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MESSAGE FROM THE PRESIDENT OF ISMAR

As I approach the half-way mark in my term
of three years as President of ISMAR, I am very
happy to accept the Editor’s invitation to write a
message to members of the Society and to sub-
scribers and readers of the Bulletin.

First of all T want to let you know that the
date and location of the next ISMAR Conference
has been fixed by the Council. It will be held at
the Hotel Gloria, Rio de Janiero, 29 June - 5
July 1986, and will be organized by Dr. Ney
Vernon Vugman from whom further information
may be obtained. His address is Dr. N.V. Vug-
man, Instituto de Fisica, Universidade Federal
de Rio de Janiero, Cidade Universitaria, Bloco A
- CCMN, Rio de Janiero 21945, Brazil. We hope
you will plan to be there and help to make this a
really successful international magnetic reso-
nance meeting.

Now let me turn to some domestic matters.
At the last ISMAR meeting in Chicago in August
1983, a new ISMAR Constitution was pre-
sented to the Council and to a Business Meeting
of the Society, who both approved it with minor
amendments. It was then circulated to the whole
membership for ballot by mail, and was over-
whelmingly approved. At the same time a list of
candidates for the various offices and for the
Council was circulated for election by mail ballot.
The following officers were elected: President: E.
R. Andrew, Vice-President: C. P. Slichter, Secre-
tary-General: D. Fiat, Treasurer: C.P. Poole. A
full list of Council members elected appears at
the front of the Bulletin. Those elected assumed
office in January 1984. In recognition of his
special contributions to the establishment of the
Society, Professor Daniel Fiat was accorded in
the Constitution the personal office of Founding
Chairman.

The Secretary-General maintains the records
of the Society and any questions concerning
membership and general information should be
addressed to him (Professor D. Fiat, E-207 MSA,
University of Illinois Medical Center, P.O. Box
6998, Chicago, Illinois 60680, U.S.A.).

The Treasurer looks after the finances of the
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Society and deals with dues and Bulletin sub-
scriptions.: The Society has opened a bank
account in Columbia, South Carolina, where the
Treasurer lives. A certified public accountant in
Columbia has been appointed to carry out an
annual audit of the Society’s accounts. Any
questions concerning dues and Bulletin subscrip-
tions - should - be addressed to the Treasurer
(Professor C.P. Poole, Department of Physics,
University of South Carolina, Columbia, S.C.
29208 U.S.A)). :

Between the triennial meetings of the Society
the Council carries out its business by corre-
spondence. I write to Council members four
times a year and I am most grateful for their
advice.

The Society’s journal, Bulletin of Magnetic
Resonance, is prospering under the energetic edi-
torship of Professor David Gorenstein. He is
shortly moving to a new appointment in the
Department of Chemistry at Purdue University
and will continue to edit the Bulletin from there.

As we look to the future, the next ISMAR
triennial meeting after Rio de Janiero will be
held in 1989. It will be recalled that previous
international magnetic resonance meetings have
been held in Tokyo (1965), Sac Paulo (1968),
Melbourne (1969), Israel (1971), Bombay (1974),
Banff (1977), Delft (1980) (ointly with the
Groupement Ampere), Chicago (1983). Any
members who have suggestions for 1989 or
about any other aspect of the Society’s activities,
should write to me at the address below.

Finally I send my cordial greetings to all
members of ISMAR and my best wishes for your
life and work.

Raymond Andrew
President, ISMAR
Department of Physics
University of Florida
Gainesville, Florida 32611
U.S.A.



- NINTH WATERLOO NMR
SUMMER INSTITUTE

ADVANCES IN
NUCLEAR MAGNETIC RESONANCE
JUNE 10-17, 1985

Lectures will be held on nuclear spin thermodynamics, r.f. pulse technology, two
dimensional NMR, double resonances, multiquantum NMR, quadrupole NMR, spin
polarization spectroscopy, and on applications in biophysics, chemical physics and
solid state physics. On Saturday, June 15 there will be a NMR Imaging Symposium.

Invited Speakers

P. Allen (Edmonton), R. Andrew (Gainsville, Fl.),

R. Armstrong (Toronto), P. Beckmann (Bryn Mawr
Penn.), R. Blinc (Ljubljana, Yugoslavia), M. Bloom
(UBC, Vancouver), E. Burnell (UBC, Vancouver),

S. Clough (Nottingham, England), F. Conti (Rome,
Italy), W. Doane (Kent, Ohio), R. Dong (Brandon, Ma.),
D. Edmonds (Oxford}, D. Gorenstein (Chicago),

R. Griffin (MIT), E. Hahn (Berkeley), J. Jeener
(Bruxelles, Belgium), K. Jeffrey (Guelph), R. Kaiser
(UNB, Fredericton), P. Lauterbur {Stony Brook, N.Y.),
1. Lowe (Pittsburgh, Penn.), A. Pines (Berkeley),

P. Mansfield (Nottingham, England), M. Mehring
(Stuttgart, FRG), K. Packer (Norwich, England),

H. Peemoeller (UNB, Fredericton), M. Pintar (Waterloo),
C. Poole (S. Carolina), L. Reeves (Waterloo),

B. Sanctuary (McGill), |.C.P. Smith (NRC, Ottawa) and
J. Stankowski (Poznan, Poland). Some speakers have
not confirmed their participation.

For the instructions during the first and second week

only 4th year quantum mechanics will be assumed. For
the advances in NMR (third week) it is expected that
graduate students and younger researchers with a basic
familiarity with the field will benefit most. The number of
participants will be limited to 90. A single room with
breakfast daily will cost $24 Can. per day. For the first
two weeks students add a $20 Can. fee, non-students
$60. For the advances in NMR (third week) students add
a $40 Can. fee, non-students $120. If registering after
May 23 please add $30 Can. to cover late registration
expenses. Applications and inquiries about the full
programme, registration, board and lodging should be
forwarded to:

Summer School in Basic NMR
May 27-June 7, 1985

An introductory course on NMR will cover basic theory,
magnetic dipolar broadening in rigid lattices, spin-
lattice relaxation, experimental methods and spectrome-
ter design. This course will be taught by D. Nicoll and
M. Pintar during the first week. Following will be a week
of introductory review iectures on NMR concepts (den-
sity matrix, spin temperature, quadrupole interaction)
and applications (membranes, phase transitions, liquid
crystals, biological activity, NMR of mammalian tissues,
NMR imaging, topical NMR, instrumentation fine tuning
and others). The reviews will be given by R. Armstrong
( Toronto), G. Chidichimo (U Calabria, italy), J. Davis
(Guelph), R. Kind (Zurich, Switzerland), E. Fukushima
(Los Alamos), K. Jeffrey (Guelph), R. Lenkinski
(Guelph), F. Prato (U of Western Ontario), W. Sobol

. (Silesian U, Pofand}, R. Thompson (U of Western

Ontario).

Le matériel couvert pendant les detix premiéres
semaines nécéssite I'équivalent du cours de mécanique
quantique de 4° année. il est prévu que la section con-
cernant les progrés en RMN (3° semaine) profitera sur-
tout aux étudiants gradués et aux nouveaux venus
possédant une connaissance de base du domaine. Le
nombre de participants sera limité a 90. Une chambre
simple avec petit déjeuner sera disponible au coGt de
24$% Cdn. par jour. Pour les deux premieres semaines,
prévoir un coGt supplémentaire de 20$ Cdn. pour
étudiants, et 60$ pour autres. Pour la 3¢ semaine,
ajouter 40$ Cdn. de frais pour étudiants, et 120$ pour
autres. Pour les inscriptions en retard (aprés le 23 mai),
ajouter 30% Cdn. pour couvrir les frais d'administration
supplémentaires. Faire parvenir applications et toutes
questions a:

Cathy Waimsley, Admin. Director
NMR Summer Institute
Department of Physics
University of Waterloo, Waterioo
Ontario, Canada N2L 3G1

Tel. 519-885-1211, Ext. 6238
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L. INTRODUCTION

Among the different forms of spectroscopy,
nuclear magnetic resonance (NMR) shows an
intimate connection between theory and experi-
ment. NMR therefore enjoys great popularity in
the development of new methods. Following the
rapid development in electronic and computer
technology, NMR techniques evolved from single-
channel to multi-channel and multi-dimensional
modes. The original continuous wave (CW)
method (1-3) was extended to two dimensions
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with the introduction of double resonance (4-6).
The CW techniques were replaced by corre-
sponding multi-channel methods because of sig-
nal-to-noise improvements resulting from broad-
band excitation. The routine NMR methods are
now one-dimensional (1D) (7,8) and two-dimen-
sional (2D) (9-13) Fourier transform (FT) spec-
troscopy. The excitation energy is focused into a
few pulses per experiment and the spectrum is
computed from the experimental data by 1D or
2D Fourier transformation.

A conceptually more difficult method is
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stochastic NMR (14,15). It employs a random
excitation, which continuously supplies excitation
energy and leads to significantly reduced input
power. Again, the excitation spectrum is char-
acterized by a broad frequency range, but the
frequency components do not exhibit a well
defined phase relationship. Sensitivity and reso-
lution can be optimized separately in stochastic
NMR.

An abstract representation of a stochastic
NMR experiment is given in Figure 1. A nonli-
near system is investigated which responds to an
input signal x(t) with an output signal y(t). In

{t) oy
— 25— black box t
rf noise magnetization

Figure 1. System analytical abstraction of sto-
chastic NMR. The magnetic spin system is
excited with radiofrequency noise x(t) and
responds with transverse magnetization y(t).

the experiment, records of both signals are
acquired. The NMR spectrum is derived from
the experimental data by extensive numerical
data manipulation involving correlation of exci-
tation and response records. Multi-dimensional
cross-correlation leads to multi-dimensional spec-
- tra, which display information similar to 2D FT
spectra (16-19).

Section II reviews the historical development
of stochastic NMR spectroscopy and relates the
technique to methods in other fields of science.
Section III summarizes the relevant background
on nonlinear system analysis. The theory of
stochastic resonance is interpreted in Section IV
in terms of pulse sequences for multi-dimensional
FT spectroscopy and illustrated by theoretical
spectra. The practical aspects of stochastic NMR
are covered in Section V. Some future trends
are indicated in Section VI,

II. GENERAL PERSPECTIVE
A. History of Stochastic NMR
The idea of stochastic NMR can be traced to
a paper by Primas (20) in 1961 on quantum

mechanical systems with a  stochastic
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Hamiltonian operator in extension to Kubo’s
theory of fluctuation and dissipation (21-23). The
standard approach to relaxation requires that
the response of a driven quantum mechanical
systems is iteratively expanded into a perturba-
tion series (24). The different order terms of this
series are defined by the powers of the perturb-
ing Hamiltonian. In the field of nonlinear system
analysis such a series expansion is called a Vol
terra series (25). It serves to define the nonlinear
impulse response or after effect functions. The
Fourier transforms of the after effect functions
are called transfer functions, generalized admit-
tances, susceptibilities, or multi-dimensional spec-
tra.

For the description of nonlinear systems, a
Volterra expansion is of limited value only, since
it often diverges. However, for a white noise
perturbation with a Gaussian probability distri-
bution, Wiener has shown that the system
response can be expanded into a simple conver-
gent series with orthogonal functionals (26). The
different order terms of the Wiener series are not
defined by the power of the perturbation, but its
leading terms agree with the Volterra series.
Consequently the terms of both expansions have
a number of properties in common. The Wiener
series has found widespread use in science,
because 1) according to Wiener, white noise is
the most general test signal for the analysis of
nonlinear systems, and 2) the nonlinear after
effect functions are accessible via multi-dimen-
sional cross-correlation of input and output
records (27).

Primas has established a basis for the noise
analysis of nonlinear systems in quantum
mechanics by expanding the response of a quan-
tum mechanical nonlinear system into a Wiener
series. The first application of his theory to
nuclear magnetic resonance systems followed in
1963 by Ernst and Primas (28) with a paper on
NMR with stochastic high frequency fields. It is
based on Ernst’s thesis (29) and investigates
double resonance with a strong stochastic per-
turbation. A comparative evaluation of the sto-
chastic double resonance method led to the intro-
duction of broad band noise decoupling in 1966
(30).

The first pure stochastic NMR data, how-
ever, did not appear until 1970, when Ernst and
Kaiser independently reported their experiments
in two succeeding papers in the Journal of Mag-
netic Resonance (14, 15). Ernst used shift regis-
ter generated binary phase modulation of the

" radiofrequency (rf) input, while Kaiser modu-

lated the magnetic field with Gaussian probabil-
ity. In either case the systems were driven li-

Bulletin of Magnetic Resonance



nearly such that nonlinear response terms could
be neglected.

BINARY PSEUDO-RANDOM SEQUENCE

of
-
N

Figure 2. Binary excitation pulse sequence (top)
and corresponding stochastic response (bottom)
of the '°F resonance of 40 vol. %
2,4-difluorotoluene at a frequency of 56.4 MHz.
Cited with permission from ref. (14).

Figure 2 illustrates the input and output sig-
nals of Ernst’s experiment (14). The excitation
record (top) is a binary set of flip angles and the
response record (bottom) is the resulting trans-
verse magnetization. One-dimensional spectra
were obtained on a digital computer from com-
plex multiplication of excitation and response
spectra. This data evaluation scheme is equiva-
lent to one-dimensional cross-correlation of exci-
tation and response records and subsequent
Fourier transformation. The two papers showed,
that in comparison with pulsed FT NMR, sto-
chastic resonance
1) has the same sensitivity; :

2) allows an independent optimization of sensi-

tivity and resolution in contrast to pulsed FT

NMR (31);

3) reduces the problems in the receiving elec-

tronics associated with the large dynamic range

of impulsive signals;

4) reduces the peak excitation power such that

wider dynamic ranges may be covered;

5) admits coherent averaging of the system
response in connection with cyclic excitation;

"~ 6) will exhibit different saturation features. In

particular, the nonlinear response will involve

double resonance effects;

7) investigates the spin system in dynamic equi-

librium with the excitation and not the

Vol. 7, No. 1

unperturbed thermodynamic equilibrium state.
An interesting application of stochastic reso-
nance to solvent line suppression was demon-
strated by Tomlinson and Hill in 1973 (32). A
continuous string of radiofrequency pulses is
synthesized by inverse Fourier transformation
such that the excitation spectrum fits a prede-
termined pattern with zero intensity at the loca-
tions of solvent lines. In the same paper different
rf modulation schemes are evaluated. Two basic
approaches to modulate the flip angles in a
string of successive pulses are feasible (Figure

eI

I U

T

Il
u

1
-0 u Ut
11 1

=

TIME

Figure 3. Timing diagram of the excitation
sequence. The spin system is excited by a con-
tinuous string of equally spaced pulses with
either amplitude modulation (a) or pulse width
modulation (b). The receiver (c) is turned off for
a constant time period centered about each puise.
The signal from the receiver is sampled (d) by an
analog-to-digital converter just before the
receiver is blanked for each pulse. Cited with
permission from ref. (32).

3). Either the amplitude at constant width or the
width at constant amplitude can be varied. A
negative flip angle is realized by a 180° rf phase
shift. In the first case a double balanced mixer is
employed, but the conditions for linear operation
are rather critical. Pulse width modulation
requires a slightly more complex timing sequence
in order to center the pulses at equidistant time
intervals, but it is insensitive to mixer and
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amplifier nonlinearities. Thus, a nonlinear rf
amplifier can be used, which produces less noise
while the pulses are off. To avoid rf leakage
problems the receiver is blanked (33) for con-
stant time intervals, which are centered at the
pulse midpoints. The magnetization is sampled
just before the receiver is blanked for each pulse.

Fourier synthesized excitation has also been
used for the observation of broad line transients
by multiple frequency modulation of a single
pulse (34). This method combines the observation
of a free induction decay of pulsed FT NMR with
low power broad band excitation similar to sto-
- chastic NMR.

With application to solvent line suppression,
the method of correlation NMR spectroscopy was
introduced by Dadok in 1974 (35-37). The spins
are excited by a fast linear sweep, which gives
rise to spectral distortions of the linear response.
The undistorted spectrum is restored by cross-
correlation of excitation and response. The exci-
tation power spectrum covers a well defined
region and aliasing of response signals is
avoided. As in stochastic NMR, excitation power
requirements are low and spectra are computed
by cross-correlation.

The execution of a cross-correlation on a
digital computer is a rather time consuming pro-
cess. However, for certain pseudo random input
signals the linear cross-correlation can be
replaced by a fast transformation of the
response. This idea has been realized in Hada-
mard NMR spectroscopy. The method was sug-
gested by Ziessow (38) and introduced indepen-
dently by Ziessow (39) and Kaiser (40). The
excitation is based on maximum length binary
sequences or m-sequences, which are generated in
m-stage shift registers (38, 39, 41). The output
of a shift register is a sequence of 2™ - 1 bits
(0,1) with a perfectly white power spectrum. The
values of the bits are used to shift the phase of
the rf excitation by +90 and -90 degrees,
~ respectively. Cross-correlation of the linear
response with such sequences is equivalent to
multiplication of the response with a Hadamard
matrix. For the multiplication a fast algorithm
exists (42), which, on account of the binary
nature of the m-sequences, is even faster than
the fast Fourier transformation.

