chemical structures using 
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high-resolution NMR methods. Solid-state NMR methods are of particular use 
for materials that undergo radiation-induced cross-linking. The spatial distribu- 
tion of cross-linking reactions may be inferred from a comparison with other 
measurement methods. 

1. I N T R O D U C T I O N  

The study of the interaction of high-energy radiation with polymeric materials is 
of importance for a number of reasons. There are a growing number of industrial 
processes in which polymers are subjected to radiation to modify their properties. 
For example, poly(olefin)s are irradiated with gamma rays or high-energy elec- 
trons to facilitate cross-linking in cable insulation sheathings, hot water pipes, and 
heat-shrinkable films. Poly(methacrylate)s and poly(sulfone)s are irradiated with 
electrons to initiate degradation in positive resist films. The more complete discus- 
sion given below of the application of radiation in polymer science highlights 
the increasing importance of this industry.J 

As will be discussed below, radiation has a profound effect on the physical 
properties of polymers by virtue of their long chain structure. The net effect of 
radiation on polymers is to either increase or decrease the average molecular 
weights through the processes of cross-linking and chain scission, respectively. 
Whether cross-linking or scission reactions dominate will determine the end use 
of the material under irradiation. In addition the distribution of radiolytic reac- 
tions has been increasingly recognized as an important issue for end product 
usage. Thus the effective cross-link density will be reduced in materials in which 
local clusters of cross-links are lk)rmed, for example poly(diene)s. In addition the 
presence of long-lived free radicals trapped in or close to the rigid crystalline 
materials, for example poly(propylene) or semi-crystalline fluoropolymers, results 
in long-term instability due to oxidation and subsequently-enhanced probability 
of chain scission. 

The number of industrial applications of irradiation of polymers are myriad. 
A comprehensive overview of these applications can be gained from a survey 
of the proceedings of the 11 International Meetings on Radiation Processing, 
which have been published in Radiation Physics and Chemistry. 2 12 The text of 
Singh and Silverman 1 should also be consulted. To begin with, the use of radi- 
ation to effect the polymerization of monomers is of much importance. Typical 
examples of this technology are radiation curing of coatings, and polymerization 
of monomers within composites with woods, clays or other naturally-occurring 
materials. Within this last example, polymerization can be used to improve 
the stiffness of soft woods, or for valuable archeological materials to improve 
mechanical integrity and limit the damaging effects of oxygen diffusion. 

Also within this category of application is the field of radiation grafting onto 
pre-existing polymeric substrates. E-beam or gamma sources can be used to 
initiate grafting onto a range of materials, for example poly(olefin)s, fluoro- 
polymers, and cellulosics. The biocompatibility of poly(olefin)s can be greatly 
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enhanced by grafting hydrophilic monomers onto their surface, while there has 
been much progress in the formation of functionalized membranes by grafting for 
example onto fluoropolymers. Potential uses include ion exchange, ion conducting 
membranes, gas separation and combinatorial chemistry. 

The second class of applications is based on the cross-linking of polymers, 
usually poly(oletin)s. Included in this class are the industries of cross-linked wire 
and cable insulation. Cross-linking improves in particular the high temperature 
resistance to flow of poly(ethylene) in high-voltage cable wires. A large number 
of gamma facilities worldwide are involved in cross-linking poly(ethylene) pipes 
to improve high temperature properties. Another familiar example is heat-shrink 
films, which are cross-linked at ambient temperatures prior to deformation at 
temperatures above the crystalline melting temperature. After cooling to below 
the crystallization temperature in the deformed state, the film has the property 
of being able to return to its initial, undelk)rmed dimensions on reheating, thus 
forming a barrier around an enclosed object. 

Another growing application of radiation cross-linking is the formation of 
tihns and devices for slow release of drugs into the body or a wound. These 
materials are typically hydrogels of poly(amide)s or poly(N-vinyl pyrollidone). 
An advantage of these methods over chemically-initiated cross-linking reactions 
is the absence of initiator fragments, and the sterilization of devices during the 
polymerization process. 

The growing concern over the toxicity of residual ethylene oxide after steriliza- 
tion of polymers for use in the field of medicine has led to the rapid growth of the 
field of radiation sterilization. The medical industry consumes a massive volume 
of polymeric material in both equipment and implants. As a consequence there 
is much interest in the effects of radiation on the physical properties and stability 
of irradiated polymers. The standard dose lk)r radiation sterilization is 25 kGy, 
which is sufficient to alter the properties of many polymers, being for example 
close to or above the gel dose of many elastomers. There is also interest in the 
reaction of oxygen with long-lived radical species formed during irradiation. A 
common polymer used in medical equipment, poly(propylene) is susceptible to 
oxidative degradation, and must be blended with appropriate stabilizers before 
radiation sterilization. 

Polymers which undergo radiation degradation on exposure to radiation are 
also important commercially. The best-known example is the group of polymers 
used as positive resist materials in electron beam microlithography. These include 
aliphatic poly(sultkme)s and poly(methacrylate)s. Finany, an understanding of the 
radiation chemistry of polymers is essential for their application in environments 
where they are exposed to high doses of ionizing radiation, tk)r example in the 
nuclear and space industries. 

It is clear from this brief introduction that the field of radiation chemistry of 
polymers is of major, and growing importance commercially. An understanding 
of the mechanisms of the radiation-induced reactions is crucial for process design 
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and improvement. The aim of this review is to demonstrate the role NMR 
spectroscopy has played in building this understanding. 

1.1. Radiation chemistry of polymers 

1.1.1. Primary events 

The focus of this review will be the effects of so-called ionizing radiation, namely 
gamma and electron-beam irradiation, on polymers. We will not consider, for 
example, the effects of UV radiation on materials, although this is an important 
method in the field of radiation grafting. 13 

The initial result of the interaction of a gamma photon or an electron with a 
material is the formation of ionized and excited species via Compton scattering 
and the photo-electron effect. ~4~5 For each initial I MeV electron or photon 
entering a material there may be around 10 5 particles formed, distributed in the 
main track of the particle, branch tracks formed by the passage of Compton 
electrons, and blobs of particles tbrmed as the electron energy drops towards 
thermal levels. It is the reaction of these particles which leads to dramatic changes 
in the material properties of polymers. 

A large number of reactive pathways have been envisaged/'or the ionic, radical 
and excited species formed at short times. These include homolytic cleavage 
of bonds, combination reactions, disproportionation and hydrogen-atom abstrac- 
tion reactions. H The two most important classes of reaction in polymers are 
cross-linking and main-chain scission. These result in respective increases and 
decreases in average molecular weights of the polymers. A number of other reac- 
tions, tbr example formation or reaction of double bonds, cyclization of short 
chain segments, loss of side-chains also may occur, however, these tend to have 
a less pronounced effect on polymer properties than cross-linking and scission. 

1.1.2. Cross-linking versus scission 

Basic relationship between structure and relative yields 

A very large body of literature enables one to make predictions about the radi- 
ation sensitivity of particular polymers. 1 12.15 22 In particular it is possible to 
estimate the relative propensity of the polymer to undergo cross-linking or main- 
chain scission, and thus predict the final properties of the irradiated polymer. For 
linear addition polymers, those with quaternary main-chain carbons are likely 
to undergo main-chain scission. The classic example of this is poly(methyl 
methacrylate) (PMMA). Polymers having tertiary carbon atoms in the main 
chain, for example poly(propylene) (PP) will generally undergo a combination of 
chain scission and cross-linking (with cross-linking dominating), while for largely 
unbranched materials, e.g. poly(ethylene) (PE), cross-linking tends to dominate 
over scission. 
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It is well known that the presence of aromatic groups in irradiated systems 
reduces both the yield of primary fragments and the final yield of products. Thus, 
while poly(styrene) (PSTY) and poly(propylene) both undergo cross-linking on 
irradiation in vacuum, the yield of cross-links in PSTY is several orders of 
magnitude smaller than in pp.23,24 In addition the incorporation of aromatic 
groups into an aliphatic polymer, through copolymerization or blending, often 
reduces dramatically the radiation sensitivity of the aliphatic component. This is 
due to a combination of energy or charge transfer to the aromatic groups, and 
scavenging of intermediates in systems with sufficient molecular mobility. -~5'2~' 

A number of other chemical groups have been demonstrated to have enhanced 
sensitivity to ionizing radiation. These include sulfone and ester groups. Thus in 
the series of aromatic polymers, the aromatic sulfones have enhanced radiation 
sensitivity compared with aromatic poly(ether)s or poly(ketone)s. 27 The aliphatic 
poly(sulfone)s are particularly susceptible to radiation degradation, 2s and have 
become useful as positive resists in microlithography. > The presence of chlorine 
or bromine groups has been shown to enhance the radiation sensitivity of a 
number of materials, including fluoropolymers) °31 Finally the high propensity 
of double bonds to undergo addition by free radicals leads to their sensitivity 
to radiation, either as end groups in cross-linked poly(ethylene), -~: as cross-link 
promoters in EPDM terpolymers, 3~ or finally in poly(diene)s) 4 

1.1.3. Other methods,fi~r studying radiatiml chemistry 

The characterization of radiation-induced reactions has been a major goal of 
instrumental scientists over the past 50 years. The advent of high-resolution NMR 
spectroscopy has led to many advances in the analysis of radiation effects in 
polymers. However, for a complete description of the mechanisms of radiation- 
induced structural changes, the NMR methods described in this review should be 
used in concert with other analytical methods, briefly reviewed here with a few 
examples from the literature. For example, the free radical intermediates formed 
during the early stages of the reactions can be usefully observed using elec- 
tron spin resonance spectroscopy) 5 Generally materials are irradiated at liquid 
nim)gen temperatures to permit observation of species which are short-lived at 
ambient temperatures. While it is true that the ESR spectra of complex mixtures 
of organic radicals are often difficult to assign conclusively, the use of slow 
warming of the sample and observation of changes in the spectral shape and 
intensity often permits identification of the radical species. Differences in the 
rates of power saturation of radical species has often also been used to separate 
components in the spectra. In addition the use of photobleaching to identify the 
contribution of radical ions to the spectrum should be noted. 

1.1.4. FT1R 

The other methods used in the study of the radiation chemistry of polymers 
have aimed to identify the final products of irradiation. The important method 
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of infra-red spectroscopy has been applied in detail to many systems. The high 
sensitivity of FTIR compared with many other spectroscopic techniques has led 
to a number of studies of low concentrations of reacting groups. For example, 
FTIR has been demonstrated to be useful in the study of the formation and decay 
of trans-vinylidene groups in irradiated poly(ethylene). 36"37 This work has led to 
the suggestion of the use of such measurements to determine applied radiation 
doses. An interesting recent application of FTIR has been the spatial mapping of 
degradation products using micro-FTIR. 3g 

1.1.5. Volatile products analysis 

As mentioned above, the interaction of ionizing radiation with polymers generally 
results in the evolution of low molecular weight volatile products. The evolved 
gases are conveniently identified and quantified using methods such as mass spec- 
trometry and gas chromatography. In most polymer systems the principal gaseous 
product is molecular hydrogen, formed either by combination of hydrogen radi- 
cals, or abstraction of hydrogen by highly-reactive H ° radicals. Irradiation of 
polymers containing side groups often results in the observation of the products 
of cleavage of these groups. For example, a number of papers has reported the 
observation of low molecular weight alkanes formed by cleavage of side-chains 
in branched poly(olefin)sff 9'4° It has even been suggested that the measurement 
of the yields of evolved gases could be used to quantity the branching type and 
content in the original polymer. 4~ In other polymers containing highly-reactive 
groups, the distribution of volatile products reflects the presence of these groups. 
For example irradiation of aliphatic poly(peptide)s results in the formation of 
large quantities of carbon monoxide and dioxide through degradation of the ester 
linkages. 42 In another example irradiation of aliphatic poly(sulfone)s results in 
the formation of sulfur dioxide and the corresponding alkene. 43 The yields of 
these products are greatly enhanced when irradiation is carried out above the 
ceiling temperature of the polymers. 44 

1.1.6. Measurements of  molecular weights 

The most important events occurring during radiolysis of polymers are cross- 
linking and chain scission. Thus measurement of changes in molecular weights 
as a function of radiation dose is a convenient means of obtaining effective 
yields of cross-linking and scission. Moad and Winzor a5 have reviewed in detail 
the effects of these reactions on polymer molecular weight distributions and 
some of the common methods for measuring molar masses. They have, however, 
only considered the effects of H-type cross-linking reactions; for a discussion of 
the changes in average molar masses during Y-type cross-linking the reader is 
referred to the paper of Lewis et al. 4~ 



NMR STUDIES OF THE RADIATION MODIFICATION OF POLYMERS 7 

1.1. Z Measurement o/" soluble fi"actions 

In systems where cross-linking predominates, irradiation to sul~ciently high 
doses results in the formation of a partially-insoluble network. In these cases 
the measurement of the gel fraction, after extraction of the soluble fraction by 
boiling in a suitable solvent, can lead to the yields of cross-linking and chain 
scission. The relationships between soluble fraction and yields of reactions were 
originally derived by Saito 47 and Charlesby and Pinner, 4s and have been used by 
many workers. 

1.1.8. Mechanical properties 

Finally, it is clear thai radiation has a profound effect on the mechanical prop- 
erties of polymers. The changes are most pronounced when main-chain scission 
predominates over cross-linking, as is the case for irradiation of most polymers 
in air. The effects of cross-linking on mechanical properties of polymers is, 
however, more difficult to predict, being very dependent on the initial form of 
the polymer, i.e. whether elastomeric, semi-crystalline or glassy. Destruction of 
crystalline material can also lead to changes in mechanical properties. Examples 
of measurements of mechanical properties of irradiated polymers are given in the 
texts of Charlesby ](' and Chapiro, [7 as well as in the papers of Williams et al., 4~) 
and E1-Naggar et al. 5° 

1.1.9. Radiation chemisto, reviews 

A number of reviews of the effects of radiation chemistry on polymer systems 
have been published. The classic texts are those of Charlesby, 16 Chapiro w and 
Dole. ]~19 Since then a number of extensive reviews of the effects of radia- 
tion have been published. For example, the Polymer Handbook has previously 
tabulated lists of the radiochemical yields reported elsewhere. 2° The ACS has 
published a number of collections of papers presented at radiation chemistry 
meetings,2122 and the two journals Radiation Physics and Chemistry and Polymer 
Degradation and Stability are of much interest. As mentioned above the proceed- 
ings of major meetings on radiation processing, 2 12 and the text by Singh and 
Silverman I provide an excellent overview of the feld. 

1.1.10. Aims of this review 

As discussed by Singh and Silverman, l the dramatic increase in the importance 
of the radiation processing industry has resulted fi'om a number of factors, not 
least of which is the increased understanding of the mechanisms of reaction of 
polymer on exposure to ionizing radiation. The aim of this review is to highlight 
the contributions NMR methods have made in this field. The review necessarily 
focuses on studies of radiation chemistry in vacuurn, however in a later section 
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we discuss the smaller number of papers concerned with studies of oxidative 
degradation. 

It is particularly hoped to highlight the areas where NMR will make increasing 
contributions to the field of radiation chemistry. The use of NMR to help unravel 
mechanisms off reaction is well established. Furthermore, NMR has enabled 
qualitative assessment of the distribution of  these reaction sites throughout homo- 
geneous and heterogeneous polymers. It is envisaged that NMR will continue to 
shed light on this issue, through, for example, use of spin diffusion measurements 
in cross-linked and glassy materials. The use of microimaging NMR experi- 
ments to determine the macroscopic dose distributions in electron-beam irradiated 
materials is also predicted. 

1. l . l l .  A note on units 

The unit of radiation dose used in this review is the Gray (Gy), which corresponds 
to an energy absorption of one joule per kilogram of material. Typical applied 
doses are in the range of tens of kGy, however, in some cases irradiation up 
to 10MGy has been required to induce sufficiently large changes in molecular 
structure. The yield of radiochemical events is expressed as the G-value (written 
for example G(X) for the G-value of cross-linking). The G-value is defined as 
the yield of products for each 16 aJ (100 eV) of absorbed energy. Thus, 1 kGy of 
radiation will produce G x 1.036 x 10 7 mole per gram of irradiated polymer. 14 
The SI unit for radiation yield is the ixmolJ -I  which is the equivalent of 10G. 51 

1.2. NMR methods 

The two main classes of NMR experiment applied to the study of the radiation 
chemistry of polymers are concerned with measurement of either the chemical 
structure of the polymer after irradiation, or the changes in the physical properties 
brought about by cross-linking or scission. In Sections 3 - 5  of this review the 
use of NMR to identify changes in chemical structure is discussed. The changes 
in the NMR line shape and relaxation times induced by radiation, and the use of 
these methods to determine radioehemical yields, are discussed in Section 2. 

2. BROADLINE AND PULSED NMR OF IRRADIATED POLYMERS 

2.1. Early broadline NMR and crystal structure 

The earliest studies of the changes to the NMR spectrum of irradiated polymers 
were reported by Sohma et al.52 and Tutiya and Yamamoto. 53 56 Of particular 
interest are the studies of Tutiya of the irradiation of poly(tetrafluoroethylene) 
(PTFE) at a range of temperatures. 5556 The 19F NMR spectrum of unirradiated 



NMR STUDIES OF THE RADIATION MODIFICATION OF POLYMERS 9 

PTFE consists of two superimposed signals, a broad signal due to the crystalline 
material, and a narrow signal due to the chains in the amorphous phase above the 
glass transition temperature. The materials were irradiated to doses of 8.9 MGy 
at temperatures ranging from 25-340°C. After irradiation at room temperature 
an additional narrow signal was observed in the 19F NMR spectrum recorded at 
90°C. This was assigned to low molecular weight materials formed by degra- 
dation of the PTFE. It is well known that PTFE undergoes extensive radiation 
degradation on irradiation at normal temperatures. 57'5~ On heating this material to 
near its melting temperature and recooling, the narrow signal disappeared, due to 
reorganization of the crystalline structure and removal of low molecular weight 
products. In their later paper 5(~ the authors reported on the behaviour of PTFE 
irradiated at just above its crystalline melting point. A pronounced decrease in 
the crystalline content, determined from the NMR spectrum, alter irradiation in a 
small band of temperatures was ascribed to the lk)rmation of cross-links between 
the PTFE chains. This early NMR study thus predates the work of Sun 59 and 
Oshima e t  a l .  ~'° on cross-linked PTFE by some years. Details of the chemical 
processes occurring are discussed in Section 5 of this review. 

The effect of radiation on the crystalline phase of non-fluorinated polymers has 
been the subject of intense investigation using a number of techniques including 
NMR spectroscopy. ('1-('5 The focus of this interest is the determination of the 
location of radiation-induced products alter irradiation. There is evidence that in 
fully-saturated amorphous materials, radiation events occur randomly throughout 
the material, 66 while in diene rubbers the distribution of reactions is highly 
heterogeneous) 7('~ Similarly, there is much evidence that radiation events are 
concentrated in the amorphous phase of semi-crystalline polymers, ~'~) 72 and 
possibly more specifically at the interface between the crystalline and amorphous 
phases. None-the-less radiation does have profound aff,ects on the crystallinity 
of semi-crystalline materials. Irradiation of poly(ethylene), lk)r example, results 
in a progressive decrease in crystallinity above a dose of approximately 2 MGy, 
while at lower doses there have been reports of both increases and decreases 
in crystallinity. ~'-~7--~7a Ahmad and Charlesby < used broadline 1H NMR to study 
these changes in poly(ethylene). A progressive decrease in width of the broad 
signal due to the protons within the crystalline phase was taken as evidence of 
the formation of defects and hence increased mobility within the crystals. The 
width of the narrow component increased with cross-linking. Related l-~C MAS 
NMR measurements are discussed in Section 4.4 of this review. 

2.2. Pulsed NMR of polymer rubbers and melts 

It is well known that the spin-spin relaxation times of protons in condensed poly- 
mers are determined by the strength of the homonuclear dipolar coupling between 
the protons, and are therefore strongly influenced by the presence of chain entan- 
glements inw)lving more than one polymer chain. These chain entanglements rnay 
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be physical in nature, or chemical, that is cross-links formed during irradiation 
of many systems. On the other hand, the entanglement density will decrease in 
materials which undergo main-chain scission. In practice the decay of transverse 
magnetization can be decomposed into usually two or in the case of cross-linked 
poly(ethylene) three exponential decay functions. The most rapid decay process is 
assigned to relaxation of protons in chain segments close to cross-links, while the 
slower decays to protons in segments well removed from the cross-links. There- 
fore the decay of magnetization is described by M(t)= ~Mi(O)exp(-t/~), 
where M i and T~ are the amplitude and time constant of the ith decay process, 
respectively, and i can take the values 1, 2 and in some cases 3. It is important 
to note that M~, i.e. the amplitude of the fastest decay, does not give a direct 
measure of the number of cross-links, but rather the number of protons having 
short relaxation times due to the proximity of the cross-links. Furthermore the 
form of the fastest decay is often noted to deviate from exponential and rather has 
the form of a Gaussian decay. The majority of the workers in the field of radiation 
chemistry of polymers have been more concerned with the relative amplitudes, 
Mi, of the decay functions rather than the precise forms of the decay functions. 
The interested reader is referred to the work of Gotlib 75 and Fry and Lind 76 for 
early descriptions of the analysis of the rapid transverse relaxation function. 

Charlesby's group has introduced many new concepts to the field of radiation 
chemistry of polymers. They introduced and explored in some detail the use of 
the measurement of spin-spin relaxation times to determine cross-link density 
in polymers. Poly(dimethyl siloxane) (PDMS) undergoes cross-linking on expo- 
sure to ionizing radiation. Folland and Charlesby 77 reported the changes in T2 
relaxation times in PDMS using the Hahn echo sequence, followed as a function 
of radiation dose and initial molecular weight. The initial molecular weights of 
all polymers investigated were above the critical molecular weight for entangle- 
ment, and therefore in the unirradiated material the T2 decay was bi-exponential 
in nature. The proportion of protons having a long ~ relaxation time was labelled 
f by Charlesby. The change in this fraction with dose was modelled by consid- 
ering that unirradiated polymer had received a 'virtual radiation dose' producing 
chain entanglements or cross-links proportional to this dose. The applied radia- 
tion dose was corrected for the virtual radiation dose, to allow analysis of the 
radiation chemical processes. Figure 1 shows the plot of the fraction f of the 
slowly relaxing protons, plotted as a function of "corrected' radiation dose divided 
by the gel dose, for all four polymers analysed. The solid line on the figure is 
the result of fitting the data to the Charlesby-Pinner equation. 4~ The agreement 
between experimental and theory is excellent, and yields a G-value for cross- 
linking of G(X)--~ 2.8 (G(S) ---- 0.0), in agreement with results obtained with 
more traditional methods. The figure also demonstrates that the yield of cross- 
links is independent of molecular weight, as expected for high molecular weight 
polymers. Most importantly the method demonstrates that NMR can provide 
a direct measure of soluble fraction rapidly and without the use of extensive 
extraction methods used traditionally. 
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Fig. 1. The fraction, f ,  of protons having long T, relaxation times, and soluble fractions, 
s, in irradiated PDMS as a function of corrected radiation dose. The gel doses, r~, were 
delermined experimentally, whilc the effective radiation dose, r,., was 60 kGy and 0 kGy 
for NMR and soluble fraction measurements, respectively. Reproduced from ref. 77 with 
permission. Copyright 1977 Elsevier Science. 

In similar w o r k ]  s the effect of  gamma irradiation on the I H transverse relax- 
ation decay of  cis-poly(isoprene) was studied, and the G(X) value of  0 .81-0 .88 
obtained from NMR was in good agreement with the value of  G(X) = 0.8 previ- 
ously reported. In addition the magnitude of  the virtual dose, described above, 
allowed an estimate of  the initial molecular weight between entanglements of  
40000  at 423 K. This was compared with the estimate of  M~, = 30000 also 
obtained by measurement of  T2 relaxation times of  unirradiated polymers. >) 
Later Charlesby and Bridges s° explored in some detail the relationship between 
molecular weight and the time constant of  the slower relaxation decay in cis- 
poly(isoprene) below Me. 

Charlesby and coworkers 8l have also measured the changes in T2 relaxation 
times at 150°C of  high molecular weight PE irradiated to a range of  doses. 
For ease of  description the decay curves were fitted to two exponential decay 
processes, despite the fit being less adequate than that obtained assuming three 
processes. The two processes could not be assigned to protons in entangled and 
unentangled chains in the manner described above. This was ascribed to either 
non-random cross-linking, or the possibility that the short T2 decay does not arise 
solely from protons associated with radiation-induced cross-links. The possibility 
that the results are dominated by effects of  the very broad molecular weight distri- 
bution commercial PE samples, or that the morphology of  the polymer is retained 
to some extent at these elevated temperatures was discussed. 

More recently Whittaker 82 re-examined the spin-spin  relaxation behaviour of  
irradiated PE. The decay curves, obtained using the CPMG sequence at 430 K, 
were fitted to the sum of three exponential processes. The most rapid decay 
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was ascribed to residual order in the molten phase, as suggested for unirradiated 
poly(ethylene) by previous workers, s3-s5 The two longer decay processes were 
assigned to chains in a transition zone, and chains distant from both regions of 
order and cross-links, in order of increasing T2. The change in the amplitude of 
the shortest T2 process with dose was closely mirrored by the changes in the 
heat of fusion, and hence crystallinity, of the polymer. This similarity suggests 
that at low radiation doses the crystalline regions of poly(ethylene) are especially 
sensitive to radiation degradation, and that cross-linking occurs within or at the 
surface of the crystalline regions. 

Finally, Charlesby and Steven s6 have shown that T2 relaxation times can 
provide a measure of the changes in molecular mass of a degrading polymer, 
namely poly(isobutylene), after irradiation. The authors used an empirical rela- 
tionship between the longest T2 relaxation time and the number average molecular 
weight to establish that the yield of scission reactions could be calculated given 
knowledge of the initial number-average molecular weight. 

3. 1H AND 13C SOLUTION-STATE NMR OF IRRADIATED POLYMERS 

3.1. Solution-stateNMRstudies of cross-linking 

The methods described in the previous section are sensitive to changes in the 
physical state of the irradiated polymer, whether that be crystalline perfection, or 
chemical and physical entanglements. It is not possible from these measurements 
to make direct conclusions about the mechanisms of cross-linking reactions, 
and so it was apparent at an early stage that high-resolution t3C solution-state 
NMR methods are required to complement these early studies. The chemical shift 
dispersion in IH NMR is insufficiently small compared with the large linewidths 
in spectra of polymers to make this method feasible for detecting very small 
concentrations of new structures. However, 13C solution-state NMR has been 
used with success to help identify the mechanisms of cross-linking in a number 
of polymers. An early aim was to determine the relative proportion of H- and 
Y-type cross-links (Fig. 2) formed in irradiated poly(olefin)s. The earliest high- 
resolution NMR study of the radiation-induced formation of cross-links was 
of irradiated liquid model compounds of poly(ethylene), n-hexadecane and n- 
eicosane, s7 These authors reported the formation of so-called H-link structures 
apparently via recombination of two secondary main-chain alkyl radicals. Not 
long after this Bovey et al.aS reported the identification of both H- and Y-type 
links in n-C44H90 irradiated in the melt using 13C solution-state NMR. Irradi- 
ation in the crystalline state produced only linear dimers, apparently through 
end-linking of molecules at the crystal surfaces. 

A fundamental impediment to the use of solution-state NMR in the analysis 
of cross-linked materials is the tendency of the polymers to become partially 
insoluble at the gel dose. As will be discussed below the rapid increase in strength 
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of the dipole-dipole coupling at the gel dose precludes standard solution-state 
methods and in particular standard scalar decoupling of the protons. Therefore 
examination of irradiated polymers by solution-state NMR is limited to samples 
irradiated to below the gel dose. The gel dose lk~r polymers which undergo 
predominately cross-linking is the dose at which there has been lk)rmed on average 
one cross-link per weight-average polymer chain, and is therefore related to the 
inverse of the initial molar mass. Thus low molecular weight model compounds 
remain fully soluble up to relatively high radiation doses, and therefore, at the gel 
dose, the total number of cross-links formed per unit mass of material is high. On 
the other hand, the number of cross-links formed at the gel dose on irradiation of a 
typical high polymer may be of the order of one or less per thousand main-chain 
carbon atoms. These concentrations are at the limit of sensitivity of standard 
solution-state NMR techniques. 

None-the-less, a number of thorough studies of cross-linking in high poly(ole- 
fin)s have been reported, s9 92 In early work, Randall e ta / .  s9 '90 studied irradiated 
high-density poly(ethylene)s (HDPE) using 13C NMR, and identified a number 
of new structures, including internal double bonds and Y-type cross-links. The 
materials under consideration contained initially a high concentration of vinyl end 
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groups, which react readily with secondary alkyl radicals (Fig. 2) to form Y-links. 
The authors were unable to identify H-links in their irradiated HDPE samples, 
and suggested that for these materials irradiated to low doses, the H-linking 
mechanism is relatively unimportant. 

In a more recent study, Horii and coworkers 91'92 studied changes in the 13C 
solution-state NMR spectra of relatively-low molecular weight PE samples irra- 
diated under a range of experimental conditions. The lower molecular weight 
resulted in lower viscosity and hence smaller line widths and thus the authors 
claimed they were able to observe resonances in the spectra due to H-type 
cross-links in all samples. Figure 3 shows the 13C solution-state NMR spectra of 
irradiated HDPE. The yields of H-links and Y-links were measured as a function 
of temperature, 92 and it was found that H-links were the dominant product when 
PE was irradiated in the molten state, while Y-links were more commonly formed 
on irradiation at ambient temperatures. It was suggested that at higher temper- 
atures the probability of reaction of the primary radicals (I1) in Fig. 2 above 
with H" is higher in the molten state, and thus recombination of the longer- 
lived secondary radicals (I) dominates. The formation of internal double bonds 
and methyl side-chains is also reported, and mechanisms discussed. The conclu- 
sions of this work are supported by the study of O'Donnell and Whittaker 9~ in 
which the formation of H-type cross-links in fully-saturated ethylene propylene 
rubber (EPR) irradiated well above Tg was confirmed. 

3.2. Solution-state N M R  studies of  chain scission 

As discussed below solution-state NMR methods cannot be successfully applied 
to materials irradiated to above their gelation dose. This situation naturally does 
not arise for polymers for which chain scission is the dominant reaction on 
irradiation. The two systems of this type which have been most extensively 
studied are the poly(methacrylate)s and poly(isobutylene). 

Hill and O'Donnell 's  group 94"95 has examined the radiation chemistry of a 
number of poly(methacrylate)s having different length side-chains using a number 
of methods including high-resolution solution-state NMR. As mentioned in the 
introduction, poly(methacrylate)s undergo predominantly main-chain scission, 
however in this work, the authors found, from GPC measurement, that cross- 
linking became significant with increasing length of the side-chain. Thus for 
poly(methacrylate)s with side-chains of length n = 1,2 and 3, there was no 
evidence of cross-linking reactions, however for polymers with n > 3 cross- 
linking became increasingly important until for poly(2-methylheptyl methacry- 
late) the yield of cross-linking was sufficient compared to chain scission for 
the molecular weight of the polymer to increase on irradiation. Cross-linking 
proceeds through linking of side-chain groups in the higher analogues. The 
suggested mechanism for main-chain scission in methacrylates involves cleavage 
of the ester side chain, and subsequent beta scission of the main chain. 96 This was 
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Fig. 3. ~3C solution-state NMR spectra of a low molecular weight (Mw = 1.45 x 10 ~, 
Mn = 1.07 × 104) poly(ethylene) fraction (a) unirradiated and (b) irradiated to 300kGy 
at 423 K in vacuum. Reproduced from ref. 92 w'ith permission. Copyright 1992 John 
Wiley & Sons. 

confirmed by I H and ISC solution-state NMR observation of  esters as low molec- 
ular weight products. The role of  alkyl radicals initially formed on the side-chain 
in poly(2-methylheptyl  methacrylate)  was underlined by the observation of  unsat- 
urated groups on the side chains. Irradiation of  benzyl methacrylate led to the 
formation of  toluene and 1,2-diphenyl ethane through initial side-chain cleavage 
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and decarboxylation reactions. The use of spin-echo modified multidimensional 
1H NMR methods was highlighted in these papers. 

The same group has reported on the use of 13C solution-state NMR to study 
changes in the structure of poly(isobutylene) (PIB) on irradiation. 97.9s This 
material undergoes chain scission, by virtue of the presence of quaternary carbon 
atoms on the main chain (see Section 1.1). The mechanism of chain scission 
was determined through these studies. The changes in the 13C NMR spectra 
on irradiation are large as can be seen from Fig. 4, and have been assigned to 
contributions from five different chain end structures. Terminal vinyl groups were 
found to undergo secondary reactions at higher radiation doses. In addition loss 
of methyl groups from the main chain resulted in formation of vinylidene groups 
well removed from the chain end. These studies resulted in the confirmation of 
three major pathways to degradation, namely (1) initial cleavage of the polymer 
main chain, and (2) and (3) beta-scission after loss of protons from the methyl or 
methylene groups. Two other previously suggested mechanisms of degradation 
were not supported by the NMR evidence. 

Butyl rubber is a copolymer of isobutylene and 1-2% isoprene. As a result the 
polymer chains contain internal double bonds which are expected to participate 
in cross-linking reactions. However, the overall molecular mass is expected to 
fall on irradiation due to the predominance of main-chain scission through the 
isobutylene units. Thus the radiation chemistry of the isoprene units within butyl 
rubber is accessible to study via solution NMR. In a comprehensive study Hill 
et  al .  99 identified the primary free radical species by electron spin resonance 
spectroscopy at low temperatures, and the products of their subsequent reaction 
by 13C solution-state NMR. A number of new cross-link structures were identified 
and the mechanisms of cross-linking determined. Initial reaction involves addition 
of radicals either directly to the isoprene double bonds or to allyl radicals. Further 
addition of hydrogen atoms results in a mixture of fully-saturated and unsaturated 
cross-link structures. Cross-links of both H- and Y-type were identified and the 
yields of products agreed closely with the yields determined from measurement 
of changes in molecular weight on irradiation. 

3.3. Solution-state N M R  studies of  racemizat ion 

The NMR study of irradiated polymers of high stereoregularity has resulted in 
a number of interesting observations and conclusions concerning the mechanism 
of energy deposition and energy transfer in condensed systems. It was noted as 
early as 1965 that stereoregular poly(methyl methacrylate) (PMMA) undergoes 
a racemization reaction on exposure to ionizing radiation. I°° In addition it has 
been observed that the yields of racemization reactions are much higher than the 
yields of any other radiochemical reaction not involving a chain reaction thus 
far identified. The overall mechanism of racemization is summarized in Fig. 5; 
it involves the formation of a transition state, in which the sp 3 hybridization 
of the main-chain carbon can adopt for some (unspecified) time sp 2 character, 
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Fig. 4. I~C solution-state NMR spectra of PIB, (a) unirradiated and (b) after irradiation 
with a dose of 9 MGy in vacuum at 303 K. Reproduced fronl ref. 97 with perl-nission. 
Copyright 2000 American Chemical Society. 

and hence undergo isomerization to its complementary configuration followed 
by stabilization. The intermediate species may have free radical or ionic char- 
acter, or may be an excited state species. The NMR experiment detects a change 
in stereoregularity resulting from the intermediate species adopting a different 

configuration prior to stabilization. 
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Fig..5. Schematic representation of the process of racemization. In this example bond 
scission occurs in the main chain, however, scission might similarly occur at the side 
chain. The scission is tollowed by rotation about the main chain and reformation of the 
initially-broken bond. There is a resultant formation of two racemic diads and destruction 
of two rneso diads. 

The 13C and ~H solution-state NMR spectra of PMMA show tacticity split- 
tings generally to pentad levels. In addition the polymer remains soluble to high 
doses after irradiation. Thus it has been possible to measure changes in chain 
stereoregularity after irradiation. I°° m2 In a recent study by Dong et  al .  mJ the 
changes in tacticity of both highly isotactic and syndiotactic PMMA irradiated 
in vacuum up to 1.6MGy were reported. Figure 6 shows the changes in the 
carbonyl region of the ISC spectrum of isotactic PMMA irradiated at 80°C. A 
clear increase in the intensity of the peaks assigned to racemic diads can be 
observed after irradiation. Such changes were observed only in materials irra- 
diated at temperatures above the glass transition temperature (T,g = 38°C). It 
was suggested that the racemization process involved rotation of the bulky ester 
side chain and that below T~ there is insufficient free volume for this to occur. 
The authors simulated the changes in tacticity on irradiation using a Monte Carlo 
approach with varying probability of reaction and stabilization in the meso config- 
uration. It was found that the probability of stabilization in the meso arrangement 
was close to that observed during free radical polymerization at these temper- 
atures, thus suggesting that the racemization reaction involves the formation of 
short-lived radicals similar to the PMMA propagating radicals. The yield of 
racemization reactions was thus used to calculate a yield of chain scission reac- 
tions of G(temporary chain scission) = 18.6 at 80°C. This compares with a yield 
of permanent chain-scission reactions of G(S) ~2. If the most probable reaction 
on irradiation of PMMA is initial cleavage of the side-chain ester linkage, it must 
be concluded that only 10% of these reactions result in permanent scission and 
that the remaining 90% lead to recombination reactions. Finally it was noted that 
a much less significant change in the NMR spectrum of syndiotactic PMMA was 
observed since the probability of formation of meso units compared with racemic 
units is relatively small. 
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Fig. 6. Expansion of the carbonyl region of the I~C solution-state NMR spectrum of 
isotactic PMMA irradiated at 80°C by doses of (a) 0, (b) 165, (e) 200 and (d) 500 kGy. 
Reproduced from ref. 101 with permission. Copyright 2000 American Chemical 
Society. 

In the studies described above the stereochemistry of the irradiated PMMA was 
described well using a simple model assuming that the racemization reactions 
consisted of isolated reaction events. Studies of irradiated isotactic poly(pro- 
pylene) (pp)m2-m7 have on the other hand provided evidence that the mcem- 
ization reactions are not in this case isolated, but rather that they may occur 
in clusters. The methyl region of the solution-state J3C NMR spectrum of PP 
can be resolved to the pemad level. The changes in the pentad distribution on 
irradiation tire not consistent with random reactions occurring along the polymer 
backbone;m3 io(, a number of schemes have been suggested involving, for 
example, an increased probability of reaction after initial reaction, but all 
schemes have in common the obserwttion that the proportion of syndiotactic 
sequences formed on irradiation is high and the rate of equilibration of these 
sequences is low. It should also be noted that electron-beam irradiation at high 
doses was much more effective in promoting changes in tacticity than gamma 
irradiation to comparable doses, m4 

3.4. Solution-state NMR studies of other systems 

t3C solution-state NMR has provided useful information on the radiation chem- 
istry of a number of other polymers, ms ll4 For example, a Y-linking mechanism 
in poly(aryl sulfone), previously suggested from ESR and molecular weight 
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studies, was confirmed by high resolution t3C NMR.I°g Similarly, the structure of 
new chain ends in irradiated bisphenol-A poly(carbonate) was confirmed by this 
method. 109 This material undergoes predominately chain-scission reactions and so 
remains in solution at all doses. Other reports have been made of the NMR spectra 
of irradiated Nylon-6, j ~() poly(arylene ether ketone)s, III poly(arylene ether phos- 
phine oxide)s, LL2 poly(lactic acid) and poly(glycolic acid) LI3 and poly(hydroxy- 
butyrate-co-hydroxyvalerate). 114 

3.5. Practical limits to solution-state N M R  studies 

The preceding section has been concerned with the observation of changes in 
the NMR spectra of polymers which undergo predominantly chain scission and 
hence remain soluble at all doses, or cross-linking polymers irradiated to below 
their gel doses. For this latter class of polymers it is well known that the total 
NMR signal intensity in spectra collected using standard solution-state tech- 
niques, will decrease with irradiation doses above the gel dose. Figure 7 shows 
that both the soluble fraction and NMR signal intensity decrease in a similar 
manner for irradiated EPR. 93 Ford and coworkers reported similar observations 
for chemically-cross-linked polymers. 115-118 It is thus concluded that the chain 
segments both involved in, and adjacent to the cross-link units do not contribute to 
the NMR spectrum. This is due largely to the dramatic increase in the strength of 
the LH-13C heteronuclear dipole-dipole couplings at these sites as the molecular 
motion becomes slower and more anisotropic. Standard solution-state decoupling 
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Fig. 7. Dependence of soluble polymer fraction ( I )  and intensity of L3C NMR signal 
collected under standard high-resolution conditions (at) of EPR containing 36% propylene, 
irradiated in vacuum by doses up to 2 MGy. The solid lines are drawn as a guide to the 
eye. Adapted from ref. 93 with permission. Copyright 1992 Elsevier Science. 
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methods are incapable of averaging these strong couplings and the effective Tx 
relaxation times of the 13C nuclei become very short. Such observations mirror 
those seen in the measurements of ~H T2 relaxation times discussed in Section 2.2 
of this review. It is clear that other methods are required to examine polymers 
irradiated to above the gel dose. These might include swelling of the cross- 
linked polymer and hence increasing the available free volume lbr chain motion, 
or artificially averaging the dipole-dipole couplings with magic-angle spinning. 
In practice the former method does not result in appreciable averaging of the 
dipolar couplings, so that solid-state NMR methods must be employed. 

4. J3C MAS NMR OF IRRADIATED POIXMERS 

As discussed in the previous section, on irradiation polymers often become insol- 
uble in their normal solvents. Hence, resort must be made to solid-state NMR 
techniques. In general the resolution in solid-state spectra is significantly in- 
ferior to that achievable in solution-state NMR of polymers, due to a number 
of factors including most importantly increased chemical shift dispersion from 
frozen-in conformations, and incomplete decoupling or line narrowing by magic- 
angle spinning (MAS) arising from interference from molecular motion with the 
decoupling or spinning, i]9-121 Therefore, it is often difficult to identify new peaks 
having low intensity in spectra of irradiated materials. None-the-less, important 
information has arisen from solid-state NMR spectra of irradiated polymers. 

4.1. High-resolution solid-state NMR methods 

The technique of magic-angle spinning (MAS) was introduced by Andrew and 
coworkers 122 and Lowe Ix3 in 1959. The aim of the experiment at that time was 
to partially average homonuclear dipole-dipole couplings in 1H-rich materials. It 
was not until more than a decade later that MAS was first used in J3C NMR spec- 
troscopy. By this time Pines, Gibbey and Waugh ]e4 had introduced the experiment 
now known as cross-polarization (CP). The combination of the two techniques, as 
well as the use of high-power IH decoupling was first applied to solid polymers 
by Schaefer and Stejskal in 1976, ]e5 and opened up the field of NMR analysis 
of insoluble materials, including irradiated polymers. 

I11 the absence of isotropic motion, the 13C NMR lineshape is dominated by 
strong dipole-dipole couplings to neighbouring protons, and the relatively large 
anisotropy of the chemical shift tensor. The technique of MAS deals effectively 
with the latter of these effects, since rapid rotation of the sample around the 
magic angle leaves only the trace of the tensor, i.e. the isotropic chemical shift, 
observable. Rotation at intermediate spinning speeds results in a series of rota- 
tional echoes in the FID, which on Fourier transformation results in the familiar 
spinning sidebands. 12~' Magic-angle spinning also partially averages the hetero- 
nuclear dipole-dipole couplings, however, high-power proton decoupling during 
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acquisition is required to fully remove this contribution to the ~3C NMR line- 
shape. The combination of MAS and high-power I H decoupling is sufficient to 
achieve high-resolution 13C NMR spectra of solid polymers. 

The sensitivity of the '3C NMR experiment is limited by the often very long 
spin-lattice relaxation times of the '3C nuclei. Values of L3C Ti of over 1000s 
have been measured in solid poly(ethylene). 127 It is likely that '3C nuclei involved 
in rigid cross-link structures also possess very long 13C TL relaxation times. As 
a result pulse repetition times, and hence total scan times are often prohibitively 
long, especially when the aim is to observe peaks due to low concentrations of 
products of irradiation. The technique of cross-polarization reduces this problem 
since the spin temperature of the protons and not the 13C nuclei has to re- 
equilibrate before pulse repetition. The ~H TI in proton-rich condensed systems 
is usually much shorter than 13C TI. In addition the signal-to-noise in the CPMAS 
spectrum is increased by a factor of up to four compared with spectra obtained 
by direct excitation of the L3C spins, due to the larger Boltzmann population of 
the proton nuclei. 

Despite these apparent insurmountable advantages care must be taken when 
using CPMAS to acquire spectra of irradiated polymers. The possible hetero- 
geneity of reactions or morphology throughout the bulk polymer often means 
that parts of the polymer are very rigid, i.e. the cross-linked groups or crystalline 
regions, and other parts are highly mobile, i.e. the uncrosslinked amorphous 
regions above the glass transition temperature. The rate of cross-polarization 
depends strongly on the strength of the dipolar couplings of near-neighbour I H 
nuclei with the respective 13C nuclei and hence 13C nuclei in cross-linked parts of 
the polymer undergo cross-polarization more effectively than in uncross-linked 
parts. Thus much care must be taken in the quantitative analysis of CPMAS 
spectra of irradiated polymers. 

4.2. 13C MAS NMR of i rradiated poly(olefin)s 

Sohma and coworkers reported the first solid-state NMR spectrum of an irradi- 
ated poly(olefin). 128 The 13C CPMAS spectrum of irradiated ethylene-propylene 
rubber showed an increase in intensity in the spectrum at 37 ppm on cross-linking, 
due to the methine groups of cross-links, as well as a new peak at 24 ppm due to 
the products of main-chain scission. The peak at 37 ppm was poorly resolved, and 
the low signal-to-noise level made definite assignment difficult. O'Donnell and 
Whittaker 66 applied the same technique to ethylene-propylene rubbers irradiated 
to a radiation dose of 10MGy, and were able to estimate yields for cross- 
linking and scission which were in excellent agreement with values obtained 
from measurement of the soluble fractions and from solution-state NMR. 93 The 
authors concluded that the assumption of random cross-linking, implicit in the 
Charlesby-Pinner analysis 4s of the soluble fractions, was valid in the case of 
this amorphous polymer. 
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The solution-state 13C NMR spectrum of poly(ethylene) is composed of a 
single large peak at close to 30ppm with respect to tetramethylsilane, and a 
number of much smaller peaks to higher and lower chemical shifts due to struc- 
tures associated with branch points (e.g. ref. 129). A single peak for the dominant 
methylene sequences is observed at a chemical shift reflecting the relative popula- 
tions of gauche and trans isomers rapidly exchanging with each other in solution. 
In the solid state this exchange is hindered by the presence of crystalline ma- 
terial. The solid-state 13C NMR spectrum of poly(ethylene) consists largely of 
two peaks, one at 32.5 ppm due to methylene units in chain segments adopting 
the all-trans configuration, and another broad peak centred around 29.0 ppm due 
to chains with a high proportion of gauche configurations. 13°'131 The broad 
shoulder of the peak at 32.5 ppm, and the appearance of a peak at 34.0 ppm due 
to all-trans chains in monoclinic unit cells 1~2 makes observation of a new peak 
due to the methine group of the cross-link (expected at 35-45 ppm) problematic. 
Cholli and coworkers 133 were the first to convincingly demonstrate the direct 
observation of cross-links in poly(ethylene) by solid-state NMR. I~C CPMAS 
NMR spectra of high-density poly(ethylene) irradiated to 6MGy showed two 
small new peaks at 43 ppm and 39.7 ppm, assigned to methine carbons in Y- and 
H-links, respectively. The formation of Y-links or branches was confirmed by 
the appearance of new peaks at 30.0, 7.8 and 15.4ppm due to branch structures. 
O'Donnell and Whittake¢ '3 also reported the appearance of an additional peak in 
the 13C CPMAS spectrum of irradiated PE at 39.5 ppm, also assigned to methine 
carbons in H-cross-links. It was found that the carbon nuclei giving rise to this 
peak is associated with protons having a very long IH Tip , and therefore the 
peak became more prominent at longer CP contact times. The long value of t H 
Tl/, is consistent with these carbons being situated in very rigid structures. 

Pdrez and VanderHart 134 have also used 13C CPMAS to study irradiated 
poly(ethylene), however they were unable to observe peaks due to carbons in 
cross-link structures in samples irradiated up to 2 MGy. New peaks in the spectra 
were observed due to methyl chain ends (15ppm) and internal double bonds 
(130ppm). The authors applied a methodology previously developed by them L~5 
to determine the extent of partitioning of side groups between the crystalline and 
amorphous phases in semi-crystalline PE. This involved recording three spectra 
with different preparation of I H magnetization prior to cross-polarization to the 
13C spins. Linear combinations of these spectra were used to obtain spectra of 
'pure crystalline' and 'pure non-crystalline' phases of the material. Peaks due to 
both the methyl end groups and the internal vinyl groups were observed in both 
spectra, however the concentration of methyl end groups in the amorphous phase 
exceeded that in the crystalline phase. 

