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Preface 

The plangent call of NMR as a problem-solving technique is well-known in all 
areas of molecular science. Thus, at first sight, the collection of topics presented 
in each volume of Annual Reports on N M R  Spectroscopy may appear to be a 
somewhat desultory one. However, taken together, the various volumes of 
this series seek to provide a fairly comprehensive coverage of advances both 
in the technique of NMR and in its many applications. 

Volume 26 of Annual Reports on N M R  Spectroscopy serves to evince the 
fecundity of NMR in five distinct areas of scientific interest. These include 
food science, structural studies of peptides and polypeptides in the solid state 
by 15N NMR, high-resolution NMR as applied to polymer chemistry, the 
uses of cation NMR, in particular s7Rb, in studies on living systems, and 
finally, azo dyestuffs as studied by multinuclear NMR. 

It is a great pleasure for me to be able to express my gratitude to all of the 
contributors to this volume for the careful preparation and timely submission 
of their manuscripts. I would also like to thank the staff at Academic Press 
(London) for their very helpful cooperation in the production of this series of 
reports. 

University of Surrey 
Guildford 

G.A. WEBB 
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1 . INTRODUCTION 

It  has long been recognized that N M R  can be of use to the food scientist and 
food processor . One of the earliest references to the use of N M R  in foods con- 
cerns moisture measurement and  is dated 1957.' However. it is only within the 
last 10 to 12 years that there has been consistent and  widespread growth of the 
use of NMR . This is probably the result of three separate trends . The first is the 
increasing sophistication and  relative ease of use of N M R  instrumentation . This 
has meant that. for example. multinuclear and  solid-state methods have become 
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much easier to apply. The second trend is the increasing need of the food indus- 
try to understand and innovate in its products and process. Finally, there is the 
pressure for new methods to enforce legislation and control quality. 

The nature of foods has led to the choice of NMR as an investigative method 
in the same way that nature of biological systems has led biological research to 
increasingly embrace the technique. The requirement in both cases is to have a 
non-invasive technique which can extract useful information from a chemically 
complex and highly heterogeneous system. In foods the requirement for non- 
invasiveness stems not from any ethical consideration but from the need to pre- 
serve and examine the food structure. In this report we attempt to review the 
main areas of activity during the last decade and indicate where future develop- 
ments are likely to occur. Table 1 lists major reviews in the relevant areas since 
1980. The format of the table is similar to that which will be followed in this 
review; material is divided up according to the nature of the application rather 
than the NMR technique involved. The exception is NMR imaging; this tech- 
nique has only recently found applications in food science and is still very 
much in its infancy. 

It is noticeable from Table 1 that most of the references come from the last 
half of the period covered. This is partly due to the recent publication of two 
books32333 dealing with NMR applications in food and agriculture, but also 
reflects the increasing pace of the subject. The time now, therefore, seems ripe 
for a general review of the area and this is the purpose of this report. We do 
not aim to cover every reference but have attempted to give a comprehensive 
indication of the scope and potential of NMR in food and science. 

2. WATER 

2.1. Introduction 

Water is probably the most important component of foods, profoundly affect- 
ing food texture and quality, its microbiological safety as well as its nutritional 
status and dige~tibility.~~ The growth of pathogenic microorganisms in food 
materials is determined by the local availability of water to the bacterial 
cells.35 A long established general indicator of this “water availability” is 
the water activity as measured by equilibrium vapour  pressure^.^^.^^ More 
recently, attempts have been made to use NMR water relaxation times as a 
measure of “water availability”. Based on a theory of Kumosinski and 
several papers have appeared purporting to relate water proton, deuterium 
and oxygen-1 7 relaxation times to solute and water activity in ~ a s e i n , ~ ~ - ~ l  
ly~ozyme,~’ ~-lactoglobulin,37~40 corn zeiq41 starch42 and wheat The 
translational mobility of water in foods may be measured directly by the 
pulsed-field gradient spin-echo method. In the first section we review the litera- 
ture on relaxation and examine whether there is a meaningful correlation 
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Table 1. Reviews of NMR applications to food science since 1980. 

Subject Date Reference 

Water 
General review of NMR theory and applications 
Comprehensive review of the food literature 
Review of literature 
Measurement of non freezing water by NMR 
Review of literature 

Imaging 
General review 

Proteins 
Wheat proteins 
Structure and environment of a-lactalbumin 
Food proteins and related systems 
Cereal proteins 
Food proteins 

Pol ysaccharides 
The structure and behaviour of starch 
Sodium binding to polysacharides 
General review of carbohydrate NMR 
Disaccharides and trisaccharides 

Analytical methods 
Site-specific isotope fractionation 
Site-specific isotope fractionation in wines 
Isotope ratio determination by NMR 
Wide-line NMR 
Wide-line methods for the analysis of fats and oils 
High-resolution methods for the characterization of lipids 
Fat content of meat products 
Analysis of fat and moisture 
General review of NMR applications 
Wide-line methods for the analysis of oils and fats 

Other areas 
General review of applications of NMR 
General applications to fats and oils 
General review of potential of NMR 
Post-mortem changes in meat 

1990 
1990 
1987 
1984 
1981 

1990 

1991 
1990 
1990 
1990 
1989 

1990 
1989 
1986 
1980 

1991 
1988 
1986 
1990 
1986 
1986 
1985 
1984 
1984 
1980 

1990 
1988 
1984 
1980 

2 
3 
4 
5 
6 

7 

8 
9 

10 
11 
12 

13 
14 
15 
16 

17 
18,19 

20 
21 
22 
23 
24 
25 
26 
27 

28 
29 
30 
31 

between “water activity” and NMR water relaxation times apart from the 
trivial observation that both depend on solute concentration. In the second sec- 
tion results on diffusion are reviewed. 

2.2. Water relaxation 

The theoretical basis for the interpretation of water proton, deuterium and 
oxygen-17 relaxation in the dilute regime where water activities are close to 
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unity is now fairly well e s t a b l i ~ h e d . ~ ’ ~ . ~ ~  It is generally appreciated that water 
proton transverse relaxation in dilute solutions of proteins and carbohydrates 
is dominated by proton exchange with solute protons and, in the case of 
longitudinal and rotating frame water proton relaxation in gels, by a combina- 
tion of proton exchange and secular dipolar c r o s s - r e l a ~ a t i o n . ~ ’ ~ ~ ~  Theories for 
these phenomena have been presented and shown to account quantitatively 
for water proton relaxation both for polysaccharides and proteins. The shorten- 
ing of the transverse water proton relaxation times when globular protein solu- 
tions are irreversibly thermally denatured reported by Lambelet et ~ 1 . ~ ~  is 
probably explained by an increase in the intrinsic relaxation rate (and per- 
haps population) of the exchangeable protein protons rather than by changes 
in the amount or nature of “bound” water. Chemical exchange with the solute 
can also contribute to the deuterium water relaxation5’ and for this reason 
oxygen- 17 water relaxation is the only technique which reports primarily on the 
behaviour of the water. A seminal paper on oxygen-] 7 water relaxation in dilute 
protein solutions was published in 1981 by Halle and c o - ~ o r k e r s . ~ ~  The results 
were analysed using a model in which water molecules are in fast diffusive 
exchange between the bulk phase and water interacting with the surface of 
the protein, the so-called “bound” water. The bound water was shown to 
reorient anisotropically at the interface such that the major part of the quadru- 
polar interaction is rapidly averaged with a correlation time, T ~ ,  while the 
residual quadrupolar interaction is averaged by slower motions character- 
ized by a correlation time T ~ .  Various theoretical models for rs have since been 
p r e ~ e n t e d . ~ ~ . ~ ~  

Although water relaxation in the dilute regime is now set on a firm theoretical 
basis, this is not the case in the more concentrated, water-poor regime appropri- 
ate to most foods. In the following we will therefore focus mainly on the concen- 
tration dependence of the water relaxation, especially the oxygen-17 data, 
beginning with simple sugar solutions. 

44-50 

2.2.1. Simple sugar solutions 

A non-linear, monotonic increase of the oxygen-17 water relaxation rate in 
sucrose solutions with increasing sucrose concentration has been reported by 
Richardson et ai?’ as well as by Mora-Gutierrez and Baianu5’ and qualitat- 
ively explained in terms of water-sucrose and sucrose-sucrose hydrogen bond- 
ing. More recently, a quantitative theory has been presented which provides a 
reasonable fit to the data on sucrose and al-4-linked glucans ( G N ,  N = 1-7) 
up to saturation at room t e m p e r a t ~ r e . ~ ~  This theory clearly shows how the 
non-linear concentration dependence arises, primarily, because of the increas- 
ing slow bound water correlation time, T ~ ,  due to increasing solution vis- 
cosity, and not directly because of changes in the equilibrium water or solute 
activity. A similar theory has been shown to account for the concentra- 
tion dependence of deuterium water relaxation in glucose solutions up to 
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~aturation.~’ In this case additional terms describing the deuterium exchange 
between water and sugar deuteroxyl groups need to be included. This exchange 
was shown to give rise to a significant transverse relaxation dispersion when the 
pulse spacing in the Carr-Purcell-Meiboom4ill (CPMG) sequence is varied. 
Far from being a complication to be avoided, quantitative analysis of this deu- 
terium exchange dispersion was shown to yield the concentration dependence of 
the mean lifetime of the deuteron on the sugar. At neutral pD values this 
increased dramatically above concentrations corresponding to two water mole- 
cules per hydroxyl group, which suggests that each sugar hydroxyl group prefer- 
entially hydrogen bonds two water molecules.50 A similar conclusion had been 
reached from earlier studies of the sugar hydroxyl proton chemical shift.60,61 

Large dispersions have also been observed and analysed in the water proton 
transverse relaxation of dilute sugar solutions.50 However, as yet, there has been 
no quantitative theory of the concentration dependence of the water proton 
relaxation in sugar solutions. Before this can be done it is necessary to separate 
the proton signals from the water and non-exchanging sugar protons which 
makes the relaxation biexponential. This important point has been overlooked 
in some reports. The theory for the proton relaxation is complicated by terms 
describing intermolecular dipoledipole interactions between water and sugar 
protons. Secular dipolar cross-relaxation may also need to be included in the 
analysis of longitudinal and rotating frame relaxation at high sugar concen- 
trations. There are, as yet, no extensions of these results into the glassy states 
of sugars. 

2.2.2. Protein and polysacchar ide solutions 

Sorption isotherms of food proteins have been intensively studied for many 
nevertheless, the underlying mechanisms of water sorption still remain 

to be clarified. For this reason much effort has focused on water relaxation in 
well-characterized globular protein systems such as lysozyme. Figures 1-3 
show the dependence of the oxygen-I 7 water relaxation for lysozyme solutions 
over a wide concentration range adapted from three separate  paper^.^',^^,^^ The 
overall dependence is roughly sigmoidal, the relaxation rate almost levelling out 
at the highest concentrations of protein (Fig. 3). Up to about 10% w/w lyso- 
zyme the transverse relaxation rate increases linearly with concentration and 
can be interpreted with the two-site fast exchange model, provided the bound 
water is assumed to re-orient anisotropically with concentration-independent 
fast ( T F )  and slow ( T ~ )  correlation times.54 At higher concentrations the relaxa- 
tion rate increases non-linearly. Myer-Betts and Baianu4I interpreted this 
non-linearity with a theory proposed earlier by Kumosinki and 
to explain a similar non-linearity in the deuterium water relaxation of milk 
caseins. According to these authors the fraction of bound water should be 
replaced by an activity term “nHap”, where up is the protein activity expressed 
as a virial expansion in the protein concentration and nH is the hydration 
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Lysozyme Concentratlop (gig D,O) ( X I O ~ )  

Fig. 1. Dependence of the oxygen-17 (27.13-MHz) excess transverse relaxation rate on 
lysozyme concentration in D20 in the presence of 0.1 M NaCl at 21°C and pD = 4.5. 

AR2 = Robserved - 196.6s-’. (Replotted from Ref. 63.) 

(g H,O/g dry protein). There appears to be no satisfactory theoretical justi- 
fication for replacing a proton fraction by a thermodynamic activity term, 
especially when the virial coefficients are determined by fitting the relaxation 
data. The fitting procedure also assumes that the bound water correlation times 
are concentration independent which is certainly not the case with sugar solu- 
t i o n ~ ~ ~ ” ~  and unlikely to be true with protein solutions, except in the linear con- 
centration regime. These defects in the Kumosinski-Pessen “activity” theory 
probably explain in part why the water activity curve for lysozyme calculated 
from the NMR relaxation data4’ deviates substantially from the water sorption 
isotherm data.4‘ 

Another problem is the use of the relationship a, = 1 - Vwap. Here V ,  is the 
degree of hydration, up is the NMR-derived protein activity and a, the water 
activity. This underived expression is analogous to a stoichiometric population 
expression but is inappropriate for activities whose relationships are determined 
by the Gibbs-Duhem equation. Despite these shortcomings the Kumosinski- 
Pessen theory has been extensively used in the food literature.37338’40-43 

Following the analysis of oxygen-17 relaxation in sugar solutions59 a more 
probable explanation, at least of the initial part of the non-linearity in Figs 1 
and 2, is the lengthening of the slow bound water correlation time, T ~ ,  with 
increasing protein concentration. Assuming T~ is determined by re-orientation 
of the protein moleculesSo we can write T - ~  c( LIP1, where D, is the rotational dif- 
fusion coefficient of the protein (assumed to be spherical). Data on the 
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Lysozyme Concentration (giml I 

Fig. 2. Dependence of the oxygen-17 (34-MHz) excess transverse relaxation rate on 
lysozyme concentration in D 2 0  at pH 7.0 AR2 = Robserved - 196.6s-'. (Replotted 

from Ref. 41.) 

concentration dependence of D, is available from light ~ c a t t e r i n g , ~ ~ ' ~ ~  fluores- 
cence depolarization or electron spin resonance (ESR) .66 Alternatively various 
theoretical expressions for D, can be formulated. Consideration of the factors 
such as viscosity, ionic environment and charge which will affect protein 
motion suggest that an equation such as the Gordon equation67 contains the 
essential elements. The Gordon equation may be written, 

where 

4; = ( 4 7 r / ~ k T ) Z i C ,  

4: = (47r/ekT)&CS 

2 2 2  
40 = 4,  + 4 s  

Here C, is the concentration of protein molecules of cLxarge Zp anc C, is the 
concentration of counterions of charge 2, (ZpCp + Z,C, = 0); E is the dielec- 
tric constant and h the shear viscosity of the solution at concentration C,; h0 
is the pure solvent viscosity; D; and D f  are the diffusion coefficients of the pro- 
tein and counterion at infinite dilution while y* is the mean ionic activity coef- 
ficient. Both y* and the relative visocity (ho/h)  depend on protein concentration 
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r 1256.6 

942.5 

CR2 (s ’I ) 

628.3 

314.1 

0 1 3 5 7 9 

Lysozyme Concentration. g lysozyme/g D 2 0  

Fig. 3. Dependence of the oxygen-] 7 (34-MHz) excess transverse relaxation rate on lyso- 
zyme concentration in DzO. AR2 = Robserved - 1 9 6 . 6 ~ ~ ’ .  (Replotted from Ref. 64.) 

C,. The concentration dependence of the shear viscosity can often be written, 
empirically, in the form34 

where A and B are constants. Equation (1) predicts that the oxygen-17 water 
relaxation rate will depend on the ionic strength and the charge on the protein 
(through the factors qi and q i ) ,  effects that have been observed in solutions of 
lysozyme68 and muscle proteins.68 

To what extent expressions for T~ or D, such as equation (1) succeed in repro- 
ducing the observed concentration dependence remains to be investigated. At 
high concentrations other factors such as protein aggregation (oligomer forma- 
tion) would need to be explicitly treated. Eventually aggregation would be 
expected to be so extensive that the protein re-orientational correlation time, 
T,? becomes essentially infinite. At such concentrations T~ is necessarily deter- 
mined by some other type of motion such as diffusion over the protein sur- 
f a c e ~ . ~ ~ . ’ ~  This might explain the levelling-off apparent in Fig. 2 at 
concentrations approaching 75%. At concentrations exceeding that found in 
crystalline lysozyme (ca. 75%) the material is best considered not as a solution 
but as a partially saturated porous powder having various amounts of adsorbed 
water. Such materials are considered in the following subsection. 

Clearly much work remains to be done before the data in Figs 1-3 can be 
interpreted quantitatively. Of course, it is always possible to fit any curve 
such as that in Fig. 3 with a series of straight-line segments and assign these 
to various populations of water. This has been the practice of a number of 
a ~ t h o r s , ~ ~ , ~ ~ , ”  but it is an entirely empirical exercise and even the choice of 
the number of straight-line segments appears arbitrary. For example Lioutas 
and c o - ~ o r k e r s ~ ~  analysed their water proton relaxation data on lysozyme 
using five lines and claimed to have identified “5 populations of water”. On 
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the other hand Fullerton ei al. used only three water populations to explain their 
water proton TI lysozyme data.7n Using the intercepts and slopes of these 
straight lines to calculate intrinsic relaxation rates of the various water "popu- 
l a t i o n ~ " ~ ~ ' ~ ~  is another dubious exercise since it assumes these are constants, 
independent of concentration. This is unlikely to be the case since correlation 
times generally depend on concentration. 

Piculell and Halle7I have reported a detailed comparison of deuterium and 
oxygen-17 water relaxation in dilute lysozyme solutions, and showed that the 
deuterium relaxation has an additional contribution from exchangeable deu- 
terons on the protein. A three-site model similar to that used to explain deuter- 
ium water relaxation in sugar solutionsSn gave good agreement with experiment. 
Other authors have reported the non-linear concentration dependence of deu- 
terium water relaxation in lysozyme  solution^.^^,^^ Unfortunately, the concen- 
tration dependence of the transverse relaxation dispersion expected for 
deuterium as a function of CPMG pulse spacing has not yet been investi- 
gated. This would give valuable information on the deuterium (and proton) 
exchange kinetics as already demonstrated for sugar solutions.5n Table 2 
includes a number of other representative papers dealing with water relaxation 
in protein and polysaccharide solutions published in the last decade. 

Table 2. NMR studies of water relaxation in proteins and polysaccharide solutions. 

Nucleus System Relaxation mode Reference 

'H Agarose gels T2 73 
'H Carrageenan gels T2 49,72 
IH Gelatin gels and sols T2> T1, TIP 51, 74 
IH Fibrinogen and fibrin gels T1, T2 76, 77 
'H Lysozyme TI, 7-2 41, 44, 75, 69, 70 

170 Lysozyme TI, T2 41, 54, 63, 64, 68, 71 
'H Bovine serum albumin T2, Tl 46, 47, 70, 79 
2H Bovine serum albumin TI, T2 78 
'H  Corn zeins T2 41, 68, 80 
2H P-Lactoglobulin A TI, T2 37,40 
2H Caseins TI, T2 39, 40, 82, 83, 88, 92 
'H, "0  Myofibrillar proteins T2 68, 81 
'H Egg albumen gelation TI 86 

63, 64, 71 2H Lysozyme TI9 T2 

2.2.3. Starch suspensions and other heterogeneous polysaccharide and protein 

The previous subsections have considered homogeneous solutions and gels. We 
now address water relaxation in heterogeneous particulate suspensions, pastes 
and powders. We focus on the starch-water system since starch is widely used 
as a thickener, texturizer and emulsification aid in the food industry. 

Richardson and c o - ~ o r k e r s ~ ~ ' ~ ~  have reported oxygen- 17 and deuterium 
water transverse relaxation rates in corn starch suspensions over a wide 

systems 
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I I I 

10 20 30 40 50 60 70 
Starch Concentration (g  starchl100g total) 

Fig. 4. Variation of the oxygen-17 (33.9-MHz) transverse relaxation rate on corn starch 
concentration. (Replotted from Ref. 87.) 

concentration range (1&96% solids). Their data for oxygen-17 relaxation is 
replotted in Fig. 4. It is tempting to associate the various regions in this figure 
with various “states” or populations of water, as has been the tendency in the 
NMR food literature. But before attempting to do this it is essential to take 
account of changing morphological factors; an aspect that has been given 
only scant attention in the past. The observation of single exponential 
oxygen- 17 relaxations7 suggests that diffusive exchange of water between the 
bulk and water inside the starch granules is fast compared to the difference in 
their intrinsic relaxation rates.s9 This is consistent with the small size of the 
unheated corn starch granules (5-26 pm). As the suspension is concentrated, 
the relaxation is observed to increase first linearly, then non-linearly, eventually 
levelling off between 55 and 60% w/w starch. This behaviour is reminiscent of 
lysozyme solutions and probably finds a similar explanation in terms of the con- 
centration dependence of the bound water slow correlation time, T ~ .  However, 
unlike lysozyme solutions the starch data show a second monotonic increase 
above 60% starch. The monotonic increase in relaxation rate with concen- 
trations above 70% starch has been reported by Richardson and co-workers*’ 
but cannot be plotted on the scale in Fig. 4. Given present information we can 
only speculate about the origin of this second increase. One possibility is that it 
is associated with the morphological changes accompanying the transition from 
a water-saturated paste at ca. 60% starch to an increasingly unsaturated micro- 
porous powder. 
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Let us assume that at ca. 60% by weight starch the system is still saturated 
with water but contains randomly packed granules. The monotonic increase 
in relaxation rate between 60 and 70% starch could then arise because bulk 
water is being replaced by air in progressively smaller pores in the capillary 
porous starch matrix. According to capillary theory the largest pores would be 
emptied first and these would be associated, through a surface relaxation 
mechanism, with the longest relaxation times. This monotonic increase in 
relaxation rate would be expected to continue through the second falling rate 
drying period until all bulk intergranular “capillary” water is removed. Assum- 
ing the packed, saturated condition occurs at ca. 60% starch and the system has 
a porosity, 4, typical of impenetrable, randomly packed polydisperse spheres 
(4 - 0.3-0.4), it is easy to show that all the bulk intergranular capillary water 
would be removed at ca. 70% by weight starch. Between 70 and 90% the system 
then behaves as a partly dry granular powder containing various amounts of 
adsorbed water. Indeed, the sorption equilibrium moisture content of corn 
starch at 100% relative humidity is reported to be at ca. 74% w/w starch,” 
which is also the composition of the non-freezing component in frozen corn 
starch.” Monolayer coverage is thought to occur around 92% by weight 
starch.88 

Clearly, more experimental and theoretical work is needed to check 
the validity of this morphological interpretation. It would be especially 
interesting to use capillary theory to try to relate the relaxation behaviour 
to pore size distribution in the unsaturated regime between 55 and 70% by 
weight starch. If this morphological explanation is correct it should be 
sufficient to include only two “states” of water, viz. bulk water and “bound” 
water (i.e. water that is anisotropically re-orienting at the starch-water 
interface), to describe the relaxation over the whole concentration range. 
The dynamic state of the “bound” water can be studied directly in the most 
concentrated regime (70-95%) corresponding to starch powder since there 
is then no bulk water phase. Such a study has recently been reported” using 
proton NMR and has demonstrated the surprising mobility of the “bound” 
water. Three distinct bound water correlation times were extracted from 
the relaxation data. These corresponded to the mean lifetime of a water mol- 
ecule at a particular site on the starch powder (ca. lop7 s at room temperature) 
and the fast ( T ~ )  and slow ( T ~ )  bound water correlation times (ca. 10p9s and 
2 6 x lo-’ s respectively). 

Heating corn starch suspensions to temperatures exceeding ca. 60°C results in 
swelling of the granules and partial release of the amylose fraction, resulting 
eventually in gelat i~n.’~ Not surprisingly, this results in irreversible changes 
in the oxygen-17, deuterium and proton water relaxation rates.93 Table 3 lists 
a number of other representative water relaxation studies on food materials 
consisting of particulate suspensions, pastes or powders. 
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Table 3. Water relaxation studies in suspensions, pastes and powders. 

Nucleus System Relaxation mode Reference 

'H 
'H 
'H  

Z H  

'H 

'H 
170 

170 
IH, ZH, 170 

IH, 23Na 
'H 
'H, 'H 
170 

Lysozyme powders 
Polyproline powder 
Hydrated collagen 
Starch suspensions and powders 
Starch suspensions and powders 
Starch suspensions 
Wheat starch-sugar mixtures 
Wheat flour suspensions 
BSA-lysozyme aggregates 
/3-Lactoglobulin 
Milk proteins 
Wheat flour doughs 
The staling of bread 

TI 94,97 
TI 95 
TI 96 

TI, T2, 7-3 91. 98 
T2 87,  88 
T2 99 
T2 101 

7-2, TI 43, 100 
T2 47 
TI 102 
T2 103, 104 

Ti, T2 105, 106 
T2 107 

2.2.4. Plant tissue 

Morphology is a major factor determining water relaxation in cellular tissue. In 
parenchyma plant tissue, for example, there is diffusive exchange of water 
between a number of compartments such as the extracellular region including 
the cell wall, the cytoplasm including water inside the various cell organelles, 
and the vacuoles. The mean lifetime of water molecules in each of these com- 
partments depends on geometric factors, the magnitude of the tonoplast and 
plasmalemma membrane permeability barriers and the size of the water self- 
diffusion coefficient in each compartment. Since the various cell compartments 
are associated with different water relaxation times, predicting the relaxation 
behaviour of the whole tissue requires development of numerical multicompart- 
ment diffusion-relaxation theories beginning with simple model systems. 

A packed suspension of Sephadex beads is one of the simplest two- 
compartment systems displaying the phenomenon of coupled diffusion and 
relaxation. The dependence of the multiple exponential water proton trans- 
verse relaxation on Sephadex bead size, cross-linking density and CPMG pulse 
spacing has been successfully interpreted using a Monte-Carlo computer simu- 
lation."' In this system the water relaxation inside the Sephadex beads was 
shown to be dominated by proton e~change.~ '  In later work a similar theory 
was shown to account semi-quantitatively for the water proton transverse 
relaxation behaviour in the parenchyma tissue of courgette, onion and apple'" 
as well as magnetic resonance imaging (MRI) image contrast in courgettes."' 
Most recently the theory has been extended to pulsed-gradient spin-echo 
measurements of water diffusivity in plant tissue."' Since plant cell mor- 
phology is best studied with microscopic methods, the most useful information 
emerging from these NMR measurements are the magnitudes of the tonoplast 
and plasmalemma water permeability coefficients. Other NMR methods for 
measuring these membrane permeabilities have been reviewed recently. ' I 2  The 
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Table 4. Water relaxation studies in plant tissue. 

Nucleus Plant tissue Relaxation mode Reference 

lH 
'H 
'H 
lH 
'H 
IH 
IH 
IH 
- 

Maize root 
Winter wheat cells 
Elodea leaf 
Courgette, onion, apple 
Plant cell walls 
Maize seeds 
Various seeds 
Intact and neoplastic plant tissue 
Review 

Tl 113 
T2 114 
T2 115 
T2 109 
TI, T2, T l d  1 I6 
TI 117 
T2 1 I8 
T2 119 

120 - 

dependence of these membrane permeabilities on parameters such as tempera- 
ture and cell age is a topic of current interest in plant physiology. Table 4 lists a 
number of other representative references on water relaxation in plant tissue. 

2.2.5. Muscle tissue 

The effects of diffusive exchange of water between the extracellular, the sarco- 
plasmic reticulum and the myofibril compartments on muscle water relaxation 
have yet to be analysed with realistic models of the cell morphology. The 
oxygen-1 7 longitudinal relaxation of water in muscle is reported to be multiple 
exponential,'21>122 which suggests slow or intermediate diffusive exchange 
between two or more cell compartments. The effects of varying spectrometer 
frequency on the oxygen-17 relaxation has yet to be investigated. This could 
give valuable information about the bound water correlation times in the var- 
ious compartments. The deuterium'23 and proton'24 transverse water relaxa- 
tion is also multiple exponential, but with these nuclei chemical exchange 
between water and exchangeable groups on the myosin and myofibril proteins 
is expected to contribute significantly to the intrinsic relaxation in the myofibril 
~ o m p a r t m e n t . ' ~ ~  This might explain the observed pH (or pD) dependence'23 
and the dependence on the CPMG pulse spacing.124 Secular dipolar cross- 
relaxation with muscle proteins is expected to contribute to the longitudinal and 
rotating frame water proton relaxation but not, of course, to the deuterium or 
oxygen- 17 relaxation. The effects induced by post-mortem  change^'^^"^^ and 
membrane disruption by g ly~er ina t ion '~~ have been reported but remain to be 
interpreted with a diffusion-relaxation model. Table 5 lists a number of other 
references dealing with water relaxation in muscle. 

2.2.6. Future directions for water relaxation in foods 

NMR remains one of the most powerful techniques for studying the dynamic 
state of water in foods. Nevertheless, a cursory examination of Tables 2-5 
shows that with a few exceptions the application of NMR relaxation methods 
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Table 5. Water relaxation in muscle tissue. 
Relaxation mode Reference Nucleus Muscle type 

‘H, ZH, 170 Albino mouse TI, T2 123, 127, 128 
‘H, ZH, 1’0 Frog sartorius and TlT T2 121, 122, 124, 126 

‘H Barnacle muscle Tl, Tlp. T2 130 
‘ H  Rat and beef muscle TI 125 

gastrocnemius 129 

‘H Pig muscle T2 131 

to any given food material has tended to be rather piecemeal. To gain maximum 
information, data from all three nuclei - protons, deuterium and oxygen-17 - 
need to be systematically compared. Proton studies require comparison of the 
free induction decay (FID) or spectrum, the transverse, longitudinal and rotat- 
ing frame relaxation behaviour. Valuable information can often be obtained 
from the dispersion behaviour found by varying the pulse spacing in the 
CPMG sequence; the spectrometer frequency with longitudinal relaxation 
and the radiofrequency field strength in the rotating frame. There remains 
a need for more systematic measurements of proton secular dipolar cross- 
relaxation rates by using isotopic dilution in water-rich systems” and selective 
excitation methods in the more concentrated regime.94-96 The Goldman-Shen 
pulse sequence can also be used to measure cross-relaxation rates.” Bound 
water correlation times can be derived, at least in principle, from the oxygen- 
17 or deuterium T1/T2 ratios and from the dependence of T1 or T2 on spectro- 
meter frequency. This remains to be done as a function of solute concentration 
to discover the concentration dependence of T~ and Tf. With deuterium, account 
must also be taken of exchange with the solute. 

Much work remains to be done on the theoretical side to interpret the non- 
linear concentration dependence such as that displayed in Figs 1 4 .  At present 
there appears to be no rigorous theoretical justification for relating relaxation 
times directly to water activity, apart from the trivial observation that both 
depend on concentration. Nor is there any sound basis for postulating more 
than two dynamic states of water, viz. water in the bulk phase and water inter- 
acting with protein or polysaccharide interfaces, the so-called “bound” water. 
The non-linearities in concentration plots such as those in Figs 1 4  probably 
find their explanation in the concentration dependence of the bound water 
correlation times or order parameters and in changing water distribution 
(“morphology”) induced by changing degrees of saturation, rather than in 
the existence of other dynamic states of the water. The rigorous interpretation 
of water relaxation in multicompartment systems such as plant tissue and 
muscle requires development of more sophisticated computer models capable of 
solving the diffusion-relaxation equations with boundary conditions appropri- 
ate to the observed system r n o r p h ~ l o g y . ~ ~ ~ ’ ~ ~  It is inappropriate to apply equa- 
tions describing chemical exchange between different sites to multicompartment 
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A 

Fig. 5. The standard Stejskal-Tanner pulsed-gradient spin-echo pulse sequence. 

food systems since those equations fail to treat the diffusive exchange process 
explicitly. These issues become paramount in the interpretation of diffusion 
measurements using pulsed-field gradient spin-echo experiments. This aspect 
is reviewed in the next section. 

2.3. Pulsed gradient spin-echo (PGSE) studies of water in foods 

The principles of self-diffusion measurements by pulsed gradient spin echo tech- 
niques have been reviewed recently. 132-134 Figure 5 shows the simple PGSE 
pulse sequence first proposal by Stejskal and Tanner135 in 1965. The observed 
echo amplitude, S(q,  A, -7), is a function of the three independent variables: 
q, the wave vector corresponding to the pulsed gradient area, q = (27r-IygS; 
A, the diffusion time (pulsed gradient separation); and T, the 90"-180" pulse 
spacing. The functional form of S(q,  A, -7) for water in a food material 
depends on both the microstructure of the food and on the microdynamics of 
the water transport. Maximum information is obtained by systematic variation 
of the wave vector (q)  and the timescale (A, -7) over the whole of 
the experimentally accessible q- A--7 space and by developing realistic 
(numerical) models to predict the functional form of S(q,  A, -7). Failure to do 
either of these results in loss of information and possibly incorrect deductions 
about the nature of the system. 

The theoretical form of S(q,  A, -7) is particularly simple for water diffusion in 
spatially uniform solutions or gels. For these 

S(q,  A, -7) = S(0)  exp [-2.r/T2 - q 2 D ( A  - is)] (6) 
Here T2 is the transverse relaxation time and D is the effective water-diffusion 
coefficient. In protein or polysaccharide solutions or gels there is fast exchange 
between water molecules in the bulk with those interacting with the macro- 
molecule surface. There is also fast proton exchange between water and macro- 
molecule protons. Both effects imply that D = fwDw +LO,,  where fw and f ,  are 
the water proton fractions in the bulk phase and surface respectively 
( f ,  + f w  = 1) and D, is the macromolecule diffusion coefficient. Since 
D, << D,, the second term is negligible so that D = (1 -f,)D,. This predicts 
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a linear decrease in D with increasing macromolecule concentration, which is 
observed in the dilute regime’36 but not at high  concentration^.'^^ D, differs 
from the self-diffusion coefficient of pure water because the macromolecules 
physically obstruct the translation of the water molecules. For dilute solu- 
tions this obstruction effect can be estimated using a theory first developed 
by WangI3* who used it to deduce the hydration and shape of ovalbumin 
molecules. 

The form of S ( q ,  A, i-) for restricted diffusion in spherical droplets is also 
relatively simple and this has permitted routine and accurate determination of 
droplet size distributions in water-in-oil emulsions.’39 However, in most hetero- 
geneous food materials water diffusion is restricted by the presence of solid 
inclusions, fat or oil droplets, cell wall or lipid membrane barriers. Simple 
analytical expressions for S(q,  A, i-) no longer exist and the relationship 
between microstructure and S(q ,  A, i-) is far from straightforward. Much 
work remains to be done both theoretically and experimentally to explore this 
relationship. The difficult nature of this problem probably accounts for the rela- 
tively few reports of PGSE measurements of water in complex food materials 
since its inception in 1965. However, this situation may well change with the 
reformulation of the PGSE experiment as “q-space microscopy” by Callaghan 

This is based on the analogy between the PGSE experiment in 
porous materials at long A with diffraction theory. The approach has suc- 
ceeded in relating echo amplitude to microstructure in randomly packed arrays 
of polystyrene  sphere^.'^^"^' This novel approach has the potential of resolving 
microstructure at  submicrometre distances. 

Most recently these ideas have been combined with a numerical cell model to 
relate S(q, A, 7) to cell structure in plant parenchyma tissue.’43 Using PGSE 
data for apple tissue a value for the plasmalemma membrane permeability 
was estimated. The application of this numerical cell model to mammalian tis- 
sue might enable quantitative interpretation of diffusion weighted contrast in 
clinical MRI. Table 6 lists a number of other applications of the PGSE method 
to food-related materials, although few of these studies have attempted to 
explore systematically the whole of the three-dimensional q- A-i- space. 

et a1.134,140-142 

Table 6. PGSE studies of water diffusion in food- 
related materials. 

~ ~ 

System Reference 

Native potato starch grains 99 
Parenchyma apple tissue 143 
Wheat starch pastes 144 
Endosperm of wheat grains 145 
Fat and water diffusion in cheese 146 
Frog muscle cells 147 
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3. MAGNETIC RESONANCE IMAGING OF FOODS 

3.1. Introduction 

The principles of magnetic resonance imaging (MRI) have been covered in a 
number of textbooks 131.148-1 '' and  review^.'^'-'^^ In clinical applications 
MRI is invaluable in providing high-resolution images revealing anatomical 
features in a non-invasive way. However, this is not usually the case with 
food imaging since high-resolution "anatomical" or structural information is 
most simply obtained by visual or microscopic examination after physically slic- 
ing the food sample. There are, of course, advantages in being able to examine 
foods non-invasively with MRI, but the unique value of food imaging lies in the 
information not readily obtainable by any other physical technique. This infor- 
mation is contained in the spatial dependence of the NMR parameters deter- 
mining image contrast. Depending on the imaging protocol these include the 
spin number density (p ) ,  the longitudinal, transverse and rotating frame relax- 
ation times, the chemical shift, the self-diffusion coefficient and velocity flow 
rates. 

The first stage in food imaging is therefore to process image contrast to obtain 
quantitative spatial "maps" of one (or more) of the above mentioned NMR 
parameters in one, two or three dimensions. The changes in these parameter 
maps during food processing or storage are themselves of great practical impor- 
tance but perhaps the most challenging and least understood aspect of food 
imaging is relating the parameter maps to other, more fundamental, physio- 
chemical properties of the food material. These include chemical compo- 
sition, microstructure, permeability, porosity, temperature, pH, magnetic 
susceptibility, etc. This interpretational aspect of food imaging necessarily 
draws heavily on the study of NMR parameters gained using conventional 
(i.e. non-imaging) NMR spectroscopy. It is interesting to note that since 
most food materials display a hierarchy of spatial heterogeneity ranging from 
the macroscopic to the molecular the interpretation of parameter maps may 
well depend on the spatial resolution used to acquire the image. This can range 
from several millimetres in wide-bore magnets to only a few micrometres in 
specially designed microimaging instrumen".'34"55"56''57 A number of papers 
have analysed the factors limiting spatial resolution, chief of which is loss of 
signal i n t e n ~ i t y . ' ~ ~ , ' ~ ~  However, in many food samples diffusion of water 
between voxels can be an important limiting f a~ t0 r . I ' ~  This possibility has 
recently been explored using a numerical simulation. '60 Distortions arising 
from susceptibility gradients can also limit resolution.16' 

As the following applications section illustrates, food imaging is still in its 
infancy. So far most work has merely explored the feasibility of using imaging 
methods to investigate topics of interest in food science such as drying or crys- 
tallization. Relatively few papers have progressed to the stage of reporting 
quantitative changes in parameter maps. Even fewer papers have attempted 
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to interpret changes in these maps in terms of the underlying physiochemical 
properties of the food material. In the following, therefore, we only attempt 
to discuss the applications in a general way on the basis of the measured 
NMR parameters. 

3.2. Applications of food imaging 

3.2.1. Changes in spin number density 

Here the transport and redistribution of water or lipid during food processing or 
storage is of prime concern. Relevant processes include drying, rehydration, 
heating, frying, microwaving, extrusion, curing, mixing, drainage and syner- 
esis. To obtain spin density maps it is important to correct the measured signal 
intensity for attenuation due to transverse and longitudinal relaxation unless 
long recycle times (TR > 5T1) and short echo times (TE << T2) are used. 
Part a in Table 7 lists some representative references. Much work remains to 
be done in interpreting the observed water (or oil) redistribution using theories 
for fluid transport based on diffusion, capillary and gravity flow or percolation. 

3.2.2. Changes in longitudinal and/or transverse relaxation times 

Here mass transport is of minor importance compared to the changes in relax- 
ation times induced by phase changes such as crystallization of water or lipid, 
phase separation, gelation and/or macromolecule aggregation and denatur- 
ation. Since relaxation times are sensitive to temperature, relaxation time 
maps might also be used to follow temperature changes and heat transport. 

It is important to note that the transverse relaxation rate can depend on both 
the 90"-180" pulse spacing and the spectrometer frequency. This is true, for 
example, if there is diffusion through internal magnetic field gradients created 
by susceptibility changes at phase b o ~ n d a r i e s . ~ ~ " ~ ~  Proton exchange between 
water and dissolved macromolecules~6~47~49 sugars" or amino acids'77 can 
also give rise to a dependence on pulse spacing and spectrometer frequency. 
This has recently been shown to be the case with several types of plant tis- 
sue.Io9 Indeed, with courgettes image contrast can be controlled merely by 
inserting a train of 180" refocusing pulses between the excitation pulse and 
image acqui~i t ion . '~~  These extra pulses have the effect of changing the dephas- 
ing effect of susceptibility gradients and proton exchange in the plant tissue. It 
remains to be seen whether similar mechanisms affect image contrast in mam- 
malian tissue. 

Low concentrations of paramagnetic ions dramatically shorten water proton 
relaxation times so the transport of these ions in, for example, plant tissue can 
be m ~ n i t o r e d . " ~ " ~ ~  Fat and water also have different proton relaxation times 
allowing fat and water distributions in meat'80~'81 and fish'73 to be measured 
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Table 7. Imaging studies of food. 

System References 

(a) Proton spin density changes 
Water distribution in stems of transpiring plants 
Water distribution in plant root systems 
Water distribution during drying of food gels 
Water distribution during drying of glass bead suspensions 
Water distribution during the drying of apple tissue 
Water distribution during ripening of tomatoes 
Water distribution during drying of an ear of corn 
Water drainage in foams 
Fat and water distribution in biscuits during baking 
Water distribution during the germination of maize seed 

Relaxation contrast in courgettes 
Crystallization of trimyristin-water emulsions 
Freezing peach halves 
Syneresis of cheese curds 
Transport of paramagnetic ions in plant systems 
Fat and water distributions in meat 
Fat and water distribution in fish 
Oil content in French salad dressing 
Oil/water volume fractions in emulsions 

Bruising in apples, onions and peaches 
Deterioration of apples in storage 
Oxygen-dependent core breakdown in Bartlette pears 
Watercore distribution in amles 

(b) Relaxation time changes 

(c) Imaging the internal quality of fruit and vegetables 

162 
163 
164 
165 
166 
167 
168 
169-172 
173 
174 

178 
173 
173 
173 
153,163,179 
180,181 
173 
182 
183 

184 
185 
186 
187 

separately. Other representative applications of relaxation contrast imaging are 
listed in part b of Table 7. Part c in Table 7 lists a number of miscellaneous 
reports where imaging has been used to monitor the quality of fruits. 

3.2.3. Imaging based on parameters other than spin number density and 

Imaging protocols based on parameters other than spin number density and 
relaxation times are still in the developmental stage and there are, as  yet, few 
applications to real food materials. A number of articles have discussed the 
principles of diffusion and/or flow-weighted imaging134i188”89 and there are 
numerous clinical  application^.'^^^'^^-^^^ As discussed in the section dealing 
with the pulsed gradient spin-echo method, the effects of restricted diffusion 
become paramount when considering the application of diffusion-weighted 
imaging to spatially heterogeneous food materials. The potential of diffusion- 
and velocity-weighted microimaging has been illustrated beautifully by Jenner 
et al., who studied the circulation of water within a wheat grain.193 The long 

relaxation times 
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time transport of water in food materials can, in principle, be determined by 
imaging the transport of D20 either using the loss of water proton signal as 
H 2 0  is replaced by D20 or directly using deuterium imaging. Both methods 
have been used to study water flow in plant materials. 153,194 When the NMR 
parameter maps change very rapidly during, e.g. food processing, it may be neces- 
sary to use rapid imaging techniques such as echo planar imaging'76 or snapshot 
flash imaging;06 although we are unaware of any such applications to date. 

The principles of chemical shift imaging have been r e ~ i e w e d . ' ~ ' " ~ ~  In clinical 
practice chemical shift imaging can be used to resolve fat and water signals. 
With heterogeneous food materials problems can arise from broadening due 
to a wide distribution of relaxation times and strong internal susceptibility 
gradients. Methods have been proposed to alleviate these  problem^'^^"'^ and 
have been used successfully to image oil and water distribution in ~ a n d s t 0 n e . l ~ ~  

Multinuclear imaging techniques are being actively developed in a number of 
laboratories but there are as yet few reported applications to foods. Papers dis- 
cussing the principles of imaging with d e ~ t e r i u m , ' ~ ~  fluorine,'97 carbon- 1 3198 
and sodium'48i199 have appeared. 

4. PROTEINS 

4.1. Introduction 

Compared to polysaccharides and lipids, food proteins have had relatively little 
attention. There has been some work on casein (see Section 7) and some spectra 
reported on a variety of other but apart from a-lactalbumin' and 
wheat proteins"" there has been little systematic work. This is probably 
because food proteins of interest are often seed storage proteins; typically these 
are very high molecular weight and relatively heterogeneous, and good quality 
spectra are therefore hard to obtain. Recent results by Fisher and co-workers 
have shown well-resolved and sensitive spectra of soy proteins; however, H 
solution-state spectra tend to be fairly broad.200 I3C solution-state spectra can 
be quite well-resolved, but in general shifts are close to those for amino acids 
and peptides and thus give little useful information. Solid-state high-resolution 
I3C spectra of proteins are in general disappointing, and food proteins are no 
exception. Those reported tend to have fairly broad and unexciting spectra; 
this situation does change if lipid is present, when sharply resolved peaks are 
resolved under correct conditions.201 Probably the most informative approach 
is to try to obtain dynamic information about the system and from this infer 
details of s t r ~ c t u r e . ~ ~ ~ ~ ~ ~ ~  Where smaller molecules are involved much informa- 
tion is available.' 

Since NMR food proteins has been fairly comprehensively reviewed in the 
recent past8-I2 this section will limit itself to an overview to indicate the types of 
information available; it will restrict itself to wheat proteins and a-lactalbumin. 
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4.2. Wheat proteins 

High-resolution I3C solid-state studies of wheat gluten have been reviewed 
extensiveIy8"0p'2 and a fairly detailed account of early work has been given." 
Initially spectral interpretation was considerably confused by observation of 
signals originating from lipid as well as from the protein. Eventually it was 
found that careful adjustment of acquisition conditions discriminate the two 
spectra very well,' the lipid appearing at very long contact times or under single- 
pulse excitation conditions (Fig. 6).  These results indicated that the lipid was 
considerably more mobile than the protein. This is the only positive result 
from these studies. To date, neither solution-state nor solid-state 13C spectra 
have been able to shed any light on the problem of the origin of gluten 
quality.'"' 

Proton relaxation time experiments have shown a diversity of behaviour and 
environments in gluten. Transverse relaxation widely shows gluten behaviour 
which can be satisfactorily described by three significant components:" a fast 
relaxing component, showing Gaussian behaviour; an intermediate exponen- 
tial component; and a slowly relaxing multi-exponential component. The slow- 
est component can be assigned to lipid." The intermediate component, 
representing between 5 and 15% of the magnetization depends on the origin 
of the gluten. Pasta- and bread-making glutens extracted in the laboratory 
show relaxation times that fall into two distinct but close groups. Glutens 
obtained from commercial extraction plants form a separate, more slowly relax- 
ing group. Lipid-extracted proteins of any origin show the fastest relaxation 
rates and the lowest intensity of magnetization. It was concluded that the inter- 
mediate component represented a fraction of the protein that was mobilized by 
lipid. The implication of this is that the lipid is intimately involved with the pro- 
tein on a molecular scale. This view is supported by the earliest NMR work 
reported.204 An alternative view205 based on 31P NMR and electron micro- 
scopy holds that the lipid is present in small vesicles and that gluten may be 
regarded as a micro-emulsion system. These apparently conflicting views are 
yet to be resolved. T1 measurements on dry gluten show double exponential 
behaviour;202 the components are not sensitive to gluten type or lipid content, 
but when disulphide bonds are cut, single-exponential relaxation is observed. 
Based on an argument about spin diffusion it is concluded that the double expo- 
nential behaviour resulted from restricted motion about disulphide linkages in a 
region which had dimensions of the order of 10 nm.202 

When deuterated water is added to gluten, the protein transverse relaxation 
signal may be analysed into fast and slow decaying components. The ratio of 
these changes with temperature until, at 9 0 T ,  about 90% of the signal arises 
from the fast "mobile"203 component. Upon cooling no hysteresis is 
observed, although irreversible hardening of the gluten has occurred. It is con- 
cluded that the failure to observe hysteresis is because the heat setting phenom- 
enon is due to the formation of permanent disulphide bonds.203 This may be the 
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Fig. 6. Solid-state I3C CP/MAS spectra of whole gluten. (a) Single-pulse excitation 
spectrum. (b, c, d) Cross-polarization spectra with contact times of 20, 5 and lms 

respectively. (Reproduced from Ref. 201 with permission of John Wiley and Sons.) 

case but it may also be that the changes observed result from the behaviour of a 
small subgroup of proteins. An analogy is the “setting” of water by agar: 1 % of 
agar can turn liquid water into a free-standing gel. If a small percentage of pro- 
teins were behaving in an analogous way it may not be possible to detect them 
by relaxation time measurements. 

4.3. a-Lactalbumin 

a-Lactalbumin is a milk protein involved in lactose biosynthesis. NMR studies 
of this compound have been reviewed recently’ and the interested reader is 
referred to that reference for further details. A brief survey based on Ref. 9 is 
given here in order to illustrate further the range of methods available to tackle 
the problem of structure and function in proteins. 
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It was not realized, at first, that a-lactalbumin is a calcium-binding protein, 
and failure to control calcium levels in experimental media made many early 
results dubious. Direct 43Ca NMR studies have shown that the bound calcium 
has a chemical shift of -5 ppm, similar to calcium in other calcium-binding pro- 
teins. However, the quadrupolar coupling constant obtained indicated a rather 
more symmetric environment than in comparable systems. In proton relaxation 
enhancement studies using the binding of Mn2+ it was deduced that the binding 
site was sheltered from direct contact with the solution. Solution-state proton 
NMR spectra show a range of chemical shift changes on calcium binding. As 
yet a complete assignment of the spectra has not been made; nevertheless, the 
chemical shift changes do indicate significant conformational changes on cal- 
cium binding. 

Photo-CIDNIP is a technique whereby a photo-excited dye reacts reversibly 
with aromatic amino acids to form radical pairs. Intersystem crossing and inter- 
action with nuclear spins result in changes in nuclear spin population levels 
which can be observed. The CIDNIP spectrum thus represents signals from 
nuclei close to the dye. CIDNIP signals were observed from three of the four 
tyrosines in the system (the fourth was assumed buried) and from tryptophan 
104. Signals from tryptophan 60 were the result of cross-relaxation, indicating 
that it was close to tryptophan 104 but that it was not at the surface. These 
results, together with nuclear Overhauser effect data, suggest the existence of 
a hydrophobic box containing aromatic residues. By attaching spin labels to 
a specific amino acid residue and then examining the effects of the dipolar inter- 
action of the unpaired electron with nuclear spins, it is possible to obtain esti- 
mates for the distances from the site of attachment to the spins. In this way a 
topological map may be constructed giving an insight into the local confor- 
mation and its changes on calcium binding. 

Whilst there is still much work to be done on a-lactalbumin it is clear that 
there are a wide range of NMR-based methods which have been used to great 
effect and which could prove effective on other food proteins provided that they 
are small enough to give useful high-resolution solution-state spectra. As noted 
previously, this is a problem with seed storage proteins; however, the synthesis 
or isolation of smaller peptides representing structural interest may be a useful 
way of tackling this problem. 

5. POLYSACCHARIDES 

5.1. Introduction 

The interest of the food scientist in polysaccharides includes major dietary 
components (starch, plant cell wall polysaccharides) and minor but important 
functional ingredients such as gelling, thickening and stabilizing agents. 
High resolution NMR is established as one of the most powerful techniques for 
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structural analysis of carbohydrates in s o l ~ t i o n ~ ~ ~ , ~ ~ ~  and the development of 
cross-polarization magic-angle spinning (CP/M AS) and related techniques 
has led to studies of polysaccharides in the solid state, in gels, and in hetero- 
geneous samples. In this section we outline some basic features of NMR spec- 
troscopy of carbohydrates and mention recent technical developments. The 
following sections deal with applications of NMR to food-related polysacchar- 
ides in the solution and solid states. 

The solvent of choice for most solution-state work is D20, so that only 
resonances of non-exchangeable protons are observed. Occasional use has 
been made of non-aqueous solvents to solubilize water-insoluble polymers 
or to study the chemical shifts of hydroxyl protons.209 The main problem in 'H 
NMR spectroscopy of carbohydrates is that the majority of resonances 
(H-2 to H-6) fall in a limited part of the spectral range, from 3.5 to 4.5ppm. 
In structural work, the starting point for interpretation is invariably 
the less crowded region (4.5-5.5 ppm) containing mainly doublet resonances 
of anomeric protons. Integration in this region gives the relative numbers of dif- 
ferent types of sugar unit, and anomeric configurations are determined 
from chemical shifts and coupling constants. Tables of chemical shifts and 
coupling constants for commonly occurring monosaccharides have been 
published.210 

Line-broadening can seriously affect resolution in the 'H spectra of polysac- 
charides so samples are examined at high temperatures (70°C or above) to 
increase molecular mobility. 'H and 13C resonances have similar linewidths, 
but there is much better dispersion of 13C chemical shifts, and in proton- 
decoupled spectra single lines are obtained rather than multiplets. For these 
reasons, 13C NMR has become a standard method for characterization of poly- 
saccharides and useful compilations of 13C chemical shifts for model com- 
pounds (mono- and oligosaccharides, homopolymers) have appeared.2i 
The 13C chemical shifts can be divided into ranges for non-anomeric 
(60-85 ppm) and anomeric (90-1 10 ppm) carbons, and the latter region can be 
subdivided into signals from C-1 at a reducing terminus (9CL98 ppm) and C- 1 
involved in a glycosidic linkage (98-1 10 pprn). A non-anomeric carbon which 
is involved in a glycosidic linkage also exhibits a substantial downfield shift 
(5-10 ppm) relative to the unsubstituted carbon. Resonances of neighbouring 
carbons are usually shifted upfield, but by smaller amounts. These glycosyla- 
tion shifts depend upon the type of linkage and on the configuration and con- 
formation of the sugars. An attempt has been made213 to correlate anomeric 
and aglyconic 13C glycosylation shifts with conformation using the torsion 
angle 11, (C1-O1-Ci-Hi, where n indicates linkage position). Values of $ were 
obtained from minimum energy conformations calculated using the hard 
spheres exo-anomeric (HSEA) method. H and 13C glycosylation shifts have 
been studied systematically for disaccharides with ( 1  + 6),214 ( 1  --+ 2) and 
( 1  + 3)215 and ( 1  + 4)216 linkages. Glycosylation shifts from these and similar 
studies form the database of computer programs for the automated determina- 
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Fig. 7. 400-MHz 'H NMR spectrum (70°C) of potato xyloglucan. G = (1 + 4)P-Glcp, 
G*= (1 + 4,6)/3-Glcp, X = (1  --+ 2) and t-a-Xylp, A = t-a-Araf, Gal = t-P-Galp. The 
displayed structure is only intended to represent the different sugar residues and does 

not indicate a repeating unit. 

tion of polysaccharide structure based on I3C spectral data2'7,218 or a combina- 
tion of ' H  and I3C chemical shift and coupling constant data.219 One program is 
being extended2I9 to deal with banded structures as well as linear polysaccharides. 

Complete assignment of the 'H spectra of complex carbohydrates has become 
possible with the development of 2D NMR techniques2209221 such as the COSY, 
RELAY and HOHAHA experiments. There are a number of examples of the 
application of these techniques to cellulose222 and s t a r ~ h ~ ~ ~ , ~ ~ ~  oligomers. 
Double-quantum filtered phase-sensitive COSY experiments with adequate 
digital resolution provide information on the pattern of coupling constants 
and the chemical shifts within a sugar ring. This is often sufficient to identify 
the type of sugar residue and the anomeric configuration. Following assign- 
ment of the 'H spectrum, subsequent assignment of the 13C spectrum is straight- 
forward if a 'H-13C shift correlation experiment is performed. Alternatively, 
the excellent dispersion in the I3C dimension may be used to resolve ambi- 
guities in the interpretation of the 'H spectrum. Such experiments are not 
restricted to oligosaccharides. Figure 7 shows the heavily overlapped ' H spec- 
trum of a xyloglucan polysaccharide isolated from potato cell walls, whilst 
Fig. 8 illustrates the resolution which can be achieved by 2D heteronuclear shift 
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Fig. 8. 2D I3C/'H shift correlation spectrum of the xyloglucan polysaccharide shown in 
Fig. 7. The anomeric region is not shown. A partial assignment of the 'H spectrum was 
first made from COSY, RELAY and NOESY experiments and was completed using the 
spectrum shown above. (I.J.  Colquhoun, P. Ryden and R.R. Selvendran, unpublished.) 

correlation methods for this type of molecule. The introduction of inverse ('H) 
detection methods225 now allows heteronuclear correlation spectra to be 
obtained from much smaller amounts of sample. 

The COSY experiment cannot be used directly to determine the sequence of 
sugars in an oligosaccharide or polysaccharide because the coupling constant 
between anomeric and aglyconic protons is close to zero. However, indirect evi- 
dence for the location of glycosylation sites may be obtained by comparing 'H 
chemical shifts in the polysaccharide with those of the component monosac- 
charides. More direct methods have relied on the detection of the NOE 
between anomeric and aglyconic protons in NOESY226 and ROESY227,228 
experiments, on the detection of 'H-I3C scalar coupling across the glycosidic 
linkage with the HMBC 

Although primary structures may be established by qualitative observation of 
the NOE, the determination of the three-dimensional structure of carbo- 
hydrates in solution requires a quantitative treatment of the NOE.230 In carbo- 

or on 13C glycosylation  shift^.^'^.^'^ 
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hydrates it is rarely possible to measure more than two inter-residue proton- 
proton distances between any pair of linked residues. NMR data alone cannot 
define a unique conformation and therefore information from NOE measure- 
ments is combined with some form of potential energy calculation. HSEA cal- 
c u l a t i o n ~ ~ ~ '  have been used most widely to exclude sterically unacceptable 
conformations and restrict the range of allowable glycosidic torsion angles. 
Recent work has focused on the development of more sophisticated theoretical 
methods and on problems posed by internal molecular motions.232i233 The cor- 
relation of solid-state NMR data with polysaccharide conformation is dealt 
with in Section 5.3. 

5.2. Polysaccharides in solution 

Block structure is an important factor controlling the gelling properties of many 
polysaccharides. NMR can provide a rapid measurement of overall composi- 
tion but may also be sensitive to fine details of the polysaccharide sequence, 
as the following examples show. The degree of esterification (d.e.) of pectins 
can be determined from the intensity of the galacturonic acid H-5 resonances, 
since these show a marked downfield shift on esterification. A sequence- 
dependent splitting of the H-1 and H-5 signals for free (G) and esterified (E) 
galacturonic acid allowed determination of the frequency of the diads GG, 
EG(GE), EE and G-centred triads in pectins of different d.e.234 I3C NMR spec- 
tra of the carbonyl region have been used to determine the fraction of different 
E-centred triads in pectins.235 In both cases de-esterification by alkali gave a 
random distribution of ester groups. In galactomannans (e.g. guar, locust 
bean gum), some mannose residues of the backbone are substituted at C-6 by 
single galactose residues. The C-4 resonance of mannose is sensitive to 
sequence and three signals are obtained corresponding to M*M*, M*M plus 
MM*, MM diads where M* and M are substituted and unsubstituted mannose 
residues.236 At a higher magnetic field, splitting of the C-6 resonance of M* per- 
mitted determination of the frequency of M*-centred triads.237 Alginates are 
linear polysaccharides made up of blocks of guluronic (G) and mannuronic 
(M) acid residues. Splittings in the C-1, C-6, C-4 (M) and C-5 (M) regions of 
the 50-MHz 13C spectra enabled the diad and triad frequencies to be obtained 
and gave an indication of average block lengths.238 Splittings of the H-5 (G) 
resonance were observed in 400-MHz 'H spectra, and the chemical shifts 
were interpreted in terms of the conformation of GM and GG units.239 The con- 
formation of polyguluronic acid has also been studied by 'H and I3C relaxation 
time rnea~urements.~~' 

Structural features of starch polysaccharides have been quantified from char- 
acteristic signals in high-temperature 'H and I3C spectra.241 The H-1 resonances 
of (1 + 4)- and (1 + 6)-linked glucose units occur at 5.4 and 5.0ppm respec- 
tively. Integration of these signals gave the ratio of o(1 + 4) to o ( l  + 6) 
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linkages in amylopectins. In degraded starches the ratio of non-reducing to 
reducing units could be determined since H-1 signals of the reducing-end units 
were well-resolved from those of mid-chain residues. Average side-chain lengths 
have been determined from 13C spectra of pectic polysaccharides. In onion 
pectin signals of the terminal non-reducing units of the p( 1 -+ 4)-linked 
galactan side-chains were resolved from signals of mid-chain residues. An 
average degree of polymerization (d.p.) of 9 was determined for the side-chains 
which are attached to the galacturonic acid backbone.242 The galacturonic 
acid content of pectic polysaccharides may be underestimated from I3C 
NMR although there are exceptions.245 It has been suggested 
that loss of the uronic acid signal may be attributed to restricted motion of 
the b a c k b ~ n e ~ ~ ~ ’ ~ ~  or to interaction with traces of metal ions. Addition of 
a chelating agent can overcome the latter problem.234 Detailed ‘H and 
I3C NMR studies have been made of oligo- and polygalacturonic acids246.247 
and 2D NMR was used to identify oligosaccharides containing rhammose, 
galacturonic acid and galactose produced by enzymic degradation of the hairy 
regions of apple pectin.228 

Arabinoxylans have a backbone of p( 1 + 4)-linked xylose residues, which 
can be substituted at 0 -3  or 0 - 2  and 0 -3  by a-L-arabinose units. They are 
minor but important constituents of wheat flour, affecting loaf volume and 
crumb texture of bread. The degree of substitution and the ratio of mono- to 
disubstituted xylose residues have been determined from characteristic signals 
in the anomeric region of the ‘H spectrum. The structures of arabinoxylans 
extracted from flour, dough and bread were investigated in this way.248 The 
functional properties of arabinoxylans are related to a gelation process which 
involves formation of ferulic acid cross-links. Enzymic degradation of arabino- 
xylans has released oligosaccharides in which phenolics such as ferulic acid are 
ester-linked to arabinose units. Trisaccharides of this type containing one Araf 
and two Xylp units have been characterized by 2D NMR.249 

NMR studies of the gelling polysaccharides agarose, K- and L-carrageenan 
have been re~iewed,~” and the 13C spectra of oligomers of K -  and L- 

carrageenan have been a s ~ i g n e d . ~ ” , ~ ~ ~  The effects of sulphate substitution on 
‘H and I3C chemical shifts in galactose and anhydrogalactose residues are 
now well-established from the above and from work on model com- 

NMR has been used to study the composition of crude carra- 
geenans (containing a mixture of polysaccharides) and to relate structure to 
gel properties.256 Helixsoil transitions of non-gelling K- and L-carrageenan 
“segments” have been investigated by variable-temperature I3C NMR.257>258 
Cooling solutions of ecarrageenan (in the K+ form)257 or L-carrageenan 
(in 0.1 M NaC1)258 from 80 to 15°C led to complete loss of 13C signals. At 
intermediate temperatures there was gradual loss of intensity from the 
high-resolution spectrum, but line-broadening or chemical shift changes to the 
remaining signals were not observed. This behaviour was taken to support a 
two-state model in which polymer chains existed either as rigid double helices 
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or in the random coil form. By contrast, oligomers (d.p. 6-10) of L-carrageenan 
in 1 M aqueous salt solution gave broadened and shifted signals at low tempera- 
tures as well as signals in the expected positions for the random The 
broadened signals apparently arise from oligomers which have undergone a 
transition and in which a range of linkage conformations have been “frozen 
out”. NMR of all the alkali metal ions has been used to study ion binding in 
6- and L-carrageenan gels. There is evidence (from intensity loss, pronounced 
line-broadening and chemical shift changes for selective ion-binding of K+, 
Rb+ and Cs’ in gels of and of weaker binding of Kf 
and Rb’ to ~ - c a r r a g e e n a n . ~ ~ ~ , ~ ~ ~  In the case of L-carrageenan, 87Rb NMR 
studies of “pure” L- and mixed L-/&-carrageenan gels have suggested that the 
observed effects are due to the presence of small amounts of n-carrageenan in 
the “pure” L-samples.264 

NMR has been used for the characterization of bacterial polysaccharides such 
as xanthan and gellan gum which are approved or proposed for food use. The 
acetate and pyruvate content of xanthan can be measured from integration of 
the methyl signals in the high-temperature H spectrum.265 Disappearance of 
these signals as the temperature is reduced provides a means of monitoring 
the transition from coil to helix.266 Preliminary studies of the high-resolution 
13C spectrum of xanthan have appeared. Samples were first ~ o n i c a t e d ~ ~ ~  or par- 
tially depolymerized with ~ e l l u l a s e ~ ~ ~  to reduce the linewidths. More detailed ’ H 
and 13C 2D NMR studies have been made of xanthan oligosaccharides repre- 
senting the pentasaccharide repeating unit. Assignments were obtained for oli- 
gomers with acetate and pyruvate present and with one or both substituents 
removed.268 NMR was used to determine the anomeric configuration of the 
sugar units in the repeating unit of gellan gum.269 Subsequent 2D NMR studies 
of oligosaccharides released by treatment of gellan with anhydrous HF revealed 
the presence of L-glycerate as a substituent. The locations of the glycerate and of 
a second substituent, acetate, were determined.270 

3 

5.3. Solids, gels and heterogeneous systems 

Development of the solid-state NMR techniques of cross-polarization magic- 
angle spinning (CP/MAS) and dipolar decoupling has stimulated many studies 
of polysaccharides, especially of cellulose271 and starch,13 which have been 
reviewed. The work on starch provides an excellent example of the information 
obtainable from solid-state NMR. Native starch granules have crystalline and 
non-crystalline regions. The crystalline regions are made up of an ordered 
arrangement of polymer chains in the form of double helices, whereas the 
amorphous regions contain single chains. The two polymorphs of starch, A 
(from cereals) and B (from tubers), have different packing arrangements of 
the double helices. CP/MAS spectra of various native starches have clearly dis- 
tinguishable crystalline and amorphous  component^.^'^ The relative contribu- 
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tion of the two components was estimated by adding spectra of model com- 
pounds in the proportions required to simulate the observed spectrum. 