The work reviewed so far has dealt with li-
nearly driven systems only, where the output is
proportional to the input. Ernst has pointed out
already in 1969 that the nonlinear response of
nuclear spin systems should yield information
similar to that obtained in multiple resonance
experiments (43). However, efforts to formulate
a theory of stochastic resonance, which correctly
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describes the linear as well as the nonlinear sto-
chastic response encountered considerable diffi-
culty. Already the linear solution of the stochas-
tic Bloch equations produced unphysical results
(14). At this point a serious discrepancy between
the theory of stochastic differential equations
(44, 45) and physical reality was encountered.
While the Ito formalism of stochastic integrals is
mathematically more satisfactory, the Stratono-
vich interpretation gives the correct results. This
has been demostrated by Bartholdi, Wokaun
and Ernst in 1976 with a solution of the sto-
chastic Bloch equations in the rotating frame
(46, 47). In particular, the saturation behavior of
the linear response is predicted in agreement
with experimental data and an evaluation of the
line intensities for multispin systems is given. In
his thesis (46), Bartholdi also evaluates the
third-order nonlinear response of the Bloch equa-
tions in the rotating frame.

The nonlinear response of nuclear spin sys-
tems was investigated in a more empirical man-
ner by Blumich and Ziessow (18, 48). Starting
with an analysis of the characteristic saturation
lineshapes in Hadamard NMR spectroscopy, a
heuristic solution of the Bloch equations for arbi- -
trary excitation was found in terms of a closed
expression for a Volterra series. After the advent
of 2D FT spectroscopy (9, 10) it was evident that
the nonlinear stochastic response should reveal
information similar to 2D NMR. Especially, the
indirect spin coupling should be detectable. Dif-
ferent experimental schemes were tried (18)
until the coupling information was indeed found
in terms of cross-peaks in a 2D spectrum, which
itself is a particular 2D cross-section through a
3D spectrum (49, 50). This cross-section not only
revealed cross-peaks for indirect coupling (18,
49, 51, 52) but also for chemical exchange (18,
49-51). The excitation in these experiments was
binary white noise, realized by a string of radiof-
requency pulses with binary random phase mod-
ulation (52). A theory for the interpretation of
the data was developed in the general language
of time-dependent perturbation theory (18, 19,
51). It led to a definition of multi-dimensional
spectra different from multiple pulse FT NMR
and was able to explain the origin of the connec-
tivity cross-peaks as well as the general linesh-
apes (19, 53). The characteristic saturation
behavior (16-18, 51), however, could not be
derived from it.

The general theory of stochastic NMR spec-
troscopy was developed by Kaiser and Knight
(54, 55) in 1982. It gives the exact solutions of
the density matrix equation of motion for cross-
correlations of arbitrary order with Gaussian

Bulletin of Magnetic Resonance



"white noise input. The theory insinuates to
interpret the generation of multi-dimensional
stochastic NMR spectra in terms of multiple
pulse sequences similar to those encountered in
multi-dimensional FT NMR. It explains how
J-coupling, multiple quantum transitions, chemi-
cal exchange, cross-relaxation and relaxation
times enter stochastic NMR spectra (19, 53, 56).
This information is acquired summarily in a sin-
gle stochastic experiment, because in contrast to
pulsed excitation, which can be tailored to focus
its energy on the measurement of specific effects,
white noise is the most general form of excitation
and thus is nonselective.

Recently, stochastic NMR has been tested on

a modern commercial high resolution spectrome-
ter (57, 58). It was demonstrated that for strong
samples the multi-dimensional information can
be derived from data acquired in less time and
stored in less memory volume than necessary for
the data of just one 2D experiment with compa-
rable resolution. The present state of stochastic
NMR will be reviewed in logical context in Sec-
tions IV and V.

B. Related Research

Apart from practical applications, stochastic
NMR is an excellent example for testing the
theories of stochastic differential equations (46,
47) and for studying the stochastic analysis of
nonlinear systems. Stochastic processes and sto-
chastic nonlinear systems are of great interest in
current research in physics, chemistry and biol-
ogy (569-62) and no attempt shall be made to
cover this vast field of research. Rather a variety
of fields 1s listed where stochastic nonlinear sys-
tem analysis is applied, such that the method of
stochastic NMR can be related to other research
activities.

Two general classes are distinguished: the
system response may be modulated either by an
externally applied random force or by equilib-
rium fluctuations in the system itself. In order to
gain insight into the properties of the system, the
response is cross-correlated with the input in the
first class, while in the second class the auto-cor-
relation of the response is formed.

1. Systems Investigated by Cross-correlation

The mathematical term cross-correlation can
be translated into popular English with the word
comparison. The cross-correlation function of
two signals shows characteristic peaks, when-
ever the signals are similar or alike. A compre-
hensive introduction to correlation methods in
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chemical data measurement is given by Horlick
and Hieftje (63).

Cross-correlation has been utilized originally
for the detection of communication type signals
and signal filtering (64-66). In system analysis
the method was applied rather early for the
characterization of nuclear reactors (67, 68) and
electronic circuits (69). In analytical chemistry
new techniques evolved such as stochastic chro-
matography (70), stochastic faradaic admittance
measurements (71, 72), time-resolved fluorime-
try (73-76), and stochastic photolysis (77). In
biology, noise excitation is extensively used for
the study of neural networks (78, 79). Also, the
Hadamard transformation is applied in infrared
spectroscopy (80-82).

Often, an advantage of stochastic over pulsed
excitation is that the system is not driven far
from equilibrium. This advantage, however, does
not apply to NMR, since the nonlinear response
to a single pulse of arbitrary flip angle is propor-
tional to the linear response stimulated by a
vanishingly small pulse (48). Therefore the flip
angle can be optimized for maximum amplitude
of the linear response in NMR. A further advan-
tage of stochastic excitation is the time multi-
plexing of the input. Deviations from ideality of
the input are averaged out, as long as the mean
of the excitation is zero.

Typically most of the system analytical tech-
niques evaluate only the linear response, not
because the systems are all linear, but because
the linear response theory is best understood and
the experimental effort is relatively small. In the
study of electronic and neural networks often the
second-order response and rarely the third-order
response are evaluated as well. Stochastic NMR
is believed to be the first method which seriously
exploits the third-order response.

A method for the characterization of the
nonlinear response in rainfall-runoff processes
has been proposed in hydrology (83) with a
least-squares  fitting procedure formulated
instead of the cross-correlation method. The
general theory of stochastic nonlinear system
analysis is covered in recent books by Marmar-
elis and Marmarelis (79), Schetzen (84), and
Rugh (85). Schetzen’s book includes a historical
bibliography.

2. Systems Investigated by Auto-correlation

The auto-correlation of a signal measures the
coherence within the signal. For instance, if the
signal modulation arises from fluctuating mol-
ecules, the auto-correlation function reveals
information about the molecular motion (86, 87).
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Given the size of molecules, light is often used in
correlation spectroscopy (88-92). Other correla-
tion techniques extract chemical kinetic informa-
tion from fluorescence (93) and conductivity
attenuation (94-96) measurements. The latter
methods depend upon spontaneous fluctuations in
local component concentrations. The develop-
ment of auto-correlation methods shows great
promise for the study of kinetic phenomena at
equilibrium (63, 77).

III. PERTURBATIVE DESCRIPTIONS OF
NONLINEAR SYSTEMS

A nonlinear system (Figure 1) transforms
the input signal x(t) into the output signal y(t) in
a nonlinear fashion. Since the details of the
transformation are unknown, the system
response is expanded into a series of the input.
The most popular expansions in nonlinear sys-
tem analysis are the Volterra (25) and the
Wiener (26) series. A similar expansion is known
in quantum mechanics by the name of time-de-
pendent pertubation theory (19, 51).

A. Volterra Series

The Volterra functional series (25, 97) has
been recognized by Wiener to be suitable for the
description of the input/output relation of nonli-
near systems (26). The output may be expanded
into a power series of the input:

Y =2 yn®),

nz=Q’
Yo = Ky,
y,® = Jk, ()x(t-r)dr,

y,t) = ffE,‘,('r1 Ty) x(tf11)x(t—12)d12dri,

=00

v = [JT% 7, om s
x(t-7 )x(t-7 , )x(t-7 )d7 (7 dr (1)

Each expansion term is a function of the input
function. A function of a function is called a
functional. The time dependence of the functio-
nals depends on the input as well as on the par-
ticular system. The system part reflects the me-
mory of the system. For instance, the free oscil-
lation of a pendulum in response to an impulsive
input demonstrates that while the response has
not completely relaxed, the system still memor-
izes the input. The memory time is given by the
damping constant of the free response. Most
systems encountered in real life have finite
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memory and the impulse response dies away
with time.

For linear systems, the higher order respon-
ses y;, i>1 are zero and the impulse response is
given by k,. In NMR k,  is the free induction
decay (FID). The functions k; are called kernels
in mathematics. The bar marks their invariance
against permutation of time arguments. The
number of arguments is specified by the index
and is equal to the order of the excitation product
in the functional. Since physical systems do not
anticipate an input, all kernels vanish if a time
argument assumes a negative value.

The input/output realtionship (eqn. 1) has
been formulated for time-invariant systems. For
time-dependent systems, the kernels also depend
on the time t. Complete knowledge of all kernels
entirely characterizes the system. In different
disciplines the kernels are called by different
names and often their Fourier transforms are
primarily referred to. The kernels are also
denoted as after effect functions or response func-
tions of different order. Their Fourier transforms
are known as nonlinear transfer functions, gener-
alized admittances, or susceptibilities, or as multi-
dimensional spectra. The denomination of the
kernel Fourier transforms as spectra is rather
old in theory of nonlinear systems (98, 99).
Recently, their relationship to the multi-dimen-
sional spectra encountered in FT NMR spectros-
copy has been elaborated (19). Remembering
that k, is the FID, it is obvious to NMR spec-
troscopists to call its Fourier transform a spec-
trum.

The Volterra series is an expansion in terms
of nonlinear convolutions. Though the concept is
formally appealing, the series is often found to
converge slowly or not at all. For simulation and
analysis of the system response an expansion
with good convergence properties is needed. Such
an expansion was derived by Wiener from the
Volterra series by orthogonalization of function-
als with respect to Gaussian white noise input
(26). Wiener has focused his attention on Gaus-
sian white noise, because 1) noise is the most
general test signal for nonlinear systems, and 2)
the orthogonal expansion assumes its simplest
form for a Gaussian input distribution. The
Wiener series can be shown to converge in the
least squares sense.

B. Wiener Series
The Wiener Series is an expansion of the
system response to zero mean Gaussian white
noise input into a set of orthogonal functionals.

An orthogonal expansion is advantageous
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whenever the system response is to be approxi-
mated in the least-squares sense by a varying
number of functionals or if the kernels are to be
computed by multi-dimensional cross-correlation.
The Wiener series is derived from the Volterra
series by Schmidt orthogonalization of higher
order functionals with respect to the lower order
ones. Consequently the lower order Wiener ker-
nels involve parts of the higher order Volterra
kernels (79) and therefore depend on the input
power. Denoting the Wiener kernels by Ei and
the second moment or power level of the Gaus-
sian white noise input by #,, the first terms of
the Wiener series are given by (26, 27):

y(®) =Z 7,0,

Yo = hy,

5, ® = Ih, xe—r)dr,

¥, = ﬁﬂz (7, )x(t—7 X
x(t—7,)dr,dr, —
#azhz(Tz’Tz)de’

¥, ) = _fff’ﬁa(r‘ T o7 3 )X(E—7 | X

xX(t—7 ,)x(t—7 ,)d7 47 ,dr | —

00
3,,;2th3(71 )T 5T 5 )X(t—7 )dr  dr dr,.
- (2)

The coefficients of the terms in the Wiener
functionals are the coefficients in Hermite poly-
nomials (27). For zero mean white noise with
arbitrary distribution function the orthogonal
functionals up to third order are given in (18)
and (51). The power dependence of the Wiener
kernals is manifested in stochastic NMR spec-
troscopy by saturation broadening (16-18, 49,
51). For vanishing input power only the leading
term of each functional remains, and the Wiener
series approaches the Volterra limit.

C. Cross-correlation

The goal in system analysis is the determi-
nation of the kernels from input and output
records. Wiener originally proposed to expand
the kernels into a set of orthogonal functionals
and to determine the coefficients in a least-
squares fitting procedure (18, 26, 83). However,
Lee and Schetzen (27) showed in 1965 that the
Wiener kernels are most easily retrieved by
multi-dimensional cross-correlation of input and
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output records. Cross-correlation has become a
fundamental tool in the noise analysis of nonli-
near systems.

Unless two or more time arguments are
equal, the n’th order kernel is proportional to the
n’th order cross-correlation

_Prmtt—o,xt—op)dt =
nli B by, 0. ®

The values of the cross-correlation for equal time
arguments depend on the particular distribution
function of the white noise input (18, 51, 79).

A multi-dimensional cross-correlation opera-
tion can be visualized in terms of a multiple

xt) nontinear )
system

x(t-c,)

delay o4

- -

I delay 0 x(t-0p)

hn(O,,...,Un )
o; #Oj

time averager

Figure 4. Analog representation of a multi-di-
mensional cross-correlation.

delay averager (Figure 4). The input signal x(t)
is applied not only to the nonlinear system under
investigation, but also to a number of indepen-
dent time delay devicés. The delayed input sig-
nals are multiplied with the system response and
the product is integrated over time.

An example for a 1D delay averager is the
Michelson interferometer (88, 100), which forms
the basis of Fourier infrared spectroscopy. The
white input light is split into two beams. One
beam passes through the sample and the other is
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delayed by changing its path length with a mov-
able mirror. Multiplication and integration of the
two modified beams is achieved in a slow inten-
sity detector. The detector measures the square
of the sum or the two signals, which involves the
cross-product of interest. The integration time is
the detector response time, which is longer than
a period of the infrared signal by several orders
of magnitude. The time resolution of the inter-
ferometer is given by the resolution of the delay
¢. Thus an analogue cross-correlator can achieve
high time resolution with slow devices. For slow
processes, such as NMR, input and output
~ records are sampled and the cross-correlation is
performed numerically on a digital computer.

D. Symmetry

In theory of nonlinear systems, kernels are
defined symmetric with respect to permutation of
time arguments. If an asymmetric kernel is
encountered, it can be symmetrized without
affecting the values of the functional simply by
averaging all kernels which arise from permuta-
tion of arguments (26)

h, = =

hoym( 7T n)
(UnDZ hysym@ 4575 )- (4)

In mathematics, symmetric kernels are pre-
ferred because there is only one symmetric ker-
nel for a given functional, but several asymme-
tric ones are possible. On the other hand, the
expansion used in conventional time-dependent
perturbation theory immediately leads to a Vol-
terra series with asymmetric kernels (19). The
n’th order functional is given by

yn(t) ff f h (71 )72’ T n)><

x(t-  )x(t-7, ) x(tr n)d'r ndr,dr, . (5)
Its kernel vanishes outside the interval

Oty =7,<7,. (6)

2

Kernels with the definition range of eqn. 6
are sometimes called triangular kernels (85).
Such kernels obey the principle of causality in
the sense that the time arguments of the excita-
tion product in eqn. 5 render the excitation val-
ues distinguishable. By symmetrization the time
variables are permuted and identical definition

ranges are introduced. This artificially destroys

the time ordered sequence of stimuli. Stochastic
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NMR is a good example of how spectral informa-
tion can be disguised by kernel symmetrization.
Nonetheless, symmetric - kernels are useful
because their Fourier transforms can be com-
puted rather quickly at selected spectral regions.
To distinguish symmetric from triangular ker-
nels, symmetric ones are marked by a bar.

The different triangular kernels obtained by
permutation of arguments in eqn. 4 occupy dif-
ferent volume elements in multi-dimensional
time space. The sum of all volume elements fills
the entire time space. Symmetric as well as tri-
angular kernels can be derived from input and
output records by multi-dimensional cross-corre-
lation. For symmetric kernels the definition
ranges for the different delays are equal, while
for the computation of triangular kernels the
delays must be time ordered according to eqn. 6.
A particularity arises at the boundaries of the
triangular volume elements. If two or more time
arguments are equal, the.corresponding excita-
tion values are indistinguishable and the trian-
gular kernel value is given by the value of the
symmetric kernel divided by the number of per-
mutations of mdlstmgulshable time arguments
(19, 85).

E. Time Dependent Perturbation Theory

Iterative approximation of the solution of the
density matrix equation of motion leads to a Vol-
terra type expansion of a quantum mechanical
observable (19, 51). In spectroscopy the observ-
able is usually related to a sample polarization in
response to an electric or magnetic field. The
integration limits in the nonlinear perturbation
functionals are time ordered as in eqns. 5 and 6.
The resulting kernels are given in terms of mul-
tiple products of decaying exponentials which
oscillate with the energy level differences of the
unperturbed sample. The susceptibilities are the
Fourier transforms of these triangular kernels.
They are multiple products of Lorenzian lines,
for example '

—i0 g, o Jpa
Hpy P ,) = ' ’ (72)
[rpa—i€, —2py)]

Hba( 2) (‘,.,1 7‘92) =

— 022 IpcMlg P olca

[rea—i@ = we)llrpy =i, +w mwy,)] (Tb)
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Hba(S)Q‘H ’Loz,a;a) =

i ?3, Tpe Ted*UxPolda

- X
[rgq =i~ @3 )llreg -iko, fw 2™ 9ea)}

1

[rpg -i, +o, +w - “’ba)]‘ (7¢)

In these equations, ¢ measures the excitation
amplitude, I, is the x-component of the dipole
moment operator, @, is the equilibrium density
matrix, r is a phenomenological relaxation rate
and a,b,c,d number succeeding energy levels. In
the second- and third-order susceptibilities (eqns.
7b and 7c), Dha and ., resonate at sum and
difference frequencies of the input frequencies
w,,w, and w,. At resonance, the input frequen-
cies are single quantum transitions. Conse-
quently the higher order susceptibilities describe
multiple quantum transitions. They are respon-
sible for a wide range of frequency mixing phe-
nomena encountered in  nonlinear optics
(101-105).

