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1y nur analysis of the methylene protons of poly(acrylic acid) (PAA)
resulted in a 48 and 52% distribution of the meso (m) and racemic (r)
dyad, respectively. Curve deconvolution of the 130 NMR spectrum of PAA
for the methine carbon resonances gave relative areas of 27, 50, and 23%
for the rr, mm and mm triad sequence, from downfield to upfield,
respectively. Using Bernoullian statistics, the corresponding
probabilities of the m and r configuration for the methylene carbon are 48
and 527%, respectively. The acid dissociation constant for each methine
triad of PAA is slightly different. The most acidic tacticity corresponds
to the mm sequence.

The methylene carbon dyad assignment of poly(vinylamine) (PVAm) was
determined by 13C-lH heteronuclear correlated two~dimensional (2-D) NMR
experiments with and without broadband decoupling in the 1H domain. The
upfield carbon resonances were assigned to the m dyad and the downfield
carbon resonances, assigned to the r dyad. According to these mand r
assignments, the dyad distribution was found to be 44,2 m and 55.8% r.

The triad analysis was obtained from the relative area of the three
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distinct methine carbon regions and was found to be 29% rr, 54% mr and

172 mm from upfield to downfield, respectively. This analysis 1is supported

1 13

by "H and 13y NMR. The "~C NMR pH titration of the methylene carbons were
examined and there is no significant difference in the pKa of the mand r
dyad. A bell-like 13C NMR titration curve for each methine triad sequence
of PVAm was observed and due to its complex nature could not be used to
determine pK,. Therefore, 15N NMR pH titration was employed to analyze the
acid-base behavior of the three PVAm triads. There is a sudden change in
the middle of the titration curves but the data could be used to determine
the pKa% and the mm sequence is a stronger acid than the Ir sequence.

Three copolymers, (poly acrylic acid-co-vinylamine) (SP) were analyzed
by 130 NMR and the results were compared to the previously analyzed
homopolymers. The various comonomer sequence distributions were identified
and by means of peak areas. It was determined that (1) the reactivity was
not significantly influenced by the triad tacticity of the parent PAA, (2)
SP52 1s characterized by an essentially alternating sequence and (3) there
is extensive lactam formation between neighboring carboxyl and amino groups.
A 13C NMR pH titration of SP12 showed that the carboxyl group with a

neighboring amino group is more acidic than a carboxyl group flanked by two

carboxyl groups.
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CHAPTER I

INTRODUCTION

In past years a considerable effort has been devoted to the study of
the properties of polyelectrolytes in aqueous solution and several review
articles have appeared on this subject(l-s). A polyeleétrolyte is simply
a polymer containing ionizable groups on the polymer chain.
Polyelectrolytes include synthetic polymers and biopolymers.
Polyelectrolytes can be divided into three families; polyacid, polybase
and polyampholyte, depending on whether the ionizable centers are
anionic, cationic or a mixture of acidic and basic groups. Most
polyelectrolytes dissolve in water and dissociate into polyions which
produce a strong electric field. The most distinctive feature of
polyelectrolytes is that their acid dissociation constants (pKa) are
dependent on the degree of neutralization. Because a charged polymer
will interact with hydrogen ions, protons will be removed with increasing
difficulty from the polyanion with increasing charge density. On the
other hand, the hydrogen ions will be repelled by the polycation, and the
acid strength will increase with increasing charge density. In addition
to this typical polyelectrolyte effect, the pKa also depends on the
configurational or structural details of these ion-containing polymers.
Due to these two features, the understanding of polyelectrolyte behavior
in aqueous solution becomes a complicated problem.

Since Overbeek first reported the polyelectrolyte effect in 1948(6),

many publications have appeared in the literature based on a theoretical



2

treatment of model calculations for the relationship between pKa and «
(mole fraction of charged sites) ranging from the Lifson-Katchalsky's
rod-1like model(7) to the counterion condensation theory of Mannning(sl
These theoretical approaches appear to work well for polyelectrolytes
like poly(acrylic acid) (PAA)(I), where the neighboring group
interactions (NGI) are relatively weak. But, for polyelectrolytes with
stronger NGI, these theories are in poor agreement with experimental

data(g’lo).

Experimentally, potentiometric titration of polyelectrolytes is
frequently employed to study acid dissociation reactions. The data are
usually treated with empirical equations such as the extended Hende?son-
Hasselbalch (HH) equation, originally proposed by Katchalsky and

Spitnik(ll) (equation 1),

PH = pKa + n log (=) (1

a

where n is the slope of the plot of pH vs log 1 g = and o is the mole

fraction of charge sites. However, the extended HH equation is not
always valid over the entire titration curve. It is most applicable for
a limited range of a values centered near o= 0.5. Alternatively, Mandel
has established a simple, polynomial relationship (equation 2) to
describe the dependence of pKa on for studying the titration of

PAA(IZ),
pKa=pKi+aoL+b0L2 (2)

where pKi is the intrinsic dissociation constant and a and b are the

experimental coefficients for the & terms. The advantage of the Mandel



equation appears to be its validity over the entire range of the
titration.

Unfortunately, potentiometric experiments can only relate pKa or AG®
(free energy change) and a . The solution properties of polyelectrolytes
and their acid-base behavior are not only described by pKa or AG® but
also by other thermodynamical parameters ( AHC, enthalpy change and T
AS®, entropy change) as well. Calorimetric measurements can provide AH
which, combined with AG%, will allow the calculation of T A 8° for the
proton ionizaton reaction. Relatively little calorimetric work has been
performed on proton ionization reactions of polymeric solutions(9’10’13-
15). St. Pierre and co-workers(g’lo) developed a system for
simultaneously studying the potentiometric and calorimetric titration of
poly(vinylamine) (PVAm). Their studies indicated that AH® and TAS® were
more sensitive measures of polyelectrolyte effects than either pKa or
AGC.

Carbon (13C) NMR has been used extensively for studying aqueous
solutions of natural biopolymers(16’17) with ionizable groups as well as
low molecular weight amino acids and mono-~ or di-acids and/or
amines(ls’lg’). The application of 13C NMR to these compounds is based
on the characteristic behavior of nuclei near ionizable groups influenced
by a change in charge density resulting from a change in pH. Therefore,
the titration of polyelectrolytes may be determined by plotting chemical
shifts versus pH. In this manner,a can be established from pH versus
chemical shift and then be fitted to the empirical titration curves, such

as the extended HH or Mandel equation to yield ionization constants.
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It may be important to know the configurational or other structural
details of polyelectrolytes in order to understand their ionization
. behavior during the course of titration. In the past few years, high
resolution NMR has proved to be a most powerful tool in providing the
significant features of homopolymer configuration and of copolymer
sequence distribution. Traditionally, only proton (IH) NMR was used to
characterize the microstructure of the polymers until Fourier Transform
(FT) instruments became available. FT NMR can detect the low natural
abundant nuclei such as carbon and nitrogen by multiple accumulations.
This development makes polymer cﬁemistry more exciting because the 13C
nucleus exhibits hoth a greater chemical shift range and a sensitivity
than that of the lH nucleus. Potentially, 13C NMR can provide the fine
features of polymer structure which were not available before. More
recently, modern pulse experiments have been extensively developed
ranging from J-modulation spin echo(zo) to two-dimensional NMR
spectroscopy(ZI). In addition to resolving the question of overlapping
peaks and increasing sensitivity, pulse techniques can provide
quantitative and dynamic information for these polymers.

Since Bovey pioneered the use of NMR as a tool to study the
stereochemical features of vinyl polymers, an extensive effort has been
devoted to this field(22’23). The general structural features of vinyl
polymers is -(CHZCHR)-n, where R can be OH, CN, Cl, CO,H, OCOCH4, etc..
The polymer may have stereochemical differences depending on the relative
stereochemistry of adjacent repeating units throughout the polymer chain.

The configuration can be recognized through the Fischer projection of the

extended polymer chain:
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The distribution of meso (m) and racimic (r) configurations is called
tacticity. Quantitative tactyicity measurements are made on the basis of
successive units in vinyl homopolymers such as dyads, triads, tetrads,
etc.e The isotactic polymer contains configurations of the bredominately
o type and the syndiotactic polymer contains configurations of the
predominately r type. If the two configurations are approximately equal,
the polymer is defined as heterotactic and the peak intensity of mm, mr

(24)

or rm and rr triads will be present in the ratio of 1:2:1,
respectively.

‘The general structural features of vinyl copolymers is
(CHZCHA)X(CHZCHB)I_X, where A and B define two different monomer units.
The sequence distribution of vinyl copolymers can arise from different .
placements of the comonomers, here symbolized simply as A and B. The
three resulting sequences for the methylene carbon or protons are AA, AB
and BB, whereas the methine carbons or protons result in six triads,
three A centered triads, AAA, AAB, and BAB, and three B centered triads,
ABA, ABB and BBB. The sequence distributions of the copolymers may also

be complicated by tacticity effects. For example, twenty possible

sequence distributions can be obtained for the methine triad.
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From Kawaguchi and Nagasawa's potentiometric study of PAA(ZS), they
concluded that syndiotactic PAA is a stronger acid than isotactic PAA.
Kitajima~Yamashita studied the ionization behavior of isotactic and
heterotactic poly(2-vinylpyridine) by means of potentiometric
titration(26). They indicated that the heterotactic polymer is a
stronger base than the isotactic polymer. However, it is possible by
means of the NMR pH titration experiment to analyze the configurational
effect on pKa during the course of titration for all three triad
sequences in the same heterotactic polymer. At present, there is no such
information available in the literature regarding this point.

In this study, three different kinds of synthetic vinyl
polyelectrolytes were used to systematically investigate the relationship
between their structures and ionization reactions in aqueous solution.
The sequence distribution of the homopolymers, PAA and PVAm, and their SP
copolymers, were determi;ed by 1I-I, 13C and 15N NMR. The pKa of each of
these three polymers were determined by NMR pH titration experiments and
applicétion of the extended Henderson-Hasselbach or the Mandel equation.
PAA was obtained from Celanese Water Soluble Polymers, and PVAm was
prepared from N-vinyl-t-butylcarbamate (PVAmI) or from N-vinylacetamide
(PVAmII). Three SP coppolymers containing 12%, 30% and 52% amino groups
were synthesized from PAA by means of the Schmidt reaction for this

study.
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ABSTRACT

The tacticity, to triad and partial pentad resolution, of a
commercial sample of poly(acrylic acid) was determined by 1H and
13C NMR. Curve deconvolution of the 13C NMR spectrum for the
methine resonances gave relative areas of 27, 50 and 237 for the rr, mr
and mm sequence respectively, based on Schaefer's peak assignments. The
use of Bernoullian statistics gives the corresponding probabilities of
the r and m configuration as 527 and 487%, respectively, suggesting that
the polymer is atactic. This is confirmed by the IH NMR spectrum of
the methylene protons. The simulated pentad spectrum was constructed on
the basis of these probabilities and the experimental spectrum. The
changes in chemical shift of the methine resonance for each tacticity
and for the carbonyl resonance with changing pH were treated as typical
polyelectrolyte titrations and analyzed by the extended
Henderson-Hasselbalch and by Mandél's equation. We found a small

tacticity effect on the acid dissociation behavior of poly(acrylic

acid).