A- and B-type crystalline starches were distinguished by the multiplicity of 
the C-1 a 1 : 1 : 1 triplet for A and a 1 : 1 doublet for the B 
form. The same multiplicities have been observed in well-resolved spectra 
from highly crystalline A- and B-amyloses of low d.p. 274,275 The asymmetric 
unit is a maltotriose unit for A-starch and a maltose unit for the B - f ~ r m , ~ ’ ~  
in agreement with the observed multiplicities for the C-1 signal. However, at 
present, it is not possible to say whether these splittings are mainly due to dif- 
ferent glycosidic torsion angles within the asymmetric or to molecular 
packing effects.272 CP/MAS spectra of A- and B-amyloses are dependent 
upon water content. Dehydration resulted in marked increases in linewidth 
and changes of chemical shift as the crystal structure was disrupted by loss of 
water.2741275 Monodisperse amyloses (d.p. 40, 1 10 and 250) precipitated from 
dilute aqueous solution all give the B-type spectrum.280 The resolution deterior- 
ated as the d.p. was increased, but there was no evidence for presence of amor- 
phous material. This suggests that the amylose chains exist entirely as 
aggregated double helices but become less perfectly packed as d.p. increases. 

CP/MAS spectra have been recorded for a variety of crystalline V- 
amyloses,274>277>278 in which the polysaccharide chains are single helices. V- 
Amyloses gave spectra with broader lines, were less sensitive to dehydration and 
showed marked chemical shift changes in comparison with the crystalline A- 
and B-polymorphs. There are similarities between the spectra of V-amyloses 
and amorphous starches, particularly in the chemical shift (83 ppm) of the 
C-4 resonance. However, the C-1 resonance of V-amylose is a single line at 
103ppm, whilst in amorphous starch the C-1 signal extends from 93 to 
106ppm with a peak at 103ppm, and a weighted average value of 101.5ppm 
(very similar to the solution-state value). There have been several attempts to 
correlate the C-1 chemical shift in a( 1 + 4)-linked glucans with glycosidic tor- 
sion angles using data from X-ray diffraction studies and CP/MAS experiments 
on model compounds such as c y c l o d e x t r i n ~ . ~ ~ ~ - ~ ~ ~  Two correlations were found 
between C-1 chemical shift and angle I$I  or parameter (144 + 141) where 4 is the 
angle H-1-C-14-1-C-4’ and $ is H-4’-C-4’-0-1-C-1.2 A theoretical 4, 7/1 

energy map for a( 1 -+ 4)-linked glucose residues showed a sharp distinction 
between “allowed” and “disallowed” conformations. Assigning equal weight 
to all allowed conformations and using the correlation of chemical shift with 
141 + l$l, the lineshape of the C-1 resonance in amorphous starch was well- 
simulated.278 

The experiments described above were carried out on true solids, but solid- 
state techniques are also applicable to gels. Contrasting spectra of 10% amyl- 
ose gels have been provided by single-pulse magic-angle spinning (SP/MAS) 
and CPIMAS experiments.280 At room temperature, the SPIMAS experiment 
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gave a "solution-state'' type spectrum of amylose with narrow lines. The signals 
arose from the single amylose chains which link the junction zones of the gel 
network. These chains retain a degree of mobility (and hence have short I3C 
TI values), but the motion is anisotropic since MAS is necessary to remove 
chemical shift anisotropy effects. The room temperature CP/MAS spectrum of 
the same gel was identical to that obtained for B-type crystalline samples. Here 
the signals arose from the rigid double helical segments which make up thejunc- 
tion zones. Resonances from both mobile and rigid segments were observed in a 
CP/MAS spectrum of the frozen gel, although the spectrum of the single chain 
segments was now broadened and was essentially identical to that of amorphous 
amylose. At the lower temperature the local conformations are evidently 
not motionally averaged in the single chains, giving rise to the broad C-1 
resonance. The proportion of amylose in the junction zones (7&-80% for the 
samples studied) was estimated by spectral simulation.280 

I3C CP/MAS and SP/MAS spectra have been obtained for galactomannans 
and glucomannans as powders, hydrates or gels. Comparison of CP and SP 
experiments on galactomannan gels did not reveal any chemical shift changes 
(unlike amylose), suggesting that the conformations of mobile and rigid seg- 
ments are similar. However, minor intensity changes suggested that the degree 
of substitution of the mannan backbone might differ in the two regions.28' 
CP/MAS experiments have been performed on purified carrageenans and 
agaroses and on the seaweeds which are the source of these materials.282 
Although lines were broad, characterization of the intact algae was possible 
and various substituents were identified. 

High-power 'H NMR measurements on solutions,283 gels2" and plant cell 
wall  material^"^'*^^ have been used to probe the conformational mobility of 
polysaccharide chains through measurement of T2 and other relaxation par- 
ameters. The 'H T2 can vary from - lops for rigid chains to - l00ms for 
more flexible segments. Resolution of the signal into different T2 components 
allows an estimate to be made of the proportion of polysaccharide in mobile 
and rigid domains. In studies1l6 of bean cell walls hydrated in D20 it proved 
possible to divide the polysaccharides into an immobile fraction (75%) consist- 
ing of cellulose and associated hemicellulose and a more mobile fraction (25%) 
made up of pectins and additional hemicellulose. Mobilities were obtained from 
solid echo experiments, used to measure the proton interpair second moment. 
TI and T ,  (dipolar) relaxation results were combined to estimate the relative 
size of the cellulose microfibrils and the surrounding hemicellulose layer. I3C 
CP/MAS experiments have also been used to investigate plant cell wall struc- 
ture and degrada t i~n .~ '~  Despite considerable technical problems posed by 
CP/MAS experiments on highly hydrated systems, solid-state NMR clearly 
holds considerable promise for the study of polysaccharides in gels, cell walls 
and related environments. 
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6. ANALYTICAL METHODS 

6.1. Introduction 

The high cost of NMR spectrometers and the relatively low sensitivity in com- 
parison with competing methods has prevented the adoption of the technique as 
a routine analytical tool in the food industry. Exceptions to this general state- 
ment are provided by the low resolution “bench top” NMR spectrometers 
which have found widespread use in the edible oils and fats industry. Applica- 
tions of this technique are dealt with in Section 6.2. Analytical applications of 
high-resolution NMR to lipids, sugars and miscellaneous compounds are sum- 
marized in Section 6.3. For the most part these methods are not in routine use, 
but remain demonstrations of possibilities. One high-resolution NMR tech- 
nique which has been highly developed in recent years is site-specific natural 
isotope fractionation (SNIF) NMR (Section 6.4), which makes use of natural 
abundance deuterium spectra to investigate the origin and quality of food 
products. In this case the costs of the sophisticated equipment required can 
be justified by the unique nature of the information provided. 

6.2. Low-resolution NMR 

The earliest applications of NMR to analytical problems in the food industry 
employed CW techniques. Commercial pulsed NMR instruments were intro- 
duced at a later stage, but pulsed NMR is now the more widely used of the 
two methods. Practical aspects of low-resolution pulsed NMR techniques 
have been reviewed211286 and the manufacturers’ (Bruker, Oxford) application 
notes also provide valuable information on specific procedures. 

Low-resolution NMR techniques can be divided into three categories: ratio 
measurements, absolute measurements and analysis of the relaxation decay 
curve. Ratio measurements (measurement of the FID amplitude at two times 
following a 90” pulse) are used to determine the solid fat content (SFC) of 
semi-solid fats. Weighing of the sample is not required. Absolute measurements 
rely on a measurement of the FID amplitude at a single time following the pulse. 
The main applications are to determination of the oil content of seeds and 
moisture content of foods. In this case a calibration must be obtained using 
an independent method and the sample has to be weighed. The third technique 
requires analysis of the relaxation decay curve and is used when two species are 
present (e.g. oil and water) with fairly similar values of TI  or T2. Analysis of the 
decay curves is then readily carried out by transfer of the relaxation data to a PC 
and treatment with appropriate software to obtain the relaxation times and pro- 
portions of the components of interest. NMR is ideally suited to quality control 
applications where large numbers of similar samples have to be examined. 
Measuring times are very short (a few seconds), little sample preparation is 
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required and the technique is non-invasive. Operation is highly automated with 
both the pulse sequence and the calculation routine contained on an EPROM 
which can be changed according to application. 

Hardware requirements are somewhat different for ratio and absolute 
measurements. For measurement of solid fat content, short 90" pulses 
(1-2ps) and short dead-times (< lops) are the priorities. For absolute 
measurements good rf homogeneity over the sample volume is required and 
larger rf coils are designed to achieve this. Typical operating frequencies are 
10 or 20MHz and the sample tubes have diameters from lOmm to 40mm. 
The larger tubes are used with lower-frequency spectrometers (10 MHz) 
because it is difficult to make permanent magnets with the necessary field stabi- 
lity and homogeneity if the air gap is large. 

Measurements of the solid fat content are made by taking the amplitude 
of the FID at two times (typically 10 and 70ps) following the 90" pulse. The 
first amplitude is proportional to the total number of protons (solid plus 
liquid phase) whereas the second amplitude depends only on the number of 
liquid-phase protons. The rapid decay of the solid-phase signal requires 
that a correction factor is determined to allow for the decay of the signal 
during the spectrometer dead-time. The correction factor is determined using 
calibration standards of known composition. Details of calibration methods, 
tempering procedures for fats and a comparison of NMR with other 
methods can be found in a review.22 Other publications in this area are listed in 
Table 8. 

The analysis of oil seeds represents one of the major applications of pulsed 
NMR. This uses the absolute method, relying on measurement of the FID sig- 
nal at a single time after the pulse when the signal is proportional to the liquid 
content of the sample. Problems arise in taking the measurement at a single time 
(e.g. 70 ps) since any moisture present will affect the amplitude. One solution is 
to dry the sample completely but if moisture is present at a low level (< 15%) 
this is unnecessary.286 At low moisture levels the T2 of water (w 1 ms) is much 
shorter than that of the oil ( ~ 1 0 0 m s )  and a Hahn spin-echo technique can be 
used to obtain a signal which depends only on the oil content. In practice, the 
echo amplitude is measured 7ms after the initial 90" pulse. A calibration is 
necessary using seeds of known oil content or oil which has been extracted 
from the seeds. The difference between the FID amplitude at 70ps and the 
echo amplitude at 7ms is proportional to the moisture content. In oil seeds 
with higher water contents or products such as marzipan the T2 of water is 
much closer to that of oil. A CPMG experiment must then be carried out and 
the resulting T2 relaxation curve analysed to give the proportions of the two 
components. Even for this procedure the time for experiment and calculation 
(about 1 min) compares very favourably with alternative procedures such as 
oven-drying. Other applications of spin-echo and CPMG techniques to analy- 
sis are given in Table 8. 

The possibilities of using high- and low-resolution NMR for on-line sensing 
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Table 8. Analytical applications of low-resolution NMR. 

Product Property Method References 

Milk fat Solid fat content FID 287 
Cocoa butter Solid fat content FID 288 
Milk fat 
Cocoa butter Solid fat content T2 289 
Edible oils 
Margarine Solid fat content FID 290 
Model fats Solid fat content FID 29 1 
Chocolate Fat FID 292 
Chocolate Fat SE 293 
Cocoa butter Melting curve FID 294 
Oil seeds Oil T2 295 
Oil seeds Oiljmoisture 7-2 296 
Olive husk Oil/moisture FIDjSE 297 
Yeasts Moisture FID 298 
Cereal grains Moisture SE 299 
Sucrose solutions Moisture SE 300 
Molasses 
Emulsions Oil/water TI 30 1 
Meat Quality parameters TI, T2 302 
Meat Fat TI 24 
Meat Protein T2 303 
Various Protein T2 304 
Maize oil Unsaturation TI 305 

SE indicates use of a Hahn spin-echo; T2 measurement is by the CPMG sequence. 

and process control have been investigated. A system incorporating a simple 
NMR spectrometer has been described for the measurement and on-line con- 
trol of the moisture content of wheat, using the amplitude of the FID 8ps 
and 64ps after the 90" pulse. The initial value is proportional to the total 
amount of wheat in the active volume of the NMR coil, and the second ampli- 
tude depends only on the moisture content. The method was combined with a 
measurement of the Hahn echo amplitude (4ms after the 90" pulse) to deter- 
mine oil and water content of ground corn samples containing 8-2O% moisture 
and 3-1 5% 0il.306,307 A high-resolution NMR spectrometer has been modified 
to make analytical measurements on samples in continuous flow, and the prin- 
ciples of NMR for flowing systems have been reviewed. The amounts of water 
and fat in a fine meat paste were determined from the intensity ratio of the H 2 0  
and CH2 resonances as the paste was pumped through the spectrometer.308 
Earlier off-line experiments had illustrated the possibility of using simple high- 
resolution NMR equipment to measure the fat content of meat.309 Low- 
resolution NMR methods have been devised to determine the alcohol content of 
wines and spirits3" and to monitor changes of alcohol and sugar concentrations 
in fermentation proce~ses.~" 
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6.3. High-resolution NMR 

High-resolution applications of NMR in food science have been reviewed.26 
Since the appearance of this review in 1984, the use of 2D NMR techniques 
has become commonplace, greatly increasing the power of NMR as a method 
for structural analysis of complex natural products, including many minor 
food components. In this section, however, attention will be given to quanti- 
tative rather than structural applications of high-resolution NMR. 

'H and 13C NMR are established methods for the characterization of lipids.23 
Experimental requirements for the quantitative determination of the fatty acid 
composition of triglycerides by I3C NMR are ~e l l -unders tood .~ '~  As an 
example, palm oil is composed of triglycerides, mainly of palmitic, P (16 : O), 
oleic, 0 (18 : 1 [cis]-9), and linoleic, L (1 8 : 2, [cis, cis]-9,12) acids. The mole frac- 
tions of P, 0 and L are readily calculated from integration of 13C resonances 
assigned to the saturated carbons C3, [Os,'' + L8,14] and LI1.  The integrals are 
proportional to the total number of chains (saturated and unsaturated), to 
the number of unsaturated chains, and to the number of linoleic acid chains, 
respectively. Alternatively the 0 : L ratio may be obtained from integration of 
the olefinic carbon resonances, O9,10, L9,10,12,13, in the 127-130ppm region of 
the spectrum.313 The method can also be applied to triglycerides containing 
less common fatty acids. For example, the composition of seed oils containing 
various isomeric conjugated trienoic acids has been determined.314 The 
positional distribution of 0, L and linolenic, Ln (1 8 : 3, [cis, cis, cis]-9,12,15) 
acid chains may be determined from the high-field I3C spectra of triglycer- 
ides.3153316 The olefinic resonances, O9,10, L9,10 and Ln9,lo are sensitive to the 
position of attachment (1,3- or 2-) of the unsaturated chains to the glycerol 
group. Similar information is obtainable from the carbonyl  resonance^,^" but 
the spectrum in this region also indicates the distribution of saturated chains 
between 1,3- and 2-positions. However, different saturated chains (palmitic, 
stearic) are not distinguished. 

The possibility of using standard high-resolution 13C NMR techniques to 
determine the oil composition of single intact soyabean seeds was demon- 
strated in 1974.318 At this time it was not possible to quantify the different types 
of unsaturated fatty acid from 'H  NMR spectra of intact seeds because internal 
variations in magnetic susceptibility caused unacceptable line-broadening. 
Improved resolution in both 'H and 13C spectra of oil seeds has been achieved 
through application of the MAS technique.316i319 Quantitative measurements 
of the oil composition of sunflower seeds have been obtained using 'H and 
13C (gated decoupling) MAS. Rape seeds have low oil content (about 2mg 
oil/seed compared with 20mg oil/seed for sunflower seeds) and a complex 
unsaturated fatty acid profile. Sensitivity has been improved by use of the dis- 
tortionless enhancement by polarization transfer (DEPT) technique in com- 
bination with MAS and this has permitted determination of the relative 
amounts of 0. L, Ln and total eicosenoic (20: 1, [cis]-11) plus erucic 
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(22: 1, [cis]-13) fatty acids in rape I3C NMR of lipids extracted from 
rice endosperm, aleurone cells plus grain coat, and embryo has been used to 
determine the amount of lipid associated with each component and the ratio 
of saturates to  unsaturate^.^^' High-field 3’P NMR has been used for the quan- 
titative analysis of phospholipid m i x t ~ r e s . ~ ” , ~ ~ ~  Special precautions are 
required to obtain narrow linewidths and reproducible chemical shifts because 
the dispersion of chemical shifts for the different phospholipids is small 
(- 2ppm). If these precautions are followed, good resolution may be 
obtained. For example, 11 phospholipids were identified and quantified in an 
extraction mixture from ~ o y a b e a n . ~ ~ ~  

31P NMR methods have been devised for the analysis of phytate ( m y -  
inositol hexaphosphate) in cereals and other foods.3231324 Measurement of phy- 
tate levels has been of interest to nutritionists because the availability of some 
essential metals is reduced by formation of metal-phytate complexes. NMR 
is probably not suitable as a routine method of phytate analysis but it has the 
advantage that the hexaphosphate is distinguished from lower inositol phos- 
phates which may be present. 31P NMR has been used to follow the step-wise 
enzymic hydrolysis of inositol hexaphosphate to lower phosphates and even- 
tually to inorganic phosphate. The hydrolysis of phytate in soluble extracts of 
whole-grain wheat flour and in bread dough during fermentation has been 
studied by NMR. The conventional ferric ion precipitation method for determi- 
nation of phytate gave consistently higher results than 31P NMR because the 
chemical method was not specific for h e ~ a p h o s p h a t e . ~ ~ ~  31P NMR was used 
to show that there is comparable phytase activity in oats and in whole-grain 
wheat flour. However, no breakdown of phytate was observed in oats that 
had received heat treatment, presumably because this treatment inactivates 
p h y t a ~ e . ~ ~ ~  

A method for the determination by I3C NMR of sugars (glucose, fructose, 
sucrose, maltose) present in extracts from tropical root crops has been 
described.327 The peak heights of characteristic signals in the sugar mixture 
were determined relative to an internal standard, present at a fixed concentra- 
tion in all solutions. Sugar solutions of known concentration, also containing 
internal standard, were used for calibrations.327 I3C NMR has been used for 
the analysis of minor disaccharides present in honey. Sample preparation 
included reduction of the sugars with sodium borohydride and use of DMSO 
as a solvent with addition of a relaxation agent.328 Numerous monosacchar- 
ides, disaccharides, sugar alcohols and sugar acids have been identified and 
determined by I3C NMR spectroscopy of wine. Compounds with concentra- 
tion greater than 1 g/litre are determined directly by examination of the natural 
wine, but concentrates are used for lower concentrations. 1,3-Propanediol 
is added as an internal standard.329 In comparison with I3C NMR, high- 
resolution ‘H NMR of aqueous systems has received relatively little attention as 
a multicomponent analytical technique in food science. This is partly because of 
the increased complexity of the spectra and reduced spectral dispersion and 
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partly because there is a need to suppress the massive water signal. Efficient 
methods for the suppression of the water signal are now available and have 
been applied to samples such as milk, fruit juices and   of fee.^^''^^' However, 
only the major solute signals (sucrose, fructose, citrate, caffeine, etc.) were 
identified in these studies and little quantitative work has been done. In view 
of the great progress made with high-field ‘H NMR of aqueous systems in bio- 
medical research, it seems likely that this will be an area for future expansion in 
food science. 

6.4. Site-specific natural isotope fractionation NMR 

The percentage of heavy isotope occurring for a given element (hydrogen, car- 
bon, oxygen) in natural products is not a fixed qantity, but depends on the his- 
tory of the sample. Various geographical, climatic and biochemical factors 
determine the isotope ratios. The variation arises from differences in isotopic 
composition of the starting materials (e.g. the rainwater at different latitudes) 
and from fractionation effects which occur in the course of bioconversions. A 
well-known example is provided by the difference in 13C/12C ratios found in 
organic material from ‘‘C3-” and “C4-plants”.*’ The measurement of isotope 
ratios by mass spectrometry is a widely used method for assessment of the 
authenticity of food products.20 However, an overall or average isotope ratio 
is determined and information on the intramolecular distribution of the heavy 
isotopes is lost. An important advance came with the introduction and develop- 
ment, mainly by the Nantes group, of the SNIF (site specific natural isotope 
fractionation) NMR technique. Quantitative natural abundance 2H NMR is 
used to measure the deuterium to hydrogen isotope ratios (D/H), at specific 
sites, i, in the molecule. The introduction of these new parameters has greatly 
extended the scope and discriminatory power of isotope ratio methods in 
food science. A comprehensive review has appeared17 covering fundamental 
aspects, experimental details and quality assessment applications. 

The site-specific __ isotope ratio, (D/H),, is related to the overall isotope ratio 
for the molecule, ( D I H ) ,  by equations (7) and (8): 

i 

wheref; and Fi represent actual and statistical mole fractions of monodeuter- 
ated isotopomer i. f ;  values are measured from the 2H NMR spectrum, and 
can be used to obtain relative values of the isotope ratios. Absolute values of 
(D/H), can be obtained from the NMR spectrum with use of a suitable refer- 
ence (see below). 
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SNIF-NMR was originally developed to detect addition of exogenous sugars 
during the wine-making pi ocess. Analysis and characterization of wines" and 
other alcoholic drinks332,333 has remained one of the main applications and 
this area will be used to illustrate the main principles of the technique. Samples 
from alcoholic drinks are examined as distillates containing N 95% ethanol. 
Collection and analysis of the NMR data have been highly automated." The 
proton-decoupled 'H NMR spectrum of an ethanolic distillate consists (in 
the slow exchange limit) of four resonances, one from each of the monodeuter- 
atedisotopomers,CH2DCH20H (I),CH3CHDOH (II),CH3CH20D (111) and 
one from HDO. In the fast exchange limit the signals for (111) and HDO col- 
lapse to a single resonance. Following equation (8), the overall isotope ratio 
is given by 

(D/H) = 4 (D/H)I + f (D/H)II + ; (D/H)III (9) 
The parameter R, obtainable directly from the NMR spectrum has been 
defined332 as 

where SII and SI are the signal intensities (peak areas or heights) associated with 
the methylene and methyl resonances respectively. A value of 2 is expected for R 
in the event of a purely statistical distribution of deuterium, but values of - 2.2- 
2.7 are found in alcohols from different sources,332 indicating the occurrence of 
strong site-specific fractionation effects. The isotope ratios for the hydroxyl site 
(D/H)III and the water (D/H)$ are not independent but are related via the equi- 
librium constant, K, (= 1.03) for the reaction: 

C2H5OH + HOD * C2H50D + HOH 

(D/H)III = Ke(D/H)% (11) 
(D/H)% can be obtained by NMR, but is normally measured by mass spec- 

troscopy (MS) of the water remaining after distillation.'* 
Absolute values of (D/H)i may be obtained if the NMR signal intensities of 

the ethanol or other test material are measured relative to that of a working 
standard (WS), with a known isotope ratio, (D/H)WS. The working standard 
may be an external referexe (in a coaxial tube) or an internal reference added 
to the test solution. The merits of different referencing procedures have been 
discussed.334 For measurements on ethanol, tetramethylurea (TMU) is used 
as an internal reference. (D/H)ws is determined by MS with respect to an inter- 
nationally agreed water standard, a value of 135 ppm being used currently for 
TMU.19 The isotope ratio for site i of a compound A may then be calculated 
from 

T; - ( D / H ) ~ ~  
pws mws MA 
Pf mA M~~ 

.-. A (D/H)i = - ~ 
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where Pws, p;" are the stoichiometric number of protons in WS and site i of A, 
inws and mA are the masses of WS and A in the sample, Mws and MA are the 
molecular weights, and T," is the ratio of the NMR signal intensities (Sp/Sws). 
An intramolecular referencing procedure has also been used in studies of 
glucose.335 Conversion of glucose to glucose pentaacetate, using acetic anhy- 
dride of known (D/H) ratio, provides an in-built reference and gives better dis- 
persion of 2H signals from individual glucose sites. 

to distinguish ethanols produced by fer- 
mentation of sugars from C4 plants (sugar cane, corn have R N 2.23) and C3 
plants (wheat, barley, apple and grape have R - 2.50; sugar beet and potato, 
R - 2.72). Most of the variation was accounted for by differences in the 
(D/H)I ratio rather than (D/H)II. This suggests a connection between the deu- 
terium content of the methyl group in ethanol and the non-exchangeable sites of 
the sugars. The spread of values found within a given class (for sugar beet etha- 
nols, R = 2.72 f 0.05) is attributed to climatic factors. The results have been 
applied333 to studies of the origin of raw materials used in the manufacture of 
commercial spirits (whisky, vodka, gin, rum and fruit brandies). 

The characterization of wines requires a more detailed analysis of the data 
than that indicated above. Fundamental studies335 have traced the relationship 
between the deuterium content of the end-products of fermentation (ethanol, 
water) and the starting materials (glucose, water). Experiments have been car- 
ried out in which the (D/H) ratios of the starting materials have been system- 
atically controlled. Values were measured for the starting water, (D/H)& and 
for the glucose, (D/H)gE, where NE indicates non-exchangeable sites. The effects 
of changing sugar concentration, yeast strain and temperature were also inves- 
tigated. Statistical analysis of the results provided a quantitative relationship 
between the deuterium content of the starting materials and the end-products. 

The parameter R has been 

(D/H)I = l . l (D/H)gE + 0.23(D/H)& - 90 

(D/H)II = 0.74(D/H)& + 18 

(D/H)$ = 0.04(D/H)gE + 0.96(D/H)& + 1.3 

(13a) 

(13b) 

(13c) 

(D/H)I and (D/H)II are the isotope parameters for the methyl and methylene 
sites of ethanol and (D/H)$ is the isotope ratio for the water in the final product. 

These relationships are independent of the yeast strain and of the fermenta- 
tion temperature, within normal limits. Typical values of the parameters 
for natural wines are (D/H)I 'v 102ppm, (D/H)II 2: 131 ppm, (D/H)$ E 

160ppm, (D/H)& 2: 155 ppm. The deuterium content of methyl and methylene 
sites is greatly reduced with respect to glucose and starting water, but (D/H)I is 
about 5 times more sensitive to the (D/H) ratio of the glucose than to the start- 
ing water, whereas (D/H),, depends almost entirely on the starting water. 

A dependence of (D/H)$ on initial sugar concentration was also found.335 
This allows the deuterium content of the original must water, (D/H)&, to be 
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determined for natural wines when (D/H)$ and the alcoholic strength have 
been measured.lg The isotope parameters for the raw materials (sugars, must 
water) in wine-making are determined by geographical, climatic and biochem- 
ical factors. By showing the connection between the isotope parameters of 
starting materials and end-products, these experiments335 confirm that the iso- 
tope ratios measured for ethanol and water can be used as “fingerprints” for the 
characterization of wines. 

The ability of the SNIE-NMR technique to distinguish wines of different 
origins has been tested in an extensive series of experiments and statistical ana- 
lyses.’’ Parameters R ,  (D/H),, (D/H),l, (D/H)$ and (D/H)& were obtained 
for numerous wines from different vine varieties, geographical locations and 
years of production. On a worldwide scale differences of vine variety are out- 
weighed in importance by geographical (climatic) factors. Discriminant factor 
analysis, using the four isotope parameters for ethanol and water, clearly distin- 
guished wines (different varieties and vintages) from three groups of countries 
which could be classified on the basis of temperature and rainfall figures. 
Narrower discrimination is also possible. Using the same isotope parameters, 
wines from three French regions (within 2” of latitude of each other) could be 
distinguished when samples of a single vintage were taken, and even better dis- 
crimination was achieved if samples were further restricted to a particular 
variety.” SNIF-NMR is now the most efficient technique available for detec- 
tion of chaptalization (enrichment with exogenous sugars) and watering of 
wines.18 Detailed investigations of barley fermentation have been carried out 
in connection with characterization of beers.336 

Many applications of SNIF-NMR to the determination of the origin and 
quality of non-alcoholic products have been demonstrated. l7 These include 
studies of the origin (natural or synthetic) of aromas and flavours such as 
 ani ill in^^'*^^' and a n e t h ~ l e , ~ ~ ~  of vinegars340 and of possible adulteration of 
fruit juices and jams. The technique is expected to assume increasing impor- 
tance in response to the demands of consumers and regulatory authorities for 
guarantees of food quality. 

7. OTHER SYSTEMS 

7.1. Introduction 

The chemistry and physical properties of meat and dairy products have not yet 
been subjected to the thorough examination by NMR that some other products 
and substances have been. Nevertheless there is sufficient in the literature to 
indicate that such a thorough examination would be well worthwhile. The pub- 
lications available make use, to a large extent, of 31P NMR, and exemplify the 
power of NMR to concentrate on a particular group of chemicals in a particular 
physical state. Both milk and meat contain solid-like and liquid-like phases and 
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a huge variety of chemicals. By choosing experimental conditions such that 
mobile or immobile nuclei are observed and by choosing nuclei present only 
in limited numbers of chemical species it is possible to filter the information 
obtained such that useful deductions can be drawn. 

7.2. Dairy products 

Work in this area has concentrated either on whole milks or on milk extracts, 
although NMR as an analytical method has been applied to the whole range 
of dairy products. The earliest work concerned itself with 31P resonance of 
caseins. 341 -343 The general features of the spectra are that multiple resonances 
are observed which are strongly pH dependent. The spectrum of whole casein 
can largely be accounted for as a composite of the spectra of a- and /3-caseins 
with possibly some contribution from n - ~ a s e i n . ~ ~ ~  Analysis of the pH depen- 
dence of the spectra of P-casein showed that cooperative ionization of the phos- 
phate groups was involved,342 a view supported by the analysis of the effects of 
manganese binding.343 

Whole casein micelles have been examined in suspension in milk salt solu- 
t i o n ~ ~ ~ , ~ ~ ~  and in whole milk.346 The proton spectra of the micelles showed a 
very well-resolved component,344 which would be unexpected if all of the pro- 
tein were in a compact mass. The explanation lies in the “hairy” nature of 
the micelle in which the C-terminal fragment of n-casein extends out into the 
solution from the micelle surface. This idea was supported by the observation 
that the addition of ethanol to the solution broadens the lines: consistent with 
a collapse of the hairs on changing the solvent. When chymosin is added the 
lines become sharper, consistent with the removal of the hairs and subsequent 
aggregation of the micelles. It is suggested that the mechanism of coagulation 
during digestion is due to the removal of these stearically stabilizing hairs. In 
whole cows’ milk346 the signal from casein in the 31P spectrum appears as a 
broad low-intensity resonance. On addition of EDTA this sharpens into three 
clearly distinguishable peaks, provided the milk pH is above 6.6; below this 
value only one broad peak is observed. 

Since milk is the vehicle by which the infant mammal obtains its calcium and 
phosphorus requirements for growth, the fluid must contain large quantities of 
both elements. Both solid and solution phases coexist, but the solid phase is 
maintained in a colloidal state by interaction with protein and the nature of 
the solid state is of considerable interest.347 In the 31P solution-state spectrum 
of whole cow’s milk the inorganic phosphate time is broad; on adding EDTA 
this narrows and increases in intensity. This is consistent with the dissolution 
of the solid phase and reduction of the interaction of the phosphate with either 
the solid phase and/or the protein.346 The temperature dependence of 31P signal 
intensity has been measured in simulated milk ultrafiltrate solution (SMUF), a 
colloidal calcium phosphate-free milk (CCP-free) and a casein micelle suspen- 
sion (CMS).345 
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In SMUF, inorganic phosphate signal intensity decreased with increasing 
temperature, consistent with observations of precipitation at high tempera- 
ture. This effect was much less marked in CCP-free and no change with tem- 
perature was observed in CMS. This conflicts with the known increase in 
insoluble phosphate when milk is heated. To explain this the authors propose 
that fast exchange of phosphate between solid and solution phases contributes 
to the signal. That exchange occurs is likely346 but it does not appear that all the 
solid phase contributes to the liquid-phase signal (see above), so that the 
mechanism by which the signal remains constant cannot be by simple addition 
of signals from both phases. If, on the other hand, there was slow exchange or 
some line-narrowing of the broad signals this might increase the visible phos- 
phate signal, whilst precipitation was decreasing it. It would be surprising, how- 
ever, if the two proccesses exactly compensated, resulting in the constant 
intensity observed. Using 43Ca NMR it is possible to follow the fate of soluble 
calcium.345 In SMUF there is irreversible loss of signal on heating, consistent 
with the 31P results. In CCP-free there was less than SMUF but in CMS the 
signal loss was as high as in SMUF. The explanation is that casein in CCP- 
free inhibits calcium precipitation, whilst in CMS all the Ca binding sites on 
the protein are saturated and thus precipitation can proceed. Apparently, there- 
fore, the compensation mechanisms proposed for phosphate do not apply to 
calcium. Linewidth results showed increasing widths with temperature in 
CCP-free and CMS but decreasing widths with SMUF. These increases in 
width were explained by exchange effects. 

It is clear from the foregoing that the solution-state spectra of the mineral 
components of milk still require considerable work before they are under- 
stood. This is also true of the solid-state spectra of the mineral phase. In prin- 
ciple, solid-state 3’P method should enable distinction between the various 
chemical species that have been proposed to form the milk solid phase.348 
Solid-state high-resolution spectra were obtained under a variety of conditions 
and compared with the spectra of standards. The chemical shifts of the calcium 
phosphate species do not vary much, but their chemical shift anisotropy pat- 
terns, reflected in the spinning sidebands, are very sensitive to chemical type. 
The problem is to obtain samples which are representative of the mineral phase 
and are not significantly contaminated with phosphorus from the protein. This 
cannot be achieved completely,348 but spectra can be interpreted in terms of a 
signal arising from an organic and inorganic part. When this is done deutera- 
tion and non-quaternary suppression experiments indicate that the inorganic 
phosphate is not protonated and is thus consistent with a model in which 
the calcium phosphate in micelles most closely resembles calcium hydroxy 
apatite.349 

There are numerous other compounds in milk. In skimmed cow’s milk the 
only other detectable species is glyceryl phosphoryl ~ h o l i n e ; ~ ~ ~  however, in 
milk from other species remarkable variations in spectra and hence phos- 
phorous compounds may be observed3” (Fig. 9). When cow’s milk is concen- 
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Fig. 9. 3'P NMR spectra of various milks. (a) Cow; (b) baboon; (c) human; (d) rabbit; 
(e) sheep; ( f )  goat. Chemical shifts are referenced to 85% H3P04.  (Reproduced from 

Ref. 350 with permission.) 

trated a much wider variety of species, about 20, become apparent.35' There is 
clearly considerable potential for using NMR as a test for authentification of 
milk samples and it may be expected that proton NMR will be of great interest 
too. However, to date only one preliminary investigation in this area has been 
published.330 

7.3. Meat 

Considering the widespread use of NMR to monitor metabolism in living 
muscle it is surprising that relatively little use has been made of the method in 
meat science. Those papers that have been produced, however, indicate that 
much information of value may be obtained. There has yet to be, though, a 
long-term and systematic study of the applications of NMR to meat science. 

The problem of post-mortem changes in muscle is one that is of considerable 
interest as these are related to final meat quality. In an early review Gadian352 
pointed out the potential of NMR to tackle this problem. Vogel and co- 
w o r k e r ~ ~ ~ ~  were the first to use 31P NMR to observe post-mortem metabolism in 
real meat systems. They examined the changes in metabolite level as a function 
of time post-mortem and compared the electrically stimulated and non- 
stimulated bovine muscle. In the stimulated muscle ATP and phosphocreatine 
disappeared faster than in the unstimulated case. Inorganic phosphate was 
higher in the stimulated case, as a result of ATP and phosphocreatine break- 
down. pH differences, measured by inorganic phosphate chemical shift, were 
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small. This result was contrary to results reported using electrochemical 
measurement of pH, and there were discrepancies when both methods were 
used on the same samples. The origins of these differences are not clear but 
may indicate an invasive effect of the electrochemical method. 

13C and ‘H NMR present difficulties because of the low signal from 13C and 
the problem of water suppression in the ‘H spectrum. Despite these diffi- 
culties useful spectra can be obtained.354 The proton spectra show some 40 
distinguishable resonances, most of which can be assigned. Of special interest is 
the post-mortem build up of lactate and the changes in pH, monitored by obser- 
vation of the carnosine C4-H peak. It was also possible to monitor the conver- 
sion of phosphocreatine to creatine. In the 13C spectra 37 resonances were 
observed and it was also possible to measure pH and lactate production. An 
additional feature was that signals from glycogen were also visible so that the 
glycogen to lactate conversion processs could be observed directly. 

Polyphosphates are often added to meat to improve water-holding capacity 
and cohesion in comminuted products. The chemistry of polyphosphate in 
meat is an ideal problem to tackle by 31P NMR. The earliest work in this 
area was reported by Douglas and c o - w o r k e r ~ . ~ ~ ~ , ~ ~ ~  They observed the effect 
of storage on polyphosphate in frozen chicken. The results were somewhat vari- 
able, probably indicating the variability in the injection method rather than 
some intrinsic problem with the spectroscopy. Results in comminuted chicken 
muscle were more repr~ducible .~~’  When sodium tripolyphosphate was mixed 
with comminuted muscle, half-lives for the disappearance of tripolyphosphate 
were between 20 and 40 minutes. In the presence of 3% NaCl half-lives were 
less than 10 min. The first stage of the tripolyphosphate breakdown was to pro- 
duce pyrophosphate. When tripolyphosphate with no sodium chloride was 
added the half-life of pyrophosphate was similar to the tripolyphosphate half- 
life, indicating that breakdown of the trimer was the rate-determining step. 
When sodium chloride was present as well, pyrophosphate half-lives decreased 
by a factor of about two, indicating some inhibition of enzyme activity. When 
pyrophosphate was added to muscle on its own, hydrolysis was very rapid in 
fresh muscle but tended to become slower as the muscle aged post-mortem. 

In the treatment of comminuted meats it is often held that sodium chloride 
and tripolyphosphates have a synergistic effect. One way of investigating the 
behaviour of sodium chloride is to observe directly 35Cl resonance.358 When a 
muscle was soaked in sodium chloride solution and the muscle packed into 
an NMR tube, a single chloride resonance was seen. However, when care was 
taken to align the muscle so that the axis of the fibres was perpendicular to 
the magnetic field, triplet structure was observed. Such a structure is typical 
of a single-crystal pattern for a spin-$ nucleus. It indicated that highly aniso- 
tropic motion is taking place, with motion along the muscle fibres much less 
hindered than motion perpendicular to the fibres. When sodium tripolyphos- 
phate was added to the muscle, the triplet structure collapsed to a singlet. 
This was interpreted as representing a loss of protein structure within the 
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muscle. The observation was thus consistent with the accepted view that the role 
of polyphosphate was to solubilize myosin, which increased the water-binding 
capacity of the muscle and the self-binding ability of the comminuted prod- 
uct. The results clearly demonstrated that chloride did not have the same effect 
as polyphosphate so that the reported synergy was not simply an additive effect. 
It was concluded that the probable role of chloride was to bind to 
the protein, increasing the net negative charge and enhancing repulsive 
electrostatic interactions. The repulsive forces increase inter-protein distance, 
causing swelling and hence increased water holding. 
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1. INTRODUCTION 

The investigation of peptides, proteins and other biopolymers in the solid 
state is being increasingly pursued by means of NMR studies. This important 
area of scientific investigation regularly merits mention in three chapters of 
the Specialist Periodical Reports on NMR, namely those relating to solid-state 
NMR, synthetic macromolecules and natural macromolecules. The plethora 
of references contained in these reports leave little doubt as to the importance 
of solid-state NMR studies to the various areas of science in which peptides 
and related species play a key role. 

The present review concentrates on the uses of nitrogen NMR studies in 
the structural investigations of peptides and similar compounds. Many of the 
molecules of interest are insufficiently soluble to permit solution-state NMR 
studies and thus solid-state measurements are the method of necessity. An 
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additional virtue of solid-state NMR is that it provides the possibility of 
obtaining special information which the tumbling motion of molecules in a 
solution would average out. Analysis of orientation-dependent data obtained 
from solid-state NMR measurements, such as dipolar coupling between nitro- 
gen and neighbouring nuclei and the nitrogen chemical shielding anisotropy 
(CSA) can provide an insight into molecular structure. Oriented molecules, in 
general, have NMR spectra which are very sensitive to changes in orientation 
with respect to the direction of the applied magnetic field. Thus, small changes 
in molecular orientation normally produce readily observable changes in the 
NMR signal splitting arising from CSA or dipolar coupling. 

In order to be able to interpret such NMR spectra in terms of the molecular 
orientations it is necessary to have an accurate knowledge of the principal values 
and orientation of the chemical shielding or dipolar tensors in the molecule 
of interest. The experimental procedures used to determine these and related 
data are reviewed in Section 2. The following section, 3, deals with some poss- 
ible theoretical interpretations of the shielding tensor and its principal compo- 
nents. Sections 4 and 5 cover applications of nitrogen NMR measurements to 
studies on oligopeptides and synthetic polypeptides respectively. The majority 
of the reports mentioned deal with ''N NMR investigations. The additional 
quadrupolar signal-broadening produced by 14N NMR is often counterpro- 
ductive to the work which forms the main focus of this review. 

2. EXPERIMENTAL PROCEDURES 

2.1. Static measurements 

2.1 . I .  Single-crystal measurements 

The CSA is an unsymmetric nuclear spin interaction represented by a second 
rank Hermitian tensor. The anisotropy originates from the unsymmetric 
spatial distribution of electrons surrounding the observed nucleus. However, 
since the contribution from the antisymmetric parts can be neglected, the sym- 
metric components of the CSA tensor can always be diagonalized. The CSA 
tensor is, therefore, characterized by the three principal values (al ~ 7 ~ ~ ,  a33) 
( a l l ,  022 and a33 are defined to be from high to low frequency in this review 
article) and their principal axis directions, which forms a principal axis system 
(PAS) The observed chemical shieldings (gobs) of nuclei are displaced 
according to the orientation of the applied magnetic field with respect to the 
PAS of the CSA. 

The angular dependence of the CSA interaction is given by 
gobs = a1 cos 2n sin 2,8 + aZ2 sin 2a sin 2 p  + a33 cos 2,8 (1) 

where ct and p are the Euler angles which express the relative directions of 
the PAS with respect to the direction of the applied magnetic field. From the 
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rotation plots of the chemical shielding line positions the principal values and 
the direction of the chemical shielding tensor can be determind.lP3 

2.1.2. Polycrystalline measurements 

Large single crystals of peptides, necessary for single-crystal measurements, are 
usually not available because they are difficult to grow. For polycrystalline 
samples, the NMR spectrum becomes the sum of single-crystal spectra for all 
directions, the so-called "powder pattern". 

According to the calculation of Bloembergen and Rowland? the intensity of 
the NMR signal at the frequency w is expressed as 

~ ( w )  = x-'(w - wll)-1/2(!& - w22)-'/'K(m) (2) 

for 

w33 > w w22 

where 

m2 = (w22 - wll ) (w33 - w)/(w33 - w22)(w - wll) 

~ ( w )  = x-' (w33 - w)-'/~(w~~ - w1 )-'/'K(m) 

for 

w22 > w > w11 

where 

m2 = (w - wll)(w33 -w22)/(u33 - w)(w22 - w l l )  

and 
I ( w )  = 0 in case w > w33 and w < w I I  

where K ( m )  is the complete elliptic integral of the first kind as 

K(m) = (1  - m2 sin2 q5)-'l2dq5 r2 

(3) 

(4) 

The principal values of the shielding tensor ( ~ 1 1 , ~ ~ ~ , 0 3 3 )  can be obtained 
directly from the powder pattern but no information is obtained about the 
orientation of the shielding tensor. The orientation can be determined from 
a single-crystal study, theoretical calculation, symmetrical consideration, or 
from related compounds whose tensor orientations are already determined. 

As shown in Fig. 1 ,  a typical 15N powder pattern of a peptide reveals axial 
symmetry because the electronic structure around the nitrogens of the peptide 
bonds is nearly symmetrical around the axes of the N-H bonds. In such cases, 
the orientation of the principal axis is difficult to determine even from a single- 
crystal study. The directions of the two principal values, uI1 and oZ2, are deter- 
mined by using the dipolar interactions between the nitrogen and the adjacent 
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Fig. 1. Schematic representation of experimental powder pattern and theoretical powder 
pattern and theoretical powder pattern convoluted with the Lorentzian function. The 
circles indicates the experimental data for glycylglycine . HN03.  (S. Kuroki and I .  

Ando, unpublished data.) 

carbonyl carbon nucleus. Another problem in this experiment is that the back- 
ground signal due to unenriched sites often contributes to the skirts of the 
powder pattern spectrum. Even though the nitrogen of interest is enriched, 
the two principal values read off from the outer regions, uII  and ( T ~ ~ ,  are likely 
to contain some errors. 

2.2. Cross-polarization/magic-angle spinning and double cross-polarization 
NMR measurements 

2.2.1. ' 5  N cross-polurizationlmugic-ungle spinning NMR method 

Since the 15N nucleus has spin-; but low natural abundance (0.365%) and a 
low magnetogyric ratio (y = -2.7126 x lo7 rad/sT) and so a rather low 
NMR it is difficult to obtain a solid sample spectrum from a 
single pulse experiment. Recently, the cross-polarization/magic-angle spinning 
(CP/MAS) technique'i2is has been applied to solid samples and thus we can 
obtain high-resolution NMR spectra from solids. The CP experiment involves 
polarization transfer from 'H to dilute spin-; nuclei such as I3C or 15N. The 
matching condition can be predicted from the Hartmann-Hahn condition as 

~ N U B N  = Y H ~ B H  (7) 
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where UBN and u B ,  are the magnetic fields for the 15N and 'H nuclei, respec- 
tively, in the rotating frame. When this matching condition is satisfied, the I5N 
signal intensity is increased by yH/yN = 9.86 times. Magic-angle spinning 
removes the CSA. Since the CSA of a peptide amide nitrogen 15N is about 3- 
5 kHz, the sample has to be spun at more than 4 kHz. 

2.2.2. ' H-I3C-I5N double CP NMR method 

The double CP e~periment','~ involves the sequential transfer of polarization 
among three spin-; systems. This technique can be used to observe selectively 
one type of spin (e.g. 15N) which is directly bonded to another nucleus (e.g. 
13C). Since both I5N and I3C nuclei are rare spins, 13C-"N bonds are extremely 
rare occurrences in natural isotopic abundance peptides. The 13C-"N bonds 
observed in this experiment originate from doubly-labelled compounds. The 
different kinds of labelled I3C-l5N bonds and their concentrations can be 
detected. 

2.2.3. Spinning sideband intensity method 

The NMR lineshapes observed in proton-decoupled I5N spectra are dominated 
by the CSA. In the CP/MAS experiment, high resolution is achieved at the 
expense of the information contained in the anisotropy. But when the spinning 
frequency is less than the nuclear shielding anisotropy, the isotropic line in the 
NMR spectrum is flanked on both sides by sidebands spaced at the spinning 
frequency. Maricq and Waugh">'* have shown that the second and third 
moments of the NMR spectra can be used to extract the shielding anisotropy 
from the sideband intensities. Herzfeld and Berger13 have derived general inte- 
gral and series expansions for sideband intensities. Principal values of the shield- 
ing tensor can be derived from the intensities of a relatively small number of 
sidebands. An example of this experiment for glycylglycine - HN03 is shown 
in Fig. 2 .  The sample was spun 1.6 kHz, and three principal values of the com- 
ponents of the shielding tensor are obtained as gI = 197 ppm, uZ2 = 52 ppm 
and ~ ~ 3 3  = 21 ppm. 

2.2.4. Dipolar NMR method 

In the simple CPIMAS experiment for 15N and 13C nuclei in a peptide, scalar 
coupling to 'H is not observed because high-power 'H decoupling is used to 
remove the 'H--l5N or 'H-13C dipolar interactions. However, for the carbons 
directly bonded to nitrogens, 14N-13C or '5N-'3C dipolar interactions are not aver- 
aged out by MAS and broadened asymmetric doublets are ob~erved. '~- '~ Accord- 
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Fig. 2. The 27.3-MHz "N CP/MAS NMR spectrum of glycylglycine . HNO, in the solid 
state. The magic-angle spinning rate is 1.6kHz. (S. Kuroki and I. Ando, unpublished 

data.) 

ing to the scheme expressed by Linder et al.,I4 the powder pattern spectrum, S(v), 
of a dipolar-coupled nuclear site can be expressed in the following form: 

where 0 and are polar angles which describe the orientation of the chemical 
shielding PAS with respect to the magnetic field fixed in the laboratory frame; 

Fig. 3. The orientation of the N-C, internuclear vector (ullNpc) with respect to the 
shielding tensor (nii) is given by aD and p0. The orientation of the laboratory Z axis 

(ZLab) with respect to the shielding tensor is given by 0 and 4. 
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CYD and PD are rotations which transform the dipolar interaction into the PAS of 
the shielding tensor (Figs 3 and 4), v is the observed frequency, and 
vi(8, 4, aD, pD) is the transition frequency for a particular orientation of the 
shielding and dipolar tensors. 

On the other hand, the dipolar coupled signal of nitrogen is observed when 
the carbons directly bonded to nitrogen are labelled by I3C or when the hydro- 
gens are not decoupled.'* The double labelling of the peptide nitrogen and 
carbon with "N and 13C is, however, frequently used to extract information 
about the orientation of the N-C bond because a principal axis of the dipolar 
tensor always coincides with that of the C-N bond.lg The dipolar interactions 
between nitrogen (I4N and "N) and hydrogen have been studied to obtain 
the bond lengths of N-H bonds.20321 

3. THEORETICAL INTERPRETATION OF NITROGEN NMR 
SHIELDINGS 

The general principles involved in calculations of NMR nuclear shieldings from 
quantum mechanical considerations have been described elsewhere.22 Only a 
very brief summary of the available types of shielding calculation likely to be 
relevant to peptides and polypeptides is given here. Normally, for large mol- 
ecules semi-empirical molecular orbital (MO) procedures are employed for 
nuclear shielding calculations. This contrasts with the situation for smaller 
molecules, containing a maximum of about 11 heavy atoms, for which ub initio 
MO methods can produce very satisfactory estimates of nuclear   hi el ding.'^ 
Progress in nuclear shielding calculations forms the basis of an annual 
report .24 Nuclear shieldings are determined by the molecular environment in 
which the nucleus finds itself. Thus the effectiveness of a MO calculation of 
nuclear shielding depends on the success of the procedure used in describing 
the molecular electronic environment. Commonly used procedures provide 
estimates of the major shielding contributions, namely the diamagnetic and 
paramagnetic contributions which usually have opposite signs. For a given 

0 3 3  

Fig. 4. Orientation of the shielding tensor elements in the molecular frame on alanyl- 
alanine, uII  lies essentially in the plane of the peptide linkage as do the N-H, N-C,, 

and N-CI bonds. 
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type of nucleus, such as nitrogen, in a variety of electronic environments the 
diamagnetic contribution to the change in shielding is usually about 3% or less 
of the total change. Consequently, it is the paramagnetic contribution which 
controls the variation of nuclear shielding with environment. Unfortunately, 
this is the more difficult of the two types of contributions to calculate reliably. 

Both the sum-over-states (SOS) and finite perturbation theory (FPT) have 
been widely employed to estimate the diamagnetic and paramagnetic shielding 
contributions for molecules of various sizes. The SOS approach requires an 
accurate knowledge of the molecular excited states and their excitation ener- 
gies. This can be difficult to obtain by self-consistent field (SCF) MO 
methods, in particular by semi-empirical MO procedures. In contrast the 
FPT approach has the advantage of not requiring explicit wavefunctions for 
the excited states. The FPT-INDO method has been successfully used in nitro- 
gen shielding calculations on N-methylacetamide which has been employed as a 
model compound in conjunction with nitrogen NMR spectra taken on a variety 
of solid oligopeptides, (X-Gly-Gly)25 and (Boc-Gly) .26 The importance of ab 
initio nitrogen shielding calculations, using an individual gauge for localized 
molecular orbitals (IGLO) and the localized orbital local origins (LORG) 
methods, has been discussed in a review.27 In general these procedures can pro- 
vide satisfactory estimates of nitrogen shielding tensors for small molecules. 
IGLO calculations have been reported for DNA bases with some success.28 
Similar calculations on some model peptides could be of interest. It should be 
recognized that the results of MO calculations on monomeric species may not 
be readily transferable to polymers. This arises from the fact that in small mol- 
ecules the electrons are confined to a finite region of space whereas this may not 
be the case for polymers. Consequently calculations of polymer electronic struc- 
ture require the inclusion of long range and interchain interactions. These 
can be incorporated into calculations of nuclear shielding by means of the 
tight-binding (TB) procedure.29 

Calculations of nuclear shielding normally provide values for each of the nine 
components of the second-order shielding tensor. Thus theoretical estimates are 
available for the principal components of the tensor as well as its anisotropy and 
the isotropic value of the nuclear shielding, the latter of which is usually avail- 
able from high-resolution CP/MAS NMR measurements. Methods for exper- 
imentally determining the principal tensor components, and its anisotropy, 
are described in the previous section. 

4. OLIGOPEPTIDES 

4.1. Shielding tensors 

In order to establish the orientation of a peptide backbone or side-chain residue 
from chemical interactions, the orientation of the shielding tensor in the 
molecular frame needs to be determined. 
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The "N shielding tensor of a peptide was first determined for L-histidine 
hydrochloride monohydrate from a single-crystal study by Harbison et ~ 1 . ~ '  
The principal components of the shielding of the imidazole ring nitrogens 
are oriented approximately along the molecular symmetry directions differing 
from them by only 3" and 5", and the most shielded element, 033, is perpendicu- 
lar to the plane of the imidazole ring. 

The orientation of the ''N shielding tensor in the amino group was 
determined for L-asparagine - H20 from the sideband intensities in the 
I5N-'H dipolar/chemical shift spectrum by Herzfeld et d3' In the presence of 
magic-angle spinning, two-dimensional solid-state NMR spectra of magneti- 
cally dilute I =  4 nuclei split into rotational sidebands spaced at the spinning 
frequency in both dimensions. The dipolar slice, corresponding to par- 
ticular shift sidebands, is asymmetric and contains information regarding 
the relative orientations of the shielding and dipolar tensors. The calcu- 
lated two-dimensional spectra for the six orientations are compared to the 
observed spectrum, and a good match is only obtained for that in which the 
quasi-unique component oII  is perpendicular to the H-N-H disector in the 
H-N-H plane. 

It is concluded that 033 lies along the H-N-H bisector, ' ~ 2 ~  lies perpendicular 
to the H-N-H plane, and ul1 lies in the H-N-H plane, perpendicular to the 
H-N-H bisector. 

Through the observation of proton-decoupled "N NMR lineshapes of two 
crystalline phases of Bo~-glycylglycyl['~N,~H]glycine benzyl ester, the 1'N-2H 
bond length and the direction of the most deshielded component of the 
shielding tensor, cl 1, have been determined, combined with X-ray diffraction 
data.32 

The "N shielding tensor of the amide group was examined for uniformly "N- 
labelled glycylglycine hydrochloride monohydrate, from the dipolar/chemical 
shift spectra produced by two-dimensional magic-angle NMR methods.33 It is 
found that the nearly axially symmetric ''N shielding tensor is tilted 25" away 
from the N-H bond. The same "N shielding tensor was determined for 
[ 1 -13C]glycyl ["N]glycine hydrochloride monohydrate from a single-crystal 

Although one of the components of the "N tensor is perpendicular 
to the plane of the peptide bond, the tensor is very close to being axially sym- 
metric. The orientations of 033 and 022 could not be determined. The angle 
between the N-H bond vector and uI1 is 21.3", which is larger than that of 
the imidazole nitrogen in histidine. 

The "N-l H dipolar/chemical shift spectra were observed for polycrys- 
talline samples of ["~lacety~va~ine, cY-["~]g~ycyl-["~]glycine, [ l ' ~ g ~ y c y l -  
[''Nlglycine - HCl- H20 ,  ["N]acetyl-glycine, [~r-''N]-l-histidine - HCI * H20, 
and [~ - '~N] t ryp tophan~~  (Fig. 5 ) .  

The first four 15N-'H systems, all peptide linkages, yield similar results 
to [ I-'3C]glycyl['5N]glycine - HCl - H 2 0  where the gll principal axis of the 
shielding tensor is rotated approximately 20" from the unique principal axis 
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Fi . 5. (a) Two-dimensional ''N-IH dipolar/chemical shift spectrum obtained from 
[I Nlacetylvaline showing the dipolar and chemical shift projections. Linewidths are 
typically 50-1 50Hz for the dipolar and 0.5-l.0ppm for the chemical shift dimension. 
vR = 1.07 kHz. (b) Dipolar cross-sections taken from the 2D spectrum. Each trace runs 
parallel to q, through a particular rotational sideband in w2. (i) Experimental I5N-'H 
spectra from ['SN]acetylvaline, vR = 1.07 kHz. The two simulations (ii and iii) assume 
two different orientations of the dipolar and shielding tensors, (PD = 22", cyD = 0") 
and (pD = 17", aD = OO), respectively, and illustrate the subtle differences in orientation 

which can be detected in the spectra. 

H 
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of the dipolar tensor. However, the location of the other two principal axes 
cannot be determined accurately because of the almost axial symmetry of the 
"N shielding tensor. In addition, the dipolar/chemical shift experiments yield 
a value of the length of the ''N-'H bond which is accurate to within 0.005A 
and the mutual orientations of the dipolar and shielding tensors accurate to 
within 3". A comparison of the bond lengths obtained from NMR experiments 
with similar data from neutron diffraction experiments shows that the former is 
uniformly 0.0035 A longer than the latter. 

The dipolar-coupled "N shielding powder patterns contain enough infor- 
mation to allow the determination of the orientation of the dipolar vector 
(N-C or H-N bond) in the PAS of the shielding tensor. Hartzell et d3' have 
determined the orientation of the "N shielding tensor relative to the molecular 
frame for polycrystalline L-[ 1 -13C]alanyl-~-[''N]alanine using a ' H dipole- 
modulated, 13C dipole-coupled "N spectrum (Fig. 6). The orientation of the 
13C-'5N bond to the most shielded component, ~ 7 3 3 ,  is 106", in which the angle 
between the N-H bond and c~~~ is 12". In addition, the u22 is perpendicular to 
the peptide plane, and gll is in the peptide plane perpendicular to ~ 7 2 ~  and ~ 7 ~ ~ .  

The "N shielding tensors of a homologous series of peptides of the form 
N-acetyl [I-'3C]glycyl ["NIX-amide (X = glycine, L-alanine and tyrosine) and 
the unprotected dipeptide [ l-'3C]glycyl [''Nlglycine hydrochloride have been 
determined from I3C dipole-coupled I5N powder  pattern^.^^,^' It is reported 
that the common shielding tensor orientation places a22 perpendicular to the 
peptide plane, and c~~~ at a 99" angle with respect to the C-N bond. The orien- 
tations of nII and cr22 were first determined for I5N shielding tensors of amides, 
there are no significant differences in the molecular orientations of the tensors, 
although there are large lattice-dependent variations in the "N shielding tensor 
principal values. 

On the other hand, the orientation of the u33 component of the amide "N shield- 
ing tensor was determined from dipolar-coupled "N powder patterns by Teng 
et ~ 1 . ~ ~ - ~ ~  (Fig. 7). Two doubly-labelled molecules, [l-'3C]glycy12[15N]- 
alany13-gramicidin-A and [ 1 -'3C]alany13 [''N]-~-leucyl~-gramicidin-A, in a 
liquid environment were used, and the orientations of the 13C-"N bonds to 
the ~7~~ component are 104" and 105", in which the angles between the N-H 
bond and c~~~ range between 12" and 14". These results are very close to those 
reported for alanylalanine by Hartzell et al. ( 12"),35 but slightly deviate from 
other data by Oas et al. (20" f 2°),36 Munowitz et al. (25" f 5")33 and Harbison 
et al. It can be said that the orientation of the shielding tensor relative to 
the molecular frame is variable and consequently there is a need to determine 
the tensor orientation for each site of interest. 

A rotational-echo, double-resonance (REDOR) ''N-13C NMR experiment 
has been performed on an alanine co-crystallized from five-component 
alanines, isotopically enriched in 13C, "N, or '3C.4'-43 REDOR "N-13C 
NMR involves the dephasing of carbon magnetization by "N 180" pulses 
synchronized with magic-angle spinning. The C-N dipolar coupling deter- 
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'%-AM "N-ALA 
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Fig. 6. (a) Transform in t2 of the 'H dipole-modulated, I3C dipole-coupled, I5N powder FID of [I-'3C]alanyl-[15N]alanine. The number of 
MREV-8 cycles ( 5 6 p )  was increased from 0 to 8 during t l .  The frequency axis is reported in ppm relative to liquid NH3 at -50°C. (b) 
Unmodulated simulations for two orientations of u33 and u22 relative to the peptide plane. (i) The orientation described by &N = 106", 
aCN = 90" places u33 perpendicular to the plane and u22 in the plane nearly parallel to the C-N bond. (ii) The orientation described by 

PCN = 106", aCN = 90" places ~7~~ perpendicular to the plane and u22 in the plane nearly parallel to the C-N bond. 
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Fig. 7. Experimental (A and D) and theoretical (B < C < E and F) 15N powder pattern 
spectra of doubly labelled gramicidin A. (A) Spectrum of [ l-13C]glycy12['5N]alany13- 
granicidin A with an observed dipolar splitting, Aq = 970 Hz, indicating a pD angle of 
106". (B) Broadened (360 Hz of Gaussian broadening) version of theoretical spectrum 
shown in C. (C) Theoretical spectrum yielding a best fit to the experimental data with 
aD = 0" and pD = 104". (D) Spectrum of [1-'3C]alany13-~-['5N]ieucy14-gramicidin A 
with an observed dipolar splitting, Av3 = lOlOHz, indicating a pD angle of 105". 
(E) Broadened (360 Hz of Gaussian broadening) version of theoretical spectrum shown 
in (F). (F) Theoretical spectrum yielding a best fit to the experimental data with aD = 0" 

and PD = 105". 

mines the extent of dephasing. These experiments on alanine show that it is 
practical to use REDOR to measure the C-N dipolar coupling of 5 pmol of a 
'3C-'5N-labelled pair having an  internuclear separation of the order of 4.5 A. 

4.2. Isotropic chemical shifts 

High-resolution 15N CP/MAS N M R  spectra of a variety of solid oligopeptides 
(X-glycylglycine) have been measured by Kuroki et af.25 in order to clarify the 
relationship between the hydrogen bonding structure and 15N shielding. It is 
found that there is no relationship between hydrogen bond length (RN . . .O)  

and Gly N H  amide 15N isotropic shielding (Fig. 8), but that the decrease of 
the N-H bond length (RN-H) leads to a linear increase in I5N isotropic shield- 
ing (Fig. 9). The expression for this relationship is 

Sobs = 39.32RN-, + 57.73 (ppm) 
In order to investigate the relationship between RN-H and RN.. .o, quantum 
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Fig. 8. Plot of the observed ''N shielding of oligopeptides in the crystalline state against 
the N . . '0 hydrogen bond length. 
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Fig. 9. Plot of the observed ''N shielding of oligopeptides in the crystalline state against 
the N-H bond length. 
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chemical calculations were carried out using two hydrogen-bonded N-methyl 
acetamides. It is shown that at the region forming hydrogen bond, an increase 
of RN..  0 leads to a decrease in RN-H (Fig. 10). On the other hand, X-ray dif- 
fraction studies have shown that the RN-H values decrease with an increase in 
the RN.. .o values. Further, it is found that not only the hydrogen bond length 
but also the hydrogen bond angle (LN-H . . . 0) is related to the "N shielding. 
As shown in Section 3, "N shielding calculations were carried out using a model 
compound, by the FPT-INDO method; the calculated results reasonably 
explain the experimental ones in Fig. 1 1. 