In contradistinction to NMR the optical wave-
lengths are small compared to typical sample
dimensions and the optical polarization is not
directly observed. The occurrence of sum and
difference frequencies in the optical response is
the result of scattering of induced sample polari-
zations. In NMR the wavelengths are large com-
pared to the sample dimensions and the nuclear
polarization is monitored directly. Sum and dif-
ference frequencies in the response can be
observed with appreciable intensity only if they
arise at a Larmor frequency.

F. Frequency Domain Analysis

Numerical computation of cross-correlations
is extremely time consuming and becomes
largely impossible if kernels higher than second
order are to be evaluated. In spectroscopy, how-
ever, the Fourier transforms, not the kernels,
are of primary concern. These can be obtained
directly in the frequency domain by slicing the
experimental excitation and response records
into sample records x;(t) and y;(t) and Fourier
transforming each record. The resulting sample
spectra X;(¥) and Y;(v) are multiplied and aver-
aged. From Fourier transformation of eqn. 3 one
obtains for first, second and third order (66, 106,
107)

Vol. 7, No. 1

H, () = <YOXX ¢)>
<|X(v)]z > (8a)
H,0,»,) =

<Y, 0, 4 )X 0 )X 0,)>
2<XC P Xe ) > (80

Y,0) = Y0)—H,
<Y, 0, 4,40 ) X0 )X @)X JIP>

BI<X 0 ) R0 P X P>
Y,()=Y@)-H, (¢)X@), (8¢c)

where 2mv = w. The second moment has been
replaced by its frequency dependent estimate

= |X(»)]*. These formulas are valid only for
zero mean Gaussian signals (18,51).

The frequency domain technique yields
access to selected regions of a multi-dimensional
spectrum without having to compute the com-
plete multi-dimensional kernel. Since the spec-
tral regions of interest in NMR can be predicted
from the one-dimensional. spectrum (egn. 8a),
tremendous savings in computation times result.
The formulas for spectra of more than three
dimensions can be extrapolated from the given
ones, but no applications seem to have been pub-
lished. This is attributed to increasing computa-
tional complexity as well as to decreasing signal
strengths. For the computation of higher order
spectra the lower order responses must be sub-
tracted from the system response. Since in
practice the amount of experimental data is
finite, the different order spectra cannot be sep-
arated completely and the stronger signals of the
lower order spectra cross-talk into the higher
order spectra.

The frequency domain formulas yield the
symmetrized spectra I-:In' By Fourier transfor-
mation of eqn. 4 they are recognized as the
average of all asymmetric spectra which result
from permutation of arguments (19)

A0, vy =
(W%, Ho ). ®

In order to relate the signals within a selected
region of a symmetric spectrum to the different
asymmetric spectra, it has been proposed to
transform the part of interest of Hn into the time
domain, select a triangular kernel element and
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back-transform it into the frequency domain
(56).

IV. THEORY OF STOCHASTIC NMR

The general theory of stochastic NMR with
Gaussian white noise excitation was formulated
by Kaiser and Knight (54, 55). By converting the
Bloch equations into an integral egluation, the
previous method of solution (46, 47) was simpli-
fied and generalized. The theory yields cross-
correlations of the magnetization with arbitrary
powers of the excitation. These are neither
restricted to equal relaxation times nor to a
rotating coordinate frame.

The Bloch kernels exhibit different longitudi-
nal and transverse saturation rates as well as a
phase shift of the y-component of the response
and a frequency shift of the resonance frequency
from the Larmor frequency. Within the validity
range of the Bloch equations, however; phase
and frequency shifts are insignificantly small
and the resulting multi-dimensional spectra
exhibit the same lineshapes (eqn. 7) as derived
by time-dependent perturbation theory (19, 53).

A response to odd order products in the exci-
tation arises only in transverse magnetization,
while a response to even order products results
in longitudinal magnetization. This general fea-
ture is a consequence of the rotational symmetry
of the problem: the transverse magnetization is
proportional to the sine of the excitation flip
angle and the longitudinal magnetization is pro-
portional to the cosine. Either function expands
into only odd or even powers of the excitation.
Thus the first nonlinear response in stochastic
NMR arises in third order.

The theory of stochastic NMR is based on
Gaussian white noise input with unit spectral
density. The input amplitude is traditionally
denoted by o (not to be confused with the delays
in Figure 4). Because of the normalization of the
input, o has the physical dimension of Hz2. 1t is
approximately related to the root mean square
(rms) flip angle [ of a random sequence of
pulses by

%rms = o/At, (10)

where At is the pulse spacing.
The variance of the transverse magnetization

is a function of the excitation amplitude ¢ and of .

the relaxation times (46, 47). There exists an
optimum excitation value Yoptr for which the
transverse response is maximal. The maximum
peak height in the fist-order Bloch spectrum is
reached for a value of ¢ just below Topty that in
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the third-order spectrum for a value just above
oopt (61, 53). Since the maxima are rather
broad, peak heights for 1D and 3D spectra as
well as sensitivity are optimized simultaneously
in the response maximum.

The wvalidity of solution of the stochastic
Bloch equations is confirmed by a numerical
simulation of a 2D cross-section through the
symmetric third-order spectrum (53). Different
1D cross-sections through the asymmetric
third-order spectrum can be employed for the
determination of longitudinal and transverse
relaxation rates independent of magnetic field
inhomogeneity. Other 1D cross-sections exhibit
peaks at the line positions of the conventional 1D
spectra but with saturation dependent line-
widths, which, compared to the widths in single
pulse response spectra, can be narrower by a
factor of down to 0.66 in the response maximum
(53). '

The stochastic density matrix equation of
motion was solved by the same method devel-
oped for the Bloch equations (55). The intricate
path of solution will not be repeated, but the
results of the multi-dimensional cross-correla-
tions are rather simple. They admit a pictorial
interpretation in terms of a pseudo-pulse experi-
ment, which is exemplified below with the third-
order response.

A, Interpretation of Kernels

The n’th order triangular Wiener kernel of
the density matrix equation of motion is (55)

hy(r, >>7 ) =

_ an
(0/2)n< F_Ie CT nBec(T n—1 T n)

AT

The result is general, but the notation will be
explained with respect to NMR. The operator Cis
the effective Liouvillean

=-HD_r 4eFD): +Z. (2

HoD is the commutator with the Hamiltonian of
the unperturbed system. The imaginary term
defines the energy levels and accounts for cross-
peaks in nonlinear spectra, which are based for
instance on the indirect coupling interaction. The
real terms determine the lineshape of the linear
spectrum and may also give rise to cross-peaks
in higher order spectra. I is the relaxation
matrix and Z accounts for chemical exchange.
The term quadratic in the excitation amplitude o
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causes saturation broadening. It distinguishes
the effective Liouvillean from the Liouvillean of
the free precession.

A simulation has proven that the relaxation
matrix produces cross-peaks in the third-order
spectrum for cross-relaxing spins. Similarly
cross-peaks arising from intramolecular chemical
exchange have been simulated (56) as well as
measured (49-52). However, no peaks have been
observed yet, which originate in the saturation
term. The term should be expected to cause mul-
tiple quantum peaks from the absorption of sev-
eral identical photons in the same way as multi-
ple quantum signals are observed for critical
excitation levels in the CW NMR of strongly
coupled systems (108-110).

The matrix Bis the linear term of the pulse
rotation operator expliak If Fy is the
x-component of the total angular momentum
operator, then B denotes the imaginary commu-
tator with F, for instance

Bp> = iEDp> = i[F 0] (13)

Consequently B performs an infinitesimal rota-
- tion and may be interpreted as a pseudo-pulse.
The right hand side of eqn. 11 can then be read
as the time evolution of an equilibrium density
matrix » under. a multiple pseudo-pulse excita-
tion with variable pulse separations 7,,_4-7 .. The
time evolution of the density matrix between the
pulses follows the effective LiouvilleanC. The
fact that the pulses do not affect a finite rotation
is a consequence of the statistical independence
of the input. _

The equilibrium density matrix p denotes the
spin statistics in equilibrium with excitation and
relaxation

> =€ Flp,>. (14)

In most cases the dynamic equilibrium density
matrix p is distinguished from the thermody-
namic equilibrium density matrix p, only by
reduced population differences. Under rare cir-
cumstances, when two coupled resonances over-
lap such that a zero quantum transition fre-
quency becomes comparable to or smaller than
some characteristic relaxation rate, zero
quantum elements will be excited (56).

The interpretation of eqn. 11 by a multiple
pulse experiment is illustrated in Figure 5 for a
three-dimensional kernel. Since the kernel acts
as a memory function, which relates different
events of the past to the present, the times 7;
count from the moment of observation into the
past. In triple pulse spectroscopy, the time
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Figure 5. Time and frequency conventions in 3D
stochastic NMR and triple pulse FT NMR. In FT
NMR the pulses represent finite rotations of the
density matrix while in stochastic NMR they
represent infinitesmal rotations.

variables t; denote the separation of events. A
kernel written in the latter notation is called a
regular kernel (85). In accordance with the dif-
ferent time conventions a kernel may be Fourier
transformed either with respect to the 7; yielding
frequencies w; = 2mv; or with respect to the t
yielding frequencies {J;. In either case the result
is a multidimensional spectrum. The peaks,
however, are found at different coordinates (56).
The interrelationship of frequencies is given in
Figure 5. In the w-coordinate frame of multi-di-
mensional spectra all peaks occur at the cross-
coordinates of single quantum transitions.

Fourier transformation of the triangular
third-order kernel yields the third-order suscepti-
bility '

Hyw,w,0,) =
_(03/8)<F_l{ +if, tw, +0,)1'B

X[C+iw, +w,)]" *BIC+i», 1" *Blo>. (15)

It can be written as a sum of various resonances
if effective relaxation rates r are introduced to
account for spin relaxation, saturation, and
exchange in eqn. 12. Then the kernel, eqn. 7c,
results, which has been derived by time depen-
dent perturbation theory.

For the denominator to be at resonance, the
individual frequencies w;, i = 1,2,3, must corre-
spond to single quantum transitions, since only
single quantum transitions are connected by
infinitesimal rotations B. The sum frequency

15



w, +w, +&, must also be a single quantum tran-
sition in order to match F_. This can be
explained with egn. 8c: the kernel is computed
from the response at the sum frequency. Since
the response is measured at the Larmor fre-
quency, the sum frequency must be a Larmor
frequency just like the individual frequencies.
Therefore one frequency in the sum must be
negative. Positive frequencies signify absorption
and negative frequencies signify emission of rf
photons.

Reading eqn. 15 from right to left, the first B
converts population differences to single
quantum transitions. The second B establishes a
connection to neighboring transitions with the
sum coherence being a double quantum tran-
sition for progressive connectivity, a zero quan-
tum transition for regressive connectivity or a
population difference if the transition of the first
B is reversed. The third B converts the popula-
tion differences, zero and double quantum coher-
ences to triple and single quantum coherences.
Since only the latter are measured, the experi-
mental third-order susceptibility carries connec-
tivity information in terms of population effects,
zero and double quantum transitions. Population
effects are either coherent differential longitudi-
nal magnetization exchange due to indirect
coupling, or incoherent net longitudinal magneti-
zation exchange caused by chemical exchange or
cross-relaxation.

In the third-order spectrum, the connectivity
information which involves two resonances (Lar-
mor frequencies) arises from two quanta being
absorbed at two transitions which share an
energy level, and one quantum being emitted at
either one of the transitions. Thus all connectiv-
ity peaks for two resonances are found on sub-
diagonal 2D cross-sections through the third-or-
der susceptibility, because such cross-sections
are characterized by two positive frequencies and
one negative frequency egual in magnitude to
one of the positive frequencies. There is a total of
6 such 2D cross-sections in 3D frequency space,
amounting to three pairs which separate the
connectivity types according to population
effects, zero quantum coherences and double
quantum coherences. '

B. Simulated Spectra

Because experimental data are evaluated in
the frequency domain (cf. eqns. 8), the resulting
spectra are symmetric. The six sub-diagonal 2D
cross-sections through a symmetric 3D spectrum
are equivalent. Each is the average of the 6
sub-diagonal 2D cross-sections through the
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asymmetric 3D spectrum (cf. eqn. 9). Figure 6
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Figure 6. Simulated real part of the sub-diagonal
2D cross-section H,(», ,v,,»,) through the
symmetric 3D spectrum of 2,3-dibromopropionic
acid. Negative signals are filled in black between
the outer two contours.

shows the real part of the simulated cross-section
H,(,»,,»,) through the symmetric 3D spec-
trum of a three spin system. The simulation
was based on eqns. 15 and 9. It is in excellent
agreement with the experimental 90 MHz proton
spectrum of 2,3-dibromopropionic acid in CDCl,
(51). The 1D spectrum appears along the diago-
nal. Positive and negative cross-peaks on the
corners of squares reveal the resonance connec-
tivities. Negative peaks are filled in black. They
indicate progressive connectivity., Positive cross-
peaks indicate regressive connectivity. The
arrangement of peaks is similar to the one in
correlated 2D spectra measured with a
90° -t, -45° -t, pulse sequence (10, 111). Cross-
peaks between resonances which are not direct
neighbors in the energy level diagram do not
occur.

The share of signals in Figure 6 which arises
from population transfer is shown in Figure 7.
It is the sum of two cross-sections, through the
asymmetric 3D spectrum. The particular sub-
diagonal 2D cross-sections are identified from the
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Figure 7. The sum spectrum H,(,,»v,,r )+
H,(»,,,,,) has the depicted pure absorption
mode real part. The cross-peaks arise from cohe-
rent longitudinal magnetization exchange.

condition that w, +w,=0 must be fulfilled in
eqns. 7c or 15. They are H,(v,,»,,»,) and
H,(»,,»,»,). The peak positions in Figure 7
agree with those in Figure 6, but the lineshapes
are now pure Lorenzian. Some peaks, which do
not belong to a cross-multiplet originate in the
overlapping tails of resonances. Other than in
Figure 6, the average intensity of a cross-multi-
plet is now zero, unless the spins are also
coupled by chemical exchange or cross-relaxa-
tion. Chemical exchange causes strong positive
cross-peaks. For cross-relaxation the cross-peaks
are positive for long correlation times and neg-
ative for short correlation times (56) in agree-
ment with 2D FT spectroscopy (112).

The 2D FT experiment for the detection of
longitudinal magnetization exchange employs
three pulses (113, 114). The pulse separation t,
between the second and the third pulse is a fixed
mixing time. The 2D Fourier transformation is
‘applied with respect to the separation t, of the
first and the second pulse and the detection
period t, after the third pulse. The stochastic 3D
spectrum also includes a Fourier transformation
over the mixing time, so that peak intensities
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there reflect the integral over all mixing times.

A further difference between 2D and sto-
chastic NMR results from the difference between
real pulses and pseudo pulses: in 2D FT
exchange spectra coherent longitudinal magneti-
zation exchange does not contribute to cross-
peaks, but multiple quantum coherences do
(112-115). In stochastic NMR the situation is
inverted. Multiple quantum contributions are not
found in the cross-sections in question, but
cross-peaks from coherent magnetization
exchange superpose exchange peaks. One way to
discard the coherent exchange peaks is to replace
each peak by the average of the ¢ross-multiplet.

Sub-diagonal 2D cross-sections with zero or
double quantum peaks are identified in the
third-order susceptibility egns. 7c or 15 by o,
and w, having opposite signs or the same sign,
respectively: Figure 8 shows the magnitude
mode of the zero quantum cross-section
H,(+v,,»,,”,) and of the double quantum cross-
section H,(v,,v,,-,). The zero quantum cross-
peaks are found at the positions of the peaks
indicating regressive connectivity in Figure 6 and
the double quantum cross-peaks at the positions
indicating progressive connectivity. The line-
shapes -of the peaks in the different cross-sec-
tions are discussed in (53, 56). The peak ampli-
tudes do not add consistently so that apart from
strong coupling effects, positive and negative
cross-peaks in the cross-section (Figure 6)
through the symmetrical spectrum show differ-
ent intensity.

Spectra with zero or double quantum peaks
at the cross-coordinates of single quantum tran-
sitions are rather easy to interpret. In 2D FT
spectra, however, multiple quantum peaks are
traditionally displayed at their actual multiple
quantum frequencies. This is a convention based
on the generating pulse sequence (cf. Figure 5),
which requires a fixed preparation time t,. A 2D
Fourier transformation is performed with respect
to t, and t, (10). Stochastic zero and double

"quantum spectra can be transformed into this

coordinate frame with the introduction of differ-
ence and sum frequencies (Figure 9). Mareci and
Freeman have pointed out that inspection of the
tilts of the cross-peak multiplets yields the rela-
tive signs of the coupling constants (116).

