List of Contributors

D. J. T. Hill and A. K. Whittaker, Centre for Magnetic Resonance, University of
Queensland, Queensland 4072, Australia

G. E. Martin, Rapid Structure Characterization Group, Global Corp. Pharma-
ceutical Development, Pharmacia, 7000 Portage Road, Kalamazoo, Michigan
49001-0199, USA

T. Asakura and T. Kameda, Department of Biotechnology, Tokvo University of
Agriculture and Technology, Koganei, Tokyo 184, Japan

D. Jeannerat, Department of Organic Chemistry, University of Geneva, 30 Quai
Ernest Ansermet, 1211 Geneva 4, Switzerland



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 efforts 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) tfor
their considerable efforts in the reification of this volume of Annual Reports on
NMR.

Rovyal 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. INTRODUCTION

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.'

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 formed, 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.*~'> The text of
Singh and Silverman' 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(olefin)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 propertics. 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, undeformed dimensions on reheating, thus
forming a barrier around an enclosed object.

Another growing application of radiation cross-linking is the formation of
films 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 for 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 1o
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(sulfone)s and poly(methacrylate)s. Finally, 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, for 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."?

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.'*!> For each initial 1 MeV electron or photon
entering a material there may be around 10° particles formed, distributed in the
main track of the particle, branch tracks formed by the passage of Compton
electrons, and blobs of particles formed 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 for 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.'* 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, for 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.'~'%!3-22 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.>*?* 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.?*

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.”’ The aliphatic
poly(sulfone)s are particularly susceptible to radiation degradation,”® and have
become useful as positive resists in microlithography.” The presence of chiorine
or bromine groups has been shown to enhance the radiation sensitivity of a
number of materials, including fluoropolymers.**! Finally the high propensity
of double bonds to undergo addition by free radicals leads (o their sensitivity
to radiation, either as end groups in cross-linked poly(ethylene).*> as cross-link
promoters in EPDM terpolymers,™ or finally in poly(diene)s.*

1.1.3. Other methods for studying radiation 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.™ Generally materials are irradiated at liquid
nitrogen temperatures to permit observation of species which are short-lived at
ambient temperatures. While it is true that the ESR spectra of complex mixtures
ol 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. FTIR

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).*3” 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.*

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)s.*#" It has even been suggested that the measurement
of the yields of evolved gases could be used to quantify the branching type and
content in the original polymer.*! 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.*? In another example irradiation of aliphatic poly(sulfone)s results in
the formation of sulfur dioxide and the corresponding alkene.*! The yields of
these products are greatly enhanced when irradiation is carried out above the
ceiling temperature of the polymers.**

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*’ 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 er al ¥
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1.1.7. Measurement of soluble fractions

In systems where cross-linking predominates, irradiation to sufficiently 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*’ and Charlesby and Pinner,* and have been used by
many workers.

1.1.8. Mechanical properties

Finally, it is clear that radiation has a profound etfect 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,'” as well as in the papers of Williams et al..*”
and El-Naggar et al.™

1.1.9. Radiation chemistry reviews

A number of reviews of the effects of radiation chemistry on polymer systems
have been published. The classic texts are those of Char]esby,”’ Chapiro17 and
Dole.'!? 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.”” The ACS has
published a number of collections of papers presented at radiation chemistry
meetings.”'->* and the two journals Radiation Physics and Chemistry and Polymer
Degradation and Stabiliry are of much interest. As mentioned above the proceed-
ings of major meetings on radiation processing,”~'* and the text by Singh and
Silverman' provide an excellent overview of the field.

1.1.10. Aims of this review

As discussed by Singh and Silverman,' the dramatic increase in the importance
of the radiation processing industry has resulted from 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 vacuum, 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 of 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.

1.1.11. 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 10 MGy 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 (100eV) of absorbed energy. Thus, 1 kGy of
radiation will produce G x 1.036 x 1077 mole per gram of irradiated polymer.'*
The SI unit for radiation yield is the wmoll~' which is the equivalent of 10G.”!