The relationship between amide nitrogen isotropic shielding and the principal 
values (0, ,, u22, and a33) of the shielding and hydrogen bond length RN..  .O and 
hydrogen bond angle L N-H . . . O  has been studied by observing CP/MAS and 
CP/static I5N NMR spectra of a variety of solid oligopeptides (tert-butyloxy- 
carbonylglycyl-X) .25 From the results of the observed "N shieldings, it was 
found that the isotropic "N shieldings ($so )  of the glycine residues increase 
with an increase of hydrogen bond length ( RN..  .o) between the nitrogen and 
oxygen atoms in the amide groups (Fig. 12), and that the principal values of 
033 decreases linearly with a decrease of RN . . . O  and there is no relationship 
between the principal values oil, 022 and RN. ..o (Fig. 13). 
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Fig. 10. Plot of the calculated N-H bond length and total energy against the hydrogen 
bond length (N . . '0)  obtained by using the ab initio STO-3G MO method. 
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N-H length (A) 

Fig. 11. Plot of the calculated "N shielding against the N-H bond length obtained from 
the FPT-INDO method. 

As shown in Section 3, quantum chemical calculations of the ''N shielding 
constant for the model compounds were carried out by the FPT-INDO 
method, and the relationship between 15N shielding and R N  . . . o, i N-H . . ' 0  
was discussed (Figs 14 and 15). These results show that the oll and 022 compo- 
nents are related not only to the hydrogen bond length (RN. . .o) ,  but also to the 
hydrogen bond angle ( 1  N-H . . . 0), but 033 is related to the hydrogen bond 
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observed "N shielding in the solid state against the N 0 length. 
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Fig. 13. Plots of the observed principal values of "N shielding tensors (a) c1 ,, (b) u2?. 

and ( c )  033 against the N . . .O bond length. 

length ( R N  . . .o)  only. Therefore, it can be said that the "N isotropic shielding 
and the three principal values of the shielding of the amide nitrogen provide 
useful information about the hydrogen bond length and hydrogen bond angle. 

5. SYNTHETIC POLYPEPTIDES 

High-resolution and solid-state 15N NMR has been increasingly applied to the 
investigation of polypeptides, proteins and b i o p o l y m e r ~ . ~ ~ ~ ~ - ~ ~  This is because, 
especially in polypeptides and proteins, nitrogen is very often functionally 
important due to its ability to form hydrogen bonds, most of the nitrogen sites 
are in the amide linkage of the backbone and the structure and dynamics of the 
backbone strongly reflect the conformation and the flexibility of these macro- 
molecules. Foerster et al.47 have measured the "N CP/MAS NMR spectra of 
some synthetic polypeptides in the solid state and found that the isotropic 
15N chemical shift depends upon conformational features such as the second- 
ary structure determined by the peptide bonds of the backbone. Shoji et 

have studied systematically the relation between the 15N chemical shifts 
and structure such as primary, secondary and higher ordered structures of 
various kinds of synthetic polypeptides in the solid state. They have demon- 
strated that the "N chemical shifts in the peptide backbone of these poly- 
peptides change depending on conformation, nature of amino acid residue, 
amino acid sequence and manner of hydrogen bonding. It is noteworthy 

.1.57-59 
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Fig. 14. Variation of the calculated "N shielding and its tensor components with the 
N . .  . O  hydrogen bond length: (a) qso, (b) 0 1 1 ,  (c) 022, and (d) ~ 7 ~ ~ .  

that the "N shielding tensors are related to the structures of the solid 
polypeptides. Thus, it is now possible to determine the conformation of poly- 
peptides and some proteins in the solid state by the "N CPIMAS NMR 
method. The NMR work is likely to become increasingly important in the 
study of the structure and dynamics of synthetic polypeptides and natural pro- 
teins in the solid state. Accordingly, if the sensitivity problem can be overcome, 
"N would be an ideal candidate for investigating polypeptides, proteins and 
biopolymers. 

5.1. Isotropic "N chemical shifts 

5.1.1. Homopolypeptides 

Foerster et ~ 1 . ~ '  measured the first 15N CPIMAS NMR spectra of some 
"N-labelled homopolypeptides in the solid state. Figure 16 shows the 30.5- 
MHz "N CP/MAS NMR spectra of poly(L-leucine), poly(L-phenylalanine) 
and poly(g1ycine). The "N chemical shifts of solid homo polypeptide^^^ are 
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summarized in Table 1. Foerster et al. suggested that (1) the most interesting 
observation is the 9-10 ppm low-frequency shift for the right-handed a-helix 
(a-helix) structures compared to antiparallel 0-sheet (0-sheet) structures of 
poly(L-leucine) and poly(L-phenylalanine), which allows the identification and 
quantification of the composition of secondary structures of polypeptides; ( 2 )  
the PGI (P-sheet) and PGII (31-helix) forms of poly(g1ycine) differ by 
4.5ppm in the I5N NMR spectra, whereas the PPI (right-handed 103-helix; 
cis-type) and PPII (left-handed 31-helix; trans-type) of poly( L-proline) do not 
exhibit any shift differences; (3) all polypeptides having one a-substituent 
absorb several parts per million to high frequency of poly(g1ycine) and 
poly(L-proline) absorbs at the highest frequency; and (4) the shift effects of 
y- and &carbons are smaller and less systematic in the solid state. 

Shoji et dS7 have studied the relation between 15N chemical shift and struc- 
tural parameters such as primary and secondary structures of various natural 
abundance homopolypeptides in the solid state. In order to test systematically 
the power of "N CP/MAS NMR for the structural analysis of solid 
polypeptides, they have prepared various kinds of model homopolypeptides: 

-235 . . 
(d) 

- -245 - 

a 
I 

D 

-265 . * 



A. SHOJI et al. 

a 
14 

( a )  (C) 

I 
3 ,  

150 100 150 100 50 150 100 50 

Fig. 16. 30.5-MHz "N CP/MAS NMR spectra of (a) poly(L-leucine) (d.p. = 50; 10% 
"N); (b) poly(L-phenylalanine) (d.p. = 50; 10% "N; 300 scans); and (c) poly(g1ycine) 

(20% "N; dialyses from LiBr solution; 100 scans). 

poly (L-alanine), poly(L-leucine), poly(p-benzyl L-aspartate), poly(y-benzyl 
L-glutamate), poly(y-methyl L-glutamate), poly(L-valine), poly(L-isoleucine), 
poly(L-glycine) and poly( L-proline), which show characteristic differences in 
conformation. The 27.4-MHz "N CP/MAS NMR spectra of natural abun- 
dance homopolypeptides, poly(L-alanine) and poly(L-leucine), are shown in 
Fig. 17. The observed 15N NMR chemical shifts of solid homo polypeptide^'^-^^ 
Table 1. I5N NMR chemical shifts 6 (ppm, relative to ''NH,NO,) and linewidths of 

solid polypeptides. 

Polypeptide (d.p.) Catalyst,u 6 of a-helix S of sheet Line 
solvent, structure structure width 

temperature (Hz) 
~~~ 

Poly(g1ycine) 50 Benzy lamine 89.9' 85.4 220 
Acetonitrile/2O0C 

Dioxane/20"C 
Poly(D,L-alanine) 20 Aniline 109.3 300 

Dioxane/ 100°C 

Dioxane/2O0C 
Poly(D,L-leucine) 50 Benzylamine 98.9 108.5 300 

Dioxane/2O0C 
Poly( L-valine) 50 Benzylamine 106.9 250 

Dioxane/2O0C (105.9) 
Poly (L-phenylalanine) 50 Isopropylamine 94.7 108.2 - 

Dioxane/2O0C 

Dioxane/2O0C 

- Poly(L-alanine) 50 Benzy lamine 100.5 200 

- 

Poly(L-leucine) 50 Benzylamine 97.9 108.7 150 

- 

- Poly(y-methyl-L-glutamate) 50 Benzylamine 97.9 200 

Poly(L-proline) Pyridine/2O0C 108.8' 220 - 

a Polymerization of amino acid N-carboxyanhydrides. 
3,-Helix. 
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(-NH-CH-CO-), D 

Fig. 17. Natural abundance 27.4-MHz I5N CP/MAS NMR spectra of some pa y- 
(L-alanines) and poly(L-leucines) in the solid state. (A and B) PLAla-50 (a-helix form, 
2874 scans); (C) Z-(Ala),-NHBu (P-sheet form, 1927 scans); (D and E) PLLeu-100 

(a-helix, 850 scans); (F) Z-(Leu)6-OEt (P-sheet, 1142 scans). 

are summarized in Table 2. It has been confirmed that the isotropic I5N 
chemical shifts in the peptide backbone of homopolypeptides exhibit a signifi- 
cant conformation-dependent change from the observation and theoretical cal- 
culation. It has been found that the uiso for the a-helix form (97.G99.2ppm) 
appears to low frequency by ca. 1.2-10.0ppm with respect to that for the 
,&sheet form (99.5-107.0 ppm) of the same homopolypeptides, which obviously 
depends on the structure of individual amino acid residues. Some "N chemical 
shift differences are rather small, but they should be on safe grounds for homo- 
polypeptides. The variations of the aiso for various kinds of homopolypeptides 
are ca. 2.5ppm in the a-helix form and ca. 7.5ppm in the P-sheet form. In 
addition, the qso of the /?-sheet form of the L-Leu, L-Val, and L-Ile residues, 
which possess alkyl side-chains, appear to high frequency with respect to that 
of the L-Ala residue. In contrast, the oiso value for the @-sheet form of the 
~-Asp(OBzl), ~-Glu(OBzl) and L-Glu(0Me) residues, which possess side-chain 
esters, is decreased with respect to that of the L-Ala residue. These results 
indicate that the "N chemical shift difference between the a-helix and ,&sheet 
forms depends on the side-chain structure of individual amino acid residues. 

Another important result is that aiso gives information about the helix sense 
(right-handed a-helix or left-handed a-helix) of poly P-benzyl L-aspartate)60 
(a-helix: 99.2; aL-helix: 97.0 ppm). In addition, the "N chemical shift value 
of PBLAsp-5 (low molecular weight; /?-sheet form) is identical with that of 
PBLAsp-100-111 (high molecular weight; @-sheet form), indicating that the 
"N chemical shift of a solid polypeptide is independent of the chain length, if 
no conformational changes occur. Accordingly, the 15N chemical shift depends 
mainly on the conformation and side-chain structure of individual amino acid 
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Table 2. Isotropic I5N chemical shifts of some homopolypeptides with various confor- 
mations (a-helix, P-sheet, aL-helix, wL-helix, PGI, PGII, PPI and PPII forms) in the 

solid state (ppm from I5NH,NO3, f0.5ppm). 

Samplea Conformationb "N 6 A 6' 

PLAla-50 a-helix 98.6 -3.2 
Z- ( L-AI~)~-NHBu P-sheet 101.8 
PLLeu- 100 a-helix 97.0 - 10.0 
Z- ( L-Leu)6-OEt P-sheet 107.0 
PBLAsp-100 a-helix 99.2 -1.2 
PBLAsp-100-1 aL-helix 97.0 
PBLAsp-100-11 wL-helix 96.8 
PBLAsp- 100-111 P-sheet 100.4 
P B L A s p - 5 @-sheet 100.4 
PBLGlu-100 a-helix 97.6 -1.9 
N~S-(L-GIU(OBZI))~-NHBU P-sheet 99.5 

Nps-( L-Glu(OMe)),-OH P-sheet 99.5 
PMLGIu-IOO a-helix 97.6 -1.9 

PLVal-100 P-sheet 105.9 
PLIle- 100 @-sheet 106.1 

Pay-100-S 3,-helix (PGII) 88.5 
PPro- 100 1 03-helix (PPI) 107.4 (+2.5) 
PPro-100-S 3, -helix (PPII) 104.9 

' Abbreviations: Ala, alanine; Leu, leucine; BLAsp, 0-benzyl L-aspartate; BLGlu, y-benzyl L-gluta- 
mate; MLGlu, y-methyl L-glutamate; Val, valine; Ile, isoleucine; Gly, glycine; Pro, proline; Bu, 
butyl; Et, ethyl; Bzl, benzyl; Me, methyl; Z ,  benzyloxycarbonyl; Nps, (o-nitrophenyl)sulphenyl. 

Abbreviations: PGI, poly(glycine) I form @-sheet); PGII, poly(g1ycine) I1 form (3,  -helix); PPI, 
poly(L-proline) I form ( I03-helix); PPII, poly(L-proline) I1 form (31-helix). 
' Differences in the ISN chemical shifts of the a-helix relative to those of the &sheet form. 

PGly- 100 P-sheet (PGI) 83.5 (-5.0) 

residues. Furthermore, Shoji et al. have obtained some different results from 
Forester et al.:47 (1) qso of the PGI form of poly(glycine)61 appears to low 
frequency by 5ppm with respect to that of the PGII form, and the PPI and 
PPII helices of poly(L-proline)62 differ by 2.5ppm in the 15N NMR spectra; 
and (2) the I5N chemical shift of the L-proline residue of [Pro-Ala-Gly], 
(collagen-like triple-helical structure) appears at a higher frequency 
(108.8ppm) in comparison with that of poly(L-proline). A diagram of the 
observed isotropic 15N chemical shift of some homopolypeptides [XI, with 
various conformations (a-helix, ,&sheet, aL-helix, wL-helix, PGI, PGII, PPI 
and PPII forms) is shown in Fig. 18. 

In order to support the view that ''N chemical shifts are conformation depen- 
dent, theoretical calculations of "N chemical shifts are required, using the elec- 
tronic states derived by quantum chemical methods. The relative "N NMR 
chemical shifts57 (isotropic magnetic shielding constants) of a dipeptide frag- 
ment, N-acetyl-L-alanine methylamide (forming hydrogen bonds with two for- 
mamide molecules) have been calculated using the FPT-INDO t h e ~ r y , ~ ~ , ~ ~  as 
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Fig. 18. A diagram of the observed isotropic "N shielding (qs,,) of some homopoly- 
peptides [XI, with various conformations (a-helix, P-sheet, aL-helix, wL-helix, PGI, 

PGII, PPI and PPII forms). 

described in Section 3, where the structural data, including the distance between 
the nitrogen and oxygen atoms, 2.83 and 2.86A for the 0-sheet and a-helix 
forms, respectively, were taken from X-ray diffraction studies of poly- 
(L-alanine) .64-66 

Figure 19 shows the observed "N chemical shift diagram of poly(L-alanine) 
and the ''N shielding constant (chemical shift) diagram of N-acetyl-L-alanine 
methylamide calculated by the FPT-INDO method. The calculated "N shield- 
ings for the a-helix and 0-sheet forms of poly(L-alanine) are -254.9 and 
-257.3 ppm, respectively. The calculated ''N chemical shift for the a-helix 
form appears to low frequency by 2.4ppm with respect to that of the @-sheet 
form. This calculated "N chemical shift displacement is qualitatively in good 
agreement with the observed one. As a conclusion, the 15N chemical shift of 
poly(L-alanine) depends on conformation, which can be interpreted mainly in 
terms of the changes of the electronic structure. Accordingly, "N chemical 
shifts determined by the ''N CP/MAS NMR method are very sensitive to the 

( a  1 Observed 

105 1 I00 95 

-260 A -255 - 2 5 0  

"N Chemical Shift 6 (ppm) 

( b )  Calculated 

15N Shielding 6 ( P P d  

Fig. 19. (a) Observed "N chemical shift diagram of poly(L-alanine) in the solid state. 
(b) Calculated 15N shielding diagram of N-acetyl-L-alanine methylamide (taking hydro- 
gen bonds with two formamide molecules), as a dipeptide model of poly(L-alanine), by 

means of the FPT-INDO method. 
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primary structure such as side-chain effects of a variety of amino acid residues 
as well as the secondary structure (the main-chain conformation) such as the 
a-helix and P-sheet forms of homopolypeptides in the solid state. 

5.1.2. Copolypeptides 

The "N NMR signals of solid copolypeptides are sensitive to sequence effects; 
yet they are, in most cases, sensitive to secondary structure. Table 3 shows the 
"N chemical shifts of the guest-host copolypeptides in the solid state.47 It is 
found that: (1) when a helix-forming amino acid residue such as L-alanine 
or L-leucine is incorporated into the &sheet structure of poly(L-valine), the 
chemical shift has a value typical of the host polypeptide (- 108.5ppm); (2) 
when the non-helix-forming amino acid residue, L-valine is incorporated into 
the helices of poly(L-alanine) or poly(L-leucine), it shows the characteristic 
chemical shift of a helical polypeptide (98.5 - 97.5 ppm); (3) glycine incorpor- 
ated into the a-helix of [Ala], does not exhibit any shift difference compared 
with poly(g1ycine) in the P-sheet form; (4) when glycine units are incorporated 
into the P-sheet structures of pal], or [P-Ala],, they absorb several parts per 
million to high frequency of the P-sheet of [Gly],, indicating strong neighbour- 
ing sequence effects. 

The relation between the isotropic I5N chemical shift and the structural para- 
meters of various kinds of synthetic copolypeptides in the solid state have been 
studied.58,59,61,67 For this, a series of "N-labelled polypeptides were prepared, 
[Ala*, XI,, [Gly*, XI, and [Leu*, XI,, consisting of 'SN-labelled amino acids 
(Ala*: L-alanine, Gly*: glycine, Leu*: L-leucine) and other normal amino 
acids (X; natural abundance of "N), where the following amino acids were 
selected for the X residue: (1) L-alanine, D-alanine and L-leucine, which contain 

Table 3. "N NMR chemical shifts 6 (ppm, relative to "NH,NO,) of solid guest-host 
copolypeptides. 

Copolypeptide Secondary 6 of host 6 of guest 
structure 

Gly* 

Gly* 
Gly* 

in poly(L-alanine) 
in poly(y-methyl-L-glutamate) 
in poly(L-valine) 

Gly* in poly(o-alanine) 
i.-Ala* in poly(L4eucine) 
L-Leu* in poly(L-alanine) 
L-Leu* in poly(L-valine) 
L-Val* in poly(L-alanine) 
L-Val* in poly(L-leucine) 

a-helix 
a-helix 
O-sheet 

/?-sheet 
a-helix 
a-helix 
P-sheet 
a-helix 
a-helix 

100.5 
97.9 

105.9 

99.5 

100.3' 
~ 

- 

- 

85.7 
87.9 
93.4 

(90.5-85.1)" 
94.4 
99.6 
97.2 

108.5 
98.5 
97.5 

" Poorly resolved shoulders. 
*Denotes I5N enrichment. 
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non-polar hydrocarbon side-chains and stabilize an a-helix; (2) @-benzyl 
L-aspartate, y-benzyl L-glutamate, and y-methyl L-glutamate, which contain 
polar side-chain esters and stabilize an a-helix; (3) glycine, which is optically 
inactive and stabilizes a @-sheet; (4) L-valine and L-isoleucine, which contain 
non-polar hydrocarbon side-chains and stabilize a P-sheet; ( 5 )  sarcosine 
(= N-methyl glycine), which destabilizes both an a-helix and a @-sheet. 

For the copolypeptides [Ala*,X],, the q,, values of the Ala* residue for 
the a-helix and P-sheet forms are observed in the range 98.1 - 101.5 and 
98.8 - 107.0ppm, respectively, as shown in Table 4 and Fig. 20. This suggests 
that cis, depends not only on the conformation but also on the primary struc- 
ture or probably on the higher order structure. Thus, the origin of 15N chemical 
shifts is rather complex as compared with that of 13C chemical shifts,68 and 
it may be generally difficult to estimate the conformation of copolypeptides 
from the aiso value. However, cis, for the a-helix form is always displaced to 
low frequency with respect to the P-sheet form for the same kind of poly- 
peptide. Another important result is that qso gives information about the 
helix sense of polypeptides by the 15N CP/MAS NMR method. It has been 
already established by the infrared (IR),74 far-IR75 and 13C CP/MAS 

methods that the stable conformation of [Ala*, ~-Ala], (A3-1 
and A3) is the left-handed a-helix; the Ala* residues (minor component, 
5 - 20mol%) are incorporated into the left-handed a-helix of the major 
D-Ala residues. The qso values (aL-helix, 96.5 - 96.7ppm) of the Ala* residues 
of [Ala*, ~-Ala], (A3-1 and A3) are displaced to low frequency by ca. 2 ppm as 
compared with that of [~-Ala], (a-helix, 98.6 - 98.8 ppm, which is exactly equal 
to qso of [~-Ala],). A similar "N chemical shift displacement was obtained for 
the homopolypeptide [L-Asp(OBzl)],, as described above. Thus, the value of qso 
is sensitive to the helix sense of polypeptides in the solid state. 

For the copolypeptides [Gly*, XI,, the oiso values of the Gly* residue of the 
a-helix and P-sheet forms are observed in the ranges 84.2 N 85.8 and 
83.5 - 87.8ppm, respectively, as shown in Table 5 and Fig. 21. This suggests 
that the value of aiso of the Gly* residue depends not only on the conformation 
but also on the primary structure (or probably on the higher ordered structure). 
It seems that the displacement of cis, of the Gly* residue is similar to that of 
[Ala*,X],, and is affected by the strong neighbouring amino acid sequence 
effects. The origin of 15N chemical shifts is rather complex, and thus it is diff- 
cult to directly estimate the conformation of copolypeptides from the qso value. 
The nis0 of the Gly* residue in the a-helix is always displaced to low frequency 
with respect to the @-sheet form. Furthermore, the oiso value is displaced to low 
frequency by 10 - 20ppm with respect to that of homopolypeptides of host 
amino acid residue [XI,. Thus, it is emphasized that qso may be useful for the 
study on such a conformational change of copolypeptides having identical 
primary structure and some natural proteins such as collagen fibrils or silk 
fibroins. 

In contrast, for the copolypeptides [Leu*, XI, (except for [Leu*, Gly], in the 

NM ~ 6 8 -  73 



Table 4. Isotropic I5N shielding (also), "N principal shielding elements (ol1, aZ2, g33) ,  anisotropy (Aa) and asymmetry parameter (7) of 
solid polypeptides [Ah*, XI,, containing 'sN-labelled L-alanine residue in the a-helix, aL-helix, and /?-sheet forms. 

Sample Composition" (%) Conformation" ISN shielding" (ppm) ACTd ve 

Ala* Ala X also 01 1 a 2 2  0 3 3  

A1 [Ala*I, 20 80 a-helix 98.8 204 54.4 38 158 0.16 
102.2 201 61.7 44 148 0.18 A2 [Ala*],-5 20 80 P-sheet 

A3-1 [Ala*, D-AI~], 5 0 95 aL-helix 96.7 197 57.1 36 151 0.21 
A3 [Ah*, D-AI~],, 20 0 80 aL-helix 96.5 198 55.1 36 153 0.19 
A4 [Ala*, Glyl, 20 0 80 P-sheet 98.8 200 59.6 37 152 0.22 
A5 [Ala*, Glyl, 20 60 20 a-helix 98.6 202 57.4 36 155 0.21 
A6-1 [Ala*, Leu], 5 0 95 a-helix 98.6 205 56.0 35 160 0.20 
A6 [Ah*, Leu], 20 0 80 a-helix 98.6 204 56.9 35 158 0.21 
A6-2 [Ala*, Leu], 5 45 50 a-helix 98.3 207 54.2 34 163 0.19 

34 158 0.22 A6-3 [Ala*, Leu], 5 75 20 a-helix 98.1 203 57.1 
A7-1 [Ala*, Val], 5 0 95 P-sheet 107.0 210 63.5 47 155 0.16 
A7 [Ala*, Val], 20 0 80 &sheetf 99.7 202 62.4 35 153 0.27 
A7-2 [Ala*, Val], 5 25 70 a-helixg 98.6 201 53.1 42 154 0.11 
A8 [Ala*, Ile], 20 0 80 P-sheet 101.0 200 63.0 40 149 0.23 
A9-1 [Ah*, Asp(OBzl)], 5 0 95 a-helix 101.3 210 54.7 39 163 0.14 
A9-2 [Ah*, Asp(OBzl)], 10 0 90 a-helix 101.1 210 56.0 37 164 0.17 
A9 [Ala*, Asp(OBzl)], 20 0 80 a-helix 101.5 208 58.7 38 160 0.19 
A10 [Ala*, Glu(OBzl)], 20 0 80 a-helix 100.4 206 56.7 39 158 0.17 

37 157 0.20 A1 1 [Ala*, Glu(OMe)], 20 0 80 a-helixh 99.9 205 58.1 
A12 [Ala*, Sar], 20 0 80 ? 99.0 198 62.2 37 148 0.26 

a Copolymer composition (%). Abbreviations: Ala*, "N-labelled L-alanine (99 atom % of "N purity); Ala, L-alanine (natural abundance of I5N); X, other 
amino acids (natural abundance of "N). 

Abbreviations: a-helix, right-handed a-helix; aL-helix, left-handed a-helix; P-sheet, antiparallel @-sheet. 
"N shielding of Ala* of polypeptides: 10.5ppm for uIs0 and u22 and 1 2 p p m  for ull  and u33, from I5NH4NO3. 
Anisotropy: Au = uII - (u22 + u33)/2. 

Major conformation of [Ala*, Val],, (A7) is the 8-sheet form containing small amounts (assumed below 1&20%) of the a-helix form. 
Major conformation of [Ala*, Val], (A7-2) is the a-helix form containing small amounts (assumed below 10%) of the P-sheet form. 
Major conformation of [Ala*, Glu(OMe)], is the a-helix form containing small amounts (assumed below 20-30%) of the P-sheet form. 

e Asymmetry parameter: 7 = (02. - 0 3 3 ) / ( ~ 1  I - u,,,). 
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Fig. 20. A diagram of the observed isotropic ''N shielding (uiso) and the principal shielding elements ( ~ 7 ~  I ,  u22 and ~ 7 ~ ~ )  of the Ala* residue 
of some polypeptides [Ala*, XI, (Ala* content is nearly 20%) in the solid state. 



Table 5. Isotropic I5N shieldings (uiso), 15N principal shielding elements (u , u22r u ~ ~ ) ,  anisotropy (nu) and asymmetry parameter (7) of 
solid polypeptides [Gly*, XI, containing 'N-labelled glycine residue. 

Sample composition" (%) Conformationb 

Gly* Gly X 

G1 

G2 
G3 

GI-S 

G4- 1 
G4-2 
G4 
G4-3 
G4-4 
G5 
G6 
G7 
G8 

20 80 
20 80 
20 0 80 
20 60 20 
5 0 95 
5 5 90 

20 0 80 
5 45 50 

20 60 20 
20 0 80 
20 0 80 
20 0 80 
20 0 80 

~ 

P-sheet 
3 I -helix 
a-helix 
/3-sheet 
a-helix 
a-helix 
a-helix 
a-helix 
P-sheet 
P-sheet 
@-sheet 
a-helix 
a-helix 

"N shielding' (ppm) 

q s o  01 1 u22 u33 

83.5 185 40.7 25 
88.5 194 42.1 29 
84.2 192 36.9 24 
83.5 186 45.3 19 
84.5 190 38.7 25 
84.4 190 38.9 24 
85.3 190 41.0 25 
84.4 186 43.0 24 
83.7 186 45.5 20 
85.1 183 53.9 19 
87.8 189 47.6 25 
86.0 188 50.8 19 
85.8 190 40.5 27 

Aud ve 

152 0.15 
158 0.12 
162 0.12 
154 0.26 
158 0.13 
159 0.14 
157 0.15 
153 0.19 
153 0.25 
147 0.36 
153 0.22 
153 0.31 
156 0.13 

Copolymer composition (%). Abbreviations: Gly*, "N-labelled glycine (99 atom % of I5N purity); Gly, glycine (natural abundance of I'N); X, other 

Abbreviations: a-helix, right-handed a-helix; P-sheet, antiparallel P-sheet; PGI, polyglycine I form; PGII, polyglycine I1 form. 

Anisotropy. 

amino acids (natural abundance of "N). 

c 15 N shielding of Gly* of polypeptides (from "NH4NO3). 

" Asymmetry parameter. 
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Fig. 21. A diagram of the observed isotropic ''N shielding (qso) and the principal shield- 
ing elements (oI I ,  022 and u33) of the Gly* residue of some polypeptides [Gly*, XI, (Gly* 

content is nearly 20%) in the solid state. 
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0-sheet form), the oiso values of the Leu* residue of the a-helix and P-sheet 
forms are observed in the ranges 96.2 - 97.7 and 105.1 - 107.0ppm, respect- 
ively, as shown in Table 6 and Fig. 22. The aiso values are very similar to those 
of the homopolypeptide [Leu*], (a-helix: 97.0 and P-sheet: 107.0ppm). It is 
noteworthy that the ''N chemical shift difference of the Leu* residue between 
the a-helix and the P-sheet forms is large (7-1 1 ppm), but that the "N chemical 
shift differences from the neighbouring amino acid sequence effects are small 
(within 2ppm). This is quite a different result from those obtained for 
[Ala*,X], and [Gly*,X],. Thus, the origin of "N chemical shifts of the Leu* 
residue is rather simple compared with that of the Ala* or Gly' residues. Since 
the cis0 value of the Leu* residue depends mainly on the conformation, with a 
very small dependence on the primary structure (or higher ordered structure), it 
may be very useful for the conformational analysis of copolypeptides in the 
solid state. 

As mentioned above, it has been shown that the origin of the isotropic 

Table 6.  Isotropic 15N shielding (qso) and I5N shielding tensor element (022) of 
solid polypeptides [Leu*, XI, containing "N-labelled L-leucine residue in the a-helix 

and 0-sheet forms. 

Sample Compositiona ( O h )  Conformation "N shieldingb (ppm) 

Leu* Leu X U I S O  0 2 2  

LI [Leu*], 20 80 a-helix 97.0 55.7 
L2 [Leu*],-5 20 80 P-sheet 107.0 66.9 
L3 [Leu*, Val], 20 0 80 P-sheet 107.0 65.1 
L3-1 [Leu*, Val], 20 10 70 @-sheetc 107.0 (97.0) 65.3 

L3-3 [Leu*, Val], 20 50 30 a-helix 96.9 54.0 
L3-4 [Leu*, Val], 20 60 20 a-helix 96.8 54.0 

L3-2 [Leu*, Val], 20 30 50 a-helix 97.0 55.3 

L4 [Leu*, Ala], 20 0 80 a-helix 96.2 55.5 
L4-1 [Leu*, Ala], 20 30 50 a-helix 96.5 55.5 

L5-1 [Leu*, Gly], 20 30 50 a-helix 97.2 55.5 

L4-2 [Leu*, Ala], 20 60 20 a-helix 96.8 51.0 
L5 [Leu*, Gly], 20 0 80 P-sheet 96.9 61.2 

L5-2 [Leu*, Gly], 20 60 20 a-helix 96.8 53.2 
L6 [Leu*, Lys(Z)], 20 0 80 @-sheetd 105.1 (97.2) 63.0 
L7 [Leu*, Ile], 20 0 80 P-sheet 106.7 58.0 
L7-1 [Leu*, Ile], 20 30 50 a-helix 97.1 56.0 
L8 [Leu*, Asp(OBzl)], 20 30 50 a-helix 97.7 56.7 
L9 [Leu*, Glu(OBzl)], 20 30 50 a-helix 97.6 50.1 

" Copolymer composition (%): Leu*, "N-labelled L-leucine (99 atom % of I5N purity). 
' "N shielding of Leu* of polypeptides (+0.5ppm, from I5NH4NO3). 
' Major conformation of [Leu*, Val], (L3-1) is the P-sheet form containing small amounts (assumed 
below 30-40%) of the a-helix form. 

Major conformation of [Leu*, Lys(Z)], (L6) is the P-sheet form containing small amounts 
(assumed below 25-35%) of the a-helix form. 
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Fig. 22. A diagram of the observed isotropic I5N shielding (oiso) and the principal shield- 
ing element (022) of the Leu* residue of some polypeptides [Leu*,X], (Leu* content is 

nearly 20%) in the solid state. 

I5N chemical shifts of copolypeptides is related to the conformation, the side- 
chain effects of amino acid residue and neighbouring amino acid sequence 
effects.58-62,67 Especially, for the Leu* residue, the oiso value depends mainly 
on conformation, and the neighbouring amino acid sequence effects are very 
small. In contrast, for the Ala* and Gly* residues, the oiso value depends 
both on conformation and strong neighbouring amino acid sequence effects. 

In a-helical copolypeptides [Leu*, XI, such as [Leu*, Ala],, [Leu*, 
Glu(OBzl)],, and [Leu*, Asp(OBzl)],, the giSo values of the Leu* are displaced 
to low frequency by 0 N 2.5 ppm with respect to those of the corresponding host 
homopolypeptide [XI,. In 0-sheet copolypeptides such as [Leu*, Val], and 
[Leu*, Ile],, the qis0 values are displaced to high frequency by 0.6 - 1.1 ppm 
with respect to those of the corresponding host homopolypeptide. As a result, 
the qso regions of the Leu* for the [Leu*,X], with the a-helix (96 N 98ppm) 
and @-sheet forms (106 N 107ppm) are distinguishable. That is to say, the 
oiso value of the Leu* residues depends mainly upon the conformation of the 
copolypeptides in the solid state. 

In a-helicalcopolypeptides [Ala*, XI,, suchas [Ala*, Leu],, [Ala*, Asp(OBzl)],, 
[Ala*, Glu(OBzl)], and [Ala*, Glu(OMe)],, the oiso values of the Ala* are 
displaced conversely to high frequency by 2 N 3 ppm with respect to those 
of the corresponding host homopolypeptide [XI, (see Fig. 23). In P-sheet 
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Ile Val Gly ( = X )  

Fig. 23. Correlation of the "N chemical shifts of Ala* of copolypeptides, [Ala*,X],, 
with those of host homo olypeptides [XI, in the solid state. The arrow indicates the 

"N chemical shift of poly(L-alanine). 

copolypeptides such as [Ala*, Val], and [Ala*, Ile],, the oiso values of the 
Ala* are displaced to low frequency by 5-6ppm with respect to those of the 
corresponding host homopolypeptide. For this, the qso regions of the Ala* 
in the copolypeptides with the a-helix (98 N 102ppm) and P-sheet forms 
(99 - 102ppm) are overlapping. 

Furthermore, in whelical copolypeptides [Gly*, XI, such as [Gly*, Ala],, 
[Gly*, Leu],, [Gly*, Glu(OBzl)], and [Gly*, Asp(OBzl)],, the qso values of the 
Gly* are displaced to low frequency by 12 N 15ppm with respect to those of 
the corresponding host homopolypeptide [XI, (see Fig. 24). In P-sheet copoly- 
peptides such as [Gly*, Ala],, [Gly*, Leu],, [Gly*, Val],, [Gly*, Ile],, and 
[Gly*, Asp(OBzl)],, the qso values of the Cly* are displaced to low frequency 

Ile Val ASP ( X I "  

Fig. 24. Correlation of the I5N chemical shifts of Gly* of copolypeptides, [Gly*, XI,, 
with those of host homoTplypeptides [XI, in the solid state. The arrow indicates the 

N chemical shift of poly(g1ycine). 
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by 14 - 22ppm with respect to that of the corresponding host homopoly- 
peptide. As a result, the qs0 regions of the Gly* in the copolypeptides with 
the a-helix (84 N 86ppm) and @-sheet forms (83 - 88ppm) are overlapping. 
It is very interesting that the qso values of copolypeptides depend on side-chain 
effects of amino acid residues. Especially for the Ala* and Gly* residues, the qiso 
values depend on strong neighbouring amino acid sequence effects. Although 
the origin of "N chemical shifts is rather complex, this point needs further 
clarification. 

The relationship between the aiso value and the copolymer composition for 
copolypeptides has been studied. Figures 25 and 26 show the plots of the aiso 
data of the Ala* residue in [Ala*, Leu], and [Ala*, Val],, respectively, against 
the L-alanine content (YO). For a series of [Ala*, Leu],, where Leu has a hydro- 
phobic alkyl side-chain and stabilizes an a-helix conformation, qso is found to 
be almost constant over a wide range of L-alanine contents ( 5  - 80%). 

In contrast, for a series of [Ala*,Val],, where the Val residue has a hydro- 
phobic side-chain and stabilizes a @-sheet form, the stable conformation was 
found to be the P-sheet form at 5 20% L-alanine content (A7-1, A7) and 
a-helix form at 2 30% L-alanine content (A7-2). In this narrow range of 

[Ala'.Leu], 
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Fig. 25. Plots of the isotropic ''N shielding (oiso) and the principal shielding elements 
(a , , ,  uZ2 and of the Ala* residue in [Ala*, Leu], against the L-alanine content (YO): 
(0) a-helix form; (0) poly( L-alanine) (a-helix form); (A) poly(L-leucine) (a-helix 

form). 
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Fig. 26. Plots of the isotropic "N shielding (qso) and the principal shielding elements 
(ol', uZ2 and ~ r ~ ~ )  of the Ala* residue in [Ala*, Val], against the L-alanine content (%): 
(0) a-helix form; (0)  P-sheet form; (0) poly(L-alanine) (a-helix form); (m) poly- 

(L-alanine) (P-sheet form); (A) poly(L-valine) (P-sheet form). 

L-alanine content (between 20 and 30%), any significant changes in qso are not 
observed. A large chemical shift change was observed for oiso at 5 N 20% 
L-alanine content. Such chemical shift changes may be mainly due to the 
side-chain effect of the L-valine residue and the neighbouring amino acid 
sequence effects, but apparently are not due to the main-chain conformation 
of copolypeptides. 

Figures 27 and 28 show the plots of the oiso value of the Gly* residue in 
[Gly*, Ala], and [Gly*, Leu],, respectively, against the glycine content. 

For a series of [Gly*, Ala], and [Gly*, Leu],, oiso is almost constant, 
indicating that this is independent of the wide range of L-alanine contents 
( 5  N 80%). Accordingly, for a series of [Gly*, Ala], and [Gly*, Leu],, the 
chemical shift displacements in oiso may be indepenent of the main-chain con- 
formation of copolypeptides. The reason for this is not clarified yet. 

Figure 29 shows the plots of oiso of the Leu* residue in [Leu*,Ala],, 
[Leu*, Gly], and [Ala*, Val],, respectively, against the L-leucine content 
(YO). For all of the series of [Leu*,Ala],, [Leu*,Gly],, , [Leu*,Val],, the 
changes of the values of oiso are negligibly small against copolymer 
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Fig. 27. Plots of the isotropic ISN shielding ( c , ~ ~ )  and the principal shielding elements 
( ~ ~ ~ , u ~ ~  and r33) of the Gly* residue in [Gly*,Ala], against the glycine content (%): 

(0) a-helix form; (0 )  ,!%sheet form; (H) poly(g1ycine) (P-sheet form). 

composition, where no conformational changes occur. In contrast, a large 
chemical shift displacement (ca. 8 N l0ppm) was observed between the a-helix 
and P-sheet forms, which is ascribed to the main-chain conformation of 
copolypeptides. 

5.2. Principal values of "N shielding tensors (uI1, u22 and q3) 

The development of high-resolution solid-state NMR techniques has made 
possible the study of shielding tensors. No doubt "N will receive more atten- 
tion in the near future for a number of reasons such as the increased availability 
of high-field spectrometers and the development of polarization transfer tech- 
niques for solids. Recently some interesting results on the relation between 
15N shielding tensors and structures of solid polypeptides have been reported. 
Nitrogen NMR could, therefore, be a useful intrinsic probe in ''N NMR 
studies of polypeptides and proteins in the solid state, particularly in cases 
where selective ''N labelling is possible. 

5.2.1. Homopolypeptides 

The principal values of the "N shielding tensors were obtained by fitting the 
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Fig. 28. Plots of the isotropic "N shielding (qso) and the principal shielding elements 
(u l , ,  u2* and 033) of the Gly* residue in [Gly*, Leu], against the glycine content (%): 

(0) a-helix form; (0)  P-sheet form; (m) poly(g1ycine) (P-sheet form). 

theoretical powder pattern l i n e ~ h a p e ~ ~  which is convoluted with Lorentzian 
functions to the observed powder patterns (Fig. 30). The oiso and a22 data 
can be read directly from the observed CP/MAS and powder pattern (CP-static) 
spectra, respectively. The error limits of the all and a33 values (5  f 2 p p m )  are 
larger than those for qso and q2 (5  f0.5ppm).5si59 

Table 4 summarizes the isotropic "N shielding (aiso) and principal values of 
the "N shielding tensors of [Ala*], and [Ala*, XI,. The o1,, a22, and a33 data of 
the a-helical [Ala*], are decreased by -3, 7.3, and 6ppm, respectively, with 
respect to the P-sheet [Ala*], in the solid state. For [Ala*],, (1) only the all 
value of the a-helix form appears to high frequency with respect to that of 
the P-sheet form, whereas the other values (a22 and a33) of the a-helix appear 
to low frequency with respect to those of the P-sheet and (2) the differences 
between the a22 (and a33) values for the a-helix and P-sheet forms are larger 
than those of miso. 

On the other hand, the all,  a22 and a33 values of the a-helical [Leu*], are 
decreased by 5, 11.2 and 2 ppm, respectively, with respect to those of the p- 
sheet [Leu*], in the solid state (Table 6 ) .  The displacement of the o l l ,  a22 and 
a33 values between the a-helical [Leu*], and the P-sheet [Leu*], is different 
from those of the [Ala*],, the reason for which is unclear at present. For 
[Leu*],, (1) all principal values of the nitrogen shielding tensor of a-helical 
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Fig. 29. Plots of the isotropic "N shielding (q,) and the principal shielding element 
(q2) of the Leu* residue in [Leu*,Val],, [Leu*, Ala], and [Leu*,Gly], against the 

L-leucine content (%): (0 )  a-helix form; (m) (P-sheet form). 

[Leu*], are displaced to low frequency with respect to those of the /3-sheet one 
and (2) the difference between the u22 values of these two forms is quite large 
with respect to those of the others (oI1 and ~ 7 ~ ~ ) .  

Next, the uI1, c ~ 2 ~  and a33 values of the PGII form are displaced to high 
frequency by 9, 1.4 and 4ppm, respectively, with respect to those of the PGI 
form (Table 5). For [Gly*],, (1) all of principal values of the PGII form are 
displaced to high frequency with respect to those of the P-sheet form and (2) 
the difference between the oI1 values of these two forms is large with respect 
to those of the others ( ~ 7 ~ ~  and c ~ ~ ~ ) .  

Why is the displacement of the oI1 different for [Ala*], and [Leu*],? The 
reason for this is not clear at present, but this is a very important question in 
reaching and understanding of the correlation between structures and the "N 
shielding tensor. The ''N shielding tensor may be useful for conformational 
analysis of solid polypeptides, if the origin of the chemical shift displacements 
can be elucidated. 

According to recent work by Oas et al.36137 the alignment of the "N shielding 
tensors of ~-[l-'~C]-alanyl-~-[~~N]-alanine has been determined from the 
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PPm 

300 250 200 150 100 50 0 -50 -W 

Fig. 30. 27.4-MHz ''N CP/MAS NMR spectra (a), I5N CP-static (powder pattern) 
NMR spectra (b), and theoretical powder pattern (-. -) (c) (convoluted with the 

Lorentzian function (-) and experimental points (0)) for [Ala*, Leu], (A-6). 
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dipole-coupled powder patterns. It was assumed that the orientations of u1 
(nearly parallel to the N-H bond) and u33 (parallel to the C'-N bond) lie in 
the peptide plane but that the orientation of a22 is perpendicular to the peptide 
bond (Fig. 3 1). It has been accepted that the alignment of the tensor element u1 
is nearly parallel to the hydrogen bonding (N-H . . . 0) whereas 
the alignments of u22 and u33 are not always decided. Therefore, ull may offer 
certain information about the manner of the hydrogen bonding of polypeptides 
and proteins. 

5.2.2. Copolypeptides 

Figure 20 shows the diagram of the observed 15N data of the Ala* residue of 
some polypeptides [Ala*,X], (Ala* content is nearly 20%). The range of c~~~ 
values of the a-helical [Ala*, XI, is displaced to low frequency with respect to 
those of the /?-sheet [Ala*, XI,, whereas the range of uI1 values of the a-helix 
is displaced to high frequency with respect to that of the @sheet form. The 
dependence of the displacement of u33 on conformation is ambiguous 
for [Ala*,X],. This result is consistent with that of [Ala*],. Since the align- 
ment of the tensor element ull is nearly parallel to the hydrogen-bonding 
(N-H . . .O) d i r e ~ t i o n , ~ ~ , ~ ~ , ~ ~ ~ ~ ~  it is anticipated that ull may offer certain 
information about the manner of the hydrogen bonding of polypeptides. In 
addition, the ull  of the Ala* residues of [Ala*,~-Ala], (A3, al-helix) is signifi- 
cantly decreased by 6ppm with respect to that of [Ala*], (Al, a-helix), whereas 
the difference between the right-handed and left-handed a-helices is not so large 
for uz2 (0.7ppm) and u33 (2ppm). This indicates that cI1 is sensitive to the 
helical sense as well as the manner of the hydrogen bonding. 

The displacement of u22 of [Ala*, XI, is very sensitive to the conformational 
changes of copolypeptides. The ~ 7 2 ~  values of the Ala* of the a-helix and p-sheet 
forms are observed separately in the ranges 54 N 59 and 61 - 63 ppm, respect- 
ively. The variation of the values of oll, u22 and u33 among the a-helical 
[Ala*,X], is 6, 4.3 and 4ppm, respectively. The variation of the values of 
o1 1 ,  0 2 2  and 033 among the /?-sheet [Ala*, XI, is 2, 3.4 and 9 ppm. The variation 
of the u33 data among the /?-sheet form is very large with respect to that of the 
a-helix form. This suggests that u33 may be related to side-chain structures of 
copolypeptides. 

Fig. 31. The orientation of ull ,u22 and u33 of a peptide: the orientation of uI1 and m333 in 
the peptide plane, assuming uZ2 is perpendicular to the peptide plane and positive above 

the page. (From Ref. 36.) 
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Figures 25 and 26 show the plots of uisor ull ,  022, and u33 of various 
[Ala*, Leu],, and [Ala*, Val],, respectively, against the L-alanine content. The 
changes of aiso and u33 are negligibly small over a wide range of L-alanine 
content (5 - 80%). In contrast, the uI1 and u22 data seem to depend slightly 
on the L-alanine content: 022 value at 50% L-alanine content seems to be 
displaced to low frequency, whereas the ul l  value at 50% L-alanine content 
seems to be displaced to high frequency with respect to that of other con- 
tents. The reason for this is not clarified yet. 

For a series of [Ala*,Asp(OBzl)],, the value of u22 decreases linearly as 
the L-alanine content increases (5 - 20% of the L-alanine content). This 
change of the uZ2 value may be due mainly to neighbouring amino acid sequence 
effects, but not to the main-chain conformation of polypeptides. The uls0, 0 1  I 

and u33 values, on the other hand, do not change at this L-alanine content 

For a series of [Ala*, Val], compounds, the stable conformation was found to 
be the /?-sheet form at 5 20% L-alanine content (A7-1, A7) and the a-helix form 
at 2 30% L-alanine content (A7-2), as shown in Table 4. An interesting result 
was that, in the narrow range of L-alanine content (between 20 and 30%), the 
u22 value exhibits a drastic decrease (ca. 9ppm) as the L-alanine content 
increases. In contrast, no conformational change occurs (P-sheet form) at 
5 - 20% L-alanine content, whereas very few changes occur in the values of 
u22. This supports the view that 022 is governed mainly by the conformation 
of copolypeptides and is conformation dependent. As described above, it is 
generally difficult to estimate the main-chain conformation of a variety of 
copolypeptides on the basis of qso data. However, it is now possible to deter- 
mine the conformation of copolypeptides on the basis of u22 values, if the 
"N-labelled copolypeptide (or natural protein) can be provided. Large 
changes are seen for the qso, ul l ,  and u33 values (other than q2) at 5 - 20% 
L-alanine content. These changes may be mainly due to the neighbouring 
amino acid sequence effects (or higher ordered effects) of copolypeptides. For 
a series of [Ala*, ~-Ala],, no displacements of qs0, ul l ,  and 0 3 3  were detected 
over 5 - 20% L-alanine content. The value of u22 is, however, decreased as 
the L-alanine content increases. This may be ascribed to neighbouring amino 
acid sequence effects. 

Figure 21 shows the diagram of the observed uiso, u1 I ,  022, and u33 data of the 
Gly* residue of [Gly*, XI, (Gly* content is nearly 20%). The range of the u22 

values of the a-helical [Gly*,X], decreases with respect to those of the P- 
sheet [Gly*,X],, whereas the range of the u l l  and u33 values of the a-helix 
increases with respect to that of the P-sheet form. The displacement of oil 
and u22 of [Gly*, XI, is very sensitive to the conformational changes of copoly- 
peptides. The uI1 and u22 data of the Gly* of the a-helix form and those of the 
0-sheet form are observed separately, and are quite similar to those of the Ala* 
of [Ala*, XI,. However, the displacement of the tensor element r~~~ (parallel to 
the C'-N bond direction36337) of the a-helix and &sheet forms is different 

(5 - 20%). 
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from that of the [Ala*,X],. This suggests that 033 is related to the side-chain 
structures of solid polypeptides, although further study is needed to confirm 
this. 

Figures 27 and 28 show the plots of qso, oil, 022, and C T ~ ~  values of various 
[Gly*, Ala], and [Gly*, Leu], against glycine content. It is interesting that the 
value of qso is nearly constant, but the principal shielding tensor components 
are displaced over a wide range of glycine content (20 - 100%). Therefore, 
these tensor components contain some information about neighbouring amino 
acid sequence effects as well as conformation. The reason for this is not clear at 
present. 

Figure 22 shows the observed qso and 022 data of the Leu* residue of 
[Leu*,X], (Leu* content is nearly 20%). The range of 0 2 2  values of the 
a-helical [Leu*, XI, is smaller than that of the /3-sheet [Leu*, XI,. The q2 values 
of the Leu* of the a-helix and P-sheet forms are observed separately in the 
ranges 50 - 57 and 58 - 67ppm, respectively. Thus, the displacement of 0 2 ~  

of [Leu*, XI, is very sensitive to the conformational changes of copoly- 
peptides. The variation of 022 among the a-helical [Leu*,X], is 7ppm, and 
that of the @-sheet form is 9ppm. This result suggests that the 022  value of 
the Leu* residue may be related to strong neighbouring amino acid sequence 
effects as well as conformational effects. 

Figure 29 shows the plots of qso and 022 of various [Leu*, Val],, [Leu*, Ala], 
and [Leu*, Gly], against the L-leucine content. The oiso value is nearly constant, 
but the shielding tensor elements are displaced over a wide range of L-leucine 
content (20 N 100%). Therefore, the 022 value contains some information 
about neighbouring amino acid sequence effects and any higher ordered inter- 
actions, as well as conformation-dependent interactions. 

In particular, we can now determine the main-chain conformation of various 
copolypeptides (and some proteins) in the solid state from the ois0 and 022  data 
by "N CP/MAS and/or CP-static NMR methods, if the 'SN-labelled copoly- 
peptide or "N-labelled natural protein can be provided. As the relation 
between the nitrogen shielding and the structures (primary, secondary and 
higher ordered structures) is clarified in the future, we will be able to get 
more detailed information on the structure of polypeptides and proteins in 
the solid state. 

Finally, we would like to mention briefly that solid-state ''N NMR has been 
successfully applied to the structural characterization of natural proteins in 
addition to solid-state 13C NMR. As there is no space to describe it in detail, 
we provide some references on1y.4s,46,54,76-82 
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1. INTRODUCTION 

Like many scientific fields, polymer chemistry has benefited from the introduc- 
tion of NMR spectroscopy, and it is now widely used in areas such as tacticity 
determination, analysis of end-groups and irregular linkages, comonomer 
sequence determination in copolymers, and chain dynamics studies. This 
information is of primary importance for polymer characterization, but it 
also provides profound and stimulating knowledge about the reaction 
mechanism by which the polymer of interest is formed. 

Organic chemists routinely use NMR spectrometers for product analysis to 
understand what has happened in the reaction flask. This should also be done 
by polymer chemists, but they have been faced with certain difficulties, mainly 
because polymers are statistical mixtures of various kinds of chain molecules. 
Even a single polymer molecule is made up of various constituents, such as 
the monomeric unit, end-group, irregular enchainment and various sequences 
of configuration. 

Our research group has devoted itself to the investigation of the polym- 
erization mechanism, especially in stereoregular polymerization, and to the con- 
trol of polymer structure based on an understanding of the polymerization 
reaction. Well aware of the importance of detailed structural analysis of poly- 
mers in these studies, we have realized that NMR spectroscopy is the best 
tool for this purpose. This has encouraged us for a long time to commit to 
NMR spectroscopy of polymers. This chapter consists of several topics from 
our research work selected from the viewpoint described above. 

First, we describe the reliability and limits of NMR analysis of polymer fine 
structure, which should be the basis of further investigations. Some of the 
quantitative data on polymers such as tacticity and monomer sequence 
distribution can only be obtained by NMR spectroscopy and thus much higher 
accuracy and precision are required for these analyses. End-groups and 
irregular linkages existing in polymer chains in very small amounts have 
become targets of NMR analysis since the introduction of the superconducting 
NMR spectrometer. The accuracy and limits of NMR microanalysis are 
discussed. 

Next, NMR studies on end-group analysis for polymers are reviewed. 
The section includes the deuterated monomer method, in which a totally 
deuterated monomer is polymerized with an undeuterated initiator and the 
resultant polymer is analysed by ' H NMR spectroscopy to determine the 
initiator fragment incorporated into the polymer chain. This method, which 
was invented by the authors, has brought fruitful results. Other related topics 
of end-group analysis of vinyl polymers, including labelled initiator methods, 
are also reviewed. 

Tacticity determination of vinyl polymers by NMR has been one of our main 
concerns in connection with stereoregular polymerization. Major developments 
in the stereochemical assignment of NMR spectra of vinyl polymers and 
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oligomers are described in Sections 4 and 5 together with the reliability of 
tacticity data. 

Nuclear magnetic relaxation parameters give important information on 
molecular motion and have become more and more familiar to and inevitable 
for NMR users after the introduction of the Fourier transform (FT) method 
to NMR technology. The relaxation parameters are also of essential import- 
ance in adjusting data acquisition conditions in FT-NMR measurements 
to obtain quantitative data. Section 6 covers the reliability of spin-lattice 
relaxation time (T , )  and the nuclear Overhauser enhancement NOE factor 
of polymers in solution and the tacticity dependence of 'H- and (l3C-k values 
of vinyl polymers in solution. 

Section 7 introduces a recently developed on-line coupled gel permeation 
chromatography (GPC) and NMR system, in which a 500-MHz 'H NMR 
spectroscopy is used as a detector for GPC. The system facilitates evaluation 
of molecular weight dependence of polymer characteristics such as tacticity 
and comonomer composition and determination of molecular weight without 
using standard polymer samples. 

The relationships between chemical shift of vinyl monomers and their 
reactivities in the polymerization reaction are discussed in the last section. 

2. QUANTITATIVE ANALYSES BY NMR SPECTROSCOPY IN 
POLYMER CHEMISTRY 

2.1. Effects of operating conditions 

Quantitative data on polymer structure, such as tacticity, cis-trans isomerism 
and monomer sequences, can be obtained from relative intensities of respon- 
sible NMR signals for these structures. Since these quantitative data are not 
collected by other analytical means, the NMR measurements for the analyses 
should be performed with much higher accuracy and precision, compared 
with those for low molecular weight compounds, in which only approximate 
intensity ratios, such as CH3 : CH2 = 3 : 2, are required. 

We have been concerned with the precision and accuracy of NMR data 
of polymers since we first started NMR studies on polymers.'-4 Using 
continuous-wave (CW) spectrometers, the effects of measurement conditions 
including temperature, sample concentration and radiofrequency (rf field 
strength, were examined using several polymer and copolymer samp1es.z) Since 
our research group have been deeply involved in stereospecific polymerization 
of methacrylates, one of the main concerns about NMR measurement was 
the precision of tacticity determination by NMR. The errors in determining 
the tacticity of poly(methy1 methacrylate) (PMMA) and those in the results 
of polymerization of methyl methacrylate (MMA) by radical and anionic 
initiators were examined and found to be satisfactorily small.4 Although there 
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are no theoretical values for tacticity, the accuracy of the measurement was 
proved by measuring the tacticity of a mixture of two PMMA samples with 
different tacticities and comparing it with the values calculated from those of 
each component polymer and the mixture ratio.3 

Nowadays almost all the NMR data are acquired by the pulsed Fourier trans- 
form (FT) method. In this method, the consideration of spin-lattice relaxation 
times ( T , )  for the signals of interest, that is, proper selection of the observed 
pulse width (or flip angle) and of pulse repetition time (or pulse interval) is 
of primary importance for quantitative ana~ys i s .~ -~  

The effects of flip angle and pulse repetition time on relative peak intensities 
were examined for radically prepared PMMA in chloroform-d at 55°C using 
a 500-MHz NMR spectrometer.' Figure 1 shows the relative intensities of 
methylene and methoxy proton signals against that of an a-methyl proton 
signal measured with various repetition times and flip angles. At a flip angle 
of 16", relative intensities of OCH3 and CH2 proton signals are close to the 
theoretical values even at a pulse repetition time of 0.2s. With a flip angle of 
90°, the intensity of OCH, (TI = 1.2 s) is 97% of the theoretical value when 

F l i p  a n g l e  (FA 
=16O 3 .O 

I I I 

FA=45O 

FA-90' I/ 
1 2 3 4  6 8 10 15 

Pulse repetition time kec) 

Fig. 1. Relative intensities of OCH3 and CH2 proton signals against cu-CH3 signals in 
PMMA at various pulse repetition times and flip angles. 
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the pulse repetition time is 6 s  ( 5  times of the T I )  and reaches the theoretical 
value with a pulse repetition time as long as 10 s. The reliability of the intensity 
measurement is fairly good, and the standard deviations for five runs are 1-2% 
(Table 1). 

Relative intensities of 13C NMR signals against a-CH3 carbon signals were 
also measured under various conditions using the same spectrometer operated 
at a frequency of 125 MHz.' With a flip angle of 45", relative intensities of C=O, 
CH2, OCH, and quaternary carbon signals against a-CH3 carbon signals under 
complete 'H decoupling conditions become constant at a pulse repetition time 
of 5 s, but are less than unity due to the larger NOE value for a-CH3 carbon 
than those for other carbons (Table 1). The relative intensities observed with 
a gated decoupling mode with suppression of NOE are close to the theoretical 
value of unity with deviations of 2.2-8.7%. The standard deviation for five runs 
is in the range of 1.54.5% (Table 1). It is worth noting that the NOE values for 
each carbon signal at 25 MHz are close to the theoretical maximum, so that the 
relative intensities observed under complete decoupling conditions are close to 
the theoretical value." 

Triad tacticities obtained from a-CH3, quaternary and C=O carbon signals 
agreed well with one another.' However, the mm triad fraction determined 
from the a-CH3 proton signal deviated from other values because of the 
overlapping of the a,  a'-azobisisobutyronitrile (AIBN) fragment signals. 
Correction for this contribution makes the mm value closer to the average 
(cf. Section 4.1). 

2.2. Reliability of chemical shift and signal intensity 

In order to assess the reliability of NMR data, Research Group on NMR, the 
Society of Polymer Science, Japan (SPSJ), collected 'H and 13C NMR spectra 
of two identical samples, a radically prepared PMMA and solanesol (a 
naturally occurring isoprene oligomer) from a number of NMR spectrometers 
by "round robin" method. lo 

'H NMR spectra of the PMMA in CDC13 were measured on 26 
spectrometers, whose resonance frequencies ranged from 90 to 500 MHz. 
Chemical shift data of OCH, protons scatter only within fO.Olppm, with 
a few exceptions. The standard deviation is 0.0038ppm for 19 data obtained 
from FT instruments and 0.0169ppm for 7 data obtained from CW 
spectrometers. Standard deviations for a-CH3 and CH2 proton shifts are 
less than 0.01 ppm. The chemical shift of water, which was incidentally 
introduced into sample solutions, scatters from 1.56 to 1.76ppm. If the 
temperatures of measurements are almost constant, the water contents 
in the sample solutions are estimated to be from 0.07 to 0.20%. Relative 
intensity data, 3(CH2 + a-CH3)/0CH3, agreed with the theoretical value 
of 5. Standard deviations of the intensity measurements are larger for the 



Table 1. Mean values of relative intensities of 'H and 13C NMR signals of PMMA in CDCl, at 55°C for five runs." 

'H (a-CH, = 3.00)b I3C (a-CH3 = 1.00) COMC 13C (a-CH3 = 1.00) NNEC 

OCH, CH? c=o CH7 OCH? Quat. c=o CH2 0ch3 Quat. 

From Ref. 9. 
"Values in parentheses represent standard deviations (%). 
bFrequency 500MHz; pulse width 45"; repetition time 10s; scan 4-16. 
'Frequency 125 MHz; pulse width 45"; repetition time 5 s; scan 5000. 
COM: complete proton decoupling, NNE: proton decoupling without NOE. 
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FT method than for the CW method, while those for chemical shifts are larger 
for the CW method. 

The 13C NMR spectra of the same PMMA sample were measured in 
CDC13 on 24 instruments, whose resonance frequencies ranged from 
15.0 to 125MHz. All carbons except for OCH3 are sensitive to the tacticity 
of the polymer chain. The number of distinguishable peaks depends on 
magnetic field strength. The standard deviations for chemical shift vary 
from 0.1 to 0.3ppm, excluding those for OCH3 and CDC13. Precisions of 
chemical shift for OCH3 and CDC13 are better than those for others. 
Compared with the case of PMMA, solanesol shows higher precision of 
chemical shift. 

Relative peak intensities for C=O, (OCH3 + CH2) and quaternary carbons 
against wCH3 were obtained with much poorer accuracy than those of 
'H NMR. Only four instruments (22.5MHz and 25MHz instruments) out 
of 24 were found to give data agreeable with theoretical values within 
&lo% deviation. Relative intensities obtained by 50 MHz or higher frequency 
instruments generally show large negative deviations. One of the sources of 
errors in these quantitative measurements is the variation in NOE values 
with magnetic field strength. The NOE values for each carbon at 22.5 and 
25MHz are close to 2.99. However, the NOE decreases with increasing 
magnetic field strength, strongly depending on the type of carbon (cf. 
Section 6.1)." The relative peak intensities were corrected by the NOE values 
and the results are shown in Table 2. Agreement within &lo% relative errors 
was obtained in the measurements at a field strength of 22.5-67.5MHz. 
The corrected values for 90.6- and 100-MHz spectra still showed negative 
deviations due to saturation of the resonances, since a pulse repetition of 
about 1 s was used and the 13C-T1 values increase by a factor of at most 
2.5 when the magnetic field is changed from 25 to 100MHz." As described 
in the previous section, measurement on a 125-MHz spectrometer at a 
pulse repetition of 5 s with 45" pulse gives reliable relative intensities within a 
10% error, when the spectrum is measured under a gated decoupling with 
suppression of NOE. 

The compositional analysis of a copolymer can be achieved by several meth- 
ods other than NMR spectroscopy, such as elemental analysis, infrared and 
ultraviolet spectroscopies, and pyrolysis-gas chromatography. However, 
NMR spectroscopy has several advantages: it does not need calibration if 
the operation conditions are properly set, and it can distinguish impurities 
easily. Quantitative aspects of compositional analysis by 'H and 13C NMR 
have been discussed for styrene-MMA copolymer'2 and vinylidene chloride- 
acrylonitrile ~opolymer, '~  respectively. 

Table 3 shows the results of compositional analysis for radically prepared 
copolymer of MMA and ~ ty rene . '~  'H and I3C NMR analyses and elemental 
analysis gave consistent results as seen in the table, indicating good accuracy 
for all these analyses. 



Table 2. Intensities of 13C NMR signals of PMMA in CDCl3 at 55°C. 

Frequency na Signal intensityb 
( M W  Observed Corrected by NOE 

A B C A B C 

22.5 
25 
50 
67.5 
90.6 

100 

3 0.86 1.93 1 .oo 1.11 2.15 1.07 
3 0.86 2.00 1 .oo 1.04 2.07 1.08 
3 0.54 1.45 0.92 0.87 1.80 1.14 
1 0.55 1.52 0.75 1.01 1.94 0.96 
1 0.43 1.33 0.70 0.62 1.61 0.72 
1 0.33 1.54 0.67 0.66 2.05 0.84 

From Ref. 10. 
“Number of determinations. 
*A, B and C denote the relative intensities of C=O/a-CH3, (OCH3 + CH2)/a-CH3 and Quat.C/a-CH3 
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Table 3. Composition analysis of a copolymer of methyl methacrylate and styrene. 

Method Styrene content (%) 

'H NMR (phenyl, aliphatic) 
I3C NMR" (Cx, a-CH3) 

(CX, C=O) 
(CH2(St), a-CH3) 
(CH2(St), C=O) 

Elemental analvsis 

5 2  

51 
53 
5 2  
53 

51 

From Ref. 14. 
"C,: quarternary carbon in the phenyl group of styrene unit 

n 
Fig. 2. Assembly of precision coaxial tubing. (From Ref. 19.) 

2.3. Absolute and quantitative analysis by coaxial tubing method 

In quantitative analysis, in which absolute intensity of signal of interest is 
required, an e ~ t e r n a l ' ~  or interna116"7 standard method can be used. In the 
external method, there is a possibility of instrumental variation during the 
interval between recording the spectra of the sample and that of the standard. 
In the internal method, contamination of the sample by the standard 
compound cannot be avoided, and it is difficult to  mix a reasonable amount 
of the standard with the sample solution. 

We have developed a technique for absolute and quantitative analysis 
using precision coaxial tubing.'*' l9 Figure 2 illustrates the assembly of the 
coaxial tubing. The hydrogen content of the sample is calculated according 
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to the following equation: 

H(%) = lOOF x R / C  (1)  

where R is the ratio of the signal intensity of the sample of interest placed in the 
surrounding annulus to that of the intensity standard in the inner cell; C (g/litre) 
is the concentration of the sample and F (g hydrogen/litre) is the concentration 
factor of the standard solution in the inner cell. The F value is determined by 
intensity measurements using the outer cell containing a known amount of 
hydrogen-containing compound. In this coaxial tubing method, the signal 
intensity of the standard can be easily adjusted to be close to that of the sample 
by selecting the appropriate inner cell. 

The method was applied for the determination of hydrogen contents for 
various organic compounds, amount of non-deuterated hydrogen compound 
in deuterated solvents and composition of multicomponent mixtures such as 
waste ~olvents . '~  

Coaxial tubing is also used in the determination of volume magnetic 
susceptibility (xv)20-23 by NMR spectroscopy. Recently, we found an 
easier and more accurate method of x v  de te rmina t i~n .~~  The chemical shifts 
of the sample in the outer cell are observed on a superconducting solenoid 
spectrometer (500 MHz) (6,) and an electromagnetic spectrometer (100 MHz) 
(6,) by referring to the external standard signal from the inner cell. The 
difference between the chemical shifts, S1 - S2, is described as follows: 

where x s  and xr represent xu values of the sample and the reference sample 
in the inner cell. Using deuterated acetone as the external reference and 
several solvents whose xu values are known, the plots of 6, - S2 and xs - xr 
gave K = 6.2629, which i s  very close to the theoretically expected value24 of 
27r (6.2832). Accuracy of xu determination by this simple method is within 
3~0.6%. 

2.4. Microanalysis by NMR spectroscopy 

Analysis of end-group or abnormal linkage in polymer chains often gives us 
important information on the mechanism of polymerization (see Section 3). 
Although the low concentrations of these groups has often made them difficult 
to detect, the superconducting NMR spectrometer permits greater sensitivity 
and thus more detailed analysis of microstructures in polymers. 

The coaxial tubing method is applicable to the quantitative analysis of a 
sample of interest with a wide range of concentrations by selecting an inner 
cell with appropriate F value, and is useful in microanalysis. Combined 
with a 500-MHz 'H NMR spectrometer, the method allowed us to make 
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quantitative determinations of small amounts of impurities in carbon 
tetrachloride such as benzene, chloroform, dichloromethane, water and tetra- 
methylsilane (TMS) .25 The inner cell contained hexamethyldisiloxane 
(HMDS) in acetone-d6 as the intensity standard and the F factor was 
1.43 x gH/litre. The HMDS signal could not be detected by a 100-MHz 
'H NMR spectrometer. With measurement for 30min, 1 ppm of benzene 
or dichloromethane could be analysed quantitatively. TMS, which has 12 
equivalent hydrogen atoms in a molecule, could be detected at a concentration 
of ppm. To examine the lower limit of the analysis, the sample was diluted 
20 times with acetone-d6 and analysed by the same procedure. The results 
shown in Table 4 indicate that the quantitative determination for lo-* ppm of 
sample is possible with good accuracy.25 

In microanalysis by 'H NMR spectroscopy, impurities contained in NMR 
solvents even at very low levels may give interfering signals. Figure 3 shows 
the 500-MHz 'H NMR spectrum of a commercial chloroform-d.25 Along 
with strong signals due to chloroform and water, signals due to impurities at 
levels of a few parts per million or less are observed. It is therefore advisable 
in the microanalysis of polymer samples to take the spectrum of the solvent 
used and check carefully for impurities in the solvent. Haloalkanes may be 
contained in the solvent, while acetone and TMS might be contaminants 
introduced during laboratory use. 

Water is often a major impurity in deuterated solvents, especially in 
polar solvents. For example, commercial acetone-& contains 150-250 ppm 
of water even immediately after opening the bottle. The water content 
in acetone-d6 kept in an NMR sample tube with a plastic cap increases 
100ppm/day in the chemical laboratory. When the sample in the NMR 
tube is kept in an effectively air-conditioned room (NMR laboratory), 
the water uptake rate decreases to 40ppm/day. Sealing with Parafilm 
is not effective in reducing the rate of water uptake. Sealing with shrinkable 
tube made of polyethylene effectively decreases the rate to ca. 10ppm/day, 
even in the chemical laboratory. When the tube with plastic cap is 

Table 4. Quantitative determination of C6H6, CHC13 and 
CH2C12 in CC14/(CD3)2C0 (1/19 v/v) by precision coaxial 

tubing method.' 

Concentration (ppm g/ml) 

Compound Taken Found 

C6H6 0.052 0.047 
CHCl, 1.892 1.792 
CH,Cl? 0.074 0.077 

From Ref. 25. 
"45" pulse; pulse repetition 10s; 8411 scans (23.511); inner cell: HMDS/ 
(CD3)#20 ( F =  1.43 x 10-5gH/litre). 
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9 8 7 6 5 4 3 2 1 0 

Fig. 3. 500-MHz ‘H NMR spectrum of CDCl, measured at 30°C. Chemical shifts 
in ppm, impurities in g/ml. Figures in parentheses are the concentrations expressed in 

gH/litre. (From Ref. 25.) 

stored in a refrigerator, the rate is reduced to 5.4ppm/day. The content 
of water does not increase when the solvent is stored in a reagent bottle 
tightly capped and kept in a refrigerator. The water contents and uptake 
rates of several NMR solvents are shown in Table 5.” 

In the course of these experiments, we noticed that some commercial 
deuterated solvents contained deuterium oxide, which in turn underwent 
H-D exchange with water introduced during storage to give DHO. Figure 4 
gives the ‘H and ’H NMR spectra of a commercial acetone-d6. Exchange 
between H20,  D20 and DHO is slow enough to show each distinguishable 
signal. The total amount of water exceeded 0.25% even immediately 
after opening the bottle. The addition of D20 to deuterated solvents 
may suppress the apparent water content observed by ‘H NMR but 
may then cause trouble when the sample is sensitive to water or the spectral 
features, including chemical shifts, are affected by the water content in the 
sample. 

When the structure of an end-group is definitely known as A-(M),-B 
(M: monomeric unit), the quantitative determination of the relative inten- 
sities of the signals due to the end-groups against that of the signals due 
to the monomeric units is a simple and straightforward way of deter- 
mining number average molecular weight (M,). Such a well-defined polymer 
sample can be obtained by living polymerization, in which the polymerization 
proceeds without transfer or termination reaction and every initiating 
species produces one polymer chain having one initiator fragment at the 
chain end. Polymerization of MMA with t-C4H9MgBr in toluene at low 



Table 5. Contamination of deuterated solvents by atmospheric water. 

Acetone-d6 Chloroform-d Nitrobenzene-d5 Carbon 
(99%D) (99.8%D) (99%D) tetrachloride 

Original 268.2 104.6 117.6 49.8 
NMR tube 

with plastic cap 
in chemical laboratory 110.6 39.3 37.7 2.4 
in NMR laboratory 39.8 - - - 

- - in refrigerator 5.4 - 

with Parafilm seal 

with PE seal 
in chemical laboratory 106.0 - - - 

in chemical laboratory 8.8 - - - 

From Ref. 25. 
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Fig. 4. 270-MHz 'H  and 41.34-MHz 'H NMR spectra of acetone-d, (99%D) at 30°C. 
(From Ref. 25.) 

temperature proceeds in a living manner to afford highly isotactic PMMA with 
the structure:26727 

'H NMR spectrum of the PMMA in nitrobenzene-d5 showed a singlet signal of 
the t-C4H9 protons at 0.82ppm clearly separated from the a-CH3 proton 
signals. The measurement of relative intensity of the t-C4H9 signal against 
that of monomeric unit, for example OCH3 proton signal at 3.60 ppm, provides 
the M,: M ,  = Z(OCH3)/Z(t-C4H9) x 3 x 100.14 + 58. The a, values thus 
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determined by 100-MHz 'H NMR spectroscopy agreed well with those 
determined by gel permeation chromatography (GPC) and vapour pressure 
osmometry (VPO).27 An isotactic PMMA (an = 27000) was mixed with 
radically prepared PMMA to obtain the polymer sample, in which the ratio 
of OCH3/t-C4H9 corresponds to much higher a,. It was found that the 
intensity ratio corresponding to an a, of 3 x lo6 can be determined accurately 
by 500-MHz 'H NMR spectroscopy (Table 6).28 &?, values of syndiotactic 
PMMAs prepared with 1,l-diphenylhexyllithium in tetrahydrofuran could 
also be determined by 'H NMR and agreed with those determined by GPC 
and/or VPO up to Mn 5 x 105.29 

In an NMR measurement where a weak signal is observed together with 
extremely strong signals due to monomeric units, the dynamic range of the 
spectrometer receiver as well as that of the analogue-to-digital converter 
(ADC) should come into question. Mathematical considerations on this point 
have been reviewed by Cooper.30 Levy and his co-workers3' investigated the 
accuracy and precision of 13C NMR spectroscopic determination for 
components in a high dynamic range mixture of low molecular weight 
compounds with mole ratios from 10 : 1 to 600 : 1. 

To test this point experimentally for a polymer sample, nitrobenzene-d5 
solutions of PMMA containing small amounts of nitromethane were prepared 
and the intensity ratios of the signals due to CH3N02 and OCH3 (PMMA) were 
measured on 100-MHz and 500-MHz ' H  NMR spectrometers, with 12-bit and 
16-bit ADCs, respectively (Table 7).25 Using the 100-MHz spectrometer, the 
amount of CH3N02 was determined successfully up to an intensity ratio for 
OCH3 (PMMA) to CH3N02 of 14800. The 500-MHz spectrometer allowed 
determination of a ratio as large as 250000. Time required for the latter 
measurement was 25h. The result suggests that the a, of PMMA can be 
determined up to 25 x lo6 as long as the polymer molecule contains just one 
terminal CH3 group which shows a signal, apart from the strong signals due 
to the monomeric units. 

Using I3C NMR spectroscopy it is easier to observe end-group signals 
separately from main-chain signals. However, the 1.1'70 natural abundance 

Table 6. 500-MHz 'H NMR analysis of t-C4H9 group in the mixture of isotactic PMMA 
and radically prepared PMMA in nitrobenzene-d5 .* 

Sample OCH,/t-C,H, Mrl 

ExDected Observed 

1 
2 
3 

- 

1094 
1 1  570 

89.4 
1136 

10230 

26 000 
341 000 

3 068 000 
~~~ ~ 