It is interesting to note that the double quan-
tum signals can be isolated from the symmetric
3D spectrum if the input consists of two inde-
pendent noise sources in quadrature (56). Unfor-
tunately the peak amplitudes in the two double
quantum sub-diagonal 2D cross-sections have
opposite sign, so that apart from lineshape
effects, the sum of the 2D double quantum
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Figure 8. Zero quantum  cross-section
[H,(-»,,»,,»,)| (top) and double quantum cross-
section [H, (v, 7, ,-»,)| (bottom). The peaks occur
at the cross-coordinates of single quantum trans-
itions.

spectra vanishes.

The third-order susceptibility of coupled spin
systems also exhibits cross-peaks, which do not
lie on a sub-diagonal 2D cross-section. One such
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cross-peak identifies three different resonances,
which belong to a ring of four in the energy level
diagram (51).

Stochastic excitation can also be employed in
heteronuclear experiments. Both nuclear species
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A and X shall be excited by the same input. If
the response of species A is evaluated, then the
3D spectrum exhibits the cross-peaks of A with
A and of A with those of nuclei of X, which are
coupled to A (51). Heteronuclear stochastic NMR
with two independent noise inputs has not been
investigated yet.

V. PRACTICE OF STOCHASTIC NMR

The practical aspects of stochastic NMR are
treated in (52). A commercial spectrometer has
recently been converted to enable stochastic
NMR in liquids (58). A detailed account of this
work is available in a report (57). It includes
complete circuit diagrams and program listings
of the spectrometer modifications.

A. The Experiment

Most stochastic NMR experiments have been
performed with a randomly modulated string of
rf pulses as input. The basic timing diagram is
given in Figure 3. Binary excitation is most eas-
ily realized with random shifts of the rf phase

through +90 and -90 degrees. This introduces a"

random sequence of pulses with flip angles +«
and —a. In general, binary excitation is not fea-
sible for the investigation of the nonlinear
response, since kernel regions with two or more
equal time arguments are underdetermined
(117). It has been shown, however, that in the
special case of NMR, the sub-diagonal 2D cross-
section through the third-order spectrum can still
be retrieved without error (18, 51). For the
unambigous determination of the complete
third-order spectrum, noise input with four or
more levels is required. It is readily generated by
pulse width modulation (cf. Figure 3) (57).

The random sequence of numbers used for
modulation is generated either by hardware or
by software. Since a copy of the input is required
for data processing, either the generating algor-
ithm should be known, a copy should be resident
on a data carrier, or the input values must be
acquired simultaneously with the response. In
the last case three analog-to-digital converter
channels are needed to enable quadrature phase
detection of the response. Shift register genera-
tion of binary excitation for investigation of the
nonlinear response is unsuitable because of
unfavorable higher order auto-correlation func-
tions of m-sequences (118). In experiments with
binary excitation the phase values were there-
fore often derived from the signs of sampled
Gaussian white noise (18, 49-52).

In stochastic 100 MHz proton NMR a typical
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flip angle is 3 degrees. Apart from the spectral.
width, the rms flip angle or the excitation ampli-
tude is the only parameter to adjust in a sto-
chastic experiment. It is tuned for maximum
oscillations in the transverse magnetization
either by feedback from the response or on the
basis of estimated relaxation times and experi-
ence. After acquisition of 10° to 10’ input and
output values the experiment is terminated or
repeated with the same excitation for coherent
averaging of the response. The actual stochastic
experiment is as simple as a CW experiment.
The amount of information gained, however, is
considerably more. Stochastic NMR acquires a
large amount of information with a small
amount of spectrometer time and experimental
difficulty.

The stochastic raw data can be stored at low
digital resolution (52, 57, 58), because the signal-
to-noise ratio of the final spectra is determined to
a large degree by systematic noise as a result of
the finite amount of raw data. The discretization
noise of the raw data is considerably reduced by
the formation of averages (cf. eqns. 8) when cal-
culating the spectra.

B. Data Evaluation

The simplicity of the stochastic NMR experi-
ment is contrasted by more sophisticated data
treatment. Once, however, the appropriate soft-
ware has been designed, the experimenter will
only have to ask for the conventional first-order
spectrum, and after inspection possibly request
higher spectral resolution or additional informa-
tion on indirect coupling, chemical exchange,
cross-relaxation, or relaxation times of selected
multiplets. The answers to all these questions
can, at least in principle, be obtained from a sin-
gle set of experimental raw data.

The information is derived from the evalua-
tion of multi-dimensional spectra (19, 53, 56), in
particular the 1D and 3D spectrum. Ordinarily
they are computed in the frequency domain
according to eqns. 8a and 8c: the experimental
record of data is sliced into sample records of
equal length. All sample records are Fourier
transformed. The resulting sample spectra are
multiplied and averaged. Depending on the
length of the sample records, spectra with differ-
ent frequency resolution are obtained. The four
1D spectra in Figure 10 (57) have been com-
puted with different resolution from the same
31800 input and output data pairs. Careful
inspection shows that the noise level does not
depend on the spectral resolution. It is primarily
a function of the total number of data.
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Figure 10. 1D magnitude spectra of acetylace-
tone and ethanol in acetone-d,. All spectra have
been computed from the same 31800 data pairs
but the length of the sample records varied from
256 to 512, 1024 and 2048 data, resulting in
different spectral resolution Av, The magnetiza-
tion was scaled to less than 6 bits digital resolu-
tion.

The coupling information is gathered from
the sub-diagonal 2D cross-section through the 3D
spectrum. It is calculated for a series of fre-
quency windows which are selected for the lines
of interest in the 1D spectrum. Figure 11 gives
an example. The data were measured with
four-level excitation on a modified Varian XL200
spectrometer (57, 58) and evaluated on an IBM
3032 computer. The spectra have been computed
from 10¢ data pairs which have been stored in 1
megabyte on disk. Each byte reserved 6 bits for
the magnetization and 2 bits for the excitation.
The data acquisition time was 25 minutes. The
1D spectrum was computed in 3 minutes; each of
the 128X128 point 2D spectra was computed in 7
minutes. The 2D spectra have been phase
adjusted in direction v, with phase angles deter-
mined from the linear spectrum. They were then
smoothed with a digital fiter and symmetrized
with respect to the diagonal (119) in order to
reduce systematic noise and cross-talk from the
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Figure 11. Spectra of acetylacetone and ethanol
in methonol-d, which have been computed from
10¢ excitation and response data pairs. Top:
first-order 1D magnitude spectrum. The water
resonance has been folded to 420 Hz. Middle and
bottom: sub-diagonal 2D cross-sections through
the symmetric 3D spectrum for the ethanol and
acetylacetone multiplets. Negative peaks are
marked in black. The top and middle spectra are
cited with permission from ref. (58).

1D spectrum. It should be noted that a 2D FT
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experiment with comparable spectral resolution
would require 60 minutes acquisition time and
four times as much data storage volume. This
difference is a consequence of the higher digital
resolution and of the rigid pulse timing schemes
in-2D FT NMR. These pulse schemes demand
acquisition of a minimum number of data
regardless of the signal intensity.

The different steps in the evaluation of the
nonlinear response are summarized as follows:

1) Determination of the frequency windows of
interest from the first-order spectrum.

2) Computation of the sub-diagonal 2D cross-sec-
tion through the symmetric third-order spectrum
at the coordinates of interest. High frequency
resolution is necessary, so that application of a
noise filter does not lead to intolerable line broa-
dening.

3) Phase correction in direction v , Wwith phase
values determined from the 1D spectrum.

4) Filtering of systematic noise.

5) Symmetrization of the cross-section with
respect to the diagonal, possibly followed by
additional filtering.

6) Two-color contour plot of the 2D cross-section
for the discrimination of positive and negative
peaks.

Indirectly coupled signals are identified by
rectangular groups of cross-peaks with symme-
trically alternating signs of the peak amplitudes.
Chemical exchange and cross-relaxation lead to
either positive or negative cross-peaks only. In
the presence of indirect coupling the peak ampli-
tudes of all effects are superimposed. To sepa-
rate coupling from exchange or cross-relaxation
peaks, the symmetric 3D spectrum must be
decomposed into its asymmetric constituents by
inverse Fourier transformation (56). Then the
magnetization transfer cross-sections
H,(v,,»,»,) and H,(-v,,v,,»,) must be iso-
lated and the average formed of a cross-peak
multiplet in the sum of these two spectra. The
result is different from zero if chemical exchange
or cross-relaxation are present.

The decomposition of a symmetric 3D spec-
trum still needs to be confirmed with experimen-
tal data. The same applies to the existence of
cross-relaxation peaks and the determination of
relaxation times. The latter can be derived from
a least-squares fit of selected theoretical 1D
cross-sections through a 3D resonance to experi-
mental cross-sections, provided the excitation
amplitude ¢ is known (53). It remains to be seen
how accurate the method proves to be. Further-
more, it still needs to be investigated how far
conformational information can be derived from
stochastic cross-relaxation peaks, because they
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correspond to an integral of mixing times in 2D
FT NMR. A stochastic 2D cross-relaxation spec-
trum for a fixed mixing time can be derived from
the raw data only by explicit cross-correlation in
the time domain.

Stochastic zero and double quantum spectra
are not believed to yield new information other
than multiple quantum relaxation times. They
essentially separate the regressive and progres-
sive cross-peaks into different spectra. The same
connectivity information is available from. the
phase of the cross-peaks in the symmetric 3D
spectrum.

The simplicity of the experiment together
with an appropriate software support for data
evaluation designate stochastic NMR as a suit-
able candidate for highly automated nuclear
magnetic resonance. The fundamental difference
to other NMR methods is that stochastic NMR
measures information nonselectively, while with
tailored excitation schemes inforrnation is meas-
ured selectively. Stochastic excitation may be
regarded as the sum of all tailored excitation
sequences. Consequently spectrometer time is
saved in stochastic NMR at the expense of com-
puter time. '

VI. DEVELOPMENTS IN STOCHASTIC
RESONANCE

A. Time Resolved CIDNP Spectroscopy

In a chemically mduced dynamic nuclear
polarization (CIDNP) experiment two input sig-
nals are transformed into one output signal in a
nonlinear fashion. Input 1 stimulates a chemical
reaction. It is usually light, which is modulated
in amplitude. Input 2 is a rf signal, which is
modulated in amplitude, phase or frequency. The
chemical stimulus creates a nuclear non-equili-
brium state, which is interrogated by the rf
input.

A particularly simple situation is created in a
double pulse experiment. The first pulse is the
chemical stimulus and the second is a rf pulse,
which probes the progress of the stimulated
reaction (120). This scheme has become the
basis for fast submicrosecond time resolved flash
photolysis (121). The time resolution of the
double pulse experiment is limited by the length
of the interrogating rf pulse, which itself is bound
by the input power.

Random modulation of both input SJgnals
preserves the broadband character but drasti-
cally reduces the power requirements. In a theo-
retical study (122) it has been shown that the
double pulse information can be obtained from
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the second-order triangular cross-kernel in an
experiment with two independent random binary
inputs: amplitude modulated light and phase
modulated rf. In multiple input nonlinear system
analysis (69, 79) the cross-kernels relate to dif-
ferent inputs, while the auto-kernels relate to
only one of the inputs.

The second-order cross-kernel for the CIDNP
experiment is favorably retrieved by analog on-
line cross-correlation for fast processes. In this
way rapid sampling rates are avoided. The ker-
nel transforms into a stack of pure CIDNP spec-
tra. Each individual spectrum reflects a momen-
tary state of the stimulated chemical reaction, so
-that the complete stack of spectra reveals the
evolution of the reaction. It can be expected that
this concept will also find application for the
investigation of other time-dependent processes,
such as dielectric and mechanic relaxation of lig-
" uid crystals or polymers.

B. NMR Imaging

The NMR imaging experiment (123) aims at
the measurement of the spin density distribution
as a function of space coordinates. For enhance-
ment of image contrast in living tissues, the
retrieved spin density should be weighted with a
function of transverse and longitudinal relaxation
times T, and T,. To achieve spacial resolution it
is necessary to apply time-dependent magnetic
field gradients across the sample. Thus there are
four variables in an imaging experiment:

1) the shape of the radiofrequency input signals
and

2-4) the modulation of x, y, and z gradients.
Consequently the imaging system is either a four
input time-invariant system or a one input time-
dependent system where the time dependence is
imposed by the field gradients.

Stochastic excitation in NMR imaging has
three advantages over conventional methods
with sparsely pulsed rf input:

1) The excitation power is reduced by several
orders of magnitude.

2) Since no deterministic pulse cycle exists, every
additionally acquired data point increases the
quality of the entire image. ,

3) For slowly moving objects, reconstruction of
the image can be restricted to those data, during
the acquisition of which the object was in
approximately the same state.

When treating the imaging system as a lin-
ear time dependent system the spin density dis-
tribution can be retrieved under certain condi-
tions by cross-correlation of the transverse
magnetization with the product of the rf

[N

excitation and functions of the field gradients. A
particular three-dimensional imaging scheme
with stochastic rf input and random field gradi-
ent modulation has recently been proposed (18,
124). T, contrast is varied in the image by
selection of different time delays in the cross-
correlation and T, contrast is achieved by proper
selection of the rf excitation level during the
experiment.

C. Stochastic ENDOR

In edectron nuclear double resonance
(ENDOR) spectroscopy (125), the eectron spin
resonance (ESR) is observed as a function of the
NMR frequency. Due to the presence of radicals,
the nuclear resonances may cover spectral
widths of the order of MHz. Long nuclear relax-
ation times often impede rapid repetition of
experiments. It has been shown (126, 127) that
instead of a linear sweep, pulsed excitation at
pseudo randomly selected nuclear frequencies
circumvents the relaxation time problem and
leads to increased measurement efficiency.

The ESR response is acquired as a function
of the excitation frequency and accumulated for
reoccuring frequencies. The frequency coordi-
nates are selected in a way to insure that the
average excitation history is the same for all
frequencies. If the excitation amplitude is kept
constant, then the response is proportional to the
NMR spectrum plus a frequency independent
term which involves the nuclear relaxation
times.

D. Qutlook

The primary accomplishments of stochastic
NMR so far are, that development of the techni-
que has significantly contributed to the under-
standing of stochastic differential equations and
the perturbative noise analysis of nonlinear sys-
tems. These resuits are a consequence of the
close connection between theory and experiment.
The experience gained is expected to fertilize
methodical research in other areas of science. In
the past, for instance, the progress in nonlinear
optics has benefitted significantly from methodi-
cal developments in NMR (128-133). The simi-
larity of NMR and nonlinear optics is put into
evidence, for instance, by the formal agreement
of the nonlinear susceptibilities. The interpreta-
tion of the generation of multi-dimensional ker-
nels in terms of multiple pseudopulse sequences
has helped to develop new methods in time
resolved spectroscopy and NMR imaging.

Stochastic excitation is distinguished from
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continuous wave and sparsely pulsed excitation
by low input power in connection with large
bandwidth. This important property cannot be
exploited in high resolution NMR in liquids,
because here, excitation power is not a restrict-
ing factor. The situation is different in fast time
resolved spectroscopy, imaging and wideline
NMR in solids. The required large spectral band-
widths, however, need fast modulation rates and
receiver deadtime is expected to demand careful
attention.

The unique attributes of stochastic NMR are
1) that no minimum time for a data acquisition
cycle exists, so that, at the expense of signal-to-
noise ratio, strong samples can be investigated
faster with stochastic NMR than with pulsed FT
NMR. 2) Stochastic excitation extensively tests
the sample and measures a maximum amount of
information in a single experiment. This feature
will be of particular interest for the investigation
of short-lived samples and samples with little a
priori information. 3) An experiment with sto-
chastic excitation is particularly simple to per-
form and the data processing is rather complex.

The last feature is likely to stimulate appli-
cation and development of new data processing
schemes. In particular, the various methods of
time series analysis (134) known in geophysics
have not been exploited yet. With regard to the
slicing of the experimental raw data into sample
records for the computation of the spectrum, it
can be expected that spectral estimation (135) of
the sample records by means of the maximum
entropy method (MEM) (136) instead of an ordi-
nary Fourier transformation will lead to
increased resolution with shorter records. MEM
extrapolates the length of a given record such
that its entropy is maximized (137). Application
of such techniques should balance some of the
signal loss induced by grouping functionally
related response data points into independently
used sample records.

Other stochastic stimuli such as multi-level
constant amplitude random phase signals
deserve investigation with regard to excitation
and saturation properties. The results will be of
interest to the understanding of strongly driven
atomic transitions in LASER noise fields (138).

So far stochastic NMR has only been applied
to the measurement of **F (14) and protons.
Single phase detection has been used throughout.
Applications to !3C, heteronuclear systems and
‘solids have not been reported yet. Further prac-
tical experience is needed to determine how far
stochastic NMR will turn out to be a competitor
to presently established NMR methods.
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ANALYSIS 'OF CHAIN MICROSTRUCTURE BY *H AND **C NMR
SPECTROSCOPY

Yury E. Shapiro

I. INTRODUCTION

The aim of this review is to cover the contri-
bution of high resolution NMR spectroscopy to
the study of polymer microstructure, particularly
after the years 1974-5, thus continuing the
series of previous reviews (1-6).

The impact of stereospecific catalysts on the
polymer world has created new demands for
methods of studying the stereochemical configu-
ration of polymer chains. NMR spectroscopy has
become a very important method in this field
through its ability to discriminate between dif-
ferent structures in a quantitative manner. The
study of polymer configuration inveives consid-

eration of the polymer chain as sequences of iso-, '

hetero- and syndiotactic monomer plasements,
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i.e., as triads. Use of superconducting magnets
and *3C NMR allows one to obtain information
about the content of tetrads, pentads and higher
order sequences.