4.3. 13C MAS NMR of irradiated poly(diene)s 

A number of careful studies have shown that the radiation-cross-linking of cis- 
1,4-poly(butadiene) (cis-PBD) proceeds via a chain-reaction mechanism involving 
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consumption of a number of double bonds for each effective cross-link. 67'6~' 136,137 
ESR spectroscopy was used to identify the primary radical species as the allyl 
radical formed through a H-atom abstraction reaction. Figure 8 shows the changes 
in the 13C CPMAS spectra of samples irradiated to various doses up to 10MGy. 
The peak at 130.5 ppm due to double bonds decreases in intensity on irradiation, 
while a new, broad peak at 45.8ppm assigned to methine carbons in cross- 
link structures appears. A peak at 30.5 ppm due to methine groups adjacent to 
cross-links was revealed through the simulation of the aliphatic region of the 
spectrum. The NMR spectra were recorded as a function of cross-polarization 
contact time, and from this information quantitative intensities for each carbon 
type were calculated. The yield of cross-links G(X) was of the order of 28, 6s 
indicating a chain reaction was involved in the cross-linking. The clustering of 
cross-links implied by this mechanism explains the relatively low G-values for 
cross-linking (G(X) = 3-6)  determined from gel contents and swelling measure- 
ments. It was also found that double bonds undergo a cis-trans isomerization 
reaction during irradiation through formation of allyl radicals, isomerization and 
subsequent H-atom abstraction of these radicals. 

The effect of chemical composition, and dose on a range of different 
poly(butadiene) samples was also examined by these authors. 68 Similar results 
were obtained for cis- and trans-l,4-poly(butadiene), however, even larger G- 
values were measured for 1,2-poly(butadiene), presumably because of the higher 
reactivity of pendant vinyl groups compared with internal double bonds and 
the close proximity of side-chains allowing a zipping chain reaction. Among 
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I ! i i i I ! 

140  1 2 0  1 0 0  80  60  40  2 o 

p p m  

Fig. 8. ]3C CPMAS spectra of cis-PBD irradiated in vacuum by (a) 0.44 MGy, (b) 3 MGy 
and (c) 10 MGy. Reproduced from ref. 68 with permission. Copyright 1992 John Wiley 
& Sons. 
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other systems investigated by this group are butyl rubber, I-~s natural rubber 
sensitized with acrylates, I>) chloroprene, 14° chlorobutyl rubber 141 and nitrile 
rubber. H2 More recently, Perera has examined the relationship between chemical 
changes in radiation-grafted natural rubber, determined using I-~C MAS NMR, 
and mechanical properties measured using dynamic mechanical analysis. 143144 

Koenig and coworkers have reported a very large number of studies of the 
chemical structure of cross-linked rubbers using solid-state ~C N M R .  145'146 In 
these papers they explore the factors affecting the observed 13C NMR signal 
intensities, and methods for assigning the spectra. Most of their work has concen- 
trated on chemically-cross-linked rubbers, however, they have examined the 
radiation cross-linking of natural rubber, cis-poly(isoprene), using solid-state I~C 
NMR. ]45 A highly heterogeneous structure was evidenced by differences in the 
spectra obtained by direct excitation of the I-~c nuclei, and those obtained using 
cross-polarization. CPMAS spectra showed resonances due to cross-links, and 
new chain ends formed by degradation processes. The isomerization of cis-double 
bonds to the trans configuration was also followed. A lower yield of isomerization 
of double bonds was measured compared with a peroxide-cured sample. 

4.4. 13C MAS NMR studies of crystalline structure in irradiated polymers 

As discussed in Section 2.1 NMR can provide a sensitive measure of the changes 
in the morphology of semi-crystalline polymers on irradiation. Recent studies by 
Okazaki and Toriyama 147 have supported the findings of Ahmad and Charlesby 6] 
discussed above. The authors observed an additional set of peaks in the ]3C MAS 
spectra of irradiated long chain n-alkanes, considered models for the crystalline 
material in poly(ethylene). The chemical shifts of the new peaks correspond 
to those of the n-alkane in solution, and thus it was concluded that they are 
due to n-alkanes in a glassy, disorder state. The mobility of the ordered chains 
was affected by the proximity to these defect regions. The effects of irradi- 
ation on the crystalline structure of poly(ethylene) was studied by O'Donnell 
and Whittaker (~3 and Zhu et a l )  40 'Donnel l  and Whittaker (~3 reported a gradual 
decrease in average lamellar thickness on irradiation through measurement of the 
i,~C_detected L H Tip relaxation times. Zhu et alJ ~4 reported a decrease in the 1~C 
Tt of the peak due to chains in the all-trans configuration, also consistent with 
a decrease in lamellar thickness on irradiation. In addition the value of T2c for 
the carbon nuclei located in the amorphous and interphase regions decrease on 
irradiation due to cross-linking. Finally they report the appearance of a peak due 
to monoclinic crystals, indicating distortion of the crystalline lattice. Spevacek 
and coworkers also reported the destruction of the crystalline phase in irradiated 
cellulose.(' 5 

Schilling and coworkers 14s have studied the effects of y-irradiation on the 13C 
NMR spectra of poly(ethylene oxide). The I-~C MAS spectrum of the unirradiated 
material consists of two superimposed peaks at approximately 72.2 and 73.2 ppm. 
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These peaks are due to chains in the amorphous and crystalline phases, respec- 
tively. In the CPMAS spectrum collected using a short cross-polarization time, 
the broad peak due to the crystalline regions is only weakly visible, since the I H 
Tip relaxation time of the crystalline protons is very short at ambient tempera- 
tures. This is due to the close proximity of the measurement temperature to the 
temperature of the minimum in IH Tip. On irradiation, the intensity of the broad 
peak in the ~3C CPMAS spectrum increases markedly, resulting from a change in 
the proton spin dynamics in the mid-kHz fi'equency range on cross-linking. The 
width of this broad peak decreases on irradiation, also consistent with a decrease 
in the spectral density of motions in the mid-kHz frequency range. On the other 
hand, measurement of I~C T 1 relaxation times showed that the motion of the 
crystalline carbons in the MHz frequency range was not affected by irradiation. 
The pronounced effect of cross-linking on the motion of the crystalline chains 
suggested that cross-linking at the interphase region was relatively important. 

Another example of the effect of cross-linking on chain motion is the report of 
Schmidt-Rohr and Spiess H9 of the suppression of translational motion of polymer 
chains between crystalline and amorphous regions in irradiated poly(ethylene). 
The authors demonstrated, using a I-~C 2D exchange experiment, that in unirradi- 
ated poly(ethylene) polymer chains within the crystalline regions undergo a slow 
exchange with chains in the amorphous phase. To demonstrate that the exchange 
peaks in the 2D spectrum were due to molecular exchange and not 13C-13C 
spin diffusion, they showed that the peaks were not present in the spectrum of 
the radiation-cross-linked polymer. This result suggests that cross-linking occurs 
close to the surface of the crystalline lamellae. 

4.5. MAS NMR studies of other irradiated polymers 

Poly(dimethyl siloxane) has long been recognized as a polymer which predom- 
inantly undergoes cross-linking on exposure to radiation. A large number of 
studies have been concerned with identifying the reactions leading to cross- 
linking, using methods such as measurement of volatile products, gel tractions, 
swelling ratios, and formation of new structures using infra-red spectroscopy. 
Recently we have studied the radiation chemistry of irradiated PDMS using 13C 
and 29Si MAS NMR. 15° Differences in the signal intensities in the CPMAS 
and Bloch decay experiments were used to identity cross-linked or chain-end 
structures. The major new cross-link structure detected was a Y-type cross-link 
formed by combination of - O - S i -  chain ends with main-chain radicals formed 
through loss of methyl groups. H-type cross-links in which the main chains are 
linked via methylene bridges were also identified. A significant yield of new 
chain ends formed via scission of the main chain was also measured. In an 
accompanying paper 151 the yields of new structures were used to analyse the 
changes in molecular weight below the gel dose measured by gel permeation 
chromatography. 
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5. 19F MAS NMR OF IRRADIATED POLYMERS 

The field of 19F NMR of intractable polymers has received an enormous boost 
in the past few years following the introduction of commercial high-spinning- 
speed ~gF MAS probes. 152-~63 This has led to a number of studies 01 the effects 
of radiation on fluoropolymers.152'153'157'159 J(,3 The most important commercial 
material, i.e. poly(tetrafluoroethylene) (PTFE) has attracted the most interest. As 
mentioned above, from an early time it was noted that PTFE undergoes degra- 
dation on exposure to ionizing radiation. Following quite small radiation doses, 
there is a drama deterioration in mechanical properties of PTFE, making the 
material unusable for structural applications. The observed decrease in molecular 
mass and particle size of PTFE following irradiation has led to the industrial 
production of additives for coatings, inks, etc. 

In recent years it has been found that irradiation at temperatures just superior to 
the melting temperature leads to the formation of a cross-linked network. 5~'5~)('° 
The change in behaviour at higher temperatures is believed to be due to the 
increased mobility of radical species permitting secondary radical reactions. At 
lower temperatures the long-lived radicals react and tk)rm scission products, or 
undergo depropagation reactions. Furthermore, these radicals are highly suscep- 
tible to addition by oxygen, and hence can initiate further degradation. The 
phenomenon of high-temperature cross-linking of PTFE has created a great deal 
of interest, 6°'1(~4-16~' including several studies of structures formed by 19F solid- 
state NMR. ~59.160 

The 19F solid-state NMR spectrum of PTFE irradiated at 365°C to a dose of 
3 MGy is shown in Fig. 9. t~'° The spectrum of the original material consists of 
a single peak at - 1 2 2  ppm with respect to CFC13, due to isolated methylene 
units, since the degree of polymerization of commercial PTFE samples is of 
the order of 10 ~'. The assignments to peaks from new structures are shown on 
the spectrum. The major new structures identitied by 19F NMR are methyl side 
chains, long-chain branches and H-type cross-links. A number of small peaks 
appear at higher chemical shifts (> - 6 0  ppm) that are not conclusively assigned. 
The NMR spectrum of the material irradiated at room temperature showed only 
new CF3-chain ends, and no evidence of cross-linking or long-chain branching. 
The authors have measured the yields of new structures from the spectra, and 
calculated average molecular weights for materials irradiated to a range of doses. 

In other studies the mechanism of cross-linking in irradiated copolymers of 
tetrafluoroethylene and perfluoromethylvinylether has been studied by Forsythe 
et a l .  ~53 This material is rubbery at room temperature, and hence sufficient 
molecular mobility is available to permit radical-radical recombination reac- 
tions. Thus the material undergoes both chain scission and cross-linking. The 
authors were able to quantify the yields of new products using I'~F MAS NMR at 
moderate spinning speeds, since the chemical shift anisotropy and homonuclear 
dipole-dipole couplings of the fluorine nuclei are partially averaged by rapid 
molecular motion in the rubbery state. 
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Fig. 9. ]')F solid-state MAS NMR spectrum of PTFE irradiated at 365°C by a dose of 
3 MGy. Reproduced from ref. 160 with permission. Copyright 2000 American Chemical 
Society. 

More recently, this group has also reported the identification of new structures 
formed by radiolysis of fluorinated ethylene-propylene copolymers (FEP). 161"162 
The changes to the spectra are similar to those reported for irradiated PTFE by 
Fuchs and Scheler, and thus the radiation chemistry of these two polymers is 
similar. Irradiation at low temperatures resulted in the formation of new -CF~ 
chain ends, while irradiation in the melt (523 K) resulted in the formation of 
long-chain branches. However, it was clear that chain-scission reactions were 
still dominant at these higher temperatures. 

6. N M R  STUDIES OF OXIDATIVE D E G R A D A T I O N  OF POLYMERS 

The above survey of the literature has largely dealt with the analysis of the 
changes in molecular structure in polymers irradiated in the absence of air. The 
vast majority of the literature has been concerned with irradiation in non-oxidative 
conditions due to the desire to identify the fundamental processes occurring on 
radiolysis. However, the influence of oxygen on the radiation chemistry of poly- 
mers is profound and must not be ignored. To this end a number of papers 
have been concerned with the measurement of changes in the NMR spectra of 
polymers irradiated in oxygen. 167-169 

A number of papers have reported the use of 13C solution-state NMR to 
measure new products formed by oxidative thermal degradation of polymers, 
however only a single NMR study has appeared concerned with the radiation- 
induced oxidative degradation. Arakawa e t a l .  16v report the G-values for 
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formation of carboxylic acid groups in a number of ethylene homo- and co- 
polymers irradiated in air. Unfortunately the authors did not include exalnples of 
the NMR spectra of the oxidized materials. Sohma et al. l~,s have used solid-state 
13C NMR to observe peaks due to carbonyl carbons methyl chain ends in HDPE 
irradiated in air. Most recently, Assink e t a / .  169 have measured changes in the 
]3C spectrum of 13C-enriched PE irradiated in air at several temperatures. The use 
of enriched materials resulted in excellent signal-to-noise ratios, and as a result 
they were able to identify peaks due to ketones, acids and esters, hydroperoxides 
and alcohols in the spectra. The rates of reaction of the hydroperoxides were 
measured from the rates of disappearance of the corresponding peaks in the 
spectra on annealing at elevated temperatures. 

Very recently the group at Sandia National Laboratories have reported the use 
of I70 NMR to detect oxygen-containing species formed during thermal and 
radiation oxidation of polymers in the presence of 1702.170-172 The advantage 
of this technique is the complete absence of peaks in the NMR spectrum of the 
polymer prior to irradiation. Thus the issue of peaks due to structures formed 
during radiolysis being obscured by peaks due to the unaltered polymer does 
not arise. In addition the chemical shift dispersion of WO is large compared 
with the linewidths, with peaks resolved over a range of approximately 650 ppm. 
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Fig. 10. iv0 solution-state NMR spectrum of poly(isoprene) irradiated at 300 K in wOe; 
(a) 98kGy, (b) 172kGy and (c)244kGy. Reproduced from ref. 172 with permission. 
Copyright 2001 Elsevier Science. 
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Figure 10 shows the r70 NMR spectra of poly(isoprene) gamma irradiated in 
the presence of 170-enriched oxygen. 172 The authors have identified classes of 
peaks through comparison with model compounds; it is conceivable that in future 
a database of 170 chemical shifts will aid researchers in this area. The authors 
were able to show that irradiation of poly(isoprene) in oxygen results in the 
formation largely of alcohols and ethers from hydrogen abstraction and termi- 
nation reactions, respectively, of alkoxy radicals. These radicals are products of 
homolysis of hydroperoxy radicals. 

7. SUMMARY 

NMR spectroscopy has made a significant contribution to the understanding of 
radiation effects in polymeric systems. The use of high-resolution NMR methods, 
either in the solution or solid state, has permitted the identification of the prod- 
ucts of radiolysis in a large number of systems. Careful measurements have in 
many cases enabled the yields of products to be determined. Such measure- 
ments of chemical structure have helped in the development of mechanisms of 
radiation-induced reactions. Measurements of physical properties have also been 
invaluable. Changes in the transverse relaxation times, due to the changes in 
the entanglement or cross-link density on radiolysis can be directly related to 
the yield of cross-links (or chain cleavages) by analogy with the classical rela- 
tionships between molar masses or gel contents and radiochemical yields. It is 
possible to envisage such simple and rapid measurements providing the basis 
of measurement of cross-link densities in industrial facilities; Cohen-Addad has 
made such a suggestion for chemically-cross-linked poly(ethylene) materials.173 

An important field of nuclear magnetic resonance, namely NMR imaging has 
not yet been applied to the study of radiation modified polymers. This is a result 
of the relatively low resolution of NMR imaging compared with say micro-FTIR 
and more traditional methods of microscopy. In many other fields this lower 
resolution has been offset by the other powers of NMR, namely the sensitivity of 
the NMR signal to molecular motion in the material of interest. It is suggested, 
therefore, that a number of important questions may be resolved through the use 
of NMR microimaging. For example, the distribution of cbain-scission reactions 
occurring during oxidative degradation will in many cases be non-uniform due 
to the depletion of oxygen and the finite diffusion times of oxygen through large 
sections. Smith and Koenig 174 have shown that the inhomogeneous distribution 
of reactions in sulfur-cured poly(butadiene) swollen with a deuterated solvent 
can be mapped by NMR imaging. 

Much information on the distribution of radiolytic reactions has been obtained 
from NMR studies of irradiated polymers. For example, the measurement of 
very high G-values for racemization in stereoregular polymers, and the apparent 
non-uniform distribution of reactions along the polymer chain, provides a unique 
picture of the mechanism deposition of energy within the polymer. In addition, 
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comparison of yields of reactions measured by NMR and other methods have 
provided a measure of the effective cross-link structure, and hence the extent of 
clustering of cross-linking reactions. As indicated above, it is suggested that in 
the future measurements of spin diffusion in cross-linked materials close to or 
below their glass transition temperatures, will provide information on the spatial 
distribution of cross-links. 
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1. INTRODUCTION 

Coupling constants have been around nearly as long as NMR. Fol lowing the first 
observation of  differences in the chemical  shift of  the three types of  protons 
in ethanol in a 3 0 M H z  NMR spectrum, which was seen as a nuisance by 
physicists  but seized upon by enterprising chemists  because of  the chemical  struc- 
ture significance, j it was not long before coupling constants were discovered 
and appropriated by chemists for their utility as reporters of  structural chem- 
istry information. For  decades thereafter, chemists  using NMR spectroscopy in 
numerous subdisciplines have gone about tabulating coupling constants. At  first, 
only couplings between high natural abundance nuclides such as homonuclear  
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r H - I H  or heteronuclear couplings such as IH-19F or JH-31P were readily 
observable. Following the description of pulsed Fourier transform NMR 2 and 
the subsequent commercial availability of Fourier transform NMR methods in 
the early 1970s, the acquisition of 13C spectra became a facile undertaking. It 
then became feasible to begin to explore the utility of heteronuclear couplings 
involving heteronuclide pairs such as tH-13C, 19F-13C, and 31p-13C. To this 
point in time, heteronuclear coupling constants were usually measured and tabu- 
lated somewhere. For the most part, the information wasn't used a great deal. 

Two-dimensional NMR methods were anticipated in a visionary presentation 
by Jeener in 1971. 3 The first reports of the experimental demonstration of 2D 
NMR methods to appear in the literature were reported by Ernst and co-workers in 
1976. 4 Again, things began with homonuclear two-dimensional methods such as 
COSY and homonuclear J-resolved experiments. Beginning in 1977, interest was 
directed toward the development of two-dimensional heteronuclear shift corre- 
lation experiments. 5 9 These experiments utilized the fundamentals of the spin 
population transfer experiments; I°.ll the timing of events was a function of the 
heteronuclear coupling constants involved. Through a number of iterations, the 
13C-detected heteronuclear shift correlation experiment evolved, culminating in 
the useful, quadrature-detected heteronuclear shift correlation pulse sequence 
described by Bax and Morris in 1981.12 At this point, the compilations of 
heteronuclear spin coupling data began to serve a useful purpose. An investi- 
gator had to have at least a general idea of the size of the heteronuclear coupling 
through which magnetization would be transferred to appropriately optimize the 
duration of the delays in the experiment being performed. The exploitation of 
heteronuclear spin coupling constants had now truly begun! 

In addition to direct heteronuclear shift correlation experiments, interest in 
correlating heteronuclide pairs across several bonds through long-range hetero- 
nuclear coupling constants, which are much smaller than the one-bond couplings 
used in direct heteronuclear shift correlation experiments, was expressed early 
in the history of 2D heteronuclear shift correlation spectroscopy. Hallenga and 
van Binst 13 were the first to suggest the possibility of long-range heteronuclear 
shift correlation experiments although they were unable to experimentally demon- 
strate the concept. The first report of successful long-range heteronuclear shift 
correlation experimental results was the seminal contribution of Reynolds and 
co-workers in 1984.14 Intense research activity in the area of heteronucleus- 
detected long-range heteronuclear shift correlation experiments ensued over a 
span of several years before these experiments were supplanted by the advent 
of proton- or 'inverse'-detected direct and long-range heteronuclear shift corre- 
lation methods. Alter a span of over a decade, there has again recently been a 
resurgence of interest in the development of new long-range heteronuclear shift 
correlation methods, and techniques to facilitate the measurement, from 2D NMR 
spectra, of long-range heteronuclear coupling constants. 

Following a very brief review of heteronuclide-detected methods, the discus- 
sion of new proton-detected direct and long-range shill correlation experiments 



QUALITATIVE AND QUANTITATIVE EXPLOITATION 39 

will constitute the balance of this chapter. While we might traditionally think 
in terms of ~H-~3C correlation experiments, over approximately the last 5 years 
there has been tremendous interest in long-range IH-15N heteronuclear shift 
correlation methods at natural abundance, which were the subject of a recent 
review. 15 

2. DIRECT HETERONUCLEAR SHIFT CORRELATION METHODS 

Stemming from the work of research groups led by Ernst and Freeman and 
their co-workers, 5 11 Bax and Morris reported the first truly usable, quadrature- 
detected heteronuclear shift correlation method in 1981, ]? actually a year after the 
suggestion of long-range heteronuclear chemical shift correlation by Hallenga and 
van Binst.]3 Paradoxically, the first suggestion of proton-detected methods via the 
then foreign concept of heteronuclear multiple quantum coherence appeared in a 
1979 report by Miiller, ]6 followed shortly thereafter by the report of the devel- 
opment of the proton-detected heteronuclear single quantum correlation (HSQC) 
by Bodenhausen and Ruben.IV 

During the early 1980s the development of an assomnent of heteronucleus- 
detected direct heteronuclear shift correlation methods with various modifications 
and improvements was reported. The reader interested in the development and 
application of the various of heteronucleus-detected direct correlation experi- 
ments is referred to any of the excellent monographs on 2D NMR methods that 
are now widely available. Long-range heteronucleus-detected heteronuclear shift 
correlation methods have been reviewed by Martin and Zektzer. Is The exten- 
sive development of heteronucleus-detected methods took place largely because 
commercially available instruments were not generally well suited to the acqui- 
sition of proton-detected heteronuclear shift correlation data in the early 1980s. 
While heteronucleus-detected direct heteronuclear shift correlation methods have 
become much less frequently used in recent years, it should still be recalled 
that these methods, when an investigator is not restricted by sample size, still 
afford the most efficient means of obtaining spectra with high digital resolution in 
the heteronuclear frequency domain. An excellent example is found in the work 
of Reynolds and co-workers. 19 When heteronucleus detection is employed in 
conjunction with small volume NMR probes, e.g. 3 mm microprobes, 2°21 small 
samples can be readily investigated. 22 

Beginning with the report of the HMQC experiment in 1986 by Bax and 
Subramanian 23 the utilization of proton- or inverse-detected heteronuclear shift 
correlation experiment was essentially ushered in. Despite reports that have 
demonstrated the superior resolution of single quantum-based heteronuclear shift 
correlation methods, 24 2¢~ the HMQC experiment still remains the most widely 
employed, proton-detected heteronuclear shift correlation method. Gradients were 
incorporated into the HMQC experiment in 1991 by Hurd and John 27 and are 
discussed in the excellent contribution of Ruiz-Cabello and co-workers 2~ and 
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the more recent work of Leibfritz and co-workers 29 and the recent review of 
Parella. 3° 

2.1. Accordion-optimized direct heteronuclear shift correlation methods 

Irrespective of which heteronuclear shift correlation method is to be used, the 
duration of various delays in the experiment must be optimized as a function 
of the one-bond heteronuclear coupling constant. Aliphatic one-bond coupling 
constants generally are in the range from about 125Hz for a pure aliphatic 
compound to about 145 Hz for protonated carbons bearing heteroatoms such as 
oxygen or nitrogen. Exceptions can include species such as epoxides, in which 
the one-bond heteronuclear coupling constant of protonated resonances can range 
as large as 180Hz, and highly strained systems such as [1.1.0]bicyclobutane 
with a 222Hz one-bond coupling. Most aromatic and simple heteroaromatic 
ring systems have one-bond heteronuclear coupling constants in the range of 
160-180 Hz. When dealing with aralkyl species, direct heteronuclear shift corre- 
lation experiments are generally optimized lbr an assumed average one-bond 
heteronuclear coupling of about 140 Hz. Under most circumstances, this compro- 
mise value works reasonably well and usable response intensity is observed for 
all of the protonated carbon resonances in the structure. 

In the case of some heteroaromatic systems such as furan, pyrimidine, and 
others, the one-bond heteronuclear coupling constants can exceed 200Hz. For 
example, the IJcH coupling of the 2-position of furan is ~210Hz;  the 2-position 
of pyrimidine is also about ~208Hz.  When molecules containing such struc- 
tural moieties are studied by direct heteronuclear shift correlation methods using 
the normal ~140H z  compromise optimization, responses for positions in the 
molecule such as the 2-position of a furanyl substituent may be either very weak 
or even completely absent. 

2.1.1. Accordion Direct Single Quantum Correlation - A D S Q C  

Drawing on the growing body of literature that deals with accordion-optimized 
long-range heteronuclear shift correlation experiments that are discussed below, 
Hadden and Angwin 3L recently reported a new, accordion-optimized direct 
heteronuclear shift correlation experiment that was given the acronym ADSQC 
(accordion-optimized direct single quantum correlation). The pulse sequence for 
this experiment is shown in Fig. 1. The experiment is derived, simply, from the 
familiar gradient HSQC experiment. The authors used static optimization of the 
delays in the forward INEPT step of the ADSQC pulse sequence in the usual 
fashion. Rather than using static optimization of the delays in the reverse INEPT 
portion of the experiment, accordion optimization was instead employed. 

In this implementation, the optimization range, e.g. 120 (T,n,,x) to 210 Hz (Train), 
is divided into a number of steps corresponding to the number of increments of 
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Fig. 1. ADSQC direct heteronuclear shift correlation pulse sequence (Accordion-optim- 
ized Direct Single Quantum Correlation) developed by Hadden and Angwin. 3t The exper- 
iment is designed using the template of the familiar HSQC (Heteronuclear Single Quantum 
Correlation) experiment developed by Bodenhausen and Reuben. 17 The ADSQC experi- 
ment, however, differs in that it is intended to provide usable response intensity across a 
broad range of potential t Jcu heteronuclear couplings to ensure that protonated carbons 
in various heterocyclic systems, which have unusually large one-bond coupling constants 
will give a correlation response in survey spectra. The experiment uses a fixed duration 
delay in the fi)rward INEPT step and accordion-optimized delays (vd/2) in the reverse 
INEPT portion of the pulse sequence. The latter allows the sampling of a broad range of 
one-bond couplings, e.g. 120-210 Hz as shown for the example of the antibiotic ceftiofur 
(1) shown in Fig. 2. The use of accordion-optimized delays in only one of the two INEPT 
steps helps to suppress artifacts (see Fig. 3). 

the evolution time used in digit izing the indirectly detected time domain,  tl. The 
variable delay is decremented from Tm~,~ (120Hz)  to Tmi, (210Hz)  in ni  steps, 
where the decrement  is defined by 

The authors note that decrementat ion in this fashion results in a non-linear 
sampling across the optimizat ion range used and suggest that linear sampling 
is preferred using 

l lG,~,~ - T, n i n l / n i  (2 )  

to define the decrement  value. 

The authors used the cephalosporin antibiotic cefl iofur (1), which contains 
a furanyl substituent in its structure, as a test case. Coupling constants in the 
structure of  cefl iofur range from 130 Hz to 208 Hz for the 2-furanyl site (C29). 
Three spectra are compared  in Fig. 2. Using the conventional  gradient HSQC 
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experiment (GHSQC), spectra were acquired with the fixed delays optimized for 
140 and 210 Hz (bottom and center panels, respectively). When the experiment 
was optimized for 140Hz, good signal intensity was seen for the C4 and C23 
methylene carbons (JJcH = 130 and 144Hz, respectively) while there was no 
trace of  the C29 carbon at the 2-position of  the furanyl substituent. Conversely, 
when optimized for 210Hz,  there was excellent response intensity for the C29 
furanyl carbon while the C4 and C23 aliphatic carbon responses were weak and 
barely visible. Because of  the broad range of  one-bond heteronuclear couplings, 
compromise optimization of  the delays in the experiment is not a good choice. 
In contrast, when the ADSQC pulse sequence was employed, the range of the 
variable delay optimized from 120-210Hz ,  very usable response intensity was 
seen for all of  the responses in the spectrum, as shown in the top panel of  Fig. 2. 

H3CO, 
N H 

-"s 
O 

CO2 H O 

2.1.2. Random Direct Single Quantum Correlation - RDSQC 

While good results were obtained with the ADSQC technique, the authors note 
that artefacts of  a 'triplet' nature were observed in FI, as suggested by the analysis 
of  Zangger and Armitage in their report of  the accordion-HMQC experiment (see 
p. 44). -~2 To address this potential deficiency, Hadden et al. 33 utilized random- 
ization of  the variable delay table to provide essentially complete suppression of  
the artefacts observed in the ADSQC. The modified experiment has been given 

Fig, 2. Panels showing the results from two gradient HSQC experiments optimized for 
140 (bottom panel) and 210 Hz (center panel) performed on the cephalosporin antibiotic 
ceftiofur (1). The responses for the C4 and C23 methylene carbons (boxed responses in 
the aliphatic region) show good response intensity in the 140 Hz experiment, as expected, 
since these methylene carbons have one-bond couplings of 133 and 144 Hz, respectively. 
Note that there is no response for the C29 furanyl methine carbon, which has a 208 Hz 
one-bond coupling in the 140 Hz optimized spectrum. In contrast, in the 210 Hz optimized 
HSQC spectrum shown in the center panel the C29 correlation exhibits a strong response 
but does so at the expense of response intensity for the C4 and C23 methylene resonances. 
When compared to the results from the 120-210 Hz optimized ADSQC spectrum shown 
in the top panel, excellent and relatively uniform response intensity is observed for all 
of the direct correlation responses in the spectrum. Multiplicity-editing, as shown, is also 
possible using this experiment. (C. E. Hadden and D. T. Angwin, Magn. Resort. Chem., 
2001, © John Wiley & Sons, Ltd. Reproduced with permission.) 
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Fig. 3. The RDSQC (Random Direct Single Quantum Correlation) experiment developed 
by Hadden et al.33 employs a randomized table of delays to sample the range of potential 
couplings specified by the accordion-optimization range of the experiment. As shown in 
the four comparison panels, the ADSQC experiment has artefact responses when only 
the reverse INEPT portion of the experiment is accordion-optimized which worsen when 
both INEPT steps are accordion-optimized. In contrast, the RDSQC experiment optimized 
for the same range of potential one-bond couplings affords data that are comparable to 
HSQC data and free of artefacts. (Reproduced with permission, © Hetero Corp. 2001.) 

the acronym RDSQC. Segments comparing the results from several experimental 
variants are shown in Fig. 3. 

2.1.3. Accordion HMQC 

As noted above, Zangger and Armitage 32 have developed another accordion- 
optimized experimental variant to which they've given the acronym accordion- 
HMQC for use in the study of metallothioneins; the pulse sequence is shown 
in Fig. 4. Generally, such proteins are made amenable to NMR study by substi- 
tuting cadmium as an isomorphic replacement for the zinc atoms typically bound 
to metallothioneins isolated from natural sources. The range of Cd-H coupling 
constants in metallothioneins are typically between ~10 and ~50Hz.  Results 
comparing HMQC spectra optimized at 20 and 40 Hz and an accordion-HMQC 
experiment optimized for the range from 10 to 40 Hz were shown in the report. 
As might be expected, some of the responses that were clearly visible in the 
accordion-HMQC spectrum were either weak or absent from the conventional 
HMQC spectra. Finally, the authors reported that a least-squares, non-linear 
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Fig. 4. Accordion HMQC pulse sequence developed by Zangger and Armitage) 2 This 
experiment was developed to facilitate the study of metallothioneins in which cadmium 
has been inserted as an isomorphic replacement for the zinc atoms normally bound to 
metallothioneins. By using the accordion HMQC experiment, Zangger and Armitage were 
able to observe correlation responses to the seven cadmium atoms in a single experiment 
rather than having to perflmn several conventional experiments with varied optimization. 

multi-parameter analysis of the data to extract the I I~Cd-IH couplings gave 
results that compared favorably with couplings measured by direct detection. 

2.1.4. Summa O, 

With the development of the ADSQC, RDSQC, and accordion-HMQC experi- 
ments described above, it is likely that there will be more variants to follow. 
Although the variability of one-bond heteronuclear couplings is a minor problem 
in J H-J3C direct heteronuclear shift correlation experiments, the large degree of 
variability in the coupling of other heteronuclide pairs makes the use of accordion 
delays potentially attractive in the design of new pulse sequences. 

3. LONG-RANGE HETERONUCLEAR SHIFT CORRELATION 
METHODS 

Variability in the size of long-range heteronuclear coupling constants is a well- 
recognized concern in the acquisition of I H- I3C long-range correlation spectra 
of natural products and other classes of molecules. Many investigators report 
the acquisition of HMBC spectra with two or even three different optimizations 
in an effort to insure that they will observe all possible long-range correlation 
responses. The problem of coupling constant variability /or I H-15N long-range 
correlation experiments at natural abundance is even larger as noted in the recent 
review of Martin and Hadden. 15 Although there are no examples in the literature 
yet, the problem of coupling constant variability with 19F-15N is still worse. 
The 2JnF coupling of 2-fluoropyridine is ~52 Hz while the 3JNF coupling of 
3-fluoropyridine is ~ 4  Hz. 34 This range of long-range couplings would mandate 
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either the acquisition of multiple, conventional long-range correlation spectra or 
the utilization of accordion methods to sample the broad range of couplings. 

3.1. Important considerations from heteronucleus-detected long-range 
correlation experiments 

A period of intense research effort devoted to the development of new long- 
range heteronucleus-detected heteronuclear shift correlation experiments followed 
Reynolds '14 first demonstration of the feasibility of performing long-range 
heteronuclear shift correlation experiments. These methods have been reviewed j~ 
and only a couple of salient points will be discussed here. 

First, as noted by Bauer et al.35 response intensity in heteronucleus detected 
long-range correlation experiments can be modulated by the large one-bond 
heteronuclear coupling. Methods to suppress these modulations were the subject 
of reports from the author's laboratory, 36-4° as well as the laboratories of 
Reynolds, 41 and Batta. 42 The important point of these studies is not the actual 
experiments which they described but rather that they focused on the selective 
manipulation of a specific component of magnetization operating in an adverse 
manner in the context of the experiment. Pulse operators were introduced in 
the experiments that allowed the one-bond modulation of long-range correlation 
responses to be suppressed. In this fashion, investigators were less likely to miss 
a long-range response due to modulation effects arising from the inopportune 
optimization of a long-range delay. 

A second concept that has direct bearing on the development of contempo- 
rary long-range heteronuclear shift correlation experiments were the constant 
evolution time experiments developed by the research groups of Freeman, 35 
Kessler, 4344 and by Krishnamurthy and Casida. 45 Again, it is not these old exper- 
iments that are germane to this chapter but rather the idea of using constant 
evolution times to suppress the evolution of components of magnetization in the 
experiment. 

A final example worth revisiting is the XCORFE experiment developed by 
Reynolds and co-workers. 46 XCORFE is a constant evolution time experiment 
that employed a BIRD pulse midway through the final refocusing period to 
suppress one-bond modulations of the long-range correlation responses. The pulse 
sequence employed a second BIRD pulse in a very creative fashion during the 
evolution period. The successively relocated BIRD pulse in the evolution period 
provides variable refocusing of some components of magnetization while leaving 
others unaffected to evolve in constant time. Reynolds' creative and discrete 
exploitation of selected components of magnetization during the XCORFE exper- 
iment provided the basis for the differentiation of 2JxH and 3Jxu correlation 
responses. Two-bond long-range correlation responses are 'skewed' or 'tilted' in 
Fl while three-bond correlation responses are not, thereby allowing them to be 
differentiated from one another. 
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The first proton-detected long- range  he teronuclear  shift correlat ion exper iment  

to be deve loped  was the H M B C  exper iment  reported in 1986 by Bax and 
Summers .  47 The pulse sequence  for the exper iment  is shown in Fig. 5. The 

exper iment  is quite s imple  in const i tut ion,  ut i l iz ing only  a total of  five pulses.  

Fo l lowing  the first proton pulse, a fixed delay, A, is inserted, opt imized  as a 

funct ion of  I ( IJcH ). The phase of  the fo l lowing 90 ° ~3C or X-pulse  is al ternated 

0202 whi le  the receiver  phase is al ternated 0022. This  pulse operator  is referred 

90 ° 180 ° 

1H I [ tl/2 I tl/2 I i ~ ~  

Interpulse 90 ° 90 ° 90 ° 

13:elay I I I 
Low-pass ~'T'~ ~ Long-range 

J filter J 1HJ3C delay 

Z-gradient l l l 

I TM ~1  TM ~1  I 
Preparation Evolution Detection 

Fig. 5. HMBC pulse sequence developed by Bax and Summers. 47 The experiment, as 
initially reported, did not use gradients and employed a single-stage low-pass J-filter 
(first 90 ° J3C pulse) 4~ to destructively eliminate unwanted direct correlation responses. 
The gradient version of the experiment is shown. >4~ Coherence selection gradients, 
as shown, may be applied using a variety of ratios determined by the gyromagnetic 
ratios of the heteronuclide pair being investigated. Ratios of 2 : 2 : 1 and 5 : 3 : 4 are 
probably the most commonly employed for 1 H-I~C correlation experiments. For i H-~SN. 
gradient ratios of 5 : 5 : t may be employed. The long-range delay follows, optimized 
as a function of l/2("JcH), where n = 2-4 .  Values frequently reported in the primary 
literature have generally been in the range of from 6 to 10Hz, although some studies 
have reported optimization for still smaller coupling constants in an effort to observe 
long-range couplings across four or more bonds. 53 The second 90 ° I~C pulse creates 
heteronuclear multiple quantum coherence (zero and double), which ewflves during the 
first half of the evolution period (tl/2). The 180 ° I H pulse midway through the evolution 
period "decouples" proton chemical shift evolution and interchanges zero and double 
quantum coherence terms, which then continue to evolve through the second half of 
the ewflution period. The final 90 ° ~3C pulse recovers antiphase proton single quanttnn 
coherence, at which point detection is initiated. 
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to as a low-pass J-filter. 4s Using this approach, magnetization associated with the 
directly coupled protons is alternately added and subtracted in memory due to the 
manipulation of the receiver phase, while the low-frequency, long-range coupling 
component of magnetization 'passes' the filter. After the first 90 ° X-pulse, a delay, 
6, optimized as a function of ½ ("JcH, where n = 2 -4 )  follows to allow long-range 
components of heteronuclear magnetization to evolve for sampling. Long-range 
components of magnetization are sampled by the 90 ° X-pulse following this 
delay. That pulse creates heteronuclear multiple quantum coherence; zero and 
double quantum coherences are created and begin to evolve during the first half 
of the evolution period, tl/2. The 180 ° proton refocusing pulse midway through 
the evolution period interchanges zero and double quantum coherence terms in 
addition to refocusing evolving proton magnetization during the tl interval (in 
the second frequency domain, Fi, alter data processing). Proton evolution is 
'decoupled' after the second half of evolution. The final 90 ° X-pulse in the 
sequence converts the multiple quantum coherence back into observed, antiphase 
proton magnetization that has been labeled with the ]3C chemical shift frequency 
or frequencies of the carbons long-range coupled to the proton in question. 

Gradient versions of the HMBC, now generally referred to using the acronyms 
gHMBC or GHMBC, were developed in the early 1990S. 29'49 Other modifications 
that have been incorporated include dual stage gradient low-pass J-filters, 5° selec- 
tive excitation and refocusing schemes, 5] and double pulsed field gradient spin 
echoes (DPGSE). 52 Regardless of the variant of the HMBC used by an investi- 
gator, the impact of this experiment on the structure elucidation process has been 
monumental. Any comprehensive discussion of the diverse range of applications 
is beyond the scope of this or any other review at this point. It is interesting to 
note that the description of the HMBC experiment by Bax and Summers 47 is one 
of the most frequently cited NMR papers of all time - a recent Science Citation 
Index search found >2100 references to this report in the published literature. 
There are, however, a few reviews in the literature that touch various aspects. 
Applications of inverse-detected heteronuclear shift correlation methods in the 
area of alkaloid structure elucidation have been reviewed by this author. 24 More 
recently, Araya-Maturana and co-workers 53 reviewed applications of the HMBC 
experiment as well as some of the newer accordion-optimized long-range exper- 
iments. This review is interesting in that it tabulates work in the literature in 
terms of the number of intervening bonds between the proton in question and the 
heteroatom. While new methods are being developed and evaluated, it is quite 
certain that extensive utilization of the HMBC experiment or one of its variants 
will continue to be widely used for structure elucidation studies. 

3.3. New long-range heteronuclear shift correlation experiments 

Following the development of the HMBC experiment described by Bax and 
Summers in 1986, 47 aside from the incorporation of pulse field gradients 29'49 
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into the HMBC experiment along with other minor modifications, nearly a 
decade passed before reports began to appear of new, proton-detected, long-range 
heteronuclear shift correlation experiments. These experiments are described in 
this section and range from relatively simple modifications to the development 
of a series of accordion-optimized long-range heteronuclear shift correlation 
experiments. 

3.3.1. Decoupled HMBC or D-HMBC 

The HMBC experiment, as originally described, makes no effort to refocus newly 
recreated antiphase magnetization following the evolution time because of the 
variability in the size of the long-range couplings. Rather, immediately after the 
last 90 ° X-pulse in the conventional pulse sequence, or following a gradient and 
a gradient stabilization delay in the gradient-selected version of the experiment, 
acquisition is initiated. No broadband heteronuclear decoupling is employed as 
this would lead to losses of signal intensity to varying degrees as a function of 
the size of the individual long-range coupling constants. The idea of a refocusing 
delay to allow broadband heteronuclear decoupling during acquisition was first 
introduced by Bermel, Wagner, and Griesinger in 1989. 51 Evidently unaware that 
this modification had already been reported in the literature, in a 1995 report Furi- 
hata and Seto 54 described essentially the same experiment, giving it the acronym 
D-HMBC. 

The decoupled- or D-HMBC experiment introduces a refocusing delay 
fonowing the end of the evolution period equal in duration to the delay used for 
sampling long-range components of magnetization. The pulse sequence is shown 
in Fig. 6. The long-range delay values most commonly employed seem to range 
from about 6 to 10Hz (83 to 50ms), with some authors reporting optimization 
in the range of 3.5 or 4Hz  in an effort to observe small couplings. It is also 
noteworthy that there is a larger difference between strong and weak long-range 
correlation responses in the D-HMBC experiment than in the conventional HMBC 
experiment. Long-range components of magnetization evolve as a function of a 
sine squared function in the D-HMBC experiment rather than as a simple sine 
function as in the HMBC experiment. Broadband heteronuclear decoupling can be 
applied during acquisition in this experiment as magnetization has been refocused. 

There have been a number of applications of this version of the HMBC exper- 
iment that have been reported in the literature that are discussed in the following 
sections. The majority of the applications that have appeared employ the exper- 
iment for the observation of small long-range IH 13C couplings that were not 
observable in conventionally optimized HMBC experiments. There have been a 
few long-range I H-15N 2D applications at natural abundance. 

Loltg-range J H-13C applications of the D-HMBC experiment 
The first application of the D-HMBC experiment to appear in the literature of 
which we are aware was a 1995 report of the elucidation of the structure of 
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Fig. 6. Pulse sequence [or the refocused- or D-HMBC experiment. The idea of refo- 
cusing anti-phase proton single quantum coherence prior to acquisition to allow broadband 
heteronuclear decoupling during acquisition was first reported by Bermel et al. 5~ in 1989. 
Evidently unaware of the initial report, Furihata and Seto 54 again described this experiment 
in a 1995 communication, giving it the acronym D-HMBC. There have been a number of 
applications of this experiment for the acquisition of both i H-13C and ~ H-~SN long-range 
heteronuclear shift correlation data (see p. 49 and p. 55, respectively). 

a naphthoquinone antibiotic, griseusin-B (2)reported by Igarashi et a l .  55 The 
authors reported using the D-HMBC experiment to observe a 2j correlation from 
the 3' oxymethine proton to the spiro 2/2' carbon resonating at 99.2 ppm as well 
as a 4j correlation from the 3' oxymethine proton to the C8a quaternary carbon 
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OH O 3 ~ O  ~ 

~ ~ C O 2 H  

O H H 

J 



QUALITATIVE AND QUANTITATIVE EXPLOITATION 5 1 

resonating at 139.4 ppm. In addition, 4j correlations were observed from both of 
the 9-methylene protons to the spiro 2/2' center. The authors did not discuss the 
optimization used in the acquisition of the D-HMBC data. 

In a 1996 report, Kim e t  a l .  5~' described the structure of an anthraquinone 
antibiotic, espicufolin (3). D-HMBC was used in lieu of the HMBC experiment 
to determine the structure. 

O 

OH 

O 

The elucidation of the structure of a much more complicated molecule, naph- 
thomycinol (4), was reported by the same research group in late 1996. 57 The D- 
HMBC experiment was again used in conjunction with the conventional HMBC 
experiment. Correlations specifically noted in the report that were observed using 
the D-HMBC experiment correlated the 38-methyl resonance in the naphtho- 
quinone portion of the molecule to the C25, C26, and C7 aromatic carbons via 
two- or three-bonds and via a 5j correlation to the carbonyl at C23 in the ansa 
bridge resonating at 202.3 ppm. 

OH H 

II  o 

OH 

4 
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Kobayashi and co-workers 5s reported using the D-HMBC experiment in the 
structural characterization of the cytotoxic oxazole-containing halishigamides 
A-D from an Okinawan sponge. Specifically, D-HMBC was used to link the 
8-methyl to the amide carbonyl as well as the ester carbonyl to the 12-O-methyl 
and H-14 oxazole protons as shown by 5. 

CH 3 OCH 30 OCH 3 ~ O  N~//  

C O 2 N H 2  " 12 

O OCH 3 

Kim and co-workers 59 in another 1997 report described the characterization of 
mescengricin, 6, a novel neuronal cell protecting substance produced by Strep- 
tomyces griseoflavus. A combination of HMBC and D-HMBC experiments were 
used in the structure elucidation process. Correlations were observed in the 
D-HMBC spectrum to link the H-3 resonance to the C-10 quaternary carbon 
via three-bonds and to the C-11 and C-14 quaternary carbons via four-bonds in 
the 3-1actone portion of the molecule. The H-3 resonance was also linked via 
four-bonds to the C9a quaternary carbon. The indole NH proton at the 9-position 
of the ~-carboline nucleus was linked in the D-HMBC to the C4b, C8a, and 
C9a quaternary carbons the last of these correlations across four-bonds; the H-5 
resonance was correlated to the C4a quaternary carbon via four-bonds. These 
authors also used the D-HMBC experiment to establish the long-range I H-JSN 
correlations in the molecule (see following subsection). 

OH 

O ~ v . / O ~ O H  

H . )  HO" 14 x /  "CH 3 
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A novel acetylene-containing natural product, taurospongin A, consisting of 
a taurine and two fatty acid residues from an Okinawan marine sponge was 
characterized by Ishiyama and co-workers. 6° The authors mention using a combi- 
nation of HMBC and D-HMBC experiments but do not elaborate further on the 
correlations observed in one experiment versus the other. A number of four- 
bond long-range correlations were reported in the manuscript, hence it might be 
assumed that these were observed using the D-HMBC experiment. 

D-HMBC data optimized for 4Hz  were used in the structural charac- 
terization of several antifungal metabolites from the fungus Cerdcophora 

sordariodes. ~l Correlations were observed from both of the C I methylene proton 
resonances to a carbonyl resonating at 185.6 ppm. Arguing that correlations via 
three-bonds were more likely to be observed than lkmr-bond correlations, the 
O-methyl group of cedarin (7) was located at the 3-position of the molecular 
framework. 

H3CO 3 

O OCH3 

Taxezopidine A, 8, a novel taxoid from a Japanese yew, was characterized 
using the D-HMBC experiment by Wang et al.~2 The authors made use of the D- 
HMBC experiment in the process of characterizing the oxabicyclo[2.2.2]octene 
moiety contained in the structure, although there is no specific mention made 

OAc 
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by them why they resorted to the D-HMBC experiment for this portion of the 
structure elucidation. The authors also note using the HMBC experiment although 
they do not mention the optimization of either of the experiments. 

In another 1997 report, Kobayashi et al .  63 reported the characterization of 
two new bromo-containing alkaloids with tyrosine kinase inhibitory activity 
using the D-HMBC experiment. Although numerous two- and three-bond corre- 
lations were reported, there is no obvious reason tbr using the D-HMBC exper- 
iment in lieu of the more conventional HMBC experiment. Kobayashi and co- 
workers 64 also described the structure of nakadomarin A (9), a novel hexacyclic, 
8/5/5/5/15/6 manzamine-related alkaloid. A combination of a 10Hz optimized 
HMBC experiment and an ~ 6  Hz (80 ms) optimized D-HMBC experiment were 
used in elucidating the structure. Numerous two- and four-bond long-range corre- 
lations were observed using the D-HMBC data. Notable correlations are shown 
on the structure. 

Nothramycin, 10, an anthracycline antibiotic from Nocardia  sp., was charac- 
terized using a combination of HMBC and D-HMBC experiments by Momose 
et al .  65 The H-2 and H-3 protons were correlated via four-bonds in the D-HMBC 
experiment to the C12 and C13 carbonyl resonances, respectively. Unfortunately, 
the optimization of the experiments used was not reported. 