INTRODUCTION
13C NMR has been extensively used for elucidating the stereochemical
sequence of vinyl polymers, such as poly(methyl methacrylate),(l) poly-
(vinyl acetate),(z) and polyacrylonitrile.(3) By comparison, there have
been only a few studies(4-8) of poly(acrylic acid) (PAA) and these are
incomplete. Schaefer(s) has reported on the triad sequence of the methine
carbon for PAA by 13C NMR. Comparing the spectrum of isotactic PAA, with
that of the atactic polymer, he found that the hpfield portion of both
methine and methylene carbon resonances were attributed to the meso (m)
configuration and, by default, the downfield region to the racemie (r)
configuration. Furthermore, it was shown that the tacticity of the
methine and methylene carbons was observed only at high pH. At low pH
the resonance for each carbon nucleus was a single peak, shifted
upfield. Interestingly, the carbonyl peak was insensitive to tacticity
at both high and low pH. Watts,(7) in contrast, ascribed the
downfield component of the methylene carbon resonances to the m
configuration and the upfield component as a mixture of both m and r
configurations. His assignments, however, were made on an unjustified
extrapolation of 1H NMR results. In the first part of this paper,
we will provide a quantitative solution to the tacticity of PAA by
13C NMR at the triad level and propose a pentad analysis as well.

The acid dissociation constant (pKa) of a polyelectrolyte generally
depends on the mole fraction of charged sites (o). The change of pKa with
(9

respect to 0 1s due primarily to an electrostatic effect. The titration

data can be treated in principle according to Manning's model.(lo)
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Alternatively, the data can be treated empirically either with the

(11) (12)

extended Henderson-Hasselbalch (HH) equation or Mandel's equation.

Relatively little work has been done on NMR pH titration of polyelectro-

lytes. The titration behavior of PAA may bé determined by 13C NMR by

(5)

plotting chemical shifts vs. pH. Schaefer worked at three different

pH's (2, 5, and 8) in order to maximize tacticity effects, but he made

(8)

no attempt to titrate PAA. Prosser et al., however, did titrate

this polymer using 13C NMR to monitor the change in ionization state; and
they used the HH equation to calculate pK1/2 from at the change in
chemical shift of the carbonyl carbon where, pKI/2 is the value of pKA

at a = 0.5. In this paper, we will examine the titration behavior of

PAA in more detail and analyze the influence of tacticity on pKA.
EXPERIMENTAL

PAA (Celanese Water Soluble Polymers) with a weight—average
molecular weight of 10,000-20,000 was used as received. The 13C NMR
spectra were obtained using GE 300 WB spectrometer (NT series) equipped
with an 1180e computer and 293¢ pulse programmer. The concentration of
PAA was 5% by w/v. This concentration was sufficient to minimize any
changes of chemical shifts with dilution of the polymer. The tacticity
studies were performed on DZO solutions at 75°C. The NMR titrations were
done at 25°C with the polymer dissolved in H20 at 25°C. Pulse angles of 62°
(27 us), repetition rates of 5.5 s, sweep widths of + 7575 Hz and 16K
data points were used to acquire the free induction decays. Dioxane

was used as an internal chemical shift reference (66.5 ppm relative to

tetramethylsilane). Nuclear Overhauser effects (NOE) were determined by
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the ratio of the peak intensity of the fully proton-decoupled and gated-
decoupled (decoupler off during delay time) spectra. The repetition rate
for this measurement was at least 10 times the longest spin lattice
relaxation time (Tl). The T1 values were obtained from the inversion
recovery pulse sequence(13) using a composite 180° pulse with delay
values of 0.025, 0.08, 0.2, 1.0 and 3.0 sec. The T1 values were
calculated by using a nonlinear three-parameter fitting procedure.(IA)
Curve deconvolﬁtion was accomplished with the NMCCAP Program provided by
the GE software using a completely Lorentzian line shape. 1H NMR
experiments were performed at 80°C on 0.5% (w/v) D20 solutions. The
pH's were adjusted with 5 ul additions of 9 N sodium hydroxide and

recorded on an Orion research model 701 A pH meter with a microcapillary

Ingold combination electrode and with no D20 corrections.

RESULTS AND DISCUSSION

Determination of Tacticity of PAA . The 13C NMR spectra of PAA were

recorded in full through the pH, range of 1-13. There was no fine
structure apparent in the spectra at low pH whereas at high pH there was
good resolution for the methine carbon, poor resolution for the methylene
carbon and a single peak for the carbonyl carbon. The methine carbon
resonances obtained at 75°C showed some pentad sensitivity, whereas at 25°¢
only triad sensitivity was observed. The proton-decoupled 13C spectrum

of the methine carbon of PAA at 75°C (Fig. 1) appeared as six

resolved peaks at 46.98, 46.75, 46.41, 45.99, 45.85 and 44.95 ppm,

labeled A through F, respectively. The methylene region (Fig. 2) has

three major peaks at 38.65, 37.06 and 36.15 ppm, G through I. Finally,
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Figure 1:

13C NMR spectrum of CH for PAA at 75°C in D20

5%, wt/vol) at pH = 12. Upper trace - spectrum for 10732
acquisitions, under the conditions described in the
experimental section. Lower trace - the reconstructed

spectrum from the deconvoluted peaks with a rms error of

< 1Z.
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Figure 2:

13C NMR spectrum of CH2 for PAA under the same experimental

conditions described in the caption of Figuré 1.
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the carbonyl_carbon, spectrum not shown, exhibited no apparent
tacticity. Schaefer reports(s) three principal peaks for the

methine carbon of atactic PAA and one principal peak for isotactic PAA
that corresponds to the upfield peak of the atactic polymer.
Consequently, we assign peaks A, B and C to the rr sequence, D and E to
the mr or rm sequence and F to the mm sequence. The rr resonance has
three components and represents pentad sensitivity. Schaefer shows one
methylene peak for isotactic PAA, that corresponds to peak I which we
assign to the m dyad.

Triad tacticity of the methine carbon is estimated from the combined
peak areas which are 27, 50 and 237 for the rr, mr and mm sequences,
respectively. The intensities of these peaks may be influenced by T1
(15)

As shown in Table 1, the T1 values for each methine resonance

are nearly equal. Since the experiment utilized repetition rates of

and NOE.

more than 10 times Tl’ the areas in this respect require no
correction. Furthermore, NOE measurements show only slightly different
values for the three regions (Table I), and these differences are within
the experimental error, estimated at * 5%, therefore, no corrections for
peak areas were necessary for the proton-decoupled spectrum.

The probability for the m configuration and r configuration,
calculated from peak areas based on Bernoullian statistics(16—18),
are 48 and 52%, respectively. With these values, a simulated spectrum
to pentad resclution is constructed which is shown in Fig. 3; and the
contribution to the area of each sequence is given in Table II. The
simulated spectrum was generated by using the following assumptions:

(1) the mm, mr and rr centered resonances do not overlap, (2) the pentad

distribution follows Bernoullian statistics and (3) the line widths for
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Figure 3:

13C NMR spectrum of CH for PAA under the same experimental

conditions described in the caption of Figure 1, compared to
the reconstituted curve (middle trace) based on the pentad

analysis (lower trace) with an rms error of < 1%.






TABLE I

Peak Assignments, Tl’ NOE, and Peak Areas for paa?

Carbon Configuration Measured Region (ppm) NOE (+0.1) T1 (+0.001) Area%b

CH rr 46.3 - 47.2 2,2 0.306 27
mr (+rm) 45.4 - 46.3 2.2 0.290 50
mm 44,7 - 45,4 2.3 0.293 23

859 (w/v) in H,0 adjusted to pH = 12 and at 75°¢.
Estimated error + 5%.
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all tacticities are equal. The last assumption is based on the fact

that T, is proportional to T, (spin-spin relaxation time) in the

1
extreme narrowing region. Since the line width is inproportional to

T2, it follows that equal T1 values predict equal line widths.

Under these conditions only the position of each resonance was varied
manually in a curve deconvolution program to yield the lowest root mean
square error between the observed and calculated composite spectra, Fig.
3.

Since pentad sensitivity was displayed in the observed spectrum of
the rr region, it was possible to predict the ordering of the rr
centered pentads with some confidence. As shown in Table II these peaks
are, left to right, mrrm, mrrr (and rrrm), and rrrr. Interchanging mrrm
with rrrr results in a noticeably poorer fit. The ordering for the mm
centered pentads is hampered by poor resolution and only the mmmr (and
rmmm) can be assigned with confidence.

The fully decoupled spectrum of the methylene carbon, Fig. 2,
despite the poor resolution, may be analyzed according to the m and r
content established above. The spectrum was deconvoluted by the same
procedure as used for the methine carbon resonances. The peak
identified as G accounts for 237 of total CH, area. However this
analysis is complicated by the presence of a spurious peak.(lg) It
is easily identified in acidic solutions as a separate peak upfield from
the principal CH2 resonances. It moves downfield with increasing pH
and at pH=12 contributes 9.4% to the peak areas of H or I. Its presence

is confirmed by the T1 studies, appearing as an inverted peak when

the rest of the CH2 peaks are nulled. After correction for this



TABLE II

Simulated Methine Carbon Resonance for Pentad Sensitivity

Triad Pentad Chemical shift (ppm)
mrrm 47,03
rr mrrr 46.76
Trrr 46 .44
rmrm 46,07
mr rmrr 45,98
mmrm 45.85
mmrr 45.76
rmmr 45,05
mm mmmr 44,94

mmmm 44,92
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spurious peak is made, the contribution of the area of peak G to the
total area of the CH2 reeconance is 257%.