The analysis of triads and tetrads has been
found to be very useful in the general interpreta-
tion of polymer structural problems. More spe-
cific information is forthcoming which may be
used in a special way, e.g., in correlations with
statistical polymerization theory.

A. Microstructure of Macromolecules
1. Vinyl Polymers

Vinyl monomers C(A)B=CH, (where A and
B are H or a substituent) have various

27



possibilities of joining into polymer chains: con-
figurations "head-to-tail, 1, "head-to-head” and
"tail-to-tail", 2; ‘

A HAHANH A HHAAMH

LA AR

IR RE BRI

8 8B H BH B HHB BH
1 2

formation of branching points, 3, and joining, 4,
of chains is also possible.

' AHAH
A“C"” N
=t ~(-e—=c-
AT Ay o | 5

—C-C—C=C—~ H~C—H

5| 5o A-¢-s
Ly
H=C—H IR

! B HB H
3 4

Even stereoregular polymers are not always
of very high stereochemical purity, and most
polymers are composed of isotactic, 5, syndiotac-
tic, 6, and heterotactic, 7, sequences or may be
regarded as copolymers of such units (1).

AHAHAHAH
5 I T T I I e
L
BHDBHBHDBH
A HBHAHUBH
6 | TV S T |
STl
B HAHBHAH
A HAHBHGBHAM
7 N T Y T T T I |
LR VA
BHBHAHAMHKBH

NMR spectroscopy has clarified these structures.

Asymmetric centers in these chains are
actually pseudoasymmetrical (2) and such poly-
mers have no optical activity.

2. Diene Polymers

The diene forms 1,4-(cis or trans), 8, and
1,2- configurations, 9, by polymerization.

H H H CH-~
N / N Pk
/C = C\ C= C\
7
—H,C CH;- —H,C H
cis-8 trans-8

1,4-polybutadiene
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- syndiotactic sequences

1,2-structures have been discovered in iso- or

H H i
) A . H CH
—HC—C—CH ¢ —n,c-t;:-cnz—'—
T
2 CH,
iso-9 - syndio-9

1,2-polybutadiene
3. Vinyl and Diene Copolymers

The different monomer units A and B form
the following sequences in copolymer chains:

Dyads AA ABor BA BB

SO 5 S - -
Coty o %y
Triads AAA AAB or BAA BAB
nmeee 9. 99

mr $.9

[

K S
|‘Il6
s

An additional 10 triads formed by replace-
ment of designations o and ® are also possible.

All of these and higher order sequences can
be discriminated by NMR (4-6).

B. Conformational Statistics and
Mechanism of Chain Growth

1. Homopolymerization

The possibility of determining vinyl polymer
chain configuration by high resolution NMR is
based on the sensitivity of this method to mag-
netically nonequivalent nuclei in different
sequences. Table 1 presents the designations of
dyads and triads.

The quantities m, r, i, h and s as obtained
from NMR spectra are usually normalized
according to the equations (2) m + r = 1 and
i+h+s=1.

The values of i, h and s have been coupled
with various considerations of polymerization
theories. Perhaps the simplest of these, according
to Bovey and Tiers (1), is the most generally
applicable and involves the parameter P, the
probability that a polymer chain will add a
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Table 1.

Designation

Projection

Bernoullian

Probability
Dyad meso, m ’$‘*‘$ Pm
racemic, r H 1 - Py
Triad isotactic, i, mm Jiﬂ‘$—+:i Pr?
heterotactic, h, mr J*‘*lg‘*jt Pp(1 = Pp)
syndiotactic, s, rr ’i’“iﬁ""jt O =Py
Tetrad mmm :if*3L+—$”*:i P’
o
mmr :i'“ﬂ“*—$—*j§ P2 (1 = Pp)
O
rmr A Pp(l = Pp)2
O
mrm t Pp? (1 = Pp)
rem 8 ?ég Pl = Pp) 2
rer é_._?_._!)_,.g_ (1 - P>
Pentad mmmm (isotactic) 51411——$—+—§L»~§L- P
mmmr i—'—?—*—?—'—?—b—t— Pp? (1 = Py)
Famr o P2 (1 = Pp) 2
mmrm ?. ?. ? . 37' 5 Pn (1 = Pp)
rmrm (heterotactic) S- ?, ? N é;ffé Pp? (1 = Pp) 2
rmrr é' -9 - ? Pyl = P
mrrm 2.2 4 7 ? Pp2 (1 = Pp)?
rrrm ?ﬁ é: ? . é 54_ Pp(1 ~ P2
rrrr (syndiotactic) ‘gJ 6 ?1 541 ? - Pm)4
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monomer unit to give the same configuration as
that of the last unit at its growing end. In this
case the chain growth process follows Bernoul-
lian statistics (Table 1).

_ Theoretical graphs of normalized i, h and s
against P, have been constructed and it has
been found that methyl methacrylate free-radical
polymers give Bernoullian statistical propagation
whereas anionic polymers show a different

behavior, which may be called non-Bernoullian

08 ' mm 4
0.6 5 mr j
504 | 3 ]
2
o o2 L 6A
A \’
°

I} 'l i X

02 04 06 08 P,

Figure 1. Relationship between i, s, h -triad pos-
sibilities and P . Points on the left of Py, = 0.5
are for methyl methacrylate free-radical poly-
mers; points on the right are for anionic poly-
mers (4).

propagation (Figure 1).

The first-order Markovian sequence is
formed by chain growth, with the stereochemis-
try of chain-growth end effects influencing con-
necting monomer units. We have now four con-
ditional probabilities Py Prms P/ | .
which describe the connection process (P 1s
the probability of monomer unit connection in the
m-configuration to the chain end with r-configu-
ration). They are

Prr = (mr)/[2(mm) + (mr)] = (1-Pp)l (1)

Py = mo/[20r) + (mn)] EPyl (@

30

Pm/m =1~ Pm/r (3)
PI‘/I' =1~ Pr/m (4)

Thus Markovian first-order statistics is con-
trolled by two independent parameters P, /. and
Prim (D '

The average sequence lengths may be calcu-
lated from the following equations (1-3, 7):

<> = (@ + Pyl 6
<n,> = [(m)(Pm/r) + Pt (6)

The Markovian second-order statistics have
four independent probabilities. It takes into con-
sideration ‘the influence of the second unit from
the chain end (7).

Non-Markovian processes are possible too.
One of them is the Coleman-Fox process (8, 9),
which explains block configuration by chain
growth. According to this model the block config-
urations come into being by formation of chain
end and anti-ion chelate complexes with its sub-
sequent destruction. '

2. Copolymerization

Assuming that the statistical copolymeriza-
tion: of monomers A and B is controlled by the
Markovian first-order statistics, it holds for the
low conversion limit (10):

Paop = (1 + rAlAVE] *;
Pg/a = 1+ I‘B[B]/[A])'1 ¢))

rp and rg represent copolymerization reactivity
ratio parameters and [A] and [B] represent mole
fractions of monomers in the initial system.

The way in which the copolymer is synthes-
ized markedly affects the copolymerization reac-
tivity ratios rp and rg and the coisotacticity
parameter Py, from the Bernoullian model (11).
Plate and coworkers (12, 13) use only Markovian
first-order statisitics and introduce the two
parameters of coisotacticity P /g and Pg/a.

I1. ANALYSIS OF CHAIN
MICROSTRUCTURE BY * H NMR
SPECTROSCOPY

A. Assignment of NMR Signals in Accor-
dance with the Dyad or Triad Theory

Two types of assignments may be distin-
guished: those which follow purely from NMR
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spectra and those which are taken from non-
NMR evidence. Although the interpretation of
some polymer spectra is now relatively easy, in
other cases serious complexities remain. Spin-
spin decoupling has been used to simplify poly-
mer spectra by eliminating the effect of spin
coupling. Double irradiation becomes increasing
difficult as the chemical shifts of the two coupled
protons come closer together, as for example in
polypropylene.

Another method of NMR spectral simplifica-
tion is to replace particular protons with other
atoms that do not give an observable signal. One
way of doing this is by deuteration, although
substitution by halogen might also be considered.
In this way, not only the signal of the substituted
group removed from the spectrum, but also the
spin-coupling effect of the substituted group is
very much reduced. The interpretation of spectra
of deuterated. materials usually follows more
readily than it does for decoupled spectra, and
the assignments could be made with greater cer-
tainty.

Model compound of polymers have been used
extensively in NMR spectroscopy in two main
ways. Firstly, to correlate chemical shifts found
in polymers with those of well-defined small
molecules in order to identify the presence of
particular groupings. Secondly, the use of more
sophisticated model compounds such as isomers
of the 2,4-disubstituted pentane type as models
of different configurations in the correlation of
splitting patterns observed in polymer spectra.
The study of the second type has been extended
to the 2,4,6-trisubstituted heptanes, and consid-
erable insight into polymer conformational stud-
ies has been gained (14, 15).

1. Homopolymers

One classical example of polymer micros-
tructure investigation is NMR analysis of
poly(methyl methacrylate) (PMMA) samples
(-4, 7, 16, 17). Bovey found that in CDCI3
solution three a-methyl peaks appeared at 0.91,
1.05 and 1.22 ppm. They were due to syndio-,
hetero-, and isotactic forms, respectively. Also,
the isotactic methylene signal was an AB-quartet
(J = -14.9 Hz), whereas the syndiotactic one
was a singlet (Figure 2). The observation of an
AB quartet methylene signal is an absolute
determination of the presence of isotactic struc-
tures and is independent of any other type of
evidence. The stereoregularity of anionic pro-
duced polymers has been shown (7, 16) to be
dependent on the solvent. For a free-radical-initi-
ated polymer it has been claimed (1) that the
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J.
0 3,ppm

Figure 2. *H NMR spectra of PMMA solution in
o-dichlorobenzene, 160° C; (a) predominantly iso-
tactic polymer, (b) predominantly syndiotactic
polymer (4).

syndiotacticity was not solvent dependent, but its
temperature dependence was illustrated (16). It
was found that the P, value for free-radical
MMA polymerization was 0.13 at -78°C and
0.36 at 250° C. Highly syndiotactic crystallizable
samples of PMMA prepared by Ziegler catalysts
were discussed (16).

The new possibilities of conformational anal-
ysis of PMMA appear by the study of a model
compound and MMA oligomers (17). It was ana-
lyzed in relation to the stereospecific conforma-
tion, taking into account the structural end group
effects and the characteristics of the geminal
methylene proton signals.

In polymer stereocisomerism investigations,
serious difficulties can be found. The problems
arise from the necessity of summary spectra
separating subspectra with many components.
Therefore the number of polymers for which the
microtacticity may be determined from.!H NMR
spectra is now restricted (4). Recently increasing
success has been achieved by use of partially
deuterated monomers (18).

The use of computer calculations for investi-
gation of polymers is indispensable. First work in
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this way has been performed for analysis of
poly(vinyl chloride) (PVC) *H spectrum (2). The
spectrum of PVC methylene protons is the
superposition of six mmm, mmr, rmr, mrm, rrm
and rrr tetrad subspectra. Each of these. sub-
spectra is a complex spin-spin multiplet. There-
fore a 8-d,-PVC was synthesized for the stereoi-
somerism investigation (19). Figure 3 shows the
tetrad assignment in this polymer. The same
work was done for methine proton pentade shifts

H
D
B
F
A Cle
1 L
2.5 - 2.0
S,ppm

Figure 3. 100 MHz 'H NMR spectrum of
poly(a-cisB-d,-vinyl chloride) in CDCl,. A, E -
rmr; B - mmr + mmm; C - mmm; D - mmr; F,
H-mrr; G - mrm + rrr (19).

of B8 -d, -PVC (Figure 4).
Zymonas and Harwood (21) interpreted the
*H NMR spectra of iso-syndio- and heterotactic

32

1,2-polybutadienes. The methylene proton reso-
nances can provide information about the meso
dyad. The chemical shifts of methylene type
vinyl protons in iso and syndio forms differ by
0.14 ppm, indicating that the resonance of such
protons can provide information about the rela-
tive amounts of i, h, s-triads. Chemical shifts and
coupling constants were estimated to obtain an
approximate fit of calculated lines to each spec-
trum with the aid of the iterative program
LAOCOON 3.

2. Copolymers

The methyl methacrylate-styrene and methyl
methacrylate (MMA)-methacrylic acid (MAA)
copolymers are the most investigated systems.
Such copolymers have been mentioned in an ear-
lier paper (1), where the effects of styrene blocks
cleaving the aromatic signal and the random
styrene units dividing the methoxyl resonance
were featured, but the a-methyl signal was not
resolved well enough for tacticity determination.
Radical copolymers have been the subject of fur-
ther detailed study (4), and the twelve triads
involving composition and configuration in rela-
tion to a central MMA unit have been divided
between the three methoxy resonances. The *H
NMR spectra of random and alternating copo-
lymers of styrene and methyl, ethyl, butyl and
octyl methacrylates were analyzed in (11). The
way in which the copolymerization mechanism
follows therefrom markedly affect the magnitude
of the parameter of coisotacticity P,;: for all
comonomer pairs under study, P, is higher
when an organometallic catalyst is used (alter-
nating) than in the case of a radical initiator
(statistical). . With increasing number of carbon
atoms in the n-alkyl alcohol residue, P
decreases to a limiting value.

The chemical shifts of the methoxyl and
a-methyl protons in the alternating MMA-styr-
ene copolymer are calculated by taking into
account the contributions of the diamagnetic
shielding and the magnetic anisotropy effect of
the benzene rings in styrene units (22, 23).
Three- and four-bond interaction parameters,
which are necessary for the calculation of con-
formational probabilities of dyad sequences in a
copolymer chain may be estimated from the
parameters determined for the homopolymers.

Klesper and Gronsky (24) investigated the
monomer distribution and microtacticity of the
MMA-MAA copolymers. By using model com-
pounds they offered the well-founded assignment
of twenty stereoisomeric triads to six components
of the a-methyl spectrum.

m
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Figure 4. 100 MHz *H{?*H} NMR spectrum of
poly® B-d, -vinyl chioride) in C,HCl, 1 - rrrr +
rrrm + mrrm; 2 - rrmm + mrmm; 3 - rrmr +
rmrm; 4 - mmmm; 5 - rmmm; 6 - rmmr (20).

The contribution of this investigation to
polymer chemistry consists in the fact that these
copolymers represent the best model for studying
the unit distribution change and tacticity by
copolymerization and chemical modification of
copolymers. The copolymer list may be extended
to the spectrally similar copolymers: phenylme-
thacrylate-MMA (25), benzilmethacrylate-MAA
and diphenyl methyl methacrylate-MAA (26),
and at the expense of the systems, which turn
into spectrally similar copolymers by analogous
polymer reactions (MMA-ethyl, isopropyl, tert-
butyl, benzil, a-methyl benzil, diphenyl,
1,1-diphenylethyl, «-dimethylbenzil, trityl,
1-naphtyl methacrylates) (27). The reactivities of
the monomers have been explained in terms of
the polar effect of the ester groups in radical and
anionic copolymerizations. Coisotactic parame-
ters have been determined by assuming the ter-
minal model statistics.

Usually only dyad and triad sequences in
polymer chains may be identified at frequencies
lower than 200 MHz. However in copolymers

Vol. 7, No. 1

with the polar monomer units, sometimes longer
sequences may be discovered. For example, the
pentads were found in the 100 MHz spectra of
the MMA-acrylonitrile copolymer solution in
DMSO-d, (28). Splitting of the MMA a-methyl
signal on MMA pentad components shows the
copolymers have block-sequences with the MMA
units having more than three components.

B. Expansion of * H NMR Spectroscopy
Capabilities by Use of Superconducting
Magnets. Assignment of Signals
by Tetrad and Higher Order Theories

Development of high frequency spectrome-
ters (220-600 MHz) with superconducting mag-
nets has been of principal importance in polymer
microstructure investigations. The major con-
temporary technical difficulty stems from the
fact that a high resolution NMR spectrum of a
macromolecule is generally a broad, featureless,
and uninformative envelop of many overlapping
lines of chemically related monomers and chain
sequences, even at the highest resolution availa-

ble (29).

1. Homopolymers

Figure 5 shows * H NMR spectra of the same
samples of PMMA that are shown in Figure 2

eree

8. ppm

Figure 5. 220 MHz *H NMR spectra of PMMA
solution in o-dichlorobenzene (4); (a) predomi-
nantly isotactic polymer, (b) predominantly syn-
diotactic polymer.

but at 220 MHz. The latent tetrad structure of
methylene signals at 60 MHz is obvious at 220
MHz (2, 4). The pentad signals, which lead to
the asymmetry of a-methyl signals at 220 MHz,
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are distinguished beautifully at 300 MHz (Figure
6) (30). The fine hexad structure of CH, -signals
is visible as well at this frequency.

Spectroscopy at 220 MHz is effective in the
study of the ionic polymerization mechanism (31,
32). The polymers of 1,2-butylene oxide and
a-methylstyrene prepared under anionic poly-
merization have the Markovian first-order chain
growth mechanism. The cationic poly(1,2- butyl-
ene oxide) and poly{x-methyl styrene) prepared
at temperatures above -25° C follow Bernoullian
statistics with P, =0.26. The information was
obtained from tetrad/pentad sequences (32).
Anionic and cationic poly{(p-isopropyl-
a-methylstyrene)’s have the opposite chain
growth mechanisms (33).