In an interesting departure from the otherwise exclusive applications of the 
D-HMBC experiment in natural product structure elucidation that have been 
cited above, Carbajo et al .  66 used the D-HMBC experiment in a 183W study of 
alkenylcarbyne- and alkenylvinylidene-tungsten complexes. Using both JH-lS3W 
and 51p_183 w inverse detection methods, the authors demonstrated an approxi- 
mately , /2  improvement in experimental performance with LS3W during acqui- 
sition. Interestingly, the authors note the observation of long-range correlations 
through 5j(183W,IH) ' although there was no mention made of how this observa- 
tion compared with other studies of organo-metallic systems. 
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In 1999, Seto 67 reported examples of applications of the 3D-HMBC and CT- 
HMBC experiments (see Sections 3.3.2 and 3.3.4) in addition to an interesting 
example of the D-HMBC experiment in a published plenary lecture. In his 
comments on the D-HMBC experiment, Seto noted that the use of a low-pass 
J-filter is essentially an option. He also makes the useful point that broadband 
X-decoupling during acquisition places higher decoupler duty cycle demands on 
the spectrometer than would a direct heteronuclear shift correlation experiment 
on the basis of the spectral window that must frequently be decoupled with 
the D-HMBC experiment. In contrast to an FI window of perhaps no more than 
160 ppm when one acquires direct heteronuclear shift correlation data, in compar- 
ison, the D-HMBC experiment for some molecules may require decoupling of Fi 
spectral windows as wide as 230ppm. In addition to discussing the application 
of the D-HMBC experiment to monazomycin, the compound used in the original 
report describing the D-HMBC experiment, Seto also showed some very long- 
range correlations for the thiopeptide antibiotic promothiocin B (11). Correlations 
across four- and five-bonds were observed by optimizing the D-HMBC experi- 
ment for 120 and 500 ms. These correlations were not observable in conventional 
HMBC spectra according to Seto. 

In a relatively recent report, Coxon et al. 6~ reported utilizing the D-HMBC 
and gradient-enhanced D-HMBC experiments in the structural characterization 
of an O-specific octasaccharide of Shigella dysenteriae. Unfortunately no details 
of the specific application of the experiments were presented in the report. 

Long-range l H -  15N applications o[" the D-HMBC experiment 

To date, there are three applications of the D-HMBC experiment reported in 
the literature for the observation of long-range J H-15N couplings at natural 
abundance of which the author is aware, j5 In the earliest of these reports, Kawa- 
mura e t a [ . ,  69 reported using the D-HMBC experiment in the characterization 
of the antibiotic pyralomycin la (12). The authors note the effectiveness of 
the D-HMBC experiment /'or the obseTvation of several two- and three-bond 
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long-range correlations to the pyrrole nitrogen in the structure. Since all but one 
of the correlations observed were from protons in the sugar moiety attached to the 
pyrrole nitrogen, it is likely that these correlations would not have been observed 
in a conventional gradient HMBC experiment. Unfortunately, the authors did not 
report the optimization of the experiment employed in the study. 

The next application of the D-HMBC experiment for the observation of long- 
range I H-JSN correlations at natural abundance was in the characterization of 
the neuronal cell-protecting substance mescengricin, as noted above. 59 A three- 
bond long-range coupling was observed from the c~-carboline H8 resonance to 
the N9 resonance, which, based on the experience of the author, ]5 is not a readily 
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observed response. A three-bond long-range correlation was also observed from 
the H-3 resonance to the NI resonance. These correlations are shown by 13. 

OH 

HO s I 0 

CH3 

13 

The final application was in a IH-15N long-range 2D NMR study of the 
thiopeptide antibiotic sulfomycin-I, by Martin et a l .  7° On comparison of the 
results obtained with this relatively complex molecule, which contains 16 nitro- 
gens in its structure, the authors noted no advantage in using the D-HMBC 
experiment relative to a conventional gradient HMBC experiment. At this time, 
it is quite probable that a better choice for the routine observation of long- 
range IH-15N 2D data at natural abundance is the use of the IMPEACH-MBC 
experiment that was developed in 1999 by the author and co-workers, r57172 

3.3.2. 3 D - H M B C  

Furihata and Seto next reported the development of the 3D-HMBC experiment in 
a 1996 communication. 73 The 3D-HMBC experiment, in a sense, was a forerunner 
of the accordion-optimized experiments that have been developed more recently. 
A new variable delay, tj, is introduced following the low-pass J-filter delay, A i, 
as shown in the pulses sequence in Fig. 7. The delay tl should not be confused 
with the evolution delays, which are normally given the same label. In the 3D- 
HMBC experiment, the delays during the normal evolution period are labeled 
t2, with the acquisition period now relabeled as t3. The tl delay is optimized 
as a function of a series of values for the long-range coupling constant. In the 
application of the experiment to monazomycin reported by Furihata and Seto, 
the duration of t~ was optimized in 4 ms steps beginning with an initial value of 
20 ms (25 Hz). A total of 16 experiments were performed, each containing the 
equivalent of an HMBC experiment in a separate plane of the 3D experiment. 
The experiment sampled across the range from 25 to 6.25 Hz. Conceptually, this 
experiment differs from the accordion-optimized experiment described below in 
that each optimization of the long-range delay is a separate 2D spectrum in a plane 
of the 3D data matrix while the accordion experiments, in contrast, compress all 
of the data into a single experiment. 
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Fig. 7. Pulse sequence for the 3D-HMBC experiment developed by Furihata and Seto. 73 
Recognizing that responses are observed in the HMBC experiment as a function of the 
congruence between the optimization of the long-range delay and the actual long-range 
coupling constant among other things, Furihata and Seto developed a pseudo-3D exper- 
iment in which individual planes of the experiment are each optimized for a different 
long-range heteronuclear coupling constant as a function of the value of q. By performing 
a series of such experiments, with the optimization range for the long-range coupling 
varied across the range from 6.25 to 25 Hz, more uniform extraction of all of the potential 
long-range correlation responses was achieved. This experiment is the forerunner of the 
accordion-optimized experiments later pioneered by Wagner and Berger. 8') The 3D-HMBC 
experiment has a considerable sensitivity drawback in the opinion of the author since it is 
a composite of a number of individual 2D HMBC experiments (each plane represents a 
separate 2D HMBC spectrum). Hence, 3D-HMBC is likely to be of limited utility unless 
one has relatively generous samples for study. 

Furihata and Seto contend the 3D-HMBC experiment  to be the 'method of  
choice for observing 1H-13C long-range coup l ings . . . ' .  However ,  when one 
considers that for smaller samples it is frequently necessary to acquire data for a 
single experiment  overnight, the utility of  the 3D-HMBC experiment  becomes,  
in the opinion of  this author, somewhat questionable. To date, there have been 
no reported applications of  the 3D-HMBC experiment,  although one group has 
reported the use of  a phase-sensit ive 3D J-resolved HMBC experiment.  74 

3.3.3. Gradient-enhanced HSQC the GSQMBC experiment 

In 1997 Sklen~if and co-workers  75 reported the development  of  a single quantum 
based long-range experiment  to which they gave the acronym GSQMBC.  
Recognizing that the magni tude-mode presentation format normally applied with 



QUALITATIVE AND QUANTITATIVE EXPLOITATION 59 

HMBC data precluded the measurement of  small couplings, a long-range version 
of  the phase-sensitive HSQC experiment was developed. The pulse sequence is 
shown in Fig. 8. In the original communication, application of  the experiment to 
the measurement of  IH-13C, IH-15N and IH-77Se two- and three-bond long- 
range couplings was reported. While the results of  the experiment when the 
proton in question is a simple doublet are certainly useful, the authors have not 
demonstrated the utility of  the experiment to protons that appear as complex 
multiplets, in which case the utility of  the experiment is expected to degrade. 

Since the original report of  the GSQMBC experiment in 1997, there have 
been a number of  applications of  the technique to the solution of  structural prob- 
lems, most emanating from the laboratories of  the originators. The first such 
application was a report on the alkaloid armepavine]  ~' Although the authors 
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Fig. 8. Pulse sequence for the GSQMBC experiment devised by Sklenfi_f and co-workers 75 
in 1997. The experiment is phase-sensitive rather than employing a magnitude mode 
presentation as does the HMBC experiment. The experiment is also single quantum- 
based, derived from the HSQC direct correlation experiment. The experiment begins with 
an INEPT step where the delay, r, is set as a function ol _3(Jxn). At the end of the INEPT 
step, only heteronuclear, long-range single quantum magnetization is generated, which 
then evolves during li. Two phase encoding gradients, G I and G2. flank the composite 
180 ° X pulse to suppress X nucleus chemical shift evolution during gradient dephasing. 
The receiver is enabled immediately following the last 90 ° pulse sandwich and the final 
gradient is applied during the acquisition period, re. The GSQMBC experiment has been 
used by the authors responsible for its development in a number of applications and for 
the extraction of relatively small long-range heteronuclear coupling constants. 
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note using both the GHMBC and GSQMBC experiments in observing the long- 
range heteronuclear couplings of the molecule, no specific mention is made of 
couplings that were observed in one experiment versus the other. Later in 1997, 
Marek 77 reported the results of a study of 2,2-dimethylpenta-3,4-dienal deriva- 
tives in which the GSQMBC experiment was used to measure the long-range 
1H-15N coupling constants of the molecules studied. In a related study, Marek 
and co-workers 78 reported the preparation of a series of new 2,2-dimethylpenta- 
3,4-dienal azines via a Claisen-Cope rearrangement in which the GSQMBC 
experiment was used in the structural characterization. 

In a study of the structure and transformations of the alkaloid sanguilutine, 
Dostal et a l .  79 utilized the GSQMBC experiment in conjunction with GHMBC 
to establish the dimeric structure of the alkaloid. The authors report optimizing 
the experiments used for 11, 7, and 4 Hz, but again don't comment on specifics 
of the data from the two experiments. In a non-polar environment, 6-hydroxy- 
5,6-dihydrosanguilutine was reported to spontaneously transform to bis[6'(5,6- 
dihydrosanguilutinyl)] ether; in the presence of aqueous ammonia, the corre- 
sponding bis amine was also formed. 

Kilian and co-workers s°'sl reported using the GSQMBC pulse sequence in the 
characterization of new P-S-N-containing heterocyclic ring systems. The authors 
used a tH-31P GSQMBC experiment to establish long-range IH-31P correla- 
tions and a conventional GHMBC experiment in the first study to determine the 
tH-13C long-range couplings with .~lp decoupling during acquisition to simplify 
the spectra. In the second study, IH-15N GSQMBC data were used in establishing 
the structure as were 31P-15N GHMQC data. 

In a pair of papers, Dostal e t a l .  ~2"s3 reported utilizing the GSQMBC 
experiment in studies of chelirubine and chelilutine free bases and sanguinarine 
pseudobase, respectively. The GSQMBC experiment was used to establish both 
IH-13C as well as IH-15N long-range correlations. A comprehensive study 
of the JSN-NMR of 40 tertiary and quaternary isoquinoline alkaloids of six 
different constitutional types was also reported by Marek et  al . ,  ~4 in which the 
GSQMBC and GHMBC experiment were used to observe the JH-15N long- 
range correlations. Marek and co-workers s5 also reported using the GSQMBC 
experiment in a I H and 13C NMR study of quaternary benzo[c]phenanthridine 
alkaloids in 1999. In this study, the GSQMBC experiment was used to measure 
the long-range JH-13C heteronuclear coupling constants. 

Finally, in a report dealing with the regio-selective preparation of N 7 and N 9- 

alkyl derivatives of N~-[(dimethylamino)methylene]adenine, Hockov~i et a l .  8~ 

used the GSQMBC experiment to determine the long-range I H-15N correlation 
responses and the respective long-range IH-15N coupling constants. 

3.3.4. C o n s t a n t  Time H M B C -  C T - H M B C  

Utilizing the concept of the constant time experiment noted in the introduction 
to this section (see Section 3.1) Furihata and Seto next reported the develop- 
ment of two constant time HMBC variants, to which they gave the acronyms 
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CT-HMBC-1 and CT-HMBC-2. ~7 The pulse sequences for CT-HMBC-1 and 
CT-HMBC-2 are shown in Figs. 9(a) and 9(b), respectively. The idea behind 
the development of these pulse sequences was a desire to suppress the char- 
acteristic 'skew' that responses in HMBC/GHMBC experiments exhibit at high 
FL digital resolution that arises due to J-modulation from proton-proton homo- 
nuclear coupling. Although the 180 ° proton pulse midway through the evolution 
period, t~, refocuses proton chemical shift evolution, the variable duration of the 
ew)lution period from one increment of the evolution period to the next is respon- 
sible lk)r the observed 'skew'.  Homonuclear proton-proton couplings ew)lve in 
non-constant time from one increment of the evolution time to the next. 

The approach of Furihata and Seto s7 was to introduce a constant time evolution 
period in the CT-HMBC-1 pulse sequence shown in Fig. 9(a). Thus, rather than 
a sequence in which evolution is represented by 

t l / 2 -  180 ° I H -  t l /2  (3) 

as in the conventional HMBC/GHMBC pulse sequences, the CT-HMBC-1 exper- 
iment instead has an evolution period consisting of 

(A3 - t l /2)  t l /2  - 180 ° IH - t l /2  - (A3 - t l /2)  (4) 

As the evolution time t~ is incremented, the delay A3 is correspondingly decre- 
mented, thereby keeping the overall evolution time constant. In this process. 
J-modulation is suppressed, correspondingly improving F1 resolution. 

The CT-HMBC-2 pulse sequence utilizes a decremented delay prior to the 
evolution period, with a 180 ° proton pulse midway through it of the type 

( A ~ - t l / 2 ) -  180 ° I H - ( A ~ - t l / 2 ) - 9 0  ° X t l / 2 -  180 ° I H - t l / 2 - 9 0 ° X  
(5) 

Again, the (A3 - t l / 2 )  terms are decremented as the ew)lution periods tj/2 are 
correspondingly incremented, keeping the overall ew)lution time in the exper- 
iment constant. The authors note that this modification not only suppresses J- 
modulation due to homonuclear coupling, but also heteronuclear coupling as well, 
thereby improving resolution further relative to the CT-HMBC-1 experiment. 

The concepts of the CT-HMBC experiments are fundamentally quite important, 
and have been exploited in the development of some of the accordion-optimized 
experiments described below (see Section 3.3.5). To date there have not been 
any reported applications of either of the experiments described in this section. 

3.3.5. Accordion-optimized long-range heterontwlear shi[? correlation 
e xpe rinTent s 

A useful starting point for this discussion is the definition of an accordion delay. 
The concept of accordion optimization of a delay is first found in the report of 
Bodenhausen and Ernst in 1982. ~s Quite simply, the selected delay in the pulse 
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sequence is successively re-optimized from one increment of  the evolution time 
to the next across a predefined range of  values selected before the initiation of  
the experiment. Although there have been other applications of  accordion opti- 
mization, the first application of  this concept to long-range heteronuclear shift 
correlation experiments was in the ACCORD-HMBC experiment developed in 
1998 by Wagner and Berger ~9 (see following subsection). IMPEACH-MBC was 
a modification of  the A C C O R D - H M B C  experiment to control Fi ' skew'  reported 
in 1999 by the author and co-workers 71 (see IMPEACH-MBC subsection, p. 68). 
User controlled F 1 skew, to allow the use of  this feature of the experiment for 
the authentication of  weak correlations was introduced in the CIGAR-HMBC 
experiment (p. 70). An accordion experiment offering the means of  unequiv- 
ocally differentiating 2j from 3j long-range correlations to protonated 13C OF 

15N resonances was introduced with the 2J,3J-HMBC experiment (p. 74). Other 
accordion-based experiments have also been described for the determination of  
hmg-range heteronuclear coupling constants, and are discussed in Section 3.4. 

A CCORD-HMBC 

The first reported application of  accordion-optimized delays in a long-range 
heteronuclear shift correlation experiment is fl)und in the description of  the 
A C C O R D - H M B C  experiment by Wagner and Berger. s9 The pulse sequence tk~r 
the experiment is presented in Fig. 10. The experiment begins with a dual-stage, 
gradient, low-pass J-filter. 9°91 The three gradients applied during the dual-stage, 
gradient, low-filter must sum to zero. The variable delay, vd, follows. The delay 
begins with a duration of  T~,~ (½Jmin) and is decremented to Train (~Jm~,~) in 
ni steps, where ni is the number of  increments used to digitize the indirectly 
detected frequency domain. The decrementation value is defined by tl m a x / n i .  
The variable delay, vd, is decremented rather than being incremented to keep 
the overall duration of  the experiment shorter than if vd were incremented in 
concert with the incrementation of  the evolution time, t~. The evolution time is 

Fig. 9. Pulse sequence fl)r the constant time CT-HMBC experiments devised by Furihata 
and Seto. ~7 The authors reported two variants of the experiment, the CT-HMBC-I pulse 
sequence shown in Panel (a) and the more complex CT-HMBC-2 pulse sequence shown in 
Panel (b). (a) The CT-HMBC- 1 sequence utilizes a pair of decremented delays (A~ - tt/2) 
ltanking the incremented duration of the evolution period. As the delays used for the 
ew)lution period (t~) are incremented from zero to t~ ''l~.X, the delay intervals A3 t~/2 are 
correspondingly decremented from A~ = t~ma× to zero, thereby keeping the overall dura- 
tion of the CT-HMBC- 1 pulse sequence constant. This approach has the beneficial effect 
of suppressing J-modulation due to homonuclear couplings, thereby improving resolution 
in the indirectly detected frequency domain. (b) The CT-HMBC-2 pulse sequence utilizes 
a decremented delay with a 180 ° ~H pulse midway through it prior to the ew)lution period 
of the type (A~ t l/2) - 180 ° ~H - (A~ - t~/2). The authors note that this modification, 
in addition to suppressing J-modulation due to homonuclear coupling also suppresses 
heteronuclear couplings to provide a further improvement in resolution relative to the 
CT-HMBC-I pulse sequence. 
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Fig. 10. Pulse sequence fi)r the innovative ACCORD-HMBC experiment developed by 
Wagner and Berger. a9 The experiment begins with a dual-stage gradient low-pass J-filter 9°'91 
followed by the variable delay, yd. The ACCORD-HMBC experiment utilizes the so-called 
'accordion principle" first described in 1982 by Bodenhausen and Ernst. as The experiment 
samples a broad range of potential long-range heteronuclear couplings by adjusting the 
duration of the variable delay, vd, beginning from Tm,,x (which corresponds to the minimum 
J-value selected, as a function of ½("Jmi,d) which is decremented in ni equivalent steps 
where ni is the number of increments of the evolution time, q, to Tmi, (which is a function 
of the maximum J-value as a function of /(,,j ...... )). The ew)lution period, q, is incremented 
in the usual manner from zero to tl'+'~'~. Wagner and Berger kept the original version of the 
pulse sequence symmetric about the evolution period to allow broadband heteronuclear 
decoupling to be performed during acquisition. In the experience of the author, however, 
any benefits of being able to apply broadband heteronuclear decoupling during acquisition 
are offset by losses in response intensity due to the long duration of the variable delays. 
The experiment uses a total of eight gradient pulses. Gradients labeled G1-G3 applied 
in the gradient dual-stage low-pass J-filter must sum to zero. Gradients G4-G6 are the 
coherence selection gradients and are optimized as in the GHMBC experiment using a 
ratio such as 2 : 2 : I for JH-t3C long-range correlation experiments. The final bipolar 
gradients, G7 and G8, again must sum to zero for the experiment to work properly. 

incremented in the usual fashion, from zero to tl max; gradients applied during 
the evolution phase of  the experiment  are applied in the usual ratios, 2 : 2 : I for 
IH-13C or 5 : 5 : 1 for I H - t S N  or a comparable  ratio. 

To keep the pulse sequence symmetric  to allow broadband heteronuclear decou- 
pling during acquisition, a second variable delay, vd, follows the recreation of  
antiphase single quantum proton magnetization. A ' reverse '  low-pass J follows to 
make A C C O R D - H M B C  sequence completely symmetric,  fol lowed by acquisit ion 
with broadband heteronuclear decoupling. 

The benefit that obtains from the use of  an accordion-opt imized long-range 
experiment  is illustrated with strychnine (14) and the aliphatic spectral panels 
shown in Fig. 11 (a) and 1 l(b).  92 A conventional 6 Hz G H M B C  spectrum, which 
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Fig. 11. Comparison of a 6 Hz, statically-optimized GHMBC spectrum of strychnine (14) 
shown in Panel (a) with a 6 to 10Hz optimized ACCORD-HMBC spectrum shown in 
Panel (b). Beginning with a comparison of the responses for the HI2  resonance, which is 
observed furthest down field at 4.27 ppm, only a single long-range correlation is observed 
in the 6 Hz GHMBC spectrum. In contrast, four long-range correlations are observed from 
the HI2  resonance in the 6 - 1 0  Hz optimized ACCORD-HMBC spectrum. If the weak 
HISw'CI7 long-range correlation in the 6H z  GHMBC spectrum (denoted by arrow) is 
compared with the same response in the 6 10 Hz optimized ACCORD-HMBC spectrum 
(denoted by arrow) it will be observed that the response is considerably more intense in the 
latter spectrum as a result of sampling a broader range of potential long-range couplings 
through the use of the accordion-optimized variable delay, yd. It should also be noted 
that responses in the ACCORD-HMBC spectrum are ' skewed'  in F~ as a consequence 
of the evolution of homonuclear  magnetization, for which the variable delay serves as an 
ewflution period in much the same sense that the tt interval serves as an evolution period. 
This behavior has been analyzed in detail by Martin and co-workers. ~p- (G. E. Martin et al., 
Magn. Resort. Chem.. 1999 © John Wiley & Sons, lad. Reproduced with permission.) 
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14 
is referred to as 'statically' optimized, is shown in Fig. l l(a). These data 
are compared to the 6 - 1 0  Hz accordion-optimized ACCORD-HMBC spectrum. 
Several interesting observations can be drawn. Examining the GHMBC spectrum 
in Fig. l l(a), only a single response is observed for the H12 resonance at 
4.27ppm. The weak HlSa/C17 long-range correlation denoted by the arrow 
in the GHMBC spectrum could easily be questioned as to its authenticity. In 
contrast, in the 6 - l 0  Hz optimized ACCORD-HMBC shown in Fig. 1 l(b), four 
responses are observed from the HI2  resonance. Of these responses, the obvious 
Fi skew of the H12/C7 correlation denoted by the arrow, serves to authenticate 
this response since noise spikes are not subject to being skewed. There are 
considerably more responses observed in the ACCORD-HMBC spectrum and 
those which were weak in the 6Hz GHMBC spectrum, e.g. HI8a/C17, are now 
considerably stronger. 

Aside from the advantage of the ACCORD-HMBC spectrum shown by Fig. 11, 
Martin and co-workers 92 examined various aspects of the accordion-optimization 
process on the character of the spectrum. Modulation in the ACCORD-HMBC 
experiment is affected by both the optimization range selected and the number 
of increments of the evolution time (hi) used to digitize the indirectly detected 
time domain, tl. Fi skew is governed by a scaling factor, N, which is defined by 

N = 2 r / A F I  (6) 

where 
l = (Tma x -- Tmin)/ni (7) 

This facet of the experiment is similar to the EXSIDE experiment developed by 
Krishnamurthy. 93 Modulation is illustrated by the nature of the responses in the 
four panels presented in Fig. 12. Segments are shown from tour ACCORD- 
HMBC spectra, each acquired with ni = 128. Panels (a)-(d) were acquired 
with optimization ranges of 6-10,  4-12,  2-16,  and 2-25  Hz, respectively. In 
Panel (a), no response is observed for the H-1 l oe proton resonating at --,3.05 ppm. 
The response correlating H-I lodC12 is observed in the 4 - 1 2  Hz data shown in 
Panel (b). Note that in the 3 -16  and 2 - 2 5 H z  data shown in Panels (c) and 
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Fig. 12. Segments from four ACCORD-HMBC spectra, each digitized with 128 incre- 
ments of the ew)lution time, t]. In Panel (a), recorded with an accordion-optimization 
range of 6 10 Hz, no response is observed for the proton resonating at ~3.05 ppm. In the 
4-12  Hz optimized spectrum shown in Panel (b), a response is observed at ~3.05 ppm 
correlating this proton with the CI2 resonance. The intensity of the response increases 
in the 3-16  and 2 25 Hz optimized spectra shown in Panels (c) and (d), respectively. In 
addition, note that the degree of skew associated with the response in F~ also increases 
as a flmction of broadening the accordion-optimization range. (G. E. Martin et al., Magn. 
Resort. Chem., 1999 © John Wiley & Sons, Ltd. Reproduced with permission.) 

(d), respectively,  that the degree of  skew increases as the optimizat ion range is 
broadened,  as expected from Eq. (6). 

Data shown in Fig. 13 illustrate the effect of  changing the number of incre- 
ments of  the evolution time when the optimizat ion range is held constant at 
2 - 2 5  Hz. There is very significant F] skew when coarse digitizatk)n of  the second 
time domain (e.g. ni = 64), with the degree of  skew progressively minimized as 
digit izat ion is increased to a maximum of  ni = 512. 

Both of  the features just  described must be taken into account when setting up 
an A C C O R D - H M B C  experiment.  The utilization of  an aggressive optimizat ion 
range in an effort to observe large numbers of  weak couplings,  i.e. 2Jxn and 3JxH 
correlations,  can lead to severe long-range response overlap in congested regions 
of  the 2D NMR spectrum. This behavior  was illustrated by Martin et al.'>2 in the 
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Fig. 13. Panels taken from a series of 2-25 Hz optimized ACCORD-HMBC spectra in 
which the number of increments of the evolution time, q, was varied from 64 to 512. 
The response shown is the 3Jcn correlation of the H12 resonance to the C23 methylene 
carbon across the ether linkage of the seven-membered oxepin ring of strychnine (14). 

case of strychnine (14), which was used as an example in that report. Despite 
the parameterization problems of the experiment, using a 2-25  Hz optimization 
in conjunction with ni = 512 allowed the observation of 18 4JcH long-range 
correlations in the ACCORD-HMBC spectrum of strychnine in comparison to 
only four very weak 4JcH long-range correlations in a 10 Hz optimized GHMBC 
spectrum. 

In addition to the importance of parameter selection on Fi skew, the ACCORD- 
HMBC experiment has also been shown to exhibit strong coupling artifact 
responses similar to those observed in heteronuclear 2D J-resolved spectra. 92'94'95 
Finally, the 'triplet' character of responses in the second frequency domain 
superimposed over the FI skew was mathematically accounted for by Zangger 
and Armitage in their development of the ACCORD-HMQC experiment) 2 

There have been no applications of the ACCORD-HMBC experiment reported 
in the literature to date. 

IMPEACH-MBC - IMproved PErfbrmance ACcordion-optimized Heteronuclear 
multiple bond correlation 

In an effort to address the essentially uncontrolled F 1 skew inherent to the 
ACCORD-HMBC, the author and co-workers 7j next reported the development 
of the IMPEACH-MBC experiment, the pulse sequence for which is shown in 
Fig, 14. Recognizing that Fj skew arises due to homonuclear scalar coupling 
modulation for which the variable duration accordion-optimized delay serves 
as an evolution time, the variable delay, vd, was modified in the IMPEACH- 
MBC experiment. The variable delay can be made into a constant time delay 
for homonuclear components of magnetization by adding a new segment to the 
overall delay centered about a 180 ° X pulse to refocus heteronuclear magnetiza- 
tion. The thus modified 'constant time' variable delay is given by 

D / 2 -  180 ° X -  D/2 - vd (8) 
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Fig. 14. IMPEACH-MBC (IMproved PErlormance ACcordion-optimized Heteronuclear 
multiple bond correlation) pulse sequence developed by Martin and co-workers] t The 
experiment is a further modification of the ACCORD-HMBC experiment that utilizes a 
constant time variable delay in lieu of a simple variable delay. The constant time variable 
delay introduces the interval, D / 2  - 180 ° I~C D/2, which precedes the variable delay 
interval, yd. As the evolution time tl is incremented, the interval vd is decremented in the 
usual fashion. However, at the same time, the D/2 (ct A) intervals are incremented in a 
manner to keep the overall duration of the period D + ~'d a constant time interval. Hence, 
homonuclear modulation, which plagues ACCORD-HMBC experiments, is suppressed by 
the constant time of the interval D + yd. In contrast, evolving heteronuclear couplings are 
refocused at time D by the 180 ° ~:~C pulse located at D/2. These couplings then ew)lve 
during the variable interval vd to be sampled in the usual, accordion manner. By using 
this approach, the constant time variable delay pulse sequence element is of constant 
duration for homonuclear components of magnetization while serving as a variable delay 
for heteronuclear components. 

As the interval v d  is decremented from Tm,x to Tmi,, in steps of  (T, ...... - T,m,) /ni .  
the delay D, is correspondingly incremented from zero. thereby keeping the 
overall  duration of  D + v d  constant. Modulat ion due to homonuclear  scalar 
coupling is snppressed since it ' evolves '  in what is now a constant t ime delay. 
Heteronuclear  components  of  magnetizat ion are refocused at D by the 180 ° X 
pulse applied at D / 2 .  after which they evolve in "variable' time during t,d. 

In this fashion, the constant t ime variable delay suppresses FI skew while at 
the same time al lowing accordion sampling of the desired range of  hmg-range 
heteronuclear couplings.  

In the initial form of  the I M P E A C H - M B C  pulse sequence shown in Fig. 14, the 
experiment  was designed symmetr ical ly  to allow broadband X-decoupl ing during 
acquisition. Sensitivity,  however,  is improved by forgoing X-decoupl ing and initi- 
ating data acquisit ion fol lowing the coherence selection gradient and its associated 
delay. The modified version of  the experiment  is currently in use in the author 's  
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laboratory. A useful illustration of the utility of the experiment is found in the 
report by Martin and Hadden 72 that deals with the application of accordion exci- 
tation in the acquisition of 2D IH-15N long-range heteronuclear shift correlation 
data at natural abundance. Because of the high degree of variability of long-range 
IH-15N couplings 15 acquiring these data using accordion-optimized experiments 
should be beneficial. Moreover, using IMPEACH-MBC rather than ACCORD- 
HMBC will also suppress the F~ skew inherent to the latter data. The three 
panels shown in Fig. 15 compare an 8Hz optimized IH-15N GHMBC exper- 
iment (Panel (a)) with 3 - 1 6 H z  optimized ACCORD-HMBC (Panel (b)) and 
3 -16  Hz optimized IMPEACH-MBC (Panel (c)) spectra. First, as expected, the 
Fj skew inherent to the ACCORD-HMBC data is suppressed in the IMPEACH- 
MBC spectrum. Additionally, both of the accordion-optimized spectra exhibit 
nominally better overall signal-to-noise than the statically optimized GHMBC 
spectrum. Comparison traces from the GHMBC and 1MPEACH-MBC experi- 
ment taken at the N9 amide carbon chemical shift are compared in Fig. 16. The 
overall s/n ratio of the IMPEACH-MBC spectrum is somewhat lower (36 : 1) 
than that of the GHMBC spectrum (42: 1). In contrast, the H8/N9 and H13/N9 
response intensity is vastly superior in the trace from the IMPEACH-MBC exper- 
iment while the HI lo~/N9 response intensity in the IMPEACH-MBC data is only 
slightly lower than the GHMBC response. In general, the author's laboratory has 
found IMPEACH-MBC to be the experiment of choice for the acquisition of 
long-range IH-15N 2D NMR data at natural abundance. 

CIGAR-HMBC - Constant time Inverse-detected Gradient Accordion Rescaled 
Heteronuclear Multiple Bond Correlation 

Retrospectively, after demonstrating in the implementation of the IMPEACH- 
MBC experiment that it is possible to suppress Fj skew, it was evident that 
the skew of responses in Fl, while a nuisance if uncontrolled, could serve as 
a useful means of response authentication if Fl skew was under user control. 
The CIGAR-HMBC experiment accomplishes this task. 96 While the constant 
time variable delay of the IMPEACH-MBC experiment (see Eq. (8)) renders 
the duration of the variable delay constant, the CIGAR-HMBC pulse sequence 
modifies the variable delay interval of the experiment still further, as shown 
below; the complete pulse sequence is shown in Fig. 17. 

(D/2  + A2/2) - 180 ° X -  (D/2  + A2/2) - vd (9) 

Rather than incrementing the D/2  intervals flanking the 180 ° X pulse as in the 
IMPEACH-MBC experiment, D is instead incremented by 

(rnm -- rmi.)/ni + A2 (10) 

where A2 is defined as 

A2 = (J~cale - 1)tl/2 ( 11 ) 
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Fig. 15. Comparison of long-range IH-15N GHMBC (Panel (a)), ACCORD-HMBC 
(Panel (b)), and IMPEACH-MBC (Panel (c)) spectra of the aliphatic region of strych- 
nine (14) at natural abundance] 2 All three of the experiments were digitized using 128 
increments of the ew)lution time, h- The GHMBC spectrum shown in Panel (a) was 
optimized for an assumed 8Hz long-range "JNH coupling. The ACCORD-HMBC and 
IMPEACH-MBC spectra shown in Panels (b) and (c), respectively, were optimized from 
3 to 16 Hz. As expected, the F~ skew inherent to the ACCORD-HMBC spectrum shown 
in Panel (b) is suppressed in the IMPEACH-MBC data shown in Panel (c). In addition, 
both of the accordion-optimized spectra exhibit nominally better response intensity than 
the corresponding GHMBC traces. (G. E. Martin and C. E. Hadden, Magn. Resort. Chem. 
2000 © John Wiley & Sons, Ltd. Reproduced with permission.) 
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Fig. 16. Comparison N9 amide resonance traces from the 8 Hz optimized GHMBC and 
3 16Hz optimized IMPEACH-MBC spectra shown in Fig. 15 Panels (a) and (c), respec- 
tively. The overall signal-to-noise (s/n) ratios of the two spectra are 42 : 1 and 36 : I, 
respectively. Despite the higher overall s/n associated with the GHMBC spectrum, the 
IMPEACH-MBC experiment clearly affords superior response intensity for the H8 and 
HI3 long-range correlations to the N9 amide resonance, circumventing the difficul- 
ties inherent to optimizing GHMBC spectra for long-range ~H ~SN studies at natural 
abundance. 15 (G. E. Martin and C. E. Hadden, Magn. Resort. Chem. © John Wiley & 
Sons, Ltd. Reproduced with permission.) 

where tj is the increment of  the evolution period. In this fashion, limited FI 
modulation or ' skew'  can be introduced into the spectrum independently of  the 
digitization used in the second frequency domain unlike the ACCORD-HMBC 
in which F1 modulation is directly proportional to the degree of  Fj digitization 
and the accordion-optimization range (see ACCORD-HMBC subsection, p. 63). 

Three choices are possible for the new parameter J~c~lo introduced in the 
CIGAR-HMBC pulse sequence. When Jscale -- 0, the term A2 = (J~c,l~ - 1)q/2,  
is obviously negative. With this parameter choice, the overall duration of  the vari- 
able delay is successively decremented from one increment of  the evolution time 
tj to the next. In this fashion, the overall duration of  the experiment (vd + q) 
is truly constant. All modulation in F~ is suppressed giving maximum Fl reso- 
lution. This version of  the CIGAR-HMBC experiment is hence analogous to the 
CT-HMBC experiments described by Furihata and Seto 87 (see Section 3.3.4). 
The second choice available to the investigator is J~c~lc = 1. This choice gives 
behavior of  the variable delay that is identical to the IMPEACH-MBC exper- 
iment (described earlier). Finally, the investigator may also choose J~scale > 1, 
which introduces user-determined Fl modulation as a function of  the degree of  
prolongation of  the (D/2  + A2/2)  intervals of  the pulse sequence. As the value 
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Fig. 17. C1GAR-HMBC (Constant time Inverse-detected Gradient Accordion Rescaled- 
Heteronuclear Multiple Bond Correlation) pulse sequence developed by Hadden and co- 
workers) )~ The experiment is a further modification of the IMPEACH-MBC pulse sequence 
shown in Fig. 14. Recognizing that FL skew can provide a valuable means of authenticating 
weak, long-range correlations if it is user controllable, the constant time variable delay 
was further modified to introduce a delay controlled by a parameter called J~,,l~- Rather 
than employing a constant time interval (D  + vd)  as in the IMPEACH-MBC experiment, a 
new, incremented component to the delay, A2, is introduced in the form ( D / 2  + A2/2) - 
180 ° t:~C - (D/2 + A2/2) yd. The segments of the interval represented by D and vd are 
incremented and decremented, respectively, in a fashion analogous to the IMPEACH-MBC 
experiment. The interval A2 is defined as A2 = (J~,~,. - 1)q/2. In this fashion, a user- 
controlled amount of skew can be introduced in Fi by the selection of appropriate values 
for the parameter ,l~,.:,j~. When J~,k, = 0, the value for A2 becomes negative and the sum of 
the intervals D + vd is decremented during the course of the experiment by tl m~ making 
the entire experiment constant time and thereby offering the maximum possible resolution 
in F~. When .L~,~ = 1, the results of the experiment are identical to an IMPEACH-MBC 
experiment. Finally, when J~d~, > 1, Fi skew is introduced to a progressively larger degree 
as the value of &d~, is increased. 

of Jscale gets progressively larger, a greater degree of Fi skew is introduced 
into the responses in Fl.  However, unlike the ACCORD-HMBC experiment, the 

degree of Ft skew is independent of ni  and the accordion-optimization range and 

depends solely on the value selected for J~l~. 
To illustrate the role of the parameter Jscale on introducing Ft skew for response 

authentication, consider the multiplet shown in Fig. 18. Three panels are shown, 

in which J~dc is varied from 0 to 6 and then 24. As expected, in the case of 

Jscale = 0, there is no homonuclear modulation in FI. As J~cale is increased to 6 
and then 24, the degree of FI skew correspondingly increases. In practice+ J+~-~,l~ 

settings of approximately 15 have been found to work well with the CIGAR- 
HMBC experiment. 
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Fig. 18. H4/C3 2JcH response in three CIGAR-HMBC spectra of 2-pentanone showing 
the effect of varying the parameter Z, cal~.. The response shown in Panel (a) was acquired 
with J~l~ = 0. As expected, no skew is observed in FI. When J,,.~,l~ is increased to 6, 
a modest degree of skew is introduced as shown in Panel (b). Finally, when J~,~l~ = 24, 
a considerable degree of Fi skew is introduced. In practice, we have found it useful in 
the author's laboratory to use J~.~l~ = 15 to afford an adequate degree of F1 skew for 
long-range response authentication. 

At present, other than the initial report of the CIGAR-HMBC experiment by 
the author, the only other application reported in the literature is in the review 
of Reynolds and Enriquez. 97 These authors reported use of the CIGAR-HMBC 
experiment with "],scale ~- 0 to  provide significantly improved resolution in heavily 
congested regions of the long-range correlation spectrum of kauradienoic acid 
relative to a conventional GHMBC experiment. 

2 j , 3 j - H M B C  - a proton-detected 2D NMR method to di~'erentiate 2J from 3j  
long-range correlations to protonated carbon or nitrogen 
One of the inherent difficulties of interpreting and utilizing long-range hetero- 
nuclear shift correlation data, regardless of which experiment is used to acquire 
the data, is determining whether a particular correlation response is across two- or 
three-bonds. To a lesser extent, four-bond correlations are also possible, but these 
will generally only be observed with accordion-optimized long-range experiments 
when tm~,x is <4Hz.  Reynolds and co-workers 46 very creatively addressed this 
problem in their report on the development of the XCORFE pulse sequence, 
using a BIRD pulse to selectively manipulate specific components of magnet- 
ization while leaving others to evolve unaffected. This same principle is used in 
the 2j,3j-HMBC experiment developed by Krishnamurthy et al.9S 

In the original version of the 2j,3j-HMBC pulse sequence, which is shown in 
Fig. 19, the constant time variable delay was again extensively modified. Before 
considering the modification, which afforded a pulse sequence operator given the 
acronym STAR (Selectively Tailored Accordion Fi Refocusing), it is appropriate 
to first consider a hypothetical chemical structure fragment, 15, and the various 
long-range heteronuclear and homonuclear coupling constants which can operate 
in such a fragment. Active heteronuclear couplings include the IJcn coupling to 
~3C1; as well as 2Jcn and 3JcH long-range couplings from the protons attached to 
~2C2 and i2C~, respectively to ~3C1. Homonuclear couplings in the hypothetical 
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Fig. 19. Pulse sequence for the :J, 3j-HMBC experiment described by Krishnamurthy 
el (l/.~)~ This experiment represents the most refined version of the accordion-optimized 
experiments to be developed thus far and allows the differentiation of :Jxn from 3Jxn 
long-range correlations to protonated hetematoms (13C and iSN). The experiment further 
modifies the concept of the constant time variable delay used in the IMPEACH-MBC TM 

and CIGAR-HMBC <)6 experiments to even more selectively manipulate various compo- 
nents of magnetization. This is done using the pulse sequence operator given the acronym 
STAR (Selectively Tailored Accordion Fi Refocusing) (see also Fig. 20). Differentia- 
tion of various components of hetemnuclear long-range magnetization is accomplished 
within the STAR operator, with the balance of the pulse sequence similar to that of the 
IMPEACH-MBC and CIGAR-HMBC experiments. 

4 J H H  ~ 0 

H 3JHH H 2 
J c n  ,~/[ B 12 k"~CH13 -,. ~ . ~  1 J c H  
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structure fragment include a pair of 3JHH couplings, labeled A and B, and a 4JHH 
coupling, which can be ignored since this coupling will likely be close to zero. 

The STAR operator used in the 2J,3j-HMBC sequence is shown in Fig. 20. 
The STAR operator utilizes four variable delays, D, which are incremented from 
zero in concert with the decrementation of vd, A1 and A2, the sum of which 
is held constant, and vd, which is decremented as a function of the accordion- 
optimization range selected in the usual fashion from T.n,x to Tmi n. Hence, the 
overall duration of the variable delay interval is constant. Within the STAR 
operator, the first variable delay, A 1, is incremented from zero to Jscale x tlmax 
in steps of J~lo x tl, while conversely A2 is decremented from a starting value 
of  Jscale X tlmax tO zero in steps of J~c~l~ x tl. Thus, while the sum of A1 + A2 is 
constant, each of the delays are variable and a function of the evolution time, Zl. 

Referring to 15, we next must consider the role of the pulses and delays within 
the STAR operator. Three scenarios are possible for individual components of 
magnetization passing through the STAR operator: (i) any coupling that evolves 
during one of the two delays, A1 or A2, but is refocused during the other 
will modulate the FI response by a factor of J~,~lo x J;  (ii) any coupling that 
evolves during both A1 and A2 will not have any effect on the Fl response; 
(iii) any coupling that is refocused during both A I and A2 will not have an 
affect on the F 1 response. The 180 ° X pulse located midway through the A I 
delay refocuses all components of heteronuclear magnetization ("JxH) but allows 
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all homonuclear components of magnetization to continue to evolve ("JHH). The 

BIRD pulse midway through the A2 interval behaves as a 180 ° pulse for X and 

the proton(s) directly attached to it ( H - i 3 c l ) ,  but as a 0 ° pulse *'or all other 

protons, including the 'ac t ive '  proton of a long-range XH spin pair. Hence, the 
BIRD pulse in the STAR operator is similar in function to the BIRD pulse located 
midway through A2 in the XCORFE pulse sequence developed by Reynolds and 
co-workers. 4~' As a consequence of the action of the BIRD pulse, the iJciHl 

coupling is refocused during the A2. As a consequence of the action of the 

BIRD pulse, the 3JHH coupling labeled 'A '  in 15 evolves during A1 and is 
refocused during A2. This meets the condition (i) above, resulting in a modula- 

tion in Fi of the 2JciH2 coupling by J~,l<. x J .  In contrast, since 4JHH ~ 0Hz,  
there is no net effect on the 3JciH3 long range coupling; this component of 
magnetization evolves through both the A I and A2 intervals of the STAR 

operator. 

Fig. 20. Schematic representation of the STAR operator as originally incorporated in 
the -~J, ~J-HMBC experiment.<) s Referring to the hypothetical structure fragment, 15, the 
various components of the operator act on specific cmnponents of magnetization. There 
are four variable duration delays in the STAR operator. The first of these encountered 
during the execution of the pulse sequence operator is D. As in the IMPEACH-MBC and 
CIGAR-HMBC experiments, this delay is halved (D/2) with a 180 ° 1:~C pulse centered in 
it. In the specific case of the STAR operator, however, the 180 ~-~C pulse and the second 
half of the delay, D/2, immediately precede the final variable delay, vd, rather than 
folk)wing directly as in previous versions of the experiment. As the variable delay,, vd, is 
decremented from Tm,~× to Train in steps of tl m~'~/ni, which are the maximum duration of the 
ew~lution time and the number of increments of the ew)lution time. respectively, the D/2 
intervals are incremented accordingly, keeping the sum D + / ,d  constant, again precluding 
homonuclear modulation during these intervals. The other two variable delay intervals, 
A 1 and A2, provide differentiation of two-bond from three-bond long-range heteronuclear 
couplings to proton-bearing ~3C or ~YN resonances. To prechide homonuclear modulation 
during the STAR operator, the sum of the intervals A1 + A2 is constant: both delays 
are variable delays and have durations which are a function of the evolution time, t~. 
Any heteronuclear coupling that: (i) evolves during A1 or A2 but is refocused during 
the other will modulate the Fi response fiequency by a factor of ,L,,~uo x "Jxn; (ii) any 
heteronuclear coupling that ew)lves during both A1 and A2 will not have any effect on 
the Fi response; (iii) any heteronuclear coupling that is refocused during both A 1 and A2 
will not have an effect on the F~ response. The 180 ° X pulse located at A 1/2 refocuses 
all components of heteronuclear magnetization ("JxH, where ~l = I Io 4) but allows all 
homonuclear magnetization components ("JHH) to continue to evolve. The BIRD pulse 
midway through A2 behaves as a 180 ° pulse for X and the proton(s) directly attached to 
it (e.g. H-13Ci of 15), but as a 0 ° pulse tk)r all other protons, including the "active" proton 
of a king-range XH spin pair. Hence, the BIRD pulse in the STAR operator is similar in 
function to the BIRD pulse located midway through the A2 delay in the XCORFE pulse 
sequence developed by Reynolds and co-workers. 4~ As a consequence of the action of 
the BIRD pulse, the 3JHH coupling labeled 'A" in 15 ew)lves during A1 and is refocused 
during A2. This meets condition (i) described above, resulting in modulation of the F~ 
response of the :Jcln2 as a function of ,l~.,,i,, X"JxH. In contrast, since 4JHH ~ 0 Hz, there 
is no net effect on the ~JciH~ long-range coupling response: instead, this component of 
magnetization evolves through both A I and A2. 
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T h e  F 1 modulation of 2JClH2 by the STAR operator is manifest as shown 
schematically in Fig. 21. The extent of Fj modulation is a function of the value of 
a[,~le selected in performing the experiment. The 3Jcm3 long-range correlation, in 
contrast, exhibits only the modulation or 'skew' in Fl that is normally associated 
with the incrementation of the evolution period, q. 

Using strychnine (14) as a model compound to demonstrate the concept of the 
2j,3j-HMBC experiment, Krishnamurthy and co-workers 98 published the spec- 
trum shown in Fig. 22. These data were acquired using a 6 to 10Hz accordion- 
optimization range and a J~c~lo = 16 setting. Responses in the aliphatic region of 
the spectrum enclosed in boxes are 2JcH correlation responses. The expansion 
shows the long-range correlations of the H1 lol resonance. The 2JcI2H 1 lc~ response 
exhibits Fj modulation analogous to that expected for the 2JcH correlation shown 
in Fig. 21. The 3Jcl3m i,,, in contrast, exhibits only the expected modulation due 
to the incrementation of the evolution time, q. 

To illustrate the choice of J~le on the degree of FI modulation (J~c~,Jo x J)  
observed in the 2J,3J-HMBC spectrum, Krishnamurthy and co-workers 9~ utilized 
2-pentanone (Figure 23) the same model compound used by Reynolds and co- 
workers 46 in the 1985 report on the XCORFE experiment. The effect of varying 
the value of J~f~ is shown in Fig. 23. The two 3Jcu long-range correlations 
from the l-methyl and 5-methyl groups to C3 are unaffected by varying J~j~. 
In contrast, as J~,le is varied from 0, where there is no Fi modulation of the 
2Jc3H4 correlation to successively larger values (6, 12, 18, and 24) the degree of 
FI modulation of the 2Jc3H4 progressively increases. In general, we have found 
that usable results are obtained with settings of Jscale at about 15. 