On the basis of the dyad distribution established above, m = 0.48
and r = 0.52, the Bernoullian tetrad distribution may be calculated as
follows: mmm = 0,11, mmr and rmm = 0.24, rmr = 0.12, mrm = 0.13, mrr
and rrm = 0.26 and rrr = 0.14. The poorly resolved CH2 spectrum of
PAA, except for peak G, Fig. 2, can be analyzed in terms of the tetrad
distribution. Peak G may be assigned to one of the two major tetrads or
a combination of two minor ones. On the basis of an approximate
analysis of line width the former is more likely. The tetrad choice for
G, mmr (and rmm) or mrr (and rrm), is not clear-cut based on the
approximately equal areas for this polymer and conflicting earlier

assignments(5-7).

In order to confirm the dyad distribution established above, the
1H NMR analysis of CHZ, known to be useful for this
pﬁrpose,(7) was undertaken. The 1H NMR spectrum of PAA for the
methylene proton at pH = 2, characterized by multiplets at 1.98, 1.79
and 1.65 ppm, is shown in Fig. 4a. The model compound, an equal molar
mixture of m and r 2,4-dimethylglutaric aid, Fig. 4d, show the
previously assigned peaks(zo) at 2,02 and 1.54 ppm for the m
configuration and 1.77 ppm for the r configuration. The peak areas,
obtained from curve deconvolution are 23.1, 52.0 and 24.6% for the peaks
centered at 1.98, 1.79 and 1.65 ppm, respectively. This result is in
good agreement with the analysis of the methine carbon by 13C NMR.

13C NMR pH Titration. The 13C NMR pH titrations of the methine

carbon for each tacticity and the carbonyl carbon, one peak, are

displayed in Fig. 5. Deprotonation with increasing pH resulted in a



25

Figure 4:

The 1H NMR spectrum of CH2 of PAA at 80°C in D20 (0.05 M) at
pH = 2 and for 2400 acquisitions; curve a) experimental
spectrum, curve b) reconstructed spectrum from curve c) the
deconvoluted spectrum based on the expected spin-spin
coupling pattern. The IH NMR of CH2 of a mixture of m and

r 2,4-dimethylglutaric acid (curve d) at 25°C in D,0 (0.5 M)
at pH = 2 for 100 acquisitions with a pulse angle of 8 us

and a repetition rate of 5s.
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Figure 5:

Chemical shift vs pH for the carbonyl carbon (a) and for the
methine carbons (b = rr sequence, ¢ = mr sequence, and

d = mm sequence) of PAA at 25°C.
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downfield shift of each resonance. The extended HH treatment was used

to calculate the pKA and pK1/2 according to

= o
PH = pK) p + 0 log T (1)
where o is calculated as the fraction of total chemical shift change
given by
8 " Gmin 2)
*=3_ -3
max min

and where § is the observed intermediate 13C chemical shift at
intermediate pH's,Bmax is the maximum chemical shift and Gmin is

the minimum chemical shift at the extremes of pH. A lingar regression
fit of data to equation (1) gives pKl/2 and n as the intercept and
slope, respectively. The results forﬂrr, mr and mm configurations of
methine carbon and for the.carbonyl carbon are given in Table III. The
correlation coefficient in each case is very close to one which suggests
that PAA does not change conformation abruptly during the course of
titration.(lz)

The pK for each CH triad tacticity is slightly, but

i/2
significantly, different. The most acidic tacticity corresponds to the
mm sequence and the least acidic to the rr sequence. The CH mr (and rm)
configuration and the carbonyl carbon are characterized by similar and
intermediate values of pKl/z. The slopes for each titration are

also slightly different and indicate convergent pK's at low pH, i.e.,

low—charge state.



TABLE III

Acid Dissociation Constants of PAA

HH Equation Methine Carbons Carbonyl Carbon
mm mr(+rm) rr

pKl/2 4,73 5.05 5.22 4,97
n 1.65 1.78 1.80 1.75
Correlation Coeff. 0.99 0.99 0.99 0.99
Mandel's Equation

pKi 3.91 4.09 4,22 4,03
a 1.93 1.99 2.08 2.09
b —0046 -0018 -0-21 —0.42
n* 1.85 2.04 2.08 1.96
pKl/Z* 4,76 5.03 5.21 4,97

*
HH parameters calculated from Mandel's equation
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By another approach, Mandel(lz) expressed PK (or pH + logl ; %)
as a series expansion on o,
pK = pK, + aa + baz (3)
a i

where pKi is the intrinsic dissociation constant and a and b are the
coefficients for the o terms. The results based on equation 3 are also
shown in Table III, and they show the same trends in pK as described
above. The self consistency of these two empirical equations(zo) is
made clear in the calculation of n and pKl/2 of the extended HH

equation from the a and b paramaters of Mandel's treatment by means of
n=1+0.55 (a+b). (4)

The results of these calculations for pKl/Z’ but not for n (Table III), are
consistent with the results obtained from the extended HH.

The pK1/2 and n values obtained by 130 NMR titration are close to the
literature values obtained by potentiometric titration reported by
Monjol and Champetier.(ZI) They found pKl/2 = 5,35 and n = 1.7 for atactic
PAA at 10-2 M polymer concentration and 0.1 N NaCl salt concentration at
15°C. The results, theirs and ours, are surprisingly close given the
difference in experimental conditions.

The effect of tacticity on the acid dissociation of PAA is small
but the trends are clear mem < mer < pKrr' The pK of the carboxyl
associated with mr (and rm) sequence of CH is approximately equal to the

pK determined from the CO titration and to the average of the other two

carboxyl sequences. Our results, however, are at odds with the
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potentiometric titration results of Kawaguchi and Nagasawa(zz) who show
the syndiotactic tactic polymer, r > m, to be a slightly stronger acid

than the isotactic polymer, m > r. From Clark's report(23)

on the
potentiometric titration of 2,4,6-heptanetricarboxylic acid, the pka's
équal 5.00, 4.87 and 4.90 for mm, mr and rr isomers, respectively.
Since these values are so close, it is difficult to draw conclusions
based on the different configurations. No doubt the conformational

freedom of the low molecular weight model, and to a certain extent the

polymer, moderate the configurational effects on pKa.
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ABSTRACT

The dyad tacticity of poly(vinylamine) was determined for the
methylene carbons by the use of heteronuclear correlated two-dimensional
nuclear magnetic resonance experiments with and without broadband
decoupling in the 1H domain. The upfield resonances were assigned
to the meso dyad and the downfield resonances were assigned to the
racemic dyad. Experiments were also performed on the diasteromers of
2,4-diaminopentane, which confirmed the assignments made for the
polymer. The approach used in this study was suggested to be a general

one for the dyad assignment of other vinyl polymers.



INTRODUCTION

Nuclear magnetic resonance (NMR) spectroscopy has been widely used
in past years as a practical method to analyze the configuration of
polymers. Recently, two—dimensional (2D) NMR spectroscopy has been
applied to this problem. Since 2D NMR experiments disperse the signals
into two frequency domains, these techniques can, in principle, be used
to resolve nearly degenerate resonances and make configurational
assignments easier. For example, Bovey and coworkers1 have used
19F 2D J~correlated spectroscopy (COSY) to analyze the micro-
structure of poly(vinyl fluoride). Brown and coworkers have also made
configurational assignments of poly(vinyl chloride)2 and poly(vinyl
alcohol)3 by the use of 1H 2D J-resolved experiments adapted for
macromolecules (FOSY). Cheng and Lee4 have employed lH-l3C
heteronuclear shift-correlated 2D NMR (CSCM) to analyze the sequence
distribution of ethylene-propylene copolymers. However, the use of this
technique to study the configuration of polymers has not been reported.
Recently, a broadband homonuclear decoupling variation of the
heteronuclear shift-correlated 2D NMR experiment (CSCMBB) has been
proposed by Bax.5 This experiment eliminates the coupling among
vicinal protons in the 1H domain, and results in a contour plot with
enhanced resolution and improved sensitivity. In this communication, we
show that each of these experiments are extremely useful for the dyad
assignment of the methylene carbon of poly(vinylamine) (PVAm) and

further suggest that these techniques may be general ones for making

these assignments in other vinyl polymers.



39

Normally, the configurational assignments of resonances are made by
comparing the polymer NMR spectrum to the spectra of model compounds or
reference polymers, one with a dominate configuration. However, each of
these methods is beset with difficulties. The use of model compounds
may lead to wrong resonance assignments in the polymer spectrum when the
polymer chemical shifts are influenced by long-range interactions and
conformational effects not present in the models. Furthermore,
reference polymers, if available, may have unique steric or
conformational properties not present in atactic polymers and also
result in chemical shift changes in certain resonances.6 Certainly,
it will be more desirable to make tacticity assignments strictly on the
basis of thé fundamental properties of the polymer in question. The 2D

NMR approach described in this communication utilizes this feature.
RESULTS AND DISCUSSION

It has been known for years that the methylene protons of the meéo
( m ) isomer for both model compounds and vinyl polymers are chemically
nonequivalent and lead to two multiplets, while the methylene proton
resonances of the racemic ( r ) isomer are degenerate.6’ For

instance, the

X HX H X HH X
,c{c,é{ ,c(c,c{
Hy, Hy Hy Hy

Meso Dyad Racemic Dyad
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1H NMR spectra of 2,4~diaminopentane (DAP), in nearly a one to two

molar mixture of m and r isomers at pH=l1.5 (Fig. la) and pH=8.8 (Fig.
1b), illustrate these points. Two well—-gseparated multiplets arise from
the chemically nonequivalent methylene pfotons of m DAP. The central
peaks are assigned to the methylene protons of r DAP., With increasing
pH, the chemical shift difference between the two methylene m protons
will become smaller, but not vanish (Fig. 1lb). In principle, the
nondegenerate methylene proton resonances can be used to determine the m
and r content of vinyl polymers, as was recently shown for poly(acrylic
acid)8 as well as for other vinyl polymers.6 Unfortunately, the
1H NMR resonances of many vinyl polymers are obscured due to
severely overlapped resonances. This is the case for the methylene
proton resonances of PVAm, where virtually one broad peak appears at
both pH=1.5 (Fig. lc) and at pH=8.8 (Fig. 1d); even though, the
methylene resonances in the 1H NMR spectrum of PVAm at pH 8.8
suggest that both m and r resonances are contained within this peak
(Fig. 1d).

Because of the poor resolution in the 1H spectra of PVAm, the
tacticity of PVAm was examined by 13C NMR. The optimal
configurational sensitivity for PVAm was found at pH=8.8 (Fig. 2b). The
three most downfield regions (A, B and C) are assigned to the methine
carben resonances displaying triad and even some pentad resolution. The
two upfield regions (D and E) are the methylene carboans displaying
principally dyad resolution, but also contain some higher order
configurations. The 130 NMR spectrum between 35 and 55 ppm of the

DAP mixture at pH=8.8 contains only three resonances (Fig. 2a, methyl

resonances not shown). The resonances for the methine carbons of m and
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Figure 1.