The longest sequences in polyolefins were
obtained from 300 MHz spectra of predomi-
nantly isotactic polystyrene. Flory (34) calcu-
lated the chemical shifts for methine and aro-
matic protons of the central >CHAr group in the
all-meso nonad m, and in the nonads rrm,
mrrm,, m,r,m,, m,r,m, containing a single
racemic triad. The magnetic shielding by phenyl
groups that were first and second neighbors
along the chain were computed according to their
distances and orientations relative to the given
proton in each conformation of the chain using
the ring current representation of the 7 electrons
or, alternatively, the magnetic anisotropy of the
phenyl group and the McConnell equation. The
resulting chemical shifts were averaged over all
conformations. The calculations for the methine
proton are in excellent agreement with the 300
MHz spectrum. Treatment of the chemical shifts
for the aromatic protons in ortho and meta posi-
tions is indecisive owing to the extraordinary
sensitivity of the shielding to torsional angles in
the chain backbone.

For the first time the conformation of a poly-
mer chain was determined in Bovey’s elegant
paper (35) with the aid of model spectral simula-
tion. Figure 7 shows the synthesis of the polyvi-
nyl chloride (PVC) methylene and methine 220
MHz spectra from the tetrad and pentad sub-
spectra. The PVC spectra give moreover much
structural information, for example, the chemical
shifts and spin-spin coupling constants. It was
ascertained that the m-dyads had the TG = GT
conformation in atactic PVC chain since their
vicinal spin-spin coupling constants were the
same as for the model meso-dimer. r-Dyads had
the TT conformation. Therefore the majority of
loops in PVC chain must occur in the mr link-up
of TGTT and GTTT forms and their mirror rep-
resentations.
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(m) TG = GT r) TT

Tanaka and Sato (36) studied the distribution
of cis- and trans-1,4 units in various kinds of
1,4-polybutadienes (PB) and -polyisoprenes
including cis-trans equibinary PB and UV-isom-
erized PB by use of * H NMR spectroscopy at 60,
100, 220, and 300 MHz. Poly(butadiene-2,3-d,)
was used for the peak assignment. The reso-
nance of methylene protons in cis-trans linkage
was described as an A,B, system. Figure 8a
shows the spectra of poly(butadiene-2,3-d,) pre-
pared by butyl lithium. The splitting of the signal
is identical with that of the methylene proton
signal decoupled from the methine proton in PB
as shown in Figure 8b. In Figure 8a the central
peak due to the cis-trans linkages in the 60 and
100 MHz spectra separates into two parts at
220 MHz and 300 MHz. This indicates the exis-
tence of two types of methylene protons in cis-
trans and trans-cis linkages. A computer simula-
tion was carried out as shown in Figure 8b and
the intensity ratio of the peaks was chosen so as
to follow Bernoullian statistics.

The same results were obtained for
poly(2,3-dimethyl-1,3-butadiene) (PDMB). The
220 MHz spectra of PDMB prepared by butyl
lithium in cyclohexane were compared to those of
free-radical PDMB (37). By aid of measurements
done on cis- and trans-1,4 PDMB prepared by
Ziegler catalysts, it was determined that both
polymers were Bernoullian with probabilities of
cis placement of 0.24 and 0.40, respectively. It
was shown that the anionic sample was largely
trans. Anionically prepared PB was predomi-
nantly trans too (36) and had as much as 23%
cyclic structures (38).

2. Copolymers

NMR spectroscopy at high frequencies
(220-600 MHz) allows one to determine the
monomer unit distribution as well as the micro-
tacticity of these units in copolymer chains.
Investigations of a number of copolymers indi-
cate that the copolymerization kinetics deviates
from the simple Mayo-Lewis scheme. In (39) 220
MHz *H NMR spectra of some free-radically
prepared MMA-chloroprene copolymers have
been recorded. The intensities of the a-methyl
signals are related to the relative proportions of
various MMA centered triads and pentads. Triad
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Figure 6. 300 MHz *H NMR spectra of erythro-methylene (a) and a-methyl (b) protons of PMMA solu-
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pentad subspectra (35). The top spectra are experimental (o-dichlorobenzene, 140" C).
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Figure 8. *H NMR spectra of poly(butadiene-
2,3-d,) obtained at 60, 100, 220, and 300 MHz
(a) and decoupled * H NMR spectra of isomerized
polybutadiene (b) in the methylene region
obtained at 100 and 300 MHz (36).

fractions indicate that the Mayo-Lewis scheme is
not strictly applicable to this system and is in
good agreement with those calculated from the
penultimate reactivity ratios r,, = 0.107, r,,
= 0.057, and r, = 6.7 where MMA is monomer
1. However, although a small penultimate group
effect is indicated, some deviation from the
Mayo-Lewis scheme may be due to the occurence
of anomalous head-to-head and tail-to-tail
MMA-chloroprene linkages. A similar analysis
has been described for acrylic monom-
er-2-substituted-1,3-diene and alternating (40,
41) and conventional butadiene-d,-acrylonitrile
(42) copolymers. Alternating copolymers were
prepared under Et Al Cl,/VOCl, or ZnCl,
catalysts. The random copolymers are 'in good
agreement with the Markovian first-order statis-
tics. The reactivity ratios arer,, = 0.18, r, =
0.62 andr,, = 0.26,r, = 0.63 (where MMA is
monomer 1) for MMA-butadiene and MMA-iso-
prene, respectively (40, 41).

Constant composition copolymers of MMA or
methacrylonitrile and vinylidene chloride pro-
duced by radical copolymerization were studied
by *H NMR at 60, 250 (43) and 220 MHz (44).
The monomer dyad/triad sequences and some of
the tetrad/pentad sequences were obtained from
spectra (Figure 9). In (43) a new graphical
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method of reactivity ratio calculations is pro-
posed, based on the use of specific values of the
triad distribution functions and the Coleman-Fox
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Figure 9. 250 MHz 'H spectra of the a-methyl
proton region of copolymer MMA and vinylidene
chloride. [MMA] = 29% (a) and 81% (b). Pentad
decomposition is attributed (43).

model. It is possible to detect a penultimate
effect for the vinylidene chloride-rich region. In
the same region, a change in tacticity of the
triads on the MMA sequences, as compared with
homopolymers, is observed; it is suggested that
the anomaly is caused by the competition of the
depropagation reaction. It can by shown that the
bulk copolymerization kinetics deviates from the
Mayo-Lewis scheme (Figure 10). Small differ-
ences were found between the bulk and solution
copolymerization (44) since the bulk process was
heterogeneous. This could indicate that solvation
effects were important.

When assigning sequences in NMR spectra of
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vinyl polymers, it is usually assumed that near-
est-neighbor monomer units possess a larger
influence on the chemical shifts of the central
unit than on monomer units further removed.
Strasilla and Klesper (26, 45) studied the proton-
OCH, resonances of MMA-methacrylic acid
(MAA) and MMA-diphenylmethyl-methacrylate
copolymers. In fact, the differentiation of nearest
neighbors appears to vanish in the present case,
and within the limits of detection, only the units
removed were responsible for resolving the

-OCH, resonance of the MMA units into triad -

peaks. The detection of such an effect by inten-
sity measurement is possibie only with non-Ber-
noullian copolymers, particularly with copolym-
ers possessing a strong tendency toward
alternation. In copolymers with alternating
character, the statistics of sequences composed of
nearest neighbors differs much from the statis-
tics of sequences composed of next to nearest
neighbors than in the case of copolymers of
block-like character, e.g. in styrene-MMA copo-
lymers (45a). An assignment of such "next to
nearest neighbor" triads appears possible if it is
assumed that the syndiotactic chain is in an all-
‘trans conformation.

C. Pelymer Chain Microstructure Influence
on Segmental Mobility

The relationship between microstructure and
segmental mobility of polymer chain may be bet-
ter studied with the aid of proton spin-lattice
relaxation times than with **C T, measure-
ments. However, this is not correct since proton
and carbon-13 T, values are the complement of
one another and are not always identical.
Accounts of nuclear magnetic relaxation and the
theories of polymer chain motions can be found
in a number of reviews. The last among them is
(46).

Spevacek and Schneider (47) showed with
the aid of a T, *H study that PMMA formed
stereocompexes in CCl;, CD,CN, toluene and
benzene solution. The smallest syndiotactic
sequence length in complexes is 8 (in benzene
solution) or 3 (CCl,, CD,CN solution) monomer
blocks. The relationship between iso- and synd-
iosequences in a stereocomplex is 1:1.5. The
stereocomplexes between iso- and syndiotactic
PMMA have been formed by means of exchange
interaction between the ester groups. In dilute
solutions of s-PMMA a considerable portion
(76%) of polymer segments are intramolecularly
associated. The motion of associated segments
appears as isotropic with an effective correlation
frequency of 10¢-10" Haz.
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Figure 10. Measured tetrad distributions in bulk
prepared MAA-vinylidene chloride copolymers
compared with distributions calculated from r,
= 040andr, = 2.5 (solid lines) (44).

Hatada and coworkers (48) have shown that
the tacticities of poly(alkyl methacrylates) can be
worked out in detail by using the large difference
in spin-lattice relaxation times of protons in a-Me
and ester groups to eliminate the ester group
resonance overlap with the a-Me signal which
normally obscures splittings due to tacticity.
Data were given for several C,-C,-alkyl metha-
crylate homopolymers. In other work (49)
Hatada demonstrated that T, values for isotactic
sequences were longer than for syndiotactic.
Table 2 shows the correlation times for Me and
«-Me groups which were calculated from *H and
13C T, -values for iso- and syndiotactic PMMA.

With the aid of proton spin-lattice relaxation
measurements at 100 and 250 MHz, the seg-
mental motion of poly(4-vinyl-pyridinium brom-
ide) in methanol was studied (50). The necessary
geometrical parameters were received from the
conformational calculation of hexads rrmrr
assuming two models with and without Br™ ion
near pyridinium. For these two models of the
charge distribution, the potential barriers of the -
rm triad mobility have been calculated. The best
agreement between experimental data and
temperature curves of T, was achieved by
AHRT = 6 kcal/mol, (Tg), = 10°** s for the
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Table 2. H and 13C Correlation Times for lso- and
Syndiotactic PMMA (7 _X102* s) (57).

i s
Group
1H 13g 1 H ’ 13c
a-CH, 3.7 A 7.7 7.1
CH, 8.8 4 16 22

-aliphatic chain and AH ¥=2 keal/mol, (r,,), =
1.4X10 = ** s for pyridinium ion. In the temper-
ature range of 250-350 K the vibrational ampli-

tude of the chain increases from 40° to 85°.

HI. INVESTIGATION OF CHAIN
MICROSTRUCTURE BY **C NMR
SPECTROSCOPY

A. Advantage of ** C NMR compared with
} H NMR in Microstructure Analysis

Since the advent of commercial pulsed Four-
ier transform !*C NMR instrumentation, great
advances have been made in the elucidation of
polymer microstructure (51, 52). Firstly, the
twenty-fold increase in chemical shift range over
*H NMR allows much better resolution of small
structural differences. Secondly, the relaxation
times of *3C nuclei in CHn groups (n > 0) are
dominated by dipolar interaction with the
attached protons. Since the C-H bond length
remains constant from one polymer to another,
13C relaxation times are a reliable probe of
molecular mobility.

Figure 11a, the proton NMR spectrum for an
isoprene-acrylonitrile copolymer, shows charac-
teristic broad peaks and yields little structural
information. Figure 11b, the proton decoupled
13C NMR spectrum for the same sample, gives
sharp peaks for each type of carbon atom, and is
used with the coupled spectrum to assign the
peaks (53). The peaks corresponding to CN-car-
bon atoms are still not singlets in the decoupled
spectrum. This is because of the microstructure
effect which may be observed for other carbon
atoms. Table 3 presents the structure composi-
tion of poly(isoprene-acrylonitrile)’s (54).

* Matsuzaki’s poly(2-vinylpyridine) investiga-
tion (55) may be cited as another example of the
advantage of ! *C NMR. The * H NMR spectrum
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of the poly(2-vinylpyridinef 8-d,) in D,SO,
(Figure 12a) shows three peaks of methine pro-
tons, which are assigned to i, s and h triads.
Since the absorption peaks of hetero- and syndi-
otactic triads of methine protons overlap those of
methylene protons in nondeuterated polymers,
only isotactic triad intensities can be obtained
from *H NMR spectra of poly(2-vinylpyridine).
The * 2 C signals (Figure 12b) split into a number
of peaks. This splitting may be due to pentad
tacticity. The results (Table 4) show that
poly(2-vinylpyridine) obtained by radical poly-
merization (with AIBN as initiator) is an atactic
polymer with Bernoullian statistics. The pentad
tacticities of the isotactic polymer (prepared with
PhMgBr as initiator) were then calculated on the
basis of a first-order Markovian process.

Finally one must note that **C NMR spec-
troscopy allows one to obtain microstructure
information inaccessible by other means.

B. Nuclear Relaxation and the Nuclear
Overhauser Effect

Noise decoupling in *3*C NMR spectroscopy
aids assignment by collapsing multiplets to sin-
glets, and in addition selectively enhances the
signals through the nuclear Overhauser
enhancement (NOE). It has been found that the
intensities of carbons of similar hybridization and
number of attached protons are directly corre-
lated (46, 51). Carbons of different type are
usually correlated by a single empirical NOE
factor measured directly from the spectra (49,
56-59). It has been found (46, 53, 56, 59, 60)
that the NOE factor for the carbon-13 nucleus in
a main chain or near it is the same for a number
of polymers in solution. This is proven by the
agreement of the *H and *3C microstructural
data. Recently a number of authors makes use of
paramagnetic additions (nitroxil radicals (56), or
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Figure 11. *H NMR at 80 MHz and **C{*H} at
20 MH:z (b) spectra of isoprene-acrylonitrile
copolymer (A content is 38 mol %) dissolved in
CCl, and CDCl, (53).

acetylacetonate of Cr (60-62) and of Fe(IlIl) (63)
in order to decrease the NOE effect.

The influence of stereochemistry on relaxa-
tion has been investigated for a few polymers.
Isotactic PMMA is appreciably more mobile than
syndiotactic, the T, values being in the ratio
1:1.5 (see Table 2). Inoue et al. (64, 65, 66)
report a T, ~iso/T1°-syndio ratio of 2 for C D,
solutions at 80 C. For polystyrene and
poly(@-methylstyrene) (59, 65, 66) on the other
hand, the isotactic form is slightly less mobile.

Vol. 7, No. 1

Table 3. Structure Composition of
Poly (isoprene-acrylonitrile)'s (62) .

[A], mass%
Sequence 18 34
Al*-tail-to-tail 0.458 0.638
Al -head-to-head 0.125 0.190
b (1) 0.417 0.172
1Al 0.854 0.761
1AA 0.101 0.177
AAA 0.0L45 0.062
* |-isoprene, A-acrylonitrile
a
B-1
B-2
3 2 ppm

Figure 12. *H at 100 MHz (2) and **C{*H} at
25.1 MH:z (b) NMR spectra of
poly(2-vinylpyridine) observed in D,S0, at
60° C. (Samples B-1 and B-2 were prepared with
AIBN and PhMgBr as initiator) (55).
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Table L. Pentad Tacticity of
Poly (2-vinyipyridine) (63).

Pentad Composition
Observed Calculated
mmmm 0.04 0.05
mmmr 0.10 0.12
rmmr : 0.07 0.06
mmrm 0.16 0.12
mmrr 0.12%
rmrm 0.32 0.12*
mrrm 0.06%
rmry 0.11 0.14
rerm 0.16 0.1k
rrrr 0.04 0.07

* Total mmrr+rmrmmrrm: 0.30

The T, activation energies are independent of
configuration. Randall (67) and Asakura (67a)
have measured the '2C relaxation times of
numerous stereochemical sequences in the CH,,
CH, and CH, regions of an atactic polypropoly-
lene sample. The carbons from isotactic
sequences tended to exhibit the longest T, val-
ues, but the largest differences between iso- and
syndiotactic units was 32% for CH carbons (Fig-
ure 13). The activation energies for all T, val-
ues were independent of configuration, 'as for
polystyrene. The origin of the small stereochemi-
cal dependence of T, in polystyrene and polypro-
pylene is probably connected therefore with
slightly different values of the force constants
(46). '

Gronski et al. have studied the dependence of
*3C T, values on sequence distribution in styr-
ene-butadiene (68) and 1,4-1,2-butadiene (69,
70) copolymers. In the styrene-butadiene system,
the T, values for the para-phenyl carbon for two
samples with average block lengths of 1 and 6
are 0.56 and 0.33 s respectively in CHCI, at
53°C and 60 wt%. The comparable value for
polystyrene is 0.11 s. The factor of 3 increase
shown by the sample with <ng> = 6 is indica-
tive of segmental motions involving the coopera-
tion of perhaps three or four monomer units.
Similar effects are observed in the 1,4-1,2 buta-
diene copolymer. For example, the T, value for
the CH of a 1,2-butadiene unit is 0.80 s when its
neighbors are also 1,2-units, but 1.65 s when its
neighbors are cis-1,4-units.
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Figure 13. Arrhenius plot of syndiotactic (A and
isotactic (o) polypropylene methyl relaxation
(67).