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 radiochemical 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 ef al.>> and Tutiya and Yamamoto.’*~%¢ Of particular

interest are the studies of Tutiya of the irradiation of poly(tetrafluoroethylene)
(PTFE) at a range of temperatures.’>% The 'F NMR spectrum of unirradiated
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PTFE consists of two superimposed signals, a broad signal due to the crystailine
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 '"F 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.>’>® 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’® 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, after irradiation in a
small band of temperatures was ascribed to the formation of cross-links between
the PTFE chains. This early NMR study thus predates the work of Sun™ and
Oshima et al * 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.®! =% The focus of this interest is the determination of the
location of radiation-induced products after irradiation. There is evidence that in
fully-saturated amorphous materials, radiation events occur randomly throughout
the material,®® while in diene rubbers the distribution of reactions is highly
heterogeneous.®”-% Similarly, there is much evidence that radiation events are
concentrated in the amorphous phase of semi-crystalline polymers,®~7> and
possibly more specifically at the interface between the crystalline and amorphous
phases. None-the-less radiation does have profound aftects on the crystallinity
ol semi-crystalline materials. Irradiation of poly(ethylene). for 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.®* 77 Ahmad and Charlesby®' used broadline '"H 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 *C MAS
NMR measurements are discussed in Section 4.4 of this review.

2.2. Pulsed NMR of polymer rubbers and melts

[t 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 involving more than one polymer chain. These chain entanglements may
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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(r) = T M;(0) exp(—r/TZ’),
where M; and T2' are the amplitude and time constant of the ith decay process,
respectively, and / 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,
M;, of the decay functions rather than the precise forms of the decay functions.
The interested reader is referred to the work of Gotlib”® and Fry and Lind™® 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’” reported the changes in T3
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 75 decay was bi-exponential
in nature. The proportion of protons having a long T 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 ot ‘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.*® 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
determined experimentally, while the effective radiation dose, r., was 60 kGy and 0kGy
for NMR and soluble fraction measurements, respectively. Reproduced from ref. 77 with
permission. Copyright 1977 Elsevier Science.

In similar work,” the effect of gamma irradiation on the "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 75 relaxation times of unirradiated polymers.”
Later Charlesby and Bridges®™ explored in some detail the relationship between
molecular weight and the time constant of the slower relaxation decay in cis-
poly(isoprene) below M..

Charlesby and coworkers®' have also measured the changes in 75 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 7> 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
1o some extent at these elevated temperatures was discussed.

More recently Whittaker® re-examined the spin—spin relaxation behaviour of
irradiated PE. The decay curves, obtained using the CPMG sequence at 430K,
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.®3-*> 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 7>. The change in the amplitude of
the shortest 7> 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®® have shown that 75 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 7> 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. 'H AND !3C SOLUTION-STATE NMR OF IRRADIATED POLYMERS
3.1. Solution-state NMR studies 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 '*C solution-state
NMR methods are required to complement these early studies. The chemical shift
dispersion in '"H 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, '*C 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.’” 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.®® reported the identification of both H- and Y-type
links in n-CqsHoq irradiated in the melt using '*C 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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Fig. 2. Proposed mechanisms of (a) H- and (b) Y-linking of poly(olefin)s.*” * The sec-
ondary radicals formed in (b) will terminate by abstraction of, or combination with. a
hydrogen atom.

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 for polymers which undergo
predominately cross-linking is the dose at which there has been formed 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.**=2 In early work, Randall et al 3% studied irradiated
high-density poly(ethylene)s (HDPE) using '*C 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’':?* studied changes in the '*C
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 '*C solution-state NMR spectra of
irradiated HDPE. The yields of H-links and Y-links were measured as a function
of temperature,”? 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 (II) 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” in
which the formation of H-type cross-links in fully-saturated ethylene propylene
rubber (EPR) irradiated well above T, was confirmed.