From Ref 28. 
"Measured at 80°C. 
'Expected M ,  from observed OCH3/t-C4H9 ratio 
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Table 7. 'H NMR determination of a small amount of CH3N02 in nitrobenzene-d5 
solution of PMMA.a 

Taken Foundb 
100 MHz 500 MHz 

46.8 
210.0 
913 

6 940 
14791 
30401 
61 649 

250 337 

46.8 (2.1) 
199.8 (4.9) 
897 (1.8) 

7215 (4.0) 
13040 (11.8) 

49.3 (5.3) 
204.7 (2.5) 
950 (4.0) 

7254 (4.5) 
14207 (3.9) 
27767 (8.7) 
67944 (10.2) 

228 181 (8.9) 

From Ref. 25. 
'Figures in the table indicate intensity ratios of OCH3/CH3N02 
bFigures in parentheses are percentage accuracy. 

of I3C in carbon compounds and the low concentration of the end- 
groups make the analysis of high molecular weight polymers relatively 
difficult. One approach is to prepare low molecular weight polymers or 
to isolate them from whole polymer samples. An alternative approach 
includes the use of a 13C-labelled initiator and preparation and analysis 
of end-labelled polymers of relatively high molecular weight, as described 
in Section 3.2. The limit of detection of end-group by 13C NMR depends 
on the structure of the end-group. Methyl groups in t-C4H9 are relatively 
easy to observe. The I3C NMR signal of t-C4H9 in isotactic PMMA with 
an M,, of 11 600 could be observed when the spectrum was measured in 
nitrobenzene-d5 at 100°C under gated decoupling condition (concentration 
lo%, 3600 scans, pulse repetition 20s).** The relative intensities of CH2 
and a-CH3 to CH3 in the t-C4H9 group corresponded to fin values of 11 960 
and 12030, respectively, which are consistent with the M,, values 
determined by H NMR. I3C NMR spectroscopic molecular weight 
determination was applied to poly (oxy-2,6-dimethyl- 1 ,Cphenylene) 
( M ,  = 1600-3200).~~ Lanthanide shift reagent (Pr(fod),) was used to identify 
the end-groups. 
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3. ANALYSIS OF END-GROUPS AND DEFECTS IN POLYMER 
CHAINS 

3.1. Deuterated monomer method for detection of initiator fragment 

Analysis of end-groups or abnormal33 linkages in polymer chains is a powerful 
technique for studying the mechanism of polymerization as reviewed by 
Bevington et and Axelson and R~ssel l .~’  It has been demonstrated using 
I4C-labelled a,  a’-azobisisobutyronitrile (AIBN) that polystyrene radicals 
terminate exclusively by combination at temperatures up to 60°C, while 
PMMA radicals undergo substantial disprop~rtionation.’~’~~ However, the 
use of I4C-labelled initiator only gives information on the number of initiator 
fragments and is not sensitive to how the fragment is incorporated into the 
polymer chain. Recently stable and NMR-sensitive isotope-labelled initiators 
were used to study initiation and termination steps especially in radical 
polymerization and copolymerization as described in Section 3.2. NMR 
methods enabled us to determine not only the number but also the structures 
of initiator fragments, which gave us valuable information for the 
understanding of mechanism of polymerization. 

In a slightly different approach we studied the incorporation of the fragments 
of initiator and terminating reagent in a polymer molecule by polymerizing 
totally deuterated monomer with undeuterated initiator and analysing the 
resulting polymer by ‘H NMR spectroscopy for the fragments. Here the results 
of analyses on ionic polymerizations as well as radical polymerizations will be 
described. 

3.1.1. Radical polymerization of MMA and styrene 

Totally deuterated MMA (MMA-d8) was polymerized with AIBN at 60°C in 
bulk and the resultant polymer was analysed for initiator fragments by ‘H 
NMR spectroscopy. The NMR spectrum of the polymer is shown in Fig. 5 .  
The doublet at S = 1.27ppm disappeared when the polymer was prepared 
with benzoyl peroxide (BPO). The ‘H spin-lattice relaxation time, TI, for this 
doublet was 1 .O s. This indicates that the doublet is due to the methyl protons 
of the initiator fragment, 1-cyano-1-methylethyl group, located at the 
beginning of polymer chain. The TI value eliminates the possibility that the 
doublet arises from contaminants of small molecules (TI  N 10 s) or the protons 
of the groups within the polymer chain (TI  N 0.1 s). The splitting into two peaks 
is due to the adjacent asymmetric carbon in the polymer chain. The hydrogen 
content for this group was calculated as 0.0298 mmol/g polymer from the ratio 
of the doublet intensity to the signal due to the remaining protons in the nitro- 
benzene-d5 used as a solvent for the measurement. The remaining proton 
content of the nitrobenzene-d5 was determined using the precision coaxial 
tubing method as described in Section 2.3. Thus, the number of initiator 
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1 I I 
3 2 pprn(HMDS) 

Fig. 5. 'H NMR spectrum of poly(MMA-d,) prepared in bulk by AIBN at 60°C 
(nitrobenzene-d,, 1 I O T ,  100 MHz). X = Signals due to remaining protons in the 

monomeric units. (From Ref. 38.) 

fragments per polymer molecule was calculated to be 1.15 from the hydrogen 
content and the number average molecular weight of the polymer. The 
precision of the measurements for five determinations was 2.7Y0.~* 

It is well-known that the chain transfer reaction to initiator is of no importance 
in the polymerization of MMA with AIBN. The transfer constant to the MMA 
monomer is of the order of that is, one transfer reaction to the monomer 
occurs for lo5 propagation reactions. The degree of polymerization of the poly- 
mers is less than 4 x lo2; therefore, transfer to the monomer can also be 
neglected. Then, the number of initiator fragments, 1.15, means that 85% of 
the polymer molecules are formed through disproportionation reaction, and 
that half of them should contain a double bond at the chain end. 

c=o 
I 

OCH, 

CH, 
II 

-CH2- C 
I c=o 
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'H NMR analysis of radically prepared undeuterated PMMA clearly 
indicated that the disproportionation proceeded through route A of the 
reaction as described in Section 3.3.1.38 

In the polymerization of vinyl monomer with BPO, initiation occurs 
through the attack of the monomer by phenyl and benzoyloxy radicals. 
The poly(MMA-dg) prepared with BPO showed the 'H NMR signals due 
to the phenyl and benzoyloxy groups ~ e p a r a t e l y . ~ ~  Intensity measure- 
ments indicated that the ratios of the benzoyloxy group to the phenyl 
group at the beginning of the chain were 72/28 and 21/79 for the polymer 
prepared in bulk and in benzene (monomer concentration, [MI0 = 

0.91 molllitre) at 60°C, respectively. The ratios roughly agree with those 
obtained with 14C-labelled BPO (9119 and 21/79)40 for the PMMA 
prepared in bulk and at a monomer concentration of 0.91 mol/litre, 
respecti~ely.~~' 39 

The polymer prepared in tetrahydrofuran (THF) with BPO did not 
show any detectable NMR signal in the aromatic proton region, 
indicating that the polymer chain was not initiated by the phenyl or 
benzoyloxy radicals. In the spectrum there exist two small multiplets at 
3.2-3.9 and 1.4-1.8ppm; the former was assigned to the a-protons and 
the latter to the P-methylene protons of the THF fragments incorporated 
into the polymer chain. A possible mechanism of initiation is as 
follows: 

The number of THF fragments was determined to be 0.96 per polymer 
m~lecule .~ '  
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The termination reaction in the radical polymerization of styrene has been 
known to proceed only through a combination reaction: 

Then, the polystyrene molecule obtained should contain two initiator fragments 
per molecule in the absence of any chain transfer reactions. Detailed investi- 
gation of this termination reaction was carried out using totally deuterated 
styrene.42 The 'H NMR spectrum of poly(styrene-d8) prepared with AIBN in 
bulk at 60°C is shown in Fig. 6 together with the spectrum of polystyrene 
prepared under the same conditions. The resonances centred at 0.94 and 
1. l lppm showed a 'H-Tl of 0.94 and 0.96s, respectively, but were not 
observed when the polymer was prepared with AIBN-d12. Thus, the resonances 
were assigned to the initiator fragment, the 1 -cyano-1 -methylethyl group 
located at the chain end of the polymer molecule. The splitting into two peaks 
at 0.94 and 1.1 1 ppm of equal intensities is due to the existence of an adjacent 
asymmetric centre in the polymer chain. Further splittings of these peaks may 
be due to the tacticity of the first few monomer sequences at the chain end. 

3 2 ppm(HMDSI 

Fig. 6. ' H  NMR spectra of (A) poly(styrene-d8) and (B) polystyrene prepared by AIBN 
in bulk at 60°C (nitrobenzene-d5, llO"C, 100MHz). (From Ref. 42.) 
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The number of initiator fragments per polymer molecule was calculated to be 
1.59, indicating that there are two types of polymer molecules which contain 
one and two initiator fragments, respectively. Analysis of the polystyrene 
prepared with 2H- and l3C-labe1led AIBN also showed that the polystyrene 
molecule contained 1 .6542 and 1.7-1 .843 initiator fragments, respectively 
(cf. Section 3.2.1). 

Undeuterated polystyrene (M,, = 18 400) prepared in bulk with AIBN at 60°C 
showed small NMR peaks at 1.01 and 1.18 ppm (Fig. 6B), which were assigned 
by Johns et al. to the methyl protons of initiator fragments.44 The number of 
initiator fragments per chain was calculated to be 1.52. From the polystyrene, 
lower (M,, = 7760) and higher (an = 41 300) molecular weight portions were 
fractionated using GPC. Analysis of the fractions revealed that the former had 
1.44 initiator fragments per chain and the latter 1.77. This shows that the 

I I I I 
8 7 2 1 

( P P 4  

Fig. 7. 'H  NMR spectrum of the poly(styrene-d8) prepared in toluene with TiC14. X and 
Y: Signals due to the remaining protons in the styrene-d8 and nitrobenzene-d,, respec- 

tively. (From Ref. 50.) 



120 K. HATADA et al. 

polymer molecules containing two initiator fragments, one on each end, are 
higher in molecular weight than those containing one initiator fragment. 

From the results given above, it was concluded that in the radical polym- 
erization of styrene, termination reaction by combination is predominant but 
that disproportionation is not of negligible importance. The accuracy of the 
determination of number of initiator fragments per chain might not be high 
since cumulative errors are associated with the determination of molecular 
weight and intensity of NMR signals. However, all the results obtained clearly 
indicated a number of initiator fragments per chain of less than 2.0. This, taken 
together with the fractionation data, should be strong evidence for the 
coexistence of disproportionation and combination in the termination reaction 
in the radical polymerization of styrene. 

3.1.2. Cationic polymerization of styrene 

In the cationic polymerization of styrene in aromatic solvents such as toluene, 
the chain transfer reaction to a solvent molecule usually occurs as f o l 1 0 w s : ~ ~ ~ ~ ~  

+ 

f 

+ C H  -CH 

Ph 
?- I 

+ C H ; - ~ H + X -  

The initiation and chain transfer reactions were studied using totally 
deuterated m~nomer .~ '  Figure 7 shows the 'H NMR spectrum of the polymer 
prepared in toluene at -78°C by TiC14. There appear to be three signals at 6.92, 
2.15 and 0.97ppm, with 'H-T1 values of 2.1, 0.89 and 4.6s, respectively. The 
first two peaks were assigned to the phenyl and methyl protons of the toluene 
fragments incorporated into the polymer chain. The Tl values indicate that 
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these two peaks did not come from the protons of the toluene molecules as con- 
taminant. The intensities of the peaks show that the polymer prepared by TiCl, 
contained 0.64 of toluene fragments per polymer molecule: 64% of the polymer 
molecules were formed through the chain transfer reaction to the solvent 
toluene. It follows that the residual 36% of the polymer molecules was formed 
through the monomer transfer reaction. From the results the ratios of the rate 
constants of k M / k ,  and kJk ,  were estimated to be 0.0023 and 0.0035, 
respectively, where k,, kM and k, are the rate constants for propagation, 
monomer transfer and solvent transfer reactions. The ratios thus obtained 
agree with the values determined kineti~ally.~' 

If the chain transfer to solvent occurs through the reaction shown above, the 
regenerated active chain should contain a CHD2 group at the beginning of the chain: 

CHD?-CD+X- + CD?=CD - cm2- CD-CD~- CD+X- 

ads ad5 &d5 a d 5  

The peak at 0.97 ppm in the spectrum in Fig. 7 should be due to the proton of 
this partially deuterated methyl group. As mentioned above, the TI for this peak 
was much longer than those for other two peaks. The longer TI should be due to 
the loss of dipolar relaxation from the two protons in the methyl group. The 
amount of CHD2 group was determined to be 0.71 per polymer molecule. On 
the other hand, some coinitiator is usually necessary for the cationic polymer- 
ization of styrene by metal halide.52 In this work the coinitiator was a small 
amount of water which was admitted incidentally into the reaction mixture. 

This means that the partially deuterated methyl group was introduced into 
the polymer chain by the initiation reaction as well as the chain transfer 
reaction. The difference between the number of terminal CHD2 groups and 
the number of toluene fragments corresponds to the amount of water which 
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existed in the reaction mixture and functioned as a coinitiator at the beginning 
of the polymerization. It was calculated to be about 0.1 mg. 

3.1.3. Anionic polymerization of methyl methacrylate 

The polymerization of MMA by alkyllithium has been studied in greater 
detail than that by any other initiator. For bulky alkyllithiums such as 
1,l -diphenylhexyllithium, the polymerization in THF proceeds in an ideal 
manner to give a living polymer: 

Q 

CH3CH2CH2CH2CH2- bfCH,-&+CH2-&-Li+ 
I c=o 
I 

I c=o 61 OCH, O W ,  

However, for polymerization with smaller alkyllithiums such as n-C4H9Li, there 
were a number of unsolved problems caused by side-reactions, as reviewed by 
B y ~ a t e r ~ ~  and Hatada et dS4 

Polymerization of MMA with n-C4H9Li usually gives a methanol-insoluble 
polymer and a methanol-soluble oligomer. All the n-C4H9Li used could not 
be accounted for if each polymer molecule were assumed to contain one 
n-C4H9Li residue. Wiles and By~a te r~ ’ -~ ’  reported the formation of LiOCH3 in 
the polymerization of MMA with n-C4H9Li through the attack of the initiator 
on the ester group of the monomer: 

7% 7 4  
+ LiOCH, CH2=7 n-C,H9Li + CH -C 

c=o 2- I c=o 
I I 
OCH, c 4H9 
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However, the structural survey of the low molecular weight products by 
Kawabata and T s ~ r u t a ~ ~  seems to indicate that carbonyl addition was not a 
predominant side-reaction since the amount of butyl isopropenyl ketone 
(BIPK) formed was very small, particularly in the polymerization in toluene. 
The problem was solved almost completely by totally deuterated monomer 
technique. 59-63 The poly(MMA-d8) prepared with n-C4H9Li in toluene 
showed in ‘H NMR signals due to the methyl (0.79ppm) and methylene 

y 3  

7 H2 

-CDz-C- 
I c=o 
I a: CD 3 

CH 3- 
[Bu ty  1 group)  

I I I I I I I I I... 
ppm(HMDS1 

Fig. 8. ‘H NMR spectra of the polymer (A) and oligomer (B) of MMA-d8 prepared in 
toluene with BuLi at -78°C. X: Signals due to the remaining protons in the monomer 

unit of the chain. (From Ref. 59.) 
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(1.15ppm) protons of the butyl groups which were incorporated into the 
polymer chain from the initiator (Fig. 8). The triplet signal at 2.40ppm was 
assigned to the protons of the methylene group adjacent to the carbonyl group 
(a-methylene protons, -COCH2-CH2CH2CH3). The resonance turned out a 
singlet by irradiation at 1.4 ppm, where a weak multiplet appeared, indicating 
that the latter resonance was ascribed to the P-methylene group. These results 
clearly indicate the incorporation of BIPK into the PMMA chain through the 
copolymeri~ation.~~ This is the reason why the ketone was not detected in the 
search of the low molecular weight products by K a ~ a b a t a , ~ *  whereas LiOCH3 
was found in Bywater's From the intensity measurements of the 
signals the polymer and oligomer molecules were found to contain roughly 
two butyl groups, one incorporated at the beginning of the chain through the 
initiation reaction and the other in an in-chain or terminating end BIPK unit. 
Mass spectroscopic analysis of the fractionated oligomers showed that most 
of the BIPK units were located at the terminating chain end: 

y h  
C,H,Li + CH -c 

2- I c=o 
I 
OCH, 

This is due to the lower reactivity of the BIPK anion at the propagating chain 
end as compared with the PMMA anion.60 A small amount of butane was 
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found in the polymerization product by gas chromatographic analysis; 
the butane was formed by protonation of unreacted n-C4H9Li molecule when 
the polymerization was terminated. By taking these results into account, the 
fate of the initiator was almost completely clarified for this polymeri~at ion.~~ 

The singlet peak at 2.57 ppm in Fig. 8 was first assigned to both the methine 
protons attached to the MMA (MMA-H) and BIPK (BIPK-H) units located at 
the terminating chain end.59 Recently, the chemical shfts of MMA-H and BIPK-H 
were confirmed as 2.45 and 2.57 ppm for the poly(MMA-d8)s prepared with the 
initiators which did or did not give BIPK during polymerization.62 

CD, 
I 

I c=o 
I 

-CD2-C-H 2.45 ppm -CD,-C-H 2.57ppm 
I c=o 
I 

OCD, C4H9 

(MMA--H] [BIPK-H] 

Quantitative determination of these two methine protons in PMMA prepared 
with n-C4H9Li would allow estimation of the amount of each of the two 
terminal units. Unfortunately, the signals due to the a-methylene protons of 
BIPK at terminating chain end and in-chain sequence6' overlap with 
MMA-H and BIPK-H signals, respectively. 

The problem was solved by the use of cr-methylene-d2 butyllithium 
(CH3CH2CH2CD2Li) as an initiator.63 Figure 9 shows the 270-MHz 'H 
NMR spectra of the polymer and oligomer of MMA-dg prepared with 
CH3CH2CH2CD,Li in toluene at -78°C. The resonances in the methine 
proton region show that the polymer and oligomer molecules contained both 
MMA-H and BIPK-H units at the terminating chain end. The existence of the 
BIPK units in the chain can be realized from the two multiplets at 1.476 and 
1.532ppm, which were assigned to the P-methylene protons of the BIPK units 
located at the chain end and in in-chain sequences, respectively, as shown in 
Fig. 9. The multiplets show that most of the BIPK units were located at the chain 
end. From the results the following four types of polymeric chains were assumed 
to exist and the mechanism of polymerization was discussed in some 

n-C,H9fMMAjo BIPKfMMAh BIPK-H 

n-C4HgSMMAlr, BIPKfMMAhMMA-H 

n-C4H,+MMAlr, BIPK-H 

n-C4H9 +MMAlr, MMA-H 

Polymerization of MMA with n-C4H9Li in THF at -78°C was also 
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BIPK-H I 

MMA-H 

BIPK-H 

A 

X d in 

PPM 
~ I ~ I I I I ~ I I I I ~ I I I I ~ I I ~ I  

2.5 2.0 1.5 1.0 

Fig. 9. 270-MHz ‘H NMR spectra of polymer (CH30H-insoluble) (A) and oligomer 
(CH30H-soluble and n-hexane-insoluble) (B) of MMA-d, prepared by 
CH3CH2CH2CD2Li in toluene at -78°C (nitrobenzene-& 110°C). X = Signals due 
to the remaining protons in the monomeric unit. Methylene and methyl protons of 
butyl(-d2) group at the initiating chain end are designated as p, y and 6, and those 
of butyl(-d2) group of the BIPK unit as BIPK(P), BIPK(y) and BIPK(S) as shown in the 
figure. For the BIPK unit, those at the terminating end and in in-chain sequence are 
designated as “end” and “in”, respectively. Two types of terminal methine protons 

are differentiated as MMA-H and BIPK-H. (From Ref. 63.) 

investigated using MMA-d8 and CH3CH2CH2CD2Li. The ‘H NMR spectra of 
the polymer and oligomer are shown in Fig. Again, BIPK formed in the 
early stage of polymerization was found to be incorporated into the polymer 
and the oligomer chains. 

The spectra clearly indicated all the polymer and oligomer molecules 
contained terminal BIPK units besides the in-chain BIPK units, the 
amount of which appeared to depend on the degree of polymerization. The 
numbers of in-chain BIPK units in the polymer and oligomer molecules were 
found to be about 3 and 1, respectively, from the intensity measurement of 
the signals. 
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Fig. 10. 500-MHz 'H NMR spectra of the polymer (CH30H-insoluble) (A) and 
oligomer (CH30H-soluble and n-hexane-insoluble) (B) of MMA-d, prepared with 
CH3CH2CH2CD2Li in THF at -78°C (nitrobenzene-d,, 1 l O O C ) .  See Fig. 9 for the 

designation of signals. (From Ref. 63.) 

The structure of the polymer can thus be depicted as follows: 

n-C4H9 fMMAfo BIPKfMMAh BIPKfMMAf, 

BIPK +M M A& BIPK - H 

The structure indicates that the polymer anion repeatedly experiences 
two different states of reactivity: BIPK anion and MMA anion. The lower 
reactivity of the BIPK anion is expected to greatly reduce the polymerization 
rate. In fact, a large fraction of the polymer molecules formed after most of 
the BIPK monomer had been consumed, and it took about 4 h for completion 
of polymerization to occur, even at a high initiator to monomer ratio of 

Polymerizations of MMA with Grignard reagents were also studied using the 
totally deuterated monomer technique.26> 27,63,65-68 n-Butylmagnesium chloride 
reacts with the C=O double bond of MMA as well as the C=C double bond 

0.1 m 0 1 / m 0 i . ~ ~ ~ ~ ~  
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during the initiation reaction and gives a PMMA with a broad molecular weight 
d i~ t r ibu t ion .~~  As the alkyl group becomes bulkier, the molecular weight distri- 
bution becomes narrower. In the polymerization with s-C4H9MgBr and t- 
C4H9MgBr the bulky alkyl groups prevent the Grignard reagents from partici- 
pating in the side-reactions, leading to the formation of PMMA with a narrow 
molecular weight d i s t r i b u t i ~ n . ~ ~ ? ~ ~ ' ~ ~  The poly(MMA-dg) prepared with t- 
C4H9MgBr in toluene at -78°C shows 'H NMR signals only due to the t- 
C4H9 group at the beginning of the chain and the methine proton at the termi- 
nating chain end; no sign of side-reaction was observed. The intensity 
measurement indicated that the polymer molecule contained one t-C4H9 group 
and one methine proton at both chain ends, respectively.26 

Highly syndiotactic PMMA with a narrow molecular weight distribution was 
prepared by the polymerization of MMA in toluene at low temperatures initiated 
with t-C4H9Li combined with trialkylalumini~m.~~ Detailed inspection of the H 
NMR spectra of the polymers indicated that the polymerization was initiated 
with the t-C4H9 anion and not with the alkyl anion from trialkylaluminium, and 
proceeded in a living manner. The evidence for the initiation reaction with the t- 
C4H9 anion was obtained from the 'H NMR spectrum of the polymer of MMA- 
dx prepared with t-C4H9Li/(C2H5)3A1(1/3) in which there is a signal due to the 
t-C4H9 group at the initiating chain end but no signal due to the ethyl group. 

3.2. End-group analysis using labelled initiator 

As described in the previous section, end-group analysis of polymers provides 
important information on polymerization mechanisms. In radical polym- 
erization the I4C-labelling technique has long been used to study initiation 
and termination mechanisms, in which determination of the number of 
initiator fragments in a polymer molecule is the key procedure. Since the late 
1970s, stable and NMR-detectable isotope-labelled initiators have been 
replacing radioisotope-labelled initiators. Among the various stable isotopes, 
'3C-labelling has been most widely used for this purpose. Bevington et a/. 
evaluated quantitative aspects of end-group analysis using I3C-labelled 
initiator.34 In the 13C NMR spectrum of PMMA ( M ,  = 60000) prepared 
with AIBN enriched with 13C at CH3 carbons (46.87%), CH3 signals due to 
the initiator fragment could be clearly observed among the monomer unit 
signals. Relative peak intensity measurements gave an M, of 54 500, assuming 
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an average number of initiator fragments per polymer molecule of 1.1. Moad 
et aL7' claimed that the accuracy of end-group analysis for polystyrene prepared 
with I3C=O-labelled BPO was 10%. 

2H-, "N- or "F-labelled initiators are also used to study the initiation step in 
radical polymerization and copolymerization. 2H NMR may suffer from 
lower sensitivity, broadness of signals and smaller chemical shift ranges than 
13C NMR. However, there are several advantages of 2H NMR spectroscopy 
in end-group a n a l y ~ i s : ~ ' - ~ ~  ( 1) the preparation of 2H-labelled initiators such 
as AIBN-d12 is easier and/or less expensive than that of initiators enriched 
with other isotopes such as 3H, I3C, I4C or "N, and also than the preparation 
of totally deuterated monomers; 2) the natural abundance of deuterium is so 
small that the NMR signals for H-enriched groups in a polymer are hardly 
affected by "background" signals due to contaminants and/or the remainder 
of the polymer molecules; and (3) the much smaller spin-lattice relaxation 
times of the 2H nucleus permits shorter duration of observed pulses and a 
larger number of scans, partly compensating for the lower sensitivity. The 
high reliability of quantitative analysis by 2H NMR was proved by using a 
partially deuterated anionic initiator73 as described in Section 3.2.2. 

The chemical shift range of "F NMR is so large that more detailed structural 
information around the end-group can be obtained with "F-labelling of initia- 
tor.74,75 "N-labelled AIBN was used for the polymerization and copolymeriza- 
tion of MMA and styrene.71 

1 

3.2.1. Radical polymerization and copolymerization 

Moad et have prepared polystyrene using BPO 90% enriched at the carbo- 
nyl carbon and analysed benzoyl carbonyl carbon signals by referring to 13C 
NMR data for various benzoate esters. They found that at least four types of 
benzoyloxy groups were attached to the polymer: 

(166.2,166.3ppm) (165.6 ppm) - CH2- CH- 
(a) Tail addition (b) Head addition I 

(165.3 - 165.5ppm) 
(c) Transfer to BPO or 

(164.8 - 165.0ppm) 
(d) Transfer to polymer 

primary radical termination 
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Structure (c) forms via chain transfer to BPO or primary radical termination 
and thus its amount increases with increasing concentration of BPO (14% of 
the total end-groups at [Zl0 = 0.1 M ) .  Structure (d) was detected in the poly- 
styrene formed at high conversion (8O%), and there were more than two 
benzoyloxy groups per chain. 

Polystyrene formed at 8% conversion with [Zl0 = 0.4 M was found to contain 
1.7 benzoyloxy groups per chain. Most of these were introduced via regular tail 
addition (a) but 5% of them via head addition (b). The end-group derived from 
the phenyl radical, which could not be detected in this method, does not exceed 
4% of the end-groups and thus the meanings of the results are hardly affected by 
the presence of the phenyl end-group. 

AIBN enriched with I3C at the a-position was also used for styrene polym- 
e r i ~ a t i o n . ~ ~ ” ~  Initiator fragments detected by 13C NMR were all due to tail 
addition. A suspected initiation from the keteneiminyl radical 
(CH3)2C=C=N was denied by the absence of signals ascribable to the 
corresponding fragment. The number of AIBN fragments per chain were 
1.7 N 1 .8.43 Polystyrene formed at 60 or 85% conversion was found to contain 
methacrylonitrile units, which should have been introduced by the copolym- 
erization of methacrylonitrile formed through disproportionation of the 
primary radicals of AIBN. 

y 3  
2CH3-C. CH-C + CH,-C-H 

I 
CN 

2- I 
CN 

I 
CN 

The number of initiator fragments could also be determined by 2H NMR 
analysis of polystyrene prepared with A I B N - L ~ ~ ~ . ~ ~  The value (1.65) is con- 
sistent with those obtained by other and suggests that 
the disproportionation is not of negligible importance in the radical 
polymerization of styrene. 

The deuterium-labelled initiator method was also applied to the 
polymerization of macromonomer to determine the number of initiator 
fragments in a polymacromonomer chain ( N )  and initiator efficiency ( f ) . 7 7  

Isotactic and syndiotactic PMMA macromonomers having a styrene 
group as polymerizable function were polymerized with AIBN-d12 in 
toluene at 60°C and the resultant polymacromonomers were analysed by 
2H NMR spectroscopy (Table 8). The N values were less than 
unity (0.50 N 0.72), indicating some kind of chain transfer reaction in the 
radical polymerization of macromonomer. The f values were 0.18 - 0.28 
and much smaller than those for styrene polymerization (0.5 N 0.7). The 
isotactic macromonomer gave larger N and f values than the syndiotactic 



Table 8. End-group analysis of poly(PMMA macromonomer) prepared with AIBN-d12 in toluene at 60°C for 24 h. 
~~ 

sb NC f d  
Macromonomer AIBN-d12 Toluene Conversion‘ 

M n  
(mmol) (mmol) (4 (”/I wl 

Isotactic 0.350 0.0174 6.1 42 55 700 1.70 0.72 0.28 

Syndiotactic 0.0541 0.00270 0.84 46 124 000 1.31 0.50 0.18 

From Ref. 77. 
“Determined by GPC. 
bDetermined by GPC-LALLS. 
‘Number of initiator fragment per polymacromonomer determined by *H NMR spectroscopy 
dInitiator efficiency. 

Syndiotactic 0.765 0.0383 13.6 49 69 600 1.18 0.65 0.22 
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macromonomer, suggesting that the tacticity affects the reaction pathway, 
probably owing to the difference in chain mobility between isotactic and 
syndiotactic PMMAs. 

Substitution of fluorine for hydrogen in the initiator molecule can some- 
times be a useful method of labelling. PMMA formed with p-fluorobenzoyl 
peroxide showed two I9F NMR signals lOppm apart, which corresponded 
to p-fluorobenzoyloxy and p-fluorophenyl groups.74 The ratio of the amounts 
of these groups were close to the corresponding ratio in the case of BPO 
(see Section 3.1.1). 

Radical polymerization of vinyl acetate was carried out in benzene at 60°C 
with AIBN I3C-labelled at the CN carbon.78 The polymer showed CN carbon 
signals at 124.3 and 122.4ppm due to the end-groups incorporated through 
tail and head additions, respectively: 

1sCN 
I 
I I  

13CN 
I 
I 
CH, 

CH,-C-CH-CH,- CH,- C- CH2-CH- 
I 

OAc CH, OAc (Ac=  COCH3) 

Tail addition Head addition 

The results indicated that the contribution of head addition in the initiation was 
20%. 

When vinyl chloride was polymerized with AIBN-13CN, the polymer formed 
exhibited CN signals due not only to the initiating chain end-group but also to 
the in-chain unit (methacrylonitrile unit). The latter was incorporated by the 
copolymerization of methacrylonitrile formed through disproportionation 
of the primary  radical^.^' The authors claimed that ''C-labelling could not dis- 
tinguish these two types of initiator residues and thus leads to misunderstanding 
of the polymerization mechanism. 

Application of labelled initiator in copolymerization provides information on 
relative reactivities of comonomers A and B toward the initiator radical in the 
initiation process. 

9 R-Be 
R . + A + B  (Re: primary radical) 

R-A- (3) 

Bevington et al. have investigated the end-groups of various copolymers 
prepared with I3CH3-labelled AIBN. When the chemical shifts of the signals 
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due to the 13CH3 groups attached to monomer units A and B differ from each 
other, the relative abundance of R-A- and R-B-, N A / N B ,  can be determined. 
From equation (4) the relative rate constant of initiation, kA/kB, can be 
estimated: 

where [A] and [B] are the initial concentrations of monomers A and 
B. The relative rate constants for various monomers could be estimated 
as follows: styrene ( l .O) ,  acenaphthylene (2.24),80 methyl vinyl ketone 
(1 .34),81 a-methylstyrene (0.95),82 methyl isopropenyl ketone (0.78),8' 
MMA (0.56),83 a-methoxystyrene (0.47),84 methacrylonitrile (0.34),g3 ethyl 
acrylate (0.30)72 and vinyl chloride (0.041).g5 

Moad et al. reported that, for the copolymer of MMA and styrene prepared 
with 13C=O-labelled BPO, C=O carbon showed clear splittings not only due to 
the difference of the first monomer unit but also due to the second monomer 
unit.86 Detailed analysis of the sequences may afford monomer reactivity ratios 
at the beginning of the copolymerization. 

Tirrell and co-workers studied copolymerization of styrene (S) and acrylo- 
nitrile (A) using 1 ,I'-azobis( I-pheny1ethane)-a, o'-'~C, which generates a 
monomeric styrene radical, 1-phenylethyl radical:87 

* 
Ph- CH * 

1 
CH, 

Assuming the initiation reaction with this radical is 
involving the styrene radical, the relative initiation rate 
represent the monomer reactivity ratio kss/ksA = rs: 

a propagation step 
constant ks/kA may 

A similar experiment with I ,  1'-azobis( 1-cyanoethane)-a, (Y'- '~C generating 
radical 

provided the reactivity ratio 
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The obtained values are close to the reactivity ratios rss (0.23) and rSA 
(0.09) based on the penuitimate model, rather than those of the terminal 
model (rA = 0.05, rs = 0.33).89 This means that the two radicals have 
similar reactivities to the propagating radicals NN SS - and NN SA -, 
respectively. 

1,l’-Azobis( 1-pheny1ethane)-a, a’-13C was also used to study the reactivities 
of styrene, methyl acrylate, methyl methacrylate, methyl isopropenyl ketone, 
methyl vinyl ketone, and 2-vinylpyridine towards the radical 

* 
Ph- CH 

I 
CH, 

at 100°C using acenaphthylene as the reference monomer. The relative 
reactivities match their relative reactivities towards polystyrene radical as 
deduced from monomer reactivity ratios for the copolymerizations with 
styrene.” 

trans-Stilbene has been known to exhibit high reactivity towards the 
bezoyloxy radical.” When MMA or styrene was polymerized at 60°C with 
13C=O-labelled BPO as initiator in the presence of stilbene at low concen- 
tration, it was confirmed from end-group analysis that many of the end-groups 
in the copolymer consist of benzoyloxy groups attached to the stilbene units, 
while the total incorporation of stilbene was For example, in the 
copolymer formed at the ratio MMA stilbene = 100, 40% of end benzoyloxy 
groups attached to stilbene units?2 “F NMR spectroscopy was also used to 
investigate this peculiar behaviour of stilbene using p-fluorobenzoyl peroxide 
and p-fluoro~tilbene.~~ 

3.2.2. Anionic polymerization 

Polymerization of MMA with t-C4H9MgBr in toluene at low temperature 
proceeds in a living manner to give highly isotactic PMMA which contains 
exactly one t-C4H9 group at its chain end. By taking this synthetic advantage, 
accuracy of 2H NMR analysis in regard to signal intensity of end-group has 
been examined using a partially deuterated t-butylmagnesium bromide, 
t-CH3(CD3)2MgBr:73 

CD, I 
I 
CD, 

CHI I 
I c=o 
I 
OCH3 

CD1 

I 
CD, 

CD,OD I CH, I 

c=o 
I 
OCH 7 

C H , - C - - - C C H ~ - C ~ D  CH3--C-MgBr + nCHL-c 
?- I 
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Analysis of the deuterated initiator fragments was carried out for the solution of 
a known amount of the polymer containing an intensity standard. the M ,  of the 
PMMA can be calculated from the equation M ,  = 6c/s. R, where c is the 
concentration (g sample/g solvent) of the polymer sample solution, s is 
the concentration (g2H/g solvent) of a 2H-labelled compound added to 
the sample solution as an intensity standard, and R is the relative intensity of the 
*H NMR signal of interest to that of the standard. The principal feature 
of this experiment is that the degree of polymerization, p.p. of the identical 
sample can also be determined by means of 'H NMR spectroscopy from the 
intensity ratio of the 'H NMR signals due to the CH3(CD3)2C and the 
CH30 groups. 

Figure 11 shows the 500-MHz 'H and 61.3-MHz 2H NMR spectra of the 

(a) 
-OCH3 

CH3- 

-CH2- I X150: 

/ 

A 

PPM . . . .  
I I I l ( I I I , ~ i I l I ~ I I l I ~ I l I I ~ I I I I ~ l I I  

3 .5  3 . 0  2 .5  2.0 1.5 1 .o 

i 

! 
p 3  

G=O 
-CH2-5!-D 

OCH3 

5. 

PPM 
I I I , b I I I I  I I I I ~ I , I I ~ I I I I , ~ , I I ~ , , , , , 1 1 1 1 ~ 1 1 1 1 ~  

8 7 6 5 4 3 2 1 0 

Fig. 11. 'H and 2H NMR spectra of PMMA (PMMA-23K) prepared with 
t-butylmagnesium-d, bromide in toluene at -78°C. (a 500 MHz 'H NMR spectrum 
mpaciirpd in n i t r n h ~ n 7 ~ n ~ J ~  a t  1 l n o r .  Ih\ hl ?-MU7 2 ) -  U N M R  cnPrtnlm m p a r i i r d  in ... ", ... .." V) \', -1.4 I.*--- * A  1.1.11. "y-.-....."'II.-..."u.-.u L I 1  

nitrobenzene/nitrobenzene-d5 (95 /5)  at 110°C. (From Ref. 73.) 
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PMMA prepared with CH3(CD3)2CMgBr in toluene at -78°C. In the 2H 
NMR spectrum, signals at 0.83 and 2.44ppm were assigned to CH3(CD3)2C 
and methine deuterium, respectively. Those appearing at 7.3-8.0 ppm are 
attributable to nitrobenzene-d5 added as an intensity standard. The &fn of the 
polymer was determined as 23 890 on the basis of the 2H NMR spectrum. In 
the 'H NMR spectrum of the same polymer, the signals due to the CH3(CD3)ZC 
and C H 3 0  groups were observed at 0.823 and 3.636 ppm, respectively, and the 
M ,  was calculated to be 22 930. The &fn determined by VPO was 22 280. These 
results clearly indicate good accuracy of 2H NMR measurement. 

Relatively short NMR relaxation times of 2H nuclei (e.g. 2H-Tl = 0.173 s and 
'H-Tl = 1.38s, for the CH3(CD3),C group in PMMA measured in nitro- 
benzene-d5 at 110°C) allows shorter repetition time, and the lower sensitivity 
of 2H nuclei can be partly compensated by a larger number of accumulations 
for a certain period of time. 

Transfer agent can be incorporated into the polymer chain end. Thus 
deuterium labelling of transfer agent provides the opportunity to study 
reaction mechanism through end-group analysis by 2H NMR. Condensates 
of organotin and alkyl phosphate such as condensate of dibutyltin oxide 
(Bu2SnO) and tributyl phosphate (Bu3P04) are air-stable, efficient initiators 
for ring opening polymerization of oxirane compounds.y4 The addition of 
methanol into this polymerization has been considered to cause frequent 
transfer reactions to give low molecular weight polymers. When a small 
amount of CD30D was added to the polymerization of propylene oxide with 
a Bu2SnO-Bu3P04 (1/2) condensate, the obtained polymer showed two 
2H NMR signals due to C D 3 0  groups attached to the chain ends in different 
manners, a-cleavage and P-cleavage of the oxide ring: 

CD30-CH-CH2-O- (minor) CD30-CH2-CH-O- (major) I 
CH, I 

CH, 

(a-cleavage) (,$cleavage) 

The polymerization itself proceeds almost exclusively in the P-cleavage manner. 
The results of end-group analysis showed that the addition of methoxide ion to 
propylene oxide preferred the P-cleavage but in a less-specific way than that of 
the propagating oxide anion.y5 

End-labelling of the active centres with diphenyl chlorophosphate, combined 
with 31P NMR spectroscopy, was shown to be an effective method for the deter- 
mination of structure and concentration of the active species in the polymeriz- 
ation of several oxirane  compound^.^^^^* The chemical shifts of 31P signals from 
the diphenylphosphoryl end-groups are sensitive to the structure of polymer 
chain end to which it is attached. Thus the 3'P NMR spectrum provides 
information whether the propagating anion is secondary or primary. A similar 
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method using chlorodiphenylphosphine was recently utilized to distinguish 
butyllithium and lithium b ~ t o x i d e . ~ ~  

Hogen-Esch and co-workers have studied the stereochemistry of anionic 
polymerization of vinylpyridines and related monomers. They applied end- 
labelling of living anion of 2- and 4-vinylpyridines and 24sopropenylpyridine 
with I3CH3I to investigate the chain-end stereochemistry.'OO"O' Triad 
tacticities at the chain end, NN mm, NN mr, NN rm and NN rr, were 
determined from split signals of the 13CH3 end-groups. Stereochemical 
assignments are based on the spectra of 13CH3-end-labelled oligomers of 
known stereochemistry (see Section 5.1). 

3.2.3. Ziegler polymerization 

In Ziegler-Natta catalysts comprising transition metal compounds and 
coinitiators such as alkylaluminium, the active species consists of metalkarbon 
bonds formed by the alkylation of the transition metal with the coinitiator. 
Initiation occurs by monomer insertion to the metalkarbon bond. Therefore, 
labelling of coinitiator may provide an opportunity to investigate the structure 
of end-groups and thus the initiation mechanism. 

Zambelli et al. studied the stereochemistry of the initiation step in propylene 
polymerization with an isotactic-specific Ziegler-type catalyst, S-TiCl3-A1R3- 
ZnRz, where R is a 13C-labelled methyl or ethyl g r o ~ p . ' ~ ~ - ' ~ ~  ZnR2 promotes 
transfer reaction to give a rather low molecular weight polymer and facilitates 
end-group analysis. 

With 6-TiCl3-A1( 13CH3)3-Zn( 13CH3)3, initiation occurs exclusively in 
primary insertion and thus the polymer formed contains an isopropyl group 
at its initiating chain end. 

CH 7% l 3  
M-CH2-CH- CH2-CH-CH2-CH- I l 7  CH, Se e 

CH, 

The terminal 13CH3 in the isopropyl group may show four signals due to triad 
tacticity at the chain end.'03-'05 As seen in the spectrum shown in Fig. 12b, only 
two peaks due to the terminal 13CH3 are observed at 20.69 and 21.76ppm in 
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4 

40 30 20 10 pprn(HMDS) 

Fig. 12. I3C NMR spectra of boiling heptane-soluble and boiling entane- 
insoluble fraction of polyyropylene prepared with (a) S-TiCl3-A1(I CH3)21; 
(b) S-TiC13-A1('3CH3)3-Zn(' CH3)Z; (c) S-TiC13-A1('3CH2CH3)3-Zn('3CH2CH3)l. 
The asterisked resonances are due to I3C-enriched carbons of the end-group. 

(From Ref. 103.) 

P 

equal intensity. The former (StCt) is assigned to a threo methyl group relative to 
both the methyl groups in the second and third monomer units, and the latter is 
assigned (Sece) to an erythro methyl group. The results indicate non-stereoselec- 
tivity in the initiation step with S-TiC13-A1('3CH3)3-Zn( 13CH3)3 and high 
stereoselectivity in the third monomer insertion. The non-selectivity in the 
initiation step was explained by the similar steric bulkiness of the methyl and 
chlorine group bonded to Ti, leading to a smaller asymmetric environment 
around the active sites.lo3 

When A1(13CH2CH3)3 and Zn(13CH2CH3)3 were used as coinitiator, 
I3CH2CH3 signals in the 2-methylbutyl end-group were observed at 27.72 
and 28.82ppm, which correspond to the configurations of 6t<t and Sece, 
respectively (Fig. 12c). The higher intensity of the signal of Stct  indicates the 
higher content of isotactic diad at the chain end.Io3 The steric difference 
between ethyl and chlorine groups produces an asymmetric environment 
around Ti, which should be responsible for the higher stereoselectivity. The 
correlation between in-chain tacticity and erythro selectivity [el was found 
for the polymerization of propylene with various 13C-labelled catalyst systems 
as shown in Table 9.'06 Ti13-A1(13CH3)3 exhibits erythro selectivity [el of 
0.67.'07 Much higher erythro selectivity of S-TiC13-Zn(C6H5)2 was evidenced 
by the C-1 carbon signals of the end phenyl groups.'08 The erythro selectivity 
also depends on the structure of olefin monomers; with TiC13-A1( 13CH2CH3)3 
initiator, propylene [el = 0.77, 1-butene 0.69 and 1-pentene 0.66.'09 Investiga- 
tions alohg these lines with TiC13-A1('3CH3)3 have been carried out for 3,7- 



Table 9. Erythro selectivity [el in the initiation process and main chain tacticity of propylene polymerization. 

Catalyst system Tacticity (%) [el P D D ~  

Ti compound A1 alkyl Zn alkyl mm mr rr 

6-TiC13 A1(13CH3)2CI - 76 12 12 0.50 0.92 
6-TiC13 A1('3CH3)3 Zn('3CH3)3 79 1 1  10 0.52 0.93 
6-TiCI3 Al( 13CH3)21 - 82 10 8 0.75 0.94 
6-TiC13 Al( '3CHzCH3)3 Zn(I3CH2CH3)3 91 5 4 0.79 0.97 
TiCI4-MgCl2* A1('3CH2CH3)3 Zn('3CH2CH3)3 89 6 5 0.80 0.96 

From Ref. 106. 
"Probability of D insertion on the D-preferring sites. 

the presence of ethyl benzoate. 
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dimethyl-1-octene ([el = 0.71)'10 and (RS) -  or (S)-3-methyl-l-pentene 
([el = 0.67)."' For the latter monomer, the effect of the chirality in the side- 
chain of the monomer on the main-chain chirality was also investigated in 
detail. 

One of the recent advances in coordination polymerization is highly 
active and stereospecific homogeneous catalyst systems as demonstrated 
by the excellent works of Ewen"' and Kaminski.'I3 Zambelli and co-workers 
studied the structure of end-groups in isotactic polypropylene and 
poly( 1 -butene) prepared with homogeneous catalysts based on ethylene 
bisindenyldimethyltitanium and methylalumoxane in the presence of 
A1('3CH3)3 or A1('3CH2CH3)3 as transfer agent.'14 The results were very 
similar to those obtained for polymerization with heterogeneous Ziegler- 
Natta catalysts, that is, insertion of 1-butene on Ti-I3CH3 bonds was par- 
tially enantioselective whereas insertion of propylene was not enantio- 
selective, and insertion of propylene on Ti-13CH2CH3 bonds was more 
enantioselective than insertion on Ti-I3CH3 bonds. Stereocontrol of the poly- 
merization by these homogeneous catalysts is thus based on the chirality of 
Ti sites.lI4 

The 13C-labelling method for the analysis of the initiation step was applied 
to the study of the effect of Lewis bases on the polymerization of 
propylene with MgCI2-supported TiC14-AI( 13CH2CH3)3."5 Addition of 
ethyl benzoate or bis(2-ethylhexy1)phthalate increased isotactic productivity, 
which was accompanied by an increase of [el. The most significant 
increase in isotacticity was obtained in the presence of phenyltriethoxysilane; 
mm 97%, and [el 0.89. The results evidenced the direct participation 
of the Lewis base in the formation of the isotactic-specific sites in the 
initiation step. The effect of activation procedure of supported catalyst, 
MgCI2-TiCl4-A1( 13CH2CH3)3, was also studied in a similar manner.II6 The 
effects of triethylamine and 2,2,6,6-tetramethylpiperidine on stereocontrol in 
the polymerization of propylene with S-TiCI3-Zn( 13CH2CH3), was also 
examined.' 

Copolymerization of ethylene and propylene was studied using 6-TiCI3- 
Al( '3CH3)3-Zn(13CH3)2."8 The chemical shift of the 13CH3 end-group was 
sensitive to the sequences of the three monomer units at the chain end 
(Fig. 13). The monomer selectivity at the first, second and third addition 
steps in this copolymerization could be estimated from the relative abundances 
of these end-groups as follows; k , lk2  = 4 - 4.4, k l l / k 1 2  = 26 - 29, 
k21/k22 = 25 - 27, k221/k222 = 27 - 35 (subscripts 1 and 2 represent ethylene 
and propylene, respectively). Except for the initiation step, the remaining 
addition steps exhibit high selectivity for ethylene. Monomer selectivities of 
the same catalyst have been determined for various pairs of a-olefins."' The 
relative reactivity is found to decrease with increasing bulkiness of the 
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(Ti 13C (6=21.541 

Fig. 13. Assignments of 13CH3 end-groups in ethylene-propylene copolymer prepared 
with S-TiC13-A1('3CH3)3-Zn('3CH3)2. (From Ref. 118.) 

monomer, suggesting the importance of the steric factor in the coordination of 
the monomers to the active sites. Recently, Locatelli et al. noted the inhomo- 
geneity of isotactic-specific sites in the copolymerization of propylene and 
1-butene with TiCl3-A1( 13CH2CH3)3.120,121 The fractionated copolymers 
were analysed by 13C NMR in regard to composition, tacticity and chain-end 
stereochemistry. Chain-end m / r  ratio observed from 13CH2CH3 signals was 
found to change from 1.6 to 8, accompanied by an increase in isotacticity of 
the copolymer. 

In the polymerization of propylene with VCI4-( 13CH3)2AlCl at -78"C, 
the propagation reaction proceeds in a secondary insertion mechanism to 
give a syndiotactic polymer, as examined in terms of end-group structure.122 
The I3C NMR spectrum of the polymer shows four resonances of com- 
parable intensities at 20.60, 20.79, 21.46, and 21.69ppm, all of which are 
assignable to 13CH3 of the isobutyl group in different stereochemical 
configurations but not to 13CH3 of the sec-butyl group expected for secondary 
insertion. 

w i ~ i - ~ ~ 2 - ~ ~ - ' k ~ ,  

A~-CH-CH,-YH, 

/ (primary) I 
M-"CH, + CH2=CH-CH3 CH, 

I 
CH 3 

(seeconhy) 

The results suggest that the insertion of propylene to V-13CH3 bonds is primary 
and that the subsequent monomer addition proceeds in a stereo-irregular 
fashion.IZ2 
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3.3. Direct analysis of end-groups and defects in vinyl polymers 

3.3.1. Poly(methy1 methacrylate) 

Propagating radicals in the polymerization of methyl methacrylate (MMA) pre- 
dominantly terminate through disproportionation as described in Section 3.2.1. 
The reaction should give two types of chain-end structures: saturated and 
unsaturated terminals. 

The 'H NMR spectrum of PMMA prepared with AIBN at 60°C showed 
vinylidene proton signals at 5.4 and 6 . 1 4 ~ p m ~ ~  (Fig. 14). No inner olefin 
proton signal was observed. The intensity measurement indicated that 36% 
of the polymer molecules contained the unsaturated terminal. The thermal 
stability of radically prepared PMMA was discussed in relation to the 

Ha, ,CH;/L\COOCH3 

Hb COOCH3 
,C=C, < x 1330 

OCH3 

a-CH3 

I I I I I I I I 
2 1 6 5 4 3 6 ( p p m l  

Fig. 14. ' H  NMR spectrum of PMMA prepared with AIBN in bulk at 60°C (CDCl,, 
5 5 T ,  270MHz). * I3C satellite band of CHC13. (From Ref. 38.) 
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unsaturated end-group or head-to-head linkage along the chain.39' 
Kashiwagi et al. reported that thermal degradation of the PMMA proceeds in 
three steps of weight loss: the least stable step is initiated by scissions of head-to- 
head linkages, the second step by scissions at the chain-end initiation from the 
unsaturated end-groups, and the most stable step by random scission within the 
main chain.39 However, Meisters et al. did not observe the least stable step of 
degradation using PMMA with head-to-head linkage in the middle of the 
chain.Iz3 

Cobalt tetraphenylporphyrin complex promotes a chain-transfer reaction in 
the radical polymerization of MMA to give an MMA oligomer with vinylidene 
unsaturation at the chain end.lZ4 An alternative method of introducing the 
terminal unsaturation was disclosed by Meijs et ai.Iz5 Substituted allylic 
sulphides are used as chain transfer agents in which sulphide groups act as 
leaving group as follows: 

CH2-SY CH,-SY CH 7 

11 - I 

I 
4 -CH,-C-X + Y S .  

I 
4 -CH2-C 

I 
X 

-C* + CH2=C 

X 

(X = COOEt, Ph, CN) 

By selecting the sulphide group SY, various difunctional PMMAs and poly- 
styrenes were prepared. The end-functionality determined by ' H NMR scat- 
tered from 0.8 to 1.4.'25b 

Independently, Yamada and Otsu found a similar addition-fragmentation 
reaction of a-bromomethylacrylates, which produces polymers with bromo- 
methyl and vinylidene groups at both ends:'261 lZ7 

CH2 
11 

Br-CH2-C-CH2-C 
I I 

y 3  

c=o k=O 
I I 
OCH, OCH, 

3.3.2. Poly ( vinyl acetate) 

It has long been known that vinyl acetate polymerizes more rapidly in 
ethyl acetate than in aromatic solvents such as benzene.lZ8 One explanation 
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for this phenomenon is that the benzene molecule copolymerizes with vinyl 
acetate, which causes a decrease in the apparent rate of p~lymerizat ion. '~~ 
Recently, Kamachi and co-workers attributed the rate decrease in aromatic 
solvents to the formation of a complex between the propagating radical and 
the r-electron system of the solvent molecule.'30 To clarify the possibility of 
copolymerization of aromatic solvents, poly(viny1 acetate)s prepared with 
AIBN in benzene, chlorobenzene and ethyl acetate were analysed for terminal 
groups by 'H NMR spectro~copy.'~' The results are shown in Table 10. 

The polymer formed in benzene showed a small signal at 7.31 ppm, 
whose 'H-T1 was 0.72s and assigned to a phenyl group attached at the 
chain end. The intensity measurement of the signal showed that only 15% 
of the polymer chain contained one phenyl group at the chain end. The 
possibility of benzene copolymerization was thus neglected. The polymer 
formed in chlorobenzene was found to contain 0.28 of the solvent fragment 
per polymer molecule. This amount is about twice the amount in the poly- 
mer formed in benzene, and almost corresponds to the fact that the 
ratio of the chain-transfer constants of chlorobenzene and benzene is 
2.82,'32 indicating the incorporation of the aromatic molecule through the 
chain-transfer reaction. 

The numbers of AIBN fragment are larger than unity for the polymers 
formed in benzene and chlorobenzene, but that for the polymer formed in ethyl 
acetate is only 0.42, indicating the higher frequency of transfer reactions in 
ethyl acetate. By counting the end-groups generated through reinitiation from 
the solvent radicals 

CH,CH,OCCH, * + CH -CH - CH$H,OCCH,-CH,-CH. 
I 

OAc 
II 
0 

,- I 
OAc 

II 
0 

CH~CHOCCH, + CH_-CH - CH,CHCH,- CH . I 
OAc 

I 
OAc 

7- I 
OAc 

I1 
0 

those formed by the termination reaction of the propagating radicals 

-CH,-CH--CH2-CH- + R-H - -CH2-CH-CH,-CH, I 
OAc 

I 
OAc 

I 
OAc 

I 
OAc 

-CH,-CC-CH-CH, * + R-H - -CH,-CH-CCH-CH, 
I I  
OAc OAc I I  

OAc OAc 
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Table 10. Analysis of the terminal group in poly(viny1 acetate) prepared with AIBN at 
60°C in benzene. chlorobenzene and ethvl acetate. 