It may be pointed out that the carbon
relaxation study acquired greater significance
than *H because of their simpler interpretation
and of a possibility of evaluating polymer seg-
mental mobility in solids (71).

C. Microstructure Analysis of Macromolec-
ules with the Aid of ** C NMR Spectroscopy

1. Polyolefins

13C NMR has proven to be an informative
technique for measuring stereochemical sequence
distributions in vinyl polymers. Chemical shift
sensitivities to tetrad, pentad and hexad place-
ments have been reported for **C NMR spectra
of branched polyethylenes, polypropylene (PP),
polyvinylchloride (PVC), polyvinylalcohol (PVA),
and polystyrene (PS).

Pulsed FT **C NMR studies clearly demon-
strated the presence of ethyl, butyl and longer
chain branches in low density polyethylene
(72-75). The concentrations of ethyl, n-butyl, and
longer chain branches were determined as 3-4,

Bulletin of Magnetic Resonance



10-13, and 8-21 per 1000 carbon atoms accord-
ingly. The methyl carbon of the ethyl branch
was seen as three resonances. These were asso-
ciated with isolated butene units (11.2 ppm) and
adjacent butene-1 units as m and r dyads (10.8
and 10.4 ppm respectively). The same study was
made for PVC (73, 73a) (2-4 branches per 1000
carbons).

Randall (63, 67) made PP *3C resonance
assignments with the aid of T,’s and the model
compound study of Zambelli et al. (76) where
only nine resonances were observed. Figure 14
shows **C NMR spectra of PP with the peak
assignments.

Tonelli (77) demonstrated that the stereose-
quence-dependent *3*C ‘NMR chemical shifts
observed in hydrocarbon polymers can be under-
stood on the basis of the interaction between
carbons separated by three bonds.

A chemical inversion in PP chain was con-
sidered in papers (78-81). The sequence distri-
butions of inverted propylene units were attrib-
uted to Bernoullian (79) or in an opposite view,
to first-order Markovian (80) statistics. Isotactic

PP was prepared in the presence of organome- -

tallic cocatalysts bearing *°®C-enriched methyl
substituents (81). The enriched methyl carbon is
detected, in stereoregular placement, on the end
groups and never undergoes transformation to
methylene. Therefore it is unlikely that interme-
diates are involved in the polymerization mecha-
nism. In addition, since neither a chiral carbon
nor a spiralized chain participates in the two
addition steps, the steric control arises, unequi-
vocally, from the chirality of the catalytic center.

The effects of the tacticity on the *3C NMR
spectra of PVC were calculated and observed in
(82-84). Keller and coworkers showed in their
investigations that *2C NMR spectroscopy
allowed immediate determination of CCl, groups
in chlorinated polyethylene, PP (85), and PVC
(86). By combination with proton resonance
investigations the quantitative analysis of chlori-
nated polymers with respect to the constitution,
i.e., CH,, CHC}, and CCl, group content proved
possible. The constitution curves obtained deviate
slightly from those calculated for the chlorination
.of CH, groups by Bernoullian statistics. The
deviations can be sufficiently described by sub-
stitution statistics proposed by Frensdorff and
Ekiner (87) for parameters A = 0.6 for chlori-
nated polyethylene and 0.9 or 1.6 for PVC, and
are discussed with respect to the chlorination
model of Kolinski and coworkers (88).

By using the appropriate experimental con-
ditions (in DMSO solution) Wu (89) resolved the
methine carbon signal into a triplet of triplets in
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Figure 14. **C{*H} NMR spectra of methyl (a),
methine (b), and methylene (c) carbons in PP at
120° C (67).

PVA spectra at 67.9 MHz which was readily
assignable to pentad tacticity. Quantitative anal-
ysis of this spectra proved that stereoregularity
of radical-initiated polymerization of vinyl ace-
tate was almost atactic. The stereochemical
sequence distribution in the isopoly(vinyl alcohol)
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derived from cationic polymerization conforms to
first-order Markovian statistics. The conforma-
tional aspects of poly(vinyl acetate) have been
discussed in (90).

Randall (91) has made an assignment of sig-
nals in **C NMR spectra of amorphous polys-
tyrene (PS) with the aid of model compounds (92)
and Paul-Grant calculations of the chemical
shifts (71). It has been found that ring currents
of neighboring phenyls influenced the methylene

carbon chemical shifts. The stereochemical
sequence distribution in PS is in accord with -
Bernoullian statistics (92a). By using the induced
currents approach the increments for the chemi-
cal shift of a guarternary carbon due to diamag-
netic screening by the neighboring aromatic sub-
stituents for atactic (65, 93, 94) and regular
conformations (95) of the iso- and syndiofrag-
ments of PS, poly-2-vinylpyridine and

Table 5. Assignment of *3C NMR Signals of 1,4-PI (115).

Chemical Shift {(ppm from TMS)

Carbon trans-trans trans-cis cis-trans cis-cis
c(n _ 39.67 39.91 32.01 32.25
c(2) 134.38 134.55 134.68 134.85
C(W) 26.69 26.55 26.45 26.36

Table 6. Sequence Distributions of 1,4-P1 (115).
Fractions of Dyad Sequence
Sample trans-trans trans-cis cis-trans cis-cis
Chicle 66.1 0 0 33.9
Isomerized qutta 60.1 12.4 15.3 6.3
percha (61.5) % (16.9) % (16.9) L.7)
Isomerized cis- , 2h4.9 25.1 24.6 25.4
Pi (25.0) % (25.0) (25.0) {25.0)

% The values in parantheses are calculated from Bernoullian statistics.
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poly-4-vinylpyridine were calculated. The temp-
erature dependence of chemical shifts of the
triads of quarternary carbon of atactic
poly-2-vinylpyridine was studied from -20° to
50° C. On the basis of the theoretical and experi-
mental data, a model of an atactic chain was
presented for polymers with a different ampli-
tude of torsional oscillations for different struc-
tures in the absence of free rotation. Conclusions
concerning a conformational set of the irregular
chain of macromolecules were made: the isofrag-
ments were predominantly from the right-hand
and left-hand spirals of the 3, type; the syndiof-
ragments contained equal parts of trans-confor-
mation and spiral structures 2, (95).

2. Polydienes

Recently several papers were published con-
cerning the sequence distribution study in poly-
butadiene (36, 52, 96-105) (PB) and polyisoprene
(36, 106-109) (PI) by **C NMR spectroscopy.
The **C peak assignments were made with the
aid of model compound spectra (96-98) and of the
Grant-Paul additivity coefficient calculations.

Each of the olefinic-carbon signals of the
cis-1,4 and trans-1,4 units in PB were reported
(36, 99) to split into two peaks which were ten-
tatively assigned to the olefinic carbons of the
central monomer unit in the triad sequences of
cis-1,4 (C) and trans-1,4 (T) units (Figure 15).
The ultrasonic irradiation of the polymer solution
caused an enhancement of the resolution in *3C
NMR spectra as well as in the decoupled *H
spectrum (Figure 15¢). The observed dyad frac-
tions fitted well to the theoretical curves calcu-
lated by assuming Bernoullian statistics (Figure
16). It is in good agreement with those obtained
by *H NMR and IR measurements, The distri-
bution of cis and trans configurations in
1,4-poly(2,3-dimethyl-1,3-butadiene) follows Ber-
noullian statistics as well (100).

The **C NMR spectra of chickle PI and cis-
trans isomerized 1,4-PI’s were studied in the C,,
C,, and C, carbon* signals of the isomerized
PI's. The new signals were assigned to the car-
bon atoms in cis-trans linkages (Table 5). Table
6 shows the fractions of the dyad sequences. It
was found that the cis-1,4 and trans-1,4 units
were randomly distributed in the isomerized PIs,

Randall has shown (101) that the sequence
distribution of 1,2- and 1,4-units in hydrogenated

-PB’s conforms to the first-order Markovian

" £ C(DH, —C(2)C(5)H, =C(H—-C(4)H, ¥,
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Figure 15. 1>C{*H} NMR spectra of a mixture
of cis-1,4 and trans-1,4 PB’s (a), isomerized PB
(b) and (c) ultrasonic-irradiated product of (b)
(36). :
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Figure 16. The dyad distributions of cis-1,4 and
trans-1,4 units in isomerized PB’s (106).

statistics. It may be explained by the steric
dependence of a terminal 1,2-unit upon polymer-
ization. Similar results were obtained from *3C
NMR spectra of poly(2-phenyl-1,3-butadiene)
(102). The consideration of position distributions
of 1,2-units in the PB chain makes it possible to
assign 64 various triads (103, 103a). The triad
assignment of PB aliphatic carbons was made in
(104, 105, 105a).

Gronski and coworkers (107) and Beebe
(108) published the *3*C NMR microstructure
results of a binary PI with 3,4-cis-1,4 structural
units and of a ternary PI with 3,4 and cis/
trans-1,4 units. It has been shown that for all

signals, the best agreements between predicted

and experimental intensities is found for the
Markov model.

Coleman (110) has studied polychloroprene
at 67.91 MHz. The dyad and triad microstruc-
ture was characterized. The. back turning of
trans-1,4 and cis-1,4, and isomerized 1,2- and
3,4 units was determined.

13C NMR spectroscopic data obtained for
model compounds imitating regular and irregular
addition of monomer units in linear PI were
compared with the chemical shifts calculated
using the empirical regularities found for the
branched alkanes and alkenes and a good corre-
lation was established (109). The validity of the
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results obtained was confirmed by invéstigation

~of the carbon spectra of hydrogenated and deu-

terated PI's which contain chain fragments with
irregular addition of units. Samples of hydro-
genated PI's shown in Figure 17 give resonance
lines that correspond to the methylene carbons at

n— G— Sm—
——— —— —

|
|
|
l
|

40 30 20 10
8 ppm

Figure 17. Aliphatic part of the *3*C NMR spec-
tra at 67.88 MHz of PI's (109).

34.62 and 27.61 ppm, respectively. For the
deuterated PI's, the methylene carbon reso-
nances of trans- and cis-units in head-to-head
addition was found at 38.6 and 31.4 ppm, with
those in the tail-to-tail addition of both isomers at
28.4-28.8 ppm. The latter findings offer a prac-
tical means of characterizing irregularities in PI.
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3. Olefinic Copolymers

Ethylene-propylene copolymers (EPC) have
been well studied (111-114) with the aid of *3C
NMR spectra of model alkanes (112, 113). Car-
man -and Elgert (111, 112) have developed a
mathematical model of EPC polymerization
which accurately accounts for the intensity of
each peak in any spectrum of EPC. This is a ter-
polymer model in which the propylene is added
by either primary or secondary insertion. Thus
propylene inversion is determined from the ratio
of contiguous to isolated propylene sequences.
The stereochemical environment of the isolated
ethylene units, and the arrangement of the
neighboring propylene units in EPC, prepared in
the presence of syndiotactic- and isotactic-specific

catalysts were investigated (113, 115) by com-

paring *3*C NMR spectra of selectively
13 C-enriched copolymers. The implications of
copolymer structure on polymerization mecha-
nisms are considered. In the presence of homo-
geneous syndiotactic specific catalyst systems,
both the regiospecificity and stereospecificity are
controlled by the last unit of the growing chain
end. Stereoregulation is transmitted through
achiral ethylene units, but not in isotactic poly-
merization. The meaning of these facts is that

. plots of triad population

the isotactic regulation arises from the asymme-
tric spatial arrangement of the ligands in the
catalytic centers, whereas the syndiotactic regu-
lation arises from the asymmetry of the last unit
of the growing chain end; syndiotactic regulation
is therefore last whenever the last unit is achi-
ral.

The dyad-tetrad sequence distribution in pro-
pylene-butene-1 copolymers was determined in
(114-116). The monomer distribution is in good
agreement with Bernoullian statistics (115). The
analysis of methine triads and tetrads of back-
bone methylene carbons have been verified using
first-order Markovian theory (116). Coisotactic
shift contributions also account for the reverse
order of the propylene-centered from that pre-
dicted by the Grant-Paul equation.

Quite a number of authors (51, 89, 117, 118)
investigated ethylene-vinyl acetate copolymers.
The intensities of the methine and methylene
peaks were related to the triad populations. The
variations - with
monomer ratios are given in Figure 18. The
similar triad splitting of the quarternary carbon,
CN or CO groups was obtained in ** C spectra of

. random styrene copolymers with acrylonitrile -

(119, 120), acrylic acid (121) and MMA (51) and
alternating styrene-MMA copolymers (122).
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Figure 18. Variation of (a) V-centered and (b) E-centered triad populations in ethylene-vinyl acetate

copolymer with copolymer composition (51).
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Figure 19. **C NMR spectrum of an alternating copolymer from a-methylstyrene and methacrylonitrile.
Resonance regions: aromatic (a), nitrilic (b) and methyl (c) carbons (123).

Comparison of the **C NMR spectrum at
67.88 MHz of alternating methacryloni-
trile<@-methylstyrene copolymer with those of the
syndiotactic homopolymers showed that the
copolymer had the random configuration with
dominantly syndiotactic enchainment of monom-
ers (123), in contrast to *H NMR results. Fig-
ure 19 shows the triad and pentad peak assign-
ments. The relative configurational enchainment
of a-methylstyrene (A) and metha-acrylonitrile
(N) in eyrthro-diisotactic structure is m, whereas
in threo-diisotactic is r. Slight deviation from
exact alternating copolymerization was shown by
the presence of NNA triad or its corresponding
pentads.

The radical copolymers of MMA with MAA
and a-methacrylophenone were studied (124,
125). In this case Bernoullian statistics describes
the chain growth too. The steric factors and high
polarizability of aromatic keto-groups caused the
large values of P, = 0.40—0.43 (125).

4.Diene Copolymers

The first peak assignments for alternating
butadiene-propene, -acrylonitrile, isoprene-pro-
pene, -acrylonitrile and some polyalkenylenes
and polypentadienes has been obtained by Gatti
and Carbonaro (128) with the aid of
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off-resonance experiments and of calculations by
the Grant and Paul scheme.

The *?C NMR spectrum of butadiene-styrene
copolymer has 30 peaks at 25-46 ppm and 19
peaks at 114-146 ppm assigned to 152 possible
triads of 6 units: cis-1,4; trans-1,4; "head-to-
tail” and "head-to-head”-1,2-butadiene (B);
"head-to-tail" and "head-to-head" styrene (S)
(61, 127-129). In general, one would expect all
the styrene in samples to be in BSB triads and
would therefore expect a pattern of absorptions
(BS and SB) very similar to that of the vinyl
units (Bv and vB), also expected to be randomly
distributed (51, 127). Styrene average block
lengths were found to vary greatly (1.2—5.9
units) while viny! butadiene units showed no
tendency to block together, cis units only a small
tendency (1.0—1.7) and trans units a moderate
tendency (1.2—3.4). Styrene units display a ten-
dency to block with trans units whereas vinyl
and cis units generally prefer to block with trans
units (127, 129).

The  butadiene-vinylchloride  copolymers
obtained by radiation copolymerization in chan-
nel complexes of urea have randomly distributed
units. Vinylchloride forms predominantly syndio-
tactic sequences (130).

Emulsion processed butadiene-acrylonitrile
(51) and isoprene-acrylonitrile (53, 54)
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copolymers were investigated. The vinyl and CN
peaks were the most sensitive to environment
and splitting into triad components. The struc-
ture of these copolymers is highly alternating
(see Table 3). At 28% acrylonitrile it is essen-
tially block butadiene with short runs (1—3

" units) of alternating A and B increasing to 7—8

unit lengths at 40% (51). With increasing con-
version the content of block-triads increases. The
data prove that the theories of Medvedev and
Smith-Ewart apply to emulsion polymerization
(54).

We also studied the microstructure of copo-
lymers of af-unsaturated ketones (K) with iso-
prene (I) by 2 C NMR spectroscopy (60). Figure
20 shows the spectra of copolymers of isoprene
with alkylvinylketones CH,=CH—COR (R =

)
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Figure 20. **C NMR spectra of copolymers iso-
prene with methyl- (a) isopropyl- (b) and tert-bu-
tylvinylketone (c) in CDCI, (60).

CH,, CH(CH,), or C(CH,),). The splitting of
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signals into two components corresponding to KII
and KIK, IKI and IKK triads demonstrates the
tendency of these copolymers to alternation at
radical polymerization. The statistical treatment
of the data obtained shows (Table 7) that the
character of polymer chain propagation follows
first-order Markovian statistics, and the average
length of alternated sections depends on the con-
formation of the alkyl substituent in
a B -unsaturated ketones (S-cis or S-trans). Simi-
lar alternation was discovered for radical poly-

merized  butadiene-methacrylate  copolymers
(131).

Table 7. The Values of Conditional
Probabilities, Average Lengths of
Block <ng (11)> and
Alternating Unit <K} (1K) >
and |someric Composition of Isoprene
with Alkylvinylketones Copolymers (68).