The 300 MHz lH NMR spectra of 2,4—diaminopentane at

pH=1.5 (a) and pH=8.8 (b), and of poly(vinylamine) at

pH=1.5 (c) and pH=8.8 (d) in DZO at room temperature.

The 2,4~diaminopentane sample contained nearly a 1:2 mixture
of meso and racemic isomers. The concentration of poly
(vinylamine), was 0.05M. Chemical shifts are referenced
internally to 3-(trimethylsilyl)-tetradeuteroproprionic acid,

sodium salt.
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Figure 2.

The 75.5 MHz 13

C NMR spectra with proton decoupling of
2,4—diaminopentane (1:2 molar mixture of meso and racemic
isomers) at pH=8.8 (a) and poly(vinylamine) at pH=8.8 (b).
The concentration of poly(vinylamine) was 10% (W/V) and the

spectra were internally referenced to dioxane (66.5 ppm TMS).
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r DAP are overlapped at 44,44 ppm. The smaller downfield peak (39.55
ppm) is due to the methylene carbon of m DAP and the upfield peak (38.96
ppm) is due to this carbon in r DAP. According to the relative chemical
shifts of the m and r methylene carbon resonances of the model
compounds, the D peak of PVAm was initially assigned to the m dyad and
the upfield E peak was assigned to the r dyad (Fig. 2).

In order to provide additional experimental evidence for these
assignments, heteronuclear correlated 2D NMR experiments were used to
examine the correlation between the carbon and proton resonances. Prior
to studying PVAm, the CSCM and CSCMBB experiments were performed on the
DAP mixture at pH=8.8 (Fig. 3). The contour plot shows a clear
correlation of the methine carbon and proton resonances in each
experiment. Likewise, the upfield r methylene carbon resonance displays
a cross peak with the r methylene protons. The cross section of this
correlation parallel to the 1H axis is shown in Fig. 4a. For the
methylene carbon resonance of m DAP in the CSCM experiment, a clear
correlation occurred between this carbon resonance and the two
nonequivalent methylene proton (Fig. 4b), reconfirming the assignments
of the model compound resonances. A chemical shift difference of 68 Hz
is estimated from this data, which is consistent with the separation
found in the one—dimentional spectrum (Fig.lb). For the CSCMBB
experiment, a drastic reduction occurs in the intensity of the m
methylene carbon-proton correlation (Fig. 3). This fact is further
reinforced in the projected data set (Fig. 3a) compared to the
completely decoupled 13C NMR experiment (Fig. 3c). Since the m
methylene carbon resonance is only partially reduced as a result of the

CSCM experiment (without homonuclear broadband decoupling, Fig. 3b),



46

Figure 3.

The contour plot from the heteronuclear correlated 2D NMR
experiment with broadband proton decoupling (CSCMBB) for a
1:2 molar mixture of meso and racemic isomers of 2,4~diamino-
pentane (pH58.8). The 1H NMR spectrum is above the

1H axis. The projected data set from this experiment

(a) and from the heteronuclear correlated 2D NMR (CSCM)
experiment (b) as well as the proton decoupled 13C NMR
spectrum (c¢) are above the 13C axis. These spectra

have been scaled relative to the racemic methylene resonance

for the purpose of comparison. The resonance at about

41.9 ppm is an impurity.
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Figure 4.

Cross sections parallel to the 1H axis for the methylene
cafbons of 2,4—diaminopentane and poly(vinylamine) each at
pH=8.8. The individual slices were processed from the F2T1
data set of the CSCM experiment with a double zero fill,
exponential muitiplication of 10Hz and phased to display
absorption mode spectra. Spectra (a) and (b) correspond to
the r and m methylene carbons of the model, respectively.
Spectra (c) and (d) correspond to the D and E regions for the
polymer, respectively. Since the 1H chemical shifts of

the model and polymer are different (Fig.l), the chemical
shifts of the resonances of spectra (a) and (c) are set

to zero Hz.
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1 13c

this suggests that the (n/2, 1H) - (1/2JCH) - (m, H, ) - (1/2JCH) -

(n/2, 1H) pulse sequence is most responsible for the loss of

correlation between the m resomances.
Pines and coworkers9 have shown that this pulse sequence,

referred to as a bilinear g rotation, refocuses the proton magnetization

of the carbon satellites at the chemical shift of the non-satellite

magnetization. This has a similar effect as the 13C pulse used in

the CSCM experiment.lo The novel aspect of this pulse sequence lies

in the elimination of vicinal proton coupling, hence achieving a

broadband proton decoupled spectrum for methine carbons5 as well as

methylene and methyl carbons.11 Optimal signal occurs when the

delay value is set to 1/2JCH.S Error in this value decreases

11,12

the intensity of the carbon-proton correlation peak. However,

since the delay used in the CSCMBB experiment on the DAP mixture was
based on the measured JCH value (127 Hz), we do not attribute the

loss of the m methylene cross peak to this condition. Two other factors
can also reduce the intensity of the carbon-proton correlation. Proton
multiplet widths, which are greater than 207 of JCH’ result in sig-

nificant intensity appearing in unwanted signals at +

11,12
CH/2°

Hz, which is greater than that of r DAP (15 Hz). According to Wilde and

J The multiplet proton width of m DAP is nearly 30

Bolton,12 the m methylene correlation should be reduced by about 20%
with respect to the r methylene correlation. Another factor which
influences the intensity of these correlations is the extent of strong
coupling present among the satellite protons.9 As shown by

Bolton,13 one of the 130 satellites is often strongly coupled to

other protons where the chemical shift range is compressed. Since the
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chemical shift difference between the m methylene proton resonance is
only 62 Hz (Fig. 1), it is expected that, for each methylene proton,
there is a strongly coupled satellite. A single bilinear ; rotation
pulse sequence does not refocus the magnetization from strong
proton-proﬁon coupling and results in a loss of intensity of
nonequivalent protons attached to -the 130 nucleus.8 Apparently,
a minimum of four bilinear © pulses are needed to completely decouple
protons which are strongly coupled.8 Thus, the loss of the m
methylene carbon-proton correlation is consistent with the chemical
nonequivalence, large multiplet width and probably strong coupling.of
these protons.

The CSCM and CSCMBB experiments were performed on PVAm at pH=8.8.
For each of these experiments, a single correlation between the D
methylene region and the center of the methylene protons was observed,
ag shown in the contour plot (Fig. 4) and as a slice along the D carbon
resonance parallel to the 1H axis (Fig. 4c). The E methylene region
of PVAm contained two cross peaks in the CSCM experiment, separated by
63 Hz from each other (Fig. 4d). Even though these resonances are not
resolved in the one—dimensional experiment, the 2D approach achieved
clear separation of the resonances. This separation is consistent with
that found for the model compounds (Fig. 4b) and indicates that the D
region represents the r carbon dyad resonances, while the E region
contains m dyad carbon resonances. Furthermore, the results of the
CSCMBB experiment on PVAm indicate proton—carbon correlation for the D
region is maintained, while that for the E region is much reduced (Fig.
5).14 Again, the projected data sets of the CSCMBB (Fig. 5a) and

the CSCM (Fig. 5b) experiments as well as the normal proton decoupled
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Figure 5.

The contour plot from the heteronuclear correlated 2D NMR
experiment with broadband decoupling (CSCMBB) on a 10% (W/V)
solution of poly(vinylamine) in D,0 at pH=8.8. The 1H

NMR spectrum is above the 1H axis. The projected data

set from this experiment (a), the heteronuclear correlated 2D
experiment without broadband 1H decoupling (b), and a
decoupled 130 NMR spectrum (c) are above the 13C

axise.
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130 spectrum (Fig. 5c) support this fact. This assignment is
contrary to the assignments proposed above from the relative chemical
shifts of the model compounds.

We show that the heteronuclear correlated 2D experiments (CSCMBB and
CSCM) are able to provide valuable information leading to the dyad
configuration assignment of PVAm. Since the phenomernon of chemically
nonequivalent m protons and equivalent r protons is a general one for
vinyl polyﬁers, we suggest that these techniques may be useful for their
dyad assignments. In many vinyl polymers, the chemical shift difference
between the m methylene protons will be sufficient to have the satellite
protons not strongly coupled to each other, resulting in each 2D
experiment providing two clear correlations between the m methylene
carbon and proton resonances; whereas, the r methylene carbon resonances
should only exhibit a single cross peak. The great advantage of ;his
technique is that the configurational assignment of vinyl polymers would
rely on an intrinsic property of the polymer and can potentially be made
independent of model compounds or reference polymers. A more complete
configurational analysis of PVAm, based on these dyad assignments, will

be presented elsewhere.
EXPERIMENTAL

The NMR spectra were recorded using a GE 300 WB spectrometer (NT
series) equipped with a 1280 computer and 293c pulse programmer. The
130 NMR spectra were obtained with complete proton decoupling on 10%
(W/V) solutions in DZO at 25°C, with dioxane as an internal

chemical shift reference (66.5 ppm relative to tetramethysilane). Pulse
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angles of 68° (19 us), repetition rates of 2.5s, sweep widths of

2100 Hz and 2K dat; points were used to acquire the free induction
decays. 1y mr spectra were obtained on 0.5% (W/V) in D,0 -
solutions at 25°C. Pulse angles of 75° (8 us), sweep widths of

900 Hz and 8K data points were used to acquire the free induction
decays. A broadband homonuclear decoupling heteronuclear correlated 2D

lH)

NMR experiment used the following (CSCMBB) sequence:5 (n/2,
- (£,/2) = (w2, "B - /205 - (o, 'm; w, Boy -
(1723 ) (w/2, gy - (£,/2) = (&) - (n/2, 'y 7/2,

13C) - (AZ) - (FID, decoupling). Thirty-two spectra were
acquired in 12 hrs with the spectral width of 2K data points.