There have been no reported applications of the 2j,3j-HMBC experiment 
published to date. There has, however, been one report of a COSY-type artefact 
observed in 2j,3j-HMBC spectra of a cyclopentafurnanone. 99 The COSY-type 
responses observed are displaced in FI as a function of the choice of J~c~l~. 
Removing the bipolar gradients flanking the BIRD pulse in the A2 interval of 
the STAR operator and superimposing a CYCLOPS phase cycle on the BIRD 
pulse completely suppresses the COSY-type response artefacts associated with 
the 2j,3j-HMBC experiment. 1°° 

2JHH / ~  2JHH 
3JHH [ I [J 3JHH 

2JCH 3JCH 
Fig. 21. Schematic representation of the differentiation of 2Jcu from 3JcH long-range 
correlation responses in the 2j, 3j_HMBC experiment as a function of the operation of the 
STAR operator shown in Fig. 20. 
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Fig. 22. Aliphatic region of the 6 to 10Hz optimized 2j, 3J_HMBC spectrum of strych- 
nine, 14, with J~alc = 16. Responses in the aliphatic region enclosed in boxes are 2JcH 
long-range correlation responses. The two- and three-bond long-range correlations of the 
H1 Io~ resonance to C12 and C13 via two- and three-bonds, respectively, is shown in the 
expansion to the left. As expected, the 2JcH correlation to CI2 is modulated in F~ as a 
function of the STAR operator, while the 3JcH correlation to the C13 is unaffected by the 
operation of the STAR operator. 

3.3.6. B I R D - H M B C  

Another new entry into the repertoire of  long-range heteronuclear shift correlation 
experiments is the BIRD-HMBC experiment recently described by Berger 
et  a l .  1°1 Noting the inherent drawbacks of  refocused variants of  the long- 
range heteronuclear shift correlation experiments, specifically the degree of  
IJcH residual response suppression when a dual-stage gradient low-pass J- 
lilter is employed, the authors set about the development of  a variant that 
could provide improved suppression of  direct correlation responses. The BIRD- 
HMBC pulse sequence shown in Fig. 24 replaces the traditionally employed 
low-pass J-filter by a BIRDy pulse. Both the direct (IJcH) and long-range 
("JcH) components of  magnetization pass through the BIRDy pulse and are 
recorded. The former are subtracted on successive scans; the desired long-range 
correlations are additive on all scans. The authors compared the BIRD-HMBC 
experiment with pulse sequences employing single and two-step low-pass J-filters 
as both non-refocused (those not allowing decoupling) and refocused variants of  
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Fig. 23. Panels from a series of 2j, 3j_HMBC spectra in which the parameter J~lo was 
varied using 2-pentanone as a model compound, which Reynolds and co-workers 4~ used 
in their original report of the XCORFE experiment. As the value of J~.al~ is varied from 
0 in Panel (a) to successively larger values of 6, 12, 18, and 24, in Panels (b) through 
(e), respectively, the Fi skew of the 2Jc3H4 correlation progressively increases while the 
3Jcn correlations from the 1- and 5-methyl proton resonances are unaffected. 

the conventional HMBC and A C C O R D - H M B C  experiments.  Using the BIRD- 
HMBC experiment  the authors were able to demonstrate response intensity 
and lineshape comparable  to HMBC data without refocusing, and lineshape 
and response intensities that were superior to those that could be recorded 
using the A C C O R D - H M B C  experiment.  When the BIRD-HMBC experiment  was 
performed in a refocused format using single- and two-stage low-pass J-filters, 
the l ineshape was maintained but with a 15 -20% reduction of  signal intensity 
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Preparation Evolution Detection 

Fig. 24. Pulse sequence for the B1RD-HMBC experiment recently reported by Berger 
et al. H)~ The experiment is intended to provide an improvement in the suppression of 
the unwanted direct (IJcn) correlation responses relative to what can be obtained by 
the conventional HMBC/GHMBC experiments using a low-pass J-filter or the gradient, 
dual-stage low-pass J-filter employed in the accordion-optimized long-range experiments. 
Both the direct (IJcH) and long-range ("JcH) components of magnetization pass through 
the B1RDy pulse but are phase manipulated in the process. The former are subtracted on 
successive scans while the latter are coherently added. The authors demonstrated lineshape 
and response intensities comparable to those of the GHMBC experiment using strychnine, 
14, as a model system while the results from an ACCORD-HMBC experiment afforded 
poorer lineshape and sensitivity in both non-refocused and refocused experiments, the 
latter with broadband heteronuclear decoupling during acquisition. 

relative to the non-retbcused variants of  the experiment. The authors concluded 
their report by suggesting that incorporation of  variable (accordion) delays into 
the BIRD-HMBC sequence should be possible but they did not show examples 
of  the results from this type of  experiment. To date there have been no reported 
applications of  the BIRD-HMBC experiment in the literature. 

3.3.7. Broadband  H M B C  

Nearly simultaneously with the report of  the BIRD-HMBC experiment, Meissner 
and S0rensen m2 described another modification of  the basic long-range hetero- 
nuclear shift correlation experiment that they refer to as 'broadband'  HMBC. The 
authors employ the gradient dual-stage low-pass J-filter used in the accordion- 
optimized experiments described above (Section 3.3.5) followed by a delay, A, 
which replaces the accordion-optimized delay or a 'normal '  fixed delay for the 
evolution of  long-range heteronuclear components of  magnetization. Instead, 
Meissner and S0rensen acquire a series of  several experiments with different 
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optima for A. Broadband 'excitation' is obtained by co-adding the data from the 
series of  experiments performed. The authors recommend a starting delay A m"x 
where 

A m"~ = [1/Tr"JcH] tan-i  [JcH/AUI/2] (12) 

where l)1/2 is the proton linewidth at half-height, followed by values that ' . . . s tep  
downwards to about half this va lue . . . '  Following completion of  the evolution 
period, tl, the authors insert a 180 ° X pulse flanked by gradients in the ratio +5,  
- 3  or - 3 ,  +5,  with appropriate gradient recovery delays as shown in Fig. 25. 

The authors compared data from a 65 ms HMBC experiment with a broadband 
HMBC experiment performed by co-adding four A values of  440.7, 343.4, 290.3, 
and 242.2 ms. The authors state that when combined, these four A values provide 
uniform excitation of  long-range couplings up to 4 2 0  Hz, which is achieved by 
larger couplings being in-phase when magnetization is converted back to observ- 
able single quantum coherence following the various long delays. The authors 
also comment  that in practical application, the broadband HMBC experiment 

go ° 180 ° 

I I 
90 ° 

90 ° 180 ° 90 ° 

13 C 

I TM " " 1 "  I ' V l  I "  V l  | 
Low-pass [ Evolution Acquisition 

J filter I 
Broadband 

delay G4 G5 
G1 

-q-- H Z-gradient 
G2 G3 

Fig. 28. Pulse sequence for the broadband HMBC experiment proposed by Meissner and 
SCrensen. m2 A series of experiments are acquired in which the delay, A, is varied and 
used in lieu of an accordion-optimized delay. This series of experiments is in some senses 
analogous to the processed result of the 3D-HMBC experiment proposed by Furihata and 
Seto. 73 The authors used a series of lout A values of 440.7, 343.4, 290.3, and 242.2 ms 
and claim unilbrm excitation to ~20 Hz. The authors also comment that the application of 
broadband HMBC requires higher numbers of transients/h increment than conventional 
HMBC or accordion-optimized experiments, which is not surprising given the likelihood 
of considerable losses of magnetization due to relaxation processes during the very long 
A delays that are employed to achieve 'broadband' excitation in this approach. 
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requires a higher number of acquisitions/tl increment than conventional HMBC 
or accordion-optimized long-range experiments. In the opinion of this author, 
the long A delays in the range of 242 to 440 ms will have associated with them 
considerable losses of signal intensity due to relaxation processes. Indeed, in the 
experience of the author, optimization of accordion-optimized delays for long- 
range couplings smaller than 4 Hz (125 ms) has associated with it a significant 
penalty in the form of losses of sensitivity. Again, to date, there have been no 
applications of the broadband HMBC experiment reported in the literature. 

3.4. Simultaneous direct and long-range heteronuclear shift correlation 

Since the introduction of the HMBC experiment by Bax and Summers in 1986, 47 
spectroscopists have generally been 'programmed' to think of these experiments 
in the sense of the residual direct correlation responses being an undesired and 
complicating nuisance to the interpretation of the desired long-range correlation 
responses. To this end, ever more sophisticated filters have been designed 
for the elimination of direct correlation responses. Recently, however, several 
groups have addressed the issue of direct correlation responses in long-range 
heteronuclear shift correlation spectra from the opposite standpoint. That is, they 
have explored the question of recording both direct (]Jcn) and long-range ("Jcn) 
correlation responses in such a way as to allow them to be separated during 
data processing. This has led to the description of first the MBOB (Multiple 
Bond-One Bond, see Section 3.4.1) experiment by Meissner and S¢~rensen m2 
in the same report as the broadband HMBC technique. More recently, Berger 
et al. I°~ have described an experiment to which they've given the acronym 
HMSC (Heteronuclear Multiple-bond and Single-bond Coupling connectivities, 
see Section 3.4.2). The extent to which these experiments will enjoy application 
remains to be determined, but the idea is, none-the-less, an interesting potential 
way to economize on spectrometer time. 

3.4.1. MBOB - Multiple-Bond One-Bond heteronuclear sh i f  t correlation 

The HMBC experiment, in principle, uses a series of phase shifts to alternately 
add and subtract the signals for the direct correlation responses from the data 
matrix. If, instead of adding and subtracting in memory, two separate data sets 
are stored, they can be added or subtracted during processing. It was in this 
fashion that Meissner and S~rensen m2 developed the approach of the MBOB 
(Multiple-Bond One-Bond) simultaneous direct and long-range heteronuclear 
shift correlation experiments. By adding the two data sets, Meissner and S~rensen 
took advantage of the low-pass J-filter function typically employed in HMBC 
experiments, obtaining a long-range correlation spectrum in the usual fashion. By 
subtracting the two data sets, the direct correlation experiment was obtained, the 
individual correlation responses appearing as multiplets in F2 since no broadband 
heteronuclear decoupling was applied during the acquisition period, t:. 
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As noted by the authors in their discussion of this approach, there exists the 
possibility of accidental cancellation of long-range correlation responses under 
some conditions when the long-range response and the 13C coupled direct corre- 
lation response multiplet overlap in F2. The authors go on to note, however, that 
by using the broadband excitation approach (see Section 3.3.6) that this problem 
can be circumvented. Again, there hasn't been any reported application of this 
technique in the literature. 

3.4.2. HMSC - Heteronuclear Multq)le-bond and Single-bond Coupling 

connectivities 

In a report that appeared in 2001, Berger et al. m3 described an experiment to 
which they gave the acronym HMSC (Heteronuclear Multiple-bond and Single- 
bond Coupling connectivities), commenting in the introduction to their report that 
they were unaware of any report of an experiment for the simultaneous detection 
of direct and long-range heteronuclear shift correlation data, probably due to the 
publication of the report of Meissner and SOrensen only approximately a month 
prior to that of the HMSC experiment. 

The HMSC pulse sequence bears considerable resemblance to the BIRD- 
HMBC experiment (see Section 3.3.6). The HMSC pulse sequence begins with a 
90~ proton pulse followed by a delay, D3, and then a BIRDy pulse in which 
the 180 ° 13C pulse is replaced by a 902 - 180,~ - 9 0 ~  composite pulse. The 
BIRDy pulse is centered in at the midpoint of the long-range delay, where 
D3 is optimized as a function of J '"" ' ~t a c~ .  The coherence of the "Jch coupled 

protons is labeled selectively with a 13C pulse adjusted to either 180 ° or 0 ° 
using x,y,x or x , - x , x  composite 180 ° pulses, respectively. In contrast, in-phase 
I Jcu coherence evolves under the influence of the direct or one-bond coupling 
and proton chemical shift into antiphase coherence in the subsequent D2 delay, 
where D2 = l ( IJcn) .  There is essentially no further evolution of "JcH coher- 
ence during D2 because of its short duration, which is optimized as a function 
of the large, one-bond heteronuclear coupling constant. The next 90 ° ]3C pulse 
transforms "Jcn and IJcn antiphase components into multiple quantum coher- 
ence that evolves in the usual fashion during the evolution time, tl, followed by 
reconversion to the corresponding single quantum coherences. 

To exploit the acquisition of both IJcH and "Jcu coherences, for each incre- 
ment of the evolution time, tt, two FIDs with phase 9)2 (Y or - x ,  respec- 
tively) are acquired and stored in separate locations. In the first phase of data 
processing, each separately stored set of t] data is processed separately. To 
disentangle the JJcn and "Jcn responses, the individually processed data are 
added and subtracted from each other to recover the individual spectra. Obvi- 
ously, since broadband decoupling is not applied during the pulse sequence, the 
]Jcn spectrum will he fully coupled as was the data from the MBOB exper- 
iment (see Section 3.4.1). If X-decoupled direct correlation data are desired, 
the authors m~ note that a refocused variant of the experiment can be employed 
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as in the case of the D-HMBC (see Section 3.3.1) or accordion-optimized (see 
Section 3.3.5) experiments. However, as would be expected with refocused exper- 
iments, there will be signal losses due to relaxation during the second potentially 
long refocusing delay. 

Biglcr and co-workers 1°3 illustrated the application of the HMSC experi- 
ment using strychnine (14) as a model compound. Excellent discrimination in 
the processed data was obtained between the direct and long-range correla- 
tion responses. Results obtained with the HMSC experiment were compared to 
conventional HMBC and statically-optimized ACCORD-HMBC data. The sensi- 
tivity and lineshape were comparable to the HMBC data and superior to the 
statically-optimized ACCORD-HMBC data due to the evolution of antiphase 
coherence into in-phase coherence prior to detection, resulting in FIDs that are 
not optimal for magnitude calculated presentation. This observation is analogous 
to that made with the BIRD-HMBC data above (see Section 3.3.6). 

4. QUANTITATIVE MEASUREMENT AND USE OF LONG-RANGE 
HETERONUCLEAR COUPLINGS 

Long-range heteronuclear couplings, "JxH where n = 2, 3 and X is typically 
13C or 15N, can be used to establish molecular conformation in much the same 
manner as 3JHH homonuclear couplings. Unfortunately, long-range heteronuclear 
couplings are experimentally much less accessible than their homonuclear coun- 
terparts. Despite the inherent difficulties in measuring long-range heteronuclear 
couplings, (i) due to the low natural abundance of the heteronuclides of interest, 
typically 1-~C and 15N, which have relative abundance of 1.1 and 0.37~, respec- 
tively, and (ii) due to the fact that "JxH are comparable in magnitude to 3JHH 
couplings, there has still been considerable interest in the development of new 
experiments to facilitate their measurement. The key experiments used for the 
measurement are very briefly surveyed in this section: a more extensive survey 
is the excellent recent comparative review of Mfi.rquez et a l .  m4 Their review is 
especially valuable in that it coinpares the results that can be obtained with the 
various experiments now available using a sample of strychnine, 14, as a model 
compound. 

4.1. Methods for the determination of long-range heteronuclear couplings 

One of the earliest efforts to measure and utilize long-range heteronuclear 
coupling constants is found in the work of Bermel et  a l .  5j The first example of an 
experiment specifically designed for the measurement of long-range heteronuclear 
couplings is found in the description of the development of the hetero (coj) 
half-filtered HETLOC experiment by Kessler and co-workers, m5 An updated 
version of the COl half-filtered HETLOC experiment has been developed by KOvdr 
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et al.1°6'1°7 A quantitative heteronuclear J-correlation method was also described 
during 1994 by Zhu e t a l .  l°s that employs the estimation of heteronuclear 
coupling constants from the normal, magnitude-mode processed HMBC data. 
This method has been further refined by Murata and co-workers, j°9 One- 
dimensional inverse -jl° and selective inverse-detected long-range J-resolved Ijj 
methods were reported in 1994 and 1995, respectively. Willker and Leibritz j J2 
also reported a variant of the standard HMBC experiment in 1995 that has 
had several applications. Rather than a simple long-range delay, their J-HMBC 
experiment instead uses a pulse sequence element identical to the components of 
the constant time variable delay (8) employed by the author and coworkers 96 in 
the IMPEACH-MBC experiment (see p. 68), More detail on this experiment is 
presented in Section 4.2.2. below. 

Ko2mifiski and Nanz 113 reported the development of the HECADE experi- 
ment that allowed the determination of heteronuclear coupling constants from E- 
COSY-type crosspeaks. A sensitivity improved HSQC-HECADE pulse sequence 
has since been developed by the same authors. 114 The HSQC-based GSQMBC 
experiment reported in 1997 by Sklenfi~ and coworkers, 115 and discussed in 
Section 3.3.3, has also been used tbr the measurement of small, long-range 
heteronuclear coupling constants. 

In 1999, Furihata and Seto tt5 described a pair of J-resolved HMBC pulse 
sequences given the acronyms J-resolved HMBC-1 and J-resolved HMBC-2. 
There have been a number of applications of the latter which are briefly surveyed 
in the following section. These methods circumvent the need to extract the size of 
the long-range heteronuclear coupling constant by mathematical analysis. Instead, 
the size of the coupling constant is scaled to allow convenient, direct measurement 
in Fj. Later in 1999, Ko~mifiski 116 described a simple, multiplet pattern HSQC- 
TOCSY experiment for the measurement of long-range heteronuclear coupling 
constants. 

Further increases in research effort in this area of NMR was also seen 
during 2000. Williamson and co-workers 117 reported the development of gradient- 
selected one- and two-dimensional HSQMBC experiments that have been applied 
by the same group of authors in the characterization of several complex marine 
natural products. Additional applications of the HSQMBC experiment have also 
begun to appear. These applications are also briefly surveyed in the following 
section. Ding ~ls reported the direct measurement of long-range heteronuclear 
coupling constants from phase-sensitive HMBC data. Previous reports of the 
measurement of long-range I H-15N coupling constants from phase-sensitive 
HMBC data have appeared l~9"l:° as well as the psHMBC method proposed by 
Sheng and van Halbeek 121 which has not been applied to structural problems since 
the initial report. Gotfredsen and co-workers 122 reported the development of an 
accordion-based method for the measurement of long-range 1 H-31 p heteronuclear 
couplings in nucleic acids. Seki and co-workers 123 described a modified version 
of the HMBC experiment designed to suppress proton homonuclear J-modulation 
in both selective ID and non-selective 2D pulse sequences. Their modification 
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uses a constant time approach and a successively relocated 180 ° X pulse in a 
constant time delay that is very similar to the J-HMBC method of Willker and 
Leibfritz 112 and the IMPEACH-MBC experiment (see p. 68) described by the 
author and colleagues. TM Finally, Xia et al. ~24 described the J-multiplied HMQC 
(MJ-HMQC) experiment for the measurement of 3JNHn~, coupling constants in 
15N-labeled proteins. While this method has yet to be applied, it does have the 
potential for application to small molecules as well. 

In 2001, Meissner and S~arensen 126 described methods tk~r the measurement 
of JuH and "Jcn couplings employing the broadband excitation approach (see 
Section 3.3.7) with the report of the broadband XLOC and broadband J-HMBC 
experiments, respectively. In a further extension of the idea of accordion 
optimization, Williamson et al.127 reported the development of the J-IMPEACH- 
MBC pulse sequence. This approach is similar to the EXSIDE experiment 
previously described by Krishnamurthy 93 and the J-resolved HMBC experiments 
of Furihata and Seto It5 in its use of J-scaling to render small, long-range 
heteronuclear couplings conveniently measurable. Finally, winiamson et al. TM 

also described a new method, G-BIRDR-HSQMBC. that was reported in their 
survey of the available methods. 

4.2. Applications of quantitatively determined long-range heteronuclear 
couplings to chemical structure problems 

As noted in the introduction to this section, Mfirquez e t a l .  1°4 have recently 
published a comprehensive, comparative review of the methods now available for 
the measurement of long-range heteronuclear couplings as well as a comparative 
evaluation of the various methods. Their review compliments the earlier review 
by Tvaroska and Tarave112s on the use of carbon-proton coupling constants 
in the conformational analysis of carbohydrates. Consequently, no effort will 
be made here to exhaustively review this area of the literature. It is sufficiently 
noteworthy, however, to provide the interested reader with a brief survey of some 
of the pertinent applications of these methods, which are attracting increasing 
attention. 

Matsumori et al. 129 described what they referred to as a 'J-based conformation 
analysis method' of establishing relative stereochemistry using a combination of 
3JHH and "JcH coupling constants. This approach has essentially been utilized in 
a number of following applications. 

4.2.1. Corffbrmational analysis using HETLOC and phase-sensit ive H M B C  

Early reports of NMR-based configuration analysis relied on a combination 
of the HETLOC j°5 107 and phase-sensitive HMBC l°a methods that were then 
available in conjunction with 3Juu homonuclear coupling constant data. Quite 
simply, HETLOC can be employed to establish the relative stereochemistry of 
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two chiral centers when they are separated by contiguous chiral methine or resolv- 
able diastereotopic methylenes. Whenever there is an intervening heteroatom or 
quaternary carbon center, the relative value of the "Jcn coupling can be calcu- 
lated on the basis of the intensity of the cross-peak in a phase-sensitive HMBC 
spectrum, log 

When an alpha carbon bears an electronegative substituent such as an oxygen 
or halogen atom (e.g., IH-12C-13C-X,  where X = O, C1, etc.), there is a clear 
relationship of the size of the 2JcH coupling and the dihedral angle between 
the proton and the heteroatom. Recognizing this, Matsumori et  a l .  t3° applied a 
combination of HETLOC and phase-sensitive HMBC methods to establish the 
structure of acyclic portions of the marine toxin okadaic acid (16). 

o . ) .  _o. 
o i , , o  - ..... 

H O ~ ~ . . . . . . ~ . . g  OH O' ~" O~ 

16 

At the time Murata's study was reported, the solution structure of acyclic 
portions of the okadaic acid structure were not known despite extensive 
NOE measurements coupled with distance geometry calculations. 131 Using 3JHH 
coupling constants measured from E. COSY data and "JcH (n = 2, 3), determined 
predominantly from HETLOC spectra for the contiguous protonated carbon 
portions of the molecule and phase-sensitive HMBC data for segments containing 
quaternary carbons, Murata and co-workers 13° were able to successfully establish 
the solution structure of okadaic acid. 

Maitotoxin, one of the toxins responsible for ciguatera poisoning, is the 
largest known non-biopolymer (MW 3422). Elucidating the structure of this 
complex molecule has attracted very considerable attention from natural products 
chemists and synthetic chemists alike. Following the establishment of the 'planar' 
structure of this unique toxin, 132'133 in a series of communications Murata and 
co-workers 134"135 were able to establish the configuration of the C1-C14  and 
C135-C142 side-chains of the molecule. A combination of "JcH couplings 
measured using HETLOC) °5-1°v phase-sensitive HMBC, m8 and 3JHH coupling 
constants were used in the configuration analysis. While such problems have 
occasionally been approached by synthetic trial and error methods for simpler 
compounds, the importance of the availability of methods based on long-range 
heteronuclear coupling constants becomes glaringly apparent with a problem 
such as that presented by the C1-C14  side-chain of maitotoxin. There are seven 
asymmetric centers in this 14 carbon segment, and hence the number of possible 
stereoisomers is 128 making any consideration of a synthetic approach impossible 
until the configuration has been defined by either NMR or X-ray methods. 
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The structure determination of the neuroexcitotoxin dysiherbaine (17) 137 is 
another example of the usage of HETLOC 1°5 10v data to establish molecular 
configuration. The authors used ~JHH coupling data and NOE measurements to 
establish the relative stereochemistry within the tetrahydropyran ring. Extending 
these data, the configuration at the 4-position was next assigned. Finally "Jcn 
coupling constants using HETLOC data allowed the relative stereochemistry at 
C2 to be established via conformation analysis at the C 3 - C 4  and C2-C3  bonds. 

H NH3 + 
- -NH3 + H - 

- O O C  ~ O  ~ , , , , , , O H  

- O O C "  " ~ ' ~ O " ' 9 1 0  

H 

17 

Following their report describing in detail the J-based configuration analysis 
method, 129 Murata and co-workers ~3s next applied the method to the completely 
flexible molecule amphidinol 3 (3). Once again, 3JHH couplings were measured 
from E. COSY data, "Jcn long-range couplings in the contiguous protonated 
regions of the molecule were determined from HETLOC 1~5 107 experiments and 
phase-sensitive HMBC data I°s were used where there were intervening quater- 
nary carbons. 
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Continuing from their 1997 work on the glycoside strictosidine (19), which 
used slices from a phase-sensitive HSQC experiment as a source of long-range 
heteronuclear coupling constants) 39 Szab6 and co-workers j4° reported using an 
improved version of the HETLOC experiment to measure long-range hetero- 
nuclear couplings in another study of strictosidine and other vincoside derivatives. 
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4.2.2. Measurement ( f  long-range heteronuclear coupling constants using 
J-HMBC 

As noted in the introduction to the previous section, phase-sensitive HMBC 
data can be used to measure long-range heteronuclear coupling constants. 1°s'141 
There have been several recent reports that have employed the rather time- 
consuming J-HMBC process rather than using one of the more efficient exper- 
iments which employs J-scaling that are described below. As noted above, the 
J-HMBC experiment uses a long-range sampling delay containing components 
identical to those used in the IMPEACH-MBC 71 experiment as shown by (8) 
(see also p. 68). Rather than decrementing the variable delay interval, vd, in a 
single experiment, the J-HMBC experiment instead requires the acquisition of a 
series of experiments, typically ten or more, in which the total time for sampling 
long-range heteronuclear couplings is held constant to prevent proton modu- 
lations. The duration of the D/2-180 ° 13C-D/2 interval is incremented or decre- 
mented in concert with the decrementation or incrementation, respectively, of the 
variable delay period. Long-range heteronuclear couplings are then determined 
by fitting peak intensity to an amplitude curve modulated by the relationship 
sin(Jr"Jxn). 

Takayama et a l .  142 utilized J-HMBC data in the determination of the confor- 
mation of several pyrrolidine alkaloids, pandamarilactonine-A and -B (20A and 
B, respectively). Specifically, long-range heteronuclear coupling constants were 
used in conjunction with NOE measurements to assign the stereochemistry and 
conformation of the pyrrolidine-y-lactone linkage. The authors performed a total 
of 15 experiments varying the evolution time from 10 to 290ms in 20ms steps. 
Response amplitudes were fitted using a least squares analysis to extract the 
long-range heteronuclear coupling constants. 

Nagatsu and co-workers H3 reported using a J-HMBC experiment in the deter- 
mination of the long-range heteronuclear coupling constants for monensin sodium 
(21). A series of 10 experiments were performed, varying the optimization of 
the long-range delay from 20 to 200 ms in 20 ms steps. Again, peak intensities 
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were fitted using a least squares analysis to extract the size of the long-range 
heteronuclear couplings. 

Tokunaga, and co-workers 125 reported using the J-HMBC experiment to 
measure the long-range two- and three-bond IH-15N couplings in a series 
of substituted pyridines. Seki e t  a l .  123 subsequently reported using selective 
one- and two-dimensional versions of the J-HMBC pulse sequence to measure 
the long-range IH-J3C and IH-15N heteronuclear couplings of the simple 
/4-carboline alkaloid harman (22). 

N 

I CH 3 
H 

22 
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4.2.3. Con/'ormational analysis using EXSIDE 

The EXSIDE experiment developed by Krishnamurthy 93 uses the idea of J- 
scaling to 'scale-up' small long-range couplings in the second frequency domain 
to render them more readily measured without the imposition of high digital 
resolution requirements in F~. As noted in the introduction, long-range hetero- 
nuclear coupling constants have seen frequent usage in the conformational 
analysis of oligosaccharides. 12~ Rundl6f and co-workers ]44 reported using the 
EXSIDE experiment to determine nJcH couplings in a series of oligosaccharides. 

4.2.4. Measurement (~f"JcH couplings using a 3D J-resolved HMBC experiment 

Using the fundamental concept of the 3D-HMBC experiment proposed in 1996 
by Furihata and Seto, 73 Martins et al.L45 reported a study of the conformation of 
erythromycin A (23) in benzene in 1999. The experiment was employed in the 
measurement of 26 3JcH correlations needed for the contbrmational analysis of 
the molecule in solution. To obtain the data necessary for the determination of 
the long-range coupling constants, the authors reported acquiring a total of 16 
experiments in which the duration of the long-range coupling delay was varied 
from 0 to 500 ms in successive planes of the data matrix. A three-dimensional 
Fourier transform of the data matrix was not performed. Coupling constants were 
determined using an analysis similar to that employed with the J-resolved HMBC 
experiment (see Section 4.2.5 for further discussion). 

= 

O H  

H O  ...... ,' r ,  

H O  ..... ,, 

O 

23 

R 1 = d e s o s a m i n e  

R 2 = e l a d i n o s e  

4.2.5. Measurement of small ';JxH couplings using GSQMBC 

The GSQMBC experiment developed in 1997 by Sklenfi~ and co-workers 75 (see 
Section 3.3.3) has also been used for the measurement of small coupling constants 
from the anti-phase component of the multiplet structure. These applications 
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are discussed above in conjunction with the discussion of the experiment itself. 
Unfortunately, however, there is a problem with dispersive lineshape components 
which precludes the application of this experiment in the extraction of small 
long-range heteronuclear coupling constants from complex multiplets. 

4.2.6. Conformational analysis using J-resoh'ed HMBC 

Furihata and Seto 115 reported the development of the J-resolved HMBC-1 and -2 
experiments in 1999. These experiments also use the idea of J-scaling, employing 
either a 180 ° pulse 'sandwich' alone, flanked by nh/2 delays where n is a 
scaling factor typically set in the range of 20 or 30, or in conjunction with 
a A2 - mh/2180  ° ~H - A2 - mh/2 operator to 'decouple' proton J-modulation 
by allowing proton magnetization to evolve in constant time. 

The solution conformation of two new clerodane-type diterpenes, dytesinin A 
and B (24) was reported by Shimbo et al. 14~, Long-range heteronuclear couplings 
were determined using the J-resolved HMBC-2 experiment ~ I,~ following structural 
characterization using conventional 2D NMR methods. The J-scaling factors n 
and m (see Section 4.2.5) were set to 30 and 31. respectively. The nt~l ~'~';; delay 
was 333 ms; the acquisition of the data required over-weekend accumulation 
for a samples 5.5 mg sample of dytesinin A. Long-range couplings from the H6c~ 
proton to C8. C10, and C18 were used in establishing the relative stereochemistry 
of dytesinin A. 

O 

18 

24 

A R = O H  

B R = H  

4.2.7. Applications of the HSQMBC experiment 

Since being reported in 2000, the HSQMBC experiment has been applied to a 
number of complex structural analyses. ~7 The authors initial demonstration of 
the technique employed sucrose, strychnine (14) and the complex marine natural 
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product phormidolide. The HSQMBC experiment is based on the evolution of 
heteronuclear single quantum coherence as in the HSQC 17 and GSQMBC 7s 
experiments. HSQMBC was also designed to facilitate the direct extraction of 
the desired long-range heteronuclear coupling constants without the necessity of 
curve fitting routines or the acquisition of reference spectra. 

Later in 2000, Williamson and co-workers reported the use of the HSQMBC 
experiment to determine long-range heteronuclear coupling constants that were 
used in the structural characterization of two new malyngamides.147 Long-range 
heteronuclear couplings shown on the structure were used to assign the Z stereo- 
chemistry of the chlorinated double bond of malyngamide R (25), which differs 
from that of other known members of this class of compounds such as malyn- 
gamide F (26) and malyngamide I (27). 

OCH3 O O __OH 

/- f Y ?l=" 
7.1 Hz [ / \7 

~ 4.7 Hz 

25 

C H 3 ~ / H ~ O 8 . 1  Hz 

4.7 Hz 

26 

oc.3 7 

5.3 Hz 

27 
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Long-range heteronuclear coupling constants determined from HSQMBC 
spectra were also used in the J-based conformational analysis 129 of the aliphatic 
stereocenters at C7 through C10 of  the neurotoxin kalkitoxin (28) from the marine 
cyanobacterium Lyungba majuscula. 14s 

H ~  /----- S CH3 CH3 CH3 
2 L-  / \  | " I " i " 

CH 3 CH 3 O 

2 8  

Phormidolide (29) the complex marine cyanobacterial metabolite used as one 
of  the examples in the initial report describing the HSQMBC experiment) iv 
is the subject of  a recent report. H9 It is noteworthy that during the J-based 
conformational analysis I> of phormidolide that the authors had an unprecedented 
five conformational restraints (homo- and heteronuclear couplings, NOE, and 
ROE) per stereocenter. 

Br CH~ 0 OH OH OH OH OH OH 
L " i i i ---_-- i ~ o 

H . . . .  ~ - 

29 
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Finally, Moore and co-workers 15° reported using a combination of HETLOC 
and HSQMBC experiments to measure the long-range heteronuclear coupling 
constants of apratoxin A (30), a cytotoxin from the marine cyanobacterium 
Lyngba majuscula .  

5. CONCLUSIONS 

Following the seminal suggestion of long-range heteronuclear shift correlation by 
Hallenga and van Binst 13 in 1980, it was not until the 1984 report by Reynolds 
and co-workers 14 that this powerful structure elucidation technique was exper- 
imentally realized. There followed an intense period of activity focused on the 
development of new long-range heteronuclear shift correlation experiments that 
was reviewed by Martin and Zektzer in 1988.18 The heteronucleus-detected exper- 
iments were supplanted by the 1986 development of the HMBC experiment 
reported by Bax and Summers, 23 and the subsequent development of gradient- 
enhanced variants of the heteronuclear shift correlation experiments. 27 3o There 
followed a period nearly a decade long during which the HMBC/GHMBC experi- 
ments were the 'cornerstone' of contemporary structure elucidation experimental 
protocols. While the idea of a refocused HMBC experiment to allow broad- 
band heteronuclear decoupling during acquisition was first described in 1989 by 
Bermel, Wagner, and Griesinger 51 it was not until the 1995 report of Furihata 
and Seto 54 'reinventing" what they referred to as the D-HMBC experiment that 
the development of modifications of the proton-detected long-range heteronuclear 
shift correlation experiment began to appear on a regular basis. The series of long- 
range experiments reported since 1995 are surveyed in this chapter and include 
GSQMBC, 75 constant time variants (CT-HMBC-I and CT-HMBC-2); s7 three- 
dimensional experiments (3D-HMBC); 73 a series of accordion-optimized experi- 
ments (ACCORD-HMBC, s9'92 IMPEACH-MBC, 71'72 CIGAR-HMBC, % and 2j, 
3j-HMBC);9s and most recently the BIRD-HMBC ml and broadband HMBC 1°2 
experiments. It is uncertain at the time of writing (mid-2001) what impact the 
growing series of new long-range heteronuclear shift correlation experiments 
will have on the manner in which chemical structure elucidation is undertaken. 
It is certain, however, that long-range heteronuclear shift correlation experiments 
have, in general, had a profound effect on the conduct of structure elucidation 
efforts in laboratories world-wide and have spurred much of the recent interest 
in the development of more versatile, new long-range correlation experiments. 
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Dynamic NMR studies of  the silk fibroin from si lkworms have been reviewed. 
The chain dynamics  of  B. mori and S.c. ricini silk fibroins in aqueous solution 

were studied to determine the relaxation parameters spin-lattice relaxation time, 
nuclear Overhauser  enhancement and line width, t3C NMR observations were 
also made to study the chain dynamics  of  silk fibroin stored in the silk gland of  

living si lkworms. The chain dynamics  of  the B. mori and S.c. ricini silk fibroin 
f b e r  were studied with 2H and I3C solid-state NMR. The solid-state NMR spectra 
of  S.c. ricini silk fibroins showed a gradual and monotonic s lowdown of  the 
overall molecular  motions leading to molecular  aggregation. The chain dynamics  
of  silk fibroin absorbed solvent were detected by IH and I~c solid-state NMR 
methods,  and also using an NMR imaging method. ESR approaches were applied 
to the dynamic  studies of  Tyr side-chain in the silk fibroin. 
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1. I N T R O D U C T I O N  

Investigations of the molecular dynamics of polymers in both solid and solution 
states are of significant practical importance and much interest being focused 
on the relationships between structure and molecular motions, and the mechan- 
ical performance of these materials, j Techniques used to characterize molecular 
dynamics include variable temperature and/or frequency dielectric measurement 
and mechanical spectroscopy, electron spin resonance (ESR), fluorescence spec- 
troscopy, and nuclear magnetic resonance (NMR). 2 The magnetic resonance 
methods, NMR and ESR, have the advantage of being more structurally specific 
than other methods. NMR, in particular, can probe a wide range of frequen- 
cies for molecular ,notions, which are reflected differently in the various NMR 
parameters. 

NMR observations are basically of spin relaxation processes which are associ- 
ated with molecular motions of different specific frequencies in a given system. 
When interest is focused on molecular motions, spin relaxation parameters such 
as spin-lattice relaxation time ( T I )  , spin-spin relaxation time (~ ) ,  and nuclear 
Overhauser enhancement (NOE), are directly measured as a function of temper- 
ature or field frequency by using appropriate pulse sequences. Such temperature 
or frequency dependencies of the spin relaxation parameters are analyzed using 
appropriate models to obtain detailed information on molecular motions with 
frequencies 106-1012 Hz in the system. The T 1 relaxation times can be correlated 
with segmental motion on, and local environments of, the polymer backbone, 
while T2 relaxation data are more closely related to rotational and librational 
behavior. Silk fibroin, a fibrous protein, as described below is expected to exhibit 
dynamic characteristics similar to those of polymers in which the molecular 
weight-independent segmental motion of the chain can contribute significantly to 
the Ti and NOE values. 3 The choice of nuclei which can be observed for NMR 
gives the advantage of observing specific atoms of a repeat unit or segment. 
The 13C nuclei are studied for dynamics because interpretation of the relaxation 
parameters is generally not complicated by intermolecular relaxation processes, 
unlike the situation for IH and 19F nuclei. 4 For protonated 13C nuclei in partic- 
ular, relaxation is generally dominated by a single mechanism: the intermolecular 
13C-IH dipolar with directly bonded protons. 5 Moreover, the large chemical shift 
range of the 13C nucleus makes it possible to resolve most individual carbons and 
thus multiple sites are often available at which to probe a molecule's ,notional 
features. 

In addition to spin relaxation, there are the methods that measure molecular 
motion. The spectra reflecting the 2H quadrupolar interaction are sensitive to the 
mid-range of frequencies. Therefore, 2H NMR spectroscopy is a powerful tool 
to examine the molecular motion of polymers in the solid state. ~ ,,9 Different 
types of ,notion can be discriminated on the basis of their time scale and their 
exchange geometry. The one-dimensional quadrupole echo lineshape of 2H NMR 
is sensitive to dynamics in the range 10 g s < r~ < 10 3s, where r,. is the 
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motional correlation t ime.l  10 Within these limits, the 2H NMR lineshape can be 
analyzed comprehensively in terms of well-known models to yield the geometry 
and rate of segmental motion. 

NMR imaging is a modification of NMR spectroscopic techniques that 
uses linear magnetic field gradients to spatially encode the spins according to 
frequency and phase and has been widely and successfully employed in medical 
science.ll NMR imaging has the advantage that it does not disturb the diffusion 
process, unlike most other techniques which require stopping the diffusion 
process and destroying the sample. 12-1¢~ Relaxation contrasts are intrinsic in all 
imaging experiments and provide information on motions with a time scale on 
the order of the rotational correlation times of the observed spins. Tj, T2 and Tip 
probe different motional time scales and thus, by appropriate choice of contrast 
method, images can be made to reflect particular motions, w 

The spectroscopy of electron spin resonance (ESR) is a means of detecting 
direct transitions between electron Zeeman levels. The phenomenon of electron 
spin resonance is observed only in atomic or molecular systems having net elec- 
tron spin angular momentum, that is, materials containing one or more unpaired 
elecmms. One of the most useful parameters that can be extracted from ESR 
spectra is the spectral linewidth; this parameter provides information on rotating 
correlation time (r~.).lS 

There is considerable interest in the study of silk fibers as a guide to the 
commercial production of protein-based structural polymers through genetic 
engineering. Silk fibers combine strength and toughness. For example, silkworm 
silk exhibits up to 35% elongation, 19 with tensile strengths approaching those 
of high strength synthetic fibers. The tensile strength of silkworm silks is 
approximately 6 × 10SNm e, the modulus is approximately 5 × 10')Nm 2. 
and the energy to break is approximately 7 x 104Jkg t. This is particularly 
impressive when considering that natural silk fibers undergo minimal draw to 
enhance molecular orientation, which improves mechanical properties. Unlike 
most fibers, increased rates of loading of silk fibers result in increased strength 
and modulus as well as elongation; this increases the amount of work to 
rupture. The structures of Bombyx mori (B. mori), wild silkworm (Antheraea 
yamamai, A. pernyi, A. mylitta, and Samia ~3,nthia ricini ), and spider dragline 
silks have been studied in order to clarity the origin of the excellent mechanical 
properties. 

Studies of structure-property relationships are very active. It is well known 
that such dynamics as the several orders of the scale of the motions significantly 
influence the properties of polymers including silk fibroins. However, previous 
study of silk fibroin from the viewpoint of dynamics is limited and therefl)re, in 
this review, we describe mainly our work on the study of the dynamics of silk 
fibroins from B. mori and Samia cynthia ricini (S.c. ricini). The latter silkworm 
is a wild one and the NMR study was pertbrmed as a comparison with B. mori 
silk because of the amino acid composition changes. 
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2. THE AMINO ACID COMPOSITION AND PRIMARY STRUCTURE 
OF B. mori  AND S.c. ricini  SILK FIBROIN 

Silks are generally defined as spun fibrous protein polymer secretions produced 
by biological systems 19 and are synthesized by a variety of organisms including 
silkworms (and most other Lepidoptera larvae), spiders, scorpions, mites and 
flies. The structure and function of silk fibers depend on the organism producing 
the silk. Figure 1 shows, as an example, anterior, middle and posterior silkglands 
in a fifth larval stage B. mori silkworm. 

After the fourth larval molt or ecdysis, the silk glands of these silkworms 
develop rapidly for active fibroin production and in the filth instar larva it is the 
second largest organ following the alimentary canal. Fibroin, the main component 
of silk proteins, is exclusively synthesized in the posterior region of the silk gland 
and is transferred by peristalsis into the middle region of the gland in which it 
is stored as a very viscous aqueous solution until required for spinning. In the 
walls of the middle region of the gland, another silk protein, sericin, is produced 
which coats the silk fibroin, acting as an adhesive. The two glands join together 
immediately before the spinneret through the anterior region and the silk fiber is 
spun into the air. 

~ _ A  Spinneret 

-- Filippi's gland 

nterior region 

region 

Posterior region 

Fig. 1. Silk glands of B. mori larva. 
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Fig. 2. Amino acid sequence of heavy chain of B. mori silk fibroin determined by Zhou 
el al .  22 

The amino acid composit ion of  the silk fibroins from B. mori and S.c. ricini 

(in mole percent) is listed in Table 1. :° 
For both B. mori  and S.c. ricini silk fibroins, the major amino acid residues 

are Ala and Gly. The sum of  Gly and Ala residues for B. mori silk fibroin is 
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Table 1. Amino acid composition of silk fibroins from B. mori and S.c. ricini (mol %) 

Amino acid B. mori S.c. ricini Amino acid B. mori S.c. ricini 

Ala 30.0 48.4 Val 2.5 0.4 
Gly 42.9 33.2 Leu 0.6 0.3 
Ser 12.2 5.5 lie 0.6 0.4 
Tyr 4.8 4.5 Phe 0.7 0.2 
Asp 1.9 2.7 Pro 0.5 0.4 
Arg 0.5 1.7 Thr 0.9 0.5 
His 0.2 1.0 Met 0.1 0.01 
Glu 1.4 0.7 Cys 0.03 0.01 
Lys 0.4 0.2 Trp 0.3 

73%, which is basically the same as that of S.c. ricini silk fibroin (82%), but 
the relative composition of Ala and Gly is reversed. 21 As a result, the striking 
conformational difference of S.c. ricini silk fibroin is the presence of o<-helical 
portions which are composed of Ala residues (Ala),,. 

Silks are encoded by highly repetitive structural genes that are under tight 
regulatory control in the cell. The repetitive domains influence the higher-order 
conformation and result in fibers with unusual functional properties. Information 
on the sequences of several kinds of spider silks have been rapidly accumulated: 
recently, the complete sequence has been reported for silk fibroin from B. mori 
silk fibroin heavy chain. 22 

In the repetitive domain there are two types of repeat units (Fig. 2). One unit 
is characterized by GlyAlaGlyAlaGlySer: the other unit is the peptides of GlyAla 
repeats followed by GlyTyr. 

The primary structure of the silk fibroin from S.c. ricini has recently been 
determined by Yukihiro et al. (personal communication). The silk mainly consists 
of about 100 repeated similar sequences where there are alternative appearances 
of a polyalanine region and a glycine-rich region as in spider (major ampunate) 
silk. As a result, the most striking conformational characteristic of these silk 
fibroins in the silk gland or in aqueous solution is the presence of o<-helical 
domains consisting of Ala residues. 

3. 13C N M R  SPECTRA OF SILK FIBROIN IN SOLUTION 
AND IN THE SOLID STATE 

Typical J3C NMR spectra of the aqueous solution of the regenerated silk fibroin 
prepared from B. mori cocoon are shown in Fig. 3. 4 

The preparation of B. mori fibroin solution is summarized as follows. The 
cocoon was degummed twice with 0.5% Marseilles soap solution at 100°C for 
0.5 h and then washed with distilled water. The degummed B. mori silk fibroin 
was dissolved in 9 M MLiBr at 40°C. After dialysis against distilled water for 
4days, the solution was clarified by spinning in a centrifuge at 10000rpm for 
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Fig. 3. Proton-noise-decoupled 13C NMR spectrum of B. mori silk fibroin in aqueous 
solution (8.7 w/v%). The carbonyl resonance region was expanded and inserted in the 
figure. 

20-30  min. The supernatant was collected and concentrated using an electric fan. 
Assignment was readily perfl)rmed by reference to the chemical shifts of Ac-X- 
NHMe (where X = Gly, Ala, Set, Tyr, or Val) and of the small peptides reported 
elsewhere. > The Gly, Ala, Ser, Tyr, and Val residues, of which silk fibroin has 
relatively large amounts, give well-resolved spectra. There are small but explicit 
peaks which are assigned to the L-Phe and L-Thr residues. 

Figure 4 shows the 13C NMR spectrum of the liquid silk from S.c. ricini mature 
larva. 24 The spectrum of S.c. ricini liquid silk is sharp, indicating very rapid 
segmental motion of the main chain characterized by a very small correlation 
time on the order of 10 ms at room temperature (as in the case of B. H~ori 
silk fibroin). Assignment was performed by reference to chemical shift data of 
the pentapeptides, Gly-Gly-X-Gly-Gly, where X equals the specified residue, ~5 27 
and the amino acid composition. Solution ~3C and ]SN NMR studies of S.c. ricini 

silk fibroin in aqueous solution indicate that about 70% of Ala residues form o~- 
helices while, the conformation of the other Ala residues is random coil.  2°'242s 

Figure 5 illustrates typical solid-state 13C NMR (CP/MAS) spectra of the 
B. mori (a) and S.c. ricini (b) silk fibroin. 
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Fig. 4. Proton-noise-decoupled '~C NMR spectrum of S.c. ricini liquid silks (sample 
concentration 18.0% (w/v)) at 25°C. 
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Fig. 5. I:~C CP/MAS NMR spectra of B. mori (a) and S.c. ricini (b) silk fibroin fibers in 
the solid state. 
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4. M O T I O N  O F  A M I N O  A C I D  R E S I D U E S  O F  S I L K  F I B R O I N  I N  

A Q U E O U S  S O L U T I O N  A N D  I N  L I V I N G  S I L K W O R M S  

As shown in Fig. 3, all JSC solution NMR peaks are sharp; i.e., the half-height 
width is 3.4 Hz on average, indicating very fast segmental motion of the silk 
fibroin chain, in spite of the very large molecular weight of 391 kDa. In order 
to study such fast segmental motion more quantitatively, the spin-lattice relax- 
ation times, TI, tbr the protonated carbons only, were observed as a function of 
concentration fl'om 2.1% to 14.5% using the usual inversion-recovery method, 
i.e. by ( 1 8 0 ° - r - 9 0  °) pulse sequences. These spectra were recorded at 50MHz. 
The Yl values were determined by using the peak areas and are plotted against 
concentration in Fig. 6. 4 

It is likely that TI values decrease gradually with increasing concentration 
except for the Ala C/ ,  where the data show large scatter. As will be described 
later, the TI values were also determined for silk fibroin stored in silkworm 
(30%). The NTI values obtained for the o~-carbons, where N is the number of 
directly attached hydrogen atoms to the given carbon, were approximately same 
for the Ala, Gly, and Ser residues (0.26-0.30s in 2.1% solution and 0 .19-0.22s  
in liquid silk), indicating isotropic segmental motion of the chain. As lk)r the 
motion of the side group, the NTI values of the Ct~ carbons were l . l - l . 4 s  
for the Ala residue 0.22-0.40 s for the Set residue and 0.14-0.38 s for the Tyr 
residue. Thus, the rate of internal rotation around the C , , -C /  bond decreases in 
the order Ala, Set, Tyr. In particular, the comparable NTI value of the Tyr C/ 
carbon relative to those of the C,  carbons indicates that internal rotation of the 
C,, C/.~ bond is strongly hindered. > Similarly, the NTI values of the aromatic 
carbons, C,~ and C,., of the Tyr residue are 0.18-0.28 s, indicating that rotation 
around the C~-Cy  axis is also strongly hindered. 
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Fig. 6. Concentration dependence of the spin-lattice relaxation times (T~) of B. mori silk 
fibroin. 
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In order to determine the correlation time for the backbone segmental motion of  
B. mori silk fibroin quantitatively, NOE as well as Tj values were measured as a 
function of  concentration. 4 However, it could not be judged from the data whether 
the NOE values were concentration dependent or not, because of  the large scatter. 
Therefore, the NOE values were averaged over all the concentrations for each 
carbon. The NTI and NOE values averaged over the Ala, Gly, and Ser C,, carbons 
are used to determine the correlation times of  the segmental motion. The NOE 
value of  2.2 deviates appreciably from the theoretical maximum value 2.988, 
which indicates that the extreme narrowing condition is no longer applicable in 
describing the chain motion. 3 Moreover, a correlation time satisfying both Ti and 
NOE data was not obtained when a general isotropic rotational diffusion model 3 
(single correlation time model) was used. Therefore, the log X 2 distribution model 
was applied to determine the correlation time for the segmental motion of  silk 
fibroin as a function of  concentration. Interpretation of  the model is given in 
detail elsewhere. 3° The results are shown in Fig. 7. 4 

With increasing concentration, the mean correlation time increased gradually 
from 0.10ns (2%) to 0.22ns (30%). These are within the values typical of  a 
random coil polymer, 0 .1 -1 .0  ns at 30-40°C.  3 Moreover, the width parameter, 
p, in the log X 2 distribution model was relatively small: 10-14,  indicating broad 
distribution of  the correlation time. This is also typical of  a random coil po lymer)  

Next, in order to discuss the conformation of  S.c. ricini silk fibroin from the 
viewpoint of  molecular dynamics, 13C NMR Ti values were also observed. All TI 
values of  S.c'. ricini are somewhat smaller than those of  B. mori silk fibroin. From 
both the NTI value averaged over the Ala, Gly, and Ser Co carbons, where N is 
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Fig. 7. Concentration dependence of the mean correlation times for the segmental motion 
of B. mori silk fibroin determined from NT~ and NOE values averaged over Gly Co, Ala 
Co, and Ser C,, assuming the log X 2 distribution model. The width parameters in the 
model were 10 14. The NOE value for the liquid silk in the B. mori silk gland was 
assumed to be 2.2. 
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the number of hydrogen atoms attached to the specified carbon atom directly, and 
the NOE value of 2.2, assumed by reference to previous data concerning B. mori 

silk fibroin, the average correlation time for the segmental motion of the protein 
was determined with a log Z 2 distribution model for segmental motion. The value 
was 3.5 x 10-1° s, compared with 2.2 x 10 10S for B. mori silk fibroin 4 at 25°C. 
Thus, the segmental motion of the S.c. ricini silk fibroin chain is very fast as is 
also the case tbr B. mori fibroin, which is typical of a random coil polymer. 