Solvent a" (VPO) Terminal group (mol/mol)" 
AIBN Solvent CH1COOCEI2CH2- 

Benzene 15 700 1.24 0.15 0.56 
Chlorobenzene 12 100 1.20 0.28 0.41 
Ethyl acetate 23 900 0.42 more than 0.43 1.24 

From Ref. 131. 
"Represents the number of terminal groups per polymer molecule 

and the AIBN fragment introduced at the chain end through the initiation 
reaction, the total end-groups per molecule amounts to 2.73. Thus the 
polymer should have at least 0.7 branches per polymer molecule. The 
total numbers of end-groups in the polymers formed in benzene and 
chlorobenzene are 1.95 and I .89, respectively, indicating that the polymers 
have no branching. These results are consistent with the explanation 
that the propagating radicals in aromatic solvents are stabilized through 
.Ir-complex formation with the aromatic rings. 

The end-groups and in-chain defects in poly(viny1 alcohol) have been 
studied tho ro~gh ly . '~~- '~ '  The number of 1,2-glycol units can be determined by 

and 'H NMR13' spectroscopy. The 1,2-glycol unit at the chain end is 
distinguished from that in the chain by the 500-MHz 'H NMR spectrum. The 
analysis for the polymer obtained from poly(viny1 acetate) prepared at 60°C 
indicates that the contents of the end-chain and in-chain 1,2-glycol units are 
0.06 and 1.7mol%. This means that chain transfer from the primary radicals 
occurs every 50 times of head addition.'35 

1 3 ~ 1 3 6 -  138 

3.3.3. Poly(viny1 chloride) 

Poly(viny1 chloride) usually contains various defects such as branching, 
regio-irregular units and unsaturated units, because of the high reactivity of 
the propagating r a d i ~ a 1 . I ~ ~  Besides direct analysis by ' H NMR,'40-'42 
13C NM R analysis after reduction with Bu3 SnH provides structural 
information on branching and end-groups by referring the spectral data of 
p01yethylene.I~~- 14' 

1,2-Dichloride linkage at the chain end, ClCH2-CHCl --N, can be 
identified by 'H NMR spectra of low molecular weight extracts, the signal of 
which resonating at 3.65 ppm can be distinguished from the signals due to the 
C1CH2-CH2 N-- group (3.8 ~ p r n ) . ' ~ '  Almost all the 1,2-dichloride linkages 
were found to exist at the chain end, and should form through reinitiation 
reaction by chlorine radical: 

C1- + CH,=CHCl+ ClCH2-CHCl- + ClCH2-CHCl-CH2-CHCl. 
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The unsaturated chain end-group, ClCH,-CH=CH-, is identified by 'H 
NMR; the ClCH2 proton signal resonates at 4.054.10ppm. Its formation is 
explained by the following reaction scheme: as a head-to-head addition 
occurs, the radical isomerizes to a secondary radical, which releases a chlorine 
radical to form the allylic e n d - g r 0 ~ p . I ~ ~  

-CH,-CH-CH-CH, * + -CH,-CH-CH-CH,CI 
I 
CI 

I I  
CI CI 

-CH2-CCH=CH-CH2Cl + CI * 

Transfer to monomer is an important process in the radical polymerization of 
vinyl chloride so that the number of initiator fragment in a polymer chain is less 
than unity. For example, poly(viny1 ch1oride)s prepared with AIBN in 
1,2-dichloroethane at 40°C were found to contain 0.17 - 0.34 AIBN fragments 
per chain from the 13C NMR analysis of the polymer reduced with Bu3SnH. 
The polymers also contained a CN group in the chain (0.025 - 0.12 per 
chain), suggesting the copolymerization of methacrylonitrile which was formed 
in situ or admitted as an impurity in the starting AIBN.79 

3.3.4. PolyoleJins 

End-group analysis of polyolefins prepared with Ziegler-type catalysts 
can be performed for relatively low molecular weight samples. I3C 
NMR spectra of isotactic polypropylene prepared with either 
racemic ethylenebis(4,5,6,7-tetrahydro-l-indenyl)dichlorozirconium or racemic 
ethylenediindenyldichlorozirconium and methylalumoxane showed the 
presence of vinylidene and n-propyl end-groups in equal amounts, indicating 
that the chain-transfer process mainly involved &hydrogen abstraction from 
a regio-regular monomer unit followed by initiation of a new polymer chain 
on a metal-hydrogen bond via primary in~e r t ion . '~~  

CH3 7% I 
CH 

CH,-CH-CH,-CH-CH2-CH,-CH, 
l 3  

CH, I 

t 37.5 1 

12.38 ppm 
109.37 1 '  

142.65 28.33 

Homogeneous catalyst systems without methylalumoxane, which 
consists of (CH3)3A1, (CH3)2AlF and group IV metallocenes, such 
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as (dicyclopentadienyl)diphenyltitanium, ethylenediindenyldichlorotitanium, 
ethylenediindenyldichlorozirconium or ethylenebis(4,5,6,7-tetrahydro-l- 
indenyl)dichlorozirconium, give isotactic polypropylene. The polymers 
obtained have n-propyl end-groups similar to the polymer obtained in the 
presence of methylalumoxane and the metal l~cenes. '~~ The I3C NMR spectra 
of the former polymers also showed signals due to two methyl groups of isobu- 
tyl end-group (20.55 and 21.80ppm), which formed through chain transfer to 
(CH3)3Al: 

CH, 
I CH, I 

Zr-CH2-CH-CHZ-CHIV + (CH3)3AI 

1 
Zr-CH, + 

CH, CH, 
I I 

(CH,),AICHZ-CH- CHZCH- 

CH3 7% y-b I CH, I 
CH,-CH-CH,CH- (CH.3) 2AlCH2-CH- CH2- CH- 

The splitting of the methyl signals occurs because of the presence of an 
asymmetric carbon in the neighbouring monomeric unit. 

In his first article on soluble metallocene/methylalumoxane catalyst 
systems producing isotactic polypropylene,"2 Ewen reported the I3C 
NMR analysis of the end-groups of the atactic polypropylene formed with 
bis( cyclopentadieny1)zirconium dichloride or bis(pentamethylcyclopentadieny1) 
zirconium and methylalumoxane. The polymer formed at 50°C con- 
tained n-propyl and vinylidene end-groups in 1 : 1 ratio, consistent with 
P-hydrogen elimination from the metal-primary carbon bond and subsequent 
reinitiation via primary insertion: 

y 3  7% CH3 
Zr-CH2-CH-CH2-CH-CH2-CH-CH2-CH,-CH3 

The chain end of a polypropylene formed at -30°C was exclusively iso- 
propyl groups, which form through primary insertion of the monomer 
into the Zr-CH3 bond both in the initiation and in the termination of 
the primary chain end. 
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B-CH, + ~cH,=CH 

Zr-CH,-CH-CH,-CH-CH,-CH-CH,-hH-CH, 

CH, 
y 3  I CH3 I 

Polypropylene prepared by S-TiCI3 - (C2H5)2AICI in the presence of 
hydrogen was found to contain four types of end-group~;'~' two of 
which - propyl (45.9%) and ethyl (4.1%) ends - are produced by the initiation 
reactions with Ti-H and Ti-C2H5, respectively, and the other two - methyl 
(40.1 YO) and butyl (9.9%) ends - which are produced by the transfer reaction 
of primary and secondary chain ends to hydrogen. The reason why the transfer 
reaction of the secondary chain end to hydrogen forms a butyl group is that the 
secondary insertion occurred at the primary chain end, mostly followed by the 
chain-transfer reaction: 

CH3 I 

CH, 
I 

CH~-CH-CH,-CH-CH,-CH-CHH,-CH-CH, 

CH 3 7% 
I 

Ti-CH,- CH- + Ti-CH-CH,-CH2-CH- 

CH, 
Hz, I 
+ Ti-H + CH,-CH2-CH2-CH2-CH- 

The split peaks of the carbons in the end-groups due to triad and tetrad stereo- 
sequences were assigned by the chemical shifts calculation via the y-effect. The 
tetrad fractions in the initiating chain end were analysed for the heptane-soluble 
fraction (a, = 1000) in terms of the two-sites m0de1. '~ ' "~~ The results showed 
that the steric controls in the initiation process were as strong as those in the 
propagation step. 

Polymerization of propylene with vanadium tris(acetylacetonate)-(C2HS),C1 
at low temperature proceeds in a living manner to give a syndiotactic 
p01ymer.l~~ A V-C bond of the living polypropylene end reacts quantitatively 
with iodine molecule to yield an iodine-polymer bond. The iodine-terminated 
polypropylenes of low molecular weight (a, = 63&3200) were found by 'H 
and I3C NMR spectroscopy to have a secondary structure at the chain end.Is4 

26.3 ppm 

J. 
y 3  

4 f  
I -CH-CH,p  - * - .  

23.7 52.5 ppm 
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The other chain-end structure was either ethyl or propyl, suggesting the 
initiation reaction with the V-C2HS bond is non-regiospecific: 

CH3 CH3 
I I 

V--CH2CH3+CH2= CH + V-CH2- CH -CH2-CH3 or 

CH3 
I 

V- CH -CHZ-CH2-CH3 

Syndiotactic polystyrene prepared with tetrabenzyltitanium or tetrabenzyl- 
zirconium and methylalumoxane was analysed by I3C NMR in regard to end- 
groups.'55 A boiling butanone-soluble low molecular weight fraction shows sig- 
nals due to both chain ends as shown below: 

132.8 121.4 43.8 35.7 20.9ppm 

The unsaturated end is formed through &hydrogen transfer 

Metal-CH(C6H5)-CH,CH(c6H~) "--) 

CH(C6H5)=CH-CH(C6H5) N-N + Metal-H 

and another chain end is formed by reinitiation with Metal-H: 

Metal-H + CH2=CH(C6H5) + Metal-CH(C6H5)-CH3 

The structures of both chain ends indicate that the insertion of the monomer 
on the metal-carbon or metal-hydrogen bonds of the catalytic complexes 
is secondary and that P-hydrogen abstraction is the most important 
chain-transfer process. 

4. TACTICITY DETERMINATION 

4.1. Reliability of tacticity determination and reproducibility of the 
polymerization of methyl methacrylate 

Tacticity is one of the most valuable parameters obtained from NMR spectra, 
and the stereochemical assignments of ' H  and 13C NMR spectra of various 
vinyl polymers have been established.'s6 As discussed in Section 2.1, reliability 
of signal intensity is of prime importance in the determination of tacticity by 
NMR spectroscopy, since no other analytical means provide quantitative 
data on tacticity. 
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Table 11. Effect of pulse repetition time on relative peak intensity and tacticity 
determination for radically prepared PMMA by 500-MHz 'H NMR." 

Pulse repetition Relative intensityb Tacticity (%) 

OCHT CH2 mm mr rr 
(s) 

15.0 
10.0 
6.0 
4.0 
2.0 
1 .o 
0.3 

3.02 1.99 3.7 35.3 61.0 
2.99 2.0 1 3.8 35.2 61 .O 
2.91 2.01 3.8 35.2 61.0 
2.79 1.99 3.7 35.0 61.3 
2.36 1.98 3.8 35.0 61.2 
1.78 1.88 3.7 34.9 61.4 
1.18 1.62 3.3 34.4 62.3 

From Refs 157 and 158. 
"Solvent CDCI,; conc. 10 % w/v; temperature 55°C; pulse width 90"; number of scans 4-16 
'Relative intensity against cu-CH3 signals whose intensity is set to be 3.00. 

The effects of operation conditions on FT-NMR measurements of 
tacticity have been examined using a radically prepared PMMA. Table 11 157. '58 

shows the relative intensities of OCH, and CH2 proton signals, and triad 
tacticity determined from a-CH3 proton signals. The measurements were 
made with various pulse repetition times. A pulse repetition time of at least 
10 s is needed to obtain accurate intensities of OCH, and CH2 proton signals 
relative to a-CH3 signals when 90" pulse is used. However, the tacticity 
values obtained with repetition times from 1 to 15s are in good agreement 
with each other, that is, a repetition time of 1 s is sufficient for tacticity 
determination with high accuracy, even though saturation of the signals may 
occur. 

The reproducibility of the tacticity data for PMMA was examined by 'H  and 
I3C NMR. Table 12'57 summarizes the mean values of tacticity for five runs 
obtained from various signals. For 13C NMR, the data obtained under com- 
plete decoupling and the gated decoupling conditions showed no appreciable 
difference. The mm triad value obtained from 'H NMR is slightly larger than 
the other values. This deviation comes from overlapping of the initiator 
fragment signals to mm and mr triad signals of a-CH3 protons. Figure 15 
shows 500-MHz and 100-MHz 'H NMR spectra of PMMA prepared with 
AIBN.159 In the 500-MHz spectrum two methyl proton signals due to the 
initiator fragment, 1-cyano-1-methylethyl group, can be distinguished from 
the mm and mr triad signals. The assignment of the initiator fragment 
signals was confirmed by comparing the spectrum with that of 
poly(methy1 methacrylate-d,) prepared with AIBN3, (Fig. 5 ) .  The triad 
tacticity of the PMMA was corrected by omitting the contribution of the 
initiator fragment signals. The values thus obtained are close to those obtained 
from 13C NMR signals. 

It has been reported that the tacticity of PMMA prepared with benzoyl per- 
oxide (BPO) deviates slightly from Bernoullian statistics while that of PMMA 
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Table 12. Mean values of tacticity of PMMA determined from various NMR signals. 

NMR signal Tacticity (%) 4 b m )  (rr) 

mm mr rr mr2 

3.77 34.76 61.47 
(3.50 34.80 61.64 

3.52 36.06 60.42 
3.52 35.06 61.42 a-CH3 { ' O M h  

NNE' 

COMb 3.10 34.31 62.59 
3.34 33.69 62.97 Quat. 

COM' 
C=o {NNE' 

3.55 34.03 62.42 
3.38 34.50 62.12 

Average 3.40 34.65 61.95 

~ 

0.767 
0.710)" 

0.654 
0.703 

0.659 
0.741 

0.765 
0.707 

0.702 

From Ref. 157. 
"Corrected for AIBN fragment signal. 
bComplete decoupling condition. 

formed with AIBN is consistent with the B e r n o ~ l l i a n . ~ ? ' ~ ~  The tacticities of 
PMMAs prepared with AIBN and BPO under the same conditions were 
slightly different, especially in mm triad fractions. However, the values after 
correction for ABIN fragment signals were very close to each other. When 
the degree of polymerization of PMMA exceeds 1000, the contribution of 
the AIBN fragment signals can be neglected since the relative fraction of the 
AlBN signals becomes negligibly small. 

All the data included in Table 12 indicate that the values of 4 ( r n m ) ( r ~ ) / ( m r ) ~ ,  
which is expected to be unity if stereoregulation obeys Bernoullian statistics,161 
are less than unity as reported by several  investigator^.^^^^ lo, 38, I6O, 162, 163 

From the assessment of the reliability of NMR data sponsored by 
the Society of Polymer Science, Japan (SPSJ), the tacticity data on 
a PMMA sample were compiled as shown in Table 13." Mean values 
derived from intensity ratios of split signals due to cu-CH3 protons, a-CH3 
carbon and quaternary carbon are in good agreement with each other, 
although the values from quaternary carbon signals show larger standard 
deviations than others. This may be due to the smaller shifts between the peaks 
and the narrower peak widths; the latter leading to a smaller number of data 
point defining the lineshape. The values for 4 ( r n m ) ( r r ) / ( ~ z r ) ~  are again less 
than unity. 
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r 

L 
1 I I I I  1 1 1 1 1 1 1 '  

1.4 1.2 1.0 1.4 1.2 1.0 
ppm(TMS) 

Fig. 15. 500-MHz spectrum (A) and 100-MHz (B) 'H NMR signals of a-CH3 protons 
of PMMA prepared with AIBN in benzene at 60°C. (From Ref. 159.) 

Table 13. Mean values (X) and standard deviations (c) of tacticity of PMMA 
determined bv 'H and 13C NMR sDectroscoov. 

Signal nu 

a-CH, 17 B 4.0 34.7 61.3 0.815 

CY-CH, 17 x 3.0 34.8 62.2 0.616 

Quat.C 15 8 3.8 35.0 61.3 0.761 

5 0.9 1 .o 1.5 

5 1.3 1.6 2.0 

(7 1.3 3.1 3.4 

From Ref. 10. 
"Number of determinations. 
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In order to determine whether a system obeys first-order Markovian 
statistics, a knowledge of pentad tacticity is required to a high degree 
of experimental accuracy. This is very difficult for the case of radically 
polymerized PMMA, since the fraction of mm triads is usually less than 5% 
of the total. 

Moad et al.’63 overcame this difficulty using PMMA from MMA in which the 
carbonyl carbon was enriched with I3C. An enrichment level of 10% was chosen 
to avoid confusion of the spectra by 13C-13C spin coupling. In the 62.9-MHz 
l3C NMR spectra of the PMMA prepared in benzene with AIBN at 60°C 
measured in toluene-d8, eight of ten pentad signals are resolved, while six pentad 
signals show baseline resolution when the spectrum was measured in CDC13. 
The first-order Markov model rather than Bernoullian’s gives an excellent fit 
to the observed fractions of triad, pentad and heptad sequences. It is worth 
noting that both models predict similar proportions of the rr-centred pentads 
and that the differences between the two models are most apparent with the 
mm triads and the mm- and mr-centred pentads. The facts clearly demonstrate 
that there is a significant penultimate effect in the stereoregulation of 
polymerization of MMA in benzene at 60°C. 

Non-Bernoulian behaviour of tacticity was also reported for poly(viny1 
chloride) obtained at 5°C and -30°C.’64 After careful assessment of the 
precision and accuracy in tacticity determination, triad and tetrad fractions 
were found to be well-explained by the first-order Markovian statistics. 

Reliable NMR data on polymer structure may afford valuable information 
about the polymerization mechanism, if the reproducibility of the polym- 
erization reaction is not poor. Along with the survey of the precision and accu- 
racy of tacticity data of PMMA from ‘H NMR, we examined the 
reproducibility of MMA polymerization with AIBN or n-C4H9Li! The 
results of the MMA polymerization with n-C4H9Li by five students were 
fairly scattered and the fluctuation was much larger than that in the 
radical polymerization. However, the n-C4H9Li polymerization results from 
five runs by the same student were very precise and precision was nearly 
equal to that of the NMR measurements. The fluctuation of the results 
by different investigators might be ascribed to different levels of con- 
tamination, control of polymerization temperature, and mixing of 
monomer and initiator. To examine the effect of mixing condition, a 
special technique of anionic polymerization was invented, called “slow 
growth polymerization”. In this technique the initiator solution is placed 
on the monomer solution so that it rests on top of it as a separate liquid 
phase and the polymerization is allowed to proceed without stirring. 
The initiation then occurs at the interface between the initiator and 
monomer solutions, and the polymerization reaction proceeds from top 
to bottom. The PMMA prepared by slow growth polymerization initiated by 
n-C4HgLi had a higher isotacticity and molecular weight than the polymer 
obtained by the ordinary 
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4.2. NMR techniques for stereochemical assignment and tacticity determination 

Tacticity determination of vinyl polymer by 'H NMR spectroscopy was first 
achieved for PMMA by N i ~ h i o k a ' ~ ~  and B0~ey.l~'  13C NMR chemical 
shifts of carbons in PMMA show higher sensitivities to longer 
stereo sequence^.'^^,^^^-^^^ The carbonyl carbons in many polymethacrylates 
exhibit a splitting pattern similar to that in PMMA. However, a recent report 
on 13C NMR spectra of polymers of various chlorophenyl methacrylates 
indicates that the number and positions of the chloro substituent 
strongly affect the spectral patterns, and the carbonyl carbon signal of 
poly(2,4,6-trichlorophenyl methacrylate) does not show a splitting due to 
tacticity. 174 

To confirm the stereochemical assignments, it is advisable to check the 
necessary relationships among the probabilities of occurrence of the various 
stereosequences observed;'75 these are completely general and do not depend 
on the statistics of the polymerization process. 

Epimerization is uniquely effective where highly isotactic and syndiotactic 
polymers are available which can be epimerized by any chemical 
r eac t ion~ . '~~- I~ '  Successful examples are the analyses of p~lypropylene'~~ L79 

and polystyrene. 177, 17', 180 Isotactic and syndiotactic polypropylenes 
are epimerized by the addition of 1% dicumyl peroxide and 4% 
tris(2,3-dibromopropyl) phosphate, resulting in well-separated inversions of 
configuration at low conversion. The inversion gives . . . mmmrrmmm . . . for 
isotactic polypropylene and . . . rrrmmrrr . . . for syndiotactic polypropylene. 
Thus epimerization of each stereoregular polypropylene produces three new 
pentad resonances (mmrr : mmmr : mrrm or mmrr : mrrr : rmmr) in the CH3 
carbon region spectra with an intensity ratio of 2 : 2 : 1. The mrrm and rmmr 
resonances are easily assigned to the peaks with the smaller intensities. The 
mmrr resonances should be commonly observed in both epimerized poly- 
propylenes and can thus be identified by comparison of the spectra. The mrrr 
and rmmm resonances are then assigned by default. At this stage seven of the 
ten possible pentad stereosequences are assigned, i.e. mmmm, rrrr, mmmr, 
mmrr, mrrm, mrrr and rmmr. 

Two of the three pentad sequences, mmrm and rmrr, can be assigned by 
consideration of the necessary pentad-pentad relations: 

2 rmmr i- mmmr = mmrm -+ mmrr 

2mrrm + mrrr = mmrr + rmrr 

Finally, the last one should be mrmr. 
Spectra of model compounds are also utilized to assign stereochemical 

sequences in polymer. 18' However, model compounds with defined stereo- 
chemical configurations are rather difficult to obtain. Zambelli et al.ls3 
reported that heptad models for polypropylene, 3 ( S ) ,  5 ( R ) ,  7 ( R S ) ,  9(RS),  
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1 l(RS), 15(S)-heptamethylheptadecane (A) and a mixture of A with 3(S) ,  
5(R),  7(RS) ,  9(RS), 1 I (RS) ,  15(S)-heptamethylheptadecane, all 13C-enriched 
at the 9-CH3 position, permitted the assignment of nine pentad stereo- 
sequences. Sat0 et separated diastereomers of tetramers and 
pentamers of styrene by chromatography and assigned pentad resonances due 
to C-1 carbons of the phenyl group. 

NMR chemical shift prediction by quantum chemical calculation and the 
y-gauche effect method has become a useful approach for stereochemical 
assignment of vinyl polymers.''6i lX7 Recently I3C NMR assignments based on 
y-effect and the rotational isomeric model were demonstrated successfully for 
a series of polyolefins, poly(1-pentene) to poly( 1 -octene) 

Derivation of polymer also serves as a useful method for tacticity deter- 
mination. Poly(triphenylmethy1 methacrylate) is easily converted to PMMA 
by hydrolysis and the subsequent methylation with diazomethene. The 
polymers obtained by anionic polymerization not only in toluene but also in 
tetrahydrofuran are highly isotactic. 189 Even the radical polymerization of the 
monomer gives an isotactic polymer.'89 

Methoxy proton signals of poly(methy1 a-phenylacrylate) split into 
three peaks assignable to mm, mr and rr from low to high magnetic 
field.'" The 'H chemical shift of methoxy protons of poly[methyl 
a-(p-bromophenyl)acrylate] is sensitive to longer stereosequences, making the 
tacticity determination difficult. Reduction of the polymer with LiAlH4 was 
attempted to obtain poly(methy1 a-phenylacrylate) but resulted in the 
reduction of the ester group as well as the bromophenyl group to form 
poly(2-phenylallyl alcohol). Fortunately, the carbonyl carbon of the acetylated 
polymer, poly(2-phenylallyl acetate), showed three split signals assignable to 
triad stereosequences: 19' 

Ph Ph 

I c=o 
I 
OCH, 

I LiAIH, I 
-f.CH,-C-), 

Ph 
I 
I 

CH? 
I -  
OCOCH, 

In these types of polymer reaction, quantitative conversion is a definite require- 
ment; otherwise, there would be a possibility that the tacticity of the derived 
polymer differs from the original one owing to the tacticity dependence of the 
reaction. 

In the ' H  NMR spectrum of the polymer of alkyl methacrylates other than 
MMA, the resonance of an ester group often overlaps with the a-methyl signals 
and obscures the splittings due to the tacticity of the polymer. 'H-Tl values of 
poly(alky1 methacrylate) are in the order of backbone methylene 
< a-methyl << ester group (see Section 6.2).19* We can capitalize on this large 

I +CHZ-C+ 
IT -+CH?-C+T THF 

CH, pyidme 

OH 
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difference in TI  values of protons in a-methyl and ester groups to eliminate the 
ester group resonance overlapped with the a-methyl signal by using inversion- 
recovery pulse sequence ( 180°-t-900-T),.'93 The value o f t  is adjusted such that 
the longitudinal magnetization of the protons of the ester group is zero. 

This technique, called the peak elimination method, is a modification of 
WEFT (water eliminated Fourier transform) NMR.'94 An example of the 
method is demonstrated in Fig. 16 for poly(ethy1 methacrylate). In the 'H 
NMR spectrum measured in CDC13, the a-methyl signal is obscured by over- 
lapping with the signal of methyl protons in the ester ethyl group. When the 
spectrum was taken by using a pulse sequence of (180O4.8 s-90"-20 s), the 
ester methyl signal was eliminated and the three splittings in the a-methyl 
resonance clearly appeared as shown in Fig. 16B. Triad fractions thus obtained 
were consistent with diad fractions observed from methylene proton signals. 
The magnetization of a-methyl protons did not recover completely under the 
condition t = 0.8 s, but the accurate determination of tacticity is possible owing 
to relatively small difference among the T1 values of a-methyl protons in the 
three different triads. The TI values of the protons in the ester group of 
polymethacrylate are generally much longer than those in the a-methyl 
and the peak-elimination method is widely applicable to the measurements of 
triad tacticity of various polymethacrylates. 

Changing the NMR solvent is another choice. In 'H NMR spectra of 
poly(ethy1 methacrylate), mr and rr triad signals of a-methyl protons can be 
distinguished from methyl signals due to the ester group when measured in 
CDC13 (Fig. 16B), and mm and mr triad signals can be distinguished when 
measured in toluene-dg (Fig. 16C). Thus, the comparison of these two spectra 
provides triad tacticity data. 

mm 
I m m  + OCHzC& 1 

ppm ppm ppm 
, ~ ~ ' , , ~ , , ' ~ , , , ~ ' , ' r  ~ " , ' " " ' l " ' , ' ' ~  " I ' ' ' I ~ ' ' I ' ' ' I ~ " I ' ' ~ I '  

1.6 1.4 1.2 1.0 0.8 1.6 1.4 1.2 1.0 0!8 2.0 1.8 1.6 1.4 1.2 1.0 

Fig. 16. 270-MHz 'H  NMR spectra of poly(ethy1 methacrylate) in CDCI, at 55°C. 
(A) Normal spectrum. (B) Spectrum obtained with a pulse sequence of (18Oo-0.8s- 

90"-20 s ) .  (C)  Normal spectrum measured in toluene-d8 at 110°C. 
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Two-dimensional (2D) NMR spectroscopy has recently been used to make 
absolute tacticity assignments without any other s ~ p p o r t s . ' ~ ~ - ~ ~ ~  An early 
successful example is ' H COSY analysis of poly(viny1 a l c ~ h o l ) . ' ~ ~ ~ ' ~ ~  
Figure 17 shows a broad-band decoupled 'H COSY spectrum of poly(viny1 
alcohol) 199 and illustrative assignments for the correlations between triad 
peaks of methine proton and tetrad peaks of methylene protons. Expected 
connectivities between triad and tetrad are as follows: 

Triad Tetrad 

mm 
mr 
rr 

mmm, mrnr 
mmr, rmr, mrr, mrm 
rrr, mrr 

The assignments shown in Fig. 17B are made based on the connectivities 
shown above and on consideration of the magnetic equivalency of the methy- 
lene protons. The 'H NMR assignments have been extended to 13C NMR 
assignment using the 13C-l H heteronuclear shift-correlated 2D NMR technique 
(13C-'H COSY).199 

13C-'H COSY has been used to provide unambiguous assignments for 
tacticity-sensitive splittings of C=O carbon and CH2, a-CH3 and OCH3 pro- 
ton resonances of PMMA, 13C-enriched on the C=O carbon.205 Chang et al. 

:ROSS +-mrr PEAKS 

Fig. 17. 500-MHz broad-band decoupled COSY spectra of PVA in D 2 0  at 80°C. (A) 
Expansion of CH-CH2 cross-peaks and diagonal peaks of CH. (B) Schematic 

representation of spectrum A. (From Ref. 199.) 
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applied I3C-’H COSY to identify the ‘H and I3C resonances belonging to the m 
and r diads in poly(viny1amine) .204 Unambiguous assignments of tacticity- 
sensitive peaks for poly(viny1 chloride) were made by heteronuclear spin-lock 
relay e ~ p e r i m e n t , ’ ~ ~  which involves magnetization pathways ‘HbHPbC and 
bH-‘H-T, and allows identification of neighbouring carbons (“C-bC) by 
recognition of the shared protons: 

“H ’H 
I I  

- UC-’C- 
I I  
CI ‘H 

From this experiment, connectivities between tetrad (CH2) and pentad (CH) 
signals were identified. 

2D INADEQUATE (incredible natural abundance double-quantum transfer 
experiment) enables direct observation of neighbouring l3C-I3C correlation 
and has been applied to poly(viny1 and polypropylene.206 For 
example, the CH carbon in the rrrr pentad has two cross-peaks with hexad 
methylenes of rrrrr and rrrrm. 

Stereochemical assignments have also been made at the pentad level for 
poly(viny1 fluoride) from the 19F COSY spectrum, in which the cross-peaks 
arise from four-bond scalar coupling (about 7 Hz) between the central pair of 
fluorines in the pentad sequences that share a common hexad.200 

H F F F H H 
I I I I I I 

I I 
-CH~-C-CH~-C-CH~-C-CH~-C-CH~-C-CH~-C- 

F 
I 
F 

I 
H 

I 
H 

I 
H F 

r m m r m 

I r m m r l  

L m m r m A  

The ‘H COSY spectrum of isotatic PMMA enables unambiguous assignment 
of erythro and threo methylene protons based on the fact that only the erythro 
proton is capable of forming with a-methyl protons a “W”-shaped four-bond 
path of long-range coupling.203 Tetrad-pentad correlation was also observed 
in the ‘H COSY spectrum of radically prepared PMMA.203 

Configurational structures of both the chain ends of highly isotactic PMMA 
prepared with t-C4HgMgBr were investigated extensively using ’ H and I3C-’H 
COSY s p e ~ t r a . ~ ~ * ’ ~ ~ ~  The ‘H COSY experiment was carried out with a delay 
time of 200 ms for long-range enhancement; this enhances the signals from 
the polymer ends. Window functions such as sine-bell and sine-square func- 
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tions, commonly employed in Fourier transform of 2D NMR data matrices in 
order to suppress peak-broadening, also served to emphasize the correlation 
peaks originating from the end-groups, since relaxation times of the protons 
in in-chain monomeric units are very different from those of polymer end- 
groups. The 'H and I3C NMR signals of a-CH3 and CH2 groups in the 
first three and the last three monomeric units of the chain were assigned 
as indicated in Fig. 18.209 The assignments were made by following cross 
peaks from the terminating chain-end (right-end) methine proton signals 
and from the initiating chain-end (left-end) t-butyl signals. In the first 
report,208 the assignment for right-end tacticity was made, as in- 
chain tacticity, by the assumption that the chemical shift between meso 
methylene proton signals is larger than that between the signals of two 
racemo methylene protons. This assumption was found not to be 
applicable to the right-end tacticity; the chemical shift between two methylene 
proton peaks is larger for racemo sequence than for meso sequences at 
the right end. This was confirmed by X-ray crystallographic analysis of the mm 
trimer210 as described in Section 5 .  The assignments shown in Fig. 18 have been 
corrected. '09 

The signals from the first three and the last three monomeric units at the left 
and right ends overlap with the in-chain a-CH3 signals as shown in the figure. In 
order to determine the exact triad tacticity from the a-CH3 signals, these 
overlapped signals should be taken into consideration.208 The isotacticity of 
in-chain units, when corrected for the overlapped signals due to end-groups, 
is independent of the molecular weight of the polymer. Without correction, 
the isotacticity seems to increase with molecular weight and would lead to 
misunderstanding of the polymerization reaction. 

4.3. Cotacticity and comonomer sequence distribution of copolymers 

The properties of a copolymer depend on its composition, monomer sequence 
and stereochemical structure. Although compositional analysis can be 
achieved by several methods other than NMR spectroscopy, quantitative 
data on monomer sequence distribution can only be obtained from NMR 
spectroscopy. 13C NMR chemical shifts of C=O carbons of PMMA are 
sensitive to pentad to heptad stereochemical sequences. The C=O carbon 
signals for the copolymers of methacrylates are also sensitive to triad 
comonomer sequence. Thus it should be difficult to assign both tactic 
and comonomer sequence signals, especially in the case of copolymers 
with low stereoregularity. 

The high stereoregularity of block and random copolymers prepared with 
t-C4H9MgBr or t-C4H9Li-R3Al simplifies the spectrum and permits us to 
distinguish the peak splittings due to tacticity from those due to monomer 
sequence distribution .693 21 ' 21 Figure 1 92 ' shows 125-MHz 13C NMR 



Fig. 18. ' H  NMR spectrum of isotactic PMMA (A?, = 2530) prepared with r-C4H9MgBr in toluene at -78°C. Signals due to the end- 
groups and monomeric units at and near the left and right ends are indicated accordlng to the numbering system shown in the figure. 

X denotes signals due to impurities. (From Ref. 209.) 



HIGH RESOLUTION NMR IN POLYMER CHEMISTRY 161 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 I 1 I 1 1 I I I I I I I  

I78 177 176 pprn(TMS) 

Fig. 19. Carbonyl carbon NMR signals of highly isotactic poly(MMA)-block- 
poly(EMA). (A), highly isotactic poly(MMA-co-EMA) (B), both prepared with 
t-C4H9MgBr in toluene at -6O"C, and poly(MMA-co-EMA) (C) prepared by AIBN 
in toluene at 60°C. M and E represent MMA and EMA units, respectively. 

(125 MHz, CDC13, 55°C.) (From Ref. 21 1.) 

spectra of C=O carbons of highly isotactic block and random copolymers of 
MMA and ethyl methacrylate (EMA) prepared by t-C4H9MgBr in toluene at 
-60°C. In the spectrum of the copolymer obtained from an equimolar mixture 
of MMA and EMA (Fig. 19B), the signals of MMA and EMA centred 
sequences in mmmm configurational pentad show splitting due to the 
triad monomer sequences. Small splittings in the peaks assigned to 
( M M E t  EMM) and (MEE+EEM) (M: MMA unit; E: EMA unit) might 
be due to the effect of longer sequences or different conformations. 

The diblock copolymer shows two strong signals at 176.51 and 176.37ppm, 
with weak signals of equal intensities at 176.60 and 176.28ppm (Fig. 19a). 
The first two strong signals were assigned to the MMM and EEE triads in 
isotactic pentad configuration, mmmm, respectively, by referring to the spectra 
of isotactic PMMA and isotactic poly(EMA). The latter signals were assigned 
to MME and MEE triads in mmmm configuration by comparing the spectrum 
with that of the random copolymer, which should exist at the switching point of 
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MMA and EMA sequences: 

n 
. . . . . . . . . . MMMMMMMMEEEEEEE . . . . . . . . . . 

U 

Some other small peaks ascribable to chain-end units were also observed in the 
spectrum. 

The C=O carbon spectrum of MMA and butyl methacrylate copolymer 
exhibits similar spectral features, that is, splittings due to both monomer 
sequence and ~ t e r e o s e q u e n c e , ~ ~ ~ ' ~ ' ~  although the signal assignments for the 
25-MHz 13C NMR spectra based on only monomer sequence distribution2" 
had been made erroneously. 

Figure 20 illustrates the 500-MHz 'H NMR spectra of highly iso- 
tactic poly(MMA-ran-EMA), PMMA-block-poly(EMA), poly(EMA)-block- 
PMMA, and a 1 : 1 mixture of PMMA and poly(EMA), all of which were 
prepared with t-C4H9MgBr.216 In the spectra of the block copolymers 
methylene protons showed two sets of AB quartet signals due to PMMA block 
and poly(EMA) block (Fig. 20B, C), clearly indicating that both blocks are 
highly isotactic. The corresponding signals of methylene protons in the random 
copolymer (Fig. 20A) showed much more complicated splittings (1.75 ppm) or 
broadening (2.4ppm) owing to the presence of different types of monomer 
sequences. Similar spectral differences between the block and random 
copolymers are also observed in the other signals. Thus, these 'H NMR signals 
are good and clear indications for distinguishing the block and random 
copolymers of MMA and EMA. Lochmann et reported that block and 
statistical copolymers of MMA and butyl methacrylate could be distinguished 
from the a-methyl proton signals in their 'H NMR spectra. 

NMR spectra of the block copolymers are expected to be almost the 
superimpositions of the spectra of the corresponding homopolymers. However, 
the signals due to initiator fragments (0.8 - 0.9 ppm) provide the information 
for distinguishing the block copolymers from the mixture. The PMMA-block- 
poly (EMA) (Fig. 20B) and poiy(EMA)-block-PMMA (Fig. 20C) showed 
single t-C4H9-signals at 0.823 and 0.852 ppm, respectively, which are assigned 
to the initiator fragments attached to the PMMA and poly(EMA) sequences, 
respectively. On the other hand, the mixture of PMMA and poly(EMA) pre- 
pared with the same initiator t-C4H9MgBr shows signals of two types of initia- 
tor fragments as indicated in Fig. 20D. It is worth noting that the t-C4H9 signals 
in the two block copolymers also provide the information whether the block 
copolymer was prepared from the PMMA anion or the poly(EMA) 

The advantages of 2D NMR spectroscopy in monomer sequence analysis 
have been demonstrated for several ~ o p o l y m e r s . ~ ' ~ - ~ ~ ~  The copolymer of vinyl- 
idene chloride (V) and isobutylene (I) shows no correlation in the 'H COSY 
spectrum, since it has no J-coupled protons. However, 2D NOE spectroscopy 
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Fig. 20. 500-MHz 'H NMR spectra of highly isotactic copolymers of MMA and EMA 
prepared with t-C,H,MgBr in toluene at -6O"C, measured in nitrobenzene-d5 at 110°C. 

PMMA; (D) PMMA + poly(EMA) (MMA/EMA = l / l ) .  (From Ref. 216.) 

(NOESY) has been successfully used to assign the monomer sequence of this 
copolymer.219 For example, in the VVVVI pentad shown below, 

(A) Poly(MMA-ran-EMA); (B) PMMA-bl~ck-poly(EMA); (C) p ~ l y ( E M A ) - b l ~ ~ k -  

CI c1 CI CI CH3 
I I I I I 

~ C H ~ ~ C ~ C H ~ ~ C ~ C H ~ ~ C C - C H ~ ~ C ~ C H ~ ~ C ~ C H ~ ~  
I I 
CI C"3 

I 
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there is a proton-proton Overhauser effect between the two central methylene 
groups, and then we would expect to observe a cross-peak between the over- 
lapping VVVV and VVVI tetrads, which constitute the common VVVVI 
pentad. 

NOESY has also been used to elucidate the chain conformation of 
poly(styrene-alt-MMA).220'221 2D INADEQUATE has been applied to studies 
of monomer sequence distribution in ethylene-propylene copolymer.223 
Additivity rules for the 13C chemical shifts of ethylene-propylene copolymer 
were devised for configurational sequences as well as substituent effects.226 

Monomer reactivity ratios rI and r2 in copolymerization can be determined 
from a single sample of copolymer as long as the mole fraction of each diad 
is ~ b t a i n e d . ~ ~ ~ ' ~ ~ ~  

Similarly, the ratios rij (i, j = 1 or 2) can be determined from triad monomer 
sequence distribution data: 

Recently, the Research Group on NMR, SPSJ, assessed reliability of 
copolymer analysis by NMR using three samples of radically prepared 
copolymers of MMA and acrylonitrile with different compositions. ' H and 
13C NMR spectra of the copolymers were collected from 46NMR spectro- 
meters (90 - 500MHz) and the composition and sequence distribution were 
determined.232 Table 14 summarizes the monomer reactivity ratios 
determined by 13C NMR analysis. The large difference between rll and r21 
indicates the presence of a penultimate effect in this radical copolymerization, as 
previously reported.233 The values of ri,, especially rll, depended on the 
comonomer feed ratio, suggesting higher order of neighbouring unit effect on 
the reactivity of chain-end radicals. 

Configurational sequences, so-called cotacticity, of methacrylate copolymers 
have been studied extensively in connection with their stereoregular polym- 
erization by radical and anionic  initiator^.*^^-'^^ To elucidate stereo- 
regulation in the cross-propagation step in copolymerization, at least two 
independent parameters, oI2 and 021, should be taken into consideration. 
Here oij is the probability of generating a meso diad when a monomer unit 
M, is formed at the Mi end of a growing chain as proposed by Bovey and 
Tiers.240 In the reports234p239 mentioned above, however, the two con- 
figurational parameters were assumed to be equal. The assumption is 
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Table 14. Monomer reactivity ratios in the copolymerization of MMA (MI) and 
acrylonitrile (M2) .' 

No. MMA content 1 1  12 T I  I 12 1 1 1  2 122 

Feed Copolymerb 

1 0.206 0.375 1.55 0.34 1 .44  1.59 0.34 0.34 
2 0.347 0.520 1.41 0.34 1.24 1.55 0.34 0.33 
3 0.548 0.671 1.27 0.38 1.13 1.52 0.38 0.39 

~ 

From Ref. 232. 
'In dimethyl sulphoxide at 50°C. 
bAverage data of 'H NMR analysis. 

unavoidable even if the NMR signals of methylene protons show splittings due 
to tacticity, since it is impossible to distinguish the two methylene units 
originated from M I  and M2 in the NMR spectrum as can be seen from the 
following formula: 

I- M 2 1  

CH3 
I 
I 

X 

CH3 

- c H 2 - c ~ -  CH2&C-CH2-C-CH2- 
I 

X Y 

y1 ,--- I 
1 .-_c 

M,-J  

The assigned coisotactic parameters, u12 and u2', were determined unequivo- 
cally by use of a totally deuterated monomer. 241i242 The copolymer of MMA-d, 
( M I )  with a small amount of undeuterated triphenylmethyl methacrylate 
( M 2 )  was prepared in toluene by AIBN at 60°C and converted into the 

copolymer of MMA-d8 with undeuterated MMA by selective hydrolysis 
of triphenylmethyl mechacrylate units and subsequent methylation with 
diazomethane. Figure 21 shows the 'H NMR spectra of the copolymer. 
The initiator fragment signals overlapping with a-CH3 signals could be 
eliminated in the partially relaxed FT spectrum (Fig. 21B). The predominant 
existence of the M , M 2 M 1  triad among the M2-centred triads allows us to 
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I I " I I I ' ( ' ' I  
1.0 

2.0 1.5 ppm (HMDS) 

Fig. 21. 'H NMR spectra of the copolymer of MMA-d, with MMA derived from the 
copolymer of MMA-d, with triphenylmethyl methacrylate: normal spectrum (A), 
partially relaxed spectrum (B) (pulse sequence 180"4.6 s-90"-10 s). (Nitrobenzene-d,, 

1 I O T ,  100 scans, 100 MHz.) (From Ref. 242.) 

approximate the intensities of the 'H NMR signals of the wCH3 protons as 
follows: 

[mm] = 0.063 = 012 * 021 

[MT] = 0.620 = 012(l - 021) + 021(l - ~ 1 2 )  

[TT] = 0.317 = (1 - 012)(1 - 021) (9) 

The resonance of the backbone methylene protons, which belonged originally 
to the triphenylmethyl methacrylate units, indicated that o12 was less than 
0.5. Then, the o12 and g21 were determined to be 0.10 and 0.65, respectively. 
Similar results were obtained on the copolymers of MMA-d, with diphenyl-2- 
pyridylmethyl and phenyl-2-pyridyl-o-tolylmethyl r n e t h a ~ r y l a t e . ~ ~ ~  Analysis 
of the homopolymers and a copolymer of MMA-d8 ( M I )  and MMA ( M 2 )  
gave oll = 0.22, o12 = 0.20, uZ1 = 0.22, and 022 = 0.21, showing the 
validity of this deuterated monomer technique. These results indicate 
that the propagating radical of the bulky methacrylate is favourable to 
isotactic placement of the incoming small methacrylate monomer, MMA, 
even if the bulky monomer unit is located alone at the end of a fairly long 
chain of MMA units. The isotactic placement may be controlled by the 
rigid conformation of the bulky methacrylate radical, as suggested by 
Kamachi et al. from ESR spectroscopic observation of the propagating 
 radical^.^^^'*^ 
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Recently, this type of deuterated monomer method was applied to the 
copolymerization of MMA and styrene in the presence of BCl, at low tempera- 
ture, which gives a heterotactic-rich alternating ~ o p o l y m e r . ~ ~ ~ ' ~ ~ ~  Using styrene- 
,8-d2, Goto et al. revealed that the addition of MMA to the styrene radical is 
syndiotactic-specific while the addition of styrene to the MMA radical is 
isotactic-specific, and that the alternation of these addition steps gives rise to 
the formation of a heterotactic-rich alternating sequence. 

5. STEREOCHEMISTRY OF OLIGOMERS 

NM R study of polymers has frequently been undertaken using appropriate 
model compounds possessing known chemical and stereochemical 
structures.247 Close inspection of the configurational sequence of oligomers 
leads to a clear understanding of polymerization stereochemistry. Notable 
efforts include the oligomerization of methyl vinyl ether,248 
2- and 4 - ~ i n y l p y r i d i n e s , ~ ~ ~ - ~ ~ ~  2- and 4-isopropenylpyridine~,~~~~ 260 vinyl phenyl 
s u l p h o ~ i d e , ~ ~ ' - ~ ~ ~  methyl methacrylate,208-210'264p274 triphenylmethyl metha- 
~ r y l a t e , ~ ~ ~ , ~ ~ ~  ~ h l o r a 1 ~ ~ ~ - ~ ~ ~  and phenol-acetaldehyde n o v o l a ~ s . ~ ~ ~  Among 
these, the oligomers most widely studied by NMR are the methyl methacrylate 
oligomers. 

5.1. Oligomers of methyl methacrylate and other vinyl monomers 

Recently, several laboratories have reported stereochemical analysis using 
NMR spectroscopy of series of MMA oligomers (from unimer to pentamer) 
prepared by radical polymerization with tetraphenylethane initiators,266 
by radical telomerization with thiophen01,~~~ and by group transfer polym- 
erization.268 These polymerization systems are not stereospecific (rather syndio- 
tactic) and thus the resultant MMA oligomers consist of comparable amounts 
of some stereoisomers. Cacioli and c o - w o r k e r ~ ~ ~ ~  prepared MMA oligomers by 
radical telomerization with cobalt (11) tetraphenyl porphyrin, and studied them 
using two-dimensional NMR. They isolated three of four possible stereoisomers 
of the pentamer (n = 3): 



I68 K. HATADA et al. 

Volpe et ~ 1 . ~ ~ ’  prepared the “symmetric” oligomer of MMA by initiation with 
lithium and sodium enolates derived from methyl isobutyrate in THF followed 
by termination with methyl iodide. They then produced a 13C NMR spectrum 
of the mixture of three of six possible stereoisomers of the hexamer (n = 4): 

Isolation of pure stereoisomers from an oligomer mixture becomes increas- 
ingly difficult as the degree of polymerization increases. Stereoregular 
living polymerization offers an effective means of preparing stereoregular 
oligomers. The polymerization of MMA initiated with t-C4H9MgBr in toluene 
at -78°C gives highly isotactic PMMA (mm 2 97%) with a narrow 
molecular weight d i~ t r ibu t ion ,~~  whereas the living polymerization with 
t-C4HgLi-trialkylaluminium complex in toluene at -78°C affords highly 
syndiotactic PMMA (rr 2 90%) .69 The pure-isotactic and pure-syndiotactic 
MMA oligomers which are composed exclusively of meso (m) and racemo (r) 
dyads, respectively, can be prepared and isolated effectively through these 
polymerization systems by the aid of high-performance liquid chromatography 
(HPLC). Even the octamers for which 128 diastereomers are theoretically 
possible, are isolated in stereochemically almost pure states.272 It should be 
noted that these polymerization systems provide the polymers and oligomers 
carrying the same terminal groups. It is now possible to isolate pure stereo- 
isomers of MMA oligomers exceeding the 20mer level by supercritical fluid 
~hromatography .~~~’  284 

Figure 22 shows ‘H NMR spectra of the MMA trimers 3mm, 3mr, 3rm, and 
3rr.2713272 The configurational assignments for the monomeric sequences in the 
oligomers can usually be made on the basis of the non-equivalency of the 
methylene protons; the chemical shift difference between the two methylene 
protons (HA and Hs) in a given monomeric unit should be larger for meso 
sequences than for racemo sequences. 
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Fig. 22. 'I3 NMR spectra (methine and methylene protons region) of the mm, my, 
rm and rr trimers of methyl methacrylate (chloroform-d, 3 5 T ,  500 MHz). 

(From Ref. 272.) 

N i ~ h i o k a ' ~ ~  and Bovey"' succeeded in the assignments of 'H NMR spectra 
of isotactic and syndiotactic PMMAs based on the assumption that the 
methylene protons of the meso sequence are magnetically non-equivalent 
while those of the racemo sequence are equivalent. However, this was 
found not to be the case for the terminal unit; the chemical shift difference 
between the non-equivalent methylene protons (Ha and Hb) in the terminal 
monomeric unit is larger for the r diad than for the m diad. The assign- 
ments were established for the mm trimer, rrm tetramer and mmmm 
pentamer whose configurations were determined by X-ray single-crystal 
analysis, and adopted for other o l i g o m e r ~ . ~ ~ ~ ~ ~ ~ ~  Both the meso- and 
racemo-terminal units of the oligomers in solution assume trans-gauche (tg) 
conformation along the skeletal sequence C-C-C-C-H,, as evidenced 
from the vicinal coupling constants between H, and two methylene protons, 
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rneso-terminal ( tg)  

rucemo-terminal ( tg )  

H, and H b ,  which were 8.4 and 3.4Hz. Another possibility of tg conformation 
( tg-)  should be rejected by the fact that 4J connectivity through “W”-shape 
coupling between CH,(w) protons and the methylene proton Ha was 
not observed in the COSY spectra. These meso- and racemo-terminal 
conformations explain the larger non-equivalency of the methylene protons 
of the racemo-terminal than those in the meso-terminal. 

rneso-terminal ( t g - )  

rucerno-terminal ( tg-)  
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The assignments of the methyl and methylene proton signals can be made by 
the use of a network of correlation peaks starting from the strong singlet at 
0.85 ppm due to the t-C4H9 group and ending with the multiplet at 2.45 ppm 
due to the terminal methine proton (H,) (Fig. 23). The chemical shifts of pro- 
tons and carbons in the monomeric units of the third and farther positions from 
the end-groups were nearly the same as those in the corresponding stereo- 
sequences of high molecular weight PMMA. Methylene protons of the syndio- 
tactic oligomers are non-equivalent in the first and second monomeric units 
from the end-groups, while the non-equivalency almost disappeared in the 
third and farther monomeric unit from the end-groups. The chemical shift of 
the methylene protons of the fourth monomeric unit agreed with those of 

i2 

% 

Fig. 23. Double-quantum filtered COSY of the pure isotactic hexamer (mmmmm-) of 
methyl methacrylate. (From Ref. 272.) 
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the methylene protons in highly syndiotactic PMMA (rrr tetrad). These results 
indicate that the magnetic environments in the third and farther monomeric 
units from the chain ends are very similar to those in the polymer chain. 
Therefore, the pentamers and the higher oligomers should be fairly good models 
in the NMR studies of stereoregular PMMA. 

The 13C-T, values for the isotactic (mmmmm) and syndiotactic (rrrrr) 
hexamers were measured in toluene-d8 at 35°C (125 M H z ) . ~ ~ ~  The results 
are shown in Fig. 24. The TI values of the carbonyl, methylene, quaternary 
and methyl carbons in each monomeric unit decreased gradually as the 
monomeric unit detached from the terminal groups. However, the T ,  values 
were much longer than those for PMMA, even in the third monomeric 
units. The TI values for the syndiotactic hexamer were smaller than those for 
the isotactic antipode as to the corresponding carbon of the corresponding 
monomeric unit. This suggests that the syndiotactic oligomers have a lower 
segmental mobility than the isotactic ones, even at the hexamer level (see 
Section 6 .2 ) .  

Optically active oligomers of methyl methacrylate were obtained by the 
asymmetric polymerization of triphenylmethyl methacrylate, followed by the 
substitution of methyl for triphenylmethyl, and subsequent GPC separation275 
and optical resolution.276 Detailed study on the stereostructure of the oligomer 
made it possible to discuss precisely the mechanism of polymerization leading to 
the formation of polymer with one-handed helical conformation. 

a1 a2 a3 w3w2 w 1  PMMA 
monomeric u n i t  

al a2 a3 w 3  w2 w 1  PMMA 

monomeric u n i t  

Fig. 24. I3C-T, values for the pure isotactic (mmmmm-) and the pure syndiotactic 
(rrrrr-)  hexamers of methyl methacrylate and for the isotactic and syndio- 
tactic poly(methy1 methacry1ate)s measured in toluene-d8 at 35°C (125 MHz). 

(From Ref. 272.) 
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H NM R spectroscopy provides sufficient information regarding not only the 
configuration but also the conformation of the MMA oligomers. Schilling and 
c o - ~ o r k e r s ~ ’ ~  observed in the ‘H COSY spectrum of isotactic PMMA a 
cross-peak between the mmmm methyl resonance and the mmm erythro 
methylene resonance but not the mmm threo resonance, and interpreted this 
cross-peak as arising from weak 4J(HH) couplings through a “W”-shaped 
four-bond planar path. In a similar manner, inspection of long-range 4J(HH) 
connectivities observed in ’ H DQF-COSY of the isotactic (mmmmm) hexamer 
measured in CDCI, (Fig. 23) indicated the all-extended conformation of the 
isotactic oligomers. Of the two non-equivalent methylene protons in each 
monomeric unit, only one of them showed correlation peaks with the protons 
of the two neighbouring methyl groups due to 4J(HH) coupling. For 
instance, the 4J(HH) correlation was observed between CH3 and HA (one of 
the non-equivalent methylene protons resonating at the higher frequency) but 
not between CH, and HB (the other one) in the COSY spectrum. This indicates 
the four-bond planar “W” arrangement between the respective protons in a 
highly preferred conformation of the MMA units. 

The “W” arrangement in all the CH2-C-CH, groups in a chain requires that 
one of the methylene protons and the methyl carbon should be in the trans state, 
that is, that the main-chain backbone should be in the repeated tt conformation. 
Similar 4J(HH) connectivities were reported for the telomers of MMA prepared 
by radical polymerization in the presence of cobalt(I1) tetraphenylporphyrin as 
chain transfer reagent.269’ 286 

Oligomers of 2-vinylpyridine initiated with Li, Na, K and Rb salts of 
‘,C-labelled or -unlabelled 2-ethylpyridine and terminated with I3C-labelled or 
-unlabelled methyl iodide were analysed by 13C NMR spectra of the initial 
or terminal CH, The 13C NMR of the methyl end-groups is 
sensitive to the stereochemistry of the two or three adjacent diads (Fig. 25). 
As a result, the stereochemistry of the addition of the terminal monomer unit 
and the stereochemistry of methylation can be determined as a function of 
chain length. The effects of the size of the metal ion and its inter- or intra- 
molecular coordination on the stereochemistry were remarkable in the isotactic 
living oligomerization of 2-vinylpyridine but not in the oligomerization of 
4-vinylpyridine which gives stereo-irregular products.260 These results were 
consistent with the occurrence of intramolecular coordination of the metal 
counterion with the 2-pyridyl group of the penultimate asymmetric centre. 
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Fig. 25. I3C NMR spectrum of the 2-vinylpyridine tetramer terminated with labelled 
I3CH3 group (DMSO-d,, 75 MHz). (From Ref. 257.) 

The oligomers of methyl vinyl ether were synthesized by the successive 
addition of methyl vinyl ether to the corresponding dimethyl acetal in the 
presence of BF30Et2 in toluene; the steric course of each addition step was 
studied by 'H NMR spectroscopic analysis of the oligomers from dimer to 
 ent tamer.^^^ The meso-diad probability of each addition step was found 
to be almost constant, indicating that the stereoregulation obeys Bernoullian 
statistics. 

Although symmetrical oligomers such as 2,4-diphen~lpentane,~~~.~~' 2,4,6- 
tri~henylheptane,~~' and 2,4,6,8-tetra~henylnonane~~~ have been investigated 
as model compounds of polystyrene, 'H and 13C NMR spectra of these 
compounds have supplied only little information concerning the analysis of 
the spectrum of polystyrene. The poor applicability of these compounds is 
attributed to the end-groups: the methyl end-groups of the model compounds 
provide a conformation which is different from that of the corresponding 
polymer. The symmetrical dimer to pentamer with propyl end-groups have 
been demonstrated to be useful models for the 'H253 and '3C254,255 NMR 
analysis of polystyrene. 

Among spectroscopic methods, 'H and I3C NMR spectroscopies are the 
most useful diagnostic techniques for the configurational analysis of 
oligomers. However, these techniques alone do not always provide sufficient 
information for unambiguous differentiation of diastereomeric oligomers, 
especially those from monomers other than vinyl and a-substituted vinyl 
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monomers such as In such a case, single-crystal X-ray analysis 
appears to be an indispensable tool to solve this structural problem, as 
demonstrated in the following section. 

5.2. Chloral oligomers 

Some isotactic polymers such as polychlora1287~ 288 and poly(triphenylmethy1 
m e t h a ~ r y l a t e ) ~ ~ ~  are known to exist only in purely helical conformation. The 
helical structure of the polymers is rigid even in solution, owing to the bulkiness 
of the side-groups. This has been demonstrated by the measurement of high 
optical activity of the polymers prepared by asymmetric polymerizations; the 
optical activity is based on a one-handed helical conformation of the polymer 
chain. 

The stereostructures of the linear chloral oligomers have been determined by 
X-ray single-crystal analysis (Fig. 26).280 The chloral oligomers from dimer to 
hexamer were isolated by distillation and by GPC fractionation from the 
oligomer mixture prepared with t-C,H90Li initiation and acetate end- 
capping. The dimer fraction was a diastereomeric mixture of the racemo and 
meso isomers ( m / r  = 3/1). Subsequent propagating steps of monomer 
addition force the reaction to become stereospecific toward meso addition 

A 
4-mer 

5-mer 6-mer 

Fig. 26. X-ray molecular structure of the isotactic chloral oligomers from dimer to 
hexamer. (From Ref. 280.) 
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because of the tendency of the oligomer anion to form a rigid helical con- 
formation. The higher oligomer fractions (n > 3) each contained a single 
diastereomer consisting exclusively of meso diads. 

The backbone arrangements of the dimer to the hexamer are essentially 
identical and approximate a 4/1 helix with repeat gauche( -)-skew(+) 
sequences from the t-C4H90 group to the acetyl terminal group (for R- 
configurations). In order to get information on the backbone conformation in 
solution, long-range 3J(COCH) coupling constants observed in I3C NMR 
spectra of the oligomers were examined.280 The 3J(COCH) coupling constant 
depends on the dihedral angle $ in the '3C-O-C-'H and this 
Karplus type relationship is applicable to the conformational analysis of the 
chloral oligomers. 

J(C0CH) = 2.21 cos 24 - 1.03 cos 4 + 3.64 (10) 3 

Figure 27 shows the 'H-coupled I3C NMR spectrum of the pentamer measured 
in chloroform-d at 35.0"C (acetal and trichloromethyl carbons region).280 The 
13C signals due to the acetal carbons are split into two peaks by 'J(CH) 
coupling (171.4-180.3Hz) from the acetal proton, and the peaks showed 
further splitting due to the long-range 3J(COCH) coupling from the acetal 
protons in the neighbouring monomeric units. For example, the signal due to 
C(2) splits into four peaks by 3J(COCH) couplings from the acetal protons 

PPM 

102 10 1 100 99 98 97 96 
/ " " / " " " I ' " ' I " ' ' l ' " ' l ~  

1 ~ - c o u p i d  13C-NMR spectrum of Chloral-Pentamer 

CCl3 C C l 3  CCl3  CCl3  C C l 3  

I I I I I 

3JCH-COUpling Constants 

Fig. 27. 'H-coupled I3C NMR spectrum of the chloral pentamer (CH3)3C0 
[CH(CC13)30]5COCH, measured in CDC13 at 35°C (acetal and trichloromethyl 

carbons region, at 125 MHz). (From Ref. 280.) 
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H(1) and H(3), and the signal due to C(5) splits into four peaks by 3J(COCH) 
from H(3) and H(5); when the acetal proton H(3) was weakly irradiated, the 
splittings by the 3J(COCH) coupling from H(3) disappeared and the remaining 
splitting of the C ( 2 )  and C(5) signals was attributed to the 3J(COCH) coupling 
from H( 1 )  and H(5), respectively. The 3J(COCH) coupling constants thus 
determined agreed approximately with the values estimated from the dihedral 
angles in the crystal. These results suggested that the 4/1 -helical conformation 
of the chloral oligomers was maintained even in solution. The (R,R,R,R,R)-  
(-)-pentamer was found to adopt the right-handed helix in solution at 35°C 
as well as in the crystalline state.277 The helix-sense preference was ascribed 
to the conformational energy difference between the right- and left-handed 
helices. 

The isotactic pentamer carrying a methyl group at both ends is the 
"meso( &)-" isomer in which the right- and left-handed helices are no longer 
diastereomeric but are enantiomeric states with equal probability. A 500-MHz 

PPM 
I ~ " ' l " " l " " l " " I " " I " " I  

6 .0  5.5 5.0 4.5 4.0 3.5 3.0 

Fig. 28. 500-MHz 'H NMR spectra of the isotactic pentamer of chloral 
CH30[CH(CCI,)O],CH, in toluene& at 30°C (a), 60°C (b), 72°C ( c ) ,  and 105°C (d). 

(From Ref. 278.) 
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'H NMR spectrum of the symmetrical pentamer measured in toluene-d8 at 30°C 
showed signals due to methyl groups at 3.08 and 3.48ppm and those due to 
methine protons at 4.84, 5.46, 5.60, 6.03 and 6.09ppm (Fig. 28a);278 these 
peaks, except for the peak at 6.09 ppm, are relatively broad. The sharp signal 
at 6.09ppm is attributed to the methine proton of the central monomer unit 
(H3).  The non-equivalency of the two methyl groups and of the two sets of 
acetal methine protons indicates that the pentamer exists in solution at 30°C 
in a highly preferred conformation, probably the 4/ 1-helix approximating the 
repeat gauche( -)-skew(+) sequences. The signals, except for the signal due 
to H3, became broader at 60°C (Fig. 28b) and the signals due to methyl groups 
coalesced at 72°C (Fig. 28c); the spectrum finally appeared as four signals with 
an intensity ratio of 6 : 2 : 2 : 1 at 105°C (Fig. 28d). Cooling the sample solution 
to 35°C again completely reproduced the spectrum shown in 
Fig. 28a. The results clearly show that the rate of helix sense reversal becomes 
too fast at 72°C for the time scale of 500-MHz NMR to distinguish the right- 
( g ~ ) ~  and left-handed ( ~ g ) ~  helical states of the pentamer. From the spectra, 
the activation energy for the helix inversion (Act )  was determined to be 
16.4 kcal/mol. 