3.2. Solution-state NMR 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®?> 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.?® This was
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Fig. 3. *C solution-state NMR spectra of a low molecular weight (Mw = [.45 x 104,

Mn = 1.07 x 10%) poly(ethylene) fraction (a) unirradiated and (b) irradiated to 300kGy
al 423K in vacuum. Reproduced from ref. 92 with permission. Copyright 1992 John
Wiley & Sons.

confirmed by 'H and '*C 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
'"H NMR methods was highlighted in these papers.

The same group has reported on the use of '*C solution-state NMR to study
changes in the structure of poly(isobutylene) (PIB) on irradiation.””-*® 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 'C NMR spectra
on irradiation are large as can be seen from Fig. 4, and have been assigned to
contributions from five ditferent 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.” identified the primary free radical species by electron spin resonance
spectroscopy at low temperatures, and the products of their subsequent reaction
by '3C 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 NMR studies of racemization

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.'™ 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® hybridization
of the main-chain carbon can adopt for some (unspecified) time sp® character,
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Fig. 4. '"C solution-state NMR spectra of PIB, (a) unirradiated and (b) after irradiation
wilh a dose of 9MGy in vacuum at 303 K. Reproduced from ref. 97 with permission.
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 stercoregularity 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 followed 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 meso diads.

The 'C 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.'®~!1%2 In a recent study by Dong et al.!"! the
changes in tacticity of both highly isotactic and syndiotactic PMMA irradiated
in vacuum up to 1.6 MGy were reported. Figure 6 shows the changes in the
carbonyl region of the 'C 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 (7, = 38°C). It
was suggested that the racemization process involved rotation of the bulky ester
side chain and that below 7, 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 scisston 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 C solution-state NMR spectrum of
isotactic PMMA irradiated at 80°C by doses of (a) 0, (b) 165, (¢) 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)'">=197 have on the other hand provided evidence that the racem-
ization reactions are not in this case isolated, but rather that they may occur
in clusters. The methyl region of the solution-state '*C NMR spectrum of PP
can be resolved to the pentad level. The changes in the pentad distribution on
irradiation are not consistent with random reactions occurring along the polymer
backbone;'™ =1 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 observation 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.'™

3.4. Solution-state NMR studies of other systems
HC solution-state NMR has provided useful information on the radiation chem-

istry of a number of other polymers.'*®~"!% 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 '*C NMR.!™® Similarly, the structure of
new chain ends in irradiated bisphenol-A poly(carbonate) was confirmed by this
method.'% 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,'"" poly(arylene ether ketone)s,''! poly(arylene ether phos-
phine oxide)s.''* poly(lactic acid) and poly(glycolic acid)''* and poly(hydroxy-
butyrate-co-hydroxyvalerate).''*

3.5. Practical limits to solution-state NMR 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.” Ford and coworkers reported similar observations
for chemically-cross-linked polymers.''>=""® 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 '"H-'¥C 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 (M) and intensity of *C NMR signal
collected under standard high-resolution conditions (A) 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 T
relaxation times of the '*C nuclei become very short. Such observations mirror
those seen in the measurements of 'H 7> 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 for 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. 3C MAS NMR OF IRRADIATED POLYMERS

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.'"~ 12! 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'?? and Lowe!>? in 1959. The aim of the experiment at that time was
to partially average homonuclear dipole—dipole couplings in 'H-rich materials. It
was not until more than a decade later that MAS was first used in '*C NMR spec-
troscopy. By this time Pines, Gibbey and Waugh'?* had introduced the experiment
now known as cross-polarization (CP). The combination of the two techniques, as
well as the use of high-power 'H decoupling was first applied to solid polymers
by Schaefer and Stejskal in 1976,'% and opened up the field of NMR analysis
of insoluble materials, including irradiated polymers.