~;C NMR spectra of the silk gland of the mature larva and of the abdomen of 
the pupa of S.c. ricini are shown in Figs 8(a) and (b), together with that of the 
mature larva of B. mori (c). 31 

The concentration of liquid silk in the middle silk gland of B. mori mature larva 
has been reported as ca. 30%. u Surprisingly, high resolution ~;C NMR spectra 
are observed and are assigned to triglyceride, trehalose and silk protein in the 
silkworm. High mobility of these components gives high-resolution NMR, but 
other components do not give any NMR spectra because of their low mobility. 
The NMR spectrum of the pupa shows the peaks due to triglyceride and trehalose, 
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Fig. 8. I)C NMR spectra of the silk gland portion of the mature larva (a) and of the 
abdomen of the pupa (b) of S.c. ricini. The spectrum of the mature larva of B. mori is 
also shown (c). 



112 TSUNENORI KAMEDA AND TETSUO ASAKURA 

and therefore, the peaks of the amino acid residues of the silk protein are easily 
assigned in the spectra of both silkworms. In the NMR spectrum of B. mori 

silkworm, the spectral pattern is different from that of S.c. ricini silkworm, mainly 
in the resonance region of the carbons of the Ala residue. The shapes of the 
peaks from the Ala residue from S.c. ricini silkworm are doublets or asymmetric, 
indicating the presence of both o!-helical and random coil conformations in the 
silk fibroin, as reported previously. 4"2° However, the corresponding Ala peaks of 
B. mori silk fibroin are all singlets and the peak positions coincide with those of 
the low-field component of the Ala Ct~ and of the high-field component of the 
Ala C~, and C = O  of S.c. ricini silk fibroin. These data indicate that there is no 
oe-helical portion in the silk fibroin stored in the silk gland of B. mori and the 
conformation is essentially random coil. Thus, it is possible to obtain structural 
information on silk fibroin from 13C NMR directly, for example, by observing 
living S.c. ricini silkworm while changing the observed temperature. From direct 
observation of the change in the Ala C = O  peak chemical shift in the silkworm 
when changing the temperature, oe-helix-coil transition of Poly(Ala) chain has 
been observed directly. 33 

Direct 13C NMR observations of living B. mori silkworms were applied to the 
chain dynamics studies of the silk fibroin stored in the silk gland. Figure 9 shows 
a series of partially relaxed 13C NMR spectra of the middle silk gland portion of 
intact mature larva of B. mori. 
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Fig. 9. Partially relaxed ~3C NMR spectra of the silk gland portion of intact B. mori 
mature larva. The IH nuclei were decoupled only during the sampling time. r is the delay 
time between the 180 ° and 90 ° pulses and the waiting time was 4 s. 
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Detailed peak assignments have been reported elsewhere. 4'~1 The plots of  
M0 - M- vs ~ fl)r the carbons of  the Ala, Gly, Ser, and Tyr residues are essen- 
tially single exponential. Although the presence of  the silk I structure of  silk 
fibroin in B. mori  silkworm is considered, there is no explicit evidence of  the 
presence of  such a structure from the viewpoint of  dynamics. 

5. MOTION OF Gly AND Ala RESIDUES IN SILK FIBROINS 
IN T H E  S O L I D  STATE 

Analysis of  the molecular motion of  the fibroin in the solid is very important in 
relation to understanding their physical state. The motion in silk fibroin giving 
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Fig, 10. Temperature dependence of lH spin-lattice relaxation times, T~ of B. mori silk 
fibroin fiber, film, powder, and the crystalline fraction powder, in a dry system. 
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rise to proton relaxation is the reorientation of  the methyl groups of the side- 
chains of  Ala residues. 3435 After a silk sample had been degassed in the NMR 
tube at 120°C for 12 h under vacuum, the amount of  water present was negligible. 
Figure 10 shows the temperature dependences of  the I H spin-lattice relaxation 
times of B. mort silk fibroin fiber, film, and powder, and the precipated fraction 
(Cp fraction) obtained after cleavage of the silk fibroin with chymotrypsin. 36'37 

The minimum relaxation time at 90MHz occurs at about - 7 0 ° C  to -80°C,  
independent of  the sample. This relaxation comes from the intramolecular 
motions because silk fibroin is essentially fixed in the solid state. The temperature 
of - 7 0 ° C  to - 8 0 ° C  is approximately what is expected for a process involving 
reorientation of  the methyl groups of the Ala residues. 34,~5,38 40 From the 13C 
CP/MAS NMR analysis reported previously, 36'41-44 the silk fibroin film not 
treated with methanol takes predominantly random coil or silk I form while, 
the silk fibroin fiber and the powders are mainly in the antiparallel fl-sheet 
form. Thus, it was concluded that the curves of  Ti versus observed temperature 
including the Ti minimum are independent of  the silk fibroin conformation. 
Figure 11 shows the recovery of magnetization in a typical inversion recovery 
experiment, indicating a single Tj value at temperatures of  - 1 2 0 ° C  to 130°C. 

The magnetization decay in solid-echo experiments also shows a single Gaus- 
sian decay (1 1 its) (Fig. 12). 

These results indicate that segmental motions of  the samples do not occur and 
therefore, cannot contribute to the relaxation process. 343538 4o As mentioned 
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Fig. 11. Plots of  In(M0 - M 0  vs. r of  dried B. mort silk fibroin powder at - 1 2 0 ,  - 8 0 ,  
0, and 130°C, where  M0 is the equilibrium amplitude of  the fully relaxed spectrum, MT 
is the amplitude of  a partially relaxed spectrum, and r is the delay time between the 180 ° 
and 90 ° pulses. 
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Fig. 12. Solid-echo decays of B. mori silk fibroin fiber, film, powder, and the crystalline 
fraction powder, in dry systems. Observation temperature was 23°C. 

above, only the rapid rotation of the methyl groups of the Ala residues is 
needed to explain these results. This coincides with the results from solid-state 
13C CP/MAS 41 and 2H NMR, 44 as will be described in the following sections, 
although the samples contained around 5 -10w/w% water because the special 
drying treatment of the silk fibroin samples was not carried out. The ]H Tj values 
(< 1 s) of Ala Cf in silk fibroin were observed and ascribed to the C3 rotation of 
the methyl group. This assignment is also in agreement with the small separation 
of 2H quadrupole splitting, 39Hz observed for [AIa-3,3,3-2H3] silk fibroin by 
2H NMR. The separations of the splitting were the same for silk fibroins with 
o~-helix, silk I, and silk II conformations. On the other hand, the TI values of the 
o~ carbons of Ala and Ser residues are very similar (1 I - 18 s) and independent of 
secondary structure. Further, the T]c values of the o! carbon of the Gly residue in 
fibroin are slightly longer (20-25 s) than those of Ala and Ser residues. This was 
not unexpected because there exists no rapid segmental motion whose correlation 
time is of the order 10 -~ s, which is effective as a relaxation pathway. Therelbre, 
it was concluded that Ti times of backbone carbons in B. mori  silk fibroin in the 
solid state are determined mainly by dipolar coupling with protons undergoing 
rapid intramolecular reorientation, such as C3 rotation of the methyl group. 
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Fig. 13. Observed (a) and simulated (b) 2H NMR powder pattern of 12,2-2He]GIy labeled 
silk fibroin fiber from B. mori. 

Dynamic of [2,2-2H2]GIy residue of B. mori  silk fibroin fiber were analyzed 
from solid state 2H NMR powder pattern as shown in Fig. 13. 

The splitting of ZXVQ = 117.9kHz is slightly smaller than the expected rigid- 
lattice value of about 126kHz. This indicates that the methylene group of the 
Gly residue is essentially restricted in space and undergoes only some-amplitude 
vibrational motion at room temperature. 45 Figure 13(b) shows the spectral simu- 
lation of [2,2-2H2]GIy residue by assuming vibrational motion for C,,-2H bonds 
of amplitude 12 ° with rate 103 Hz. This result is in agreement with the prediction 
from the intermolecular hydrogen bonding network in the silk fibroin backbone 
with an antiparallel fl-sheet conformation. 

A 2H NMR study of [3,3,3-2H3]Ala labeled B. mori  silk fibroin fiber has been 
carried out by Asakura et al.  45 and Fig. 14 shows the 2H NMR powder pattern 
of [3,3,3-2H3 ]Ala labeled B. mori  silk fibroin. 

This sample gives a splitting of AVQ = 37.9kHz, and this splitting for the 
[3,3,3-2H3]-Ala residue is of the same order of magnitude as those seen in the 
B. mori  silk fibroin with silk I form, the o~-helical sample obtained as dried 
liquid silk removed from the middle silk gland and the cocoon from S.c. ricini. 44 

The value of the powder splitting indicates a fast three-told rotation of the Ala 
methyl group (108Hz) about its C,-C/~ axis with small angle libration (10 °) 
(Fig. 14b). 

The determination of such NMR relaxation times as H Tip is a well-established 
technique to probe the degree of mixing and the presence of phase separation in 
a sample. Relaxation in the rotating frame is governed by fluctuating local fields 
in the kHz range. The decrease in signal intensities for Gly C~ and C=O, Ala 
C~,, Cf and C=O of B. mori  with silk lI form and S.c. ricini with oe-helix form 
as a function of spin-lock time (between 0 and 20 ms) in the resonant r j fields of 
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Fig. 14. Observed (a) and simulated (b) =H NMR powder pattern of [3 3,3-=H~JAla 
labeled silk fibroin from B. mori. 

Table 2. Observed Tl~ , (ms) values of B. mori silk fibroin 

B. mori S.c. ricini 

Bj = 27kHz Bi = 50kHz Bl = 27kHz Bi = 50kHz 

Ala C/~ 4.8 10.8 4.4 7.7 
Gly C~ 5.0 10.2 3.7 7.6 
Ala C. 5.4 10.6 4.4 8.2 
Gly C=O 6.0 10.8 2.4 5.9 
Ala C=O 5.4 10.6 3.5 7.9 

27 and 50 kHz were plotted and the data were fitted. The best-fit values for the 
H Tj/, attached to different types of  carbons are given in Table 2. These values 
are approximately  independent of  the species of  the carbons. The short relaxation 
time constant of  HTIp suggests that spin diffusion results in the relaxation of  all 
protons by a single efficient relaxation mechanism, probably rotation of the Ala 
methyl group. 

6. M O T I O N  OF Ser  R E S I D U E  IN S I L K  F I B R O I N S  IN T H E  S O L I D  
STATE 

In both kinds of  B. mori  and S.c. ricini silk fibroins, the relatively abundant Ser 
residue is of  part icular interest, as it carries a hydroxyl  group which may engage 
in hydrogen bonding and thus contribute to the stability of  the fiber. Therefore, 
it is important  to clarify the structure and dynamics  of  the Ser residue including 
the side-chain. In B. mori fibroin about 75% of  all Ser residues occur within 
the sequence of  the repetit ive region, which is considered to be the crystall ine 
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domain of fibroin. 46 In contrast, in S.c. ricini, all of the Ser residues are found 
in the Gly-rich region of the sequence which might be expected to have less 
tendency to assume any defined secondary structure. 

TIc measurements of 13C NMR peaks of Ca and C# carbons of Ala and Ser 
residues in B. mor i  silk fibroin with silk I form were performed 47 using the 
methods proposed by Torchia. 48 Semilog plots of the peak intensities Mop(t) vs 
t give rise to single straight lines, except for Ser Cf (Fig. 15). 

The plots of Set C/3 signals from silk I are not composed of a single line but a 
composite of two lines with shorter and longer TI C . The shorter TI C was obtained 
by a plot of peaks (closed circles) after contributions of the longer Tlc were 
subtracted (closed squares). The remaining peaks however, were found to decay 

100" 

A~a C,~ 

03 
C 
0 

C 

Ser C 

0 5 10 
Delay time (s) 

Fig. 15. Plot of relative 13C peak intensities of silk 1 form B. mori silk fibroin vs delay 
time. Plots of peak intensities for Gly residue are omitted. For separation of Set C/~ into 
two components. 
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as approximated by single line. The T]c values of  Ala, Gly and Ser residues in B. 
mori and S.c. ricini fibroins and model oligopeptides of  the crystalline fraction 
of  the B. mori fibroin are summarized in Table 3. 

In all cases, the T]c curves of  Set Ct~ are not approximated by a single line but 
by a composite of  two lines, with shorter and longer T]c values. The TIc values of  
Ala and Set C~, carbons are very similar ( 10 -18  s) among the peptide and fibroins 
used, irrespective of  the difference in the primary and secondary structures. 
Further, the TIc values of  Gly Ca in fibroin are slightly longer (20 -25  s) than 
those of  Ala and Ser residues. This is not unexpected because no rapid backbone 
motion exists whose correlation time is on the order of  10 s s, which is effec- 
tive as a relaxation pathway. Much slower motion, if any, cannot be detected by 
this sort of  relaxation time in the laboratory frame. Therefore, spin-lattice relax- 
ation times of  backbone carbons in these polypeptides and proteins are mainly 
determined by dipolar couplings with proton(s) undergoing rapid intramolecular 
reorientation, such as the C~ rotation of  the methyl group. The effectiveness of 
this relaxation pathway varies as a function of  r (' where r is the distance between 
the carbon and proton in question. Therefore, this effect can be visualized by the 
observation of  a gradual reduction of  the TIc values from the carbons near the 
backbone to a site nearer to the methyl or other groups undergoing internal 
motions. 49 The observation of  such a T]c gradient is a very useful means for 

confirming assigned peak. 49 As summarized in Table 3, the TI (" values of  Ser C/~ 
are observed as a composite of  two components in all samples of  fibroin irre- 
spective of  the differences in the conformations. Undoubtedly, the component 
which gives rise to the longer T[c wllue is ascribed to hydroxymetbyl groups 

Table 3. Observed Tic values (s) of silk fibroins from various sources 

C,, C~ C=O 

Ala Gly Ser Ala Set Ala Gly Ser 

Silk I 
Cp fiaction 

Silk I1 
Cp fraction 

lyophilized 

Boc-(GSGAGA)2-Obzl 

u-helix (S.c. ricini) 
cast tilm 

/J-sheet (S.c. ricini) 
cast fihn 

15 25 13 0.54 0.50(S) 48 57 38 
8.5(L) 

14 20 11 0.53 0.56(S) 20(N) 46 
31(L) 

17 22 18 0.33 0.63(S) 32(N) 51 
37(L) 

11 15 12 0.38 1.1(S) 14(N) 36 
25(L) 

16 13 0.98 
24 

15 17 0.82 19(N) 
33 
19(N) 

20(N) 

32(N) 

14(N) 

19(N) 

(S) Shorter 7-1 component, (L) Longer T] component, (N) Not resolved. 
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participating in various types of hydrogen bonds because the spin-lattice relax- 
ation times in the solid are at the low-temperature site. On the basis of the survey 
of X-ray diflYaction data on many globular proteins, Janin et al.  5° and Gray and 
Matthews 5~ showed that approximately 70% of the Ser residue have their Oy 
atom within hydrogen-bonding distance (3.5 ~)  of at least one carbonyl group, 
with an acceptable angular geometry for the O H . . .  O=C bond. The presence 
of such bydroxymethyl groups in the Ser residue in the B. mori  fibroin was 
previously ascribed to a component that gives rise to a static 2H powder pattern 
spectra of [Ser-2H]-fibroin with a quadrupole splitting of 125 kHz (~70%). 44'52 
On the other hand, the remaining component (~30%) giving rise to reduced 
quadrupole splittings of less than 35 kHz in 2H NMR spectra, was ascribed to the 
Set hydroxymethyl group which undergoes rapid internal rotation about an axis of 
the C~-Cy bond and is not involved in any type of hydrogen bonding. Therefore, 
it is now clear that the above-mentioned rapidly relaxing component of the Ser 
residue can be undoubtedly ascribed to the Ser group not involved in any type of 
hydrogen bonding. The relative proportion of this component is roughly estimated 
as less than 50% on the basis of the relative peak intensity extrapolated at time 
zero (see Fig. 15), although quantitative evaluation of the relative proportion from 
this plot is not easy because of several types of uncertainty involved. In any case, 
it is interesting to note that such an estimated value is roughly in accordance with 
the data from 2H NMR powder patterns of [Ser-2H]-fibroin, as described above. 

The presence of such a free Set hydroxymethyl group as a component giving 
rise to rapidly relaxing species however, seems to be very important as a site 
for hydration in stabilizing the silk I fl)rm. In other words, a solvent-induced 
conformational change could be associated with the destabilization of the silk I 
or silk I type form as a result of dehydration. 

Recently, Kameda et al.  characterized and compared the Ser side-chain 
dynamics of B. mori  and S.c'. ricini silk fibroin using solid-state 2H NMR. 55 A 
detailed lineshape analysis has provided quantitative data on the rate of motion 
and on the fractions of two distinct dynamic populations. In addition, the torsion 
angle of the Set C , , -Cf  bond and its orientational distribution was measured in 
uniformly aligned silk fibers. Figures 16(a) and (b) show the 2H NMR spectra 
of [3,3-2H2]Ser-labeled silk fibroin from B. mori  and S.c. ricini, respectively. 

The powder patterns (a) and (b) of the non-oriented silk fibers display no 
appreciable difference between B. mori  and S.c. ricini. Both proteins give rise 
to the same set of quadrupole splittings of about 35.5 and 109.3 kHz. The inner 
component with a splitting of 35.5 kHz stems from Ser side-chains undergoing 
rapid rotational motion, while the outer splitting represents comparatively immo- 
bile residues. A small central peak at zero frequency must be attributed to residual 
2HHO in the sample. 56 The lineshapes of Figs 16(c) and (d) were simulated using 
the MXQET program developed by Greenfield et al.  57 where the exchange rate 
and libration angle are calculated on the basis of appropriate dynamic models. 
The experimental spectra could be properly fitted as a sum of three compo- 
nents: namely the two types of notionally distinct Ser side-chains, plus a small 
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Fig. 16. Experimental 2H NMR powder spectra obtained from [3,3-=H2]Ser-labeled 
B. mol l  (a) and S.c. ri('ini (b) silk fibroin. The respective line shapes (c) and (d) were 
simulated on the basis of a three-site jump model, showing one fast and one slow motion 
component each, plus a small contribution of 2HHO. 
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Table 4. Powder pattern line shape simulation results of 2H quadrupole experimenls 
tot [3,3--~H2]Ser-labeled B. mori and S.c. ricini silk fibroins 

Component Rate ( H z )  Occupancy Libration ( d e g )  Fraction(%) 

B. mori 
fast I × 10  ~' ( 3 3  : 3 3  : 3 3 )  0 25 
slow 5 × 10 ~ (90 : 5 : 5) 15 75 

S.c. ricini 
fast 1 × 10 ~' (33 : 33 : 33) 0 22 
slow 5 x 10 ~ (80 : 10 : 10) 15 78 

2HHO contribution with a Gaussian lineshape. The best-fit parameters of these 
simulations are summarized in Table 4. 

As shown in Fig. 16(c), the spectrum for B. mori could be well simulated 
assuming that the slow motional component contributes 75% and the rigid compo- 
nent 25% of the total intensity (see Table 4). The slow motional component was 
simulated assuming a discrete three-site jump of the Ser side-chain, with unequal 
occupancies (90 : 5 : 5 ratio) and a small librational amplitude. The fast compo- 
nent of B. mori satisfies a rapid three-site jump with equal occupancies. Likewise, 
the spectrum lk)r S.c'. ricini in Fig. 16(d) could be simulated with 78% corre- 
sponding to a slow three-site jump with unequal occupancies (80: 10: 10ratio) 
and a small librational amplitude, while the remaining 22% arise from a rapid 
three-site jump. Interestingly, these results indicate that there are no significant 
differences in the respective dynamic populations of B. mori and S.c. ricini silk 
fibroins, despite their unrelated amino acid sequences. 

The motional freedom of the Set side-chain is expected to be severely con- 
strained by hydrogen bonding between the hydroxyl group and adjacent backbone 
atoms. Therefore, the component with the rapid three-site jump is interpreted to 
arise from Set residues that do not form hydrogen bonds. The groups involved 
in inter- and/or intrachain hydrogen bonding, on the other hand, are attributed to 
the slow motional component. From the 2H NMR measurements of uniaxially 
aligned [3,3-2H2] Ser-labeled B. mori silk fiber, with the fiber axis set parallel 
and perpendicular to the magnetic field direction, it was found that the domi- 
nant conformer of the Ser side-chain of B. mori silk fibroin exists in the g~ 
conformation. 55 This g+ conformation is a good candidate lbr forming inter- 
molecular hydrogen bonds with carbonyl groups on adjacent protein chains. 
Based on these results, it is apparent that about 3/4 of all Ser side-chains form 
hydrogen bonds both in B. mori and in S.c. ricini, this fraction being almost the 
same despite the difference in molecular structure. They note that intennolec- 
ular hydrogen bonding between Ser and carbonyl groups on adjacent protein 
chains can occur irrespective of the primary and secondary structure because the 
hydroxyl group is rather flexible. Therefore, the similar ratio of hydrogen-bonded 
compared to free hydroxyl groups in B. mori and S.c. ricini is consistent with a 
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similar interchain environment around serine, despite its different abundance and 
distribution in the amino acid sequences. 

7. MOTION OF Tyr RESIDUE IN SILK FIBROINSIN THE SOLID 
STATE 

The Tyr residue in the B. mori silk fibroin present in the repetitive region is about 
80% of the total Tyr content. Besides its presumed role in hydrogen bonding, 
the Tyr residue also plays an important role as an active site for covalently 
immobilizing enzymes to silk fibers. 5s'5') S.c. ricini consists of  a polyalanine 
((Ala)ll; n = 10-14)  which is followed by a Gly-rich sequence containing the 
bulky residues, as reminiscent of spider dragline silk/'° The Tyr residue exists 
mainly in the Gly-rich environment and approximately 60% of all Tyr in the 
sequence is present as -Tyr-Gly-Gly-Gly- or -Gly-Gly-Gly-Tyr-.  ('j 

Figures 17(a) and (b) show the experimental 2H-NMR spectra of  [3,3-2H2 ITyr- 
labeled B. mori and S.c'. ricini silk fibroin, acquired with a recycle delay of  10s. 

(c) 

i I i i i i i i i 

200 100 0 -100 -200 

kHz 

Fig. 17. Experimental (a, b) and simulated (c) solid-state eH NMR spectra. (a)[3,3- 
aH2]Tyr-labeled silk flbroin B. mori; (b)[3,3-2H~_]Tyr-labeled silk fibroin S.c. ricini: 
(c) spectral simulations based on a three-site jump model. A 164 kHz quadrupole coupling 
constant was assumed and a rate constant of 103 Hz. 
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Figure 17(c) illustrates the same powder lineshape, simulated with an asym- 
metry parameter of  0.00 and a quadrupole coupling constant Qcc = 164kHz. 
Based on the model of  a three-site jump around the C , - C f  bond, a rate constant 
of  1.0 x 103 s J was used. The agreement between the observed (Figs 17(a) and 
(b)) and simulated (Fig. 17(c)) spectra is good, indicating that rotation about the 
C~,-C~ bond axis can be considered to be essentially static for both B. mori 

and S.c. ricini silk fibroins. As will be described below, a large proportion of 
the Tyr rings undergo fast Jr-flips with a rate constant of  106s i. Therefore, 
the predominant side-chain dynamics of  Tyr in silk fibroin is restricted to the 
phenolic ring. 

Figures 18(a) and (b) show the experimental ( . . . .  ) and calculated ( - - 3  
2H-NMR spectra for B. mori and S.c. ricini, respectively, with recycle delays 
of  10s. 

Because of their two-fbld symmetry,  the phenolic side-chains of  Tyr can 
execute a Jr-flip motion about the C/~-C), bond between two orientations of  
locally equal energy. Generally, the effect of  molecular motion reduces the 
quadrupole coupling to a t ime-averaged value which is smaller than the rigid 
lattice constant. Thus, the small inner doublet with a splitting of  30kHz,  which 
is observed both for B. mori and S.c. ricini silk fibroin, is attributed to a fast 
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Fig. 18. Experimental ( . . . .  ) and calculated ( _ _ )  solid-state 2H NMR spectra of 
[3',5'-2HxITyr-labeled B. mori (a) and S.c. ricini (b) silk fibroin. Spectra were obtained 
with the quadrupole echo pulse sequence with repetition times of 10s, and simulation 
parameters are summarized in Table 5. 
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7r-flip motion of the phenolic ring about its symmetry axis. In contrast, the 
outer doublet with a splitting of 123 kHz corresponds to a slow motional compo- 
nent. A central peak at zero frequency in Fig. 18 is attributed to residual 2HHO 
in the silk sample, 56 which can be taken into account in the peak simulation 
by a Gaussian function. The fraction of the 2HHO component was assumed 
to be 0.8 and 2.5% of the total spectral intensity, for B. mori  and S.c. ricini, 

respectively. A comparison of Figs 18(a) and (b) shows that the lineshapes 
differ significantly from one and other, indicating that the manner of the Tyr 
~-flip motion must also be different. Hence, a simulation analysis was carried 
out using the MXQET program from Greenfield eta/., 57 assuming a two-site 
jump model and using the exchange rate and librational angle as variables. 
The lineshapes of both B. mori  and S.c'. ricini fibroins were simulated with 
a asymmetry parameter r/ = 0,05 and a quadrupole coupling constant Q~ = 
180.0kHz. At least two components were required to obtain a good fit, which 
can be considered as rigid and as mobile on the deuterium NMR time scale. 
This interpretation is supported by the changes in the spectra as a function 
of the recycle delay. The rates obtained l¥om the simulated are compiled in 
Table 5. 

The 2H-NMR spectrum of B. mori  [3'5'-XH2]Tyr-labeled silk fibroin can be 
satisfactorily simulated by assuming a fast motional component (l .0 x 106 Hz) 
that contributes 20% of the intensity, and a slow motional component (1.0 x 
103 Hz) that contributes 80%. The respective proportions of the fast and slow 
populations were estimated by integrating the corresponding spectra. 

A rotational jump of the phenolic ring is necessarily influenced by the degree 
of co-operation with the motions of surrounding groups, because the rotation 
of a bulky group must displace neighboring side-chains to some extent. Hence, 
the rate of the Tyr ring flip can provide information about the confl)rmational 
space around this particular side-chain. Since the repetitive region of a silk has 
a densely packed structure, the dynamics of the Tyr side-chain are expected to 
be restricted in this region. Therefore, the Tyr residue in the repetitive and non- 
repetitive regions can be attributed to the slow and the fast motional components, 
respectively. Indeed, about 80% of all Tyr residues of B. mori silk fibroin exist 
as a (-Gly-Ala-Gly-Tyr-Gly-Ala-Gly-) sequence in the repetitive region, which 
quantitatively agrees with the proportion given in Table 5. 

Table 5. Powder pattern simulation results of eH quadrupole-echo line shapes 
for [3'.5'-2H~]Tyr-labeled B. mori and S.c. ricilli silk fibroin 

B. mori S,c. ricini 

Rate Libration Fraction Rate Librafion Fraction 
Component (Hz) (deg) (c~) (Hz) (deg) (%) 

fast 1 × 106 0 2 0  I × I07 0 60 
slow 1 × 1() 3 l0 80 1 x 104 20 40 
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Also, for S.c. ricini silk fibroin there is a slow and fast motional component 
observed for the Tyr phenolic ring. Table 5 summarizes the parameters obtained 
by simulating the corresponding 2H spectrum of Fig. 18 (b). About 60% of the 
intensity is represented by a fast motional component (1.0 x 107 Hz) and 40% by 
a slow motional one (1.0 x 10 4 Hz).  Similar to B. mori silk fibroin, these popu- 
lations of phenolic rings with different flip rates are attributed to high and low 
density packing regions. Therefore, this result provides evidence that also in the 
Gly-rich sequence of S.c'. ricini, there are high and low density packing regions. 
Tyr residues exist in both of these regions and about 60% of the Tyr residues are 
present in the low density region and the other 40% in the high density region. 
This dynamic information is useful for the prediction of the secondary structure 
of the Gly-rich domain in S.c. ricini silk fibroin. More recently, we have quanti- 
tatively analyzed the orientational distribution of Ala and Gly residues in B. mori 
silk fibroin in the cocoon 62 and in highly-drawn S.c. ricini fibers, 63 demonstrating 
that over 60% of all Gly residues are oriented both in B. mori and in S.c. ricini. 
However, the degrees of orientation in B. mori and S.c. ricini were different, as 
the Gly-rich region of S.c. ricini exhibits a lower degree of orientation than the 
repetitive region of B. mori silk fibroin. This comparatively reduced quality of 
alignment in the Gly-rich domain of S.c'. ricini silk fibroin appears to correlate 
with the increased proportion of the Tyr residues undergoing fast x-flip motions. 
As described above, the molecular dynamics of phenyl rings in solids have been 
extensively investigated by solid-state NMR, and indicated that almost all of the 
rings are either rigid or undergo a Jr-flip motion at room temperature, depending 
on the crystalline packing. 

Hiraoki et al. investigated the phenyl ring dynamics of poly(L-phenylalanine) 
using 2H-NMR,64 showing that it is characterized by a fairly broad distribution of 
correlation times. The mean correlation time of this distribution was 1.2 x 106 Hz 
at 25°C, which is close to that of the fast motional component of the B. mori and 
S.c. ricini silk fibroins. The Tyr ring flip in the pentapeptide [Leu 5] enkephalin 
was reported to be 5.6 x 104Hz at 25°C, 65 which is close to that of the slow 
motional component observed here for silk fibroin. On the other hand, the ring 
motion in crystalline N-acetyl-L-Asp-L-Pro-L-Tyr-N'-methylamide was found to 
be 1.1 × 10 (' Hz at 27°C, 66 close to that of the fast motional component of the 
silk fibroins. 

In conclusion, solid-state NMR analysis was applied to measure the side-chain 
dynamics of the tyrosine residues in silk fibroin from B. mori and S.c. ricini. It 
was concluded that the Tyr phenolic rings are engaged in fast and in slow Jr-flip 
motions, with different proportions. Since 80% of all Tyr residues of B. mori 

are known to exist in the repetitive region of B. mori silk fibroin, the observed 
mobility differences suggest that the reduced mobility correlates with a high 
packing density in the repetitive regions. ALso in S.c. ricini silk fibroin there are 
slow and fast motional components observed lbr the Tyr phenolic ring. Theretk~re, 
it is likely that the Gly-rich domains of S.c. ricini also contain regions with high 
and low packing densities. The Tyr residues exist in both of these regions, with 
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about 60% present in the low-density region and the remaining 40% is in the 
high-density region. 

8. S T R U C T U R A L  T R A N S I T I O N  OF S.c. ricini SILK FIBROIN 

The detailed behavior of the transition is important in understanding the 
mechanism of producing silk fibroins. The structural transition in the liquid 
silk of S.c. ricini was monitored using solution and solid-state 13C NMR 
spectroscopy. 2467 The primary structure of silk fibroin from S.c. ricini is 
composed of polyalanine regions and glycine-rich regions alternately. 2°24'2s'~'-~ 
So far, it has been clarifed that up to 70% of the polyalanine regions of the 
liquid silk of S.c'. ricini assumes an oe-helix structure and the remainder a random 
coil structure. 242s 

13C solution NMR spectra of S.c. ricini silk fibroin protein were observed 
between - 5  and +50°C as a function of temperature. 24 Figure 19 shows the 
Ala C,,, Gly C,  and Ala Ct~ resonance regions. Peaks 'c '  and 'h'  were assigned 
to random coils and to a fast exchange between helical and random coil states. 
All peaks become sharp with increasing temperature, indicating an increase in 
the segmental motion of the protein. In addition, a reduced signal-to-noise ratio 
between 40 and 50°C indicates partial formation of aggregates with /4-structure 
(no signal appears for the aggregates)/'s Most striking is the dramatic change 
observed in the Ala resonance region. The upfield component of the Ala Ct~ peak, 
marked 'h ' ,  shifts gradually downfield 0.5 ppm and the downfield component 'h '  
of the Ala C,, peak shifts upfield 1.0 ppm as the temperature is increased from 
- 5  to +50°C, but other peaks marked c and the Gly C,, peak show almost 
no temperature dependence. A similar spectral change was also observed in the 
carbonyl region (Fig. 20). 24 

The peaks marked 'h '  and 'h '~:' were assigned to the Ala carbonyl carbons in 
the helical states of the internal and terminal residues in the -(Ala),,- sequence, 
respectively. 2° The peaks marked 'c '  were assigned to the Ala carbonyl carbons in 
the coil state. Peak 'h'  shows a gradual upfield shift of 1.8 ppm as the temperature 
is increased from - 5  to +50°C, but peak 'c ' ,  which was assigned to the coil 
state, shows almost no temperature dependence. This behavior corresponds to that 
observed for the Ala Co and C/~ resonances. When exchange between the helical 
and coil states does not occur in peak 'h ' ,  the chemical shift differences between 
the 'h'  and 'c '  peaks are 2.3 ppm for the carbonyl carbon, 1.9 ppm for the C, ,  
carbon and 1.1 ppm for the Ct~ carbon. The individual Gly carbonyl resonances 
reflecting the sequence show no temperature dependences as also do the Tyr and 
Ser carbonyl carbon resonances. 

In the 'double peaks' ,  the low-field peaks of the Co and carbonyl carbons shift 
upfield 1.0 and 1.5 ppm, respectively, while the upfield peak of the C/q carbon 
shifts downfield 0.5 ppm as the temperature is increased from - 5  to +50°C. 
However, other peaks show no temperature dependence. In addition, exchanges 
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Fig. 19. t3C NMR spectra of S.c. ricini liquid silk in the aliphatic region as a 
of temperature. 
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Fig. 20. 13C NMR spectra of S.c. ricini liquid silk in the carbonyl region as a function 
of temperature. 

between the individual  peaks do not occur. It was concluded that the temperature- 
dependent  peaks are attributable to the - (Ala ) , -  sequences whose lengths are 
long enough to form an oe-helix and reflect fast exchange with respect to the 
chemical  shift between the helix and coil conformations.  24 On the other hand, 
the temperature- independent  peaks "c' are attributable to isolated Ala residue. The 
helix content of  S.c. ricini silk fibroin determined from the 13C NMR spectra as 

a function of temperature on the basis of  these assignments is in quantitative 
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agreement with values reported for the CD spectra for Antheraea pernyi silk 
fibroin, whose amino acid composition resembles that of S.c. ricini silk fibroin 
very closely, strongly supporting the assignment of l-~C NMR spectra made here. 
A similar trend was observed for the urea-induced helix-coil transition of the 
protein. Thus, the conformational change is local and occurs only for the -(Ala),,- 
sequence, 34% of all residues; other residues remain unaffected by the change. 
The spin-lattice relaxation data yield fast segmental motion of the backbone 
chain of 3.5 x 10 m s at 25°C, which is of the same order as determined for B. 
mori silk fibroin. 

The silk fibroins show structural changes from liquid state to solid state. 69 The 
mechanism of such changes has not been scrutinized because it is difficult to 
analyze the states of materials of interest using a single instrument simultane- 
ously. In this sense, NMR spectroscopy may be useful to trace both the states 
in liquid and solid: the liquid part of the material is detected using a J3C single- 
pulse I H dipolar-decoupled magic-angle spinning (DD/MAS) method, whereas 
the solid part is observed using a 13C cross-polarization magic-angle spinning 
(CP/MAS) method, and these methods are alternately applied with a single solid- 
state NMR spectrometer. 

As described above, the liquid silk is known to accomplish the transition from 
oe-helix to /-J-sheet (fi-transition), the latter structure of which is comparatively 
rigid and so detected by CP/MAS. 41 In a time series of alternate measurements of 
DD/MAS and CP/MAS, details of the structural change between these two states 
were detected. A 50 kHz RF field strength was used for decoupling, with decou- 
pling period of 12.5 ms. A CP contact time of 5 ms was employed. The liquid silk 
of S.c. ricini initially takes a mobile ~-helix structure and finally it aggregates to 
assume a rigid fi-sheet structure. 2°'24'2s'41'63 Hence, NMR lines are first observed 
in DD/MAS experiments and then the solid components are detected in CP/MAS 
experiments. Figure 21 shows DD/MAS and CP/MAS spectra of the liquid silk, 
immediately after it was collected and alter around 100 hours. 

The former indicates all the expected lines in the DD/MAS spectrum and 
substantially no peaks in the CP/MAS spectrum, confirming the material to be in 
a mobile state. On the other hand, the resonance lines observed after 100 hours 
appear only in the CP/MAS spectrum, characterizing the fi-state. 

The 100-hour transient state leading to the fl-sheet structure requires some 
clarification in details. For this purpose, we focus on two resonance lines: one 
is the Ct~ peak of the Ala side-chain and the other the C, peak of the tyro- 
sine residue. By monitoring the peak of the Ala residues contained in the silk 
fibroin, we can trace changes in its overall molecular motions; among the peaks 
of Ala, the C~ peak is sensitive to the change of these motions. 24 On the other 
hand, Tyr has a bulky aromatic side-chain and thereby may be influenced by 
the change in its circumstances following molecular aggregation to the fi-sheet 
structure. 

Figure 22 shows the Ala C~ peak in a time series of DD/MAS and CP/MAS 
spectra. Within 100 hours from the start, DD/MAS spectra show a Cf peak whose 
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Fig. 21. IsC DD/MAS and CP/MAS NMR spectra of S.c. ricini silk fibroin observed 
immediately after sample preparation (a and b) and after 102h (c and d), indicating 
transition to the #-sheet structure. The broad peak at the center of a and c is a background 
signal coming from the sample tube. (h) denotes the signals arising from the c~-helix 
conformation and (c) the random coil conformation. 
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Fig. 22. Expansion of the ]3C DD/MAS (left) and CP/MAS (right) NMR spectra of 
S.c'. ricini silk fibroin, showing the Ala C~-region. 

chemical shift characterizes the secondary structure as mobile a-helix. At the time 
point of 100hours, the peak in the DD/MAS spectrum reduces in intensity, and 
CP/MAS spectra after this time point show a broad peak at 21 ppm indicating 
E-sheet structure. 41'63"7°'71 Thus, we can confirm the /4-transition in a series of 
NMR spectra. It should be noted that in the CP/MAS spectra we observed a 
sharp line after 6 hours which decayed over the subsequent 10 hours (Fig. 23). 
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Fig. 23. Relative intensities of the signals, Ala Cry-carbons, assigned to ce-helix observed 
in I-~C DD/MAS (11) and I~C CP/MAS (0) and to fi-sheet in the CP/MAS experiments 
(A) vs. time. 

Thus, there exist comparatively rigid Ala residues for which cross-polarization 
is effective. This remarkable change of intensity may be attributed to the effi- 
ciency of the cross-polarization, which is determined by the cross-relaxation time 
TcH and the spin-lattice relaxation time in the rotating frame Tlt). 72 During the 
first stage before 6hours, the contact time of 5 ms used in the present experi- 
ment was too short to yield the CP-enhanced line because of the fast molecular 
motions. According to the slowdown of the motions, the applied contact time 
becomes most effective around 6 hours and then less effective because of the very 
fast Tlt,-decay arising from the slow molecular motions. The singular behavior 
of the Ala peak intensity can thus be explained by the monotonic slowdown of 
the overall molecular motions. 

Nakazawa et al .  67 concluded from the above CP-related phenomenon that 
liquid silk takes the fi-transition not directly from a highly mobile state but 
through the gradual slowdown of molecular motions. Also, it is concluded 
that just before the fi-transition, liquid silk takes the o~-helix structure, without 
assuming the random coil structure. 

The CP/MAS spectrmn immediately after loading the liquid silk shows the C~ 
peak on the Tyr residue. Therefore, the motion of the bulky aromatic side-chain 
is extensively hindered and hence, CP is effective even from the initial state. It 
is most probable that the mode of the motions of the aromatic ring is 180-degree 
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flip. 73 This mode is gradually hindered, yielding a more intense CP/MAS peak 
with time. However, it is surprising that the peak height of the C~, peak of the 
Tyr residue abruptly decreases alter 17 and 30h, as depicted in Fig. 24. This 
peculiar phenomenon may be ascribed to interference between the 180-degree 
flip motion and J H decoupling spin dynamics, That is, when the correlation 
frequency of the motion or its multiples match the decoupling frequency, the 
effect of the decoupling is canceled, leading to broad, vanishing resonance lines. 74 
In the present case of a decoupling frequency of 50 kHz, it is plausible that the 
broadening corresponding to 100kHz occurred at the 17-hour time point and 
that the correlation frequency matches the decoupling frequency at the 30-hour 
time point. 

As suggested by observation of the Ala Cf peak, the molecular motions gradu- 
ally slow down, and we can expect overall molecular aggregation which restricts 
the Tyr 180-degree flip motion. The disappearance, which was observed twice for 
the C~ peak of Tyr, can be explained by such a gradual molecular aggregation. 
On the other hand, once the fi-transition takes place at the 100-hour time point, 
the fi-structure prevails over the whole sample within a comparatively short time 
of 4hours. In conclusion, using NMR measurements, Nakazawa et al. found 
that most of the liquid silk of S.c. ricini takes the form of o~-helix structure just 
before the fl-transition and its mobility gradually lowers as molecular aggregation 
increases. 
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Fig. 24. Relative intensities of signals assigned to Tyr C~ observed in CP/MAS spectra. 
The two arrows indicate an abrupt decrease in intensity. 
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9. DYNAMICS OF WATER MOLECULES IN B. mori SILK FIBROIN 
FILM 

We now consider  the contribution of  water  molecules in the protein structure 
to the relaxation above 250 K. It is interesting to compare our I H pulsed NMR 
data obtained for B. mori silk fibroin, dried and undried, with those reported by 
Andrew et al,3~-4° for other proteins. A model  75"76 proposed for silk fibroin fihns 

containing water is also examined in light of  the present data. Figure 25 shows 
the temperature dependences  of  the I H sp in - la t t i ce  relaxation times of  B. mori 

silk fibroin fihns containing 10 w/w% water. 56 For  comparison,  the data for dried 
samples also are shown. The curves for the samples containing water are inde- 
pendent of  the treatment with methanol during sample preparation, which causes 
the structural transition from the random-coi l  lk)rm or silk I to silk I1. 3641 44 

If there is free water in the films, the curves should change dramat icany due 
to the presence of  the I H - t H  dipolar  relaxation of  such free wa te r )  94° Above 
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Fig. 25. Temperature dependence of T~ of undried B. mori silk fibroin fihns. The water 
content was 10% by weight. For comparison, data for a dried sample are also shown. 
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-80°C,  the presence of water molecules causes a decrease of Tl values due to 
their reorientation. The change however, is not large, suggesting that all water 
molecules in these films are bound to silk fibroin molecules with rapid rotation 
of the methyl groups of the Ala residues. This conclusion was also supported 
from the temperature dependence of the solid-echo Fourier transform spectra of 
silk fibroin films without immersion in methanol (Fig. 26). These spectra consist 
of mobile and immobile components. The fraction of the mobile component was 
determined as 10% in the peak area; the content of the mobile component is 
almost the same as the water content determined by the Karl-Fischer method. 56 
In contrast, the mobile component can scarcely be observed in film prepared 
from silk fibroin in D20 instead of H20 (data not shown). Therelbre, the mobile 
component is attributable to the water. This peak is still observed at - 2 0  and 
-40°C,  indicating bound water. 

The decays of the magnetization of undried silk fibroin samples by the solid- 
echo method show the presence of two components (Fig. 27). The mobile compo- 
nent is attributable to the bound water and the immobile component to silk 
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Fig. 26. Solid-echo Fourier transform spectra of B. mori silk fibroin films prepared 
without immersion in methanol at several temperatures. 
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Fig. 27. Solid-echo decays at 23°C of B. mori silk fibroin films and fiber without drying. 
The immersion times of the silk films in 80% methanol and temperature of the silk films 
under vacuum before NMR measurement are indicated. 

fibroin as mentioned above. The decay can be analyzed using the fol lowing 

equation, vv 

M(t) = (1 - j " ) e x p  - ~  + ./"exp - T f z ,  (1) 

where M(t) is the intensity of  magnetizat ion at t ime 1. The T2 value determined 
from fast decay is denoted by T21 and that determined from slow decay by 
T2~, and ./" is the fraction of  the slow component .  In order to change the water 
content in the sample, the immersion t imes of  the films in 80% methanol and the 
temperature under vacuum belbre sealing the NMR tube were changed. Values 
of  ~ !  were approximate ly  10 ItS, independent of  the samples and is same as TI 

values of  the dried silk fibroin. 5e' However,  the values of  Tes changed from 50 
to 200 ps  depending on the samples. These correspond to the Tl value of  bound 
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Fig. 29, Model of relationships between the structure of B. mor i  silk fibroin films and 
distribution of water in the fihns based on the dependence of T2, ~ on water content 
(Fig. 28). Each sketch indicates the cross-section of the film. Two bands on each film 
represent the thickness of the layer with silk II structure and the curved lines denote fibroin 
chains in random-coil conformations. Filled circles denote water molecules. Notation the 
same as in Fig. 27. 
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water. Figure 28 shows a plot of T2,. of silk fibroin films against water content 
determined by the Karl-Fischer method. For example, the film denoted (24h, 
23°C) indicates an immersion time in 80% methanol of 24 h and a temperature 
under vacuum before sealing the NMR tube of 23°C. 

The T2., value of water tends to increase with increasing content of water in 
the fihn. However, there was a case where Tz, values differ even when the water 
content remains the same. Cross-sections of the silk tibroin films are represented 
schematically in Fig. 29 on the basis of the plot of Te.~ of the films versus water 
content. 

Although the film (0s, 40°C) has the same water content as the film (24h, 
23°C), its T2., is considerably larger than that of the latter film. This means that 
water molecules trapped exclusively in the interior of the film become more 
mobile when the surface structure of the film changes from random coil or silk 1 
to silk II. On the other hand, water molecules distributed uniformly over the fihn 
are less mobile. This is the case of the film (0 s, 40°C). This finding supports 
the heterogeneous hydrated structure of the silk fibroin film prepared with the 
aqueous methanol solution proposed previously. 41'757~' 

10. D Y N A M I C S  OF B. mori SILK FIBROIN IN S W O L L E N  SILK 
FIBROIN M E M B R A N E  

The dynamics of B. mori silk fibroin membrane 7~' and powder 78 insolubilized 
with methanol in the swollen state were measured and high-resolution ISC 
NMR spectra of the silk fibroin membrane treated with methanol in water are 
shown in Fig. 30 together with the spectrum of the silk fibroin aqueous solution 
(ca. 2.5 wt%). 