R
Parameter -CH, -CH(CH,), -C(CH,),
[kl 0.480 0.485 0.545

PR (1 1) /K1 (1K) ] 1 1

PK1 (1K) /KK (11)  ©-103 0.167  0.053
Pk1 (1K) /K1 (1K)  ©.897 0.833 0.947
PKK (11) /KK (11) O 0 0

<hKK (11) > 0.82 1.00  1.00

<PK1 (1K) > 9.67 5.99 19.0
trans-1,4 | 0.695 0.510 0.673
cis-1,h4 | 0.244 0.353 0.327
3,4 | 0.062 0.138 ©

Microstructure of chloroprene-2,3-dichloro-
butadiene copolymers prepared in free-radical-
initiated systems have been studied (132). The
assignments were given in dyad form as combi-
nations of tail-to-head, head-to-tail, or cis-chloro-
prene components. The calculated monomer
reactivity ratio product, r,®r, > 1, showed that
the copolymers had a slight tendency toward
blockiness. The monomer composition influenced
microblockiness.

To analyze the effect of monomer composi-
tion on a microstructure of copolymers of pipe-
rylene with acrylonitrile obtained by the poly-
merization in DMSO, the **C NMR at 67.88
MHz was used (61). The peak assignments in
13C spectra (Figure 21) were made with the aid
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of chemical shifts calculated by the additive
scheme of Lindeman and Adams.
The data on a triad composition in copolymer
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chain show (Table 8) that the character of chain
propagation accord with the first-order Marko-
vian statistics. ’
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Figure 21. *3C{*H} NMR spectra of polyacryl-
onitrile (a) and .copolymers piperylene with
acryonitrile, containing 75.6 (b) and 51.5 (c¢)
mol.% acrylonitrile in DMSO-d; (61).

48

Bulletin of Magnetic Resonance



Table 8. The Values of Conditional Probabilities, Average Lengths of
Block <npA (pP) > and Alternating Unit <npp (PA) >» and [someric
Composition of Piperylene in Copolymers with Acrylonitrile (69).

"Acrylonitrile Content, mol.%

Farameter
5»1.5 65.1 75.6 89.5

PaA (PP) /AP (PA) 1.00 0.680 0.397 0.104
R G o

A . . - .
<nAS?;:;; ©3.83 2.33 1.99 1.81
trans-1,4 P 0.873 0.876 0.888 0.925
cis~3,4 P 0.105 0.096 0.064 0

A0=C\ :

C\ ,L-C 0.022 0.028 0.048 0.075

c-c-c-c(C) -

At more than 67 mol.% content acrylonitrile in
the copolymer, the chain is transformed from
syndiolike into isolike. The increase of acryloni-
trile content also increases the possibility of
1,4-trans-addition and decreases the possibility
of 3,4-cis and cyclic addition of piperylene. In
copolymer with 73.8 mol.% of acrylonitrile
obtained by emulsion polymerization, cyclic
structures are absent.

The quantity of the above examples is large
enough so as to be convinced of the considerable
achievements of **C NMR in microstructure
analysis of macromolecules. However, **C NMR
has the same difficulties as that of *H NMR:
limited precision of sequence analysis through
line superposition and complexity of well-founded
line assignments.

IV. NEW METHODS OF
MICROSTRUCTURE ANALYSIS

A. Use of Shift Reagents for Chain
Microstructure Analysis

Recently, paramagnetic salts containing lan-
thanides such as europium or praseodymium
‘have been effectively used for the investigation
of polymer and copolymer microstructure and
chain conformation. The first applications of
paramagnetic shift reagents to a number of
polymers  containing a  basic  lone-pair
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functionality in the monomer unit were made for
spectral simplification (133-143). It has been
reported that the use of Eu(dpm),, Eu(fod), and
Pr(fod), improved the resolution in 100 and 220
MHz spectra of PMMA, poly{(vinyl methyl ether),
poly(vinyl acetate), poly(propylene oxide), polysi-
loxanes (64, 133, 134), polyethers (135, 136),
polyoles (137-139), polylactones (140), ete. Guil-
let et al. (134) found that the order of shifts for
the various peaks in o-dichlorobenzene as solvent
was s C-CH, > i C-CH, > h C-CH, > i

‘OCH, > s OCH, > h OCH, for the triad

sequence peaks of the methyl and methoxycar-
bony! signals. It had been found that in benzene
solution at room temperature, the order of shifts
obtained was i C—CH; > h C-CH, > s
C—-CH, > i OCH, > h OCH, > s OCH,. The
explanation of this is primarily a reflection of the

‘dependence of polymer conformation on tacticity

(133-135). Figure 22 shows the *H NMR spec-
trum of a sample of poly(vinyl acetate) in CDCl,,
and the effect of the addition of small quantities
of Eu(fod), and Pr(fod), to the solution. It can

be seen that with both reagents the methoxycar-

bonyl protons are readily separated into the
absorptions for iso-, hetero- and syndiotactic
triads. The slopes of the lines in the diagram
give a clear indication of the degree of shift and
it is noted that the Pr(fod), gives larger shifts
than Eu(fod), but in the former the broadening is
a bit greater. '
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Figure 22, Effect on the *H NMR spectrum of
poly(vinyl acetate) of adding Eu(fod), and
Pr(fod), (133).

Slonim and coworkers (137) have shown that
the values of paramagnetic shifts depended on
the europium distribution between different coor-
dinating centers of polyethylene glycol and poly-
formaldehyde chains. To determine the content
of ordered trans-gauche-trans (TGT) conforma-
tion in polyethylene glycol * H NMR spectra were
measured. The singlet peak at the lowest field
was assigned to the TGT conformation of the
COCCOC sequence (138). The stereospecific con-
tact interactions in the NMR spectra of polyol-
lanthanide (La®**, Pr®*, Nd**, Eu®*, Tbh**,
Yb?*) complexes were investigated (139). It has
been shown that the contact increment in par-
amagnetic ghifts is greatest if the chain is planar
zig-zag. In other cases the isotropic proton shift
is pseudocontact predominantly.

Inoue and Konno (64) established the possi-
ble conformations in solution of iso- and syndic-
tactic PMMA, by comparing the observed values
of pseudocontact shift with the values of the geo-
metric factor (1 — 3cos28)/r?, in the McConnell-
Robertson equation, calculated for any glide
plane or heliocoidal chain conformations. Figure
23 shows the paramagnetically induced proton
shifts A8 of the three groups, -CH,, CH,, and
OCH, of iso- and syndiotactic PMMA in CDCI,
and C, D, solutions with increasing Eu(dpm),
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concentration. The values can be related to the
relative distance of protons from the coordinating
site and they are dependent on solvent for syndi-
otactic PMMA. In general the flexible polymer
chain in solution cannot always take the spe-
cially fixed conformation. However, it has been
shown that isotactic PMMA has the right-handed
(10/1) helix conformation. The trans zig-zag
conformation suggested for synditactic PMMA is
a special case of glide-plane or heliocoidal confor-
mations.

The effect of paramagnetic shift reagents
Eu(dpm), and Pr(dpm), on the *H NMR spectra
of atactic poly-4-vinylpyridine (P-4-VP) was
studied in CDCl, solution in the temperature
range 28-100° C (140). From the analysis of *H
(860 MHz) and **C (22.63 MHz) spectra the
microtacticity of radical P-4-VP was determined
and was well described by Bernoullian statistics
with P, = 0.52. It was shown also that *H
shifts of signals induced by Eu(dpm), were
pseudocontact by -nature. The values of the geo-
metrical factor were calculated for the fragments
of regular conformations of iso- and syndiochains
of a macromolecule. Based on a comparative
analysis (according to a principle of maximum
probability) of the experimental and calculated
values of shifts induced by Eu(dpm),, the con-
formational composition of the polymer was
determined. It has been shown that the struc-
tural contents were [2,] = 47 mol.% (TTGG),
[Zg] = 28 mol.% (trans—zig-zag) and [3,] = 25
mol. % (iso) which were in agreement with the
model of P-4-VP microtacticity (55, 95). From
the temperature relationship of the *H shifts of
signals a conclusion was made about the varia-
tion of P-4-VP conformational set to the direction
of the increase of the syndiotrans-form content.

We suggested an analytical method of inves-
tigating microstructure of copolymers with the
use of shift reagents. The possibility of practical
application of this method has been shown, the
analysis of butadiene or isoprene and acryloni-
trile, MMA, or alkylvinylketone copolymers
being examples (54, 141-143). Figure 24 shows
the resulting spectral effect of Eu(fod), addition
to the isoprene-acrylonitrile (38 mol % A) copo-
lymer solution. The values of paramagnetic
shifts of methyl, methylene, and vinylidene triad
signals decrease in AAA, AAI, JAI, and AIA,
AIl, III succession. Quantitative data were cal-
culated from the content of triads in the copo-
lymers obtained under emulsion copolymerization
on sodium alkylsulfonate (ASS) and potassium
abietate (AP) micelles, In mass or solution with
different monomer content and conversion. It
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Figure 23. Variation of the paramagnetically induced proton shift with the amount of Eu(dpm), for iso-
tactic (a, b, e, ) and syndiotactic (c, d, g, h) PMMA at 25° C (a-d) and 80° C (e-h) in solutions in CDCl,
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Figure 24. Relationship between induced paramagnetic shift of triad-tetrad signals in the * H NMR spec-
tra of isoprene-acrylonitrile copolymers and Eu(fod), : copolymer (w/w) ratio (142).

was found that a blocking level of the copolymers micelles and micelles of fatty acids (144, 145)

increased with an increase of local concentration with the relaxation probe Mn?* allowed us to
and a decrease of polar monomer molecule diffu- make a conclusion about the principal influence
sion velocity in the micelle matrix (54, 143). The of detergent association in the micelle matrix
stability analysis of aqueous mixed ASS-AP upon microstructure (54, 145), The isoprene with
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acrylonitrile or MMA copolymers obtained on
matrices of different ASS-AP compositions have
a maximum blocking level with a maximum sta-
bility at 66.7 mol. % AP. Figure 25 shows the
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Figure 25. Relationship betweentriad contents
and Av 3, (CH,), in *H NMR spectra of ASS-AP
micelles and AP contents in them (145).

relationship between the matrix stability cri-
terion (AV;j of the (CH,),, signal in the spectrum
of mixed micelles) and triad content. The chain-
growth statistics of emulsion copolymers are
first- or second-order Markovian (145). The same
results were obtained for styrene-MMA copo-
lymers investigated without shift reagents (146).

The *H NMR spectra of ethylene- and vinyl
chloride-vinyl acetate copolymers with low vinyl
acetate (VA) content were measured by use of
Eu(fod),. The shifted signals of the acetate
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methyl and methine protons were tentatively
assigned to the triad sequences with a VA unit
as a center, and their evaluated concentrations
were compared with calculated concentrations by
means of the random copolymerization £heory
(147). Similar investigations were made for
chioroprene-MMA  copolymer with aid of
Eu(dpm), (148).

The investigation of microstructure of the
unsaturated polymers and copolymers without
polar groups is performed by the use of the com-
posite complex: double bond—AgNO, —Eu(fod),
(148a).

The examples show that use of shift reagents
for microstructure analysis and for the study of
the polymerization mechanism of polymers hav-
ing unresolved monomer unit spectra is particu-
larly effective.

B. Magic Angle Spinning and High Resoclu-
tion NMR Spectroscopy in Solid Polymers

Two sorts of line-narrowing technigues are
employed to obtained high-resolution, natural
abundance **C NMR spectra of solid polymers.
Dipolar broadening of the **C lines by protons is
removed by strong resonant decoupling (referred
to as dipoiar decoupling) by using *H decoupling
rf fields of about 10 G (149). These decoupling
fields are comparable to the proton linewidth. In
most cases the resulting **C NMR spectra are
still severely complicated by chemical shift ani-
sotropies, so that, in general, only a few broad
lines are observed. A dramatic improvement of
the resolution can be achieved by additional
mechanical spinning of polymer samples at the
so-called "magic angle" with a frequency some-
what greater than the dispersion of chemical
shifts (149, 150).

Even with the resolution achieved by a com-
bination of dipolar decoupling and magic angle
gpinning, a FT experiment on a solid polymer
still has a serious limitation. Namely, a delay
time of several *2C spin-lattice relaxation times
(T, ) must be tolerated before data sampling can
be repeated. These repetitions are necessary to
provide a suitably strong signal by a time-aver-
aging process. Since some **C T,’s for solid
polymers are on the order of tens of seconds
(149), the time-averaging process becomes tedi-
ous. These delays can be avoided, however, by
performing a matched spin-lock (or Hartmann-
Hahn) cross-polarization (CP) experiment (151).
With this technigue, polarization of the carbons
is achieved by a polarization transfer from
nearby protons, spin-locked in their own rf field,
via static dipolar interactions in a time TCH(SL).
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This polarization transfer is a spin-spin or
T,-type process and generally requires no more
than 100 us (149). Most important, the CP
transfer can be repeated and more data accumu-
lated after allowing the protons to repolarize in
the static field. For glassy polymers near room
temperature this is more efficient than *3C
repolarization by spin-lattice processes and gen-
erally occurs in less than a half second (152).

Schaefer (149, 153) has discovered that CP
and magic angle spinning are compatible. As
shown in Figure 26, high resolution in the dipo-
lar-decoupled *3C spectrum of solid PMMA is
achieved with quite low spinning frequencies, of
the order of 500 Hz. This is true despite the fact
that the chemical shift dispersion of the low-field
resonance arising from the carbonyl carbon is
about 3 KHz (154).

With separate lines resolved for individual
carbons, a variety of relaxation experiments can
be performed and interpreted in terms of the
motions of the polymers in the solid state. It is
well known that a 'H rotating-frame relaxation
time (Tq,) is sensitive to motions associated with
frequencies in the 10-100 KHz range.

Figure 27 shows the results of **C Ty
experiments for solid polycarbonate, both wit
and without magic angle spinning, at 3 KHz
(149). Five lines are well resolved. The lowest
field line arises from the overlap of the carboxyl
carbon resonance with that of the nonprotonated
aromatic carbons. This line has the longest Ty,.
The two lines just to higher field arise from the
protonated aromatic carbons. These lines have
the same relaxation behavior as one another and
are characterized by a short Tlp' The two lines
at high field are due to the quarternary and
methyl carbons. The methyl carbon Ty, is inter-
mediate between that of the low field combina-
tion line, and that of the protonated aromatic-
carbon line. This behavior simply reflects the
weaker coupling of nonprotonated carbons to
more distant protons. as determined by the
inverse sixth power dependence on the internu-
clear separation common to all dipolar interac-
tions.

The **C Ty, and Tgy(SL) have been meas-
ured also for pofy(phenylene oxide), polystyrene,
polysulfone, poly(ether sulfone), PVC (149, 155),
polybutadiene and poly(ethylene oxide) (156).

The **C Ty, at 32 KHz is dominated by
spin-lattice processes rather than spin-spin pro-
cesses. This means that the T1,’s contain infor-
mation about the motions of the polymers in the
10—50 KHz region, while the Toy’s contain
information about the near static interactions.
The T,’s and NOE factors contain information
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Figure 26. 10 G dipolar-decoupled **C NMR
spectra of PMMA magic angle rotor, as a func-
tion of spinning frequency. The CP was per-
formed with spin-temperature alternation to
remove artifacts (154).

320

about the motions in the 5—30 MHz regions.
Interpretation of the Ty,’s of these polymers
emphasises the dynamic heterogeneity of the
glassy state. Details of the relaxation processes
establish the short-range nature of certain low
frequency side-group motions, while clearly
defining the long-range cooperative nature or
some of the main-chain motions, the latter not
consistent with a local-mode interpretation of
motion. For instance, polystyrene the Ty and
Ty, values are 1.2 and 3.5 ms for 'aromatic
rings, 0.5 and 3.6—4.1 ms for main chain car-
bons (155). These motions involve cooperative
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torsional oscillations within conformations rather
than another (149, 153). The ratio of Tey to
Ty, for protonated carbons in the main chain of

100 0 ppm

e i, JM

rotating frame 0025
time , msec

Figure 27. CP **C NMR spectra of polycarbo-
nate with and without magic angle spinning, as a
function of the time the carbon magnetization
was held in the rotating frame without CP con-
tact (149).

each polymer is found to have a direct correla-
tion with the toughness or impact strength for all
studied polymers (149). This empirical correla-
tion was rationalized in terms of energy dissipa-
tion for chains in the amorphous state in which
low-frequency cooperative motions were deter-
mined by the same inter- and intrachain steric
interactions.

Thus one-hundred Hertz resolution has been
achieved in the **C NMR spectra of solid poly-
mers by a combination of dipolar decoupling and
magic angle spinning. The high resolution per-
mits individual resonance lines to be assigned to
specific carbons and monomer unit sequences in
the polymer.

V. CONCLUSIONS

Finishing on this consideration of microstruc-
ture analysis of polymer chains with the aid of
'H and *C NMR spectroscopy, one must note
that this field of polymer physical chemistry set
the powerful arsenal of varied investigation
methods against extremely intricate problems.

The use of spectrometers with superconduct-
ing magnets, shift reagents and magic angle
rotation represents the newest directions in
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NMR. However, actually all of these methods
will not be able to secure the complete resolution
of signals in the *H and *2C NMR spectra of
polymers. Therefore the extraction of spectral
information about microtacticity and conforma-
tion of the chain with the aid of computers is
widely practiced.

We may expect increased understanding of
the microstructures of mainly linear polymers
and copolymers as experimental techniques
improve. In turn this. should lead to better
understanding and hence control of the chain
growth mechanism through variation of the con-
ditions of synthesis. Great possibilities then open
up for the design of polymers of specific physical
characteristics for industrial application leading
to increased cost effectiveness and quality
improvement. It is hoped that this review will
have shown that this subject offers considerable
intellectual challenge together with its potential
economic importance.
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