In the absence of isotropic motion, the '*C 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.'?® 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 '*C NMR line-
shape. The combination of MAS and high-power 'H decoupling is sufficient to
achieve high-resolution '*C NMR spectra of solid polymers.

The sensitivity of the '*C NMR experiment is limited by the often very long
spin-lattice relaxation times of the '*C nuclei. Values of *C T, of over 1000s
have been measured in solid poly(ethylene).'>” It is likely that '*C nuclei involved
in rigid cross-link structures also possess very long '*C 7, 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 '*C nuclei has to re-
equilibrate before pulse repetition. The 'H T} in proton-rich condensed systems
is usually much shorter than '*C 7). 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 '*C 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 'H
nuclei with the respective '*C nuclei and hence '*C 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. C MAS NMR of irradiated poly(olefin)s

Sohma and coworkers reported the first solid-state NMR spectrum of an irradi-
ated poly(olefin).”® The 'C 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®® 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.” The
authors concluded that the assumption of random cross-linking, implicit in the
Charlesby —Pinner analysis48 of the soluble fractions, was valid in the case of
this amorphous polymer.
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The solution-state '*C NMR spectrum of poly(ethylene) is composed of a
single large peak at close to 30 ppm 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 '*C 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.'* 3! 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'*> makes observation of a new peak
due to the methine group of the cross-link (expected at 35—45 ppm) problematic.
Cholli and coworkers'*® were the first to convincingly demonstrate the direct
observation of cross-links in poly(ethylene) by solid-state NMR. *C CPMAS
NMR spectra of high-density poly(ethylene) irradiated to 6 MGy 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 15.4 ppm due to branch structures.
O’Donnell and Whittaker®® also reported the appearance of an additional peak in
the '*C 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 'H Tj,. and therefore the
peak became more prominent at longer CP contact times. The long value of 'H
Ty, is consistent with these carbons being situated in very rigid structures.

Pérez and VanderHart'** have also used *C 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
(130 ppm). The authors applied a methodology previously developed by them'*
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 '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. '3C 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.67-68:136.137
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 '*C CPMAS spectra of samples irradiated to various doses up to 10 MGy.
The peak at 130.5 ppm due to double bonds decreases in intensity on irradiation,
while a new, broad peak at 45.8 ppm 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,
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.®® Similar results
were obtained for cis- and trans-1,4-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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Fig. 8. 13C CPMAS spectra of ¢is-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,'™ natural rubber

sensitized with acrylates,’” chloroprene,'*’ chlorobutyl rubber'*' and nitrile
rubber.'* More recently, Perera has examined the relationship between chemical
changes in radiation-grafted natural rubber, determined using '*C MAS NMR,
and mechanical properties measured using dynamic mechanical analysis. '+

Koenig and coworkers have reported a very large number of studies of the
chemical structure of cross-linked rubbers using solid-state '3C NMR.!#14¢ [p
these papers they explore the factors affecting the observed 'C 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 '*C
NMR.'*# A highly heterogeneous structure was evidenced by differences in the
spectra obtained by direct excitation of the '*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'#’ have supported the findings of Ahmad and Charlesby®’
discussed above. The authors observed an additional set of peaks in the ’C 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® and Zhu et al.** O’Donnell and Whittaker®® reported a gradual
decrease in average lamellar thickness on irradiation through measurement of the
1*C-detected 'H T, relaxation times. Zhu ef al.** reported a decrease in the '*C
T, 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 T>¢ 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.®