In a similar manner, the coalescence temperature for the methyl groups of the 
tetramer was determined as 4°C. AGS was calculated as 12.7 kcal/mol which 
was 3.7 kcal/mol smaller than that for the pentamer. The hexamer showed a 
total of seven signals with narrow linewidth due to two methyl groups and six 
methine protons even at 70°C, indicating that the rate of helix sense reversal 
is much slower than the rate for the pentamer. This suggests the possibility 
that the symmetrical oligomers over the pentamer level may be optically 
resolved at room temperature based entirely on conformational asymmetry. 
This was confirmed by the chiral HPLC technique using (+)poly( triphenylmethyl 
methacrylate) as a stationary phase.282 

The ethoxy-initiated, methoxy-terminated oligomer of chloral has a small 
energy difference between the right-handed and left-handed helical states 
( A H  = 0.498 kcal/mol, AS  = 0.238 cal/molK for the hexamer). It was possible 
to determine the fraction of both states in solution by NMR spectroscopy at 
temperatures below the coalescence point.282 

The purely isotactic oligomers of chloral provides unique and ideal models 
for the quantitative investigation of the properties of helical polymers because 
the oligomers have a high tendency to crystallize and have very simple 'H 
and 13C NMR spectra. As far as we are aware, there is no other analogue of 
linear low-molecular compounds showing such slow interconversion between 
enantiomeric helical states. 
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6. NMR RELAXATION PARAMETERS AND TACTICITY 

6.1. Reliability and frequency dependence of spin-lattice relaxation time and 
NOE factor for PMMA in solution 

Nuclear magnetic relaxation parameters give important information on 
molecular motion and have become increasingly familiar to NMR users since 
the introduction of Fourier transform (FT) method into NMR technology. 
Relaxation parameters are also essential in adjusting data acquisition con- 
ditions in FT-NMR measurement to obtain quantitative data. In particular, 
reliable spin-lattice relaxation time (TI) and nuclear Overhauser enhancement 
(NOE) factor determinations are required for the correct setting of measure- 
ment conditions. It is also important to know whether or not the accuracy 
of determination of these parameters allows us to treat them as one of the 
characteristics of a polymer. 

From this point of view, 'H- and 13C-T1 and 13C NOE factors of radically 
prepared PMMA (A?" = 28 500) in CDC13 were collected from 27 NMR 
spectrometers by the Research Group on NMR, Society of Polymer Science, 
Japan through a "round-robin" method." The observing frequencies ranged 
from 60 to 500MHz for 'H NMR and from 15 to 125MHz for 13C NMR. 
As a result, the frequency dependences of T I  and NOE were obtained for a 
very wide range of frequencies. 

The reproducibility of the 'H-TI values of a-methyl and backbone methylene 
protons is less than 5%. These TI  values can be regarded as characteristic data 
for the polymer as long as they are obtained under the specified conditions. 
'H-TI data for methoxy protons showed fairly large standard deviations, partly 
due to the long TI  value. The 'H-TI values of all sorts of protons increase 
linearly with increasing resonance frequency. 

The standard deviations for the measurement of l3C-TI values were larger 
than those for 'H-T1 values and exceeded 10% in some cases. The TI values 
of all carbons except for the carbonyl carbon increase as the observing 
frequency increases. This requires a longer pulse duration for the measurement 
at higher magnetic field strengths and thus results in less efficient accumulation 
of the spectra within a limited period of time. l3C-TI values for the carbonyl 
carbon decrease with increasing resonance frequencies above 25 MHz. A 
significant contribution of chemical shift anisotropy to the relaxation of the 
carbonyl carbon was suggested. 

The precision of the NOE measurements were as good as those for I3C-T,. 
NOE values obtained at or below 25 MHz are close to the theoretical maximum 
for all but carbonyl carbons. At higher frequencies NOE values decrease 
with increasing magnetic field strength. This is another disadvantage to the 
measurement of the spectrum at higher magnetic field strength. Compared 
at each frequency, the NOE value for each carbon is in the order of 
a-CH3 > quaternary carbon N OCH3 N CH2 > carbonyl carbon. The dif- 
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ferences between the NOE values of these carbons increase with increasing 
resonance frequency, leading to inaccurate intensity ratios in the spectrum 
measured by complete 13C-lH decoupling with NOE. It is worth noting that 
the quaternary carbon, which has no directly attached hydrogens, shows a 
similar NOE value to those for other carbons with directly attached 
hydrogens. The relaxation of quaternary carbon seems to be governed mainly 
by dipoleaipole interaction with its neighbouring protons in methyl and 
methylene groups. The carbonyl carbon shows distinctively smaller NOE 
values than other carbons and the values come close to unity at 100 and 
125 MHz as seen in Fig. 29. 

The frequency dependences of l3C-Tl and NOE values were analysed using 
various molecular motional models; box-type, log x2, 27 and 37 models.292 
The three-tau (37) model, which describes three kinds of independent super- 
posed motions of the C-H internuclear vector, seems most suitable for 
describing the frequency dependences. However, multiple correlation time 
models with more than four kinds of motions are considered to be necessary 
for detailed analyses of the side-groups since they should be subjected to 
additional inner rotations compared to the backbone carbons.292 

25 50 75 100 125 
Frequency (MHz) 

Fig. 29. Frequency dependence of I3C NOE values for quaternary and carbonyl carbons 
of PMMA measured in CDCI, at 55°C: 0, quarternary ( r r ) ;  0,  quarternary (mr) ;  0; 

carbonyl (rrrm); 0, carbonyl (mmrr + rmmr); 0,  carbonyl (rrrr) .  (From Ref. 11.) 
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6.2. Tacticity dependence of ‘H- and 13C-T1 values of vinyl polymers in solution 

NMR relaxation data of stereochemically shifted nuclei should give valuable 
information about local molecular motion of stereosequences or stereoregular 
polymers. Earlier reports on the 13C-T1 values of polymers showed equal 
relaxation times for the corresponding carbons in different steric con- 
figurations for the solutions of p ~ l y a c r y l o n i t r i l e , ~ ~ ~ ’ ~ ~ ~  polystyrene293 and 
poly(viny1 chloride) .294 Tacticity dependence of vinyl polymer T1 values was 
first reported by Hatada and co-workers using PMMA in toluene-& at 
110°C and ~ O O M H Z . ’ ~ ~  The findings are that the ‘H-T1 values are longer 
for an isotactic PMMA than for a syndiotactic PMMA and also longer for an 
isotactic triad than for a syndiotactic triad. A similar dependence of ‘H-T1 
values on tacticity was found for poly(R,S-a-methylbenzyl methacrylate)s, 
poly(MMA-alt-methyl a-phenylacrylate) and poly(a-methylstyrene) .192 Later, 
many papers were published on relaxation times in solutions, particularly on the 
13C-T1 of polymethacrylates differing in The l3C-TI 
of carbon in isotactic polymethacrylates has been found to be consistently 
longer than that of the corresponding carbon in the syndiotactic 
po~ymers~ll,272,295-301,303,309-311 The l3C-Tl values for various poly(alky1 
methacry1ate)s measured in toluene-d8 at 110°C and at 25MHz are shown 
in Table 15. The NOE for each carbon is close to the theoretical maximum 
under these conditions, indicating that the segmental motion could be 
characterized by a single correlation time and the extreme narrowing condition 
is satisfied. Then the correlation time, r, can be calculated by the following 
equation: 

where yc and yH are the gyromagnetic ratios of I3C and ‘H nuclei, respectively, 
and ri is the internuclear distance between carbon and hydrogen. The cal- 
culated correlation times, r are also shown in Table The results 
strongly indicate that the isotactic polymer chain has a greater segmental 
mobility than the syndiotactic chain. The segmental mobility seems to decrease 
with an increase in the bulkiness of the ester group in both isotactic and 
syndiotactic polymers. The a-methyl group in the isotactic polymers also has 
a greater freedom of internal rotation than that in syndiotactic ones.296 The 
I3C NMR relaxation data obtained at 38°C in CDC13 for the methylene 
carbons of isotactic and syndiotactic PMMAs suggested that a distribution 
of correlation times rather than a single correlation time characterizes the 
backbone segmental motion in the PMMA molecule. Both Cole-Cole 
di~tribution”~ and log x2 distribution313 were found to provide reasonable fits 
for the experimental data; however, a broader distribution was required to fit 
the results for syndiotactic PMMA than those for isotactic PMMA. The TI 



182 K. HATADA et a1 

Table 15. I3C-T1 values and correlation times (r) of various poly(alky1 methacry1ate)s in 
toluene-& at 110°C. 

Ester group T1 (s) r x 10" (s) 

CH2 a-CH3 C=O C-4 CH, CX-CH~ 

CH3 Isotactic 0.28 0.49 7.85 2.96 8.4 3.1 
Syndiotactic 0.10 0.22 3.03 1.63 22.4 7.1 

CzH5 Isotactic 0.19 0.42 3.50 2.38 12.1 3.1 
Syndiotactic 0.086 0.22 2.95 1.34 27.1 7.1 

i-C3H, Isotactic 0.13 0.35 2.88 2.36 18.1 4.5 
Syndiotactic 0.077 0.18 2.33 1.01 30.2 8.9 

t-C4H9 Isotactic 0.074 0.24 2.60 1.07 31.5 6.6 
Syndiotactic 0.036 0.13 1.84 0.67 64.7 11.8 

From Ref. 296. 

results for the a-methyl carbons again suggest that the constraint to methyl 
internal rotation in the isotactic chain is less than that in the syndiotactic 
chain.298 

As the ester group of polymethyacrylate became bulkier, the difference 
in l3C-TI values between the isotactic and syndiotactic polymers 
decreased. A similar trend was observed in the alkyl a-chloroacrylate 
polymers, and the isotactic and syndiotactic poly( isopropyl a-chloroacry1ate)s 
showed almost the same TI In the cases of the polymers of benzyl and 
a-methylbenzyl methacrylates, the isotactic polymers generally show 
larger I3C-T1 values than the syndiotactic polymers in toluene-d8 at 1 10°C, 
although the differences are small. However, most of the carbons in isotactic 
poly(diphenylmethy1 methacrylate) showed smaller TI values than the 
corresponding carbons in the syndiotactic polymer at 110°C. Tem- 
perature dependence of the l3C-T1 values for the methylene and a-methyl 
carbons indicated that the TI values observed at 110°C lay in the region 
of the left side to the T,  minimum, where TI is inversely proportional 
to the correlation time. Thus, the larger TI values for the syndiotactic 
poly(diphenylmethy1 methacrylate) indicate the higher segmental mobility 
of the syndiotactic polymer than the isotactic one. NOE values at 110°C 
were higher for the syndiotactic polymer than for the isotactic one, also 
supporting the above results. It is believed that the isotactic polymer 
chain tends to take a helical structure. If this is the case for 
poly(diphenylmethy1 methacrylate), more restricted mobility of the isotactic 
chains would be ascribed to interactions among the phenyl groups in the neigh- 
bouring ester functions, which make the helical conformation rigid.310 

Extensive I3C NMR relaxation measurements on poly(n-butyl methacrylate) 
were carried out at 45°C and at 90.6,37.8 and 20.0 MHz in a variety of solvents 
and a semiquantitative relationship between polymer side-chain motion and the 
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solubility parameter was established. The diamond-lattice conformational jump 
has been modified to explain successfully both backbone motion 

and side-chain multiple internal rotations.302 
The difference in I3C-TI between polymers with different tacticities but the 

same chemical structure results not only from differences in the chain 
segmental motion between stereoregular polymers or sequences but also from 
differences in preferred conformations between the stereoregular polymers or 
sequences which lead to different average distances for the interaction of a 
carbon with a proton of a neighbouring monomeric unit.298 The solvent 
dependence of I3C-T1 for stereoregular PMMAs has been explained by the 
solvent-dependent conformation of the polymer In the case of 
'H-TI the mechanism of relaxation is rather complicated and the observed T I  
cannot be directly related to the segmental mobility of the polymer chains. 
However, the 'H-T1 values of poly(a1kyl methacry1ate)s were found to be 
parallel with the 13C-T1 values, i.e. the TI of the protons in the isotactic poly- 
mer was always larger than that of the comparable protons in the syndiotactic 

In the analysis of 'H-T1 relaxation times, in addition to intra-group dipolar 

mode1314- 316 

interaction, other contributions have also to be considered: 

where is the observed rate of relaxation, Tt(,htr,) is the contribution from 
the interaction within the given group, and TGinter) is the contribution from 
the interactions with the protons of other groups in the same and nearby 
monomeric units of the chain. 

The relaxation rate of methylene protons due to the partner methylene proton 
is expressed by the following equation:317 

where y and N are the distances between protons interacting with each 
other and the number of interacting protons, respectively, and N = 1 in 
this case. If we assume the same correlation time for methylene carbon 
and protons, TI&,) can be calculated from the correlation time, T ,  estimated 
from I3C-T1. Then, can also be estimated from the comparison 
of intra- and inter-group contributions to the relaxation rate of back- 
bone methylene protons for isotactic and syndiotactic PMMAs in CD,CN and 
CDC13 at 27°C. The inter-group interactions in isotactic PMMA were found 
to be larger than those in syndiotactic PMMA, which may be a consequence of 
the regular helix structure of isotactic PMMA. The inter-group contribution 
in CDC13 is considerably larger than that in CD3CN, especially for syndiotactic 
PMMA. This implies that the conformational structure of a sequence 
of monomer units in stereoregular PMMAs, especially in syndiotactic 
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PMMA, is different in CDC13 and in CD3CN.301 Similar results were obtained 
for isotactic and syndiotactic PMMAs in toluene-d8, nitrobenzene-d5 
and N,N-dimethylformamide-d7 at 110°C and 60°C, and in CDC13 and 
nitromethane-d3 at 60"C.3'0 

The magnitudes of the intra- and inter-group contributions of 'H relaxation 
in isotactic and syndiotactic PMMAs were determined in toluene-d8 at 110°C 
using four types of copolymers of totally deuterated MMA with a small 
amount of undeuterated MMA and of the following three specifically 
deuterated MMAx303 

The results are shown in Table 16. The spin-lattice relaxations of the a-methyl 
and methoxy protons were found to arise mainly from the dipolar interactions 
between the protons in the methyl group itself. In the relaxation of back- 
bone methylene protons the contributions from the protons in the neighbour- 

Table 16. Contributions to observed relaxation times and rates of protons in 
poly(methy1 methacrylate) (PMMA). 

Type of Component Isotactic P M M A ~  Syndiotactic PMMA' 
protons of T,' 

T (s) I/T (s-') T (s) 1/T (s-') 

(Y-CH~ TCH3 0.50 2.0 (65) 0.24 4.2 (74) 
TCH,-CH, 3.3 0.31 (20) 2.3 0.44 (16) 
TCH, -OCH, 10 0.10 (3) 2.7 0.37 (7) 
Tother(CH,) 2.7 0.37 (12) 6.3 0.16 (3) 

OCH, TOCH3 0.95 1.05 (80) 0.59 1.7 (87) 
TOCH,-CH, 19 0.053 (8) 23 0.044 (4) 
TOCH,-CH, 14 0.074 (6) 18 0.057 (3) 

9.1 0.11 (6) Tother(OCH,) 13 0.077 (6) 

TCH>-CH, 2.6 0.39 (17) 1.5 0.67 (14) 
3.3 0.30 (6) TCH~-OCH, 71 0.014 ( 1 )  

CHI TCK2 0.42 2.4 (53) 0.23 4.3 (45) 

Tother(CH2) 0.75 1.3 (29) 0.29 3.4 (35) 

From Ref. 303. 
(ITCH,, TCH,-CH, and TCH,-OCH, are the contributions to the TI of a-methyl protons from the 
partner protons (intra-group contribution) and from the methylene and the methoxy protons of 

Other symbols are defined similarly. 
'Numbers in parentheses are percentages of the total relaxation rate of the protons in PMMA. 

PMMA T -1 the nearest neighbour, respectively. T;&CH31 = CH3 - (Td3 + 2T<i3-CH2 $- TCd-OCH,) .  
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ing a-methyl and methylene groups as well as the intra-group contributions 
were significant. The correlation times of the a-methyl and methylene protons 
in PMMAs were calculated from the values of TCH3 and TCH2, respectively, 
using equation (13). The correlation time for isotactic PMMA is consistently 
shorter than the corresponding correlation time for syndiotactic PMMA. 
The results mean that the greater segmental mobility of isotactic 
PMMA could also be definitely evidenced from the 'H NMR relaxation 
data.303 

'H-Tl values for i s o t a ~ t i c ~ ~ ~  and syndi~tact ic~ '~ PMMAs were analysed in 
terms of backbone conformational transition and methyl rotation. The results 
for the backbone methylene protons roughly agreed with the results given in 
Table 16. 

' H and 13C NMR relaxation studies in concentrated chloroform s ~ l u t i o n ~ ~ ~ ~ ~ ' ~  
and 13C relaxation studies of cross-linked gels in b e n ~ e n e - d ~ ~ ' ~  were carried out 
on PMMA. The dependence of the segmental mobility on stereosequence was 
not affected by the presence of covalent cross-links in the chain. The isotactic 
sequences are more mobile than the syndiotactic  sequence^.^'^ 

Completely isotactic and completely syndiotactic oligomers of MMA 
from dimers to octamers were isolated from stereoregular living polym- 
erization systems of MMA in toluene at -78°C with t-C4H9MgBr 
and t-C4H9Li-(C2H5),A1, re~pectively.~~' The 13C-T1 values for the 
isotactic hexamer were found to be larger than those for the syndiotactic 
hexamer for any carbon in any monomeric unit, indicating higher segmental 
mobility of the isotactic oligomers than that of the syndiotactic oligomers 
(see Section 5.1). 

The tacticity dependence of the 13C-T, values was also observed for the 
methine carbons of polypropylene and poly (1 -butene). Smaller T1 values 
were observed for the syndiotactic polymers as compared with the 
corresponding values for the isotactic polymers. The difference is small but 
significant and tends to be larger when the comparison is done on the 
correlation times determined with the log x 2  distribution 

13C-TI values of isotactic-rich poly(alky1 vinyl ether)s (alkyl = CH3, C2H5, 
~ s o - C ~ H ~ ,  iSO-CqH9, t-C4H9) were measured in toluene at 110°C and 
100 MHz319 The TI  values for syndiotactic sequences are consistently larger 
than those for isotactic sequences, in contrast to the cases of polymethacrylates 
and polypropylenes mentioned above. The NOE values for the polymers of 
methyl and t-butyl vinyl ethers are close to the theoretical maximum. These 
results indicate that the syndiotactic sequences have higher mobility than the 
isotactic sequences. 

Carbon-13 NMR spectra of 1,4-polyisoprenes in solid state have been 
studied above their glass transition temperatures3201321 and the I3C-T1 values of 
individual carbons were found to be larger for trans-polyisoprene than for 
cis-polyisoprene. The reverse relationship was reported for 1 ,Cpolybutadiene in 
both solid and solution.322 The results of measurements of 13C-T1 values for 
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1,Cpolyisoprenes in CDC13 solution at are the reverse of the results 
obtained by S ~ h a e f e r ~ ~ '  in solid state; cis-polyisoprene showed slightly but 
meaningfully larger 13C- T1 values than the trans-polymer except for methyl 
carbon. The results indicate the higher segmental mobility of the cis-polymer 
chain. The T1 of methyl carbon is much larger for the trans-polymer than for 
the cis-polymer, indicating the greater freedom of the internal rotation of 
the methyl group in trans-polyisoprene. The tacticity dependence of TI is 
independent of the solution concentration up to about 50%. So the structure 
dependence of I3C-T1 for solid polyisoprene may be different from that for 
polyisoprene in solution. 

The 13C- T ,  values of cis-trans isomerized polyisoprenes with different com- 
positions were measured in CDC13 at 27"C.323 The methyl carbon in the trans 
unit showed consistently larger TI  values than that in the cis unit and the TI  
values in each unit are nearly constant regardless of the cis-trans composition 
of the polymer. On the other hand, the Tl values of the backbone carbons 
depend on the cis-trans composition and increase with an increase in the 
cis-unit content, indicating that the segmental mobility of the 1 ,Cpolyisoprene 
increases, as a whole, with an increase in the cis content. The T1 for the methine 
carbon in the trans unit is longer than that in the cis unit of the same polymer 
and the T1 for the CH2( 1) methylene carbon in the trans-trans dyad is also 
longer than that in the cis-cis dyad. This is rather strange since the Tl times 
of these carbons in trans-polyisoprene are shorter than those of the correspond- 
ing carbons in cis-polyisoprene. However, a similar phenomenon was observed 
for cis-trans-polybutadiene and was explained by the effect of the rotational 
barrier of the neighbouring monomer The relatively low activation 
energy for the T I  of the trans unit in cis-trans-polybutadiene was explained 
as the effect of the lower rotational barrier of the neighbouring cis unit, and 
vice versa.322 A similar explanation might apply to the results of our cis-trans 
isomerized polyisoprenes, although more detailed study is needed to confirm 
this. 

13C NMR spin-lattice relaxations in solid PMMAs of different tacticity 
were studied by CP/MAS NMR s p e c t r o s ~ o p y . ~ ~ ~ - ~ ~ ~  The relaxation proceeds 
more slowly in isotactic PMMA than in syndiotactic PMMA even in the 
solid state; this is because of the faster reorientation of the a-CH3 group in 
the isotactic chain.135 The I3C-Tl times of the a-methyl carbons of PMMAs 
with different tacticities were measured over a wide range of temperatures 
by cross polarization, magic-angle spinning, dipole dephasing (CP/DD) 
I3C NMR s p e c t r o ~ c o p y . ~ ~ ~ > ~ ~ ~  The T I  minimum was clearly observed and 
the TI  value at the minimum increased with increasing isotactic content, 
whilst the temperature giving the minimum shifted concomitantly to a 
lower temperature. The data could not be interpreted by a single correlation 
time model and were analysed by a modified 3 7  model introducing a 
three-fold potential minimum around the rotational axis of the methyl 
group. The activation energy of the a-methyl rotation is 5.9kJ/mol for 
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the isotactic PMMA and 16.8 kJ/mol for the syndiotactic p ~ l y m e r . ~ ~ ' , ~ ~ ~  The 
tendency for the activation energy to increase with increasing syndio- 
tacticity has also been observed by 'H NMR spectroscopy329 and the quasi- 
elastic neutron scattering The increased mobility of the 
polymer in the presence of a plasticizer was not reflected in significant changes in 
'3C-77, .324 

The- broad resonance of the a-methyl carbon observed in the 
CP/MAS/DD I3C NMR spectrum of atactic PMMA can be decomposed 
to three peaks corresponding to different tacticities by taking advantage of 
the differences in the rotational motions of the a-methyl carbons in different 
stereosequences. 321 

7. ON-LINE GPC/NMR ANALYSIS OF STEREOREGULAR POLYMERS 
AND OLIGOMERS 

7.1. Instrumentation and performance of GPC/NMR 

Recent developments in the sensitivity and resolution of NMR spectrometers 
permitted us to use one as a real-time detector for high-performance liquid 
chromatography as demonstrated in recent review articles. 332,333 Recently we 
developed an on-line GPC/NMR system in which a 500-MHz 'H NMR 
spectrometer was used as a d e t e ~ t o r . ~ ~ ~ - ~ ~ ~  By using on-line GPC/NMR the 
molecular weight of a polymer can be determined without a calibration curve 
if the polymer sample contains a known amount of end-group per polymer 
molecule. 

The molecular weight dependence of polymer structures such as tacticity or 
copolymer composition can also be easily evaluated by on-line GPC/NMR. 
Data on the molecular weight dependence of polymer structures are very useful 
for understanding the mechanism of polymerization or the properties of 
polymers, and are usually collected by the fractionation of the polymer and 
the subsequent structural analysis of each fraction. However, this method 
requires a lot of time and rather a large polymer sample. The on-line 
GPC/NMR method is very useful for this purpose; it needs only a few hours and 
a very small sample (0.5-1.0mg). 

Our on-line GPC/NMR system consists of a JASCO TRI ROTAR-V 
chromatograph and a JEOL JNM-GX5OO spectrometer (a 16-bit A/D con- 
verter was installed). A 2- or 3-mm (i.d.) glass tubing with tapered structure 
at both ends is employed as an NMR observation flow cell (Fig. 30); the 
detection volumes are 0.060 and 0.140m1, respectively. A similar type of flow 
cell was used in the on-line HPLC/NMR  experiment^.^^"^^' The tapered 
structures at both ends are needed to prevent turbulent flow in the inlet path 
of the cell, which would cause broadening of the elution band. When a cell 
without tapering was used, some broadening of the band was observed.334 
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Fig. 30. Schematic diagram of the 5-mm glass tubing using for the NMR observation 
flow cell. The figures indicate lengths in millimetres. (From Ref. 335.) 

The flow cell is mounted in the proton probe designed specially for the 
GPC/NMR system. The connections between the chromatograph equipped 
with a GPC column and the flow cell are made with a 3-m Teflon tubing 
(0.3mm i.d.). 

Chloroform-d containing 0.5% ethanol-d6 is usually used as an eluent. 
The background signals due to the small amounts of impurities in the 
eluent, except for the H 2 0  signal, can be eliminated by subtracting the baseline 
absorbance. 

The 'H NMR data, each consisting of 8192 data points covering 4500Hz, 
are collected over the entire chromatographic peak and stored as n coadded 
scans every t s; the repetition time and the time resolution of the chromato- 
gram are t /n and t s ,  respectively. The 45" pulse is usually used. One of the 
characteristic features of on-line GPC/NMR is the use of the flow cell. 
Table 1i'342 shows the effect of flow rate on the resolution of the peak of the 
proton of CHC13 in the deuterated chloroform. The resolution is represented 
both by the half-height width W,, ,  and the linewidth at the I3C-satellite level 
4. The W,,, values are almost the same up to a flow rate of 0.5ml/min 
and then become worse. The values of become better as the flow rate 
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Table 17. Flow-rate dependency of line width of the 'H NMR signal due to CHCI, 
in the eluent.a 

~~ 

Ordinary probe ( 5  mm) 
Spinning rate (Hz) 

GPC probe (2 mm i.d. cell) 
Flow rate (ml/min) 

0 15 0.0 0.1 0.2 0.5 1 .o 2.0 
~ ~~ 

W,,, ( H z ) ~  1 . 1 1  0.69 0.79 0.77 0.80 0.88 0.97 1.55 
(2.7) (1.8) (9.5) (5.4) (6.2) (3.3) (5.0) (2.7) 

(3.2) (0.87) (9.2) (4.8) (13.5) (11.6) (1.6) (20.8) 
u: (Hz)' 25.9 14.4 18.4 17.7 14.3 14.0 12.8 21.8 

From Ref. 342. 
'Deuterated chloroform containing 5% CHCL, was used as an eluent. The mean values of five 
linewidth determinations are shown. The figures in parentheses are the relative standard deviation 
(YO) .  Digital resolution 0.07 Hz; broadening factor 0.03 Hz. 
bThe linewidth at half-height level. 
'The linewidth at ',C-satellite level. 

increases up to 1 .O ml/min. Therefore, flow rates of 0.14.5 ml/min were used for 
the measurements. It should be noted that the resolution obtained by the flow 
cell is much better than the resolution obtained in the ordinary measurement 
without spinning and not as low as that in the ordinary measurement with 
spinning. 

For the accurate determination of signal intensities using a flow cell the 
volume of the cell has to be large enough for the premagnetization to be located 
just before that part of the cell used for signal detection. When a 90" pulse 
is used, a residence time longer than 5TImax is needed for accurate results 
(TlmaX: the largest Tl among the Tl values of protons in the sample).342 

7.2. Molecular weight determination of polymers with well-defined structure 

As mentioned in the previous section, determination of molecular weight by 
GPC requires a calibration curve, which is usually prepared using a set of 
standard polystyrenes with a narrow molecular weight distribution (MWD). 
Preparation of other standard polymers with different molecular weights and 
narrow MWD are generally difficult or laborious, and much attention has 
been given to empirical means of deriving calibrations for other polymers 
from that for polystyrene.343 The only exception at present is dual detection 
of a GPC chromatogram by a combination of UV or refractive index (RI) 
method with low angle light-scattering, in which the weight-average molecular 
weight (M,)  of a given polymer can be determined without a calibration 
curve. 

The usefulness of a polymer having a known amount of chromophore 
groups per chain for absolute molecular weight calibrations in GPC has 

344 
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been noted recently.345 The technique was applied to the determination of 
instrumental broadening in GPC using a polystyrene polymerized with 
bis( 3-pheny1azo)benzoyl peroxide and a chromatograph equipped with a 
variable-wavelength UV detector which is sensitive to both the chromophore 
and polymer.346 

NMR spectrometers are sensitive to mass concentration and also to the 
number average molecular weight (M,) of the solute polymer if the polymer 
molecule contains a known amount of end-groups per chain and can be 
used as a dual detector for GPC. Here the results of a molecular weight 
determination for a highly isotactic PMMA by on-line GPC/NMR technique 
are shown. The isotactic PMMAs were prepared by the living and isotactic 
polymerization of MMA with t-C4H9MgBr in toluene at -78°C. The polymer 
molecules contain one t-C4H9 group at the left end of the  hai in,^^.^' 

and the M, can be determined from the relative intensities of the ' H  NMR 
signals due to t-C4H9 and C H 3 0  groups. 

Figure 31 shows the GPC/NMR data of the isotactic PMMA with Mn of 
12600. The signals due to -OCH3, CH2, a-CH3 and t-C4H9 protons resonate 
at 3.60, 2.13 and 1.52, 1.20 and 0.86ppm, respectively. All the cross-sections 
at the peak positions give 'H NMR-detected GPC chromatograms. The 'H 
NMR-detected GPC chromatograms of the three PMMA samples are shown 

r 
38 

I , 1 , , , 1 , , 1 ~  , , I ,  I , I ( , ,  , , , I I  I , , , ,  , ,  
3.5 3.0 2.5 2.0 1.5 1.0 

6 (ppm) 

Fig. 31. On-line GPC/NMR data of isotactic PMMA ( M ,  = 12600). (From Ref. 335 . )  
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GPClNMR - Mn=3160 

j ' ~ < ~ I , ' t ~ " ' ' ' l '  
30 35 40 45 

Elution t ime(min)  

Fig. 32. The 'H NMR-detected GPC curves of the isotactic PMMAs with M ,  values of 
12600 (Mw/Mn = 1.18), 5260 (aw/&%, = 1.13), and 3160 (&f,/&f, = 1.19). These 
curves were obtained by plotting the intensity of the methoxy proton signal 

(3.60ppm). The RI-detected GPC curves are also shown. (From Ref. 335.) 

in Fig. 32, together with those recorded using an RI detector. The peak shapes 
of the 'H NMR-detected and RI-detected chromatograms are very similar. The 
differences in elution times are due to differences in the void volume of the con- 
necting path. 

For example, the 'H NMR spectrum of the PMMA (&f, = 12 600) stored as 
a single file for elution times from 33.6 to 34.0min (cf. Fig. 32) has a signal-to- 
noise ratio (S/N) for the t-C4H9 end-group of 7.2, which is large enough to 
determine the &fn accurately. The &f, of the PMMA detected in this file was 
calculated to be 11 800. The files which exhibit the t-C4H9 signal with an S/N 
less than 5 are added with 2 or 3 contiguous files so that the ratio exceeds 5. 
Thus the ,G, of each fraction can be determined directly from the 'H NMR 
spectrum. This is one of the great advantages of the on-line GPC/NMR system 
over dual-detection systems such as UV-RI detectors or a variable wavelength 
UV detector, which requires calibration of the detected intensity of absorption 
due to end-groups and monomeric units in the polymer chains for the real 
molecular weight. 

When the log(&?,) determined from the 'H NMR spectrum in each file is 
plotted against the elution time, the plots for all three PMMA samples fall on 
a single straight line. The linear relation of the log(M,) versus elution time 
obtained by the on-line GPC/NMR experiment should be the most accurate 
calibration curve for highly isotactic PMMA. The A?,/@, values calculated 
from the C;PC/NMR method agreed well with those obtained from the normal 
GPC/RI method using standard polystyrenes. 

It is worth noting that a single sample with a broad MWD is enough to make 
the calibration curve if the number of end-groups per chain is well-defined. On- 
line detection by 'H NMR offers not only an absolute calibration curve but also 
information on the molecular weight dependency of some polymer properties 
such as tacticity or copolymer composition at the same time. Thus, efforts 
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directed towards the preparation of polymers of controlled structure should 
be encouraged in order to provide on-line GPC/NMR with suitable polymer 
samples. 

7.3. Molecular weight dependence of tacticity and copolymer composition 

The on-line GPC/NMR technique is also useful for studying the molecular weight 
dependence of polymer properties such as tacticity and copolymer composition. 
This type of information is very important for an understanding of the mechan- 
ism of polymerization. The polymerization of MMA by anionic initiators often 
involves multiple active species with different reactivities and stereospecificities. 
For example, Grignard reagent exists in the Schlenk equilibrium: 

2RMgX R2Mg + MgX2 (14) 

“RMgX” gives highly isotactic PMMA and “R2Mg” gives syndiotactic PMMA 
with much higher reactivity than the former.347 This means that the tacticity of 
the PMMA prepared by Grignard reagent depends strongly on the amount of 

1.. I 

mm/mr/rr=4/16/80 / 
mr 

F i  

1.2 1.1 1.0 0.9 0.8 
Chemical shift (pprn) 

Fig. 33. The ‘H NMR-detected GPC traces obtained by monitoring the methoxy proton 
resonance at 3.60 ppm (a) and the a-methyl proton resonances at 0.86ppm (. . . . . . .) and 
1.20ppm ( ) due to rr and mm triads, respectively (b). The NMR signals due to 
a-methyl protons of the PMMA eluted in the elution periods FI (c), F2 (d) and F, (e) are 

also shown. (From Ref. 336.) 
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MgX2 in the initiator solution. A t-C4H9MgBr solution with an [Mg2’]/ 
[t-C4H9Mg] ratio larger than 1.5 gives a highly isotactic polymer with a narrow 
molecular weight distribution and that with a ratio less than unity gives a less 
isotactic or syndiotactic polymer.27 Figure 33a shows the ‘H NMR-detected 
GPC trace of a PMMA prepared with t-C4H9MgBr ([Mg2’]/ 
[t-C4H9Mg] = 0.87) in toluene at -78°C. The chromatogram was obtained by 
monitoring the OCH, resonance at 3.60ppm. The polymer has a trimodal 
molecular weight distribution, and the ‘H NMR spectra acquired in the elution 
periods F , ,  F2 and F3 (cf. Fig. 33a) show that the tacticity of the higher 
molecular weight part is syndiotactic (Fig. 33c) while those of the lower mol- 
ecular weight parts are less syndiotactic (Fig. 33d) or stereoblock-like (Fig. 
33e). The molecular weight dependence of tacticity can also be illustrated in a 
continuous form by plotting the signal intensities of the a-CH3 resonances at 
0.86 and 1.20 ppm due to the rr and mm triads, respectively, against elution 
time (Fig. 33b). It is clear that the fraction of syndiotactic triad increases 
with an increase in molecular weight of the polymer. The results suggest that 
the high molecular weight part with high syndiotacticity was produced from 
the species generated by “(t-C4H9)2Mg” and that the isotactic part, which 
has lower molecular weight and relatively narrow MWD, was produced from 
the species generated mainly by “t-C4H9MgBr”.336 

Polymerization of MMA with t-C4H9Li in toluene at -78°C gave isotactic- 
rich PMMA with a broad but unimodal MWD.691348 Addition of trialkyl- 
aluminium to t-C4HyLi changes the initiator activity for MMA to syndio- 

3.5 3.0 2.5 2.0 1.5 1.0 
Chemical shift (ppm) 

(From Ref. 336.) 

Fig. 34. A contour plot (a) and cross-sections (M) of the on-line GPC/NMR data 
for PMMA prepared with t-C4H9Li-(n-C4H9)3A1 Al/Li = 1.0) in toluene at -78°C. 
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tactic specific and the polymerization with t-C4HgLi-(n-C4H9)3Al (A1 Li 2 2) 
in toluene at -78°C gives highly syndiotactic P M M A s . ~ ~ ’  48 The 
t-C4H9Li-(n-C4H9)3A1 (AI/Li = 1) system gives a stereoblock-like PMMA in 
toluene at -78°C. The contour plot of the GPC/NMR data for this PMMA is 
shown in Fig. 34a. The cross-section at the chemical shift of the OCH3 peak 
(Fig. 34d) indicates the polymer has a bimodal MWD. The cross-sections at 
elution times of 49.2 and 57.2min (Fig. 34b and c) clearly show that the lower 
molecular weight part of the polymer is syndiotactic and the higher molecular 
weight part is isotactic; that is, isotactic- and syndiotactic-specific propagating 
species exist concomitantly in the polymerization system.336 

The on-line GPC/NMR also gives valuable information on the molecular 
weight dependence of copolymer composition. GPC/NMR analysis was 
carried out for a highly isotactic block copolymer of PMMA and poly(n-butyl 
methacrylate), which has a bimodal MWD. The copolymer was obtained by 
polymerizing n-butyl methacrylate (n-BuMA) with the PMMA living anion, 
which was prepared by the polymerization of MMA with t-C4HgMgBr in 
toluene at -78°C. The cross-sections at 3.59 ppm (OCH3 of MMA unit) and 
3.95ppm (OCH, of n-BuMA unit) give us changes of the contents of MMA 
and n-BuMA units, respectively, in the copolymer along with a change of the 
molecular weight, indicating larger n-BuMA content in the higher molecular 
weight part. This is important information for understanding the mechanism 
of po~ymerization.~~’ 

Poly(viny1 alcohol) is usually prepared by the hydrolysis of poly(viny1 
acetate) and often contains a small number of unreacted vinyl acetate units. The 
on-line GPC/NMR analysis of several commercial poly(viny1 a1cohol)s revealed 
that the number of vinyl acetate units depended on the molecular weight of the 
polymer, lower molecular weight fractions containing larger numbers of acetate 
units than the higher molecular weight fractions.338 

i 

7.4. Simple and accurate analysis of oligomers 

The on-line GPC/NMR technique also provides structural data about 
homologous components in oligomers if a GPC column with a small porosity is 
employed. The on-line GPC/NMR data were collected for a mixture of chloral 
oligomers. The oligomers were prepared by polymerizing chloral with 
t-C4HgOLi slightly below the ceiling temperature of polymerization and end- 
capping the anion with an acetate group. The trimer and the higher oligomers 
have been found to be completely isotactic.280’281~349-351 

CCI 2 0 
(CH,CO),O I il 

r-C,HyOLi + n CCI,CHO -CH,COOL, t-C,HyO+CH-O% CCH, 
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Fig. 35. The RI-detected (a) and 'H NMR-detected (b) GPC curves of the mixture of 
chloral oligomers. (From Ref. 339.) 

Figure 35 shows the GPC/NMR-detected chromatogram for the chloral 
oligomers together with an RI-detected chromatogram. The ' H NMR detection 
was carried out by monitoring peak intensity of the acetal proton signals resonat- 
ing at 5.92ppm (trimer), 5.71 ppm (tetramer), 5.84ppm (pentamer), 5.68 ppm 
(hexamer) and 6.23 ppm (heptamer). The peaks selected for monitoring were 
chosen so as to minimize any overlap effect. When the spectra recorded at elution 
times from 48.6 to 49.4 min are accumulated, the spectrum of the pure pentamer is 
obtained with a much improved S/N ratio, in spite of the incomplete separation by 
chromatography. This is one of the great advantages of on-line GPC/NMR. It 
should also be noted that in the NMR-detected GPC curves the extent of overlap 
of the peaks can be easily realized from the chromatogram and the relative peak 
intensities reflect accurately the molar fractions of the oligomer components. 
This is another advantage of the on-line GPC/NMR method when applied to 
the analysis of oligomers. 
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8. NMR PARAMETERS AND MONOMER REACTIVITY 

Several attempts have been made to correlate the reactivities of vinyl monomers 
in polymerization or copolymerization with their spectral data. The studies are 
important and useful for understanding the mechanisms of polymerization as 
well as for estimating the reactivity without or prior to performing the 
experiments. 

In radical copolymerization the Alfrey-Price Q-e scheme has been proposed 
for systematizing a large amount of data and for correlating the reactivity of a 
monomer to its chemical structure. In this scheme the monomer reactivity ratios 
are given by the following equations: 

where Q is a crude measure of the resonance stabilization of monomer and e is 
associated with the polarity of the double bond or the propagating radical. 
Several attempts using UV352 and I R ~ ~ ~ ~ ~ ~ ~  spectroscopy have been published to 
establish correlations between reactivity parameters in copolymerization and 
spectral data. The polarographic half-wave potential of reduction for vinyl 
and diene monomers was also found to be correlated to the Q and e values.35s 

The chemical shifts of the carbons in vinyl groups have been reported to be 
mainly controlled by the 7r-electron and, therefore, it is expected 
that the chemical shifts for vinyl carbons and the e value can be correlated by a 
linear relationship. This was demonstrated by Hatada and c o - w o r k e r ~ . ~ ~ ~  The 
linear relationships clearly indicate that the chemical shift of P-carbon (SCP) 
shifts to a lower field and the shift of a-carbon (6Ca)  to higher field as the e 
value of the monomer becomes larger; the .rr-electron density of the P-carbon 
decreases and that of the a-carbon increases when the e value of the monomer 
increases. So the results are considered to be convincing proof for the validity of 
the e value as a measure of polarity. 

Herman and T e y s ~ i e ~ ~  reported that a plot of SCP against e for 21 substituted 
styrenes gave a linear relationship. Borchardt and D a l ~ y n p l e ~ ~ ~  generated equa- 
tions relating Q and e values to P- and a-carbon values by the use of a multiple- 
correlation analysis program. The resulting model equation is as follows: 

e =, Q =ua + bp + c ( a  - P) + d(a/P) +f/(a - P) 8 

+ s(a/P)1/2 + h(a2 - P2) + ia2 +jp2 + k a p  

+ r / ( a 2  - P')* + s(a - p)4 + t(CY - 0)' + u(P/a)  

+ u ( a  - ,o)~ + w / ( a  - P)" +intercept (17) 
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Separate equations for eight groups of monomers such as styrenes, 
chlorinated olefins, acrylates and methacrylates were developed and the 
correlation coefficients for most of the equations were greater than 0.99. The 
method has been extended to the calculation of the monomer reactivity ratios 
from the 13C NMR spectra of the monomers for which no Q and e values are 
known.362 

Hatada and co-workers studied the relationship between the monomer 
reactivity ratio and the 13C chemical shifts of the double bond of the 
monomer to elucidate the meaning of e values.363 Equation (15) can be 
rewritten as follows: 

log( l / r l )  - log Q2 = -0.4343ele2 + 0.4343e: - log Ql (18) 
where the quantity log( 1 / r l )  - log Q2 is plotted against the SCP referred from 
TMS of various monomers M2 in the radical copolymerization of styrene, 
acrylonitrile or methyl methacrylate ( M I ) ,  a linear relation is obtained; the 
slope of the plot is positive for styrene and negative for the other two 
monomers. The plots of the slope against the SCP of the M I  give a linear 
relation with a negative slope. As seen from equation (18), the values of these 
slopes should correspond to the e value of the propagating radical ending 
with M 1 .  So the results are an indication that polarity induced on the radical 
end by a given substituent is proportional to the polarity of the double bond 
of the corresponding monomer. 

From equations (1 5) and (16) the following relation can also be obtained: 

log(r1r2) = -0 .4343(~  - el)  

When log(rl r 2 )  in the copolymerizations of styrene or acrylonitrile ( M I )  with 
various monomers ( M 2 )  is plotted against (SCPM2 - S C P M I ) ~ ,  a linear 
relation is obtained as shown in Fig. 36. The slopes of these two straight lines 
are almost the same, giving support for the validity of the approximation that 
the e values of a monomer and its corresponding propagating radical are 

Figure 37 shows plots of Q against the chemical shift of carbonyl carbon of 
the various methacrylates. The linear relation indicates that r-electron density 
on the carbonyl carbon increases as Q becomes larger. This should indicate 
that Q is a measure of the resonance stabilization of the monomers.364 The 
plot of Q against the difference between the chemical shifts of two P-methylene 
protons of methacrylates gave a straight line with negative slope, indicating that 
the s-character of the vinylidene double bond is reduced as the Q value becomes 
larger. This is additional evidence for Q values as a measure of resonance 
~ t a b i l i z a t i o n . ~ ~ ~  

A much clearer indication of the meaning of Q was obtained by the measure- 
ment of the spin-spin coupling constants for methacrylates. Figure 38 shows 
plots of Q against the coupling constants between a- and @-carbon 
(J(Ccr-CP)) and carbonyl carbon (J(Ca-CO)) .  As Q becomes larger, 

(19) 2 
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T 
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- 
- Ml=Acrylonit ri le COOCH3 

Fig. 36. Plots of 10g(r,r2) against (GCPM, - SCPM,)2 in the copolymerization of 
styrene or acrylonitrile ( M I )  with various monomers H,C=CXY (M2) at about 60°C. 

(From Ref. 363.) 

0.6' 
168 (ppm) 

6 co 166 167 

Fig. 37. Plots of Q value against the chemical shift of carbonyl carbon of the various 
methacrylates. (From Ref. 364.) 
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Fig. 38. Plots of Q values against J(Ccu-Cp) and J(Ccu-CO) for several methacrylates. 
(From Ref. 365.) 

J(Ca-Cp) becomes smaller and J(a-CO) larger, indicating that the extent of 
resonance stabilization in methacrylate becomes larger as Q increases.365 

I3C Chemical shift values also give information on the reactivity of vinyl 
monomers in homopolymerization by radical mechanism. In the radical 
polymerization of styrene and p-substituted styrene a participation of the 
following ionic structure in the transition state of the propagation reaction 
was suggested:366 

Plots of k, for these polymerizations against SCP of the correspond- 
ing monomer gave a straight line which indicates that kp increased as SC@ 
shifted to lower field. This shows that the lower electron density on the 
@-carbon of the monomer, the more easily electron transfer from the polymer 
radical to the monomer occurs and, consequently, the higher the reactivity of 
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the monomer.363 Similar analysis for the reactivity of vinyl monomers including 
styrenes was made using 'H NMR spectra; the signals of the 
@-methylene protons shifted to low field with increasing monomer 
reactivity. 

The low polymerizability of t-butyl isopropenyl ketone in radical and 
anionic polymerizations can be explained in terms of the high electron density 
on the @-carbon resulting from distortion of the usual planar s-cis or s-trans 
conformation. The evidence is that the P-carbon of this monomer resonates 
at a very high field (117.7ppm), much closer to that of the corresponding 
alkenes (109-117ppm) and much higher than any of the other vinyl ketones 
(125-129ppm), and that the carbonyl carbon resonates at a lower field 
(208.7ppm), in the same range as the saturated ketones (208-217ppm) and 
lower than the conjugative enones (198-202 

Examination of the relationship between the reactivity of monomers and 
NMR data is also of significance to the understanding of the mechanism of 
ionic polymerization. Plots of the relative reactivity of substituted styrenes 
(M2) ,  log l / r l  against SC@ in the cationic copolymerization of styrene as M I  
by SnC14 at 0°C are linear, and indicate that the relative reactivity is 
larger for the substituted styrene having the higher 7r-electron density on the 

A similar result was also reported by Higa~himura .~~ '  These results 
indicate that the attack of the growing carbonium ion on the P-carbon of the 
monomer is the rate-determining step in this copolymerization. Similar 
relations between the reactivity of the vinyl monomer and SCP value were 
observed in the cationic copolymerization of benzyl vinyl ether with the 
substituted benzyl vinyl ether371 and of phenyl vinyl ether with the substituted 
one. 

The rate constant k, of the addition reaction of substituted styrenes to the 
living polystyrene anion has been measured in tetrahydrofuran at 25°C.373 
When logkjj was plotted against SCP of the substituted styrene, a linear 
correlation was obtained, showing that the lower the 7r-electron density on 
the 0-carbon, the higher the reactivity of the substituted styrene toward the 
polystyrene anion.363 

Natta and c o - w o r k e r ~ ~ ~ ~  studied the copolymerization of styrene ( M I )  with 
several substituted styrenes by Ziegler catalysts at 40°C and suggested that 
the coordination of the monomer to the more electron-deficient part of the 
catalyst complex is one of the fundamental stages in this stereospecific poly- 
merization. By plotting the relative reactivity, log( l / r l )  against the SC@ of 
the substituted styrene a linear relationship was obtained, which exhibited a 
typical feature of ordinary cationic polymerization. This is direct evidence 
for Natta's suggestion and also a clear indication that the vinyl group of the 
monomer is bound to the catalyst complex at the P-position in the coordination 
step.363 

In the cationic copolymerization of alkyl vinyl ethers ( M I  = n-butyl 
vinyl ether) by EtAICI, in toluene at -78"C, the relative reactivity, log( l / r , ) ,  

367,368 

312 
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is in the order: alkyl = CH3 < C2H5 < n-C3H7 < n-C4H9 < T Z - C ~ H , ~  < 
i-C4H9 <: C6H5CH2 < i-C3H7 < C6Hll < t-C4H9. The reactivity of the mono- 
mer becomes higher when the P-carbon resonates at the lower field while the 
a-carbon is at the higher field. This indicates that the attack of the carbonium 
ion on the P-carbon of the monomer is not the rate-determining step.3757376 
It has been suggested that alkyl vinyl ethers may take the following 
resonance form resulting from a partial double bond character in the C-0 
bond.”l’ 377 

+ 
CH,-CH=O-R 

As the relative reactivity, log( 1 / r l )  becomes larger, the difference between 
the chemical shifts of the two P-methylene protons increases linearly. The 
geminal coupling constant between the two P-methylene protons, which 
can be used as a measure of the s-character of the C-H bond,378 increases 
mostly with an increase in the reactivity. These results indicate that the con- 
tribution of the resonance form is greatest in methyl vinyl ether, which is the 
least reactive, and is least in t-butyl vinyl ether, which is the most reactive; 
resonance stabilization in alkyl vinyl ether may play some important role in 
determining the reactivity.377 

Thus NMR studies of monomers are an important tool for understanding the 
basic problems in radical and ionic polymerization reactions. 
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1. INTRODUCTION 

Sodium (Na+) and potassium (K+) play a n  integral role in the processes 
associated with living tissues. They are mostly present as free cations, 
unequally distributed across cell membranes. Sodium is actively excluded 
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from cells, giving rise to high extracellular (- 150 mM) and low intracellular 
(- 1 O m ~ )  sodium concentrations. The opposite is true of potassium. The 
energy stored in their distribution across cell membranes fuels a multitude of 
membrane transport processes and provides the basis for the neural depolariz- 
ation and repolarization upon which all nervous activity is based. Both ions 
have NMR-detectable isotopes, 23Na and 39K respectively. They exhibit a 
non-zero quadrupolar moment, which accounts for their rapid, biexponential 
relaxation. 

Under normal conditions the resonant frequencies of intra- and extracellular 
species of an ion are the same, implying that, for example, the conventional 
23Na magnetic resonance spectrum of a biological sample consists of a single 
peak. The various populations of ions in tissue do exhibit different relaxation 
characteristics, and early studies by Cope and Damadian' and Berendsen and 
Edzes2 utilized these differences in an attempt to elucidate the behaviour of 
ions within living tissues. Degani and Elgavish3 used a complex of the para- 
magnetic ion gadolinium, Gd( EDTA)-, to broaden the extracellular 23Na 
and 7Li resonances in phosphatidylcholine vesicles such that they detected 
only the intracellular signal. Subsequently, Riddell and Southon4 used com- 
plexes of lanthanum for a similar purpose, showing that the extracellular 
s7Rb NMR signal in a suspension of red cells could be broadened to such an 
extent that only the intracellular signal was visible. 

In the early 1980s membrane-impermeable chemical shift reagents were devel- 
oped which frequency shifted the extracellular cation resonances, thus allowing 
measurement of the transmembrane distributions of Na+ and Kf.5-7 Early 
experiments on erythrocytes showed that intra- and extracellular 23Naf5 and 
39K+ resonances' could be resolved by the shift reagent dysprosium tripoly- 
phosphate, Dy(PPP):-. In subsequent studies Dy(PPP)Z- and dysprosium 
triethylenetetraamine-hexa-acetic acid, D Y ( T T H A ) ~ - ~  were used to resolve 
intra- and extracellular sodium, lithium and potassium resonances in phospho- 
lipid  vesicle^,^^'^ yeast," red ~ e l l s , ~ . ' ~ ~ ' ~  and a variety of mammalian tissues: 
kidney  tubule^,'^"^ heart16'17 and m ~ s c l e . ~ " ~  These studies established that 
NMR was capable of measuring the concentration of intracellular cations, 
though the results obtained did not always agree with those obtained by other 
analytical techniques. 

The rate of cation flux from one compartment to another is obviously a more 
useful parameter than the static transmembrane distribution of cations. Direc- 
tional fluxes can be studied by a variety of NMR  method^:'^ lineshape analysis, 
magnetization transfer, or by following the kinetics of a suitable congener. Each 
of these techniques applies to a different exchange rate regime. Lineshape 
analysis is applicable to very rapid exchange processes, and has been used 
extensively by Riddell to measure the transport of cations into phospholipid 
vesicles by antibiotics such as monensin' and salinomycin.20 Magnetization 
transfer experiments2'.22 rely on magnetically labelling a group of spins by 
saturating or inverting them, and then observing their transfer to another 
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resonance in the spectrum. In order for the saturation or inversion transfer 
experiments to work, the pseudo first-order rate of exchange from one compart- 
ment to the other must be of the same order of magnitude as the NMR relax- 
ation rates of the exchanging species. For quadrupolar nuclei, with short 
relaxation times, this requires a large transfer rate constant, k .  For 23Na+, TI 
in tissue is N 20 ms, and thus k must be at least 5 or 10 s-l for the transfer to 
be detectable. In addition, the exchanging resonances must be well-resolved 
and must not be too broad, or else relaxation effects will not allow selective 
saturation or inversion. It has been shown that the Na+ and Li+ flux through 
monensin-induced channels in lipid vesicles can be measured by both the inver- 
sion transfer and the 2D-NOESY The rates of exchange in 
these experiments were very high (between 10 and 70 s-l) and the chemical shift 
between the intra- and extracellular resonances were large, thus allowing 
magnetization transfer techniques to be used. To the author's knowledge, no 
measurements of Na' flux by magnetization transfer have yet been successfully 
performed in biological tissue, and it is very unlikely that the transmembrane 
Na' flux in biological tissues will ever allow such experiments to be per- 
formed. The same arguments, compounded by the poor NMR sensitivity, 
apply to the measurement of the transmembrane K+ flux. 

For slow exchange a method of measuring the transmembrane cation flux by 
NMR is to follow the kinetics of a suitable Na' or K+ congener. As Na+ is 
predominantly an extracellular ion, the intracellular concentration of a suitable 
Na+ congener will not be large, and unless it has a very high NMR sensitivity, 
its uptake kinetics will be difficult to follow. K+, on the other hand, shows con- 
siderable promise, as its high intracellular concentration implies that a good K+ 
congener will also exist at a high intracellular concentration. Both rubidium 
(Rb') and caesium (Cs') have been identified as congeners of K'.26 Cs' enters 
red cells at N 1/3 the rate of K+,27 whilst Rb' is indistinguishable from K' in 
uptake studies, as the transport protein Na'-K+-ATPase is unable to differen- 
tiate between K+ and Rb+. The efflux of Rb' from cells has been reported to be 
slower than that of K+,'* which is adequately explained by the fact that the 
Rb' ion is larger than the K+ ion, and thus less able to pass through pores and 
channels "designed" to permit the passage of K' ions. 

Within a few years of its identification as a chemical element the possible 
applications of Rb' to biology and medicine were being investigated, culmi- 
nating in Ringer's experiments on isolated frog heart, which suggested that 
Rb+ and K-' had similar effects on contractility.26 It was noted that the acute 
intravenous injection of Rb+ or K+ produced cardiotoxic death, and that 
chronic loading of animals with 7 m ~  Rb+/kg per day appeared to produce 
hyperirritability, tetanic spasms and eventually death. The relationship 
between irritability and Rb' is the basis of its use in psychiatry as an anti- 
depressant Radioactive "Rb+ is the mainstay of research on K+ fluxes 
into cells and  organ^,^'.^^ and recently abnormalities in in vivo red cell Rb+ 
uptake, determined by atomic absorption spectrophotometry performed on 
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Table 1. The NMR properties of 23Na, 39K, 85Rb and 87Rb. 

Nucleus Spin Magnetogync Quadrupolar Natural 
ratio (7)' moment ( Q ) b  abundance (%) 

23Na 312 7.08 0.10 100 
39K 312 1.25 0.05 93 
85Rb 512 
"Rb 312 

2.59 0.26 72 
8.78 0.13 28 

' The units of y are lo7 rad/T s.  
The units of Q are m2, 

blood samples drawn after an oral load of RbC1, have been identified with 
hypertension and chronic renal failure.32 

The large volume of literature dealing with biological 23Na and 39K NMR 
have spawned a number of review articles on the subject,33 and in order to intro- 
duce a note of originality into this review of the biological uses of quadrupolar 
ions we shall concentrate on recent work on the use of "Rb NMR to measure 
cation fluxes in cells and whole organs. 

Two isotopes of Rb' are detectable by NMR, 85Rb and 87Rb, and their NMR 
properties together with those of 23Na and 39K are shown in Table 1 .19 The low 
magnetogyric ratio of 85Rb and corresponding low NMR receptivity has meant 
that 87Rb is the isotope favoured for study by NMR. 

We begin, in Section 2, with a detailed theoretical examination of the physics 
of quadrupolar, spin-3 nuclei, using the matrix operator formalism to discuss 
the various NMR experiments used in biological spectroscopy of quadrupolar 
ions and the biexponential relaxation of these ions. The effect of interaction of 
the Rb' ion with its chemical environment on relaxation characteristics of the 
87Rb nucleus is considered in Section 3. Section 4 deals with methods of differ- 
entiating between intra- and extracellular species of ions. In Section 5 we discuss 
the kinetics of Rb+ in a variety of tissues, as studied by 87Rb NMR. Where 
appropriate, studies of 23Na and 39K are also cited. 

2. NUCLEAR MAGNETIC RESONANCE OF SPIN-; NUCLEI 
IN LIQUIDS 

2.1. Introduction 

We now present a detailed discussion on the physics of quadrupolar nuclei in 
biological solution. Most previous treatments of quadrupolar nuclei have 
invoked the mathematics of irreducible tensor operators, and although this 
formalism does lead to a more intuitive feel for the experiments, it does require 
a considerable degree of mathematical sophi~t icat ion.~~ Our approach will be to 
derive the results of a variety of NMR experiments in terms of explicit matrix 
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representations of the density matrix operators. We proceed as follows: the 
classical and quantum mechanical forms of the full quadrupolar Hamiltonian 
are derived, and the resulting equations of motion solved for (1) the steady- 
state static field, (2) hard pulses and chemical shift evolution, and (3) quad- 
rupolar T2 relaxation. In order to do this the quantum mechanical machinery 
of the density matrix is introduced. There follows an analysis of the simple 
“pulse and collect”, the Hahn spin-echo and the triple-quantum filtered T2 

experiment. 

2.2. The classical quadrupolar Hamiltonian 

A volume of charged, current-containing matter, such as an atomic nucleus, 
interacts with the electromagnetic field. The electric field interacts with only 
the nuclear charge distribution, while the magnetic field interacts with the 
nuclear current distribution. The interaction energy, HE, between the electric 
field and the nuclear charge may be written as 

where p(r) is the nuclear charge density, V(r) is the electric potential and the 
integral is over all space. The coordinate system is defined to have the centre 
of the nucleus at r = 0. The potential, V(r), may be expanded as a Taylor series 
about r = 0, giving 

V(r) = V(0) - r E(0) - 1 / 6 ~ ~ ( 3 x i x ,  - r2S, )q j (0)  +.  . 
i ;  

where E(0) = -V V(0);  vj = 9 V/axidxj = --dEi/dx,, the electric field gradi- 
ent; and xi are the components of the vector r. Substituting (2) into (1) gives 

HE = qV(0) - 1 / 6 ~ ~ Q i j a E j ( 0 ) / i ) x i +  . -  
i j  

(3) 

where q is the nuclear charge, p is the nuclear dipole moment and Q, is the 
nuclear quadrupole moment, defined as 

Q, = /(3xixj - r26,)p(r) dv (4) 

q V(0)  is a constant addition to the electric potential energy, and may be ignored. 
All nuclei have a zero dipole moment,35 implying that p - E(0) is zero. The first 
non-zero contribution to the electric potential energy of the nucleus is the 
quadrupole moment. Although higher multipole moments are theoretically 
allowed, no nuclei with octupolar moments are known to occur naturally, 
and so the quadrupolar term may be regarded as the only term of the electric 



216 J.L. ALLIS 

Hamiltonian, i.e. 

By direct analogy with the electric case the interaction energy of the magnetic 
field with the nuclear current distribution may be written as a sum of multi- 
poles.36 The dominant contribution is the interaction between the nuclear 
dipole moment, p, and the magnetic field, B, giving 

H M  = - p . B  (6) 

(7) 

The full classical quadrupolar Hamiltonian is thus given by 

H = -p  * B - 1 / 6  Q jj aEj (0)  / a x i  
i j  

2.3. The quantum mechanical quadrupolar Hamiltonian 

The quantum mechanical nuclear dipole moment is defined as 

p = yAI (8) 
where y is the magnetogyric ratio and I is the angular momentum spin operator. 
The magnetic component of the quantum mechanical Hamiltonian is thus 

HM = -7ttI.B (9) 

The quadrupolar term is more complicated, but after judicious application of 
the Wigner-Eckhart theorem,37 the electric Hamiltonian, for cylindrical sym- 
metry, may be written as 

H -  eQvu [31$ - 1’1 
E - 41(21- 1) 

where e is the proton charge, Q is the quantum mechanical expectation value of 
the quadrupolar moment, V,, is the z component of the electric field gradient 
and I, is the z component of the quantum mechanical spin operator, I. The 
full quantum mechanical form of the quadrupolar Hamiltonian is given by 

The methods employed to solve the equations of motion, which evolve under 
the Hamiltonian given in (1 l) ,  are as follows. The magnetic field is composed 
of the large static field, Bo, in the z direction, and the radio frequency (rf) B, 
field orthogonal to it in the xy plane. HM may therefore be further subdivided 
into, Ho, the static field Hamiltonian, and, HRF, the rf field Hamiltonian. Ho is 
much larger than either HRF or HE,  and they may be treated as perturbations of 
the Ho Hamiltonian. For ions in solution, the time average of HE is zero, imply- 
ing that HE contributes only to the relaxation of the nucleus and not to the static 
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energy level structure. During a hard rf pulse, HRF is, by definition, B H E ,  
implying that there is little relaxation during the pulse. Thus during the appli- 
cation of rf pulses, the Hamiltonian is the sum of Ho and HRF, while during 
chemical shift evolution and relaxation delays, it is the sum of Ho and HE.  

Assuming that the molecular and laboratory principal axes coincide, a matrix 
representation of the spin operators I,, I,, I, and I* is as follows:38 

0 J 3 / 2  0 0 

I, = [Jr ; d;12 1 d;12] 

0 -id312 0 

-i 

I 

0 0 id312 0 

3 /2  0 0 

I, = 

1 0 0 0  

1 2 =  1514[ 0 1 0 0  1 
0 0 1 0  

0 0 0 1  

Let In) be the nth eigenvector of the spin operator 12, then, 

and 

For the spin-2 case, 1 = 2, and m, may take on one of four possible eigenvalues, 
-312, -112, 112 or 312. 

The eigenvalues of Ho are now easily obtained. From equations (9), (12) and 
(141, 

Holn) = -yhBoI,(n) = -yhBonln) = EJn)  (15) 
There are four energy levels, En = yhBo3/2, y&Bo1/2, -yfiBol/2 and -yhBo3/2. 
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The quantum mechanical equation of motion for an ensemble of nuclei may 
be written in terms of the reduced density matrix, which is defined as, 
a = x k  Pkl$k(t))($k(t)l, where I&(t)) is a possible wave function for the 
ensemble of nuclear spins and Pk is the probability of the nuclei being in that 
state. The equation of motion is, 

d a  i 
dt h 
- = - (uH - Hu) 

where H is the Hamiltonian of the whole nuclear system. If H is independent of 
time, then, 

u(t) = exp (-iHt/h)a(O) exp (iHt/h) (17) 
The quantum mechanical expectation value of an operator A ,  is given by 

( A )  = Tr (uA)  = Tr (Au) = UnkAkn = AnkUkn (18) 
n k  n k  

This result is now applied to calculating which elements of the density matrix 
actually contribute to the detectable signal. Assuming quadrature detection, 
the detectable magnetization is proportional to (Ix + iI,,), which according to 
equation (18) is Tr (a@, + iI,,)). Using equation (12) it is simple to show that 

(Ix + iI,) = J 3 q 1  + + J ~ u , ~  (19) 
The thermal equilibrium density matrix is calculated from the definition of the 
density matrix and the Boltzmann equilibrium spin d i~ t r ibu t ion .~~  Ignoring all 
constants, a(O), the unperturbed, equilibrium density matrix, is simply equal to 
I,, as expected. 

2.4. Hard pulses and chemical shift evolution 

For the discussion of hard pulses and chemical shift evolution, the Hamiltonian 
is transformed into the rotating frame. The only change is in the form of the 
magnetic Hamiltonian HM, which becomes35 

HM = - A  [ A d ,  + yBII - n] (20) 
where Aw is the difference between the B1 irradiation frequency, wz, and the 
nuclear Larmor frequency, yBo, B1 is the magnitude of the rf field and n its 
direction. Hard pulses are defined as having yBl >> Aw, which simplifes equa- 
tion (20) to 

HM = -hyBII - n (21) 
Substituting (21) into (17) shows the effect of a hard pulse of duration t on the 
evolution of the density matrix, i.e. 

a(t) = exp(iwltI.n)a(0)exp (-iw,tI.n) (22) 
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where yB1 = w1. The product w l t  is simply 0, the angle of nutation about the 
n axis. As the quantum mechanical rotation operator R,(0) is of the form 
exp ( - i 0 I  - n),36 (22) may be written as 

a(+) = R n ( - M - ) R " ( q  (23)  
where cr( -) and cr( +) is the density matrix before and after the pulse. The calcu- 
lation of a matrix representation for exp ( - i 0 I  - n) is not always simple; fortu- 
nately general formulae do exist.40 Some of the more commonly used ones are: 
Rx(7r/2), RX(T)? Ry(.rr/% Ry(.rr), Rx(-r/2), Rx(-r), Ry(-.rr/2) and R y ( - 4 .  