Processing involved an exponential multiplication in the F2 domain and
sine multiplication and zero filling in the Fl domain. This produced a _
IK x 64 point data set. The 5/2 proton and carbon pulses were 40 and 25
us, respectively. The delays A1=4ms and A2=l.9ms were used

corresponding to JCH=127 Hz. A hetero- nuclear correlated 2D NMR
experiment (CSCM) uses the same sequence as CSCMBB only without ( w/2,

IH)

1 1
H) (1/2JCH) (m, "H) 1/2JCH (n/2,
pulses. The parameters and processing procedures are the same as stated

above for CSCMBB.
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ABSTRACT

The tacticity of poly(vinylamine) (PVAm), prepared from N-vinyl-
t-butylcarbamate (PVAmI) and from N-vinylacetamide (PVAmII), was
determined by C-13 NMR. The configurational sensitivity was optimal at
pH=8.8 where nine well-resolved methine carbon resonances and five
methylene carbon- resonances were observed. Based on the meso (m) and
racemic (r) assignments for the methylene carbon resonances of PVAm made
previously by the use of heteronuclear correlated 2D NMR experiments,
the dyad distribution for the PVAmI methylene regions was found to be
56% (r) and 447 (m). These results were extended to the tetrad analysis
of the methylene peaks. The triad analysis were obtained from the
relative area of the three distinct methine regions. The pentad
assignments were made by a comparison of the nine methine peak areas
with those calculated from first order Markov statistics and Bernoullian
statistics. This analysis is supported, at the triad level, by N-15
NMR. Acetylated PVAmI, poly(N-vinylacetamide), was characterized by H-1
NMR for triad analysis of the COCH3 group. This analysis gave
internally consistent results with the C-13 analysis. A similar

analysis for PVAmII gave 49% (r) and 517% (m).



INTRODUCTION

Comﬁared to the studies of the titration behavior of poly-
(vinylamine) (PVAm), only two reports have appeared concerning the
tacticity of this polymer. Murano and Harwood(l) employed H-1 NMR
to determine the tacticity of PVAmI, prepared from N-vinyl-t-
butylcarbamate, indirectly by analysis of the acetyl derivative,
poly(N-vinylacetamide) (PVAc). Based on the comparison of the methyl
peaks of PVAc with the methyl peaks of acetylated meso (m) and racemic
(r) 2,4-diaminopentane (DAP), they concluded that the PVAmI was
essentially a syndiotactic ( r > m ) polymer. St. Pierre et. al.(z)
investigated PVAmI by C-13 NMR. The assignments of the three methine
peaks, mm , mr and rr from low to high field, were based on the changes
of chemical shift with pH and the known assignments of poly(vinyl
alcohol).(3) According to the relative areas of the methine peaks
the polymer was judged to be atactic. An atactic polymer with opposite
methine assignments, based on the relative C-13 chemical shift of m and
r DAP, was recently reported by Chang et al.(4)

Because of the uncertainty of both the H-1 and C-13 peak
assignments and the apparent discrepancy in tacticity, a systematic
study of PVAm was undertaken. The methylene assignments for PVAm were
based on C-13 analysis using heteronuclear correlated 2D NMR experiments
and confirmed by applying the same experiments to m and E.DAP.(S)
In this study the tacticity of both PVAmI and PVAmII, the latter

prepared from N-vinylacetamide, was determined by quantitative C-13 and

N-15 NMR analysis. The comparison of the two slightly different
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polymers was useful in confirming the peak assignments. Finally, the
H-1 NMR analysis of PVAc was shown to be consistent with the C-13 and
N-15 analyses of the parent polymer. Both Bernoullian and first order

Markov statistics were used for fitting and testing the experimental

results.

MATERIALS AND METHODS

(6)

PVAmI was prepared from N-vinyl~t-butylcarbamate and

PVAmII(7) was prepared from N-vinylacetamide. PVAc(B) was

synthesized by adding acetic anhydride to a DMSO solution of PVA-nHOSu
(HOSu=N-hydroxysuccinimide, n>6) at 25°C, and isolated by precipi-
tation in acetone. The model compounds, m and r diaminopentane (DAP)

(9)

were prepared by the method of Bosnich. The NMR spectra were
recorded using a GE 300 WB spectrometer (NT series) equipped with a 1280
computer and 293c pulse programmer. The C-13 NMR spectra were obtained
with gated—decoupling (decoupler off during delay time) on 5% (W/V)
solutions in DZO at 25°C. The repgtition rate for these

measurements was ten times the longest spin-lattice relaxation time.
The T1 values were measured from the inversion recovery pulse
sequence(lo) employing a composite 180° pulse with delay values

of 0,01, 0.05, 0.1, 0.2, 0.5 and 1.4 s. The T1 values were

calculated using a nonlinear, three—parameter fitting procedure.(ll)
C-13 NMR spectra were obtained with dioxane as an internal chemical
shift reference (66.5 ppm relative to tetramethysilane). Pulse angles
of 58° (19 us), repetition rates of 2.5s, sweep widths of * 7575Hz

and 16K data points were used to acquire the free induction delays. The
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N-15 NMR spectra of PVAmI were obtained with proton decoupling and gated
decoupling on 10% (w/v)»solutions in 10% D,0 at 25°C. Pulse

angles of 75° (30 Hs), repetition rates of 10 s, sweep widths of +

1000 Hz and 2K data points were used to acquire the free induction
decays. The Tl's were measured, as above, by using delay values of
0.01, 0.2, 0.7, 2.8 and 5.6 s. Nuclear Overhauser effects (NOE) were
determined by the ratio of the peak intensity of the fully proton
decoupled and gated decoupled (decoupler off during delay time) spectra.
Ammonium chloride in 10M HCl was used as an external chemical shift
reference (30.31 ppm from liquid ammonium at 25°C). H~1 NMR spectra
were obtained on 0.3% (W/V) by wgight in D20 solutions with TSP as

an internal reference at 25°C, 40°C, 60°C and 80°C. Curve deconvolu-
tion was accomplished with NMCCAP progam provided by the GE software
using a completly Lorentzian line shape. The pH's were adjusted with
NaOD and recorded on an Orion research model 70l1A pH meter with a

microcapillary Ingold combination electrode.
RESULTS AND DISCUSSION

The C-13 NMR spectfa of both PVAmI and PVAmII were recorded at
pH=8.8 in D20 by using a gated-decoupled pulse sequence in order to
suppress the NOE. The configur;tional sensitivity is optimal at this
pHe As the pH is lowered, the tacticity effects disappeared leaving a
single but sharp peak for the methine carbon and a single but broad peak
for the methylene carbon at pH=2, Fig. l. At higher pH values, the

configurational sensitivity is preserved; but the methine and methylene



62

Figure 1.

C-13 NMR of PVAmI in D,0 at 25°C and at the

indicated pH's.
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carbon peaks are overlapped, Fig. l. The C-13 NMR spectrum of PVAmI and
its simulated spectrum are shown in Fig. 2. Five regions, labeled A
through E, are observed. The A, B and C regions belong to the methine
carbon resonances, and the D and E regions belong to the methylene
carbon resonances. The areas of these five regions, obtained from curve
deconvolution, are 17, 54 and 29% for the A, B and C triad distribution,
respectively, and 55 and 45% for D and E dyad distribution,
respectively.

In order to ensure a quantitative relationship between peak areas
and the number of carbons, it is necessary to avoid saturation.
Therefore, the T1 values at pH=8.8 were measured and found to have
almost equal values for the peaks in the methine carbon region (0.25 s)
and the peaks in the methylene carbon region (0.13 s). Because nearly

10xT, was used for the repetition rates in the acquisition of these

1
gated-decoupled spectra, it 1Is not necessary to correct the peak areas.

Initially the model compounds, m and r DAP, were used to assign the
dyad configuration of the methylene carbon of PVAmI.(a) The fully
proton-decoupled C-13 NMR spectrum of a one to two molar mixture of m
and r DAP was recorded at 25°C and pH=8.8. The observed smaller

CH, resonance at low field (39.5Y ppm) was due to the m isomer and

2
upfield resonance (39.00 ppm) due to the r isomer. The relative

chemical shifts were first used to assign the m and r dyads of the

polymer.(é) However, further studies employing heteronuclear

correlated 2D NMR demomstrate convincingly the low field peak of m DAP

corresponds to the upfield methylene peak of PVAmI and upfield peak of r
(5)

DAP to the downfield peak of PVAmI. Therefore, the D region
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Figure 2.

C-13 MMR of PVAmI in D.0 at 25°C and at pH=8.8

2
with CH2 from 40-43 ppm and CH from 43-49 ppm.
The top spectrum was observed and the middle and bottom

spectra were calculated.
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(55%) of PVAmI was assigned to the r dyad and the E region (45%) was
assigned to the m dyad.

Our initial analysis assumes that all r and m centered peaks are
grouped together in regions D and E respectively and likewise for the

(12,13)

rr, mr, and mm centered peaks. Bernoullian statistics were

employed to test the triad sequence from these r and m probabilities
which gave 29.9, 49.6, and 20.57 for the rr, mr, and mm triad
sequences, respectively. A comparison of the calculated and
experimental values for the triad analysis led to the tentative
assignment of the mm sequence to the A region and the rr sequence to the
C region. The experimental values for the three methine peaks were used
to calculate the dyad sequence, 56% (r) and 43% (m), according to
Bernoullian statistics.(la) First order Markov statistics were also
used to fit the experimental results from the methine triad regions by

the following relations:(13)

Pm/Tr mr

2(mm) + mr

Pr/m mr

2(rr) + mr

Pm = Pr/m
Pn/r + Pr/m

Pr = Pm/r
Pm/r + Pr/m
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These calculations gave the dyad sequence 56% (r) and 44% (m). These
two different statistics gave similar dyad distributions and values
close to the experimental values of D and E.

The methine carbon appeared as nine peaks, suggesting pentad
resolution. Based on either Bernoullian or first order Markov
statistics, these calculated pentad values were compared to the
experimental results. On the basis of matched areas, the high order
assignments were made. Experimental and calculated pentad distributions
with assignments and chemical shifts are given in the Table. Since the
Ir centered peaks were better resolved, they were examined by both
Bernoullian and first order Markov statistics. Using this more critical
test, we found little difference between these statistics, as expected

for atactic polymers. Because the probabilities of rrrr, mrrm, mrrr,

rmmm, rmmr and momm are very different, within their respective triads,

their assignments were made with confidence (Table). For instance, if
the positions of rrrr and mrrm were interchanged, a significantly poorer
fit was observed. As to the mr centered triad (Table), suggested
assignments are made but with less confidence. The standard deviation
between calculated and experimental reéults was l.1%Z for the first order
Markov and 1.7% for the Bernoullian statistics.