Schilling and coworkers'*® have studied the effects of y-irradiation on the '*C
NMR spectra of poly(ethylene oxide). The '*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 'H
T, 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 'H 7,. On irradiation, the intensity of the broad
peak in the '?C CPMAS spectrum increases markedly, resulting from a change in
the proton spin dynamics in the mid-kHz frequency 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 '*C T} relaxation times showed that the motion of the
crystalline carbons in the MHz frequency range was not affected by irradiation.
The pronounced eftect 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'#” of the suppression of translational motion of polymer
chains between crystalline and amorphous regions in irradiated poly(ethylene).
The authors demonstrated, using a *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 '*C-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 fractions,
swelling ratios, and formation of new structures using infra-red spectroscopy.
Recently we have studied the radiation chemistry of irradiated PDMS using '3C
and *°Si MAS NMR."" Differences in the signal intensities in the CPMAS
and Bloch decay experiments were used to identify cross-linked or chain-end
structures. The major new cross-link structure detected was a Y-type cross-link
formed by combination of —O-Si— 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’®' 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. F MAS NMR OF IRRADIATED POLYMERS

The field of '"F NMR of intractable polymers has received an enormous boost
in the past few years following the introduction of commercial high-spinning-
speed 'F MAS probes.'?>~!1%* This has led to a number of studies of the effects
of radiation on fluoropolymers.'>2-133:157:139=163 The mogt 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,>-3-60
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 form 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,5%-1%4-16 including several studies of structures formed by "F solid-
state NMR.!3%-160

The '"F solid-state NMR spectrum of PTFE irradiated at 365°C to a dose of
3 MGy is shown in Fig. 9.'% The spectrum of the original material consists of
a single peak at —122ppm with respect to CFClj;, 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 identified by '""F NMR are methyl side
chains, long-chain branches and H-type cross-links. A number of small peaks
appear at higher chemical shifts (> —60ppm) that are not conclusively assigned.
The NMR spectrum of the material irradiated at room temperature showed only
new CFz-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 al.'** 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 '°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).!0!-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. NMR STUDIES OF OXIDATIVE DEGRADATION 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,'¢7-169

A number of papers have reported the use of '*C 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 eral.'®” 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 examples of
the NMR spectra of the oxidized materials. Sohma et al.'®® 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 al.'® have measured changes in the
13C spectrum of '3C-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 7O NMR to detect oxygen-containing species formed during thermal and
radiation oxidation of polymers in the presence of '70Q,.!70172 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 '"O is large compared
with the linewidths, with peaks resolved over a range of approximately 650 ppm.
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Fig. 10. 7O solution-state NMR spectrum of poly(isoprene) irradiated at 300K in '7Os:
(a) 98kGy, (b) 172kGy and (c) 244 kGy. Reproduced from ref. 172 with permission.
Copyright 2001 Elsevier Science.
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Figure 10 shows the 'O NMR spectra of poly(isoprene) gamma irradiated in
the presence of '7O-enriched oxygen.!”? The authors have identified classes of
peaks through comparison with model compounds; it is conceivable that in future
a database of 'O 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.!”

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 chain-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'™ have shown that the inhomogeneous distribution
of reactions in sulfur-cured poly(butadienc) 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. Following the first
observation of differences in the chemical shift of the three types of protons
in ethanol in a 30 MHz NMR spectrum, which was seen as a nuisance by
physicists but seized upon by enterprising chemists because of the chemical struc-
ture significance,! 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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'H-'H or heteronuclear couplings such as 'H-'"F or '"H-3'P were readily
observable. Following the description of pulsed Fourier transform NMR? and
the subsequent commercial availability of Fourier transform NMR methods in
the early 1970s, the acquisition of '*C spectra became a facile undertaking. It
then became feasible to begin to explore the utility of heteronuclear couplings
involving heteronuclide pairs such as 'H-"3C, "YF-'3C, and 3'P-'3C. 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.° 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.* 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.’~? These experiments utilized the fundamentals of the spin
population transfer experiments;'®!! the timing of events was a function of the
heteronuclear coupling constants involved. Through a number of iterations, the
3C-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'? 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 successtul long-range heteronuclear shift
correlation experimental results was the seminal contribution of Reynolds and
co-workers in 1984.'* 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. After 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 shift correlation experiments
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will constitute the balance of this chapter. While we might traditionally think
in terms of 'H—'?C correlation experiments, over approximately the last 5 years
there has been tremendous interest in long-range 'H—'>N heteronuclear shift
correlation methods at natural abundance, which were the subject of a recent
review,!?