The existence of a mobile portion in the inner part of the swollen membrane 
can be detected from the L~C NMR spectrum of the membrane in water. As 
described in Section 4, the mean correlation time for the segmental motion of 
silk fibroin in aqueous solution was determined as 1 x 10 m s, from NTI and 
NOE values averaged over Gly Ca, Ala C,~ and Ser C,~ carbons assuming the 
log ){2 distribution model. The high-resolution NMR peak of the membrane in 
water becomes broader than those of the aqueous solution and the mean corre- 
lation time of the mobile portion in the swollen membrane was determined to 
be about 2 × 10 - m s  in the same manner. The intensity of the ~SC NMR peak 
of the membrane decreases with increasing methanol treatment time as shown 
in Fig. 30. When the methanol treatment time is 30 s, the fraction of the portion 
observed by lSc NMR of the silk fibroin membrane swollen in water and the 
degree of swelling of the membrane decrease with increasing methanol treat- 
ment time. Therefi)re, high-resolution 13C NMR observation of the membrane 
swollen in water shows that the random coil portion whose segmental motion 
is very fast remains in the inner part of the swollen membrane. The traction of 
this portion decreases with increasing methanol treatrnent time during sample 
preparation] 5 
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Fig. 30. ~3C NMR spectra of silk fibroin solution and silk fibroin membrane treated with 
methanol in water at 25°C. 

The heterogeneous structure of the swollen B. mori silk fibroin membrane 
was clarified from the complicated ESR spectra of the spin-labeled silk fibroin 
membranes. Spin-label ESR methods are useful for dynamic analysis of silk 
fibroin because of the inherent high sensitivity of ESR observation and the wide 
detectable range of the motion of the spin-labeled site, from 10 - l°  to l0 4 s. The 
hydroxy group of the Tyr side-chain is active and thus it can be labeled with 
nitroxide radical compounds as shown in Fig. 31. 75 

Information about the silk fibroin membrane can be obtained through the 
mobility of the Tyr side-chain (the spin-labeling site) using ESR spectroscopy. 
Figure 32 shows ESR spectra of spin-labeled silk fibroin in aqueous solution and 
several kinds of spin-labeled silk fibroin membranes treated with methanol in 
both dry and swollen states. 

Silk fibroin Spin-labeled silk fibroin 

Spin-label Reagent 

O 3h 

OHTyr O - C - ~  

9 

Fig. 31. Scheme of the synthesis of spin-labeled silk fibroin. 
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/~Membrane 
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Fig. 32. ESR spectra of spin-labeled silk fibroin in aqueous solution and spin-labeled silk 
libroin membrane treated with methanol in dry and swollen states at room temperature. 

The ESR spectrum of the aqueous solution is composed of three sharp peaks, 
which means that the correlation time rc for the rotational motion of the nitroxide 
radical group is 6 x 10 -i°  s. This is determined from both the peak height and 
width. On the other hand, the ESR spectrum of the membrane in the dry state 
is very broad and the r~ value is determined as 2 × 10-Ss from the maximum 
separation width. The ESR spectra of the membrane in the swollen state (right 
side of Fig. 32) are complex, indicating the presence of several components from 
the viewpoint of the motion of the nitroxide radical group in the membrane. There 
are several kinds of microenvironment around the Tyr side-chain in membranes 
swollen by water. The relative intensities of the three sharp ESR peaks of the 
membrane in the swollen state decrease with increasing methanol treatment time. 
Thus, by assuming that the ESR spectrum consists of three components from the 
viewpoint of motion in the ESR time scale, the fraction of each component was 
determined by the nonlinear least squares method from a computer spectrum 
simulation (Fig. 33). 

The ESR spectra were analyzed quantitatively and the fraction of the fast (re = 
10-10),  SlOW (T c = 10 9), and very slow (r~ = 10 s) motions of the spin-label 
site (Tyr side-chain) were determined. A model is proposed for the heterogeneous 
structure of the swollen silk fibroin membrane. The ESR spectrum was complex, 
indicating the heterogeneous structure of the swollen membrane. 

On the basis of 13C NMR and ESR data, a model for the heterogeneous struc- 
ture of the swollen silk fibroin membrane treated with methanol is proposed as 
shown in Fig. 34. 

The square symbols in Fig. 34 indicate the aggregated portion with antiparallel 
fi-sheet form and its diinension is a measure of the degree of growth of such 
aggregation. The aggregated portion with the antiparallel fi-sheet form tends to 
concentrate at the surface of the membrane. 
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Fig. 33. An example of ESR spectrum simulation. The ESR spectrum of spin-labeled 
silk fibroin membrane treated with methanol for 24h was simulated by assuming the 
spectra of fast, slow, and very slow components corresponding to rotational correlation 
times of 10 ~0, l0 9, and 10 .8 s, respectively. The fraction of fast, slow, and very slow 
components was determined as 0.01, 0.12, and 0.87, respectively. 

surface 

~ : an t i  para l le l  J'J-sheet 

Fig. 34. Model of the heterogeneous structure of silk fibroin membrane treated with 
methanol in thc swollcn state. From FT-IR data, the aggregated portion with antiparallel 
,(3-sheet form tends to concentrate at the surface of the membrane. From ~3C NMR data, 
the random coil portion whose segmental motion is very fast remains in the inner part of 
the membrane. From ESR data, the Tyr residues (spin-label sites) of the membrane in the 
swollen state can be classified into three types. 
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11. DYNAMICS OF SMALL ORGANIC MOLECULES IN SWOLLEN 
SILK FIBROIN GEL 

NMR imaging has the advantage that it does not disturb the diffusion process, 
unlike most other techniques, which require stopping the diffusion process and 
destroying the sample, t2 i~ Asakura et a l .  79 applied this imaging technique to 
the study of the diffusion process of small organic molecules into a silk fibroin 
gel swollen in water. The 8 w/v% aqueous solution of B. mor i  silk fibroin was 
obtained as described in detail elsewhere. 4 The fibroin solution was loaded into 
a disposable syringe and injected into 80% methanol aqueous solution in order 
to obtain an insoluble gel of silk fibroin. Alter this treatment, the cylindrical 
gel (30ram length, 6.5 mm diameter) was carefully washed in distilled water 
and stored in distilled water until MRI measurement. MR imaging observations 
were performed as follows. Alter the gel was set in the vessel, 5 ml of 0.5 M 
4-hydroxy-2,2,6,6-tetramethylpiperidin-l-oxyl (TEMPOL) aqueous solution was 
added. The sample was immediately placed in the MRI probe and the data were 
obtained after one accumulation (5min). Observation of IH MR imaging was 
performed at 25°C with a JEOL GSX270 (WB) NMR spectrometer equipped 
with a IH imaging system (NM-GIM270). The imaging was observed using 
the spin-echo method (spin-echo time, TE = 29-36  ms; repetition time between 
two successive individual pulse series applied, Tr = 300-2000ms).  Each MR 
image was produced using a two-dimensional Fourier transform (data size = 
256 x 256). The image resolution was 0.2mm, and the slice thickness of the 
observation field was 2 mm. 

The TI and T2 values of water trapped in the silk fibroin gel were 
determined according to the usual inversion-recovery method and the 
Carr-Purcel l -Meiboom-Gil l  method, respectively, with a JEOL FX-90Q NMR 
spectrometer at 90 MHz. Figure 35 shows the time dependence of the MR image 
of the swollen fibroin gel together with the distribution of the signal intensity 
of water across the sample (one-dimensional profile) after it was immersed in 
TEMPOL aqueous solution. 

The right hand picture (6) in Fig. 35 is also the image of the gel (diameter = 
6.5 mm) in the well-swollen state before immersion in the TEMPOL solution. 
The distribution of water in the fibroin gel was approximately uniform as shown 
in the profile of Fig. 35 (6) except for the formation of a thin layer of 0.6 mm 
thickness at the surface. The presence of such a layer is detected by the contrast 
between the inner and outer parts of the gel, indicating the formation of fine 
structure with an antiparallel/4-sheet form at the surface as a result of the confor- 
mational transition from random coil to /4-sheet by contact with methanol. 41 As 
shown in both the images and the one-dimensional profiles of the signal intensity 
of water across the sample (Fig. 35 (1-5)), the MR imaging pattern changes 
drastically with time because of diffusion of TEMPOL molecules, which cause 
paramagnetic relaxation of the water protons in the gel. Since, the gel is in a 
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Fig. 35. Time course of MR imaging of silk fibroin gel after contact with TEMPOL 
aqueous solution. Spin-echo time = 36 ms. Repetition time = 1000 ms. Observation time 
(rain): (1) 5 10, (2) 15-20, (3) 25 30, (4) 35-40, (5) 45-50, and (6) 0, respectively. 
Each profile corresponds to the center line on the image. 
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Fig. 36. Change of image intensity as a function of contact time with TEMPOL. These 
data were calculated from the intensity of the profile at various distances from the surface 
of the gel. Position from the surface of the gel (centimeters): (O) 0.33, ( .)  0.29, (4) 0.26, 
(A) 0.23, ([]) 0.20, (ll) 0.17, (v) 0.14, (o) 0.11. 

well-swollen state before immersing it in the TEMPOL solution, this remark- 
able change clearly indicates the decrease in the I H NMR relaxation times of  
water because of  the presence of  TEMPOL.  Figure 36 shows the time depen- 
dence of  the signal intensity at various posit ions in the gel as determined from 
the profile. 
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In the plots, it should be noted that the intensity increases rapidly and 
then decreases gradually with time. Similar changes were still observed when 
the experimental conditions were changed, namely: TE = 2 9 - 3 6 m s  and TI = 
300-2000ms.  This nonuniform change of signal intensity was explained as 
follows. When MR imaging is measured by the spin-echo method, the signal 
intensity, I ,  is (approximately) given by 

, = k p e x p ( - ~ 7 ) [ 1 - e x p ( - T t " ]  \ T~/ (2) 

where k and p denote a constant and the proton spin density of water, 
respectively. The first exponential term is dependent upon both T2 and TE 
(2 × pulse interval) and the second term upon both Ti and Tp. In this experiment, 
the values of TE and Ti were varied between 29 and 36 ms, and 300 and 2000 ms, 
respectively, p was held constant because of the well-swollen state. Therefore, 
the intensity of the profile strictly includes information on the relaxation times 
of water molecules rather than the density. In order to evaluate the change of the 
image profile in accordance with Eq. (3) the values of Tl and ~ of water were 
determined as a function of concentration of TEMPOL from 2 mM to 500 mM 
(Fig. 37). 

The results indicate that the values of relaxation rates, 1/TI and [/T2, agree 
within experimental error under these experimental conditions. In addition, a plot 
of these relaxation rates against TEMPOL concentration yields a straight line. 
From the plots, we obtained the empirical formula 

1 1 

T] 
-- 0.312 + O. 1829[TEMPOL] (3) 

where the units of T2 and [TEMPOL] are seconds and millimolar, respectively. 
The correlation coefficient was 0.9997. In addition, the equilibrium values of TI 
and T2 for water in the silk fibroin gel in the presence of TEMPOL, approximately 
agree with those in aqueous solution. Thus, we considered that the change of 
signal intensity observed here could be explained as a function of only one 
relaxation time, TI or ~ ,  with Eq. (2) by assuming that the frequency dependence 
of the paramagnetic relaxation is negligible. Figure 38 shows the simulated curves 
of signal intensity calculated in accordance with Eq. (2) fl)r T, = Ti at various 
values of TE and Tt,. 

As shown in Fig. 38 (TE= 36ms, T,-= 1000ms), the intensities increase 
rapidly and decrease gradually with increasing 1/T1. This tendency agrees with 
the change in Fig. 36 (TE= 36ms, Tt, = 1000ms). In addition, other observed 
profiles of the MR image (TE = 29 ms, Tl = 300 or 2000 ms) also changed as 
shown in Fig. 38. Therefore, it is suggested that the change in intensity of the 
MR image is explained by the decrease in Tl and T2 values of water in the 
silk fibroin gel as a result of diffusion of TEMPOL. If one-dimensional diffu- 
sion of TEMPOL is interpreted in terms of Fick's second law, s° the average 
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Fig.  38. Simulat ion of  the intensity of  the MR image as a function of  I/T~. Line I: 
T E =  2 9 m s ,  T,. = 300ms .  Line 2: T E =  36ms ,  Tr = 1000ms.  Line 3: T E =  2 9 m s ,  7], = 
2000 ms. 
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diffusion coefficient, D, is calculated with a reduced absorption curve i.e. a 
plot of C~/C~ against (t/L2) I/2, where C~ and C x  represent concentrations 
of absorbed TEMPOL in the gel at time t and when equilibrium has been 
reached in the fibroin gel. In accordance with Eqs (2) and (3), the concentra- 
tion of TEMPOL at various positions L (centimeters) from the surface of the 
gel was determined. 79 For short times, the average diffusion coefficient, D, is 
expressed as 

D = r r / 6 4 / [ t / L  2 ] (4) 

where [ t / L  21 denotes the value of the abscissa when C t / C  ~ = 1/2. From the 
plots of fraction of diffusion of TEMPOL as a function of ( t /L2 )  1/2, D was calcu- 
lated as 8. l × 10 7 cm 2 s 1 This value agrees within experimental error with the 
results calculated from imaging data obtained by using the other measurement 
parameters. In addition, this order of magnitude is consistent with the diffusivity 
of glucose in the silk fibroin membrane sl whose molecular weight is nearly equal 
to that of TEMPOL. 
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1. I N T R O D U C T I O N  

Being the first paper of the 'annual report' to be devoted to the computer 
processing of NMR spectra, this review attempts to cover this field from the 
beginning. In view of the selected historical approach, and given the wealth of 
literature devoted to the question, this paper will mainly focus on directing the 
reader towards other literature sources as there is very little scope for further 
details. 

In the mid-1960s, two decisive developments triggered the development of 
modern NMR. The first was the introduction of pulse techniques by Anderson 
and Ernst I and the second was a key idea leading to the Fast Fourier Transform 
algorithm proposed by Cooley and Tukey. 2 Computers have been used system- 
atically since then and the history of the processing is rich and varied as the 
lack of sensitivity of NMR necessitates that data be exploited as efficiently as 
possible. Despite potential benefits, it must be admitted that the vast majority of 
users never apply non-standard processing techniques. The fact that specialists 
themselves often recommend not using processing techniques is another cause 
for concern. An example of this is the advice given by Hoch and Stern 3 not to 
use window functions, which is undoubtedly the most widely used processing 
technique. In any case, the following question is more pertinent then ever in 
this regard: Why are special processing techniques not used? Firstly, they must 
demonstrate a very significant advantage over standard methods. Their avail- 
ability is a second issue which could definitely be improved on, even in a world 
where no single standard has emerged. Comparative studies are also quite scarce, 
making it difficult to select between the wide range of alternatives. This being 
said, this paper will not attempt to propose practical solutions to these problems 
and only aims to bring together a wide range of references from the literature in 
the hope that this will provide useful information for readers. 

Literature 

Two major references should be highlighted. The first is the 1996 monograph 
by Hoch and Stern NMR Data Processing. 3 This is a very good introduction 
to the subject and provides sufficient background information to enable readers 
to understand the vocabulary of this review. It covers the basics of spectral 
processing and devotes chapters to linear prediction and maximum entropy. Some 
other techniques, such as wavelets and Bayesian methods, are also discussed 
briefly. The second major reference is a series volume on Signal Treatment and 
Signal Analysis in NMR, 4 published by Routledge. A glance at the list of authors 
reveals that most of the 24 chapters were written by major players in the fields 
they cover. This work is very technical and provides a basis, from which the rest 
of the specialized literature can be accessed. The chapters cover a broad range of 
theoretical aspects including the Fourier transform, maximum entropy, analysis 
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of relaxation data, non-linear regression, Pad6-Laplace analysis, digital filtering, 
binomial filters, linear prediction and singular value decomposition. The second 
half of the volume contains many applications to time, frequency and spatial 
domains. 

Other references of interest are listed below in order of increasing difficulty. At 
the easy end of the spectrum, there is the short and very elementary introduction 
in a chapter of the Encyclol)edia q[" Sl)ectroscopy and Slwctromets3: written by 
Morris. 5 It discusses Fourier transform, zero filling, phasing and also says a few 
words about linear prediction and maximum entropy. This paper can safely be 
recommended to undergraduate students. On a more advanced level, a monograph 
section written by Kalbitzer 6 introduces the problem of peak-picking, symmetry 
properties, multiplet recognition, spin network reconstruction, sequential assign- 
merit and - briefly - special techniques, such as maximum entropy and linear 
prediction. This gives a good indication of the challenges spectrum analysis poses 
l~r students, for example, at graduation level. A little older and also more in- 
depth discussion is provided by de Beer and van Ormondt 7 who focused on time 
domain fitting procedures, especially singular value decomposition. In this kind 
of historical review, it is appropriate to recommend a return to work carried out 
earlier and in related domains as a possible source of inspiration. This rather 
more dusty shelf contains the paper on spectrum analysis by Kay and Marple ~ 
as seen from the mid-1980s. 

Obviously the standard monographs on NMR, such as Freeman's Handbook ~) 
and Ernst et al.'s Princo~les o['Nuclear Magnetic Resonance m are of interest in 
this context as they also discuss some aspects of spectrum processing. In terms 
of difliculty, Claridge's recent volume on the Tetrahedr(m Organic Chemisto~ 
Series, II which inherited the title of a contribution compiled twelve years earlier 
by Derome, 12 lies somewhere between these two monographs. Cavanagh et a/ . ' s  
monograph is a reference of choice 13 for all biological applications. 

Finally, two other major sources of information deserve a mention. Firstly, the 
Encyclopedia qFNMR, 14 which is an endless source of information. Given that 
the indexes are completely adequate, it will not be referred to here. Secondly, the 
Ammal Rel)orts on NMR Spectroscopy have sections which cover some of the 
aspects of this review. This is an exhaustive source of information on the most 
recent literature. 

This review is tk~cused on high-resolution applications and covers standard 
methods and some special techniques. Given the ease with which information 
can be found on the worldwide web, a review of available processing software 
turned out to be useless. 

The very specialized processing techniques have also been omitted from the 
discussion. Only a few references are given below, however, these provide an 
appropriate starting point for more detailed bibliographic searches. These include 
application to NMR of solids, Ls Is complex hydrocarbon mixtures, 1~)'2° lk~od 
analysis 2j and genetic algorithm] -223 
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2. STANDARD PROCESSING TECHNIQUES 

2.1. The Fourier transform 

As mentioned above, the introduction of pulsed techniques by Ernst and 
Anderson I revolutionized NMR. Called FT-NMR because of the Fourier 
transform required to translate time-domain data into the frequency domain, to the 
despair of researchers developing alternative methods (see Section 3), the name is 
still legitimate as it is by far the most commonly used transformation technique. 
At a time when computer resources were quite scarce, the decisive step toward 
the Fast FT algorithm made by Cooley and Tukey 2 was very welcome. After 
this start, the field developed in parallel to the increase in computer processing 
power. 

2.1.1. Literature 

Two very comprehensive monographs on Fourier transforms dominate. The first 
is Brigham's classic 24 which covers the Fourier transform (FT), discrete Fourier 
transform (DFT) and fast Fourier transti)rm (FFT) in detail. The properties are 
discussed not only mathematically but also visually. As the change in title indi- 
cates, the second edition 25 includes applications which mainly feature in the 
domain of radio frequency. The second classic is Bracewell's Fourier Tran,~fin'm 
and its Applications,26 of which the third edition 27 is quite recent. It covers the 
same domain as Brigham but in slightly more detail and includes exercises. Thus 
it is more a textbook while the other can be considered as a reference manual. The 
less extended monograph by Marshall and Verdun 2s should also be highlighted 
for its coverage of NMR applications. 

Two other references can be recommended for their brevity. A monograph 
on wavelets transforms contains a chapter by van den Bogaert 29 which provides 
a rather elegant and intuitive introduction to FT. In another volume from the 
same series, Eveleigh 3° also introduces the FT and related transformations in 
a concise and clear but more classically mathematical way. Finally, the paper 
by Angelidis 31 is also quite pedagogical but also more in-depth and a little 
longer. 

2.1.2. Historical overview 

Computationally important properties of the Fourier analysis were discussed by 
Ernst 32 at quite an early stage. For example, when combined with Hilbert trans- 
forms, the Kramers-Kronig relation between the real and imaginary components 
of complex data makes it possible to apply post-acquisition phase corrections. 
Ernst made some proposals for an automatic phase correction algorithm, but 
this kind of method was only routinely used after the developments made by 
Levitt and Freeman) 3 Note that compared with phase problems, the use of power 
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spectra often involved certain inconveniences. 34 Two papers discuss other aspects 
of Fourier transform data. Weiss el a1.35 and Howard 3(' treated the question of the 
precision of signal position as a function of the apodization function for the first 
and noise for the second. With the development of two-dimensional techniques, 
quadrature detection in indirect dimensions has been developed. States gave his 
name to one of them 37 while the TPPI was developed by Marion and W[ithrich. 3s 
Both of these were further discussed by Keeler and Neuhaus. >~ Other properties 
of the Hilbert transform are exploited by Zolnai et al.4° They present a method 
called Zooming, which allows interpolation of the spectral data of any given 
region of interest. Note that signal truncation gives rise to signal artefacts called 
sinc wiggles. This problem has found many solutions, mentioned in almost all 
of the following sections. The solution proposed by Keeler is a recursive method 
of peak finding applied to one-dimensional 41 or two-dimensional 42 spectra. 

2.2. Spectral folding and aliasing 

Violation of the Nyquist condition, giving rise to signal folding or aliasing into 
excessively small spectral windows, enables the saving of acquisition points for 
any given resolution. In one-dimensional spectroscopy, this is obsolete for two 
reasons. Firstly, the widely used digital filtering very efficiently eliminates any 
signal falling outside the chosen spectral window. Secondly, the memory capacity 
makes any saving in the number of acquisition data points quite futile. For 
indirectly detected dimensions of multidimensional experiments, on the other 
hand, reducing the number of acquisition allows one to save experimental time, 
provided the decrease of S/N ratio is acceptable. These considerations are intro- 
duced in the NMR monographs. ')11'13 Note that Abilgaard 43 discussed some 
aspects of the problem in the context of least-squares analysis (see Section 3.5). 
Bax el  al. 44 discussed them in the context of baseline distortion in indirectly 
detected dimensions. In order to avoid baseline problems due to phase corrections, 
they advised that the sampling delay (first increment time) be set to half the dwell 
time. Hodgkinson and Hore 45 discussed sampling consideration in the context of 
quantification of NMR data. Non-linear sampling schemes are discussed in detail 
for systems of increasing complexities. Two-dimensional applications of non- 
linear sampling are discussed in another paper by Hodgkinson et al.4(' It is shown 
that some non-linear acquisition schemes in which the number of increments is 
increased for important values of tl delays, improves the quantification of spectral 
parameters such as the active coupling constant. Note that as the FFT is inap- 
propriate for the analysis of such data, most applications use maximum entropy 
techniques (see Section 3.7) to make the time-to-frequency transformations. For 
a more detailed discussion, also refer to the papers by Schmieder et a l )  7 49 

To return to linear sampling, Jeannerat 5° presents a method using reference 
spectra enabling the resolution of ambiguities in heteronuclear two-dimensional 
experiments where the spectral window can be reduced up to the point where 
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the signal linewidth is limited by relaxation. A computer program makes it easy 
to determine the correct signal chemical shift out of hundreds of possibilities. 
Similarly relaxation limited high resolution can also be achieved using selective 
experiments. 51 When compared to the method above, it avoids the problems in 
chemical shift attribution and the inconveniences of the possible overlap due to 
folding or aliasing. The work of Morshauser and Zuiderweg 52 in the area of 
protein studies is just one example of the advantage of applying folding in multi- 
dimensional experiments. They make their case on tour-dimensional experiments 
where the three indirectly detected dimensions have been folded or aliased. It can 
be appreciated that, provided the S/N ratio is not the limiting factor, it is possible 
to reduce the experimental time by a factor equal to the product of the three 
folding factors. Note that Kumar et al.53 contains an interesting discussion of the 
underlying problem and the solution of maximum entropy. 

2.3. Window functions 

Also called apodization functions, window functions consist in giving different 
weights to different parts of time domain data. They have a history which is 
almost as long as that of pulse-NMR methods. In the beginning they were used 
as a way of improving resolution. However, they are routinely used today to 
diminish truncation artefacts. This rather disappointing evolution is compatible 
with some recommendations for not using window function) It is nevertheless 
important to understand them since they have a strong influence on data resolution 
and S/N ratio. Note a recent review of this matter by Traficante and Rajabzadeh. 54 

2.3.1. Historical overview 

A long paper published by Ernst 55 in 1966 discussed the problem of sensitivity 
in magnetic resonance. It may come as a surprise to see that some methods are 
considered as being applied at hardware level while nowadays, the immediate 
reaction is to use computer algorithms. Obviously, this is due to the paradigm 
change caused by the availability of computers. It is also surprising to see that 
most of the methods used today were already more or less explicitly presented at 
that time. An example of this is the Lorentzian-to-Gaussian transformation which 
was implemented by Ferrige and Lindon 56 in 1978. Belbre that, Campbell et al.57 

showed that good use of apodization methods can be quite efficient when only 
one-dimensional spectra of small proteins were available. The combination with 
relaxation agents introduces differences making it possible to obtain interesting 
information. They proposed a method called the 'convolution difference tech- 
nique' which consists in multiplication of the FID with an exponential function. 
De Marco and Wfithrich 5s introduced the sinusoidal window function which was 
also later discussed by Gu6ron. 59 This increases resolution at the cost of a slight 
decrease in S/N ratio. Clin et al. ~° later found properties of the sine-bell func- 
tion, making it possible to process data using the addition of a pair of dispersive 
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spectra, whereby one of them has been moved by one data point prior to Fourier 
transform. This opened the possibility of varying the data point shift, an option 
which has been explored by Lobman 61 as a means of modulating the strength 
of the windowing. Most functions had been introduced by 1980, thus, despite 
its age, Lindon and Ferrige's comprehensive review 62 is less obsolete than one 
might think. All that is missing are the shifted sine bell and the TRAF func- 
tions, since most publications in following years consisted in a discussion of 
the influence of window functions on parameter quantifications. Brereton et a l )3  

introduced the shifted sine bell in 1981 and demonstrated its advantageous influ- 
ence on the linewidth. They also show that the knowledge of an approximate 
Te* enables better adjustment of window functions. Traficante 64 introduced yet 
another function in which T2* is a parameter. It is claimed that S/N ratio does not 
suffer as a result of the application of this resolution enhancement function. The 
following year, Traficante and Nemeth 65 presented an improved version making 
it possible to choose to favor S/N ratio or resolution or to obtain an optimum 
balance between the two. The last contribution is a recent paper in Concepts in 
Magnetic Resonance by Traficante and Rajabzadeh. 54 This paper discusses all 
window functions with emphasis on the TRAF. Obviously the use of window 
functions has an influence on the precision and accuracy of the measurement of 
spectral parameters. Chan and Comisarow {'{' discussed this problem of integration 
of one-dimensional spectra. Weiss et al.,  who discussed the quality of peak area 
and NOE factors {'7 in 1983, published a second version of the paper with the 
subtitle 'The effects of Apodization' a few years later. 

2.4. Artefact reduction techniques 

Baseline correction, tl noise (~s-7° reductions and related methods are found under 
this heading. Many concern NOE experiments in which difficulties concerning 
quantification are the most acute. Note two papers by Weiss and Ferretti 67 and 
Weiss e ta / . :  71 the first discusses accuracy and precision in the estimation of 
peak areas and NOE factors, and the second focuses on internuclear distances. 
Liu et al. 72 also discussed the influence of experimental noise and peak inte- 
gration errors on interproton distances. More recently, Lin et al.T° simulated the 
influence of experimental imperfections on different kinds of experiments using 
gradients. 

Baseline and baseplane corrections have been the subject of many different 
developments. A selection of these is described. Barsukov and Arseniev 73 
presented a method based on Lagrange polynomials for the efficient reduction 
of the NOESY ridges. Dietrich et al. 74 introduced an automatic processing 
technique which first identifies peaks, then fits the remainder of the row or 
column to a fifth degree polynomial and then subtracts it from the original row 
or column. A few years later, Giintert and Wtithrich 75 introduce the FLATT 
algorithm about the same idea. For this method the regions of each row which 
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are devoid of signals are identified, a function that best fits these noisy sections 
is calculated before being subtracted from the whole row. Chylla and Markley 7~' 
proposed a different approach called FaceLift which first calculates an individual 
baseline for each row or column and then applies a smoothing technique to 
avoid irregularities. Also, going to a true two-dimensional baseplane correction, 
Levy et al.77 introduced a five-step procedure: (i) peaks and ridges are eliminated 
from the spectrum; (ii) the holes are filled using interpolation; (iii) a refined two- 
dimensional plane is calculated in the time domain; (iv) its frequency-domain 
correspondent is subtracted from the raw spectrum; (v) the ridges are corrected. 
Note that the origin of ridges was discussed by Otting et al.TS who also provided 
some solutions for their suppression. 

3. SPECIALIZED PROCESSING TECHNIQUES 

3.1. Deconvolution methods 

The definition of the convolution product is quite clear; like the one of the 
Fourier transforms, it has a given mathematical expression. An important property 
of convolution is that the product of two functions corresponds to the Fourier 
transform of the convolution product of their Fourier transforms. In the context of 
high-resolution FT-NMR, a typical example is the signal of a given spin coupled 
to a spin one half. In the time domain, the relaxation gives rise to an exponential 
decay multiplied by a cosine function under the influence of the coupling. In 
the frequency domain, the first corresponds to a Lorentzian lineshape while the 
second corresponds to a doublet of delta functions. The spectrum of such a spin 
has a lineshape which is the result of the convolution product of the Lorentzian 
with the doublet of delta functions. In contrast, the word 'deconvolution' is not 
always used with equal clarity. Sometimes it is meant as the strict reverse process 
of convolution, in which case it corresponds to a division in the reciprocal domain, 
but it is often used more loosely to mean simplification. This lack of clarity is due 
to the diversity of solutions offered to the problem of deconvolution, depending 
on the function to be deconvoluted, the quality one wishes to obtain, and other 
parameters. 

3.1.1. Literature 

Deconvolution is briefly treated in books on the Fourier transformY '27 however, 
as the literature devoted to the subject shows, it is a much broader subject. One 
example is the 1984 monograph by Jansson. 79 The theoretical sections are of 
general interest but the applications discussed focus on optical spectroscopy and, 
in a more recent edition, 8° image processing and relaxation. The first chapter is 
a very pedagogical and intuitive introduction, sl while the third s2 and fourth s3 
chapters provide an introduction to linear and non-linear deconvolution methods 
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respectively. The conclusion of the third chapter and the introduction of the 
fourth discuss some important aspects of the difference between the two kinds 
of processing techniques. Linear methods are seen as the poor man methods and 
only justified when time is a limiting factor. The others, being able to include 
constraints, are considered as the serious ones. One should nevertheless note that 
in NMR, many applications have been developed in the linear domain, especially 
for coupling constants measurements. In order to moderate Jansson's argument, 
it should be said that the linear deconvolution is advantageously used to deter- 
mine these parameters. Other literature sources include the reviews written by 
Morris and coworkers on reference deconvolution. Concise s~'s5 and extended s6 
versions of these reviews have been published. The former s4 presents reference 
deconvolution as a kind of window function tailored to the reference lineshape. 
The latter s~' is a detailed 60-page discussion. Metz et al .  s7 published the most 
recent review of this subject, albeit from a more medical point of view. 

3.1.2. His tor ical  overv iew 

In 1977, the foundation for deconvolution was set by Wouters e t a l .  s~s9 in 
the domain of continuous wave techniques called 'reference lineshape adjust- 
ment' (RLSA), however it has retained its relevance in FT techniques. The first 
paper ss introduces the notion of considering an experimental signal as the convo- 
lution product of a function depending on the sample, and a weighting function 
depending on the experimental conditions. The authors proposed to take the 
differences in the latter into account in order to obtain similar lineshapes. In 
the context of difference spectroscopy, the introduction in one of the compared 
elements of the difference between the experimental condition of the two should 
result in ideal subtraction. The application of reference lineshape adjustment 
(RLSA) to gramacidin S can be found in a second paper, s9 In 1980, deconvolu- 
tion was applied in the time domain by Clark and Lillford 9° for the analysis of 
NMR relaxation decays. They made no assumption about the decay shape, but the 
method requires very favorable S/N ratio. The following year, Kauppinen 91 devel- 
oped the theory of self-deconvolution in the IR domain, allowing the improve- 
ment of resolution by a factor of three with S/N ratio of about 1000. More 
practical approaches reached the domain of NMR in 1983 when Kumar et al .  ~2 

proposed a method allowing the distinction of signals overlapping by up to 90% 
and their quantification at up to 50% overlap. An implementation based on mini- 
mization of the sum of squares of the difference between experimental and simu- 
lated spectra has become a standard procedure used in many NMR processing 
software, Belton and Wright 93 introduced constrained deconvolution (CD), a 
method that considers the spectrum to be the convolution product of a sum of delta 
functions with a single lineshape plus noise. The positions of the delta functions 
are determined using a minimization of the smoothness of the convolution product 
of the reconstituted sum of delta functions minus the experimental spectrum. 
The lineshape used for minimization has to be introduced. In the mid-1980s, Ni 
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and Scheraga discussed the application to phase-sensitive spectral analysis 94 and 
combined self-deconvolution with maximum entropy (see Section 3.7). Bothner- 
By and Dadok 95 proposed to manipulate the FID of doublets in order to measure 
the splitting and obtain simplified spectra. The strength of the method over the 
alternative of the time is the total independence of the lineshape; it requires only 
that the doublet component have the exact same shape. In order to eliminate 
the effect of an in-phase doublet corresponding to a cosine function in the time 
domain, they proposed to divide the FID by a cosine function with a different 
tentative frequency and to view the amplitude and width of the line and the 
baseline artifacts as a criterion for a successful simplification. 

Deconvolution methods can also be used to suppress residual water signals 
as demonstrated by Marion et al .  96 Assuming that the latter are at the center 
of the spectral window, water is responsible Ibr the low frequency component 
of the FID. A convolution of the time domain spectrum with a Gaussian or 
sine bell makes it possible to filter out the higher frequency and only retains 
the water component, which can later be subtracted from the original FID. This 
procedure can be fully automated and is quite appropriate for two- and three- 
dimensional experiments in the presence of water. The same year, Hoffman and 
Levy 97 applied a computationally very demanding simulated annealing method 
to one-dimensional NMR spectra. 

In 1988, Morris published his first paper on reference deconvolution 9a using 
an algorithm they called FIDDLE, i.e. Free Induction Decay Deconvolution for 
Lineshape Enhancement. Observing that many instrumental imperfections affect 
equally all the signals in a spectrum, he concluded that one should consider 
deconvoluting the whole spectrum with the lineshape of an isolated peak to obtain 
an 'idealized' spectrum. The calculations are similar to that of Bothner-By (see 
above) in that the experimental FID is divided by the time domain expression 
of the ideal lineshape, but differs in that it should not contain zeros which cause 
division problems. An illustration is given in the case of a signal with very high 
S/N ratio, but one should keep in mind that the success of the process is quite 
dependent of the S/N ratio of the whole spectrum and especially of the reference 
signal. The same author 99 presented an application to Nuclear Overhauser Effect 
Difference (NOED) spectroscopy, in the context of which the problem due to the 
Block-Siegert shift had been discussed by Mersch and Sanders. l°° 

A recursive lineshape deconvolution process enabling the improvement of 
resolution and contrast in one-dimensional and two-dimensional NMR has been 
proposed by Ni and Scheraga, ~°l while a similar effect is obtained in the 
field of imaging by Liu et al .  I°~ Still in the domain of medical applications, 
Jehenson and Syrota 1°3 proposed a solution tailored to process spectra affected 
by artefacts due to gradient-induced Eddy currents. In in vivo applications, 
where spectra often show a lineshape which often differs significantly from 
pure Lorentzian, Gaussian or mixed lineshape, de Graaf e t a / .  1°4 proposed an 
alternative to the HOGWASH 41'42 against which some arguments are developed. 
Called QUALITY, the new method is less demanding with respect to the quality 
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of the reference line and consists in removing the component that is due to 
relaxation and isolate from it the component that is due to field inhomogeneities. 
The latter can then be used to deconvolute the whole spectrum. 

In 1991, Gibbs and Morris 1°5 discussed reference deconvolution as a means 
of eliminating distortions due to truncation of the reference signal. For many 
reasons, the reference signal should be as narrow as possible, a requirement that 
is in conflict with keeping a maximum of signals at both sides. The authors 
resolved this conflict by giving two solutions to minimize truncation. The first 
concerns the step whereby the reference signal is inverse-Fourier transformed. 
Knowing that the dispersive signal decreases far more slowly towards the base- 
line than absorptive ones, the authors proposed ignoring the imaginary part of 
the spectrum and taking advantage of the symmetry properties of the FT to 
reconstruct a reference FID solely based on the real component of the data. The 
second solution consists in realizing that artefacts due to the ever so slightly 
truncated absorptive signal artefacts can be eliminated by moving the reference 
signal to the baseline before the inverse-Fourier transform. In another publication, 
Gibbs e t  aI .  l°(' are concerned with t~ noise or, more precisely, the part caused 
by artefacts in the indirectly detected dimension. They propose the application 
of a reference deconvolution to each t~ increment. A more complex alternative 
is also considered. It consists in using the deconvolution in a two-dimensional 
fashion taking a rectangular reference signal that covers the whole first frequency 
domain, in order to include all tl noise, and a small region in the second frequency 
dimension near a single peak. The processing is otherwise similar to the one- 
dimensional version presented above, except that the signal subtraction, which is 
usually applied during acquisition by means of phase cycling, is applied here after 
the reference deconvolution step, making it necessary to acquire two sets of data. 

The same year, Huber and Bodenhausen 1°7 considered the frequency domain 
deconvolution of the multiplet structure due to scalar coupling of isolated signals 
in one-dimensional or two-dimensional spectra. Their method makes it possible to 
measure active and passive couplings in a step-by-step deconvolution of antiphase 
and in-phase splitting respectively. The method consists in running a pointer 
from one side of the multiplet and adding or subtracting farther ahead the ampli- 
tude measured at the pointer position. The distance to which the amplitudes 
are changed is a trial coupling constant that successfully simplifies the structure 
when it matches a coupling constant. It has been applied for the measurement of 
active coupling in soft-COSY spectra. Another paper ms shows the advantages of 
running the above process in both directions. 

The coupling constant also interests Jones et  a l .  m') However, they preferred 
to apply a combination of methods working in the time domain. They proposed 
to analyze the multiplet structure of COSY cross-peaks by (i) measuring the 
active coupling using J-doubling (see Section 4.8), (ii) calculating a simplified 
spectrum using a maximum entropy method, taking into account the knowledge of 
the coupling J-deconvolution, (iii) estimating the passive coupling, (iv) refining 
the values found by model fitting to the experimental multiplet. With respect to 
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the first step, they make some comments about the methods requiring divisions in 
the time domain, especially the problem posed by division with zero or near zero 
values, and mention the alternative consisting in making the sum of the squares 
between experimental and frequency domain data that is under construction. 

In 1994, Woodley and Freeman I j° proposed a frequency domain lineshape 
deconvolution of J-spectra enabling the transformation of signals with broad 
tails in both orthogonal dimensions into a Gaussian lineshape. In the process, 
the linewidth is reduced by a factor ~/3. Their method requires a peak picking 
procedure and gives rise to some artefacts where signals overlap. It is not a 
deconvolution in the strict sense as it does not exactly revert the effect of 
the convolution giving rise to the lineshape, but approximates it. The result 
is nonetheless a projected 'decoupled' one-dimensional spectrum with much 
better signal separation. In the same vein, del Rfo Portilla and Freeman Ill intro- 
duced an algorithm for doublet deconw)lution. Here also, the method simplifies 
doublets into singlets only in cases devoid of overlap, however, this is fast and 
may be considered a convenient method for measuring splittings. In the case 
of complex structures however, it may be difficult to distinguish true couplings 
from the sum and differences of the latter. In 1995, Maudsley ]~2 became inter- 
ested in the processing of in vivo applications where linewidths are often severely 
distorted and proposed the use of self-deconvolution as a means of determining 
the spectral lineshape which can later be used in a reconstruction method. Broadly 
speaking it consists in (i) approximating the spectrum lineshape using a Gaussian 
or Lorentzian functions, (ii) determining the signal's positions in the form of a 
delta [unction spectrum using deconvolution, (iii) dividing the experimental FID 
with the time domain form of the delta function spectrum to obtain, after Fourier 
transform, a crude spectral lineshape which can be refined later. 

In the area of imaging of different chemical species with various concentra- 
tion ratios and for which the spectral widths are larger than the pixel spatial 
dimension, deconvolution was shown to be useful by Baldwin et al .  ll3 Barjat 
et al .  114 proceeded in the vein of reference deconvolution in a paper addressing 
the problem of division by zero and provide a very detailed study of the deter- 
mination and refinement reference signal. It shows that in the case of favorable 
S/N ratio, a well-refined reference spectrum permits drastic limitation of artefacts 
due to division by zero. The following year, the issue of tj noise (see above) was 
revisited by the same group after the introduction of PFG experiments. Home and 
Morris, ll5 remembering that in two-dimensional and higher-dimensional spec- 
troscopy signal to artefact ratio is often more problematic than signal to noise, 
show that the threshold of detectability can be reduced by more than an order 
of magnitude. Firstly, discussing the tl noise and S/N ratio in both gradient and 
phase-cycled COSY, they make it clear that the reputation of gradient exper- 
iments as showing no tl noise artefacts is ill founded. The reason is simply 
that the latter methods are no less prone to spectrometer imperfections than the 
former. Secondly, they remind us (see above) that reference deconvolution can be 
applied to each tl increment of two-dimensional spectra. For some experiments 
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thus, the modulation of the signal makes some increments show near zero ampli- 
tude, which is a complication for the deconvolution. When possible, i.e. when 
the phase cycle eliminates constant signal, this inconvenience can be avoided by 
acquiring the spectrum in such a way that deconvolution can be applied before 
constant signal addition and subtraction. 

In the area of solid-state NMR, deconvolution of powder patterns is the subject 
of a paper by McCabe and Wassail who introduce an FFT version of DePaking I ]6 
and address the problem of identifying superposed signals. 117 The method, first 
introduced by Bloom et a l .  for axial 118 and non-axial ] 19 systems, had previously 
been discussed by Curtis et al .  12° 

Interested in quantifying signals stemming from spectra of biological media 
with t-~C and deuterium enrichment, for which some prior knowledge is available, 
Laatikainen et  al .  t21 proposed a linear method that picks up, step-by-step, the 
identified signals from raw spectra. 

To return to the deconvolution of the effect of scalar coupling, Jeannerat 
and Bodenhausen 1~2 extended the work carried out by Huber (see above) and 
proposed a recursive approach to the measurement of coupling constants in 
cross-peak multiplets of selective experiments. They claimed that the largest 
splitting can be measured reliably in any multiplet structure devoid of second- 
order effects. The largest coupling is measured and the wtlue used to eliminate 
the multiplet structure due to it. The resulting structure is submitted to another 
measurement-simplification cycle until all the coupling constants have been deter- 
mined. Application to the measurement of passive couplings in soft-COSY multi- 
plets, requiring the exploration of two independent variables, is also demonstrated 
in the same paper, 122 while the application to non-selective DQF-COSY spectra 
is presented elsewhere. ]e_~ A similar method is proposed by Garza-Garcfa el al .  124 

who used a combination of the latter deconvolution scheme with a J-doubling 
procedure. A detailed discussion of the reliability of the measurement of the 
coupling constants as a function of the linewidth follows. 

In 1998, Hu et a l .  1:5 proposed a combination of FDM (see Section 3.3) and 
reference deconvolution making it possible to obtain a peak list which, according 
to the authors, is the ultimate goal of most NMR analysis. Reference deconvolu- 
tion can also be made in the frequency domain as shown by Goez and Heun. 1> 
They first discussed the problem of the singularity of division by zero, mentioned 
above, and proposed a computationally more demanding method that requires an 
iterative algorithm. The idea consists in constructing a frequency domain func- 
tion that is the inverse of the function giving rise to the signal broadening. A 
conw)lution product of such a function with the raw frequency domain spectrum 
results in a spectrum from which the broadening has been removed. This method 
is also very sensitive to S/N ratio but it is not obvious how it compares with time 
domain versions. 

Note the special application of lineshape deconvolution by Hou et al. j2v to 
one-dimensional and two-dimensional spectra acquired using special probeheads 
where more than one detection coil are used in parallel. 
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3.2. Linear prediction 

Linear prediction is a method which takes advantage of a property of linear 
functions making it possible to extend the data series as a sum of exponential 
decaying sinusoids. Obviously the range of the extended series depends on the 
number of known data points, the number of decaying signals and S/N ratio. It 
enables the filling of the missing parts of a truncated signal at either end or a gap 
in the middle of free induction decays. The most important use concerns data in 
indirectly detected dimensions of multidimensional experiments. It is known that 
in cases in which experiment time restrictions give rise to a severe truncation 
artefact, sinc wiggles appear after Fourier transformation. Window functions can 
eliminate these wiggles most of the time at the cost of a decrease in resolution, 
but linear prediction avoids these inconveniences to the extent that it is successful 
in extending the FID. 

3.2.1. Literature 

Two quite comprehensive reviews should be highlighted. First, the recent paper 
in Progress in NMR Spectroscopy by Koehl, 12g and a 1992 paper in NMR Basic 
Principles and Progress by de Beer and van Ormondt. 7 Others are cited in the 
following paragraphs. 

3.2.2. Historical overview 

The first discussion of linear prediction (LP) using singular value decomposition 
(SVD) was presented by Barkhuijsen eta / .  129 together with a shorter version of 
the paper. 13° They first highlighted a limitation of FT, for which the smallest 
observable splitting is the inverse of the duration of the signal. Then, they devel- 
oped a method inspired by Kumaresan and Tufts j31 whose work was based on the 
two-hundred-year-old findings of Baron de Prony. It consists in using Singular 
Value Decomposition (SVD) to analyze raw data and return a table of frequen- 
cies, amplitudes, damping factors and phases. The implementation is discussed 
in detail and applications are shown including simulations of signals with added 
noise and in vivo 31p spectra. The following year they devoted a paper to error 
theory in LP. 132 

The same year, Tang et al. 133 presented an alternative to SVD in order to speed 
up the determination of LP coefficients. They used the truncated Householder 
triangularization decomposition, known as QRD, and mention the Cholesky 
decomposition as less stable. QRD is said to be at least five times faster than 
SVD. The same paper mentioned the advantage of backward LP over forward LP 
in making it easy to discriminate between coefficients corresponding to signals 
and those that correspond to noise, according to their position on a unit circle of 
the complex plane, at least when the S/N ratio is large enough (20 dB). Still in the 
context of algorithm improvement, Porat and Friedlander proposed a modification 
of the Kumaresan-Tufts method.134 
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The following year saw the publication of three papers by Tang and 
Norris135 137 using a combination of LP and z-transformation. The first paper 
presents LPZ-QRD 135 with the claim that it gives better resolution and sensitivity 
than FT and is computationally more stable than LPQRD and LPSVD, especially 
with polynomial equations of large order. The second is devoted to a variant using 
LPZ-QRD, for which it is shown that an increasingly large number of added 
points allows one to see an increase in resolution. 13(' The third is concerned with 
a combination of LPZ and autoregression called LPZ-AR. 137 It has similarities 
with maximum entropy methods (MEM), but unlike MEM, implementation of 
time could be applied to signals with arbitrary phases. A comparison between 
LPQRD, LPZ-QRD, LPSVD, LPZ-SVD and LPZ-AR using the Burg method 
was published a few years later. 138 Barkhuijsen eta / .  139 came back to the field 
proposing an alternative based on the Hankel matrix called HSVD. It needs less 
computer calculation but still required the use of the SVD method. The paper 
concludes with a discussion of the similarities with LPSVD which is developed 
further by Yan and Gore. 14° De Beer eta/ .  TM review the domain of quanti- 
tative analysis of time domain signals. Their paper discusses the principle of 
linear methods, but also the state space formalism and model fitting methods in 
a quite pedagogical way before addressing the question of the precision of each 
method. 

Delsuc e ta / .  142 showed that the modification of the Kumaresan-Tufts algo- 
rithm introduced by Porat and Friedlander (see above), and later called FB-LP, 
is able to manage spectra with lower S/N ratio than LPSVD. They proposed 
combining forward and backward LP in order to avoid cases where the criterion 
of the unit circle for discriminating signal from noise t33 fails. 