1 - i J 3  -J3 

-1 -id3 

i -J3 - i J3  1 

RX(r/2) = - 

1 -J3 J3 -1 

Ry(r/2)=T[J; J2 J3 -1 -1 -1 -J3 J j  
J 3  J3 

/ 1 i J 3  -J3 -i\ 

0 0 - i  

R,(-.rr)= [ -: -i 
0 - i  0 0 

0 0 0  
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1 J3 J3 

Ry(-7r /2)  = - J2 [ 4 3  -1 ‘!I 
4 J3 -1 -1 ’3 

-1 J3 -J3 

As mentioned in Section 2.3, in the absence of an rf pulse the rotating frame 
Hamiltonian is the sum of Ho and HE. As these two operators commute, they 
may be treated independently of each other. Equation (20) shows that in 
the absence of an rf pulse, Ho reduces to the chemical shift evolution (CSE) 
Hamiltonian, i.e. 

H M  = -hAwI, (25)  

The resulting evolution operator, exp (iAw1,t) has the following matrix 
representation: 

i 
exp ( i 3 A w t / 2 )  0 0 0 

0 exp (iA wt /2 )  0 0 

0 0 exp ( - i A w t / 2 )  0 

0 0 0 exp ( - i 3 A d t / 2  

(26) 

R, ( -Awt )  =z 

2.5. Quadrupolar relaxation 

For some quadrupolar nuclei with a very small quadrupolar moment, the 
dipole-dipole mechanism contributes significantly to relaxation, e.g. 7Li. 87Rb 
has a very large quadrupolar moment and Sternheimer anti-shielding factor, 
and thus, quadrupolar relaxation dominates completely; the same is true of 
23Na and 39K. The Sternheimer anti-shielding factor describes how sensitive 
the NMR relaxation of a nucleus is to its electronic en~ironment.~’ 

The form of the rotating frame Hamiltonian, HA, for quadrupolar relaxation 
is 

HA = exp (-iyBoI,t)HE exp (iyBoIZt) (27) 
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As If; is dependent on time, the solution to the density matrix is not simply 
given by ( 1  7 ) .  Applying second-order perturbation theory, the derivatives of 
the density matrix can be shown to be4' 

(28) -- d a ~ p ( t )  - c Pap$ exp [i(wa - wo - wy + w6)lay6(0) 
dt 76 

where P,,p$ is a matrix of transition probabilities, and is a function of the 
relaxation Hamiltonian. 

The spectral variation in HE may be determined by computing the auto- 
correlation function, R(w),  which is defined as 

+m 

-m 

The time dependence of HE(0)HE(7) is often taken as exponential, i.e. 
+W 

R ( w )  = JHE(O)~~ exp ( - 1 ~ , l / ~ )  exp ( - i w ~ )  d r  (30) 
-m 

where rc is the correlation time of the quadrupolar Hamiltonian, i.e. the mini- 
mum average time during which it changes significantly. The spectral density 
function, j ( w ) ,  is defined as 

j ( w )  = 7 exp (- lrcl /~)  exp (-im) d7 (31) 
--m 

which is 

The structure and meaning of rc is further discussed in Section 3. Returning to 
equation (28); the form of PapT6 has been calculated explicitly for Z = 5 nuclei by 
M ~ l a c h l a n . ~ ~  The submatrix of interest for transverse relaxation is 

- ( j o  + j l  + j2) 0 j2 

0 ) (:::) A(+(  dt 0 - ( j l  + J 2 )  

6 3 4  j2 0 -(jo +jl +j2) 

(33) 

C = 1/20(eVz,Q/A)2 (34) 

where 

Defining the relaxation rates, Ri, as 
R1 = - W ( O )  + j ( ~ ) l  (35) 

R2 = - C [ j ( w )  + j(2w)l 

R3 = -C[ j (O)  + j ( w )  + 2j(2w)] 

(36)  

(37) 
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Fig. 1. Energy level and T2 relaxation diagram for an isolated spin-; nucleus. The frac- 
tions on the left are the angular momenta of each of the four energy levels. The percen- 
tages on the right are the proportion of the total signal relaxing via each of the T2 
relaxation channels. Reproduced from Ref. 95, with permission of Karger AG, Basel. 

it is not difficult to show that 

miz(t) = i[{m,z(O) + 634(0)) exP ( -Ril l  + {miz(O) - m34(0)IexP (-R3t)I (38) 

(39) 

(40) 

(41 1 
(42) 

(43) 

m23(t) = a23(0) exp ( - - R 2 t )  

m34(t) = i[{un(O) + m34(0))exP (-Rit) + {miz(O) -u34(0))exP (--R3t)I 

When oI2 = 034, equations (39)-(41) simplify to 

0 1 2 ( 4  = u12(0) exp ( - R l t )  = 4 0 )  exp ( - t / T z F )  

623(f) = a23(0) exp ( - R 2 t )  = m23(0)  exp ( - t l T 2 S )  

m34(t) = a34(0) exp ( - R l r )  = m34(0) exp ( - t l T 2 F )  

Similar equations apply for uZ1, 6 3 2  and ~ 4 ~ .  The energy level and T2 relaxation 
diagram for spin-; nuclei is shown in Fig. 1. 

We now apply the above theory to modelling of the “pulse-and-collect”, 
Hahn spin-echo and triple-quantum filtered T2 experiments. 

2.6. The pulse-and-collect experiment 

The pulse sequence for this simplest of Fourier transform (FT)-NMR 
experiments is 

Before the 7r/2, pulse the density matrix is given by u(O), the thermal equilib- 
rium density matrix. After the pulse, 

~ / 2 ,  - Acq. (44) 

Ul(+)  = R x ( - ~ / 2 ) 4 O ) R x ( ~ / 2 )  (45) 
which is 

m i ( + )  = 1/2 

0 -iJ3 0 0 
iJ3 0 -i2 0 

0 i2 0 -iJ3 
0 0 iJ3 0 
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1 12 

By comparison with equation (12), a1 (+) is simply I,, as expected. During the 
acquisition period the magnetization undergoes CSE and relaxation. Applying 
the CSE operator, equation (26), gives 

(47) 

- 
0 - iJ3Fexp ( iAwt)  0 0 

iJ3Fexp (- iAwt)  0 - i2Sexp ( iAwt)  0 

0 0 iJ3Fexp ( - iAwt )  0 

0 i2Sexp (- iAwt)  0 - iJ3Fexp ( iAwt)  

u2( t )  = 

0 - i d 3  exp ( iAwt)  0 0 

i J 3  exp ( - iAwt )  0 - i 2 exp ( iAwt)  0 

0 0 i J 3  exp (- iAwt)  0 

0 i 2exp  ( - iAwt )  0 -i \ / 3  exp ( iAwt)  
1 12 

(49) 

(I, + i I , )  = i [3 exp ( - t /  T2F) + 2 exp (- t /  T2s)] exp (-iAwt) (50) 

The general form of the FID is thus bie~ponential?~ giving rise to a 
bi-Lorentzian, or “super-Lorentzian” lineshape.44 The effect of field inhomo- 
geneity broadening has been ignored in this analysis, but may be included by 
replacing T2i with Gs in equation (50). The initial detectable magnetization 
may be normalized to unity by dividing equation (50) by 5, i.e. 

(51) 

The detected signal, (I, + iI,), is given by equation (19), i.e. 

(Ix $- i I , )  = ( i / 5 ) [ 3 e ~ p ( - t / T ~ ~ )  + 2exp(-t/Tzs)]exp(-iAwt) 

2.7. The Hahn spin-echo experiment 

The pulse sequence for this experiment is 

7 ~ 1 2 ~  - 7-12 - T~ - 7-12 - Acq. 
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Utilizing the result of the previous section gives the form of the density matrix at 
the end of the first evolution period: 
u3(7/2)  

0 -iJ3F'exp ( iAwr/2)  0 0 

i d 3 F ' e x p  ( - iAwr/2)  0 - i2S 'exp ( iAwrI2)  0 

0 0 iJ3F'exp  ( - iAwr/2)  0 

0 i2S 'exp  (- iAwr/2)  0 - iJ3Ftexp  ( i A u r / 2 )  

( 5 3 )  

64 (7 /2 ,  +) = Ry(-7+3(T/2Py(74 (54) 

where F' = exp ( - r / 2 T Z F )  and S' = exp ( -7/2TZs) .  After the rY pulse, 

04(7/2)  = 

1 0 - iJ3F'exp ( - iAwr/2)  0 0 

i J3F'exp  ( i A w I 2 )  0 -i 2s '  exp (- iAwr/2)  0 

0 0 i J 3 F ' e x p  ( iAwr/2)  0 

0 i2S 'exp  ( i A w r / 2 )  0 -iJ3F ' exp ( - iAwr/2)  
1 12 

( 5 5 )  
Note the reversal of phase due to refocusing of the CSE. 

Applying the CSE operators during the second evolution period gives 

r 0 -id3F' 0 0 1  

0 - i d 3 F f  

0 iJ3F' 0 

iJ3F' 0 
6 5 ( T )  = 1/2 

i2S' 

Applying the relaxation operator, and defining F' - F' = f = exp ( - r / T Z F )  and 
S I '  S = s = exp ( -r /T2S)r  

o -iJ3f 0 o 1 

I i d 3 f  0 -i2s 0 

0 i d 3 f  0 

6 6 ( T )  = 1/2 
i 2s 0 -iJ3f (57) 

During the acquisition period CSE and relaxation occur as in Section 2.9. The 
final density matrix is, therefore, 

u7(tr7) = 

0 - iJ3 fFexp  ( i A w t )  0 0 

1,2 I i J 3 f F e x p  ( - iAwt)  0 - i2sSexp  ( i A w t )  0 

0 i 2 s S e x p  (-iAwt) 0 - iJ3 fFexp  ( i A w t )  

0 0 i J 3 f F e x p  ( - iAwt)  0 

(58) 
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Using equation (19), the detected signal, (Ix + iIy), is 

i[3exp ( - T / T ~ ~ )  exp (-t /T&) + 2exp ( - ~ / T ~ ~ ) e x p  (-t /qi)]  exp (-iAut) 

(59) 
which must also be normalized by dividing through by 5. 

So far, biexponential relaxation has been the only aspect of the behaviour of 
quadrupolar nuclei which has distinguished them from the classical model of 
nuclear magnetism. This is because all the density matrices generated have con- 
tained only single-quantum elements, which behave classically in response to rf 
pulses. The order of multiple-quantum coherence for a density matrix element 
u,, is In -- rn( for the special case of a single spin. The coherence pattern for a 
spin-; density matrix is thus, 

r o  I 2 31 
1 0 1 2  

u =  l2  1 0 l J  
3 2 1 0  

In the next section a pulse sequence which excites both single- and triple- 
quantum coherences will be studied. 

2.8. The triple-quantum filtered experiment 

The pulse sequence for this experiment is4’ 

~ / 2 ,  - 712 - x, - 712 - ~ / 2 ,  - 6 - ~ / 2 ,  - Acq. (61) 

Using the result from equation (57)  for the sequence up to the end of the second 
7-/2 period, and applying the first ~ / 2 ,  pulse, gives 

1 0 -i4J3(s + f )  0 i12(s - f )  

0 i4(s + 3f) 0 -i4J3(s + f )  
i4J3(s + f )  0 -i4(s + 3f) 0 

-i12(s - f )  0 i4J3(s +f) 0 

(62) 

[ c ~ ( T ,  +) = 1/16 

Comparison of equation (62) with (60) shows that both single- and triple- 
quantum coherences are excited. The single-quantum coherences may be elim- 
inated by phase cycling the pulses in the manner discussed by Braunschweiler et 
a1!6 The phase cycle consists of stepping the first three pulses through phase 
increments of x/3, while holding the phase of the last pulse at zero, and 
alternating the receiver phase. Possible artefacts due to pulse imperfections 
may be reduced by additional phase cycling of the T pulse according to the 
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“Exorcycle” phase scheme.47 The density matrix is then, 
0 0 0 i12(s-f) 
0 0 0  
0 0 0  0 

-i12(s-f) 0 0 0 

o ~ ( T )  = 1/16 

During the 6 period, the triple-quantum coherence undergoes both CSE and 
relaxation. Applying the CSE operator gives 

1 
i 

0 0 0 i12(s - f )  exp (i3AwS) 
0 0 0  0 
0 0 0  0 

-i12(s - f )  exp (-i3Aw6) 0 0 0 

(64) 
i 
i 

a l o ( ~ + 6 )  = 1/16 

It can be shown that the triple-quantum relaxation rate is the same as Rz ,  
equation (36).32 So, defining d = exp ( - S / T ‘ 2 s ) ,  gives 

0 0 0 il2d(~-f)exp(i3AwS) 
0 0 0  0 
0 0 0  0 

-il2d(s-f) exp (-i3Aw6) 0 0 0 

(65) 

[ 0 0 0 ia1 

~ 1 1 ( ~ + 6 )  = 1/16 

Defining a = 12 . d .  (s - f )  - exp (i3Aw6), equation (65) may be written as 

L-ia* o o O ]  

Equation (19) shows that only single-quantum transitions are detectable as 
transverse magnetization. In order to detect the ia and -ia* triple-quantum 
terms they must be “moved” into the single-quantum elements of the density 
matrix. This is the formation of the final 7 ~ / 2 ~  pulse. The density matrix after 
this pulse is 

a12(7 + 6, +) = 

1/128 

i(a - a*)  iJ3(a + a*)  iJ3(a - a*)  i(a + a*)  

-iJ3(a + a*) i3(a - a*)  -i3(a + a*)  -iJ3(a - a*)  

iJ3(a - a*)  i3(a + a*) i3(a - a*) iJ3(a + a*) 

-i(a + a*) -iJ3(a - a*)  -iJ3(a - a*) -i(a - a*)  
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Including the effect of CSE and relaxation during the acquisition period, the 
detected magnetization, (Ix + iIy), is of the form 

(1/128)[i6(a + a*)S - i6(a + a*)F] exp (-iAwt) (68) 
It is simple to show that (a  + a*) = 24.d. (s -f) - cos (3Aw6),  and substituting 
this into equation (68) gives 

(9/8)[exp ( - 7 / T 2 S )  - exp (-7/T2F)1 exp ( - 6 / T 2 S )  cos (3A"J'5) 

x [exp ( - Z / T ~ ~ )  - exp (-t /T2F)] exp (-iAwt) (69) 
Including the normalization factor of 1/5, equation (69) becomes 

(9/40)[exp (--7/T2s) - exp ( - 7 / T 2 ~ ) ]  exp ( - - C ~ / T ~ ~ )  cos (3Aw6)x  

x [exp ( - t /  T2s) - exp ( - t /  TIF)] exp (- iAwt) (70) 
Which agrees with the result obtained using the irreducible tensor formalism.34 
The triple-quantum filtration pulse sequence, applied to a spin-; quadrupolar 
nucleus, produces almost exactly the same result as does the double-quantum 
filtration sequence, except for two differences. The double-quantum relaxation 
rate is faster than the triple-quantum relaxation rate, and the triple-quantum 
FID is a factor of 1.5 larger than the double-quantum FID.34 The triple- 
quantum filter will thus require less than half the number of acquisitions to 
equal the signal-to-noise of the double-quantum sequence. 

3. QUADRUPOLAR RELAXATION AND CHEMICAL EXCHANGE 

3.1. Transverse relaxation of spin+ nuclei 

We now consider relaxation of quadrupolar ions in greater detail. The theory 
presented applies to any spin-3 uadrupolar nucleus, though the experimental 
examples discussed are of 87Rb in agarose gels. 

The simplest of all forms of single-site quadrupolar relaxation occurs for the 
case ( W T ~ ) ~  << 1, known as relaxation within the motional narrowing region. All 
spectral density functions, j (nw) ,  tend toj(O), which is simply equal to T~ (see 
equation (32)), and there is then no difference between T2s and T2F. The 
same is also true for T I ,  and TIF, resulting in the following expression for the 
longitudinal and transverse relaxation times, 

2 2 .  

1 1 1 eV,,Q 
TI - T2 -20 [ h ] Tc 

-- - - _ -  

Single-site relaxation is not very biophysical, as ions in living tissues are in 
exchange with a multitude of molecular and membrane binding sites. The 
bound ions are expected to be subject to large electric field gradients and 
long correlation times, resulting in non-motional narrowing relaxation, i.e. 
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(wrc)2 >> 1. We consider only the fast exchange case, where the time the ion 
spends in a bound state is much less than its transverse relaxation time. The 
theory of two-site exchange for spin-$ nuclei which we now discuss was devel- 

the "free" and "bound" relaxation times respectively. If r is the average time 
the ion spends in the bound state, and p is the fraction of the ions in the bound 
state, then the measured relaxation rates, Rap, for p << 1, are 

oped by Let CY = 1 or 2, and ,B = S or F, then, T a F  and Tap BOUND are 

The nuclear correlation time, T, ,  is approximately equal to 7, the average bind- 
ing time. For rapid exchange, r << T;FUND, and thus the T may be dropped 
from equation (72), which then becomes 

where T a F  has been replaced by TFREE, as in free solution the slow and fast 
TI and T2 relaxation times are equal. This may be written solely in terms of the 
relaxation rates, i.e. 

The fraction of bound ions, p ,  may be written as K[S], where [ S ]  is the 
concentration of binding sites, and K is the equilibrium constant for the 
(ion' + S)FREE c-$ (ion'S)BOUND reaction. Equation (74) becomes 

The bound site correlation time can be calculated from this equation,49 though 
for any practical situation it is unlikely that the two-site exchange model and its 
corresponding single-site correlation time realistically reflects the actual events 
in a biochemical medium. Equation (75) may be simply extended to multiple- 
binding sites, i.e. 

Rap = RFREE + Ki[Si]R:FyND 
I 

where i is summed over all possible sites. It is not possible to calculate the 
multiple correlation times from this equation without introducing further 
assumptions about the relaxation beha~iour.~' 

Before considering the consequences of these equations theoretically, we 
present some experimental results which graphically illustrate the influence of 
the concentration of binding sites on the measured transverse relaxation rates 
of the "Rb' nu~leus .~ '  An analysis of 23Na NMR relaxation in a variety 
of model systems, including agarose, has been undertaken by Payne and 
Styles.52 The triple-quantum filtration experiment was used to determine T ~ s  
and TZF for 87Rbf in gels of the carbohydrate agarose, and the dependence 
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of T ~ s  and T ~ F  on agarose concentration was determined. The magnetic field 
dependence of the agarose relaxation times was measured at 1.9, 4.2 and 
7.05 T. As shown in Section 2, triple-quantum filtration of spin-; nuclei gives 
rise to detectable magnetization, on resonance, and with 6 M 0, of the form 

[exp (--7/T2S) - exp (-TlT2F)][exP (-llT2S) - exp (-llT2F)] (77) 

The frequency domain signal is the difference between two Lorentzians, one 
corresponding to Tzs and the other to T ~ F .  By performing a number of 
experiments, each at a different T time, a set of spectra are obtained, in which the 
peak amplitudes vary according to the function [exp (--7/TZs) - exp (-./TZF)], 
yielding values for T2s and T2F. Experiments following this protocol were 
performed on agarose gels of concentration from 1 to l6gY0. All samples 
were prepared in 1 M RbCl. A triple-quantum filtered spectrum of RbCl in 
the presence of 2g% agarose sample is shown in Fig. 2a, while Fig. 2b shows 
the dependence of the peak amplitudes of the triple-quantum creation time, 
T.  The slow and fast relaxation times of 87Rb+ in agarose are plotted in Fig. 
3. The field dependence of T2s and T 2 ~  in 4g% agarose is plotted in Fig. 4. 

Plots of R2BSouND (equation (36)) and RFPmD (equation (35)) as a function of 
correlation time and frequency are shown in Fig. 5. For correlation times 
> l /w ,  R;FuND increases linearly with rcr while R;:mD decreases slowly. 

. . . , , . . . 

Creation time 

Fig. 2. (A) 87Rb triple-quantum filtered NMR spectrum of 2 g% agarose in RbCl. (B) 
Dependence of the triple-quantum signal amplitude on the triple-quantum creation 
time-a biexponential fit to the peak heights of the series of spectra yields the T2s and 

T2F relaxation times. From Ref. 51, with permission. 
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Fig. 3. "Rb T2s and T2F relaxation times as a function of agarose gel concentration. 
0, TZs; 0, T2F. From Ref. 51, with permission. 

This illustrates that for an ion in exchange with a binding site where r, is 
expected to be long, T2F < T2s. From equation (76) it is clear that as the con- 
centration of possible binding sites, [Si], rises, so the measured rate of relax- 
ation rises. [Si] is obviously proportional to the number of binding sites per 
molecule (n) ,  and may be written as [Si] = ni- [C], where [C] is the concen- 
tration of molecules. The measured relaxation rates may then be written as, 

A plot of R2p against [C]  should give a straight line of slope C Ki . ni. R;;uND. 
A plot of R2F against agarose concentration is shown in Fig. 6. For agarose 
concentrations less than 8g% the data are linear, suggesting that the multi- 
site exchange model adequately explains the behaviour of 87Rb+ ions in 
solution. The 87Rb-agarose experiments illustrate the much-reported NMR 
invisibility of spin-; ion in tissues. As T ~ F  << T2s it is possible that a large 
proportion of the rapidly relaxing I & 3/2) --+ I f 1/2) transition could be lost 
during the rf pulse and receiver delay, or just broadened into the baseline noise 

P 4 i0.j - 0) . ; .  i , ,  m ,  
U 

2 4 6 
0.0 

E 

Magnetic field strength (T) 

Fig. 4. Dependence of the s7Rb+ T2s and T2F relaxation times in 4g% agarose on 
magnetic field strength. 0,  T2s; 0, TZF. From Ref. 51, with permission. 
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Fig. 5. Dependence of the slow, R2S,  and fast, RZF, relaxation rates on correlation time 
(A) and frequency (B). The correlation time is expressed in units of l/w, and the 
frequency is expressed in units of 1 / ~ .  The relaxation rates are in arbitrary units. From 

Ref. 51, with permission. 

c 
v) 
m 
LL 

20000 

16000 

12000 

8000 

4000 

0 I 
1 . I . I . I . I  

0 4 8 1 2  16 20 

Agarose concentration (9%) 

Fig. 6. The fast relaxation rate, R2F, of s7Rb+ in agarose. The form of the line fitted to 
the first 4 points is RZF = 834(&359) + [agarose] x 976(&67). The last point was omitted 

as it did not fall within the linear region of the two-site exchange model. 
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of the spectrum. This will decrease the NMR visibility of the relevant ion. 
Assuming that all the signal from the rapidly relaxing transition is lost, only 
40%43 of the total amount of the spin-; ion present will be detected (see equa- 
tion (57)). This explanation of the apparent invisibility of 23Naf in animal 
tissues was initially proposed by Berendsen and Edzes.2 There are numerous 
reports on the reduced visibility of 23Naf , 39 K + and 87Rb+ in heart, kidney 
and musc1e,16333,53-56 though the visibility of these ions in human erythrocytes 
has been shown to be 100%.57,58 Recent work by Shinar and N a ~ o n ~ ~  has 
shown that the 23Na+ relaxation times in nucleated cells are much shorter 
than the relaxation times in cells devoid of a nucleus, such as the human red 
cell, which goes to support the observed decrease in spin-: ion visibility in 
tissues other than erythrocytes. 

3.2. Longitudinal relaxation of spin4 nuclei 

The equations for T1 relaxation are4 

and 

(79) 

where R l s  and RIF  are the rates of slow and fast TI  relaxation, and the numbers 
in parenthesis are the percentages of total relaxation proceeding via each 
channel. 

The biexponential nature of the longitudinal relaxation time is very difficult 
to detect,4 and TI may be regarded as a uniexponential process, with rate 
constant4g 

1 0.2 0.8 
- =-+- 
T I  T I S  

For a population of spins exchanging between a free and a bound state, the 
measured TI  relaxation rate, by analogy to the T2 case, is 

R 1 -  - R F R ~ ~  1 + C K, . ni . @OUND. [c] (82) 
i 

where RYoUND is given by equations (79, 80 and 81). 
The experimental dependence of R1 for 87Rb+ as a function of agarose con- 

centration and magnetic field strength is shown in Fig. 7, and the theoretical 
interpretation of these results is very similar to that used for the transverse 
relaxation case. 
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Fig. 7. The TI  relaxation rates, R 1 ,  of 87Rb+ in agarose at 1.9T (0 )  and 7.05T 
(0). The forms of the lines are, Rl(.) = 584(f151) + [agarose] x 126(f12), and 

R , ( O )  = 417(&25) + [agarose] x 68(+2). 

4. DIFFERENTIATION BETWEEN INTRA- AND 
EXTRACELLULAR IONS 

4.1. Introduction 

In order to study the distribution of cations across cell membranes and the 
transmembrane flux by NMR, it is essential to differentiate between signals 
originating from the various intracellular and extracellular spaces. In order to 
do this, spins in each space must be “labelled”. The magnetization in any com- 
partment is characterized by a set of parameters: w, T I ,  T2, and T2F, and if these 
parameters differ considerably between compartments they may be used as 
the basis of a spectral editing or data-processing technique designed to either 
separate intra- and extracellular resonances or to selectively detect one of these 
signals, whilst suppressing the others. We shall simplify matters by assuming 
that the tissue is composed only of an intracellular and extracellular space. 
The validity of this assumption varies, depending on the tissue type under 
consideration. 

4.2. Differentiation with respect to resonant frequency 

Having the intra- and extracellular signals resonating at different frequencies in 
the spectrum is the simplest method of differentiating between intra- and extra- 
cellular cation resonances. This method allows the direct measurement of com- 
partment populations, and under certain conditions, the measurement of the 
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flux of ions from one compartment to the other. For ions with quadrupolar 
nuclei the chemical shift separation of intra- and extracellular resonances may 
result from the interaction of the quadrupolar moment with the intracellular 
environment, or because of the addition of a paramagnetic shift reagent to 
the extracellular space. It has recently been shown that the intra- and extra- 
cellular resonances of '33Csf in red cells and rat heart are separated by 
N 1 ~ p r n . ~ '  This intrinsic shift is presumably due to second-order perturbation 
effects of the quadrupolar Hamiltonian on the Zeeman energy level states.44 
Fortunately, the 133Cs+ relaxation times are long, giving rise to narrow spectral 
lines, which for a 1 ppm separation at high field, are resolved. No intrinsic 
chemical shift of intracellular 23Na+, 39Kf or 87Rb+ resonances have been 
observed, and we are forced to resort to more interventional methods. 

4.2.1. Paramagnetic shift reagents 

The paramagnetic shift reagents dysprosium tripolyphosphate, Dy(PPP)i-, and 
dysprosium triethylenetetraamine-hexa-acetic acid, DY(TTHA)~-, have been 
used extensively to resolve intra- and extracellular 23Na+ and 39K+ resonances 
in red ce11s,5~8~'2~57~60 rat and frog heart,'6,'7,61 rat and frog m u ~ c l e , ~ " ~  and cat 
brain.62 These anionic shift reagents do not pass through cellular membranes, 
nor do they have a great affinity for large macromolecules, which, under 
physiological conditions, are negatively charged. The hyperfine shift of the 
ion is induced by the paramagnetic lanthanide, Dy3+, whilst the function of 
the negatively charged ligand is to bring the inorganic and paramagnetic ions 
into close proximity. See Springer33 for a review of this topic. 

The efficacy of Dy(PPP)i- and DY(TTHA)~- as shift reagents for a variety of 
ions, including 23Na+ , 39 K + and "Rb', has been e ~ a m i n e d , ~  and the effect of 
temperature, osmolarity and shift reagent concentration on the chemical shift 
has been studied by Burnstein and F0sse1.~~ The chemical shift of 87Rb+ as a 
function of DY(TTHA)~- concentration in the presence of 6.7 g% bovine 
serum albumin (BSA) is shown in Fig. 8. The BSA was included to mimic the 
extracellular plasma environment. 

4.2.2. Halide shift reagents 

All the alkali metals show significant shifts in the presence of halide ions,64 
and iodide (I)  introduces 87Rbf shifts in excess of 50ppm. In addition, the 
Rbt-Ip interaction does not give rise to very large 87Rb+ relaxation effects, 
and hence the linewidths are not significantly increased. The concentrations 
of I- required to induce large shifts are in the molar range. This obviously 
disqualifies I- as a shift reagent for use in biological studies, but Rb+- and 
I--containing solutions do form a very good reference for quantification 
studies. 
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Fig. 8. (A) The chemical shift of l O m ~  RbCl in 6.7g% BSA as a function of 
DY(TTHA)~- concentration. (B) The *’Rb+ linewidths as a function of the DY(TTHA)~- 

concentration. 

4.3. Relaxation time editing of 87Rbf NMR spectra 

The intra- and extracellular environments are very different in their chemical 
composition, and the high intracellular protein and membrane concentration 
suggests that the relaxation times of intracellular ions should be considerably 
shorter than those in the extracellular fluid. This assertion is corroborated by 
experimental measurements. A number of pulse techniques have been devel- 
oped for the suppression of one resonance with particular relaxation times, 
whilst selectively detecting another resonance with different relaxation 
 time^.^^'^^ All these techniques are based on the conventional inversion- 
recovery or spin-echo experiments, and offer the promise of resolving intra- and 
extracellular resonances without the addition of potentially harmful shift 
reagents to the sy~tem.~’  If the linewidth of the intra- and extracellular signals 
are very different, then simple lineshape analysis will allow differentiation 
between the intra- and extracellular resonances. On the basis of preliminary 
studies of 87Rb NMR of cells and perfused organs it was clear that the 
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intracellular 87Rb+ resonance was very broad (w 900 Hz in kidney and heart 
at 4.2T), while the extracellular signal was still close to the free solution 
linewidth (- 150-200 Hz), this allowed computer lineshape analysis to be 
used to differentiate between these two resonances in studies of the per- 
fused rat kidney.68 A similar method of differentiating between intra- and 
extracellular 39Kf resonances in the perfused salivary gland has also been 
developed. 69 

An alternative to exploiting natural differences between intra- and extra- 
cellular relaxation times is to generate an artificial difference by chemical 
means. Degani and Elgavish3 used Gd(EDTA)- to broaden the extra- 
cellular resonances so that the intracellular 23Na+ and 7Li+ resonances in 
lipid vesicles could be measured. Riddell and Southon4 used diamagnetic 
complexes of lanthanum and tripolyphosphate to broaden the extracellular 
87Rb+ resonance in red cells, allowing the intracellular signal to be 
observed. 

4.4. Editing by triplequantum filtration 

It has been reported that double-quantum filtration of erythrocyte 23Na spectra 
allows the selective detection of intracellular sodium.70 As seen in Section 2, 
triple- or double-quantum filtered (TQF or DQF) signals are detectable only 
if T ~ F  << T ~ s .  Analysis of equation (70) shows the size of the TQF signal to 
be a monotonically increasing function of the T ~ s / T ~ ~  r a t i ~ . ~ ” ~ ~  In Section 3 
we saw that the T2S/T2F ratio of 87Rb+ in agarose gels rose as a function of 
agarose concentration, suggesting that quadrupolar ions in contact with a 
multiplicity of binding sites give rise to more DQF/TQF signal than those 
with access to fewer binding  site^.^^,^^ This is illustrated in Fig. 9, where DQF 
87 Rb spectra of RbCl solutions containing increasing quantities of the protein 
bovine serum albumin (BSA) are shown. As the BSA concentration rises, so 
too does the size of the DQF signal. Note that the RbI reference does not 
give rise to a DQF In practice both intra- and extracellular ions give 
rise to DQF/TQF signals, as was illustrated in an elegant set of experiments 
by Jelicks and G ~ p t a . ~ ~  They showed that in the absence of any shift 
reagent, both intra- and extracellular red cell 23Na+ gave rise to a DQF 
signal. As the extracellular shift reagent concentration rose, so the extra- 
cellular DQF resonance was decreased or “quenched”, presumably due to 
equalization of the TZs and T2F relaxation times by paramagnetic relax- 
ation. In an extension to this work they showed that submillimolar quan- 
tities of the paramagnetic relaxation agent Gd(PPP):- could be used to 
quench the extracellular DQF r e ~ o n a n c e . ~ ” ~ ~  The DQF/TQF resonance can 
be quantificated, either by comparison with a calibrated DQF/TQF refer- 
e n ~ e , ~ ~  or by comparison with a conventional single-quantum spectrum 
containing a calibrated reference.77 
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Fig. 9. Single- and triple-quantum filtered 87Rb spectra as a function of BSA concen- 
tration. The triple-quantum creation time was set to T, , ,~~  for each sample. The triple- 
quantum filtered spectrum (10 240 scans) is plotted above the corresponding single- 
quantum spectrum (64 scans). The downfield peak in the single-quantum spectrum is 

a Rb and KI reference. From Ref. 72, with permission. 

5. THE STUDY OF ION TRANSPORT BY METAL CATION NMR 

The availability and resilience of human red cells have led to their being more 
intensively studied than any other mammalian cell system. The transport of a 
wide variety of organic metabolites and inorganic ions have been studied by 
high-resolution NMR. Early work utilized the techniques of 31P,78 13C79 and 
' H NMR.80 The development of membrane-impermeable, paramagnetic shift 
reagents, capable of differentiating between intra- and extracellular 
greatly accelerated interest in the study of red cell ion transport by NMR. 
Most early work dealt with the steady-state transmembrane distribution and 
relaxation properties of Na+, Lit and Kt.5,8,12,13,60,81,82 Intracellular Na+ and 
K+ concentrations measured by NMR agreed with those determined by 
other analytical means; approximately 10 mM and 100 mM, respectively. The 
ouabain-sensitive Na' efflux and ionophore-induced influx in red cells has 
been studied by Ogino et al.57 Measurement of the intra- and extracellular 
Na+ concentration in red cells by NMR allowed Cowan and co-workers to cal- 
culate the sodium membrane potentiaLg3 Recent work by Shinar and N a ~ o n ~ ~  
has shed light on the nature of intracellular relaxation, showing that binding of 
Na+ to the nucleus of the cell leads to a large increase in relaxation rate. This 
result also provides an explanation for the 100% visibility of 23Na+ and 39Kf 
ions in un-nucleated red cells, as opposed to the reduced visibility of these 
ions reported in most other t i~sues . '~ ' '~  The relationship between efflux and 
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influx of K+, Na' and pH (H') in yeast cells was investigated by Ogino and 
co-workers. I '  Studies of tissues include rat and frog heart, I6. l7  kidney 
 tubule^,'^"^ cultured renal epithelial cells,84 rat and frog m u ~ c l e , ~ " ~  salivary 
glandsg5@ and cat brain.62 The majority of these studies involved monitoring 
changes to intracellular Na+ while carrying out some manipulation of the 
set of parameters affecting Na+ transport rate. These include adding the 
Na+-K+-ATPase inhibitor, ouabain, inducing ischaemia, and changing 
the extracellular ion content. The NMR visibility of 23Na+ and 39K+ in these 
studies varied from 20% to loo%, depending on the identity of the tissue and 
the investigator. A detailed discussion of visibility of these two ions is given 
by Springer.33 

5.1. Human erythrocytes 

None of these studies dealt with the normal unidirectional K+ flux across the 
cell membrane, and the only method of determining this flux in living tissues 
is to follow the kinetics of a suitable K+ congener. Both Csf and Rb+ have 
been used as biological congeners of K'.26,28 Rb+ most resembles K+ and 
radioactive 86Rbf is the mainstay of much of the research into K' flux in cells 
and organs. A detailed NMR study of the kinetics of i33Cs+ transport in red 
cells and perfused rat heart27 has shown Cs+ to be transported at about 1/3 
of the rate of K+. Before discussing 87Rb NMR studies of red cell Rb' trans- 
port we need to develop a simple model of Rb' transport in cells. 

Many cell types take up Rb' and K+ in a very similar way; however, the 
efflux of Rb+ and K+ from cells is different, leading to intracellular Rb+ con- 
centrations different to that predicted on the basis of a direct substitution of 
Rb+ for K+.28 The total flux of K+ in human red cells may be separated into 
two components: one, linear with the external K' concentration, and assumed 
to be due to passive diffusion; and the other, representing the major fraction of 
all transport, which saturates with external K+ concentration, and is associated 
with active sodium transport by the protein Na-K-ATPase. About 80-90% 
of the saturable component can be blocked with cardiac glycosides such as 
~uaba in .~ '  There are certainly a number of other Kf transport channels in 
the red cell, but these are quiescent under normal conditions of pH, osmolarity 
and pressure. In studies of radioactive 86Rb+ transport, the Rb' is present in 
tracer quantities, implying that competition between Rb+ and K+ may be 
ignored. In NMR studies of 87Rbf transport, the Rb+ is present in much larger 
(millimolar) concentrations, which requires that competition between the two 
ions for transport channels be taken into account. The rate of active Rb+ 
uptake, VRb, may be written as a fraction of the total rate of active transport 
of both Rb+ and K+, Vmax: 
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Assuming that the passive uptake and efflux rate constants, k, are equal, we may 
write the intracellular Rbf concentration as: 

For a constant extracellular Rb' concentration, [Rb]E, and an initial intra- 
cellular Rbf concentration of zero, the solution is simple. 

If the extracellular Rb+ concentration changes with time, the solution is more 
complicated, but we will not discuss this here. If the NMR experiment allows 
sufficient time resolution, we can mirror radioactive tracer experiments and 
use the data acquired in the linear part of the exponential curve, i.e. where 
t < 1 /k, as  this eliminates any need to model the passive efflux part of the trans- 
port process correctly. For cellular studies at high field this is possible, but for 
perfused organ studies at lower field the sensitivity of the NMR experiment does 
not permit this, and we are forced to acquire data over a longer time period and 
fit equation (85) to the resulting spectral areas. 

Two reports on the measurement of Rb' transport in red cells by s7Rbf 
NMR have been p~blished.~', '~ Both groups used DY(TTHA)~- to resolve 
the intra- and extracellular 87Rbf resonances. The relative frequency shift 
between intra- and extracellular red cell resonances at 7 T, in buffers containing 
5, 10, 15, 20, 25, 30 and 3 5 m ~  DY(TTHA)~-, are shown in Fig. 10. 

In experiments carried out in our laboratory, washed erythrocytes were resus- 
pended in buffer, containing 25 mM DY(TTHA)~-, to a haematocrit of 50%, to 
which RbCl was added, resulting in an extracellular Rb' concentration of 
IOmM. NMR spectra were acquired with a 7r/2 pulse applied every 12.8ms. 
A spectrum was acquired every 20min, and the bore of the magnet was 
maintained at 37°C during the experiment. The natural linewidth of both the 
intra- and extracellular resonances was - 450 Hz. A stacked plot of Gaussian 
resolution-enhanced 87Rb spectra as a function of time are shown in Fig. 11. 
Rb' uptake is shown to be slow, and easily monitored by 87Rb NMR. Having 
measured the Rb' uptake rate from the initial linear part of the exponential 
uptake curve, the result was scaled to calculate the K+ flux, using equation 
(83).  The average K+ flux calculated from these measurements was 
1.8 f 0.3 mmol/h litre of cells. A full analysis of the exponential uptake with 
time, taking account of the changing extracellular Rbf concentration yielded 
a value for the K+ flux of 1.7 mmol/h litre of cells." Both results are in good 
agreement with the literature values for the unidirectional K+ flux into erythro- 
cytes of between 1.5 and 2.1 mmol/hlitre of  cell^.^^"^ The total integral of the 
87Rbf NMR signal (intra- plus extracellular) did not change during the course 
of any of the uptake experiments, implying that the intracellular NMR visibility 
of 87Rb' is N 100%. This is consistent with what has been found for 23Na+ and 
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Fig. 10. 87Rb NMR spectra of Rb+-loaded erythrocytes in buffer containing Rb’ 
and varying concentrations (mM) of DY(TTHA)~-. The spectra were acquired 

at 7.05T. 

3yK+ in  erythrocyte^.^' Helpern et al.” followed a similar protocol to that 
described above, though they performed their experiments at 9.3 T, and so 
were able to use a lower shift reagent concentration ( 1 0 m ~  DY(TTHA)~-).  
They also replaced all of the extracellular Kf with Rbf,  leading to an extra- 
cellular Rb+ concentration of 18 mM. On analysing their uptake data in terms 
of a simple kinetic model they found a Rbf uptake rate of 1.3 mmol/h litre of 
cells, which though slightly low, is still close to the literature values for Rb+ 
uptake in red cells. They reported a reduced visibility for intracellular 87Rb+, 
though this can probably be explained by signal loss during the long receiver 
delay (144 ps) used. 

Assuming, for the sake of simplicity, that the transverse and longitudinal 
relaxation times of intracellular 23Na+, 39K+ and *’Rb+ were monoexpo- 
nential, Allis et ~ 1 . ~ ~  measured these relaxation times in red cells at 7T, and 
calculated the relative NMR sensitivity of the three nuclei. The results are 



APPLICATION OF 87Rb NMR TO LIVING SYSTEMS 24 1 

Intracellular 87Rb+ 

Chemical shift 

Fig. 11. A stacked plot of 87Rb NMR spectra of human erythrocytes as a function of 
time, showing the uptake of Rb'. The initial extracellular Rb+ concentration was 
lOmM, and the DY(TTHA)~- concentration was 2 5 m ~ .  Each spectrum took 4min to 
acquire, and the time between spectra was 20 min. Spectra were processed with Gaussian 

resolution enhancement. From Ref. 58, with permission. 

shown in Table 2. The sensitivities are normalized to that of 23Na, which is 
taken as 100%. 

The selective detection of intracellular 23Naf by double-quantum filtered 
NMR was discussed in Section 4.4, and it has been shown that intracellular 
87Rb+ in red cells can be selectively detected by this technique.72 87Rb NMR 
has recently been used to examine the cromakalim-induced Rb+ flux in 
cultivated smooth muscle cells.90 

5.2. Perfused rat heart 

Allis and c o - ~ o r k e r s ~ ~  used 87Rb NMR to measure the K+ flux into cardiac 
muscle. Hearts from Wistar rats were perfused in the Langendorff 
with modified Krebs-Henseleit buffer (KHB).93 The heart hung freely within 
the radiofrequency coil, thus eliminating the problems associated with Rb+ 
accumulation within any enclosing perfusion chamber. The temporal resol- 
ution between successive spectra was 250 s. Quantification of absolute amounts 

Table 2. TI and T2 relaxation times of 23Na+, 3yK+ and s7Rb+ in human erythrocytes at 
7.05 T. 

T2 (ms) Sensitivity ('10) 

23Na 
3y K 
"Rb 

20.6 3~ 0.2 
17.1 f 0.7 
0.95 f 0.08 

9.1 f 0.1 
6.8 +c 0.6 

0.71 + 0.06 

100 
3 

56 
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of Rb+ in hearts was obtained from the ratio of the heart signal to a calibrated 
reference consisting of Rb' and saturated KI. Hearts were weighed at the end of 
each experiment. Some hearts were freeze-clamped and their absolute Rb' 
content determined by atomic absorption spectrophotometry (AAS). The 
kinetic data obtained from these experiments were analysed in terms of the 
simple model of active and passive transport developed above. A stacked plot 
of 87Rb spectra as a function of the duration of Rb-KHB perfusion is shown 
in Fig. 12. The natural linewidth of the heart 87Rb spectra was M 720 Hz, corre- 
sponding to a T; of 4 5 0 ~ s .  The kinetic model parameters were VRb + kzE = 
0.41 f 0.07 pmol/ming and k = 0.028 f 0.002min-'. I,,, the equilibrium 
Rb+ concentration is given by ( VRb + kZE)/k or 11.9 f 1.9 pmol/g. The Rb' 
content of four hearts, determined by AAS, was 21.2 f 1.5 pmol/g. Comparing 
this with the NMR-measured Rb' concentration gave an NMR visibility of 
87Rb' in rat heart at 4.2T of 56 f 2%. This result elevated the true 
( VRb + klE) to 0.73 f 0.16 pmol/min g, and I,,, to 21.2 f 4.3 pmol/g. The 
physiological behaviour of the heart was not severely altered by the levels of 
intracellular Rb' achieved in these experiments. Relating Rbf and Kf fluxes 
in the same way as for the red cell experiments gave a K+ flux into the heart 
of 3.7 =k 0.8 pmol/min g. This compares favourably with the K+ flux as 
measured by radioactive 42K' of 3.3 pmol/min g.54>94 

5.3. Perfused rat kidney 

In studies performed by Endre et al., rat kidneys were perfused with 
Rb+-containing Krebs bicarbonate b ~ f f e r . ' ~ ' ~ ~  A tracer quantity of radioactive 
86Rbf was added to the perfusate in some experiments to evaluate the NMR visi- 
bility of the intracellular 87Rb. The uptake of NMR-detectable Rb+ into the kid- 
ney was analysed in terms of the model discussed above. The kinetic parameters 
obtained from three experiments were: VRb + kZE = 0.92 f 0.07 pmollmin g, 

Fig. 12. Stacked plot of 87Rb spectra showing the uptake of Rb' by a perfused rat heart. 
The time resolution between spectra was 4.2 min, and each spectrum was processed with 

150 Hz of exponential line-broadening. 
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k = 0.12 * 0.01 min-', implying that I,,, = 7.7 f 0 . 3 m ~ .  The average line- 
width of renal 87Rb+ spectra was = 800 Hz, corresponding to a &* of 400 ps. 
The proportion of tissue Rb+ observed by NMR (NMR-visible 87Rb+) was 
determined by comparing the final mass of Rb+ measured by NMR with that 
measured in an aqueous extract of the kidney by radioactive 86Rbf. The intra- 
cellular NMR visibility of 87Rbf in renal tissue determined by this method was 
42 f 8% (n  = 8), which is similar to the 45% NMR visibility reported for renal 

and close to the theoretical 40% visibility of quadrupolar ions in bio- 
logical  environment^.^^ Including the 42 f 8% NMR visibility of 87Rb+ in 
renal tissue elevated Z,,, to 18.3 f 3 . 6 m ~  and the initial uptake rate to 
2.2 f 0.4 pmol/min g. This gave a unidirectional Kf flux into the whole kidney 
of 9.1 f 1.7 pmol/min g. Literature values of K+ flux measured using radio- 
active 42K'- are between 5.8 and 8.8 pmol/min g in isolated rat kidney tubulesg6 
and 12.1 pmol/min g in guinea-pig kidney cortex slices.97 These values compare 
favourably with the figure inferred from the 87Rb NMR measurements. 

39K+ 53 , 

5.4. Perfused rat salivary gland 

The perfused rat salivary gland is a good test bed for the study of ion fluxes as 
the gland is quite resilient and easily stimulated by secretomotor agonists, 
leading to substantial Naf and K+ fluxes, amongst others. Steward et dg8 
showed uptake of Rb' and changes in Rb' flux in response to acetylcholine. 
They were also able to demonstrate selective detection of intracellular 87Rb+ 
by double-quantum filtered 87Rb NMR. 

5.5. Intact rat muscle 

Syme et ~ 1 . ~ ~  loaded Sprague-Dawley rats with Rb' for 3-7 days prior to the 
NMR study, during which the rats were anaesthetized and placed in a 1.9T 
magnet. NMR signals were acquired from the hindquarter muscle (see Fig. 
13). The width of the intracellular 87Rbf signal was = 2000 Hz, corresponding 
to a &* of 160 ps, and twice the width of signals encountered in heart and kidney 
at 4.3 T. This is consistent with the field dependence of 87Rb T2s measured for 
87Rb+ in agarose (Section 3.1). The NMR visibility of muscle 87Rbf was calcu- 
lated by comparing AAS measurements of the muscle Rb+ content to the NMR 
measurement, and gave an NMR visibility of 41 f 3%. Syme et dg9 used 87Rb 
NMR to show that the rate of Rb+ uptake into muscle of spontaneously hyper- 
tensive rats was three times higher than the rate of uptake into normotensive 
control rats. 
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Fig. 13. 87Rb NMR spectra of muscle from Rb+-loaded rat, in vivo at 1.9 T. 

6. CONCLUSION 

87Rb NMR provides a unique, non-destructive method for measurement of 
potassium fluxes in living systems. Agreement between the 87Rb NMR method 
and the conventional 86Rb tracer method is very good, providing that 
the reduced NMR visibility of the "Rb' ion is taken into account. The visibility 
of intracellular 87Rb+ is reduced in all cells, excepting human erythrocytes. The 
combination of s7Rb, 23Na and 31P NMR provides an elegant, multinuclear 
approach to the study of ion fluxes and energetics in living tissues. 
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1. INTRODUCTION 

Azo dyes of the common formula X-N=N-Y represent a very important class 
of dyestuffs,' with more than 50% of commercial dyestuffs based on this type of 
compound. Nuclear magnetic resonance (NMR) spectroscopy, especially in its 
multinuclear form, is a powerful technique for the characterization of such 
compounds and also for the description of azo-hydrazone tautomerism, a 
property which is indivisibly linked with this group of dyes. This chapter 
reports on high-resolution 'H, I3C, 14N, "N, I7O, 19F and 31P NMR spectra 
of azo dyestuffs measured in solutions. 

2. NMR PROPERTIES OF THE NUCLEI USED 

Table 1 gives the properties2 of the nuclei used in this study pertinent to the 
NMR experiments. 
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Table 1. NMR properties of nuclei included in present chapter. 
Isotope Natural Spin number, Receptivity 

abundance I 
Related to Related to 
hydrogen carbon 

(Yo) 

'H 99.99 1 12 1 .o 5680 
1 1.76 lop4 

1.08 1 0 - ~  

1 .0  lop3 5.69 

0.06 

I3c 1 . 1 1  1 12 
I4N 99.63 1 
''N 0.37 112 3.85 x 0.02 
170 0.037 512 
I9F 100 1 12 
31P 100 1 12 

4130 0.833 
0.066 311 

3. 'H NMR SPECTROSCOPY 

3.1. 'H NMR data 

'H Spectroscopy is the method of primary choice and importance for the 
characterization of azo dyes, because of its high sensitivity (Table 1) and 
its ability to characterize aromatic substitution patterns, aliphatic side- 
chains and acidic protons. From the point of view of modern NMR spectro- 
scopy, azo dyes are small molec~les;~ most of them have molecular weights 
of less than 500Da. This should make the NMR analyses easy. On the 
other hand, protons (as well as carbons) often resonate in a very narrow 
range of chemical shifts and the solubility of many compounds is rather low. 
The use of as high a field as possible for recording of NMR spectra is recom- 
mended because it provides both greater chemical shift dispersion and higher 
~ensitivity.~ 

The simplest azo dyes include the substituted azobenzenes of type 1 and 2. 

1 2 
The 'H chemical shifts of the side-chain protons of these compounds are listed 
in Tables 2 4 .  The data are taken from the review by Foris,' which covers NMR 
data on azo dyestuffs published before 1977; newer papers are collected in the 
article by Fedorov.6 Fedorov et d7 recently published an extensive set of 'H 
NMR data on compounds 3-40 in DMSO-d6 with the aim of studying the elec- 
tronic effects of substituents, rotational isomerism and hydrogen bonding. The 
values in Table 5 are typical of azo dyes and are complementary to those of side- 
chain protons (Tables 2 4 ) .  
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Table 2. 'H Chemical shifts of side-chain protons in 4-R,- and 4-Rl-6f-R~- 
azobenzenes (1). 

Side-chains Chemical shifts 

Rl R2 R1 RZ 

Me H 
SMe H 
NHMe H 
NMe2 H 
N(Me)COMe H 
OMe ' 
Me 
OMe 
OMe 
OMe 
OMe 
OMe 
OMe 
OMe 
NMez 
NMe, 
NMe, 
NMe2 
NMe2 
NO2 
NO2 
NO2 
NO2 
NO2 
NO2 
NO2 
NO2 
OH 

H 
Me 
NH2 
N(Me)Ac 
NHMe 
NMe, 
OH 
OCOMe 
OMe 

NHAc 
N(Me)Ac 
NHMe 
NMez 
NH2 
NHAc 
N(Me)Ac 
NHMe 
NMe2 
OH 
OCOMe 
OMe 
OH 

NH2 

2.38 - 

2.47 
4.13, 2.48 - 
3.02 
3.17, 1.88 - 

- 

- 

3.77 
2.43 
3.74 
3.84 
3.80 
3.80 
3.80 
3.90 
3.96 
3.06 
3.56 
3.06 
2.98 
3.60 
- 
- 
- 

- 

- 
- 

- 

- 
10.1 

- 

2.43 
3.47 
3.26, 1.90 
-, 2.82 
2.99 
8.90 
2.33 
3.96 - 3.06 
-, 2.51 
3.61, 1.92 

3.60 
5.84 
-, 2.50 
3.30, 1.96 
-, 3.45 
3.69 
9.65 
2.35 
3.96 
10.1 

-, 2.83 

From Ref. 5. 

CH,CH& 
x4 

3-40 

H Chemical shifts of azobenzene-like compounds,8-26 ortho-, ortho'- 
dihydroxyaz~pyrazole~~ and diazonium salts coupling products with guaiacol?8 
5-aminopyra~ole,~~ 2-phenyl-5-oxazolone,30 3-(4-methoxyphenyl)- 1 -oxo- 1H,5H- 
pyrido[ 1,2-a]ben~imidazole,~' 2- (ortho, meta, para-aminopheny1)oxazolo- 
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Table 3. 'H Chemical shifts of side-chain protons in azo dyes of type 2. 

R1 and/or R7 Chemical shifts (left to right) 

CHzCH2 
(H)CH2CH3 
CH2CH2Cl 
CH2CH20H 
CH2CH2CN 
CH2Ph 
CH2CH2Ph 
CHMe2 
CH2CH2CONH2 
CHzCH2CH2CH3 
CH2CH20COMe 
CH2CH2COOMe 
CH2CH20COOMe 
CH2CH2NHCOMe 
CH2CH20COPh 
(H)CH2CH2COOCH,CH, 
CH2CH2COOCH2CH3 
CH2CH20COCH2CH2CH3 

3.3-3.7 
6.95 

3.63.9 
3.74.0 
4.74.9 
3.63 
4.24.3 

3.56 
3.6-3.9 
3.89 
3.9 

-3.4 
4.0 
6.3 
3.7-3.8 
3.89 

-3.8 

-3.8 

1.1-1.3 
3.33 

3.6-3.9 
2.5-3 .O 
7.3-7.7 
2.57 
1.3 
2.53 
1.61 
4.24.4 
2.73 
4.42 

-3.4 
4.6 
3.7 
2.6-2.7 
4.36 

-3.8 
1.24 

4.7-5.0 

7.27 

6.96 
1.37 0.95 
2.G2.1 
3.73 
3.78 - 7.9 1.85 

2.8 4.2 1.3 

3.26 1.61 0.91 
4 . M . 1  1.1-1.2 

From Ref. 5 

[4 ,5-b]~yridine,~~ 4-hydroxy~oumarin,~~ ~al icylaldehyde,~~ aminophenyloxa- 
z ~ l o p y r i d i n e s , ~ ~  aminophenylthia~oles,~~ aminophenyl-X-a~olopyridines,~~ 
y - ~ a r b o l i n e s , ~ ~  p y r i d ~ n e s ~ ~ , ~ '  and 3-amino-7-nitro-2H- 1,2-benzothiazine- 
1, l-dioxide4' have been reported. Many compounds mentioned in these 
papers contain the same (XI ,  X2, X3)C6H2N=N-parts as the dyes shown in 
Table 5. 

While the ' H  NMR signals in the azobenzene type of compounds can be 
assigned easily, in most cases the assignment in azonaphthalene derivatives 
is more complicated and the application of two-dimensional (2D) NMR 
s p e c t r o ~ c o p y ~ ~ ~ ~ ~ ~ - ~  is ' strongly recommended. We used 500-MHz ' H  NMR 
(Fig. 1) and H,H-COSY (Fig. 2) spectra of compound 43 and succeeded in 
assigning all the proton signals (Table 6 ) .  

Table 4. 'H Chemical shifts of side-chain protons in azo dyes of type 2. 

R3 R4 Chemical shifts (left to right) 

H Me - 2.42.8 
H NHAc - 9-1 3 2.1-1.3 
H NHCOCHZCH2Cl ~ -1 1-12 3.0-3.1 3.8-3.9 
Me NHAc 2.11 9.85 2.18 
OMe H 3.95 
OMe NHAc 3.7-3.9 8.7-9.3 2.1-2.3 
OCH2CH3 NHAc 3.84.1 1.3-1.5 7.6-9.1 2.1-2.4 

From Ref. 5 



Table 5. 'H NMR Chemical shifts of disperse dyes 3-40 in DMSO-d8. 

XI x2 x3 x4 xs H2 H3 H4 H5 H6 HS H9 HI1 Hi2 

3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 

NO2 c1 
Br 
c1 
NO2 
Br 

CN 

NO2 
NO2 

NO2 
c1 
Br 
CN 
CI 
c1 
Br 
c1 
Br 
Br 

7.96 7.87 7.87 7.96 7.82 6.82 6.82 7.82 
7.93 8.36 8.36 7.93 7.85 6.86 6.86 7.85 

-7.74 7.75 7.60 7.99 7.74 6.84 6.84 7.74 
7.64 -7.43 -7.43 -7.64 7.82 6.83 6.83 7.82 
7.62 7.47 7.34 7.80 7.82 6.83 6.83 7.82 

c1 7.56 7.32 7.56 7.78 6.83 6.83 7.78 
7.76 7.31 7.59 7.69 6.80 6.80 7.69 

CI 8.46 8.54 7.82 6.88 6.88 7.82 
OH 7.78 7.53 7.44 7.53 7.78 7.78 6.84 6.84 7.78 
OH 7.96 7.86 7.86 7.96 7.81 6.86 6.86 7.81 
OH 7.91 8.34 8.34 7.91 7.83 6.87 6.87 7.83 
OH -7.74 7.75 7.66 7.99 7.74 6.87 6.87 7.74 
OH 7.91 8.50 8.80 7.78 6.93 6.93 7.78 
CN 7.81 7.55 7.47 7.55 7.81 7.82 6.92 6.92 7.82 

6.89 6.89 7.77 CN 7.80 7.09 7.09 7.80 7.77 
CN 7.98 7.89 7.89 7.98 7.84 6.94 6.94 7.84 
CN 7.96 8.38 8.38 7.96 7.88 6.97 6.97 7.88 
CN -7.33 -7.75 7.63 8.02 7.77 6.96 6.96 7.77 
CN -7.64 -7.45 -7.45 -7.64 7.84 6.94 6.94 7.84 
CN 7.62 7.48 7.39 7.81 7.84 6.95 6.95 7.84 
CN 7.91 8.50 8.79 7.86 7.01 7.01 7.86 

c1 CN 7.59 7.35 7.59 7.81 6.96 6.96 7.81 
CI CN 8.44 8.44 7.85 6.99 6.99 7.85 

CH3 CN 7.96 7.83 7.87 7.96 6.76 6.74 7.69 
CN 7.60 7.47 7.34 7.80 6.75 6.75 7.71 

C1 CH3 CN 8.43 8.43 6.80 -6.81 7.71 
Br CH3 CN 8.57 8.57 -6.81 -6.82 7.73 
CI CH3 CN 8.41 8.50 6.80 6.80 7.71 

NHCOCH3 7.99 7.95 7.95 7.99 7.86 6.58 7.73 

CH3 

(continued) 



Table 5. (Continued) 

XI x2 x3 x4 x5 H2 H3 H4 H.5 H6 H8 H9 HI1 HI2 

32 NO2 NHCOCH3 8.03 7.34 8.34 8.03 7.90 -6.63 -7.79 
33 NO2 NHCOCH, 7.95 7.76 7.56 7.98 7.92 6.62 7.64 
34 NO2 OCH3 NHCOCH3 7.96 7.33 7.57 7.90 6.59 7.57 
35 c1 C1 NHCOCH, 7.58 7.32 7.58 7.93 6.61 7.69 
36 CN NHCOCH3 7.98 7.81 7.53 7.93 1.94 6.62 7.75 
37 Br NO2 CI NHCOCH, 8.44 8.52 7.93 6.68 1.72 
38 NO2 OCH3 NH2 7.88 7.28 7.51 5.95 6.25 7.42 
39 CN CH3 7.83 7.79 7.53 7.95 6.65 6.68 7.76 
40 CN CH, 7.94 7.84 7.84 7.94 6.65 6.63 7.70 
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The 'H chemical shifts of compounds 41-77 were assigned in a similar way. 
High-field 'H NMR, H,H-COSY, NOESY (or 1D NOE difference spectra) 
were measured. NOESY spectra were used for deciding the diazo coupling 
positions of 4-nitrobenzenediazonium and benzenediazonium chloride with 
2-amino-5-naphthol-7-sulphonic acid" and 4,5-dihydroxy-2,7-naphthalenedi- 
sulphonic acid,52 respectively. In ortho-to-hydroxy group coupling products 
65 and 70, off-diagonal peaks in the NOESY spectrum correlate spins which 
share a dipolar coupling, i.e. appropriate protons must be in the peri position 
(Fig. 3). In the para coupling product (66) such off-diagonal peaks cannot 
exist.50 NOESY data corrected the conclusions based on a wrong analysis of 
I D  'H NMR spectra.55 

'm 6 4 3 

5 

41-77 
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3.2. Azo-hydrazone tautomerism 

There are two basic types of azo-hydrazone tautomerism: 

pj 
pj ,:I” ...... 6 ........... 

&......& : . . . . .  :..__ .._ ....... 6 
/ / .......... / ...... 

A 
NdN“” NP* 7 

....... / .... / 
Y X=OorNH 

Many methods have been proposed for the determination of azo-hydrazone 
contents56p59 but none of them is the “absolute” one. They are based on a 
better or worse choice of model compounds having either completely azo or 
completely hydrazone forms. NMR spectroscopy seems to give the most 
reliable  result^.'^ 

The proton exchange between =N,- and X groups is fast on the NMR time- 
scale in practically all cases and, hence, only one set of NMR signals is observed. 
Azehydrazone content is calculated as a weighted average of two contributing 
forms. 

Bekarek et a1.60>61 proposed the use of ’J(”N,, H)exp coupling constants 
for estimation of azo-hydrazone contents. This coupling constant is taken to be 
0 Hz for pure azo compounds60,61 and 89.8-96 Hz for pure hydrazone forms 
( ‘J(  15Na, H)H = 89.8-93 Hz for compounds without6’@ intramolecular 
hydrogen bonds or with two intramolecular hydrogen bonds;66 ‘ J  = 96 Hz 
for compounds with one intramolecular hydrogen bond).63 The hydrazone 
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~ ~ I ~ ~ ~ ' ~ ~ ~ ~ ~ I " ~ ' ~ ' " I " " ~ " " I " ~ ' ~ ~ ~ ~ ' I ~ ' ~ ' ~ ' ~ ~ ' I ~ ~ ~ ' ~ ~ ~ ~ ' I ' " ~ ~ ~  
9. E 8 .8  8.6 8.4 8 .2 8 .0  7 .8  7.6 pp. 

Fig. 1. 500-MHz 'H NMR spectrum of 1 ,  1'-azonaphthalene (43) in CDCl, 

content is calculated according to: 

Most data were obtained by measurements of 'H NMR spectra of "N,-labelled 
c o m p o u n ~ s ~ ~ ~ ~ ~ ~ - ~ ~ ~ ~ ~ - ~ ~  In some cases (sufficiently high value of 'J("N,, H)exp 
and relatively narrow signal of exchanging proton), it is possible to observe 
0.18% natural abundance "N satellites in the 'H NMR spectrum of non- 
labelled corn pound^.^^ Figure 4 shows "N INEPT spectrum of compound 48 
measured at the natural abundance level of "N from which 1J(15N,rH)exp 
can be read. 

Further possibility consists in heteronuclear multiple-quantum coherence 
spectra  measurement^.^^ 

Haessner et d7 measured 'J(I5N,, H)exp of compound 48 in various solvents 
and calculated azo-hydrazone content (values of 'J from 42.2 Hz in diethylether 
to 65.0 Hz in CHCI,). 

Temperature dependences of 'J("N,, H) in compounds 46,68 47,68, 48,63 51- 
5366 and 68-7049 have been determined. 

The application of IJ(I5Na, H) measurement fails when there is an interaction 
of acidic proton with solvents (e.g. pyridine, DMSO).62 In this case I3C and I5N 
NMR spectra measurements were re~omrnended.~~ 



256 A. LYCKA 

8 . 8 -  

9.0- 

F2 

: m  
i , , , , , ,  , , , , / , , , (  / , , , , , , , ,  , , , , I  , , , ,  , , , , , I , , ,  , , , , / , , , ,  , , , , , , , , ,  , , , , , , , , )  , ( , ,  

9.0 8 .8  8.6 8.4 8 .2  8 . 0  7 . 8  7 . 6  

F1 ( p p l  

Fig. 2. H,H-COSY spectrum of 1 ,  1'-azonaphthalene (43) in CDCI,. 