The methylene carbon consists of five peaks, suggesting a tetrad
resolution. Comparing the calculated tetrad sequences to tﬁe experi-
mental results, it is obvious that the sequences cannot be assigned
unambiguously. As mentioned above, the D region was assigned to the r
dyad; however, it is also possible to have an m centered resonance

contribute to the D region and vice versa, as reported by Ovenall for

poly(vinyl alcohol).(13) We find in particular a better fit might



TABLE

C-13 NMR ANALYSIS OF POLY(VINYLAMINE)

PVAmI PVAmII
Peak a a
Assign~- First Zero b First Zero b
ments «(ppm) Order Order Exp. Order Order Exp.
r 0.56 0.55 0.50 0.48
m 0.44 0.45 0.50 0.52
rr 0.29 0.23
nr 0.54 0.54
mm 0.17 0.23
mmm 40,40 0.07 0,09 0.10 0.10 0.13 0.11
mmr 40,67 0.21 0.22 0.21 0.25 0.25 0.31
rmr 40,97 0.17 0.14 0.15 0.15 0.12 0.10
rrr 41,89 0.15 0.17 0.16 0.10 0.12 0.14
mrr 0.28 0.28 0.25 0.25
mrm 0.13 0.11 0.15 0.13
mrrm 43,75 0.07 0.06 0.07 0.07 0.06 0.07
mrrer 44,10 0.14 0.15 0.14 0.11 0.12 0.11
rrrer 44,50 0.08 0.10 0.08 0.05 0.06 0.05
mrmm 45,67 0.10 0.10 0.07 0.14 0.13 0.11
mmrr 0.11 0.12 0.11 0.13
rmrm 0.16 0.12 0.16 0.13
rror 46,70 0.17 0.15 0.18 0.13 0.12 0.14
mmmm 47.43 0.03 0.04 0.02 0.05 0.07 0.05
mmmr 47.73 0.08 0.10 0.09 0.12 0.13 0.11
rmmr 48.03 0.06 0.06 0.06 0.07 0.06 0.07

Bernoullian, bBased on S/N = 20, the error is estimated to be + 5%;

®Notice in Fig. 2, Region A consists of four peaks instead of the
expected three peaks. Counting from left to right, Peaks 2 and 3
were combined in this assignment.
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be obtained for the tetrad data by interchanging the rrr and rmr
contributions to the D and E regions (Table), but based on our 2D
results(s) the peak at 41.89 ppm belongs to an r centered tetrad.

The tacticity of PVamll was also analyzed by this procedure, and
the results are shown in the Table. This analysis gave 49Z r and 51Z m
for PVAmII based on first order Markov statistics. Although PVAmI and
PVAmII did not have sufficiently different tacticities at the dyad
level, they exhibited larger differences at the triad and pentad level.
For instance, the rr and mm centered peaks reasonably decrease or
increase and these trends are consistent with our assignments. For
example, the rrrr and mmmm for PVAmII decreased and increased,
respectively, according to the slight changes in r and m values between
the two polymers (Table).

In addition to the C-13 results, we have used N-15 NMR to determine
the tacticity of PVAm. The N~15 NMR spectrum of PVAmI and its simulated
spectrum in 10% DZO at 25°C are shown in Fig. 3. Six well resolved
peaks at 46.5, 44.7, 44.2, 43.4, 42,9 and 42.4 ppm were observed,
labeled A through F, respectively. The T1 values of these six peaks
were found to be almost equal (1.0 + 0.1). The NOE of peak A is -3.7 +
0.1, of peaks B and C is =3.5 + 0.1 and of peaks D, E and F is -2.8 +
0.1. The peak areas of these six peaks obtained with the NOE (better
sensitivity than without NOE) are 20, 29, 29, 5, 12 and 5% for the peaks
A through F, respectively. After the normalization of NOE, the
respective peak areas of these six peaks are 18, 28, 29, 6, 14 and 6%.
Based on the triad distributions obtained from the C-13 NMR results, we
assign the A peak as the mm triad (18%), the B and C peaks as the mr

triad (56%) and the D, E and F peaks as the rr triad (26%). It is worth
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Figure 3.

N-15 NMR of PVAmI in 10% D.0 at 25° and at

2
pH=10.5. The top spectrum was observed and the middle

and bottom were calculated.
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noting that the rr triad showed pentad sensitivity in the N-15 spectrum
(Fig. 3) as detected in the C-13 results (Fig. 2). The assignments of
rr centered peaks for N-15 NMR are the same as the C-13 NMR results,
based on both relative areas.

In order to link this work with the earlier study of Murano and
Harwood, 1) the H-1 NMR analysis of PVAm was undertaken. Unlike

(16) the methylene proton resonances of PVAm are

poly(acrylic acid),
not resolved throughout the whole pH range and dyad analysis is not
possible. Therefore, the tacticity of PVAc, acetylated from PVAmI, was
determined by H-1 NMR assuming that PVAc and the parent polymer have the
same tacticity. As first reported by Murano and Harwood, the H-1 NMR of
PVAc at 100°C is expected to provide a triad analysis which would
complement our C-13 analysis. The H-1 NMR spectra of the methyl peaks
for PVAc at different temperatures, 25°C, 40°C, 60°C and 80°C

at pH=2 are shown in Fig. 4. Clearly, the resolution for triad
sensitivity was better at 25°C. The peak areas obtained from curve
deconvolution for the three triad peaks are 16.0, 55.3 and 28.7%,
ordered low to high field. Compared to the C-13 and N-15 triad results
of PVAmI (Table), the assignments of PVAc for the methyl protons are mm,
mr and rr from downfield to upfield.

It is clear from these results that 1) the 130 NMR of PVAm
solutions, adjusted to pH = 8-9, provides useful information concerning
sequence distribution at the dyad and triad level and at higher levels
with curve deconvolution, 2) the PVAm sequence distribution is close to
random but significantly different depending on whether the polymer was
prepared from N-vinylacetamide or N-vinyl-t-butylcarbamate and 3)

15N NMR may also be used to analyze the sequence distribution of
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Figure 4. H-1 NMR of PVAc in D20 at the indicated temperatures
(°c) for CH, only. The bottom two spectra were

were calculated from deconvolution.
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PVAm. It should also be noted that the 1H NMR of the acetylated

PVAm provides corroborating evidence for the triad analysis of PVAm and
the configurational analysis of the latter is consistent with the

configurational analysis of Poly(vinyl alcohol).
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CHAPTER V

130 AND 15N NMR pH TITRATION STUDY OF POLY(VINYLAMINE)

C. Chang, D. D, Muccio, and T. St. Pierre
Department of Chemistry
University of Alabama at Birmingham
Birmingham, Alabama 35294



ABSTRACT

The ionization constants of each tacticity of poly(vinylamine)
(PVAm), prepared from N-vinyl-t—-butylcarbamate were determined by using
130 and 15N NMR pH titration experiments. The pKa values, obtained
from the extended Henderson-Hasselbach and the Mandel equations applied
to the 13C CH, NMR data, are almost equal for the m and r dyad
and consistent with the results obtained from the potentiometric
titration. However, the 136 CH NMR titration is described by a bell
shaped curve which may not be reduced to pKa's but never the less
indicates a strong triad configuration dependence for the acid
dissociation process. This phenomena was investigated further by

15N NMR pH titration. The discontinuity of these pH titratiom

curves coincided approximately with the maximum of the 130 CH NMR
titration curve. We conclude that the electric field effect, hydrogen
bonding and chemical shift effect are dominate factors in dictating the
shape of the titration curves. Each tacticity according to the 15N

NMR titration exhibits significantly different pKa's.



INTRODUCTION

The titration of poly(vinylamine) (PVAm) has been studied

1-3)

extensively by means of potentiometric( and calorimetric

titration.(4’5) There is general agreement in those studies that
PVAm is subject to a strong neighboring group interactions (NGI) which
is influenced by hydrogen bonding during the course of titration.
However, none of the previous reports deal with the tacticity effect on
pKa. Obviously, the tacticity of vinyl polyelectrolytes in- aqueous
solution plays an important role on the NGI and charged distribution.
In the past few years, nuclear magnetic resonance (NMR) has proved to be
the best tool to determine the configuration of vinyl polymers. The
configuration of PVAm has been established by us using(6) 13C
And 2D NMR employing the model compounds, meso-(m) and racemic~(r)
2.4~diaminopentane (DAP).

Levy and co-workers(7’8) reported 13C and 15N NMR T1 measure=
ments at several pH's for PVAm(7) and DAP.(B) However they did
not study the effect of tacticity on pKa. The advantage of using NMR to
study the titration bhehavior of vinyl polyelectrolytes is that each
tacticity can be studied independently in the same, single system. For
instance, the titration of poly(acrylic acid) was studied by 13C NMR
and analyzed by the extended Henderson-Hasselbalch (H-H) and the Mandel
(9)

equations. The results are not only consistent with the result
obtained from potentiometric titration but a small difference in pKa was

observed for the syndiotactic, heterotactic and isotactic sequence.
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For a limited class of polymers including PVAm, 15N NMR may also

(8)

be used to study the titration, just as Yu and Levy used to study
the titration of DAP. Their results show that the chemical shift for
the indistinguishable nitrogens move downfield about 4 ppm on protona-
tion. In this report, we explore the titration behavior of PVAm by
using both 13C and 15N NMR. The chemical shifts with pH for CH

gave a bell shaped curve whereas CH2 and NHx produced sigmoidal

curves which were used to calculate the pKa's for the various dyad and

triad tacticities.

MATERIALS AND METHODS

(10) and the

PVAm was prepared from N-vinyl—-t-butylcarbamate
model compounds, m and r DAP were kindly provided by C. C. Chen and C.
G. Overberger (Chemistry Department, University of Michigan). The NMR
spectra were recorded using a GE 300 WB spectrometer (NT series)
equipped with a 1280 computer and 293c pulse programmer. The 130
NMR spectra of PVAm were obtained with complete proton decoupling on 0.5
M (5%,w/v) solutions in 10% D,0 at 25°C and with dioxane as an
internal chemical shift reference (66.5ppm relative to tetra-
methysilane). J-modulated spin-echo spectra were acquired by attached

(11)

proton test (APT) pulse sequence, and JCH=125 Hz was used to
maximize the peak intensity. Pulse angles of 580(19 ps), repetition
rates of 1.5 s, sweep widths of +7575 Hz and 16k data points were used
to acquire the free induction decay. The 15N NMR spectra of PVAm

were obtained with complete proton decoupling on 0.5M (5%,w/v) solutions
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in 10% D0 at 25°C. Pulse angles of 75° (30 Us), repetition rates

2
of 3 s, sweep widths of + 1000 Hz and 2k data points were used to

acquire the free induction decays. Ammonium chloride in concentrated
HCl was used as an external chemical shift reference (30.3lppm from
ammonium at 25°C). The pH's were adjusted with concentrated NaOH

and recorded on an Orion research model 701A pH meter with a
microcapillary Ingold combination electrode and no corrections were mada
for the presence of D20. No attempt was made to control the iomnic

strength during the course of titration, but the ionic strength was

generally high.