Gesmar and Led 143 argued in favor of the Cholesky methods as soon as the 
number of acquisition points is much larger than the number of signals, for 
example when working with a broad spectral window line in J3C NMR. They 
claimed that double precision calculation is stable and such application manage- 
able. The argument of QRD storage requirements and the excessive computer 
calculation time did not age very well in the context of the increases in computer 
power and memory capacity. Examples are given for both 1H and I-~C spectra 
of a heptapeptide but the results are disappointing if one expects to isolate each 
individual signal in crowded regions. Johnson eta/ .  TM propose an application 
to two-dimensional chemical exchange experiment with the calculation of error 
estimates using a Monte Carlo method. 

In order to avoid some computational limitations, Tang and Norris ]45 proposed 
a modification called LP-ZOOM. The idea consists in focusing on a spectral 
region of interest and using the ,-.-transform for the analysis. 

In 1988, Stephenson published a review on linear prediction and maximum 
entropy methods. H(~ 

The next year, Marion and Bax 147 proposed a method to make NOESY spectra 
more reliable. It consists in using LP in order to correct the first FID points that 
are otherwise responsible for disturbing baseline artefacts. 
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Two-dimensional applications are discussed by Gesmar and Led 14s who applied 
LP to a COSY spectrum just before Zeng et al.  149 The latter proposed combining 
linear prediction in order to prolong the FID and use FT together with window 
functions which improve resolution. The Total Least Squares (TLS) procedure 
developed by Tirendi and Martin IS° consists in using DFT in the directly detected 
dimension and LP in the directly detected dimension only to elongate the data 
series before being Fourier transformed. They proposed using the computational 
efficient Levindon-Durbin algorithm to solve the least squares problem. The 
same year, the same authors 151 discussed the quantification of parameters using 
their method. For a comparison with LPSVD, see Uike et al.152 who concluded 
in favor of a modified TLS. Around the same time, Millhauser et al.153 presented 
the Lanczos-HSVD, also a fast algorithm for spectral decomposition. Olejniczak 
and Eaton j54 favored the Burg algorithm tot the processing of relatively noisy 
three-dimensional spectra and advised using LP to increase the number of data 
points by 50%. Interested in the TOCSY-TOCSY three-dimensional experiments, 
Cieslar et al.  j55 also exploited linear prediction to improve spectral resolution. 

Applications to in vivo 31p application, where the S/N ratio is often of concern, 
have been explored extensively. 15~ 15s 

With application to three-dimensionall59 and four-dimensional16° experiments 
in mind, Zhu and Bax I('1 introduced a variant of LP taking advantage of the 
knowledge of the phase in all indirectly detected dimensions. They also argued 
that it is favorable to start sampling with half a dwell time rather than near zero 
values. 

In 1990, Gesmar et al.  published a review 16~- discussing, among others things, 
LP methods. This makes it possible to find one's way through the literature 
following an interesting introduction which explores LSQ methods. The next 
year, Led and Gesmar published two other reviews 1(~3"j64 devoted entirely to 
LP. The first L63 explains the possibilities of the technique in more detail and 
proposes referring to Stephenson's review 146 for a deeper theoretical discussion. 
The second of these reviews j~4 is a shorter contribution to a book edited by Hoch. 

Application to IH-13C HSQC and HMBC are presented by Led and Gesmar E65 
who show why HSQC experiments should be preferred when attempting to 
improve resolution using LP. In another paper, they showed the advantage of 
using LP when working with selective variants of HMBC 166 where important 
phase problems arise. 

The advantage of LP methods for extracting spectroscopic information from 
spectra is exploited by Haselgrove and Elliott 167 who developed a computer 
intelligence algorithm which is able to analyze a large quantity of data based on 
a user-defined pattern of expected components. 

In 1992, Diop e t a l .  l('s applied LP to in ~,ivo 3Jp NMR, the enhancement 
procedure used in speech signal processing. 16~) In a detailed study including 
simulations with different S/N ratio, they showed that the enhanced procedure 
EPLPSVD is able to manage signals with S/N ratio larger then 1.2, while the 
classical LPSVD only manages data with S/N ratio larger than about 4. In an 
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extensive study, Zaim-Wadghiri et a l .  i7° applied the methods to thousands of 
31p spectra. The same year, Pijnappel e ta / .  171 also discussed additional SVD 
methods in the context of in vivo 31p NMR spectroscopy. A comparison of the 
results arising from HSVD and LPSVD allowed them to conclude that the first 
is computationally more efficient. 

Zhu and Bax w2 proposed a variant of FB-LP (see above) which, instead of 
making the new set of roots (after root reflection) based on their position with 
respect to the unit circle (with the risk of missing small components taken as 
noise), proposed to take the average of the values found in the two sets of roots. 
The resulting improvement is claimed to be about 1 dB. The same year, they w~ 
also introduced a two-dimensional version of LP as an answer to the problems 
of lineshape distortions and artefacts. They also show that the number of signals 
tk~und in one-dimensional spectra is at most one quarter of the number of data 
points. In the three-dimensional version, the requirement for having four times 
as many points as signals is still valid, however this time, the number of signals 
is counted in a multidimensional structure and compared to the product of the 
number of data points in each dimension. 

Boudhabhay w4 presented the application of the Padd-Laplace method (PLM) 
to J4N-NMR while Tellier et a l .  175 applied it to situations of signal overlap to 
measure multiexponential proton relaxation with tour coefficients. 

K61bel and Sch~ifer 17(' implemented the improvement and automation of the 
LPSVD algorithm. They addressed the problem of regularization, the step where 
the singular values are split into those corresponding to noise and signal. They 
introduced a method called continuous regularization, LPSVD(CR), enabling the 
determination of the cutting position. The same principle is applied to calculation 
of the linear equation for calculation of intensities and phases. 

Lin et al. , t77 interested in the relaxation parameters of NMR decays, developed 
a variant of LPSVD that reduces noise contamination. It has been applied to 
cases with a small number of signals and subjected to serious comparison with 
alternative methods. 

One year earlier, De Moor 17g revisited the theoretical aspects of SVD and, 
ill particular, the influence of noise on the success of the decomposition. He 
introduced the notion of the long and short space of noisy matrices as a way of 
distinguishing those which make it possible to apply SVD from the others. 

Gesmar and Hansen 179 presented another algorithm which produces the same 
results as QR methods. This is called Fast Linear Prediction (FLP) due to the 
fact that it is an order of magnitude faster. The paper briefly examines each of 
the known algorithms and is, thus, a good review of the matter. An extension to 
the study of this algorithm was proposed a few years later by Ohba. la° The two 
latter methods, LPSVD(CR) and ELPSVD, are combined by Diop et  a l .  Isl for 
the automatic quantification of in vivo 3rap NMR. Yet another method, known as 
HTLS, is proposed by Van Huffel et a l .  Is2 and combines TLS and HSVD. It has 
been successfully applied to simulated i~1 vivo spectra. Note also a new algorithm 
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introduced by Chen e t a / .  183 which significantly accelerates the computation of 
Henkel structure. 

The ability of LP to resolve pairs of signals as a function of their chemical shift 
differences and linewidths is discussed by Koehl et al. in4 in cases of simulated 
spectra. The precision and accuracy of LP results is considered. It shows the 
difficulties LP has in resolving signals separated by a distance smaller than their 
linewidth at a S/N ratio of 10dB. The influence of the number of acquired data 
points seems to favor oversampling when possible. They also published another 
paper on the limits of LP applied to 13C simulated spectra mimicking a peptide tn5 
as a function of linewidth and S/N ratio, which may also dampen enthusiasm for 
these techniques. 

Diop et al.  In6 proposed an improvement of their ELPSVD (see above) and 
explained how it can be applied, not only to LPSVD but also to HSVD and TLS. 

LPSVD is used with success by Lee e t a / .  187 :{'or the processing of VACSY 
experiments used in solid-state applications where phase twists are unavoidable. 

Babcook et al.lnn studied the reliability of the measurement of NOESY signals 
in DNA samples. They claimed that LPSVD is reliable enough to replace the 
acquisition of between one-half and two-thirds of the data points in the first 
dimension. 

Yet another version of LP has been proposed by Fedrigo e t a / .  In9 They intro- 
duced a modified autocorrelation function (MAF) based on Cadzow's work (see 
above) that improves S/N ratio. Examples of low S/N ratio 31p data are given. 
The same group ~9° presented a modified SVD method for application to the 
processing of selective experiments applied to biopolymers. 

Nuzillard I~j demonstrated that application of LP to the first dimension of two- 
dimensional homonuclear J-resolved experiments usually displayed in magnitude 
mode can be made sharper and present a higher S/N ratio. 

The question of estimating the time origin of signal phases is discussed by 
Vondra et a / .  192 The aim is to study signal phases in order to calculate what 
should be the ideal phase correction parameters. 

A fully automatic implementation of LPSVD(CR) for in vivo analysis of 31p 
spectra is presented by Totz e t a / .  193 together with a detailed study of many 
alternative methods. 

Zhu e t a / .  194 proposed the use of LP to remove the solvent signal in non- 
deuterated solutions and the exclusive use of low power presaturation. 

Reynolds et al.195 addressed the question as to why the powerful LP methods 
remain of so little use years after their potential was first demonstrated. They tried 
to convince HSQC users to apply linear prediction with their detailed study of 
natural products. They showed that resolution can be improved by a factor of up 
to 16 in the first spectral dimension when the S/N ratio is favorable. Similarly, 
treatment of DQF-COSY spectra makes it possible to obtain a factor of two 
resolution improvement which means a :{'actor two in acquisition time. 

Finally, in the context of signal analysis, the paper by Lin e t a / . ,  196 who took 
an alternative route to determine FID components, deserves to be highlighted. 
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The method, called ITMPM, is based on information theory and compares quite 
favorably with LPSVD, especially in cases with low S/N ratio as shown by Monte 
Carlo simulations. 

3.3. Filter diagonalization 

Filter diagonalization methods (FDM) consist in considering the problem of the 
determination of the signal frequencies and amplitudes of an FID as a quantum 
mechanical problem where eigenvalues are to be calculated. The common element 
allowing the transposition is the exponential nature of the evolution of both 
systems. Note that the notation used in the FDM literature has remained that used 
in quantum mechanics for the Hamiltonian, wave functions, etc., which may be 
confusing. But since NMR spectroscopists are used to this notation, it makes it 
easier to keep in mind which signs correspond to which kind of mathematical 
object, even if it does not designate the particular object they are used to. 

3.3.1. Literature 

The different implementations of FDM are discussed in a recent paper by Chen 
and Mandelshtam. 197 The paper mentions DFT/FDM hybrids and multiscale 
techniques. Theoretical background can also be tkmnd in the two papers by 
Mandelshtam 19s and Hu et  o l .  199 

3.3.2. Historical overview 

Neuhauser 2°°'2°1 developed filter diagonalization (FD), a method allowing deter- 
mination of the eigenstates and eigenvalues of an operator, eliminating correla- 
tions according to the distance of their states. The distant ones are eliminated 
through short-time filtering and only the close ones require diagonalization. 
In 1995, Wall and Neuhauser 2°2 realized that short time series can be advan- 
tageously analyzed using FD, a property that prompted applications to spec- 
troscopy. Mandelshtam and Taylor 2°~ applied it to vibrational spectroscopy after 
a simplification which is rigorously applicable to finite discrete time series. Other 
papers are devoted to a more detailed discussion 2°4 and application to multidi- 
mensional cases. 2°5 The first application to NMR appeared in 1998. Mandelshtam 
et al.2°6 applied FDM to the processing of two-dimensional spectra. The method 
returns a list of peak frequencies, amplitudes and phases enabling the recon- 
struction of ersatz spectra which always compare very advantageously with 
DFT spectra. The authors claimed superiority of FD over linear prediction and 
showed that experimental time can be saved as FDM can process spectra with 
a few t~ increments. Around the same time, Pang et  a l .  207 developed further 
FDM methods and envisaged a multidimensional application presented in a sepa- 
rate paper by Wall eta/ .  2°g presenting the analysis of DQF-COSY spectra. Hu 
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et al. ]25 provided more details on the NMR implementation of FDM. Discussions 
of the differences with LP-ZOOM (see Section 3.2) and reference deconvolution 
(see Section 3.1) are also provided. Illustrative examples fonow. Applications 
are discussed in a separate paper by Mandelshtam e t  al .  209 who presented the 
implementations for one- and two-dimensional spectra together with examples. 
It has been shown that the passage via the peak list is not obligatory and that FD 
can also be applied as an improvement method using the averaging of different 
calculations 21° in an application to 2D J-spectra. An application to pulsed EPR is 
also shown by Jeschke et al. 2t] Multidimensional FDM methods were reviewed 
in two parts in 2000, whereby the first 19~ considered the theory and implemen- 
tation while the second 199 discussed application to two-dimensional spectra as 
well as two-dimensional projections of three- and four-dimensional spectra. Chen 
and Mandelshtam 197 discussed applications in which the S/N ratio is less favor- 
able. In order to overcome the instability of the calculation and the deterioration 
of the accuracy of the usual implementation, they introduced a multiscale FD. 
Instead of searching for narrow and well defined signals, they allow the band- 
width to change, making it possible to reliably locate poorly localized signals. 
With respect to the problem of calculation averaging to avoid numerical instabil- 
ities, two regularizations were proposed by Chen et al. The first 212 introduced a 
new regularized resolvent transform (RRT) while the second 2j3 presented a new 
algorithm called FDM2K which avoids the averaging. 

3.4. Wavelets transform 

While the Fourier translbrm allows one to alternate between the two orthogonal 
time and frequency domains, the wavelets transform gives access to both domains 
at once. It is the mathematical tool of choice for following changes of frequency 
since it produces results as a function of time and frequency. 

3.4.1. Literature 

The recent volume of Data Handling in Science and Technology, which is devoted 
to the chemical application of wavelets, 2H deserves to be the top reference on 
wavelets transform. It includes very clear introductory chapters among which 
the second 215 will win the favor of NMR spectroscopists for making the bridge 
between Fourier and wavelets transforms. The rest of the book covers both deeper 
theoretical aspects 2~6 22J and some chemical applications, from which NMR is 
missing. At the level of introduction of the mathematical aspects, the monograph 
by Kaiser 22~ can be recommended for students at the graduation level. Application 
to NMR reviews are a little scarce, however, both the difficult paper devoted to 
mathematical aspects of imaging in X-ray and magnetic resonance published by 
Schempp 223 and a review, Wavelets Analysis in Analytical Chemisto,, published in 
1998, 224 which includes a short section devoted to NMR, are worthy of mention. 
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The literature discussed below should be consulted for information on more recent 
developments. 

3.4.2. Historical overview 

The application of wavelets to the processing of NMR data is quite recent. It 
started in 1996, when papers were published on very different aspects of NMR. 
By nature, the wavelets transform (WT) seems quite appropriate for dynamic 
study, and this is highlighted by Neue 225 who illustrated its strengths in a study 
of chemical intermediates and slow exchange processes. The paper serves as a 
good introduction to the technique and demonstrates cases for which it should 
be of highest interest in NMR. However, other fields have also made good use 
of WT. With the automatic processing of in vivo 13C NMR spectra in mind, Tate 
e ta / .  22(' compared the results of peak amplitude measurements with wavelets 
transform using a single mother wavelet. The goal was to find the method that 
distinguishes the best data from different origins. Three statistical methods were 
used to compare wavelets and peak amplitude measurements: principal compo- 
nents analysis, correlation and discriminant analysis. It is shown that the latter is 
quite convenient and that wavelets have important advantages over peak ampli- 
tude measurements. The same application is considered by Johnson et al.227 who 
studied nmltiple-window spectrum estimation (MWSE) methods for processing 
these noisy data. Note that MWSE does not use wavelets, but has some similari- 
ties with them. De Certaines et al.22~ use WT for the analysis of lipoprotein, but 
little is said in the paper about the implementation. Sarty and Kendall 2> applied 
WT in the field of diffusion imaging techniques. In cases of both good and rela- 
tively poor S/N ratio, it is shown that WT give more satisfactory results than 
FT. Back with imaging spectroscopy, Serrai et al. 23° presented a very detailed 
study of spectroscopic parameters measured using WT. A long and compre- 
hensive discussion of the mathematical aspects is followed by applications to 
simulated and experimental data in which signal amplitude, frequency, ~ *  and 
phases are measured. The same year, Barache e t a / .  231 discussed the same type 
of application, but focused on the elimination of large signals and the correc- 
tion of phase shifts due to eddy currents. Their treatment differs from others in 
their choice of continuous instead of discrete WT. They defend their choice and 
describe its differences in an appendix. Note also that the older method devel- 
oped by Ordidge and Cresshul1232 enables the correction of phase distortions due 
to residual Eddy currents triggered by Bo gradients during acquisition. Back in 
the context of in vivo spectroscopy, Young e l  al .  233 proposed the separation of 
signals into two kinds. The first are signals whose origin is known and which 
can be managed using parametric methods. A least-squares lit is used to obtain 
a first estimate of the spectrum parameters and subtracted from the spectrum. 
The resulting spectrum, containing the second kind of signal, i.e. noise and arte- 
facts, is analyzed using non-parametric WT. Repeating the two steps causes rapid 
convergence. In the domain of complex mixtures analysis, Serrai 234 showed how 
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WT can be applied to the measurement of plasma lipoprotein fractions, an appli- 
cation where quantifications are made difficult by signal overlap and broadening. 
The same authors 2~5 published a paper more recently, in which low S/N ratio 
in 23Na spectra are quantified using WT, and another on IH-NMR and, more 
precisely, water suppression, a prerequisite for a quantitative measurement of 
other signals. This water signal suppression problem has also been studied by 
Antoine et al.  236 who discussed frequency domain approaches and compared 
wavelets and Gabor transforms to the advantage of the latter. Shao et al. 237 
examined the ability of WT to enhance spectral resolution. Both simulated and 
experimental spectra are submitted to WT analysis. It is shown that this tech- 
nique can be applied with success, but it requires some prior knowledge. Finally, 
in work in the area of solid-state NMR, Ding and McDowell 2~s claimed that 
DWT-processed SPEDA spectra give better results than CRAMPS techniques. 
The ideas consist in exploiting the fact that the spectral contents change within 
the duration of the FID. Wavelets are then on their favorite ground being able to 
cover the different time frames of the FID. 

3.5. Least-squares fit 

Fitting experimental data to simulations requires criteria for measuring their 
success. Least squares (LS) have often used for this task and consist in searching 
for the minimum of the sum of the squares of the differences between experi- 
mental and different simulated data. Note that some methods use a least-squares 
fit but are named after the way in which the simulations are conducted. For 
example most implementations of linear prediction conceal a least-squares fit at 
their core. This section will discuss all of the methods which are not dealt with 
in other paragraphs. 

3.5. 1. Literature 

The techniques discussed under this heading often have very little in common and 
this explains the absence of specific literature on this topic. Note the following 
two papers which discuss the theoretical aspects of linear predictions 239 and a 
variant used in some linear prediction methods called 'total least square' .240 

3.5.2. His torical  overv iew 

Non-linear-least-squares analysis was first used by Moore e41 in 1975 to determine 
spectral parameters in cases of exchanging spins described by Gutowsky and 
Holm. 242 The minimum LS was used as a criterion for the determination of 
the best parameter for a spectral line obtained using DFT. In 1981, Dietrich 
and Gerhards e43 discussed a parabolic baseline correction also taking the two 
phase correction parameters as variables. In the second step, a procedure fits the 
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peaks that are not overlapping. Other non-linear LS analysis has been used by 
Abildgaard et al .  43 to measure spectral parameters in cases of low numbers of 
signals with the advantage of providing error estimates in spectra which suffer 
from strong baseline artefacts. 

Working on the problem of NOESY integration (see also Section 2.4), Denk 
et e11.244 proposed a method enabling the evaluation of signal volumes in a way 
that is similar to one-dimensional spectroscopy, where signals having different 
relative amplitudes are integrated even in partial overlap situations. Holak et al .  

later proposed 245 the assumption that cross-sections through any signal differ 
in amplitude but not in lineshape and decided to calculate a signal volume by 
taking two orthogonal cross-sections that do not necessarily run through the peak 
maximum. The user selects a cross-section and baseline for each signal. The 
method had the advantage of allowing for partial overlap without loss of preci- 
sion. Manasseh et al .  24~ proposed the use of one-dimensional data in order to 
optimize the number of increments of two-dimensional experiments. The prin- 
ciple involves taking advantage of the parameters extracted from the first in order 
to help to reconstruct the second. 

Kumaresan el al., 247 who are usually active in the field of linear prediction, 
proposed two approaches which were not too demanding in computational terms 
and applied to the frequency domain. The first consists in iteratively minimizing 
the difference between the experimental spectrum and a simulated one that may 
also require significant computer resource. The second consists in picking one 
line after the other, a method that should be quite fast. 

Taking into account the FT artefacts in spectrum integration studied by McLeod 
and Comisarow %~ and the work of Holak (see above), Oesmar et al .  249 proposed 
a least-squares analysis of two-dimensional spectra that can accommodate more 
problematic overlap situations. Led and Gesmar presented a review 25° of the 
quantification of NMR parameters of biological macromolecules. Finally, and in 
response to Holak's work, they presented a combination of prediction methods 
and linear LQ methods to improve NOESY signal integration in a paper by Kris- 
tensen et al. 251 The first provides the starting values needed by the second and 
makes it possible to avoid baseline problems (see Section 2.4). Still in the field 
of NOE quantification, Brown and Huestis 252 applied LS fit to two-dimensional 
spectra using a modification of Denk's method. It is implemented on the opti- 
mization toolbox of the Matlab 253 calculation platform. 

Measurement of the active coupling constants from the COSY spectra of 
polypeptides have been studied by Yang e¢ al. 254255 In the first paper, 254 exten- 
sive studies of simulated spectra addressed the quality of their LQ fit implemen- 
tation, while the second ess is devoted to the application to experimental data. In 
1995, Mtiller 256 also combined one-dimensional and two-dimensional data. He 
used least mean squares (LMS) to determine the spectral parameter of a one- 
dimensional spectrum and exploited them to reconstruct the exchange matrices 
of two-dimensional exchange experiments. The introduction of prior knowledge 
into LS calculation is discussed by Stilbs. 257 He focused on applications in 
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imaging but also addressed problems found in different high-resolution domains. 
An account of the latest application of LS can be found in the paper by Delagio 
et al.258 who announced the availability of a computer program measuring active 
couplings from COSY spectra. 

3.6. Maximum likelihood 

The principle of maximum likelihood (ML) consists in taking knowledge about 
the measured signal into account. It makes it possible to filter out components 
that are not compatible with a chosen model from the experimental data. In 
NMR the fact of an exponential signal decay function is often taken as prior 
knowledge, making it easy to eliminate, for example, artefacts due to signals of 
constant amplitude. Note that ML methods are often found in books on decorl- 
volution because they may be used to obtain simplified spectra. For example the 
knowledge that one has a doublet or a given lineshape, allows one to determine 
coupling constants or a peak position and reconstruct spectra where the effect of 
the coupling on the linewidth has been removed. In such cases, the results of ML 
or deconvolution is a simplification, however they are obtained quite differently. 
To make things a little less confusing and illustrate the difficulty in classifying 
some processing techniques, it should be said that some implementations of 
maximum entropy use maximum likelihood principles and that most maximum 
likelihood implementations use least-squares methods to measure fit quality. 

3.6.1. Literature 

The theory of maximum likelihood (ML) is the subject of a chapter in Janson's 
book on deconvolution. 83 In another monograph on deconvolution, Frieden 259 
also discussed the theory of ML in the context of emission spectra, however the 
same principles also apply to NMR. The introduction section of the paper makes 
it clear that the use of prior knowledge makes experimental data more informa- 
tive. Maximum entropy techniques and others are examples of such integration 
discussed in the paper. 

Also note a review of biological applications in the series Methods in Enzy- 
mology 26° and a paper originating from the same group by Levy et al. 261 in 
Computer-enhanced Analytical Spectroscopy. 

3.6.2. Historical overview 

The first application of ML in NMR was published in 1989 by Miller and 
Greene 262 who discussed the potential of the method in detail and for different 
types of NMR application. Alter a couple of years of silence, the number 
of publications on this subject took off in 1993. Jeong et al. 263 applied both 
ML and symmetrized-ML methods to two-dimensional NOE spectra. The 
possibilities offered by ML methods were taken advantage of to include a 
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line-narrowing exponential that improves the signal linewidths, making estimates 
of their volumes more accurate. See details of the methods in the deconvolution 
sections (Section 3,1101). The following year, the same group 264 applied similar 
methods to three-dimensional spectra. Miller e l  al .  2~5 later introduced an 
expectation-maximization (EM) algorithm for the analysis of COSY spectra. An 
autoregressive method for the analysis of hypercomplex data sets stemming from 
two-dimensional spectra has been developed by Imanishi et a l .  2~'(' and tested 
using both simulated and experimental DQF-COSY spectra of small molecules. 

Chylla and Markley >7 discussed the application of maximum likelihood in 
the case of n-dimensional spectra. An algorithm is proposed and a compar- 
ison with DFT, linear prediction and Bayesian methods is made. The authors 
concluded that ML methods give the same results as the most probable output of 
Bayesian analysis. Umesh et  a l .  2~'~ introduced a fast ML estimation algorithm. 
The authors demonstrated the improved computer efficiency of their methods as 
compared with algorithms for linear prediction or iterative estimation to param- 
eters of individual components. More recently, Zhu et al.26') discussed iterative 
quadratic maximum likelihood (IQML) methods and claimed their superiority 
over linear prediction because of better convergence speed and the use of less 
biased estimators. In their paper, they describe the method and its application 
to one-dimensional spectra is provided as an illustration along with a compar- 
ison with the LPSVD methods (see Section 3.2). In a second paper, the same 
authors 27° compared IQML with total least squares methods and further explored 
the comparison with linear prediction methods. The same year, Liu et a l .  eTl 

presented an algorithm called RELAX which takes care of the measurement 
of exponentially damped sinusoidal signals. Their claim, based on simulation 
including white noise, is that it is more efficient than SVD methods used in 
linear prediction. The same group 272 introduced an algorithm called E-RELAX 
which enables the inclusion of some prior knowledge into the calculation. 

Finally, a recent publication by Warren and Moore 273 proposed the use of ML 
to measure residual dipolar coupling of partially oriented molecules for which 
only small data set are available. 

3.7. Maximum entropy 

Briefly, maximum entropy methods (MEM) consist in constructing synthetic data, 
and this is the key idea, the minimum number of elements taken from a chosen 
basis, usually a set of decaying sinusoids. The relationship between this minimum 
number of elements and entropy is explained in a theoretical paper by Ables. 274 

One of the advantages of MEM is its compatibility with non-linear sampling, a 
method which enables the avoidance of the Nyquist condition relating resolution 
and number of acquisition points, 53 It makes it possible to reach both large 
spectral width and high digital resolution. The additional advantage is that it 
takes more points in the less noisy part of the spectra, making the S/N ratio 
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higher than would be possible using conventional techniques. Examples applied 
to one-dimensional, 275 tWO -48"276"277 and three-dimensional 49 spectra illustrate this 
point. A special application where truncation is necessary for correct analysis 
was published in German by Schmidt and Ziessow in 1987. 27s In this application 
reactions take place in the NMR tube with rate constants that are in the order 
of the acquisition time. Since the content of the tube changes during a single 
acquisition, the FID must be chopped to follow the relative quantity of reactants 
and products. In cases where NMR spectra are not simple decaying sinusoids but 
functions of other parameters, such as dipolar tensor values, or the distribution of 
the latter, as in liquid crystals, MEM can still be used efficiently. In every case 
where the unknowns are uniquely determined for any experimental data, they can 
be derived by including the model functions in the ME calculation. Examples 
are given by Catalano et al., 279 or in a different field, by Hore and Daniell 2~° in 
an application of MEM to zeugmatography, 281 where the knowledge of phases 
and off-resonance effects enables the construction of a spin densities map much 
more easily than using conventional methods. 

3.7.1. Literature 

The chapter in the monograph by Hoch and Stern 3 is certainly a good introduc- 
tion. The paper by Mazzeo and Levy 2a2 also provides an account of the topic at 
a moderate level of difficulty. At a more detailed level, one can find the 1988 
review by Stephenson H6 Linear Prediction and Maximum Entropy Methods or 
the paper by Hoch 283 in Methods in Enzymology. In 1991, Jones and Hore publish 
two papers devoted to a comparison of MEM with FT. The first focused on trun- 
cation and the resolution/sensitivity pair. 284 Having stated that some superiority 
claims are cosmetic, they provide convincing arguments in favor of MEM. The 
second paper compared different implementations of ME, DFT window functions 
and least squares fitting with respect to the accuracy and precision of heights and 
signal integralsf185 Finally the annual series Maximum Entropy and Bayesian 
Methods 286 is definitely a major source of information. 

3.7.2. Historical overview 

In the late 1970s, maximum entropy methods (MEM) started to be applied to the 
processing of images normally obtained after FT 287 and examples were taken in 
the field of radio astronomy. The advantages included the reduction of sidelobes, 
smoother maps (less noise), and independence from phase, etc. NMR spectro- 
scopists also wanted to benefit from these advantages. The first NMR applications 
to the analysis of one-dimensional spectra were published in the 1980s in two 
papers by Sibisi eta / .  288'289 The first 2s~ discussed the reconstruction of a two- 
dimensional map where resonance frequencies and decay rates are put on two 
different axes. Simulation of one-dimensional spectra with artificial noise showed 
that spectra could be reconstructed based on the maximum entropy principle. The 
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second paper 2s9 describes the first practical application of the technique. Using the 
Cambridge MEM algorithm, they obtained spectra with slightly better resolution 
and clear noise reduction compared with FT. 

The method really took off in 1985. Laue et al.  >° explained MEM in more 
detail and discussed the application of data published earlier. 2s') During the 
same year they also presented an application to spectra having both positive 
and negative peaks. 291 The following year, they presented the first application to 
two-dimensional spectra. 292 Part of the MEM interest in two-dimensional spectra 
resides in the inconvenience that the indirectly detected dimensions are prone to 
show sinc wiggles due to truncation, a kind of problem that ME may be better 
able to resolve than FT or the use of window functions. The difficulty of the pres- 
ence of negative signals is simply overcome by allowing oscillators with negative 
magnitudes. The idea has been tested in one-dimensional spectra obtained using 
the INEPT sequence having positive and negative peaks as compared with normal 
]3C spectra. The/ 'act is that negative peaks are allowed results in the MEM spec- 
trum with more noise than when the search is restricted to positive peaks, however 
the results are still better than those obtained using FT. The first example is an 
application to a DQF-COSY spectrum having positive and negative peaks but all 
in pure absorption signals. The second example falls in the category of spectra 
having signals of all four phases and that could even manage mixed phases. The 
COSY spectrum shown is of the second kind with pure dispersive signals along 
the diagonal. It is processed after doubling the number of oscillators in order to 
take two possible orthogonal phases into account. This separation comes with a 
positive surprise: it is easy to reconstruct spectra devoid of diagonals, which has 
long been a goal in itself. Note the short paper by Barna el al.>)3 which makes 
a list of most of these points. To return to 1985, two new players joined the 
field. Hore et aI. published an application of MEM to J-spectra together with a 
short and clear explanation of the MEM principle and the different steps paving 
the way to the MEM spectra. 294 The second, Hoch, 2~)5 pointed out the advantage 
offered by MEM in enabling avoidance of the FT-generated artefacts in case 
of truncation. The same paper clearly explains that MEM, unlike DFT, is able 
to discriminate signals according to their envelope forms. An application to the 
processing of data obtained with a COSY sequence is shown. It should be noted 
that the example given relies on DFT for the processing in the indirectly detected 
dimension. Comparing MEM and DFT for the processing of the other dimension 
leads to the observation that the first results in better S/N ratio and resolution 
than DFT, even when only half of the data are used. Since the dimension in play 
is indirect, it means that MEM allows one to reduce the total acquisition time, in 
this case by a factor of two. But Hoch also shows that the disadvantage of MEM 
lies in its nonqinearity. 295 For this he compared the results of the processing of 
the simulation of two signals with a factor ten difference in width and a relative 
amplitude of factor five where synthetic noise has been added. It is pointed out 
that the ME results have very different absolute or relative amplitudes while DFT 
is quite reliable with this respect. He advised caution in all applications relying 
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on quantitative information. Martin 296 highlighted the ability of MEM to avoid 
signals due to constant weak perturbation but their main objective is to dampen 
the impression that MEM results in spectra having better S/N ratio than DFT. 
Their examples show that the baseline level may be deceptive, especially when it 
is shifted up or when comparisons are made, for example, with spectra presented 
in power mode. 

Ni et al .  presented a combination of maximum entropy and Fourier self- 
deconvolution (later called Fourier spectral deconvolution) applied for the first 
time to Raman spectroscopy 297 and the field of NMR. 298 It is claimed that the 
advantage of this combination (MEFSD) lies in the fact that it does not require 
the lineshape to be Lorentzian (i.e. the decay to be purely exponential) but it 
can be of any shape. It allows the combination with window functions to achieve 
optimum resolution. The better resolution as compared to Sibisi's implementation 
of MEM 2sg is due to the absence of freedom given by the latter in the linewidth 
of signals. Ni, assuming the same linewidth in each signal, obtained responses 
as narrow as delta functions. In this respect, the comparison of MEFSD with 
MEM is not general since the MEM implementations developed after Sibisi do 
not all give freedom to the coefficient of the decay rate and do not show the 
corresponding line broadening. 

Viti eta / .  299 noted that some of the papers in the MEM field use spectra with 
S/N ratio that are so good that DFT is also able to display all the information 
present. They demonstrated that MEM can perform better in applications to 31p 
signals in human cells where S/N ratio is much lower. The paper compares the 
Yule-Walker and the Burg algorithms for the autoregressive step. Working with 
spectra with only positive peaks, the choice of power spectra density (PSD) 
is logical and avoids the problem of phase. The criteria tot the best PSD are 
also discussed: Akaike's Final Prediction Criterion (FPC), Akaide's Information 
Criterion (AIC), the Bayesian Information Criterion (BIC) and empirical ones 
are compared. In the example discussed, BIC emerges as interior to the FPC 
and AIC and the Burg algorithm seems to give slightly better resolution, in 
a second paper, Viti et al.  extended the discussion of the Burg algorithm and 
discussed the idea of filtering the spectral regions known to have no signal 
when FPC fails to give good result due to low S/N ratio. 3°° The application 
to ~31p spectra of living systems is presented in a paper by Barone et al .  3°1 

Working on the same problem but using MEFSD techniques, Mazzeo et al .  3°2 

concluded that spectral segments can be efficiently analyzed by MEM. In the 
same area, practical applications 3°3 to I H and 13C confirmed the relevance of 
MEM for resolution enhancement in cases of overlap or signal broadening, but 
remember that S/N ratio should be appropriately high. This requirement can be 
understood as the concession that signals found by MEM are also visible using 
DFT, but that the latter gives better resolution. The paper, unlike many others, 
gives extensive numerical spectral characteristics (S/N ratio, delta chemical shifts, 
etc.) making arguments stronger than a few impressive spectral regions processed 
using different methods. A paper devoted to in vivo 31p spectroscopy304 showed 
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that MEM is efficient at managing spectra where a major component, in this case 
phospholipids, tend to hide signals of interest, but reminds us of the problem of 
quantification of signals in a study using simulated spectra in diverse S/N ratio 
conditions. 

Distortions due to the ring down effects of low frequency isotopes can be 
compensated by cutting the beginning of the spectrum and reconstructing the 
missing points using MEM as shown by Laue.-a°5 

Wright and Belton 3°(' introduced a new way of calculating the entropy. The 
requirements they fulfill are based on considerations that the entropy measures 
should be the same in both frequency and time domains, that the phase should 
not need to be known, that any phase should be equally manageable, that the 
criteria should be symmetrical with respect to the two domains, and that they 
should be general for any field of NMR spectroscopy. Some of these require- 
ments were not always included in previous implementations of entropy criteria, 
the Shannon being one of them. Newman also discussed the different MEM 
implementations, in particular with respect to the problem of separating signals 
into the four possible phases. 3°7 He claimed that the Burg algorithm and the 
method introduced by Wright and Belton ~°(~ are of no use in the resolution of 
this problem. He proposes the minimum area algorithm (MARS), 3°7 a variant of 
Laue's 29° which differs in the absence of renormalization, the rescaling of the 
Lagrange multipliers at each step of the calculation, and the use of a constant 
tolerance instead of X 2. It has better discrimination against out-of-phase signals 
and requires less computer time. Daniell and Hore also took a stance 3°~ which 
opposes that of Wright and Belton 3°6 and proposed a new way of calculating 
the maximum entropy function based on quantum mechanics considerations and 
working with complex data. A comparison of this with other methods follows. 

Another comparison of MEM and HOGWASH 41'42 methods was undertaken by 
Davies et al.3119 and reveals that both have similar difficulties, but that the second 
has smaller computer requirements when it comes to enhanced resolution. 

When Delsuc and Levy 3m made the first attempt to deconvolute doublets due 
to scalar couplings, they used the Skilling and Bryan methods using real data 
sets instead of the power data as proposed by Wright and Belton. 3°(~ Applica- 
tion to one-dimensional INADEQUATE 311 showed that antiphase doublets can 
be simplified and the center of each signal can give rise to clear signal. However, 
the authors used a single average value of the splitting as an illustration of this. 
The method works in the identification of all doublets only because the linewidths 
are in the range of the variance of the splitting. In order to manage situations 
where the later condition is not fulfilled, Delsuc introduced two-dimensional 
J-deconvolution. The idea consists in repeating J-deconvolution using a range 
of ,/-values that constitute a set of reconstructed spectra. Where the trial split- 
ting corresponds to actual splittings, the MEM response signal should be the 
strongest. When applied to multiplets containing more than one coupling, such 
a two-dimensional map shows complex patterns where the spin multiplicity can 
be identilied. The authors also proposed to apply their MEM technique, which 
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they called J-deconvolution, to two-dimensional INADEQUATE alter DFT in 
the indirectly detected dimension and J-deconvolution to the second dimension. 
Unlike applications aimed at avoiding signal truncation, MEM is applied here to 
what is directly detected, i.e. where the splittings have to be found in order to 
identify resonances. 

MEM reached the domain of imaging in 1987-88312 and solid-state 3r3 appli- 
cations. In the first case, ME proved useful, in particular, in reconstructing 
missing parts of spectra, but in both domains the non-linearity of the method 
is said to cause problems. 313'314 De Simone et al.  devoted a paper 314 to the 
latter problem in a study of the influence of noise on the deviation of the linear 
response of NMR images. They concluded that ME is a useful technique for 
qualitative measurements but not quantitative measurements. During the same 
period, Barna et al.275'276 demonstrated the powerful advantage of MEM in being 
able to manage non-equally distant data points in applications using exponential 
sampling. 

In the early 1990s, Hoch et al.  pointed out the diversity of the denotation 
of the word entropy in the context of ME of complex data. 315 They proposed 
to set aside Shannon's theoretical equation of entropy and pragmatically favor 
the forms that result in the best spectral reconstruction. The paper 315 presents a 
comparison of five ways of calculating entropy and concluded that the best one 
is that which combines the phase indifference (using absolute magnitude data 
points) with convexity (separation into four orthogonal phases). The same year, 
Hore et ell.31~' introduced a method making it possible to eliminate from NOESY 
spectra the signals that are due to zero-quantum coherences in series taken at 
different T2. In 1991, Kauppinen et al.317 discussed their LOMEP method, which 
is a combination of MEM, linear prediction, and window functions. Alter a quick 
tour of the methods available at that time, Uchiyama and Minamitani 31s applied 
the Burg methods for the analysis of in vivo 39K spectra. 

Multidimensional applications are discussed by Delsuc el al.  319 who presented 
applications to protein NMR and their GIFA processing software. 

Robin et al.  proposed a processing scheme using ME for the processing of 
three-dimensional spectra 32° where ME is applied to the two indirectly detected 
dimensions prone to truncation, while DFT is used in the last one. They claim 
to make a gain in acquisition time of a factor of about five. 

Back to more theoretical aspects, Stern and Hoch introduced the 'Rowland 
algorithm '321 for the computation of ME in 1992. For an equivalent calculation 
time, it requires less computer memory than Skilling and Bryan's 'Cambridge 
algorithm', 322 however it is unable to determine the decay rates of signals. The 
following year, Hodgkinson et al.  processed three-dimensional experiments using 
ME in all three dimensions in about one day of computer time. 323 More recent 
studies have applied ME to three-dimensional spectra proposed to process spectra 
regions alter regions 324 and discussed the use of parallel processing. 325 

The measure of coupling constants using MEM first discussed by Delsuc 
e t a l .  3m has been further developed by Seddon e t a l .  32(' They introduced a 
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method enabling the simplification and measurement of coupling constants in 
complex multiplet structures. Applied to simulated EPR spectra and experimental 
~)F spectra, the method is able to simplify structures where S/N ratio is near unity. 
Note that in the examples given, it was applied to signals which all have the same 
phase. The following year, Stoven et al .  327 introduced an 'N-Channel' MEM 
applicable, in principle, to both one-dimensional and two-dimensional spectra, 
however it would appear to be difficult to implement it routinely. Schmieder 
et al.47 addressed the problem of quantification with two ideas. The first enables 
avoidance of the linearity problems in row-by-row approaches without having 
to satisfy the very demanding memory requirements of whole spectra analysis, 
while the second, called 'in situ calibration' makes it possible to avoid the incon- 
venience of individual calculations. 

There has been little development in the theory of MEM in recent years, 
however the diversity of applications has increased greatly. Examples include 
the measurement of rotameric distribution in carbohydrates, 32s peptides, 3> or 
more generally ~3° in isotropic environments. Other applications include studies 
of the internal order in liquid crystals, 331 33-~ a new attempt at the in vivo appli- 
cation of 31p phase-modulated rotating-frame imaging (PMRFI), -~~4 and a study 
of amphiphilic molecules in ternary systems. 335 

3.8. Bayesian analysis 

Bayesian methods can be seen as a way of obtaining answers, expressed in terms 
of probability, to questions asked concerning experimental data and prior knowl- 
edge. They are based on logic and, more specifically, the induction principle. 
The ability of inductive logic, which, according to Cox ,  336 iS equivalent to prob- 
ability theory, to resolve scientific problems is highlighted by Garrett) 37 A strong 
point in favor of Bayesian methods is that, by nature, they provide a degree of 
confidence in their results. Note that the relationships between Bayesian and 
maximum entropy methods is quite strong as argued by many and discussed by 
Jaynes. 33~ 

3.8.1. Literature 

In order to get used to the terminology and notation, it may be helpful to read 
Jaynes's paper 339 on Laplace's probability theory, or Polya's paper 34° discussing 
the calculus of probability and the logic of plausible reasoning. The spectroscopic 
aspects can be found in the extended version 341 of Bretthorst's PhD dissertation. 
The proceeding series devoted to maximum entropy and Bayesian published since 
the mid-1980s is another reference work in this area. The volume corresponding 
to the 1988 'Sth MaxEnt Workshop' in Cambridge, England 342 is given in the 
reference section as an example. 
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3.8.2. His tor ical  overv iew 

After a first paper in 1988, 343 Bretthorst paved the way for the application of 
Bayesian probability theory (BPT) in a series of three papers. 344-346 The first 344 
presents the connection between the theory and the case of NMR phenomena 
and discusses parameter estimation and detection of quadrature signals. The 
second 345 shows the ability of Bayesian methods to measure the quality of 
a model. The third 346 provides examples of applications to experimental data 
where decaying sinusoids are assumed. A fourth paper, produced during the 
following two years, discusses computer time requirements and noise, and it is 
shown to be important to include knowledge in the analysis, 347 while a fifth 
publication is devoted to amplitude estimations for multiplets of well-separated 
resonances. 348 

A comparison between Bayesian and Fourier analysis is provided by Kotyk 
et al.  349 and Evilia et a l Y  ° They both show that the Bayesian methods provide 
more precise frequency estimates and far more precise amplitude estimates than 
DFT and explain the difference. However, it should be said that the methods are 
so different in nature that comparison is more difficult than for other methods 
discussed in this paper. For example, by 'known 7"2', the Kotyk et al.34') mean 
that T2 has been included in the calculation as a matched exponential apodiza- 
tion, Vines et al.  351 demonstrated the ability to measure scalar couplings that 
are much smaller than linewidth in the case of spectra with favorable S/N ratio. 
The same authors took advantage of the ability of BPT to accurately measure 
linewidth to improve exchange parameters and gain in the precision and accuracy 
of thermodynamic properties. 352 

Application to two-dimensional spectra started in 1993 when Chylla and 
Markley 35~ applied BPT to constant time experiments. The results of both 
simulations and experimental data are quite impressive. The fact that BPT 
is not only compared to DFT, but also to linear prediction makes the 
demonstration even more sound. Independently, Routh et al.  -~54 also tackled 
the processing of two-dimensional spectra following a discussion of noise 
statistics. 

Whittenburg 355 showed that BPT can also be used as a preprocessing technique. 
Instead of directly using BPT for signal parameter determination, they first used it 
to correct the first data point which, when affected by experimental imperfections, 
gives rise to baseline roll. This in turn makes it possible to improve spectral 
parameters determination using BPT - as the authors did - or standard techniques. 
Kotyk et al.356 presented the second part of their comparison between DFT and 
BPT in the case of truncated FIDs. The conclusions are similar in that the second 
shows superiority in terms of precision and accuracy of the measurement of both 
frequencies and amplitudes. 

Imaging is another domain in which BPT was successfully applied by Neil 
and Bretthorst. 357 

Interested in the processing of spectra of macromolecules, Antz et al.~5~ intro- 
duced Bayesian methods with the aim of classifying peaks by classes. Working 



COMPUTER PROCESSING TECHNIQUES 1N HIGH-RESOLUTION NMR 183 

in the frequency domain, they took advantage of some known properties of 
the different classes of signals such as peakshape, amplitude, and broadness to 
discriminate true signal from artefacts due to thermal noise, tl noise, and water 
suppression imperfections. The characteristics of each type of signal are identi- 
lied by selecting regions for which signals are dominantly members of a certain 
class. For example, regions of NOESY spectra for which the diagonal gives no 
signals are known to be due to thermal noise, etc. For other classes, signals 
are not of a unique kind but statistics can nevertheless be generated on them. 
Classification is made according to absolute intensity, ratio of peak volume to 
peak intensity, relative volume of the tail, and relative volume of the top of 
the peak. Even if the different types of signal seem similar at first sight, the 
determination of the signal class is surprisingly efficient using Bayesian analysis. 
The authors introduced such analysis into their NMR data processing soltware 
package AUREL1A 359 (see paragraph software). A couple of years later, Schulte 
et al. -~° discussed the beneficial influence of taking into account the symmetry 
of signal with respect to spectral diagonal. 

The same year, Le et a l .  -~(,l discussed the principle of z-surfaces for struc- 
tural information determination based on experimental parameters. It consists in 
a statistical treatment which, given an experimental parameter, returns a prob- 
ability for any given structural feature. The quality of the information is a 
function of the correlation between the experimental and structural parameters. 
The paper shows, among other things, that chemical shifts are structurally infor- 
mative. 

In 1996, Whittenburg 3~': presented a solvent suppression method using 
Bayesian analysis methods but which assumes the solvent peak to have Lorentzian 
lineshape. 

In 1997, a review paper by Gottvald 3~'3 surveyed inverse methodologies for in 
vivo spectroscopy. There is extensive coverage of Bayesian methods as well as 
a discussion of other methods. 

In 1998, Andrec and Prestegard 3(~4 measured the coupling constants in 
antiphase patterns. They introduced a variant using a Metropolis-Hasting Monte 
Carlo method. Application to the measurement of coupling constants smaller 
than linewidth is shown to be applicable to simulations and experimental data 
stemming from INADEQUATE experiments. 

More recently, Ochs e l  a l .  -~'5 applied Bayesian methods to the processing of 
chemical shift images where a large number of spectra have to be analyzed 
automatically. 

Back to high-resolution NMR, Andrec et  a l .  36~' used Bayesian techniques 
to attribute probabilities to dynamic parameters using relaxation data in a 
Lipari-Szabo model-free approach. The following year, the same group 3('7 
discussed the contributions of rotational diffusion anisotropy and estimated them 
using Bayesian methods. The importance of such measurement is highlighted in 
order to avoid misinterpretation of relaxation data contributing to bias molecular 
motion parameters. 
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McMahon and Oldfield 368 compared Bayesian, Monte Carlo and simple graph- 
ical methods in the determination of order parameters and demonstrated the 
advantages of the first. 

Finally, it should be noted that Bayesian methods are also used in NQR spec- 
troscopy for the detection of landmines. 3~9 

4. SPIN NETWORKS DETERMINATION 

This section discusses diverse processing techniques aimed more or less directly 
at the extraction of topological intk)rmation. 