2. DIRECT HETERONUCLEAR SHIFT CORRELATION METHODS

Stemming from the work of research groups led by Ernst and Freeman and
their co-workers,”~!! 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.!? 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,'® followed shortly thereafter by the report of the devel-
opment of the proton-detected heteronuclear single quantum correlation (HSQC)
by Bodenhausen and Ruben.'’

During the early 1980s the development of an assortment 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.'® 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.!"” When heteronucleus detection is employed in
conjunction with small volume NMR probes, e.g. 3 mm microprobes.”>! small
samples can be readily investigated.”’

Beginning with the report of the HMQC experiment in 1986 by Bax and
Subramanian®? 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,**~2¢ the HMQC experiment still remains the most widely
cmployed, proton-detected heteronuclear shift correlation method. Gradients were
incorporated into the HMQC experiment in 1991 by Hurd and John®” and are
discussed in the excellent contribution of Ruiz-Cabello and co-workers®® and
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the more recent work of Leibfritz and co-workers®” and the recent review of
Parella.°

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 222 Hz 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 for 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 200 Hz. For
example, the 'Jey coupling of the 2-position of furan is ~210 Hz; the 2-position
of pyrimidine is also about ~208 Hz. When molecules containing such struc-
tural moieties are studied by direct heteronuclear shift correlation methods using
the normal ~140Hz 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 — ADSQC

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®' 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 (74x) t0 210 Hz (Tyi0),
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.*' The exper-
iment is designed using the template of the familiar HSQC (Heteronuclear Single Quantum
Correlation) experiment developed by Bodenhausen and Reuben.'” The ADSQC experi-
ment, however, differs in that it is intended to provide usable response intensity across a
broad range of potential 'J¢oy 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 forward 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. 120-210Hz 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 digitizing the indirectly detected time domain, #,. The
variable delay is decremented from T, (120Hz) to Ty, (210Hz) in ni steps.
where the decrement is defined by

(Thax — Toin)/ni (1)

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

| .

EITmax — Twinl/ni (2)

to define the decrement value.

The authors used the cephalosporin antibiotic ceftiofur (1), which contains
a furanyl substituent in its structure, as a test case. Coupling constants in the
structure of ceftiofur range from 130Hz 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 140 Hz, good signal intensity was seen for the C4 and C23
methylene carbons ('Jey = 130 and 144 Hz, 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.

H;CO_

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 Fy, as suggested by the analysis
of Zangger and Armitage in their report of the accordion-HMQC experiment (see
p. 44). To address this potential deficiency, Hadden et al.** 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 docs so at the expense of response intensity for the C4 and C23 methylene resonances.
When compared to the results from the 120-210Hz 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. Reson. 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 .** 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’ have developed another accordion-
optimized experimental variant to which they’ve given the acronym accordion-
HMOQC 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 ~50 Hz. 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.™ 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 perform several conventional experiments with varied optimization.

multi-parameter analysis of the data to extract the '*Cd-'H couplings cave
results that compared favorably with couplings measured by direct detection.

2.1.4. Summary

With the development of the ADSQC, RDSQC, and accordion-HMQC experi-
ments described above, it is likely that there will be more variants to foliow.
Although the variability of one-bond heteronuclear couplings is a minor problem
in "H-"3C 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 'H-"3C 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 for 'H-""N long-range
correlation experiments at natural abundance is even larger as noted in the recent
review of Martin and Hadden."? Although there are no examples in the literature
yet, the problem of coupling constant variability with ""F-""N is still worse.
The 2Jnr coupling of 2-fluoropyridine is ~52Hz while the *Jxg coupling of
3-fluoropyridine is ~4 Hz.** 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’'* first demonstration of the feasibility of performing long-range
heteronuclear shift correlation experiments. These methods have been reviewed'®
and only a couple of salient points will be discussed here.