RESULTS

13C NMR Titration The 130 NMR spectra of PVAm were recorded as

a function of pH. Both the methylene and methine carbon resonances
shift downfield with increasing pH and the peak character of each change
as well. The methine carbon begins to display triad sensitivity at
pH=4.75, and pentad sensitivity at pH=8.22. The methylene carbon at the
latter pH appears as a multiplet. The configurational sensitivity is
optimal at pH=8.8 to 9.8. In this pH range, the methine carbon shows
pentad sensitivity, and the methylene carbon shows dyad sensitivity with

(6)

partial tetrad resolution. Unfortunately, the methine and

methylene carbon resonances overlap and eventually cross at higher pH.

The model compound, m DAP, was used to examine this crossing phenomena.

The 13C MMR coupled spectra of m DAP at pH=2.0, 7.1 and 1l.7, shown

in Fig. la, 1b and lc respectively, clearly show this crossing. The APT

experiment(ll) was employed in this pH region to identify the



83

Figure 1.

The 13C coupled spectra of m -2,4 diaminopentane at
pH= (2) 11.87 (b) 7.1 (c) 2.0.
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methine and methylene carbon resonances of the polymer, Fig. 2. By this
technique the methylene carbon (positive peaks) and the methine carbon
(negative peaks) may be distinguished in the pH range where they cross.

13C Methylene NMR Titration The assignments of methylene carbon

resonances of PVAm are based on our previous report.(6) At pH=8.8,
the m dyad is upfield, compared to the r dyad. We assumed that this
relationship between m and r resonances is preserved throughout the
whole pH range. Furthermore, if the methylene carbon resonances exhibit
a higher than dyad sensitivity, the average chemical shifts were
selected for both the m and r resonances. This is the basis for the

13C NMR pH titration curve of the m and r resonances shown in Fig.

3. The downfield shifts for m and r resonances are 8.5 and 8.8 ppm
respectively. This result is close to that of the model DAP, about 9.5
ppm, established by Yu and Levy and confirmed by us in this study. The
relatively larger downfield shift for the methylene carbon resonances of
(8

PVAm compared to PAA, about 4 ppm, ) is not surprising because the

carbon to the nitrogen is more infiuenced by deprotonation than is the
corresponding carbon of the carboxylic acid.(12’13)
The sigmoidal titration curves for the m and r dyad were analyzed by
the extended H-KE and by the Mandel equation as referenced. The results
of these two treatments are consistent with each other and are given in
the Table. From von Treslong and Staverman's potentiometric study of
PVAm,(Z) the pKl/Z’ the value of pKa at half neutralization, and
the slope n from extended HH equation are dependent on the polymer

concentration and ionic strength of the solution, the higher the polymer

concentration and/or ionic strength, the lower the n value and the
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Figure 2.

The 13C NMR APT spectra for PVAm at pH= (a) 10.7

(b) 11.3 (c) 11.8 (d) 12.3 (e) 12.83.
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Figure 3.

The 13

(a) m

C NMR pH titration for CH
-CH, (b) r -CH, (c) rr -C

(e) mm ~cf configurations.

and CH of
A (d) mr -cn






Nuclei
Configuration
Slopea
Intercepta
Correlation®

pKib

Cc
PK; /o

TABLE ACID DISSOCIATION CONSTANTS FOR PVAm

Methylene Carbon

m
=4.32
8.69
0.98
9.94
2.35
-8.39
=4.47

9.02

r
-4.08
8.76
0.99
10.47
-0.39
=5.30
=4.,27

8.95

-2.99
6.17
1.00
9.80

-10.20
5.55
-3.69

6.09

Nitrogen
mr
-3.06
6.82
0.99
9.32
=5.99
1.64
-3.50

6.74

a. These values are based on the H-H treatment, where slope =

intercept

= pKl/Z.

be These values are based on the Mandel treatment.

n and

c. These are the H-H parameters calculated from pKi, a and b using the

equations of Fenyo et.al. J. Polym. Sci., Polym. Chem. Ed., 1979,

17, 193, but with appropriate changes in sign due to our particular

definition of

sleee,

fraction of base.

o = fraction of charged sites instead of o
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higher pK Accordingly, their results at 0.15M polymer

1/2°
concentration and IM salt concentration, which gives pK1/2=8.1 and

n=4.87, 1s reasonably consistent with the values presented in the Table.
The effect of the configuration ( m and r dyad) on pKa of PVAm is
negligible. The relative high n values, compared to PAA

(14)

(n=1.7), confirm that the titration of PVAm exhibits the strong

NGI which gives rise to strong dependence of pKa on o, where o is the

mole fraction of charged sites.

13 (6)

C Methine NMR Titration The assignment of the methine

carbon configurations for the triad level are isotactic ( mm ),
heterotactic ( mr ) and syndiotactic ( rr ) sequences from downfield to
upfield. Where the resonances were more complex, i.e. pentad resolution
at pH 8.2 to 9.8, the average chemical shifts were used for each triad
sequence to plot the titration curves. Bell-like titration curves are
observed for the methine carbon, Fig. 3. The initial chemical shift at
low pH is 44.8 ppme The maximum chemical shift for mm is 48.2 ppm, at
pH=8.68, for mr is 46.8 ppm, at pH=8.22 and for rr is 45.1 ppm, at
pH=6.45. The final chemical shifts at high pH are 44.9, 44,1 and 43.6
ppm for mm, mr and rr respectively. Apparently, these three sequences
exhibit different acidity, however, these titration curves, due to their
complex nature, can not be used to obtain pKa directly. The magnitude
and direction of the change in chemical shift of the carbon of an amine
on protonation may not be rationalized on the basis of simple inductive

(15)

effects.

For a simple amine the protonation shift, analyzed in terms of a

(13)

linear electric field effect, predicts -2,36 ppm for an
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methine, 4.82 ppm for a methylene and 0.26 ppm for a methine where
upfield shifts for protonation are positive. The protonation shift for
I DAP are CH = -1.2 and CH2 = 9.2 ppm and for r DAP are CH = -1.5

and CH, = 9.7 ppm (this work). Using simple additivity rules for

2
this diamine and neglecting configurational effects the protonation
shift for DAP may be cglculated, CH = -2.1 and CH2 = 9,6 ppm. There
is good argument for the CH2 shift but not for the CH., The same is
true of PVAm. The experimental values are m CH2 = 8.5, r CH2 =
8.8, mm CH = 0.1, mr CH = =0.7 'and rr CH = -1.5 ppm and the calculated
values are CH2 = 9.6 and CH = ~1.8 ppm. It is clear that the more
complex amines represented in this study may not be accomodated by the
linear electric field theory. The CH of DAP and PVAm are subject to
both and amine protonation and the latter will no doubt depend
strongly on conformation effects dictated by hydrogen bonding and
configuration. Following the argument of Yu and Levy based on '1‘1

studies of DAP intramolecular hydrogen bonding increase with pH. _The

conformational course of titration would follow:

o 4 =X =

VAN
papt? pap™t N

With respect to the CH the first stages of deprotonation would represent
-a change in the electric field effect and change in conformation of the
NHx group, trans to gauche. The electric field effect for the CH

predicts an upfield shift for deprotonation. We assume the observed
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downfield shift is due the effect. In the final stages of
deprotonation the CH experiences only a change in theAelectric field
effect which produces the observed upfield shift. If the intramolecular
hydrogen bond which preserves the six membered ring is weak, then this
form would be sensitive to the relative configuration of the

methines. As the intramolecular hydrogen bond becomes stronger the
configurational effects decrease. This describes the configurational
effects on the measured Tl of DAP, (pH=10 entry of Table 1 of Yu and

Levy) and the CH titration of PVAm, Figure 3.

15N NMR Titration Due to the uncertainty of the 13C NMR pH

titration for the methine carbon resonances, 15N NMR pH titration
was employed to determine the pKa for the various triad sequences. The

assignments of the 15N resonances are based on our previous

(6)

report. The average chemical shifts are selected for each triad
sequence, where the configuration exhibits pentad resolution, i.e. pH =
10.45. Fig. 4 shows the titration curves for the 15N NMR chemical
shifts as a function of pH. The configurational assignments at low pH
(pH<5) are somewhat arbitrary. This is not a critical point and the
average chemical shift and chemical shift range could have been used as

well. The 15N NMR chemical shifts move upfield, with increasing pH,

opposite to the 13C NMR shifts. The upfield shifts with increasing

pH are smooth in the pH range of 2 to 8 for these three sequences.
However, at the pH range of 8.0 to 9.5 for the mr and rr triads and 8.0
to 11.5 for mm triad, the shifts change abruptly and this may be due to

the conformational transition at these pH ranges. The discontinuity

begins at about the same pH where the CH resonances begin to experience
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Figure 4.

The 1°N MR pH titration of PVAm for the (a) rr

(b) 1nr (¢) mm configurations.
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an upfield shift with increasing pH, Figure 3. The effect on these pH
ranges for each triad suggests that each triad experiences a little
different NGI and pKa. The total protonation shifts for mm , mr and rr
are 6.56, 7.6 and 9.31 ppm respectively.

These three titration curves are also treated with the extended H-H
and the Mandel equation, using the artificially smoothened titration
curves and the results are summarized in the Table. The titration
behavior of the methylene carbon can not be compared with nitrogen
titration. The former leads to a pKa which is consistent with the
macroscopic pKa obtained by potentiometric titration and the latter
leads to a pKa for the hypothetical polymer for which there is no
conformational effects. The nitrogen titration curve gives strong
indication of two distinct pKa's for each configuration, one higher and
one lower than the nitrogen based pKa's reported in the Table. This may
be taken as reasonable evidence for the proposition of Katchalsky(l)
that the titration of PVAm may be viewed as the titration of two
amnonium groups, the first and strounger acid, not hydrogen bonded, and
the second and weaker acid, hydrogen bonded. Furthermore the first pKa

could describe the ascending portion of the CH titration curve and the

second, the descending portion of the CH titration curve.
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ABSTRACT

Three copolymers of poly(acrylic acid-co-vinylamine) containing 127
(SP12), 30% (SP30) and 52% (SP52) amino groups were synthesized from
poly(acrylic acid) by means of the Schmidt reaction. These copolymers
were analyzed by C-13 NMR and the results compared to the previously
analyzed homopolymers. The various comonomer sequence distributions were
identified and by means of peak areas it was determined that 1) the
reactivity was not significantly influenced by the triad tacticity of the
parent poly(acrylic acid), 2) the final copolymer is characterized by an
essentially alternating sequence, and 3) there is extensive lactam
formation between neighboring carboxyl and amino groups. 1In terms of
nearest neighbor effects the relative rates of amine formation are kl/ko=
0.3 and ky/k, ® 0. A C-13 NMR pH titration of SP12 showed that the
carboxyl group with a neighboring amino group is more acidic than a

carboxyl group flanked by two carboxyl groups.