4.1. One-dimensional experiments 

Heuristic pattern recognition methods developed by Jurs et  al .  37° were first 
applied to proton-decoupled J3C data by Wilkins et  al .  In a first paper, 3vf they 
proposed, broadly speaking, to consider each spectrum of a 13C spectra database 
as a 200-dimensions vector in a pattern space corresponding to a one ppm 
resolution. The set of vectors is separated into classes according to the presence 
or absence of functional groups in the molecule. The learning stage consists in 
computing decision functions, vectors having the same dimension as the spectra, 
by applying a simple algebra that increases the weight of certain vector elements 
when it finds correspondence in the class of vectors containing the functional 
group and decreases when correspondence is found in the class of spectra that 
does not. After running the learning process with the whole database and a 
refinement stage, the decision functions are ready to be applied to 13C spectra of 
unknown molecules where they work like caches. When applied to test molecules, 
it is claimed that the presence of functional groups is detected with a similar 
success rate to similar methods applied to IR and MS spectra. Six papers by 
the same authors aim at the same goal of improving pattern recognition using 
different variants. The first 372 shows that working with data using the Hadamard 
transform of frequency domain data is potentially interesting even though it is not 
as efficient here as in the frequency domain. The second 373 compares the results 
of the aforementioned paper 372 with learning based on the Hadamar transform of 
time domain and frequency domain data. ~7~ It is also shown that signal amplitude 
should be taken into account and the paper also contains a discussion of simulated 
FID. The third ~74 takes advantage of the synergy between the different methods of 
improving predicting power. Another paper 375 shows the potential of SIMPLEX 
methods to compensate for the weakness of the approaches discussed above. 
The final paper considers the introduction of Bayesian methods -~76 which had 
demonstrated their superiority over all others. This field has gained from the 
availability NMR databases and the methods to exploit them, but they are not 
discussed here. 
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4.2. 13C-13C experiments 

The INADEQUATE experiment, developed by Bax e t  a l .  311377'37s will not be 
presented: due to its lack of sensitivity, it is seldom used and this is why little 
will be said about its processing. A computer program called COSMIC developed 
by Richardz et cll. 3v~) which analyses spectra and produces carbon connectivity 
lists as an output is, however, worthy of mention. The introduction of pulse 
field gradients made it possible to design much more sensitive proton detec- 
tion sequences that are quite suitable for the construction of spin networks and 
structure determination) s°3sl even if they work only with those carbons that are 
directly bound to protons. 

4.3. COSY and other 1H-1H experiments 

The improvement of NOESY and COSY spectra was made possible by Baumann 
et  a l .  3~e who proposed the elimination of spurious peaks of two-dimensional 
spectral, exploiting the fact that real peaks are symmetrical with respect to the 
diagonal of the spectrum. Their symmetrization process consists in assigning the 
value of the mathematical average of their amplitudes to each pair of symmetry- 
related data points. In addition to the diminution of the spurious signals by a 
factor 2, it has the additional advantage of increasing the S/N ratio by a factor 
,,/2_. An alternative by Baumann et al.~s3 suggests taking the smaller of the two 
symmetry-related data points instead of the mathematical average. This turns 
out to be an extremely efficient way to eliminate the tails of strong diagonal 
signals running mostly along the first dimensions of two-dimensional spectra. 
These are discussed by Bolton 3s4 who proposed displaying spectra with different 
contents at the two sides of the diagonal. He argued in faw)r of presenting 
the symmetrical part of the spectrum on one side and a measurement of the 
difference on the second. With the application of NMR to the processing of small 
proteins in mind, Neidig et al.~a5 proposed the use of computers to simplify the 
work with complex COSY and NOESY spectra. They discussed the diffculty 
of automatic peak picking and explained how computers should assist the users 
in spectra attribution. Kleywegt el al.3S(' introduced a NOESY peak integration 
computer-processing tool called STELLA which assists users with peak picking 
and integration. It includes a learning stage allowing the computer to categorize 
peaks as real or spurious using some of its properties as a criterion. 

Analysis of COSY spectra started with the paper by Bax and Freeman 3s7 
who discussed the potential of the 'Jeener's experiment'. A modification, later 
called COSY-45, is introduced lk)r the observation of the relative sign of coupling 
constants in triangularly coupled spin systems. This kind of multiplet structure 
prompted the development of specific sequences in order to extract a certain 
kind of coupling constant information and coupling network. Another modifica- 
tion involves the use of selective pulses giving rise to spectra that are simplified in 
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their first spectral dimension. Two special window functions have also been intro- 
duced. The first is appropriate to the kind of data produced by COSY experiments 
and favors the cross-peak signal over diagonal peaks, the latter being a source 
of trouble due to the large extent of their dispersive tails. The second function 
has the same advantage but difl'ers in that it produces spectra with circular peaks 
while the normal spectrum has four-point-star lineshape. Another advantage it 
offers is that it enables favoring the later components of the decay, emphasizing 
cross-peaks due to very small couplings. It does this without requiring long acqui- 
sition times, which was very problematic due to the limited computer resources. 
The following year, the double quantum version of the COSY experiment 38a 
transformed the troublesome dispersive diagonal into a purely absorptive one as 
described by Nishida et al.38') A few years later another variant called P.COSY, a 
modification of Mueller's P.E.COSY, 3~)° was proposed by Marion and Bax. wl It 
was claimed to have the quality of DQF-COSY and twice its sensitivity. Note that 
Pelczer 3')2 proposed a processing scheme called S.COSY making it possible to 
suppress the diagonal of the COSY spectra using differences in phase properties 
for the elimination of unwanted signals. 

COSY and DQF-COSY spectra were the first to be used for the construction 
of I H spin networks, In that context, Eich et al.293 solved a particular problem 
which may be encountered in such analysis. When a linear three spin system 
A-M-X is to be identified, accidental overlap in the M regions may make it 
difficult to eliminate the possibility that the system is not a pair of subsystems 
A-M and a M'-X. In this respect, the relayed COSY, 393 giving rise to cross- 
peaks for both directly coupled pairs of spin and also for pairs of spin sharing 
a common coupling partner, provides a reliable way of distinguishing the two 
situations. The same distinction can be made using triple-quantum spectroscopy 
as proposed by Braunschweiler et al.394 It has the advantage that - unlike relayed- 
COSY spectra - it only shows signal stemming from three (and more) spin 
systems. This is only one of the conceivable recipes using multiple quantum. 3')5 
Many other questions on spin network can be resolved in multiple-quantum 
experiments 3% provided some time can be spent on the analysis of the multiple- 
quantum dimension where chemical shifts are somewhat mixed up. In a similar 
context, M011er 3')7 proposed the use of zero-quantum experiments for the mapping 
of spin-spin couplings. One advantage is the independence of such terms from 
field inhomogeneity and, possibly, the absence of difficulty in finding signals in 
the indirectly detected dimension. 

Levitt and Ernst ~9~ introduced another network assembly tool by proposing 
experiments that filter specific spin patterns. They made it possible to simplify 
spectra and keep only those signals stemming from AX,1 spin systems. The same 
authors later carried out a more detailed study 399 of spin topology filtration. The 
theory was further developed, practical aspects considered, and an application to 
an AX3 filtered COSY spectrum of a small protein given as an illustration. A few 
years later, Radloff and Ernst 4°° presented a general theory of spin topology. The 
detection of specific spin systems was also discussed by Gray and Brown 4°J in 
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the context of experiments with three time evolutions. Filters for geminal protons 
are proposed by Domke et al.~°2 as a means of simplifying COSY spectra. Still 
in the domain of spin network selective experiments, but much more recently, 
D6tsch 4°3 developed amino-acid-type-selective experiments. In the same vein, 
Schubert et  al.4°4"4°5 developed the MUSIC excitation scheme making it possible 
to selectively excite given amino acids. It is based on the replacement of the tirst 
INEPT of a pulse sequence with a magnetization transfer scheme which is XH2 
or XH3 selective and for which delays are set to correspond to a given individual 
or family of amino acids. 

Back to 1984, Meier et  a l .  4°~' discussed the potential of pattern recognition, 
a subject which has since been widely explored. In 1985, Pf~,indler et a l .  4°7 

proposed the analysis of the COSY spectra of weakly coupled spin system using a 
five-step procedure. The first consists in the acquisition of a correlation spectrum. 
In the second, a computer algorithm searches for square patterns of the antiphase 
splittings using a grid-like mask with a spacing that corresponds to a trial value 
of the active coupling constant. This allows the creation of a table giving the 
pattern's positions and the distance between the antiphase splittings. A spectrum 
from which the active coupling has been removed can then be reconstructed later. 
The third step consists in the determination of the center of cross-peaks using 
the method developed by Shaka e t a / .  42 to group together the different square 
patterns of each cross-peak. This reduction of pattern enables the creation of a 
table of cross-peaks. The next step consists in assembling the different cross- 
peaks of each spin and displaying the results, The method has been successfully 
applied to a mixture of molecules where partial overlap occurred and where the 
S/N ratio was not very high. Bolton 4°s also proposed a simplification procedure 
for DQF-COSY spectra after which, two-spin systems displayed one single peak 
instead of sixteen. It is, however, difficult to see how such a scheme can be 
applied to more complex cases. In the same vein as Pffindler, Hoch et  a l .  4°~ 

and, independently, Glaser and Kalbitzer 41° proposed searching the spectra for 
symmetrical features instead of square patterns as seen above. In some respects, 
this is more efficient since only two variables are required for such a search 
and there is no need to rely on a guess for the splitting. The paper 41° highlights 
the fact that symmetry is present at three levels: individual signals, individual 
cross-peaks, and with respect to the spectrum diagonal. Each is exploited in their 
pattern recognition procedure. 

Independently, the problem of cross-peak recognition was being further studied 
by, Mtidi et  a/. 411 who proposed processing them in two steps, and also addressed 
the problem of missing signals in situations where standard methods risk missing 
signals. The first step involves the detection of coarse features. A computer 
program searches lk)r data points above a given threshold and defines a square 
region around each of them. All the regions that partially overlap are considered 
to be parts of the same cluster. The method should be able to assemble all of 
the signals of an isolated cross-peak, or possibly a group of overlapping cross- 
peaks, under the same cluster. The clusters containing less lhan a minimum 
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number of signals and those near the spectrum diagonal are rejected. The second 
step consists in a detailed analysis of each cluster. A measurement of the local 
symmetry is applied in order to find the position of the cross-peak, or, in cases 
of overlap the centers of each peak. 

A second method for the measurement of local symmetry is presented in 
another paper by Meier e t  al. 412 Both methods are used not only to determine 
the cross-peak center in E.COSY spectra but also to exploit the local symmetry 
within the signal to measure coupling constants. Widmer and Wiithrich 4r3 took 
a different approach when publishing a catalogue of the cross-peak structure of 
correlation spectroscopy. They first showed how the fine structure of multiplets 
evolves as a function of the linewidth, the number of acquisition points, trun- 
cation, etc. They also highlighted how both relaxation properties and processing 
parameters influence multiplet structure. Increasingly large second-order effects 
are introduced in simulations of some spin topologies that are pertinent to the 
study of biological macromolecules. 

In 1988, considering the goal of correlation spectroscopy to lie in the deter- 
mination of the coupling networks, Pf~indler and Bodenhausen 4j4 proposed a 
method allowing the construction of such networks using the fragments that can 
be constituted by analyzing cross-peak multiplet structures. Their goal is then to 
extract all the topological information present in any given cross-peak, which, in 
the topology language, translates into two nodes connected by an edge due to the 
active coupling, and additional open-ended edges for each passive coupling. They 
used z-filtered C O S Y  415 and anti-z-COSY spectra. E . C O S Y  416A17 and comple- 
mentary E.COSY spectra would also be appropriate, however the former have 
the advantage of providing pure absorptive lineshape even in situations of strong 
coupling. 4~s The use of pairs of experiments, which had previously been inves- 
tigated by the same authors 4j9 makes cross-peak center determination easier and 
avoids some of the problems arising from signal overlap. But the main reason 
is that the difference between the complementary cross-peaks can be exploited 
to gain information on the passive spins. To put it briefly, the method 414 first 
simplifies the multiplet structure with respect to the active coupling and codes 
the information present in the multiplet in such a way that makes search of a 
cross-peak library as useful as possible. It should be noted that most of the time 
experimental cross-peaks can be assigned to more than one element in the library 
of fragments of coupling networks. This is problematic since it makes it diffi- 
cult to assemble the whole network. Application to a small peptide containing a 
very dense coupling network of a tri-proline peptide is given as an illustration 414 
while the analysis of a larger, but more classical peptide, is presented in a separate 
paper. 42° 

The problem of the assembly of coupling networks is the subject of two sepa- 
rate publications. 421'422 Novi~ and Bodenhausen 42~ used a different method to 
identify the #agment of the coupling network within cross-peak structures. The 
first difference is the fact that they require a single spectrum such as z-filtered 
C O S Y  415 or E.COSY and use a symmetry mapping technique to determine each 
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coupling. The first step consists in a search for cross-peak multiplets using 
symmetry properties. Then, for each cross-peak, all of the extrema above a 
threshold which is some fraction of the highest point of the cross-peak are located 
and copied into a synthetic multiplet. The active coupling is determined as the 
most frequent distance between the positive and negative peaks. When the center 
of the multiplets have been identified, the cross-peaks are ready to enter a recur- 
sire structure analysis (see above 4j2) in which the coupling to passive spins 
can be measured using a property of the multiplet's symmetry mapping and the 
multiplet structure simplified with respect to the corresponding splitting. When 
no more couplings are found, the fragment of the coupling network is clearly 
determined. The construction of the complete network is straightforward and 
moderate second-order effects do not impede the working of the procedure. 

In another paper, considering the difference between self-convolution and the 
symmetry mapping discussed above, 423 the same group 424 highlighted the fact 
that the somewhat idealized multiplet constructed solely on the basis of extrema 
is more robust as material for symmetry mapping analysis, and results in less 
artefacts than when using raw data. Independently Meier and Ernst 425 proposed 
a similar recursive multiplet contraction procedure. However, unlike Novi~ et  a l .  

(see above), who use a reconstructed multiplet based solely on signal extrema, 
they used natural data. Their variant demonstrated the ability to process partially 
overlapping cross-peaks. 

Mfidi and Ernst 42¢~ proposed yet another tool for E.COSY spectra analysis 
using a least-squares method where the signals of individual, or possibly over- 
lapping, cross-peaks are simulated and fitted. The convergence criteria are quite 
sophisticated and show their efficiency through lest convergence. 

Another modification of the COSY experiment was proposed by Schulte- 
Herbrtiggen et  a/. 427 This increased the range of possible multiplet structures 
through the use of special mixing processes. 

Back to the standard correlation spectra, and in the context of the search 
for methods to obtain one-dimensional spectra devoid of coupling structures, 
Woodley and Freeman 42s considered scanning DQF-COSY spectra and searching 
for cross-peaks only at the chemical shift where protons are known to be located 
according to the results of processing a J-spectrum. Application to low S/N ratio 
(e.g. >3) is given in a separate paper. 425 

TOCSY spectra are also quite interesting in the context of the construction 
of coupling networks allowing the immediate identification of all members of 
an isolated coupling network. They can also be rendered quantitative as shown 
by Fogolari et  a l .  ~~° One-dimensional selective moditications and combinations 
with DEPT and INEPT were developed and reviewed in the introduction to a 
paper by Ooss.  431 

Situations where overlap and relaxation makes it difficult to do more than detect 
the presence of cross-peaks require less ambitious analysis schemes. Craig and 
Kuntz 432 proposed the construction of a matrix representation of COSY or TOCSY 
spectral data. Like block action, matrix manipulation highlights structural 
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features of the coupling network. Heuristic approaches are explored by Xu e t  a/ .  433 

starting with a paper on the prediction of NMR spectra as a function of quantum 
orders. Xu and Sanctuary 434 later explored the problem of the assembly of large 
coupling networks where overlap causes difficulties in the reliable drawing of 
edges. They considered the analysis of data from COSY experiments and intro- 
duced a computer algorithm exploiting the fact that the nodes of a network can 
be reached using different pathways, making it possible to manage ambiguous and 
missing information. They applied similar methods to the processing of protein 435 
and peptide. 43~' COSY and TOCSY spectra using 'fuzzy' logic. 

Back to cases of more general interest, they considered the construction of spin 
networks and three-dimensional structures using data from different kind of spectra 
including r3C-r3C, IH-13C, IH- IH  connectivity through scalar coupling, and 
I H-1H through space information. 437 Van Geerestein-Ujah et al .  43~ also applied 
graph theory to secondary structure recognition and sequential assignment of 13C 
and J5N enriched protein in an implementation called SERENDIPITY. A 1997 
review of the application of fuzzy logic and graph theory in chemistry is given by 
Xu. 439 Peng e t  al .  440 442 also developed a computer-assisted structure elucidation 
procedure called CISOC-SES. Their target is the determination of the molecular 
structure of unknown molecules using a set of data, including one-dimensional, 
COSY, NOESY, short- and long-range heteronuclear spectra as inputs. 

Back to more classical methods applied to the analysis of DQF-COSY spectra. 
Schmidt 443 proposed a least-squares method for complete spectrum simulation. It 
works using spectral simulation, taking into account some second-order effects, 
but avoids density-matrix calculation which would be too demanding in compu- 
tational terms. Jeannerat ~23 applied a computer-assisted deconvolution method 
allowing extraction of the coupling constants of manually selected cross-peaks, 
within the limits of a weak coupling regime. Once the cross-peaks have been 
analyzed, a software module assembles the coupling network on the basis of 
correspondences in chemical shifts and coupling constants. 

4.4. J-resolved experiments 

Proton spectra with invisible homonuclear coupling have long been the subject of 
research. The simplicity of such spectra makes it easy for chemists to assign reso- 
nances because of the simplification achieved through the absence of signal multi- 
plicity. Today, chemistry students still learn how homonuclear scalar couplings 
influence resonance lineshapes, showing that ideal solutions have not been found 
despite ongoing efforts. 444 Spectra obtained using the two-dimensional J-resolved 
experiment proposed by Aue e t  a/ .  445 should be close to this ideal, provided they 
can be correctly processed. The abundance of the literature sampled below shows 
the difficulties presented by fulfillment of the latter condition. 

Experiments similar to the ~H J-resolved experiment were applied to 13C 
spectra and the difficulties arising in the processing, and the advantages of 
the method were later addressed by Bodenhausen e t  a/ .  446 and independently 
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by Nagayama et al .  447 The possibility of obtaining signal shapes that are not 
affected by field inhomogeneity have been highlighted in particular, 44644s and the 
possibility of using different decoupling schemes is examined. 44<449 As soon as 
phase correction became accessible, 33 the absolute value mode has been replaced 
by phase-sensitive methods 45° and the difficulty of phasing J-resolved spectra 
emerged. 

Other phase problems have been discussed by Bax e t a / .  451 who proposed the 
use of pseudo-echo to improve phase problems when the consequential decrease 
in S/N is tolerable. Blttmich and Ziessow 452 proposed using a projection method 
called 'skyline' to make the phase imperfections less disturbing. Two years later, 
Shaka et al.42 proposed resolution of the phase-twist problem by making a peak- 
picking list where the largest peak is located in frequency, amplitude, and phase 
and subtracted from the raw spectrum. The procedure is repeated until no signals 
are left. The second step consists in subtracting the equivalent of the disper- 
sive component of each peak of the list from the unprocessed spectrum. Vuister 
and Boelens 453 introduced a three-dimensional version of the proton J-resolved 
experiment resulting in better separation in the case of partial signal overlap. Yet 
another version of the experiment is proposed by Xu et al.454 and developed in a 
second paper. 455 First they introduced a spin-lock scheme to the pulse sequence 
in order to obtain pure absorption lineshape. Another consequence of the modi- 
fication is the changes in the multiplet structure of the peaks. The C4 symmetry 
element introduced is exploited using a symmetry filter, making it possible to 
identify separate resonances very satisfactorily as long as second-order effects 
are not too important. Woodley and Freeman 456 used a similar symmetry filter 
technique but avoid the use of the purging pulse, applying a processing trick to 
obtain signals with phase distortion but having symmetry properties compatible 
with filter analysis. A similar scheme was developed by Simova et al .  457 but 
instead of a cross-like structure, each proton gives rise to a square array when 
using a =-filter. The presence of more peaks, which may be seen as a complication, 
is compensated by the presence of more testable features in their structures. 

A comparison with the methods discussed above is proposed after the addition 
of slight modification in order to take some second-order effects into account. 
Note that in cases of severe overlap, signals can be efficiently separated before 
center localization. More recently, the multiple-quantum variant was developed 
by Liu and Zhuang 45~ in order to study the relaxation properties of protons 
coupled to 13C methyl groups. Finally Furihata and Seto 459 introduced a J- 
resolved HMQC combination facilitating easy measurement of non-geminal 
JH-IH coupling in cases where proton pairs are strongly coupled in the 
absence of 13C. 

4.5. Heteronuclear experiment 

Some researchers went one step farther towards molecular structure elucidation 
by including 13C into the coupling network. Szalma and Pelczer 4~° proposed the 
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schematic separation of the signals of a J H -  ~ H correlation spectrum with respect 
to the chemical shift of the ~3C to which they are attached using a JH IH-13C 
correlation spectrum. They described the creation of a sort of three-dimensional 
spectrum where the COSY cross-peaks appear at each level that a signal is found 
in the corresponding position of the IH-13C spectrum. Note that when compared 
with a three-dimensional spectrum where the proton signal occurs only at the 
position of the directly bound carbon to one of the protons, such reconstruction 
introduces signals at two positions of the directly bound carbon of both active 
protons when the coupling is not geminal, and to even more positions as soon 
as overlap occurs in the proton dimension. 

In consideration of the fact that direct IH-~3C connectivity does not 
significantly increase the information content, Eggenberger and Bodenhausen 461 
proposed the use of a modified pseudo multiple-quantum experiment proposed 
by S0rensen and Ernst. 462 It is a J3C-detected experiment that is special in that a 
rH-~H transfer is produced in the middle of the first evolution time. The resulting 
spectra show two type of signals. The first are the signatures of normal directly- 
bound IH-13C, while the second are similar to a double-quantum experiment 
in that they appear at the average chemical shift of pairs of coupled protons 
and the chemical shift of their directly connected carbon in the first and second 
dimensions respectively. Such a spectrum allows easy connection of pairs of 
directly bound I H-13C. 

4.6. Selective experiments 

Selective experiments enabling one to focus on a region of interest within a 
molecule are extremely useful because of the potential for the exploitation of 
information present in their fine structures. 463 Many could also be applied in a 
systematic manner to different spectral regions of given molecules, provided they 
can be acquired quickly and are suitable for automatic computer processing. Many 
different experimental schemes have been proposed. The DAISY experiment 
proposed by Friedrich el al .  464 enables one to determine whether there are two 
remote spins in the same coupling network. The same authors 465'466 proposed the 
use of soft pulses in order to simplify three-dimensional experiments. 

The band-selective modification of the COSY sequence presented by 
Briischweiler e ta / .  467 consists in the replacement of the first hard pulse by 
a soft pulse, making it possible to obtain spectra having high resolution in 
both dimensions. The same paper presents other variants having the effect of 
eliminating some couplings. The soft-COSY experiments 4~'s46') make it possible 
to obtain informatkm about the coupling partners of the spin giving rise to the 
cross-peak by zooming into a chosen cross-peak. The structure allows a pair- 
wise attribution of passive spins and the determination of the relative signs 
of the coupling constants. The measurement of all coupling constants allowing 
the determination of coupling network fragments can be carried out using two- 
dimensional deconvolution techniques.J22'47° 
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Variants of the soft-COSY, like the SIS-COSY 471 experiment, increase the 
infl)rmation content when compared to soft-COSY spectra, making it possible 
to affect the multiplet structure. In one of the variants, it acts as though the 
relative signs of the coupling to a chosen coupling partner of the active spins has 
been inverted. The flexibility of the SIS-COSY experiment is welcomed when 
a spectral region of interest is important for the coupling network assembly, as 
highlighted by Emsley and Bodenhausen. 471 SIS-COSY has other applications 
as proposed in a publication on a DNA fragment 472 and is quite appropriate to 
the automatic measurement of coupling constants using convolution methods. 473 
Another application of the SIS-COSY experiment is the separation of cross- 
peaks, 474 however, the application of such a method requires knowledge about 
the coupling partners of the active spins. An alternative based on 'spin pinging' 
has been proposed by Xu et ell.4V5 

Separation of cross-peaks is also possible using purely computational methods. 
Mclntyre and Freeman 47e' proposed a method enabling the recursive unraveling 
of COSY and DQF-COSY spectra cross-peak signals. The method relies on the 
presence of regions where orthogonal cross-sections are not affected by overlap 
at the corners of the overlapping regions. The cross-sections make it possible to 
reconstruct the entire cross-peak and subtract it from the overlapping regions. 
Woodley and Freeman 4> propose another method which exploits the two anti- 
symmetry planes of DQF-COSY cross-peaks for determination and then subtracts 
from overlapping multiplets a complete cross-peak using one quarter of the signal 
without overlap. The alternative, published by Jeannerat and BodenhausenY 7 is 
more general, being able to separate signals solely on the basis of the pres- 
ence of a symmetry axis, giving access to signals stemming from E.COSY and 
soft-COSY experiments. However, it has only been discussed in cases of pairs 
of overlapping signals. Selective experiments are also interesting for fine relax- 
ation studies. These include Mfiller et a / .  478 and Zwahlen e t a [ .  479 with their 
QUIETE-NOESY. 

4.7. Neural networks  

The first application of a neural network in NMR was proposed by Thomsen 
and Meyer 4s° who analyzed one-dimensional spectra of simple molecules before 
application to complex oligosaccharides. 4sl Kj~er and Poulsen 4~2 showed that the 
center of COSY cross-peaks can be found using neural networks. Their imple- 
mentation consists of a feed-forward three-layer with 256 inputs programmed 
using a back-propagation error algorithm. As shown by Come et al . ,  4s3 NOESY 
spectra signals can be classified as genuine or spurious using similar networks. 
The following year, the same group 4s4 applied a two-layer feed-forward network 
with Widrow-Hoff  supervised training to the same NOESY data. Two-level 
networks emerge as preferable in a comparison with three-level networks, in 
1994, Hare and Prestegard 4s5 used neural networks for amino acid recognition 
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from TOCSY spectra. A review devoted to neural network pattern recognition 
was published by Corne 486 in 1996. The following year, Huang et al.487 demon- 
strated the relevance of neural networks in protein studies showing that after 
proper training, they were able to predict from TOCSY-HSQC and HNHA spectra 
the secondary structure at a rate of 96%, while amino-acid prediction was 60% 
of spin systems, and correct amino acid class was among the top two choices. 

4.8. Scalar coupling constants 

Although the literature about coupling constants is very extensive, this section 
will be quite short. A large number of reviews are constantly being published 
and the NMR Special Report devotes a chapter to the subject every year. Another 
reason for the brevity of the discussion is that many of the techniques have been 
discussed in earlier sections of this paper. 

4.8. l. Literature 

The annual NMR Specialist Report is certainly an important source of up-to-date 
information. Other reviews of scalar coupling constants are devoted to partic- 
ular aspects. In 1995, Jones 48s focused on deconvolution techniques, J-doubling, 
etc. while Biamonti et  al .  489 covered discussions on proteins and nucleic acids. 
The lk~llowing year, Eberstadt et al.49° covered a large range of pulse sequences 
and applications concerning a broad domain between chemistry and biology. In 
1997, Thomas 49~ presented a review focusing on the relations between coupling 
constants and molecular structure, this being the most relevant application to 
chemistry. 

4.8.2. Historical overview 

As mentioned above, only a few techniques will be discussed here as many rely 
on specific methods discussed in other sections of this review. A common point 
of most of the methods discussed below is the attempt to simplify multiplet 
structures by different means and to extract useful intormation by quantifying 
the induced changes. 

It is well known that the direct measurement of splitting differs more and 
more from the true coupling as the linewidth becomes broader. When signals are 
in-phase, as in one-dimensional spectra, the distance between the extrema tends 
to be smaller than the true coupling, and finally disappear when both lines fuse 
into one. only broadened by the unresolved coupling. When the coupling appears 
in antiphase, as in COSY, the distance between the positive and negative peaks 
increase as the linewidth increases because of the partial cancellation occurring 
between the true positions of the lines. 492 This problem is addressed by Oschkinat 
and Freeman 49~ in the case of COSY spectra. The principle of the method, called 



COMPUTER PROCESSING TECHNIQUES IN HIGH-RESOLUTION NMR 195 

DISCO, consists in processing two data matrices of the same experimental data. 
The first has the cross-peaks in absorption mode, the second, orthogonal in phase, 
has the diagonal peaks in pure absorption. Taking the sums and the differences of 
absorptive traces through cross-peaks and the diagonal cancels peaks that would 
otherwise perturb direct measurements, allowing the separation of both types of 
signal. In the case of a simple doublet, the addition and subtraction give rise to 
two isolated peaks with positions differing by the true coupling constant. Kessler 
et  a l .  494 further developed the method considering also addition and subtraction 
of traces through the different cross-peaks of a given spin. Application to the 
measurement of coupling constants in proline residues of a peptide demonstrates 
the efficiency of the method. 

Over the tollowing years many experiments were developed whereby the 
signal structure contains a lot of information on the coupling constants, of. 
E-COSY 495"4% and P.E.COSY. 39° Others stem from heteronuclear experiments, 
such as the method of Bermel el al.497 which is a good illustration of the way 
problems were approached at the time, and, more recently, the heteronuclear 
XLOC experiments a~)s'4~)~ which show structures similar to E.COSY spectra. 

Back to a more fundamental level, Kim and Prestegard 5°° showed that simple 
lineshape analysis makes it possible to take the linewidth into account when 
measuring coupling constants in broad signals. The paper discussed both doublets 
that are displayed in absorption mode and the very neglected case where they 
are dispersive. 

Many interesting contributions were made a few years later. In 1993, del Rio 
Portilla and Freeman 5°15°2 proposed the use of complementary spectra for the 
determination of coupling constants. The method consists in a pair of experiments 
in which one is acquired by selectively decoupling one spin. The multiplet struc- 
ture of all coupling partners of the decoupled spin are simplified. This facilitates 
the use of a simplified structure as a starting material for simulation of the effect 
of the missing coupling using convolution. In the same vein, hmg-range hetero- 
nuclear couplings have been measured by Uhrfn et a l .  5°~ using a pair of HMQC 
experiments which differ on the basis of the presence of a refocusing pulse in one 
of them. The measurement of long-range coupling in heteronuclear experiments 
proposed by Bazzo e t a / .  5°4 is also relevant in this context. In 1990, Titman and 
Keeler 5°5 proposed a convolution method allowing measurement of the active 
couplings from COSY and TOCSY spectra. The principle exploits the fact that 
the only difference between the two multiplet structures is that the active coupling 
gives rise to antiphase structure in the COSY and in-phase in the TOCSY. The 
idea is to add an in-phase doublet to a COSY multiplet and an antiphase doublet 
to the corresponding trace in a TOCSY structure. When the added structures are 
separated by the same distance as the active coupling, both conw~luted multi- 
plets are identical. The measurement of the similarity then provides the value 
of the coupling constants. A variant, in the form of a pulse sequence called 
SIAM providing both kinds of structure, has been proposed by Prasch et a l .  5°(" 

Processing techniques for the processing of seleclive experiments have also been 
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developed for the measurement of active 47°'5°7'5°~ and passive 473 splittings. J -  
doubling is another well-known method used to separate signal components 
and measure coupling constants, introduced by McIntyre and Freeman, 5°9 del 
Rfo Portilla et al. 5m and for applications to COSY cross-peaks by Le Parco 
et al. 511 These J-doubling applications are still in general use. 512 Stonehouse 
and Keeler 492 introduced another way of measuring coupling which allows the 
measurement of unresolved in-phase splittings. It is based on a time-domain 
analysis of signals that must be extracted from a spectrum, centered, and back- 
Fourier transformed to obtain a pseudo-FID. Then an integral similar to the FT 
is calculated over the pseudo-FID, except that only values that are smaller than 
zero are summed. The resulting function has the property of reaching a minimum 
for the correct value of the coupling. A similar scheme is applicable to antiphase 
splittings, making it possible to analyze COSY cross-peaks. The paper discussed 
many sources of potential problems including the behavior as a function of the 
S/N ratio. 

5. B I O L O G I C A L  APPLICATIONS 

There is extensive coverage of biological applications in the literature, making a 
comprehensive review of the domain redundant. The next section will first briefly 
present the many reviews and series articles and then discuss some selected papers 
of particular interest. 

5.1. Literature 

Following the seminal work of Wtithrich, 513 there are many papers on general 
protein studies using NMR. 514-521 In the more specific domain of computer 
processing, one of the main and up-to-date reviews is that by Pelczer and Carter 522 
which was published in 1997 and covers a very broad range of literature. 

Two series of particular interest include volumes devoted to NMR. The first 
is the NATO Advanced Science Institute Series which in 1991 devoted a volume 
to Computational Aspects of Biological Applications.523 Some selected chapters 
are listed in the references. 164319"422'524-534 The second is Methods in Enzy- 
mology, which devoted a number of volumes to the biological application of 
NMR. Some may be outdated, having being published in the early 535536 and mid- 
1990s, 537'53s hut the later issues are quite recent. 539'54° A selection of the content 
concerning computational aspects can be found in the references, 25°'26°'541 547 
with the exception of issues which were not available when this chapter was 
being compiled. 
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5.2. Historical overview 

In 1982, Wagner and Wtithrich 548 discussed the potential of the sequential 
assignment of proteins using NOE signals. The next decisive step involved the 
introduction of 13C enrichment in the mid-1980s. One example of development is 
given by Bax and Weiss 54~~ who acquired the first L~C edited NOESY spectrum. 
From the following year, different groups worked on computer-assisted spectral 
attribution. The paper by Billeter et al.55° about the ASSIGN program is just a 
recent example. 

Dealing with the ambiguities of NOE signals, a process requiring human inter- 
vention, is a major difficulty. The ability of computer software to provide the user 
with all of the information required to lift them was, and still is, the key quality 
of an assigmnent program. Cieslar, Clore, and Gronenborn 551 also proposed a 
method which they implemented in a computer program. The following year, a 
combination of methods were put forward by Eads and Kuntz. 552 The introduc- 
tion of the LSN label on top of 13C closed the spin network but this did not solve 
all the problems. Stockman et a l .  55~ discussed two-dimensional approaches to 
double labeling protein structure studies. In 1991, three-dimensional spectra of 
uniformly enriched proteins were acquired by Bax and Ikura. 554 

With the availability of all these tools, developments have been very fruitful, 
each exploiting specific advantages of more-than-two dimensions and enrich- 
ments. Here again, one should consult the specific literature listed above or the 
selection of journal articles given in the references. 555 5a7 Note a proposal for the 
analysis of spectra of biological samples without assignment 56s and consideration 
by Hoch 521 of the fitting of protein structure to experimental data. 
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139-41, 140, 141 
motion of amino acid residues of, 

109-12 
NMR relaxation times. 116- 17 
solid-echo decays of, 114, 115 
spin-labeled, 140. 140, 141, 142 
structure of, 123 
T[  measurements of I 18- 19 
water molecules in, 135 9 

silk glands, 104, 104 
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13C MAS NMR, 21-6  
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in vivo, 171 
Cambridge algorithm, 180 
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Carbohydrates, conformational analysis 
of, 87-96 

I~C-13C experiments, 185 
Cedarin, 53 
Ceftiofur, 41 
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Chelirubine free base, 60 
CIGAR-HMBC experiment, 63, 70-4, 7_7 
CISOC-SES, 190 
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biological applications of, 196 7 
literature on, 152-3, 154, 158-9, 164, 

169, 170-1, 172, 174, 176, 181, 
194, 196 

Conlormational analysis, 87-96 
Constant time variable delay, 68-9, 69 
Convolution product, 158 
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COSY-45, 185 
COSY-type response artefacts, 78 
Coupling constants, 37, 180-1, 183, 193 

one-bond, ranges of, 40 
scalar, 194-6 
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applications of, 87-96 
measurement of, 85-7 
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CP(/)MAS spectra, 22, 26, 130-4, 131, 

132, 133 
Cross-linking, 2, 4, 6, 30, 31 

applications of, 3 
H-type cross-links, 6, 12, 13, 14, 16, 

23, 26 
solution-state NMR studies of, 12-14 
Y-type cross-links, 6, 12, 13, 13 14, 

16, 23, 26 
Cross-peak determination, 187-9 
Cross-polarization (CP), 21 
CT-HMBC, 60-1, 62-3, 72 
Cyclopentafurnanones, 78 

DAISY experiment, 192 
DD/MAS spectra, 130-4, 131, 132, 133 
Decay of magnetization, 10 

Deconvolution methods, 158 63, 174, 
194 

constrained (CD), 159 
doublet, 162 
J-deconvolution, 179-80 
linear, 158, 159 
non-linear, 158, 159 
of multiplets due to scalar coupling, 

161, 163 
of powder patterns, 163 
reference, 159-63, 170 
self-deconvolution, 159, 160, 162 

Decoupling, broadband heteronuclear, 49, 
57 

DEPT, 189 
DFT, 154, 172, 177, 178, 180, 182 
D-HMBC, 49-57, 96 

long-range i H-i3C applications of, 
49-55 

long-range i H-15N applications of, 
55 -7  

3D-HMBC, 57-8 
Diffusion anisotropy, rotational, 183 
Diffusion imaging, 171 
Diffusion of organic molecules in gel, 

143-7 
DISCO, 195 
DQF-COSY spectra, 163, 168, 169, 175, 

177, 186, 190, 193 
Dysiherbaine, 89 
Dytesinin A, 93 
Dytesinin B, 93 

E.COSY, 188, 189, 193, 195 
Electron spin resonance (ESR) 

spectroscopy, 5, 102, 103, 140 
ELPSVD, 167 
Enkephalin, 126 
Entropy, 180 
EPLPSVD, 166, 168 
E-RELAX algorithm, 175 
Erythromycin A, 92 
Espicufolin, 51 
Ethylene propylene rubber (EPR), 14, 20, 

22 
Evolution time, constant, 46 
Expectation-maximization algorithm 

(EM), [ 75 
EXSIDE experiment, 66, 87, 92 
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Facelift approach, 158 
Fast Linear Prediction (FLP), 167 
FB-LP, 165, 167 
FDM methods, 169-70 
FDM2K algorithm, 170 
FFT, 152, 154 
FIDDLE algorithm, 160 
Filter diagonalization, 169 70 
Final Prediction Criterion (FPC), 178 
FLATT algorithm, 157 
Fluorinated ethylene-propylene 

copolymers (FEP), 28 
Fluoropolymers, 27 
>F-15N correlation methods, 45 
Folding, spectral, 155-6 
Fourier transform (FT), 154-5, 176, 177 

Discrete Fourier Transform, see DFT 
Fast Fourier Transform, see FFT 

FTIR, 5 6 
FT-NMR. 154 

G-BIRDR-HSQMBC, 87 
Gel dose, 13 
GHMBC, 48, 70, 96 
GHSQC, 41-3,  42 

GIFA processing software, 180 
Gly C~ resonance, 127, 128 

Gly carbonyl carbon resonances, 127 
Gly residues, 109, 126 

motion of, 115-17 
Griseusin-B, 50-  1 
GSQMBC experiment. 58 60, 86, 92-3 
G-value, 8 

IH NMR, 9, 12, 15, 16, 18, 135 
2H NMR, 102-3 
Halishigamides A-D, 52 
Harman, 91 
~H ~(? correlation methods, 39, 45, 47, 

49, 58, 60, 192 
HECADE experiment, 86 
HETLOC experiment, 85, 87 9, 96 
IH IH experiments, 185-91 
High-density poly(ethylene)s (HDPE), 

13-14 
HMBC, 47-8,  86, 96, 166 

broadband HMBC, 81-3,  82 
constant time HMBC, see CT-HMBC 
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decoupled-HMBC, see D-HMBC 
J-HMBC, 86, 87, 90, 90-1 
psHMBC, 86 

HMQC, 39, 195 
Accordion HMQC, 44-5,  45, 68 
J-multiplied HMQC, 87 

HMSC experiment, 84 5 
]H-15N correlation methods, 39, 45, 47, 

60, 70 
HOGWASH method, 160, 179 
]H-3JP correlation methods, 60 
HSQC, 39, 40, 89, 166, 168 

gradient-enhanced, 58-60 
HSQC-HECADE pulse sequence, 86 
HSQC-TOCSY experiment, 86 
HSQMBC experiment, 86, 93-6  
HSVD, 165, 167 
HTLS, 167 
I H Is3W inverse detection methods. 54 

Imaging, 180, 182 
IMPEACH-MBC experiment, 57, 68 70, 

69, 71, 72 

hi situ calibration, 18 I 
INADEQUATE experiment, 179, 8(1, 

183, 185 
INEPT sequence, 177, 187, 189 
Iterative quadratic maximum likelihood 

(IQML) methods, 175 
|TMPM, 169 

J-based conformation analysis method, 
87, 89 

IJcu couplings, 74 
:Jcu couplings, 74, 77, 78, 88 
~Jcn couplings, 74, 77, 78 
J~J('n couplings, 87, 88, 92 
3JnH couplings, 75, 77. 85, 87, 88 
"Jx. couplings, 92-3 
J~,~Ll,. parameter, 72-4,  76, 78 
J-deconvolution, 179-80 
J-doubling, 161, 163. 194, 196 
J-filters, low-pass, 55, 57, 79, 80 
J-HMBC experiment, 86, 87, 90, 90- I  
J-IMPEACH-MBC pulse sequence, 87 

3 -J,  J-HMBC experiment, 63, 74-8,  75, 
76 7, 7& 79 
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J-resolved experiments, 92-3, 168, 
190-I 

J-resolved HMBC pulse sequences, 86 
J-scaling, 93 

>K spectra, in vivo, 180 
Kalkitoxin, 95 
Kauradienoic acid, 74 

Lanczos-HSVD, 166 
Least-squares methods, 172-4, 176, 190 
Linear prediction (LP), 164-9, 182 
Lipoprotein, 171, 172 
LOMEP method, 180 
LPQRD, 165 
LPSVD, 165, 167, 168, 175 
LPSVD(CR), 167, 168 
LPZ-AR, 165 
LP-ZOOM, 165, 170 
LPZ-QRD, 165 
LPZ-SVD, 165 

Magic-angle spinning (MAS), 21 
Maitotoxin, 88 9 
Malyngamides, 94 
Maximum entropy methods (MEM), 

175-81 
N-Channel, 181 

Maximum likelihood (ML), 174-5 
MBOB experiment, 83-4 
MEFSD, 178 
Mescengricin, 52, 56-7 
Metallothioneins, 44 
Methylenes, diastereotopic, 88 
Mininmm area algorithm (MARS), 179 
MJ-HMQC experiment, 87 
Modified autocorrection function (MAF), 

168 
Molecular weights, measurements of, 6 
Monazomycin, 55, 57 
Monensin sodium, 90- I  
Monte Carlo methods, 183, 184 
Multiple quantum experiments, 186 
Multiple-window spectrum estimation 

(MWSE) methods, 171 
MUSIC excitation scheme, 187 
MXQET program, 120, 125 

iSN NMR, 60 

Nakadomarin A, 54 
Naphthomycinol, 51 
N%[(dimethylamino)methylene]adenine, 

60 
Neural networks, 193-4 
NMR, broadline, 8 9 
NMR, pulsed, 9-12 
NMR imaging, 30, 103 
NMR methods, 8, 30- I  

two-dimensional, 38 
NOE values, 102, 110 
NOED spectroscopy, 160 
NOESY spectra, 157, 165, 173, 180, 185, 

193, 197 
Nothramycin, 54 
NQR spectroscopy, 184 
Nuclear Overhauser enhancement, see 

NOE values 

I:O NMR, 29, 29-30 
Octasaccharides, 55 
Okadaic acid, 88 
Oligopeptides, 119 
Oligosaccharides, 92, 193 
Organic molecules, diffusion of, 143-7 

3tPNMR, invivo, 164, 166 8, 178 
Pad6 Laplace method (PLM), 167 
Pandamarilactonine, 90 
Pattern recognition, 187 
P.COSY, 186 
P.E.COSY, 186, 195 
2-Pentanone, 78 
Phase-modulated rotating-frame imaging 

(PMRFI), 18 I 
Phormidolide, 94, 95 
Poly(butadiene) (PBD), 23-4, 24 
Poly(diene)s, 23 5 
Poly(dimethyl siloxane) (PDMS), 10, 11, 

26 
Poly(ethylene) (PE), 11-12, 14, 15, 22, 

3O 
Poly(isobutylene) (PIB), 16, 17 
Poly(isoprene), 29. 30 
Poly(L-phenylalanine), 126 
Polymerization of monomers, 2 
Polymers, 1-35 

applications of irradiation of, 2 4 
crystalline structure in, 25-6 
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mechanical properties oL 7 
oxidative degradation of, 28-30 
radiation chemistry of, 4 - 8  

Poly(methacrylate)s, 2, 14- 16 
Poly(methyl methacrylate) (PMMA), 16, 

18 19 
Poly(olefin)s, 2, 12, 13, 13 14, 22-3 
Polypeptides, 173 
Poly(propylene) (PP), 5, 19 
Poly(styrene) (PSTY), 5 
Poly(sulfone)s, 2, 5 
Poly(letrafluoroethylene) (PTFE), 8-9,  

27.28 
Power spectra density (PSD), 178 
Promothiocin B, 55 
Protein structure studies, 196, 197 
psHMBC, 86 
Pulsed NMR, 9-12  

introduction of, 152, 154 
-~P ~s~W inverse detectkm methods, 54 
Pyralomycin la, 55 6 
Pyridines. 91 

QRD, 164 
QUALITY method, 160- I 
QUIETE-NOESY, 193 

Racemization, 16-19 
Radiation chemistry reviews, 7 
Radiation dose, unit of, 8 
Radiation grafting, 2 
Radiation sterilization, 3 
Radiation yield, unit of, 8 
RDSQC, 43-4,  44 
Reference landscape adjustment (RLSA), 

159 
Regularized Resolvent Transform (RRT), 

170 
RELAX algorithm, 175 
Relaxation rates, 145, 146 
Rotating correlation time, 103 
Rowland algorithm, 180 
Rubbers, cross-linked, 25 

Samia cynthia ricini, see S.c. ricini 
silkworm 

Sanguilutine, 60 
Sanguinarine pseudobase, 60 
Scission, chain, 2, 4, 6, 18, 26 

solution-state NMR studies of, 14 16 
S.COSY, 186 
S.c. r icini silkworm, 103 

silk libroin 
amino-acid composition of, 105-6 
I~C NMR spectra of, 107-8, lO& 

127 30, 128, 129 
2H NMR powder pattern of, 120, 

121, 123-6, 123, 124, 125 
motion of amino acid residues of, 

110-12 
NMR relaxation times, 116- 17 
structural transition of, 127-34 
TI ¢ measurements of 119 

silk glands, ~3C NMR spectra of, 
I l l  12, I I I  

Ser carbonyl carbon resonances, 127 
Ser residues, 109, 117 

hydroxymethyl groups in, 119-20 
motion of, 117 23 
side-chains, 120 3 

SERENDIPITY, 190 
Sericin, 104 
Shift correlation, heteronuclear 

direct, 38, 39-45 
accordion-optimized, 40-5 
heteronucleus-detected, 39 
iuverse-detected, 38.39 
proton-detected, 38, 39 

long-range, 38, 45-85, 96 
accordion-optimized, 48, 61-78 
heteronucleus-detected, 39, 46 
inverse-detected, 48 
proton-detected, 38, 49 

simultaneous direct and long-range, 
83 5 

>Si MAS NMR, 26 
SIAM pulse sequence, 195 
Silk fibers, 103 
Silkworm silks, properties of, 103 
SIMPLEX methods, 184 
Sine wiggles, 155, 164, 177 
Sine bell function, shifted, 157 
Singular Value Decomposition (SVD), 

164 
SIS-COSY experiment, 193 
Skyline projection method, 19 I 
Soft-COSY experiments, 192, 193 
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Solid-state NMR, 21-6 
Soluble fractions, measurement of, 7 
Solution-state NMR, 12-21 

limits to, 20-1 
Solvent suppression methods, 183 
SPEDA spectra, 172 
Spider dragline silks, 103, 106, 123 
Spin networks determination, 184-96 

heteronuclear experiments, 191-2 
selective experiments, 192 3 

Spin pinging, 193 
Spin topology, 186 
Spin-echo method, 145 
Spin lattice relaxation times, see T~ 

relaxation times 
Spin-spin relaxation times, see T~ 

relaxation times 
STAR operator, 74, 75, 76-8, 76-7  
STELLA tool, 185 
Strictosidine, 89 
Strychnine, 64-6, 65, 68, 78, 79, 85, 94 
Sucrose, 94 
Sulfomycin-l, 57 

T~ relaxation times, 22, 102, 109, 109, 
114, 115 

relaxation times, 11, 12, 21, 102 
Taurospongin A, 53 

Taxezopidine A, 53 
TEMPOL solution, 143-7 
Total Least Squares (TLS) procedure, 166 
TOCSY spectra, 189-90, 194, 195 
TRAF functions, 157 
Tyr C~ resonance, 130, 131, 133-4, 134 
Tyr carbonyl carbon resonances, 127 
Tyr residues, 109 

motion of, 123-7 
phenolic rings, 124-6 
side-chains, 124-6, 140-1 

Volatile products analysis, 6 

Water signal suppression, 160, 172 
Wavelets transform (WT), 154, 170 2 
Window functions, 156-7, 164, 176-8 

XCORFE experiment, 46, 74, 77, 78 
XLOC experiments, 87, 195 

Yule Walker algorithm, 178 

Zeugmatography, 176 
c-filtered COSY, 188 
Zooming, 155 
z-surfaces, 183 