First, as noted by Bauer et al.*> 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,®®~%’ as well as the laboratories of
Reynolds,*' and Batta.*> 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,®
Kessler,*** and by Krishnamurthy and Casida.*> 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.*® 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 2Ixu and 3Jxy correlation
responses. Two-bond long-range correlation responses are ‘skewed’ or ‘tilted’ in
F, while three-bond correlation responses are not, thereby allowing them to be
differentiated from one another.
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3.2. HMBC/GHMBC

The first proton-detected long-range heteronuclear shift correlation experiment
to be developed was the HMBC experiment reported in 1986 by Bax and
Summers.*’ The pulse sequence for the experiment is shown in Fig. 5. The
experiment is quite simple in constitution, utilizing only a total of five pulses.
Following the first proton pulse, a fixed delay, A, is inserted, optimized as a
function of +('Jcy). The phase of the following 90° '*C or X-pulse is alternated
0202 while the receiver phase is alternated 0022. This pulse operator is referred
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Fig. 5. HMBC pulse sequence developed by Bax and Summers.*” The experiment, as
initially reported, did not use gradients and employed a single-stage low-pass J-filter
(first 90° 3C pulse)*® to destructively eliminate unwanted direct correlation responses.
The gradient version of the experiment is shown.””* 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 'H—"*C correlation experiments. For "H-"3N,
gradient ratios of 5:5:1 may be employed. The long-range delay follows, optimized
as a function of 1/2("Jcy). where n = 2—-4. Values frequently reported in the primary
literature have generally been in the range of from 6 to 10 Hz, although some studies
have reported optimization for still smaller coupling constants in an effort to observe
long-range couplings across four or more bonds.> The second 90° '*C pulse creates
heteronuclear multiple quantum coherence (zero and double), which evolves during the
first half of the evolution period (¢,/2). The 180° '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 evolution period. The final 90° '*C pulse recovers antiphase proton single quantum
coherence, at which point detection is initiated.
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to as a low-pass J-filter.*® 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,
8, optimized as a function of %(”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 hatf
of the evolution period, 7,/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 f; interval (in
the second frequency domain, F|, after 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 '*C 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.2%% Other modifications
that have been incorporated include dual stage gradient low-pass J-filters,’" selec-
tive excitation and refocusing schemes,”! and double pulsed field gradient spin
echoes (DPGSE).>? 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*’ 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.”* More
recently, Araya-Maturana and co-workers> 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,% aside from the incorporation of pulse field gradients*®4
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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.>' Evidently unaware that
this modification had already been reported in the literature, in a 1995 report Furi-
hata and Seto®* described essentially the same experiment, giving it the acronym
D-HMBC.

The decoupled- or D-HMBC experiment introduces a refocusing delay
following 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 50 ms), 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 a4 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 'H—'*C couplings that were not
observable in conventionally optimized HMBC experiments. There have been a
few long-range 'H—'>N 2D applications at natural abundance.

Long-range ' H-'3C 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 for 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.>' in 1989,
Evidently unaware of the initial report, Furihata and Seto™ 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 '"H-"?C and '"H-"?N long-range
heteronuclear shift correlation data (see p. 49 and p. 55, respectively).

a naphthoquinone antibiotic, griseusin-B (2) reported by Igarashi er al.>> 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 *J correlation from the 3’ oxymethine proton to the C8a quaternary carbon
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resonating at 139.4 ppm. In addition, *J 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 al.>® described the structure of an anthraquinone
antibiotic, espicufolin (3). D-HMBC was used in lieu of the HMBC experiment
to determine the structure.

0]
OH
0]

OH O 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 °J correlation to the carbonyl at C23 in the ansa
bridge resonating at 202.3 ppm.
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Kobayashi and co-workers®® reported using t