In 1-(substituted phenylazo)-2-naphthols both SH, and 6H8 of the naphtha- 
lene ring were used independently to determine the azo-hydrazone equilibrium 
constants.'' 

A common mistake is to attempt to use SIH of C6H5N=N/C6H5NHN= 
protons for the estimation of azo-hydrazone equilibrium. This does not work 
because the protons are on the periphery of dye molecules and thus accessible 
to various other effects.47 

4. 13C NMR SPECTROSCOPY 

4.1. 13C NMR data 

Carbon- 13 NMR spectroscopy allows the direct observation of carbon skel- 
etons of dyestuffs including functional groups containing carbon atoms (e.g. 
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Table 6. 'H Chemical shifts of compounds 41-77. 

HI Hz H3 H4 H, H6 H, H8 Ref. 

41" 
41' 
42" 
42' 
43" 
44" 
45' 
46" 
47" 
48' 
48" 
49" 
50" 
51" 
52" 
53" 
54" 
54' 
55" 
55' 
56" 
56' 
57' 
58" 
58' 
59' 
60' 
61' 
62' 
63' 

65' 
66' 
67' 
68' 
69' 
70' 
71' 
72' 
73' 
74' 
7 9  
76' 
77' 

64' 

7.60 
7.70 
8.01 
7.98 
7.62 
8.13 
7.99 
7.19 
7.74 
6.96 
6.8 1 
6.70 
6.93 
- 

- 

- 

6.75 
7.23 
7.88 
8.14 
7.86 
8.14 
8.42 
8.83 
8.72 
7.94 
7.92 
8.17 
- 

- 

- 

- 

7.01 
7.13 
6.95 
7.22 
- 

- 

- 

- 

6.5 
6.60 
6.40 
- 

8.00 
8.18 
8.01 
8.05 
8.01 
7.94 

6.98 

7.99 
7.63 
7.62 
7.64 
8.88 
8.97 
8.34 
7.57 
7.81 
7.13 
7.28 

- 

- 

- 
- 

- 
7.81 
8.16 
8.01 
- 
- 
- 
- 
__ 
- 
- 
- 

8.01 
8.14 
7.61 
6.95 
7.25 
6.65 
7.8 
7.80 
7.75 
- 

7.94 
8.08 
8.01 
8.02 
7.95 
7.90 
8.89 
7.53 
8.71 
7.82 
7.53 
7.49 
7.64 
7.75 
7.73 
7.57 
7.26 
7.78 
7.65 
7.87 
9.01 
9.13 
9.00 
7.73 
8.03 
8.07 
9.02 
9.02 
8.07 

7.49 
7.95 
7.86 
8.06 

- 

- 

- 

7.51 
7.40 
7.40 
7.4 
7.6 
7.60 
7.5 
8.40 

7.60 
7.70 
7.55 
7.65 
7.60 
7.58 
7.75 
7.57 
7.78 
7.50 
7.33 
6.91 
6.93 
7.48 
7.43 
7.32 
7.28 
7.36 
7.42 
7.65 
7.56 
7.76 
7.84 
7.44 
7.62 
7.71 
7.81 
7.92 
6.95 
7.08 

6.73 
7.04 
7.1 1 
7.87 
8.52 

7.40 
7.40 
7.4 
7.0 
7.10 
7.0 
7.74 

- 

- 

7.60 
7.70 
7.55 
7.65 
7.67 
7.55 
7.63 
7.44 
7.58 
7.65 
7.51 
- 

- 

7.69 
7.62 
7.53 
7.51 
7.58 
7.30 
7.65 
7.41 
7.61 
7.70 
7.55 
7.73 
7.70 
7.76 
7.86 
- 

- 

7.07 
- 

- 

- 
6.70 

7.21 
7.40 
7.40 
7.4 

- 

- 

- 

- 

7.49 

8.96 
8.90 
8.01 
8.19 
9.05 
8.03 
8.27 
8.40 
8.51 
8.58 
8.49 
7.92 

8.46 
8.43 
8.37 
8.85 
8.80 
7.77 
8.73 
7.63 
8.43 
8.70 
8.81 
8.89 
8.22 
8.35 
8.38 
7.01 
6.91 
7.46 
6.71 
7.96 

- 

- 
- 
- 
- 
? 
? 
? 

7.85 
7.85 
7.80 
7.95 

45 
45 
45 
45 
46 
46 
47 
47 
47 
47 
47 
47 
47 
47 
47 
47 
48 
48 
48 
48 
48 
48 
48 
48 

4d8 
48 
48 
49 
49 
49 
50 
50 
50 
51 
51 
52 
53 
53 
53 
53 
53 
53 
54 

~- ~ 

a CdC13. 
' DMSO-d6. 
' Acetone-d6. 

Correction of values from Ref. 48. 
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!I 

I I I I 

7;0 7 ;6  714 712 
PPM 

Fig. 3. NOESY spectrum of compound 70 in DMSO-11,. 

-COOR, -COR, CONR'R2, -CN). Since 1977 when Foris's review5 dealing 
with NMR spectroscopy of dyes was published, in which only a very small 
number of 13C chemical shifts was mentioned, 13C NMR spectroscopy has 
became the routine method of measurement due to the progress in NMR 
instrumentation. A wide range of 13C chemical shifts in azo dyestuffs, the 
assignments of which are based mostly on 1D NMR spectra, has been 
published by F e d e r ~ v . ~ ~  

Similarly as in 'H NMR spectra, I3C chemical shifts in substituted 
azobenzenes can be assigned e a ~ i l y . ~ ~ - ~ ~  13C Chemical shifts in 4- and 4,4'- 
disubstituted azobenzenes are shown in Tables 7 and 8 respectively. 

Table 9 gives the 13C chemical shifts of the compounds77 (340) listed in 
Table 5. Depending on the nature and orientation of the substituents in the 
dyes, different conformers, resultant from inner rotation around the C-N 
bonds, could be identified. The 13C chemical shifts of azobenzene-like com- 
pounds and diazonium salts coupling products with heterocycles are reported 
in Refs. 9, 18, 25,  26, 36, 39, 48, 78-87. The I3C chemical shifts of dyes derived 
from 3-methyl-1-phenylpyrazol-5-one (of type 78; Table lo),@ pyridone (81),39 
and acetoacetanilide (82)65 existing completely in hydrazone forms were 
assigned. 
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- T - - r 3 , , , , , , , , I , , , , , .  

100 50 0 -50 
HERTZ 

Fig. 4. Natural abundance 40.56-MHz ''N INEPT spectrum of compound 48 (0.4g of 
48 in 2.5ml CDCI,, 200 pulses). 

Allen et reported on the I3C chemical shifts of diarylazophosphonium 
salts 83 (Table 11). 

Several partially different 13C chemical shift assignments of compound 48 
have been based on 1D spectra measured at a low field in 
some cases. The assignment of the chemical shifts of tautomeric compounds, 
even with a relatively simple structure like 48, is difficult because of a lack of 
precise reference data, and because a perturbation due to substitution may 
lead to a shift in the equilibrium, thus preventing the use of traditional assign- 
ment techniques. Final assignment of I3C chemical shifts of compound 48 (and 
similarly 46 was achieved after the application of 1D SEMINA-1 technique94 
based on J(  C,I3 C) coupling constants (Table 12) and it was checked by means 
of 2D INADEQUATE.4 The use of carbon-carbon connectivities obtained 
from one-bond or long-range carbon<arbon coupling constants is therefore 
an ideal assignment tool.94 Table 13 contains a selection of carbon+arbon 
coupling constants in cis- and trans-azobenzene and compounds 48 and 78. 
Unfortunately, these techniques require the use of concentrated solutions of 
compounds and, even in these cases, they are very time-consuming. That is 
why some alternative 2D techniques, especially H,C-COSY (optimized both 
for one-bond and three-bond J(13C, H) coupling constants), COLOC, H,C- 
RELAY, etc. have been used. The data for substituted naphthalene deriva- 
tives, the assignments of which are based on 2D NMR spectra, are listed in 
Table 12. 

)3 



Table 7. 13C Chemical shifts in trans azobenzenes (4-X)-C6H4-N,=Np-C6H4-(4'-Y). 

X Y CI c2 c3 c4 Cl( C2' C3' C4' x; Y 

H" H 152.5 122.8 129.0 130.9 152.5 122.8 129.0 130.9 

131.4 Hb H 151.9 122.5 
HC H 152.7 122.9 128.4 130.2 152.7 122.9 128.4 130.2 
N(CH3)2" 143.4 124.8 111.3 152.2 153.0 122.0 128.8 129.2 40.6 
NH2 a H 145.3 125.0 114.5 149.5 152.8 122.2 128.9 129.7 
NH? H 143.3 125.5 113.8 152.9 152.7 122.1 129.4 129.6 
OH H 145.5 125.1 116.1 161.0 152.3 122.3 129.5 130.8 

CH3 " H 150.7 122.8 129.8 141.4 152.6 122.7 129.0 130.6 21.4 
Bra H 151.2 124.3 132.2 125.3 152.4 122.9 129.1 131.2 
NO2 H 155.5 123.3 124.6 148.5 152.2 123.3 129.2 132.3 
OHb NO2 145.3 125.5 116.1 162.4 155.5 122.6 124.5 147.5 
NH2 OH 143.2 123.9' 113.7 151.9 145.8 124.7d 115.9 159.2 
N(CH3)2 " CH3 143.5 124.7 111.4 152.1 151.1 122.1 129.5 139.5 40.2; 21.4 
N(cH3)2u N02 144.1 126.1 111.7 153.6 157.0 122.6 124.6 147.7 40.2 
F H 149.1 124.8 116.0 164.3 152.4 122.8 129.1 131.0 

(0.6) (0.5) 
129.4 

(4.0) 
122.5 

(5.2) 
151.9 

(1.8) (0.6) 
129.4 131.4 

(1 . 8 )d  (4.0) 

OCH3 a H 146.8 124.6 114.1 161.9 152.6 122.5 128.9 130.2 55.4 

(252.7)g (23.0) (94 (3.0) 

From Ref. 72. 

' DMSO-d6. 
Hexane. 
'!!('5N,'3C) in C,-I5N monolabelled compound. 

Ref. 15. 
flJ('9F,'3C). 

a CDC1,. 

' The assignment may be opposite. 
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9 

78(X=H); 79(X=F); OO(X=CFj) 

X 

bNANhCN H I 

0 0 
I 
R 

81 

Azo dyestuffs derived from sulphonated 1- and 2-naphthols have been 
studied by means of 13C NMR s p e c t r o s c ~ p y . ~ ~ - ' ~ ~  In azo dyes containing 
fluorine and phosphorus and in "N-labelled compounds the appropriate 
"J(X,13C) coupling constants have been found. Typical values of these 
constants are shown in Tables 7, 10, 11 and 14. 

Table 8. 13C Chemical shifts in cis azobenzenes (4-X)-c6H4-N,=Np-C6H4-(4'-Y). 

X Y C1 C2 C3 C4 CI j  C2, Cj, C4f Reference 

HU H 153.3 120.5 128.6 127.3 153.3 120.5 128.6 127.3 72 
Hb H 153.8 120.1 129.1 127.5 153.8 120.1 129.1 127.5 72 
H' H 154.1 120.2 128.0 126.2 154.1 120.2 128.0 126.2 72 
CIU c1 121.9 133.5 121.9 133.5 74 
I" I 122.2 138.1 93.1 122.2 138.1 93.1 14 

a CDC13. 
DMSO-d6 
Hexane. 



Table 9. 13C Chemical shifts of compounds 3-40 in DMSO-d6. 

Compound c l  c2 c3 c4 c5 c6 c7 c8 c9 ClO cll c12 c13 c14 c15 c16 

3 154.70 122.40 133.57 110.81 133.57 122.40 142.30 126.13 111.21 151.12 111.21 126.13 44.27 12.57 44.27 12.57 
4 156.33 122.27 124.78 146.71 124.78 122.27 142.50 126.15 111.26 151.31 111.26 126.15 44.17 12.41 44.17 12.41 
5 146.95 118.35 133.01 129.26 123.72 144.66 142.33 126.14 111.23 151.16 111.23 126.14 44.25 12.50 44.25 12.50 
6 148.53 117.37 127.85 130.33 130.33 132.55 142.59 125.77 111.11 150.67 111.11 125.77 44.16 12.52 44.16 12.52 
7 149.40 117.57 128.47 130.64 133.46 123.44 142.48 125.81 111.15 150.67 111.15 125.81 44.19 12.55 44.19 12.55 
n 148.48 126.08 129.21 128.24 129.21 126.08 142.01 125.64 110.98 151.18 110.98 125.64 44.25 12.49 44.25 12.49 
9 137.81 119.13 118.91 159.78 108.02 148.64 142.20 125.61 111.18 150.68 111.18 125.61 44.19 12.52 44.19 12.52 

10 154.31 126.15 127.33 145.57 126.41 116.11 141.97 125.17 111.31 152.00 111.31 125.17 44.47 12.57 44.47 12.57 
11 152.56 121.82 129.24 129.47 129.24 121.82 142.23 125.08 111.16 150.65 111.16 125.08 45.15 12.08 52.20 58.41 
12 154.98 122.40 133.70 110.84 133.70 122.40 142.40 125.98 111.41 151.67 I I  1.41 125.98 45.31 12.08 52.23 58.44 
13 156.33 122.42 124.95 146.74 124.95 122.42 142.61 126.20 111.50 151.91 111.50 126.20 45.34 12.07 52.25 58.44 
14 146.97 118.40 133.09 129.34 123.80 144.68 142.44 126.05 111.45 151.80 111.45 126.05 45.34 12.07 52.25 58.46 
15 148.12 119.92 127.31 146.09 119.24 145.48 143.14 127.65 112.07 153.16 112.07 127.65 45.65 12.10 52.38 58.52 
16 152.48 121.96 129.33 129.81 129.33 121.96 142.91 125.04 111.73 149.73 111.73 125.04 44.58 12.18 45.52 15.86 
17 146.61 123.62 114.44 160.72 114.44 123.62 142.91 124.51 111.70 149.11 111.70 124.51 44.51 12.15 45.52 15.83 
in 154.82 122.51 133.61 111.24 133.61 122.51 143.01 125.84 111.86 150.71 111.86 125.84 44.64 12.15 45.49 15.83 
19 156.15 122.63 125.03 147.07 125.03 122.63 143.17 126.08 111.94 150.97 111.94 126.08 44.68 12.16 45.49 15.83 
20 146.92 118.44 133.20 129.73 123.86 144.61 143.06 125.92 111.91 150.84 111.91 125.92 44.69 12.15 45.50 15.81 
21 148.41 117.47 127.95 130.78 130.54 132.76 143.32 125.60 111.81 150.26 111.81 125.60 44.64 12.16 45.50 15.83 



22 149.34 
23 156.84 
24 148.38 
25 153.09 
26 155.22 
21 149.73 
28 152.95 
29 155.04 
30 154.31 
31 154.96 
32 156.36 
33 146.37 
34 138.19 
35 146.92 
36 153.96 
31 153.68 
38 139.14 
39 154.28 
40 155.43 

117.65 
117.57 
125.98 
126.75 
122.53 
117.84 
127.01 
115.41 
126.57 
122.53 
122.21 
118.80 
119.95 
126.63 
119.60 
127.17 
119.69 
117.96 
122.35 

128.55 
129.54 
129.28 
124.59 
133.56 
128.50 
124.65 
127.99 
127.70 
133.40 
124.57 
133.02 
119.14 
129.24 
134.21 
127.65 
118.44 
133.95 
133.48 

131.04 
146.25 
128.50 
145.48 
110.84 
130.67 
145.20 
145.65 
145.75 
110.29 
146.30 
128.79 
159.47 
128.01 
128.87 
145.14 
157.98 
128.94 
110.37 

133.54 
129.05 
129.28 
124.59 
133.56 
133.44 
124.65 
127.99 
125.53 
133.40 
124.57 
123.78 
107.98 
129.24 
134.09 
125.45 
107.95 
133.82 
133.48 

123.63 
110.90 
125.98 
126.75 
122.53 
123.49 
127.01 
115.41 
116.53 
122.53 
122.21 
144.44 
147.67 
126.63 
107.19 
116.87 
146.37 
109.30 
122.35 

143.22 
143.50 
142.74 
142.80 
142.54 
141.54 
143.43 
143.24 
143.66 
131.13 
131.35 
130.95 
130.67 
130.05 
130.72 
130.90 
129.78 
142.90 
142.67 

125.60 
127.20 
125.45 
126.13 
141.31 
141.54 
141.57 
141.12 
141.63 
139.48 
139.30 
138.62 
137.90 
138.55 
139.28 
139.85 
146.37 
140.66 
140.68 

111.83 
112.41 
111.70 
1 I I .87 
112.54 
112.56 
112.44 
112.25 
112.75 
101.04 
100.96 
100.72 
100.88 
100.07 
100.67 
100.55 
94.14 

11 I .78 
111.76 

150.26 
152.38 
150.84 
151.62 
150.71 
150.16 
151.74 
151.63 
152.00 
151.06 
152.32 
152.27 
151.57 
151.98 
152.55 
153.00 
151.23 
151.36 
151.15 

111.83 125.60 44.64 
112.41 127.20 44.95 
111.70 125.45 44.66 
111.87 126.13 44.72 
110.35 117.23 44.53 
110.34 117.78 44.51 
110.56 117.50 44.68 
110.57 117.62 44.68 
110.85 117.86 44.97 
107.60 122.53 44.56 
107.68 123.39 44.42 
107.68 125.81 44.66 
107.42 124.75 44.53 
106.95 123.49 44.30 
107.94 124.61 44.79 
108.33 124.17 45.03 
103.83 119.69 44.11 
110.14 117.60 44.17 
109.90 117.41 44.11 

12.16 45.50 15.83 
12.21 45.55 15.83 
12.1 1 45.49 15.79 
12.16 45.42 15.77 
12.28 45.34 15.88 
12.24 45.36 15.86 
12.24 45.37 15.88 
12.26 45.35 15.85 
12.57 45.67 16.17 
12.60 44.56 12.60 
12.41 44.42 12.41 
12.60 44.66 12.60 
12.58 44.53 12.58 
12.26 44.30 12.26 
12.71 44.19 12.71 
12.70 45.03 12.70 
12.89 44.11 12.89 
12.65 44.17 12.65 
12.63 44.11 12.63 

From Ref. 77. 
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Table 10. I3C Chemical shifts in 3-methyl- 1 -phenylpyrazole-4,5-dione (4-X)hydrazones 
in CDCl?. 

Carbon no. 
~ 

78 79 80C 

3 
4 
5 
6 
7 
8 
9 

10 
1' 
2' 
3' 
4' 

148.3 (2.90)" (8.64)' 
128.3 (0.60) (5.13) 
157.6 (1.68) 
137.9 
118.3 
128.8 
124.9 
11.7 

140.9 (18.77) (5.71) 
115.6 (1.83) (2.34) 
129.5 (2.44) 
125.6 

148.2 
128.3 
157.5 
137.9 
118.2 
128.7 
124.9 
11.6 

137.3 (2.4)d 
117.0 ( 8 . 5 )  
116.4 (23.2) 
160.3 (246.6) 

148.5 
129.9 
157.5 
137.7 
118.2 
128.8 
125.2 
11.6 

143.7 
115.4 
126.8 (3.7)d 
126.9 (33.0) 

From Ref. 88. 
"J(15N,,13C). 

b n J (  I5 N3,l3C). 
' 6(CF3) = 123.9; 'J(19F,13C) = 271.6 
d n 19 J(  F.I3C). 

Negrebetskii et a1."' studied temperature dependence of '!!( "N,13C) 
coupling constants in compounds 84. Considerable differences were found in 
these values for compounds 84a, b at 30°C and -8°C and -120°C respectively 
(Table 14). At lower temperatures, rotation about C4-N= does not take place 
and carbons C3/C5 C2/C6 are not equivalent. The assignment of these signals is 
based on the stereospecific behaviour of 2J( 15N,13C) coupling constants. At 
laboratory temperatures, average values are observed (Tables 7, 10 and 14). 

12 11 

6 5  

84 

4.2. Azo-hydrazone tautomerism 

Jacques et d9 recognized for the first time the considerable differences in I3C chemi- 
cal shifts of azo and hydrazone forms. They studied compounds 85 and 86. The I3C 
chemical shifts ofN=NC6H5 in85were 152.7 (Ci); 122.6 (Co); 129.1 (Cm); 130.5 



Table 11. I3C Chemical shifts, coupling constants .1.1(13P,'3C) (values in parentheses) and 31P chemical shifts of compounds 83. 

Rl R2 R3 CI  c2 c3 c4 c5 c6 c7 CS c9 ClO c11 cl2 a3'P 

H PPh: H 154.4 117.6 137.7 122.8 139.9 118.8 142.2 127.4 111.2 152.3 23.1 

PPhl 

PBui 

PBul 

CH3 PPh: 

PPh: 

PBul 

PBuT 

H P(2-F~vl): 

P( 2-Th)l 

H PPh2(CHZPh)+ 

NHCOCH3 

H 

NHCOCH3 

H 

NHCOCH3 

H 

NHCOCH3 

H 

H 

H 

(3) 
153.6 
(3) 

(2) 
154.2 

154.5 
(2) 

151.6 
(2) 

(2) 

(3) 

(3) 

(4) 

(4) 

(3) 

152.1 

153.8 

153.8 

154.3 

153.4 

154.0 

(90) 

(92) 

(74) 

(84) 

(93) 

118.0 

117.7 

117.1 

111.6 

114.6 

116.5 

117.6 

113.5 

120.7 

117.8 

(76) 

(75) 

(107) 

(102) 

(85) 

(12) 

(10) 

(8) 

(7) 

(12) 

(12) 

(8) 

(7) 

(14) 

137.4 

134.9 

134.9 

137.1 

136.7 

138.3 

133.2 

136.6 

136.1 
(12) 
137.7 

(17) 
122.0 
(17) 
122.8 
(14) 
122.0 
(14) 
122.0 
(19) 
120.9 
(19) 
120.8 
(15) 
120.2 
(15) 
122.5 
(20) 
122.5 
(19) 
122.7 
(16) 

(1) (9) 
142.2 138.3 

131.6 142.0 

142.6 127.3 

142.2 142.1 

141.0 126.0 

131.1 140.2 

142.3 126.4 

141.6 141.6 

142.0 127.6 

142.5 128.2 

142.9 127.4 

100.8 

111.8 

100.6 

111.0 

100.5 

111.6 

100.2 

111.8 

111.6 

111.7 

154.0 108.1 118.3 22.9 

152.2 32.4 

154.1 109.2 131.3 32.2 

152.0 25.0 

153.7 107.8 120.6 24.0 

152.1 32.3 

154.1 109.0 131.0 32.1 

152.7 -18.8 

152.6 2.0 

152.4 22.8 

From Ref. 90. 



Table 12. I3C Chemical shifts of compounds 43-77. 
~~ ~ ~ 

Compound C, 

43" 148.3 
44" 127.9 
4Sb 157.8 
46" 174.0 
47" 1 74.5 
48" 129.7 
54" 127.0 
54' 125.3 
55" 141.6 

~ 

c2 

112.3 
150.3 
108.5 
13d2.6 

171.6 
138.4 
140.2 
132.5 

~ 

c3 

125.7 
117.1 
113.9 
128.1 
1 14.0 
124.5 
119.5 
120.1 
121.5 

55' 144.2 131.3 120.4 116.4 
56" 146.2 109.0 113.9 140.3 
56' 150.4 107.6 112.5 137.2 
57h 148.3 129.9 104.2 137.0 
58" 130.4 129.5 120.0 133.3 
58' 129.6 129.4 119.4 133.8 
59' 134.9 143.8 114.3 127.4 

~~ 

c4 

131.4 
129.1 
139.6 
120.8 
141.8 
139.6 
133.6 
133.8 
117.8 

~ 

C4a 

131.5 
134.8 
132.8 
136.9 
135.4 
127.7 
127.4 
126.5 
135.6 

c5 

128.0 
127.9 
122.6 
127.4 
123.9 
128.3 
128.0 
128.1 
128.6 

c4 

126.5 
127.5 
127.9 
132.0 
132.5 
125.4 
123.2 
122.8 
128.1 

c7 

126.9 
126.7 
125.6 
126.0 
126.8 
128.5 
127.6 
127.6 
125.3 

Cs 

123.6 
129.4 
122.6 
126.5 
126.8 
121.4 
122.1 
121.0 
121.9 

~~ 

Caa 

134.4 
133.0 
124.5 
13j.1 

133.3 
134.8 
134.3 
124.1 

152.8 
143.0 
143.1 
144.4 
153.7 
153.3 
153.4 

C2' 

122.6 
117.4 
118.1 
118.3 
121.9 
121.4 
122.1 

C3' 

129.5 
129.3 
129.6 
129.2 
129.1 
129.3 
129.0 

C4, Reference 

46 
46 

129.5 68 
126.5 94 
127.6 68 
127.0 94 
128.9 48 
128.7 48 
129.5 48 

35.6 128.3 128.5 125.2 124.1 124.2 153.1 122.1 129.1 129.3 48 
33.1 124.0 127.0 125.2 120.5 122.3 153.6 122.6 129.0 129.7 48 
33.5 122.9 127.5 124.4 122.8 121.5 153.4 122.0 129.2 129.1 48 
33.8 123.3 129.6 125.8 124.2 123.5 48 
30.0 128.0 125.5 128.1 123.0 131.2 152.0 122.4 129.6 131.5 48 
30.2 127.8 125.2 127.5 123.3 133.2 152.3 122.2 129.3 130.9 4; 
34.9 128.1 126.9 128.0 124.7 130.6 152.6 122.6 129.4 131.4 

P c P 



60' 137.6 120.0 111.9 143.5 131.5 123.1 127.3 126.4 122.9 127.2 152.7 122.8 129.5 131.3 48 
62' 121.2 143.4 128.5 176.2 122.4 129.1 116.6 149.8 113.7 137.6 143.0 117.0 129.6 125.5 49 
63' 122.8 142.7 129.0 181.5 112.3 /' 112.1 /' 113.5 136.5 142.8 116.7 129.6 124.9 49 
64' 122.4 137.7 129.4 176.2 132.3 109.6 149.3 121.4 130.6 125.6 143.6 118.0 130.0 126.5 49 
65' 124.3 143.5 131.1 178.3 119.2 130.1 114.2 155.3 111.2 138.2 148.7 116.1 125.5 142.7 50 
66' 128.7 145.8 127.7 182.2 122.9 127.1 117.7 147.0 111.3 139.4 149.0 113.8 126.0 141.2 50 
67' 109.3 147.9 105.4 153.8 117.3 130.1 118.9 142.5 127.5 135.1 157.4 121.9 125.3 146.2 50 
68' 181.6 132.7 126.8 122.4 134.5 132.1 134.0 112.5 154.0 112.7 142.1 115.9 129.8 124.9 51 
6 9  180.3 132.8 129.8 121.5 138.4 124.6 150.7 115.1 141.7 116.9 129.8 126.1 51 
70' 180.2 127.9 143.3 121.1 136.6 116.9 154.4 111.9 162.6 115.8 52 
71' 135.8 175.0 148.0 118.5 131.0 128.0 123.6 127.0 129.0 129.5 53 
72' 135.0 173.0 148.5 119.5 131.5 127.8 124.5 127.3 129.0 129.2 53 
73' 135.5 174.5 148.5 119.0 131.5 128.2 123.8 127.0 129.3 129.5 53 
74< 135.8 177.5 123.2 132.2 133.0 132.0 117.0 161.0 109.0 122.8 53 
7 9  136.0 177.5 123.6 132.5 132.0 132.0 117.5 161.0 109.0 123.0 53 
76' 136.0 182.0 123.8 133.0 130.0 132.5 117.5 161.0 110.0 122.8 53 
77' 144.6 126.0 175.8 134.5 126.6 121.1 131.2 126.5 131.0 128.0 54 

CDC13. 
DMSO-d6. 
A&One-d6. 
131.9 or 130.1. 
153.0 or 152.6; 122.5 or 122.3; 129.0 or 129.2; 130.0 or 129.9. 
153.2 or 153.1. 
132.5 or 132.3. 
Correction of values from Ref. 48. 
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Table 13. Coupling constants nJ(13C,13C) in cis- and trans-azobenzenes and compounds 
78 and 48. 

trans- Azo benzene' cis- Azobenzene" 78' 48' 

'J(3,4) = 63.7 
J(4,5) = 66.9 

IJ(1,2) = 60.0 
'J(2,3) = 57.7 

J(1,2) = 64 
J(3,4) = 52 
2J(2,4) = 2 'J(6,7) = 64.4 'J(3,4) = 61.1 

'J(5,6) = 58.4 ' J(6,7) = 54.4 
'J(7,8) = 58.8 

'J(8,8a) = 58.7 
'J(  l', 2') = 65.1 
J(2', 3') = 58.2 

I 

1 

I 
'J(1,2) = 67 
'J(3,4) = 56 
J(2,4) = 2 
J(1,4) = 9 

2 
3 'J(7,8) = 57.8 'J(4,4a) = 52.8 

J(8,9) = 55.9 
'43,  10) = 52.6 
' J (  l', 2') = 65.2 
'J(2', 3') = 59.0 
'J(3', 4') = 56.0 

1 4 ~ ( 1 ,  27 = 4 4 ~ (  1,2') = 3 

1 

'J(3',4') = 55.9 

a From Ref. 14. 
' From Ref. 88. 

From Ref. 94. 

(C,);  138.3 ( C 4 H )  and those of =NNHC6H5 in 86 were 142.6 (Ci); 115.5 (Co); 
129.6 (C,); 124.5 (C,); 186.1 (C=O). A similar approach was used" for azo dyes 
with intramolecular hydrogen bonds. 2-Hydroxy-5-tert-butylazobenzene 87 
(model azo compound) and 3-methyl-l-phenylpyrazole-4,5-dione 4-phenyl- 
hydrazone 78 (hydrazone model) and compound 48, as a representative of classical 
tautomeric system, werestudied. The 13Cchemicalshlftsofthephenylgroupsenable 
an estimation of hydrazone content from chemical shifts of Ci, C ,  and C ,  to be 
66%, 61% and 66%, respectively. 

Table 14. Temperature dependence of coupling constants nJ( lSN,l3C) of compounds 84 
in CDCI?. 

Compound R(Y) J(  "N' C) 

2 2 3 3 
IJNC(4) JNC(5) JNC( 7) JNC(2,6) J2NC( 8,12) 

84a NEt2 4.7" 4.7 5.8 2.1 4.0 

5 1.5' l O f  1 5.5 41 0.5 
(117.0) (136.1) 

84b NEt2 4.4' 4.4 4.8 2.2 4.0 
(125.43) (125.43) 
5 2c l l f l  5.0 & 0.5 
(116.9) (134.9) 

8 4 c H  3.7" 3.7 5.2 1.9 4.0 

(NO2) (126.55) (126.55) 

(H) 

(NEt2) 

From Ref. 101. 
a 30°C. 
' -8°C. 

-120°C. 
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Kelemen et a1.Io2 proposed the use of S13C=0/'3C-OH or 
SI3C=NR/I3C-NHR of carbons directly engaged in the azo-hydrazone tauto- 
meric system. For 1-(4-X-phenyl)az0-2-naphthols 88, d3C2 are substituent- 
dependent (e.g. X = NO2: S = 180.0; X = OCH3: S = 160.8) while practically 
no differences in SI3C2 were found in 1 -(4-X-phenyl)azo-2-naphthylamines 89 
(X = NOz: S = 139.9; X = OCH,: 6 = 138.1). 

88 89 

The above-mentioned two basic principles, i.e. I3C chemical shift measure- 
ments of phenyl group (with respect to substituted phenyl groups after taking 
the substituent effects into account) and C=O/C-OH compared with 
C=NR/C-NHR carbons have often been used for azo-hydrazone content 
determination including temperature and solvent e f f e ~ t ~ . ~ , ~ ~ , ~ ~ - ~ ~ ~ ~ ~ , ~ ~ ~ ~ ~ ~ ~ ~ ) ~ ~ ,  
80-88~91,95--100~102~103 This is because the measurements are fast and no labelling 
is necessary. 
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5. I4N NMR SPECTROSCOPY 

Berrie et al. determinedIw 14N chemical shifts of nitrogen in LY position to the 
phenyl ring in 1-(substituted phenyl)azo-2-naphthols 88 using the nitrogen-14 
double irradiation technique. The data are given in Table 15. By comparing 
I4N chemical shifts for the nitrogen atom a to the phenyl ring in the pure azo 
and hydrazone forms of azobenzene and lO-(4-methoxyphenylazo)-9- 
phenanthrol, respectively, they calculated the hydrazone constants. The values 
found are higher than those obtained from 'H and 13C NMR data.Io3 This is 
because a more suitable standard for pure azo compound is necessary (see 
Section 6.2). 

6. "N NMR SPECTROSCOPY 

6.1. "N NMR data 

Azo dyes of common formula X-N=N-Y contain at least two nitrogen atoms 
in the azo bond but also, in many cases, have other groups containing nitrogen 
atoms (NR'R2, CONR1R2, NO2, CN, nitrogen atoms in heterocycles, etc.). 
Nitrogen NMR spectroscopy provides a sensitive method for the study of 
chemical structure and bonding of azo dyes. Despite its low natural abundance 
and receptivity (Table 1) the "N isotope is preferred because, in contrast to I4N 
NMR spectra, very narrow signals are observed in "N NMR spectra, enabling 
very subtle changes in "N chemical shifts and 'J("N, X) coupling constants to 
be detected. The sensitivity of 15N NMR measurements may be enhanced by 
the application of high magnetic field wide-bore magnets, by the application 
of polarization transfer technique (INEPT, DEPT), by multiple-quantum 
coherence experiments and by "N enrichment.Io5-Io7 

Table 15. 14N chemical shifts of the nitrogen a t o  the phenyl ring in I-(X-phenyl)azo-2- 
naphthols in CDCI?. 

~ ~ ~~~ ~ 

X 6'"" Hydrazone X 6I4N" Hydrazone 
content content 

(%) (%Y 
~ ~ ~ ~ ~ 

4-CN -166 1 15 97 H -111 1 3  79 
3-CN -150 f 10 91 4-CI -108 1 4  78 
3-C1 -119314 81 4-CH3 -81 1 3  69 
3-OCH3 -117ik3 81 'LOCH3 -31 1 8  52 
3-CH3 -115 f 3 80 H 14 & 12h 38 

From Ref. 104. 
Reference compound: nitrate nitrogen of 4.5 M NH4N03 in aqueous 3 N HC1 
Measured in hexane. 
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The "N chemical shifts in asymmetrically substituted azobenzenes differ only 
slightly and their assignment was confirmed by measurements of selectively 
"N-labelled compounds (Table 16). 

The "N chemical shifts of heavily substituted azobenzenes of type 90'0s are 
shown in Table 17, including 6I5N of nitro and acetamido groups. 

The differentiation between the I5N chemical shifts in dyes existing practically 
completely in their hydrazone forms is easy because -N,H- signals are shifted 
upfield and they are detected as strong negative signals because of the negative 
nuclear Overhauser effect (Table 18) ." 

The temperature dependence of I5N chemical shifts of naphthalene com- 
pounds of 54, 56, 58, 60109 were measured and relatively small changes were 
observed (Table 19) in contrast to analogous data for aryldiazonium salts 
coupling products with substituted  naphthol^.^^^^^^^^"^^ The temperature 
(in)dependences of "N chemical shifts have been used for azo-hydrazone 
content determination. 

The protonation positions of 4-aminoazobenzene in weak (HCl) and strong 
(H2S04) acid solutions seem to be different."' 

Yamamoto et a1."* measured the "N NMR spectra of some water-soluble 
dyes and their intermediates in natural abundance and the structural depen- 
dency of azo-hydrazone tautomerism was determined. 

A "N NMR investigation of azo-hydrazone acid-base equilibria of tar- 
trazine and its two ana log~es"~  has been published. The ''N chemical shifts 
in neutral, basic and strongly basic solutions were given. 

One-bond coupling constants 1J(15N,'5N) were found in 15N double-labelled 
azo dyes. Typical values are 15.3 f 0.7 Hz in pure azo forms and 11 & 0.7 in 
pure hydrazone forms.63,65,69,109 

Kuroda et al.Ii4 reported on the determination of the sign of the one-bond 
'J( "N,"N) coupling constant in "N-labelled 4-acetylaminoazobenzene by 
selective "N decoupling experiments in 13C NMR spectra. The sign was found 
to be negative in contrast to the theoretical prediction. This is attributed to the 
large negative contribution from the orbital-dipole mechanism of an N=N 
double bond. 
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Table 16. 15NChemical shifts in trans-azobenzenes (4-X) -C6 H4 -N,=NO-C~H~ - (4-Y). 

X Y 6"N, a 6I5N3 * 

A B C A C 

H H 129.0' 127.6 127.5 129.0 127.5 
130.1' 128.7 128.4 130.1 128.4 
129.1d 129.1 

H 119.2' 116.5 117.7 96.2 
NH2 H 118.9' 101.7 
N(CH3)2 

1 18.2' 91.4 
OH H 124.2' 110.2 
OCH, H 121.8' 113.7 

Br H 122.1' 130.7 128.6 
NO2 H 120.9' 144.0 

CH3 H 126.1' 123.6 122.2 

OH NO2 ' 138.7' 137.2 138.0 101.2 
NH2 OH 103.6; 91.8 91.1 
N(CH3)2  CH 3 113.1 96.2 
N(CH312 NO2 132.1' 
Fh H 123.8' 126.1 
H' H 146.5' 146.5 
H '  H 150.6' 150.6 

Data taken from Ref. 72. 
Reference compound CH3"N02. 
a A: lSN-Monolabelled compound; B: 15N-monolabelled compound with Cr(acac)3 added; C: 
measured at ISN natural abundance level, Cr(acac), added. 
* Deuteriochloroform. 

Hexadeuteriodimethyl sulphoxide. 
n-Hexane. 
' SN(CH,)* = -325.5. ' 6NH2 = -318.4 (natural abundance), -314.0 (method C). 

6N02 = -10.3 (C). 
Data taken from Ref. 75. 

' cis-Azobenzene. 

6.2. Azo-hydrazone tautomerism 

Nitrogen atoms of the azo bond are directly engaged in the azo-hydrazone 
tautomeric system and it can be expected that l4/I5N chemical shifts should 
reflect the changes in equilibrium. This basic idea was proposed by Berrie et 
a1.,]O4 who used I4N chemical shifts of NH,/N, atoms and calculated 
hydrazone contents (Table 15). They obtained naturally only one set of data 
measurable by double irradiation technique. The intramolecular hydrogen 
bond has a marked effect on SN, as can be seen after comparison of I5Na 
chemical shifts in trans-azobenzene (6 = 128), and compounds 87 and 
4-hydroxyazobenzene (91)"' (Table 20). From these data it follows that the 
proper model compounds for tautomeric systems with intramolecular 
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Table 17. 15N Chemical shifts in trans-azobenzenes 90 in deuteriochlorofom. 

X 

H H 
Br CH3 
H CH3 
CH3 CH3 
NO2 NO1 
H H 
Br H 
Br CH3 
H H 
H CH3 
CH3 CH3 

H 
H 
H 
H 
H 
NHCOCH3 
NHCOCH3 
NHCOCH3 
OH 
OH 
OH 

93.12 
90.63 
92.99 
96.02 
127.60 
63.80 
51.39 
53.90 

-23.72 
-11.73 

4 
116.62 
115.89 
112.28 
109.65 
54.09 
103.64 
114.61 
112.26 
81.31 
84.22 
71.18 

GNEtz 6X 

-295.91 
-295.16 
-296.81 
-297.69 
-282.67 -13.87, -16.92 
-289.28 -253.40 
-286.10 -251.50 
-287.84 -251.86 
-285.44 
-286.86 
-285.97 

From Ref. 108. 
Reference compound: external CH3"N02, Cr(acac)j added. 

Table 18. 15N Chemical shifts of 3-methyl-l-phenylpyrazole-4,5-dione 4-X-phenyl- 
hydrazones of type 78 in deuteriochloroform. 

x d'N, dSN, 615Ng .f 6 " N I f  6"NZf 

- 199.9 -17.4 -191.3 -80.4 
-79.2 

NH2 
OCH3 -203.6 -204.4 -19.0 -192.4 

-204.5 -205.8 -19.8 -192.9 -78.1 
H -205.6 -206.4 -18.9 -192.4 -76.1 
CH3 

Ha& -202.8 -18.6 
Hn-' -202.2 -16.5 
Had -208.3 -21.8 
H- -206.4 -19.4 
F -207.6 -208.6 -19.8 -192.1 -75.8 
c1 -208.7 -209.4 -20.8 -192.3 -74.2 
Br -208.2 -209.3 -20.8 -192.5 -74.7 
I -208.6 -209.2 -21.3 -192.1 -73.9 
CH3COO -209.8 -210.8 -22.7 -192.9 -72.3 
CF3 -210.9 -212.1 -22.2 -192.8 -72.1 
NO2 -212.9 -22.4 
CHICONH -213.2 -22.7 -191.9 -67.4 

Data taken from Ref. 88. 
Reference: external neat CH3"N02. 

' DMSO-d6. 
Data taken from Ref. 69. 

330K. 
Pyridine-d5. 
350 K. 
Cr(acac)3 added. 
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Table 19. Temperature dependence of I5N chemical shifts of compounds 54, 56,58,60" 
in various solvents. 

Compound Solvent Temperature 6I5N, ' 6I5N,3' 
(K) 

54 

56 

58 

60 

CDC13 
CDCl3 
DMSO-d, 
DMSO-d6 
Acetone-d6 
Acetone-d6 
CDC13 
DMSO-d, 
DMSO-d6 
Acetone-d6 

One-d, 
CDC13 
CDC13 
CDC13 
DMSO-d6 
DMSO-d6 

230 
300 
300 
370 
200 
300 
300 
300 
370 
230 
300 
230 
300 
330 
300 
370 

115.8 
118.9 
114.8 

112.8 
116.1 
117.8 
112.8 

114.2 
114.5 
125.8 
129.3 
130.3 
123.2 
126.4 

69.0 
72.9 
65.9 
70.8 
63.9 
67.6 

101.3 
86.4 
92.5 
95.5 
93.1 
89.1 
94.1 
95.9 

123.4 
126.6 

From Ref. 109. 
Reference: external neat CH31SN02 

hydrogen bonds must have intramolecular hydrogen bonds, too. The difference 
in S"N, caused the hydrazone content obtained by Berrie et (Table 15) to 
be systematically higherlo3 due to the incorrect choice of a model compound 
which exists completely in the azo form. 

For the study of azo-hydrazone tautomerism direct measurement of 15N 
chemical shifts has been recommended."' Such measurements make it possible 
to obtain two independent sets of data for the calculation of tautomer abun- 
dances (from N, and No), so that an intrinsic check is possible. The com- 
pounds 78 and 87 were chosen as standard hydrazo and azo compounds. 
Strong intramolecular hydrogen bonds exist in both model compounds as 

Table 20. I5N Chemical shifts of compounds 78, 87, 91" in CDC13. 

Temperature 78 91 87 
(K \ 
\--, 

6I5N, 6I5N4 6I5N, 6I5Np 6"N, d 5 N 4  

360 112.7 126.4 
330 -205.7 - 17.0 111.5 125.2 70.9 128.1 
300 -205.2 - 17.3 110.2 124.2 69.4 126.9 
270 -205.4 -17.6 68.1 125.3 
240 -204.6 - 17.9 67.0 123.7 

Reference: external neat CH,'5N02. 
" From Ref. 110. 
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Table 21. Temperature dependence of 15N chemical shifts and hydrazone content of 
compound 48 in CDCI,. 

Temperature d5N, a Hydra z o n e d5N, a Hydrazone 
(K) content content 
(K) (%) (”/) 

330 -108.0 64.7 32.7 65.7 
310 -116.9 67.8 28.0 68.7 
290 -126.2 71.2 22.8 72.0 
270 -137.4 75.3 17.0 75.8 
250 -148.5 79.3 10.6 80.0 
230 -158.2 82.9 4.7 83.9 

From Ref. 110. 
a Reference: external neat CH3I5NO2. 

well as in the tautomeric compound 48. The temperature dependence of ”N 
chemical shifts and the calculated hydrazone content for compound 48 from 
equation (2) is given in Table 21.”’ 

SI5N(87) - SI5N(48) 
615N(87) - 615N(78) 

YO hydrazone = 

The contents of the hydrazone form calculated from two (N, and NO) sets of 
data are in very good agreement. In other cases,49150,68 the differences between 
N, and N, were less than 10%. 

Small variations of ”N chemical shifts with temperature in amino azo dyes 
(Table 19) are hardly any indication of the presence of a significant amount 
of hydrazone forms. In compound 54, measured in acetone at 200 and 300 K, 
the differences in S15N are less than 3.8ppm, contrary to the values found in 
the hydroxy analogue 48, for which the difference for N, is 50.2ppm within 
the same temperature interval (230 and 330 K in CDC13). ‘’N Chemical shifts 
lead to the conclusion that aminoazo compounds exist in azo forms in a broad 
temperature range, in agreement with the I3C NMR results.”* 

Table 22. ”F Chemical shifts of 4-fluoro-( 3’ or 4’-substituted) azobenzenes in deuterio- 
chloroform. 

X 6I9Fa X Si9Fa 
~~~ ~ ~ 

4’-N(CH3)2 -33.37 4’-Br -29.87 
4’-OCH3 -31.70 3’-COCH3 -29.65 
4’-CH3 -31.16 3’-C1 -29.60 
3’-CH3 -30.86 4’-COOCH3 -29.24 
H -30.66 4’-COCH3 -29.06 
4’-F -30.49 3’-N02 -28.41 
4’-I -29.83 4’-N02 -27.82 
4’-C1 -30.00 

From Ref. 75. 
a Reference: external neat trifluoroacetic acid. 
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Table 23. Temperature dependence of the 19F chemical shifts and hydrazone contents in 
compounds 79,92-94 in deuteriochlorofonn. 

Temperature 79 92 93 94 
(K) 

~~ 

6I9F 6°F 6I9F Hydrazone 6I9F Hydrazone 
content (%) content (YO) 

330 -116.76 -109.77 -113.00 46.2 -1 14.1 1 62.1 
310 -116.60 -109.56 -113.03 49.3 -114.13 64.9 
290 -116.47 -109.39 -113.03 51.4 -114.17 67.5 
270 -116.38 -109.27 -113.07 53.4 -114.24 69.9 
250 -116.24 -109.10 -113.18 57.1 -114.35 73.5 
230 -116.10 -108.88 -113.38 62.3 -114.54 78.4 

From Ref. 118. 
Reference compound: internal CFCI3. 

On the other hand, a considerable contribution of hydrazone forms can be 
expected in the last three compounds in Table 17 as a result of the substituent 
effects of alkylamino groups. 

Deuteration"' of the acidic proton in ortho-hydroxyazo dyes leads to a small 
shift in the azo-hydrazone equilibrium. 

7. 170 NMR SPECTROSCOPY 

Oxygen- 17 NMR spectroscopy would also be attractive for azo compounds 
derived from oxygen-containing starting components but it suffers from poor 
receptivity because of the very low natural abundance level of the 1 7 0  isotope 
(Table 1) and the quadrupolar character of this nucleus. The oxygen atom is, 
like the nitrogen atom, directly engaged in tautomeric systems and 170 NMR 
spectroscopy clearly reflects the character of carbon-oxygen bonds (C-0  vs. 

Table 24. 19F Chemical shifts and linewidths of the CF3 group of compound 95 in 
aaueous solutions. 

Temperature (K) Concentration (mol/dm3) 

5.0 x 10-2 5.0 1 0 - ~  5.0 1 0 - ~  

295 
299 
303 
313 
323 
327 
343 

13.10 (94) 
13.12 (110) 
12.95 (165) 13.16 (4) 13.31 (3) 
12.49 (133) 13.14 (5) 
12.51 (35) 13.15 (7) 
12.57 (19) 13.16 (4) 13.28 (3) 
12.79 (3) 

From Ref. 119. 
Reference: CF3COOD. 
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C=O). Reuben and Samuel”6 observed I7O chemical shift in compound 48 
(6 = 315). Lippert et reported on I7O chemical shifts in compound 46 
(6 = 340). Having compared S i 7 0  in 2-naphthol (6 = 73), P-tetralone (6 = 556) 
and the above-mentioned values we have additional evidence for the prevailing 
double bond character of carbon-oxygen bond in compounds 46 and 48. 

8. 19F NMR SPECTROSCOPY 

The sensitivity of I9F NMR spectroscopy is very high (Table 1) and I9F NMR 
spectra have been used for the characterization of fluorine-containing azo dyes. 
The 19F chemical shifts of fifteen 4-fluoro-(3’- or 4’-substit~ted)azobenzenes~~ 
are shown in Table 22. The S19F values correlate with the corresponding om,p 
constants (6 F = 3 . 6 0 ~ , , ~  - 30.78). The resonances of the aromatic CF3 
groups meta or ortho to the azo linkage were observed in the -61 to -57 region 
(DMSO-d6, internal CC13F).5 

From the view point of azo-hydrazone tautomerism, it is important to have 
an NMR method that enables comparisons to be made between azo-hydrazone 
content data obtained by means of electronic absorption spectra under similar 
concentration conditions. The application of fluorine as a “spy nucleus” has 
been proposed for this purpose.”’ Table 23 summarizes the 19F chemical shifts 
in 79,4-fluoro-2’-hydroxy-5’-tert-butylazobenzene (92), 1-(4-fluorophenylazo)- 
2-naphthol (93) and 2-(4-fluorophenyIazo)-l -naphthol (94) and the calculated 
hydrazone contents. 

A similar procedure was used for 2-fluorophenyl derivatives.’ ’’ High-field 
NMR instruments allow the use of very diluted solutions for 19F NMR studies. 
The I9F NMR spectra of 1 x l O P 4 ~  solution of a dye in chloroform can be 
obtained within ca. 10min of accumulation in a 5-mm tube at 376.5MHz. 
Practically no changes of 19F chemical shifts were obtained within the concen- 
tration range 1 x to 1 x 10-4mol/litre, in contrast to the following case. 

Skrabal et ~ 1 . ’ ’ ~  reported on the temperature and concentration dependence 
of monoazo dye 95 in aqueous solutions. A selection of data (SI9F and w , , ~ )  are 
given in Table 24. Aggregation constants K were determined. 

19 

qCF3 

95 
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9. 31P NMR SPECTROSCOPY 

The 31P chemical shifts” were determined for compounds 83. The data are 
reported in Table 11. 
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Fats 
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analytical methods, 3 2 4 0  
high-resolution NMR, 35-7 
low-resolution NMR, 32-4 
site-specific natural isotope 

fractionation (SNIF), 3740  
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solutions, 15-16, 27-9 
solvents, 24 

proteins, 20-3 
A-lactalbumin, 22-3 
resolution problems, 20 
wheat, 21-2 

19-20 

meat science, 4@1, 43-5 

requirement for non-invasiveness, 2 
water, 2-16 

pulsed gradient spin-echo studies, 

relaxation, 3-1 5 
15-16 

Galactomannans, 27 

Gellan gum, 29 
Gels, solid-state NMR, 30-1 
Glucose solutions, deuterium water 

relaxation, 4-5 
Gluten, 21-2 
Gl ycylglycine 

solid-state NMR, 31 

powder pattern, 57-8 



INDEX 285 

spectrum sideband intensity, 59, 60 
Gordon equation, 7-8 
GPC/NM R for polymers/oligomers, 

187-95 
copolymer composition, and 

molecular weight, 194 
instrumentation, 187-8 
molecular weight determination, 

oligomers, 1 9 4 5  
performance, 188-9 
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oligomers, stereochemistry, 167-73 
radical polymerization 

analysis, 16&2, 163 

initiator fragment analysis, 1 15-1 7 
initiator fragment detection, 11 5-20 

reactivity, and NMR parameters, 

see also Poly(methy1 methacrylate); 
197-200 

Vinyls 
Microanalysis in polymers, 108-14 

coaxial tube method, 108-9 
end-group detection, and molecular 

high dynamic range mixtures, 1 13 
molecular weight determination, 1 10, 

solvent impurities, 109-10 

NMR analysis, 41-3 

proteins 

weight, 113-14 

112-13 

Milk 

mineral components, 41-2 

caseins, deuterium water relaxation 

a-lactalbumin, 22-3 
Moisture content, see Water in foods 
Molecular weight of polymers 

end-group detection and, 113-14 
poly(methy1 methacrylate) copolymer 

determination 

theory, 5-6 

composition and, 194 

GPC/NMR, 189-92 
microanalysis, 110, 112-13 

tacticity and, 1924  
Multinuclear imaging, 20 
Muscle tissue 

post-mortem changes, 43-4 
rubidium ion transport studies 

intact rat muscle, 243 
rat heart, 241-2 

water relaxation in, 13, 14 
see also Meat 

15N, see Peptides, solid-state I5N NMR 
Nitrobenzene, water uptake, 11 1 
Nuclear shieldings interpretation, 6 1-2 

see also Shielding tensors, I5N 

1 7 0  

in azodyestuff NMR, 276-7 
water relaxation, 4 

low-resolution NMR , 32, 33 
Oils in seeds, characterization, 35-6 

Oligopeptides, solid-state ISN NMR, 

isotropic chemical shifts, 67-7 1 
shielding tensors, 62-7 

62-7 1 

Oxiranes, polymerization, 1 3 6 7  

31P NMR 
for azodyestuffs, 265-7, 278 
for phytates in foods, 36 

Palm oil, fatty acids, 35 
Paramagnetic shift reagents, 234 
Parenchyma 

pulsed-gradient spin-echo studies, 16 
water exchange in, 12 

Pasta gluten, 21 
Peak elimination method for tacticity 

Pectins 
determination, 156 

esterification, 27 
structure, 28 

Peptides, solid-state 15N NMR, 55-97 
advantages of solid-state NMR, 56 
experimental procedures, 56-61 

CP/MAS, 58-9 
dipolar NMR, 59-61 
double CP, 59 
polycrystalline measurements, 57-8 
single-crystal measurements, 56-7 
spinning sideband intensity, 59, 60 

nuclear shieldings, interpretation, 6 1-2 
oligopeptides, 62-7 1 

isotropic chemical shifts, 67-7 1 
shielding tensors, 62-7 

polypeptides, see Polypeptides, 

see also Proteins 

see also Polyphosphate meat additives 

synthetic, solid-state I5N NMR 

Phosphate in milk, 41-2, 43 

Photo-CIDNIP, for A-lactalbumin 
study, 23 
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Phytates in foods, 31P NMR, 36 
Plant tissue 

cell wall, solid-state NMR, 31 
magnetic resonance imaging in, 18 

diffusion-weighted, 19-20 
water relaxation in, 12-13 
see also Living systems 

Polyisoprenes, relaxation parameters, 

Polymer chemistry, high-resolution 
185-6 

NMR in, 99-210 
copolymers, comonomer sequences, 

end-group/defect analysis, 1 1 5 4 9  
159--64 

direct, 142-9 
initiator fragment detection, 1 15-28 
with labelled initiator, 12841 

copolymer composition, and 

instrumentation, 187-8 
molecular weight determination, 

oligomers, 19&5 
performance, 188-9 
tacticity, and molecular weight, 

GPC/NMR on-line analysis, 187-95 

molecular weight, 194 

189--92 

192-4 
monomer reactivity, NMR parameters 

oligomer stereochemistry, 167-78 
chloral, 175-8 
methyl methacrylate, 167-73 
vinyls (other), 173-5 

chemical shift reliability, 103, 105 
coaxial tubing method, 107-8 
compositional analysis accuracy, 

microanalysis, 108-14 
and operating conditions, 101-3, 

signal intensity reliability, 103, 105, 

and, 196-201 

quantitative analysis, 101-14 

105, 107 

104 

106 
relaxation parameters 

frequency dependence, 180 
reliability, 179-80 
tacticity dependence, 18 1-7 

tacticity determination, 14947 
copolymers, cotacticity, 16&7 
reliability/reproducibility, 149-53 
techniques, 15&9 

Poly(methy1 methacrylate) 

copolymers, composition, and 
molecular weight, 194 

end-group analysis, direct, 142-3 
macromonomer polymerization, end- 

group analysis, 130-2 
microanalysis, 1 10, 1 12-1 3 

high dynamic range mixtures, 

molecular weight determination, 

quantitative analysis 

113-14 

GPC/NMR, 190-1 

chemical shift data reliability, 103, 

compositional analysis, 105, 107 
and operating conditions, 101-3,104 

relaxation parameters 
frequency dependence, 180 
reliability, 179-80 
tacticity dependence, 181-7 

data reproducibility, 150-3 
and molecular weight, 1 9 2 4  

see also Methyl methacrylate 

end-group analysis, 146-9 
polypropylene, 146-9 

propylene polymerization, catalyst 
systems, 13841 

105 

tacticity 

Pol yolefins 

copolymerization, 140-1 
Polypeptides, synthetic, solid-state ISN 

NMR, 71-95 
isotropic chemical shifts, 71-89 

copolypeptides, 78-89 
homopolypeptides, 72-8 

shielding tensors, 89-95 
copolypeptides, 93-5 
homopolypeptides, 89-93 

Polyphosphate meat additives, 44-5 
Polypropylene, end-group analysis, 146- 

see also Propylene polymerization, 
9 

catalyst systems 
Polysaccharides, NMR, 23-3 1 

2D techniques, 25-6 
3D structure determination, 26-7 
gels, 30-1 
glycosylation shifts, 24 
problems, 24 
solids, 29-30 
in solution, 27-9 

pulsed-gradient spin-echo theory, 
15-16 
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Polysaccharides, NMR-contd 

Polystyrene 
solvents, 24 

chromatography standards, 189 
metal catalyst-prepared, end-groups, 

model compounds for, 174 
see also Styrene 

149 

Poly(viny1 acetate), end-group analysis, 

Poly(viny1 alcohol), GPC/NMR 

Poly(viny1 chloride), end-group/defect 

Potassium, cellular flux, 21 1-14, 237-8 
rubidium congener studies, 23844 

143-5 

analysis, 194 

analysis, 145-6 

erythrocytes, 23841 
rat heart, 241-2 
rat intact muscle, 243 
rat kidney, 242-3 
rat salivary gland, 243 

Powder patterns, for peptides, 57-8 
Process control, in food production, 33- 

Propylene polymerization, catalyst 
4 

systems, 13841 
copolymerization, 140-1 
see also Polypropylene, end-group 

analysis 

in food, 20-3 
Proteins 

caseins, 5-6 
a-lactalbumin, 22-3 
pulsed-gradient spin-echo studies, 

15-16 
resolution problems, 20 
wheat, 21-2 

water relaxation, 4, 5-9 
‘activity’ theory, 5-6 
and aggregation, 8 
deuterium water, 9 
Gordon equation, 7-8 
water population approaches, 8-9 

see also Muscle tissue; Peptides, solid- 
state I5N NMR 

studies of water in foods, 15-16 
Pulsed gradient spin-echo (PGSE) 

‘q-space microscopy’, 16 
Quadrupolar nuclei, physics of, 214-33 

classical Hamiltonian, 215-16 

Hahn spin-echo experiment, 223-5 
hard pulses, and chemical shift 

pulse-and-collect experiment, 222-3 
quantum mechanical Hamiltonian, 

relaxation of spin-3/2 nuclei, 220-2, 

evolution, 218-20 

21618 

227-33 
longitudinal, 232-3 
transverse, 227-33 

triple-quantum filtered experiment, 
225-7 

Quantitative analysis of polymers, 
101-14 

chemical shift reliability, 103, 105 
coaxial tubing method, 107-8 
compositional analysis accuracy, 105, 

microanalysis, 108-14 
and operating conditions, 101-3, 104 
signal intensity reliability, 103, 105, 

107 

106 

Rape seed oil characterization, 35 
85Rb, 214 
s6Rb, 213 
87Rb, 214 

in cellular flux studies, 213, 23844 
erythrocytes, 23841 
rat heart, 241-2 
rat intact muscle, 243 
rat kidney, 242-3 
rat salivary gland, 243 

chemical shift, 234 
relaxation in agarose gel 

longitudinal, 232-3 
transverse, 228-30 

relaxation time, 235-6 
triple-quantum filtration, 2 3 6 7  

Rice, lipid characterization, 36 
Rubidium 

spectrum editing 

in biology/medicine, 21 3 
isotopes for NMR, 213-14 
see also 87Rb 

Saccharides, see Polysaccharides, NMR 
Seed oil characterization, 35-6 

low-resolution NMR, 32, 33 
Shielding tensors, I5N 

oligopeptides, 62-7 
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alanines, 65-7 
amide groups, 63-5 
amino groups, 63 
L-histidine, 63 

polypeptides, 89-95 
copolypeptides, 93-5 
homopolypeptides, 89-93 

see also Chemical shielding anisotropy 
(CSA); Nuclear shieldings, 
interpretation; Sternheimer anti- 
shielding factor; Sum-over-states 
in shielding estimation 

Shift reagents, for intra-/extracellular 
cation resonances, 234 

Sideband intensity method in peptide 
NMR, 59, 60 

Single-pulse magic-angle spinning (SP/ 
MAS), for amylose gels, 30 

SNIF NMR in food science, 3740  
for wine characterization, 3840  

Sodium in cellular processes, 2 1 1-1 2 
membrane transport, 237-8 

Sodium chloride, as meat additive, 44-5 
Solid-state NMR, for polysaccharides, 

29--30 
crystalline, 30 
gels, 30-1 
see also Peptides, solid-state I5N NMR 

for polysaccharides, 24 
in tacticity determination, 156 
water contamination, 109-10, 11 1 

Soyabean seeds, oil composition, 35 
Starch 

polysaccharides, structure, 27-8 
solid-state NMR, 29-30 
suspensions, water relaxation in, 9-12 

Solvents 

and capillary theory, 10 
and concentration, 9-10 
and heating, 11 

Sternheimer anti-shielding factor, 220 
Stilbene, copolymerization, 134 
Styrene 

cationic polymerization, 12&2 
compositional analysis, 105, 107 
copolymerization, 1334, 200-1 

methyl methacrylate, 133, 167 
polymerization, 129-30 

radical, initiator fragment analysis, 

reactivity, and NMR parameters, 197, 
1 18-20 

199-200 

substituted, in copolymerization, 

see also Polystyrene 

analysis in foods, 36 
solutions, water relaxation, 4-5 
see also Polysaccharides, NMR 

200-1 

Sugar 

Sum-over-states in shielding estimation, 

Sunflower seeds, oil characterization, 35 
Suspensions, starch, water relaxation in, 

62 

9-12 

Tacticity in polymers, 149-67 
determination techniques, 154-9 

2D NMR spectroscopy, 157 
accuracy, 101-2 
derivation, 155 
epimerization, 154 
model compounds, 1 5 4 5  
peak elimination method, 156 
quantum chemistry calculations, 

reliability/reproducibility, 149-53 
solvent change, 156 

analysis, 1924  

155 

and molecular weight, GPC/NMR 

relaxation parameter dependence, 

see also Cotacticity of polymers 

I3C NMR, 264,268-9 
'H NMR, 254-6 
I5N NMR, 272, 274-6 

Tetramethylurea, as SNIF-NMR 
reference, 38 

Three-tau model for relaxation 
parameters, 180 

Transfer agents, in polymerization, 136 
Transition metal catalysts, in 

Triglycerides in palm oil, 35 
Triple-quantum filtration 

in intra-/extracellular ion 

for 87Rb relaxation, 228-30 

181-7 

Tautomerism, azo-hydrazone 

polymerization, 13741 

differentiation, 2 3 6 7  

Vinyls 
monomers 

acetate, radical polymerization, 132 
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Vinyls-contd 
reactivity, and NMR parameters, 

substituted, in copolymerization, 
196, 199-200 

200-1 
oligomers, stereochemistry, 173-5 
polymerization, initiation, 1 17 
see also Methyl methacrylate; 

Poly(viny1 acetate), end-group 
analysis; Poly(viny1 alcohol), 
GPC/NMR analysis; Poly(viny1 
chloride), end-group/defect 
analysis 

Vinylidene chloride, isobutylene 
copolymer, 1624  

Vinylpyridines, polymerization 
stereochemistry, 137 

Volume magnetic susceptibility, 108 

Water in foods, 2-16 

oil seeds, 33 
wheat, 34 

moisture content, 32 

pulsed gradient spin-echo studies, 
15-16 

relaxation, 3-1 5 
dilute solutions, 4 
future of NMR in, 13-1 5 
muscle tissue, 13, 14 
plant tissue, 12-13 
protein/polysaccharide solutions, 

simple sugar solutions, 4-5  
suspensions/pastes/powders, 9- 1 2 

5-9 

Water uptake by acetone, 109-10 
Wheat 

moisture content, 34 
protein, 21-2 

Wigner-Eckhart theorem, 216 
Wines, SNIF-NMR of, 3840  

X-ray single-crystal analysis, 175 
Xanthan gum, NMR characterization, 

Xyloglucan polysaccharide, spectra, 
29 

2 5 4  

Ziegler polymerization, 13741 