INTRODUCTION

The Schmidt reaction(l) which converts carboxyl groups (A) to amino
groups (B) is a well known organic reaction. This reaction has been
applied to poly(acrylic acid) (PAA) resulting in the Schmidt product (SP),
a copolymer of both acrylic acid and vinylamine, Eq. 1}2) Generally,

polymer reacticns of

YT m, YOy e

-+
CO,H  COpH CO,H H2804/CHC13 COoH NH5 COoH

this type are subject to nearest-neighbor effects (NNE)J3-5) which, for
the early stages of the reaction, are mainly configurational effects.
Using a copolymer where 127 of the carboxyl groups have been converted to
amino groups (SP12) and based on our recent configurational studies of
PAA,(G) we explore in this study the question of configurational effects
on reactivity.

It was previously found that the conversion of carboxyl groups to
amino groups, even in the presence of excess HN;, stops at about 50%. The
conversion and sequence distribution of the copolymers, in principle, will
depend on the NNE'and will be reflected in the rate constants for the
reaction of the central A units,(7)iJe. AAA (ko), AAB + BAA, (k;) and
BAB (kz). If k, < k; < ky, the formation of an intermediate block-like
copolymer will be favored. For rate constants which are nearly equal (ko

=ky = kz), the sequence distributions of the resulting intermediate
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copolymer will be random. If, on the other hand, k, > ky > ko, the
copolymer will have a strong tendency toward aiternation and the reaction
will slow down or stop before complete conversion. For this reaction there
is the additional complication of lactam formation(z) and simple NNE may
not apply. Three copolymers were prepared for this study with molar
ratios of NH3+/COZH of 12/88 (SP12), 30/70 (SP30) and 52/48 (SP52). We
found C-13 NMR useful in determining both the sequence distributions and
extent of lactam formation for these copolymers. The sequence
distributions was then used to estiﬁate the relative rate constantsfs-ll)
For these copolymers, the acid dissociation constants (pKa) of the
carboxyl groups are expected to be influenced by neighboring carboxyl or
amino groups in the different sequence distribution AAA, AAB and BAB.
Previously, we have determined the pKa's of the carboxyl groups of PAA by
C-13 NMR pH titrationKB) The same approach was applied go the above
copolymers. -The advantage of using NMR for these studies lies in the
ability to analyze the titration behavior of different configurations or
sequence distributions in the same system. However, it was found that
these copolymers are not soluble over the whole course of the titration
and the insoluble pH range increases with increasing B content. Becacse
the insoluble pH range of SP12 is relatively small, pH = 3.0 - 4.5, our

quantitative results are restricted to this copolymer.
MATERIALS AND METHODS

PVA was prepared from N—vinyl-t-butylcarbamate(lzl PAA, MW =

15,000, (Celanese Water Soluble Polymers, A Division of Celanese Corp.)
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was used as received. The copolymers were prepared from PAA by means of
the Schmidt reaction. The molar ratios of the three copolymers are based
on limiting stoichiometric amounts of HN; for low conversions and the
natural limit of the reaction for 50% conversion. The C~13 NMR spectra
were recorded at 25°C on a GE 300 WB spectrometer (NT series) equipped
with an 1180e computer and 293¢ pulse programmer. The concentration of
all polymer solutions was 5% (w/v) in D,O for the studies of the sequence
distributions and 107% D,0 for the studies of the NMR pH titrations. Pulse
angles of 60° (20 s), repetition rates of 5.0 s, sweep widths of +7575 Hz
and 16K data points were used to acquire the free induction decays.
Dioxane was used as an internal chemical shift reference (66.5 ppm
relative to tetramethylsilane). J-modulated spin-echo spectra were
acquired by the APT pulse sequence,(l3) using a delay value of 7.5 ms to
optimize the peak intensity for both the A-centered and B-centered
carbons. 2,4-Dimethylglutaric acid and 2,4-diaminopentane were used as
models to determine the heteronuclear ccupling constants (JCH). Jeoy for
CH-COOH is 140 Hz and Jgy for CH = NHg' is 125 Hz. The delay time used in
these experiments is the reciprocal of the average of these two constants.
The spin lattice relaxation times (Tl's) were calculated using a non-
linear three parameter fitting procedure. Nuclear Overhauser effects
(NOE) were determined by the ratio of the peak area of the fully proton
decoupled and gated-decoupled (decoupler off during delay time) spectra.
The repetition rate for this measurement was at least ten times the
longest Tj. Curve deconvolution was accomplished with NMCCAP program
provided by the GE software using a completely Lorentzian line shape. The

pH's were adjusted with 5 uL additions of NaOD and recorded on an Orion
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research model 701A pH meter and with a microcapillary Ingold combination
electrode. The pH were not corrected for isotope effects. The insoluble
pH range of the copolymers is pH 3.0-4.5, 2.5-5.6 and 3.6-9.0 for SP12,
SP30 and SP52 respectively.

The elemental analysis found for the various copolymefs is as
follows. Found for SP12: ¢, 30.077; H, 4.817%; N, 1.39%; Na, 14.63%,
Found for SP30: C, 33.44%; H, 5.93%; N, 4.33%; Na, 14.19%Z. Found for
sp52: C, 38.00%; H, 7.4%; N, 9.37%; Na, 7.80%. The percent conversion
was calculated by best fitting the analytical data to =(CH,CH(CO,Na)) -
(CHZ-CH(COZH))§—(CH2—CH(NH2))l_x_y (H,0),. The values of x,y,z for SP12
are 0.74, 0.17, 1.73; for SP30 are 0.60, 0.10, 1.18; and for SP52 are

0.27, 0.21, 0.87.

RESULT AND DISCUSSION

Configurational Effects on Reactivity The tacticity of the PAA used in

this study has been reported elsewheref6) The triad distribution was
determined to be 27,50 and 237 for the syndiotactic (rr), heterotactic
(mr) and isotactic (mm) configurations, respectively. The reactivity may
be different for each configuration under the Schmidt reaction conditions.
The reactivity of each triad may be determined by a comparison of the
ratio of the peak areas of rr:mr:mm of the methine carbon of the starting
PAA with the same ratio of the unreacted AAA sequence of the low
conversion polymer, SPl2, Since the A sequence 1is configurationally
resolved only at high pH, the C-13 NMR spectrum of SP12 was analyzed at

pH=8.08, as shown in Fig. 1 along with its simulated spectrum obtained
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Figure 1: The C-13 NMR of SP12 in 10% D,0 at 25°C and at pH = 8.8 for CH;
a) actual épectra and b) reconstructed spectra from

¢) deconvoluted spectra.
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from curve deconvolution. Four regions are observed at about 46.2, 45.6,
44,7, and 43.6 ppm and are labeled A through D, respectively. From the
assignments of PAA, the regions A,B and C are assigned to the rr, mr and
mm configurations of the AAA methine. The D regiom, as explained below,
is the combination of the AAB and BAB methines. The peak areas of these
four regions are 19, 33, 14, and 34% for A,B,C and D regions,
respectively. After normalization of the regions A,B and C, the ratio of
A:B:C is 29:50:21. This ratio is not significantly different from the
rr:mr:mm ratio obtained for the parent PAA. This result indicates that
the reactivities of the different configurations under the Schmidt
reaction conditions are approximately equal.

Analysis of the Seaquence Distributions The assignments of the methine

carbon resonance of the copolymers were made from the attached proton test
(APT),(13) by a comparison of the copolymer spectra with the PAA(6) and
PVA(14) homopolymer spectra, from the principle of empirical additivity
for C-13 chemical shifts,(15’16) from peak area changes as a function of
composition(l7) and from the C-13 NMR pH titration for each sequence.
Because there is no apparent tacticity effect at low pH for PAA and PVA,
the various peaks for the copoiymers are assumed to be due to sequence
distributions. The C-13 NMR spectra of the methine and methylene carbon
regions for the SP at low pH are shown in Fig. 2 along with the spectra of
PAA and PVA. The simple, but sharp, methine carbon resonance appear at
41.3 ppm for PAA (Fig. 2a) and 44.8 ppm for PVA (Fig. 2e). The single,
but broad, methylene carbon resonance appear at 34.2 ppm for PAA and 37.2
ppm for PVAu Fig. 2 (b-d) show the spectra of SP12, SP30 and SP52.

Because of the complexity of the methine and methylene carbon resonances



108
Figure 2: The C-13 NMR for the CH and CH, of a) PAA, b) SP12, c¢) SP30,

d) SP52 and e) PVA in D0 at 25°C and at pH = 2.
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for the SP copolymers, the APT experiment was used to distinguish the
methine carbon resonances from the methylene carbon resonances. The APT
experiment results in positive resonances for both methylene and
quarternary carbons, while the methine and methyl carbon resonances appear
as negative signals. It is clear from Fig. 3 that peaks contained within
52-38 ppm represent the methine carbons, and the peaks between 38-32 ppm
represent the methylene carbons. A comparison of Fig. 2c and Fig. 3b
clearly indicates that there is some overlap in these two regions. The
peak at 38.2 ppm in Fig. 2c is missing in Fig. 3b. This may be
rationalized on the basis of a roughly equal contribution of methine and
methylene resonances in this region. We will return to this point in the
quantitative analysis of these spectra.

The assignments of the methylene carbons to individual sequences are
difficult because of broad and severely overlapped peaks. Therefore, we
will concentrate on the sequence distribution of the methine carbons. The
AAA sequence of SP12 is assigned by comparison with the methine carbon
resonance of PAA at 41.6 ppm. The intensity of the AAA sequence decreased
with increasing B content, and eventually disappeared for SP52, Fig. 2 (b-
d). From the principle of additivity for C-13 chemical shift, the
exchange of CO,H with NH3+ should produce an upfield shift of about 2 ppm
at the -carbonxls) Accordingly, the chemical shifts of the AAB and BAB
sequences should be upfield with the respect to the AAA sequence.
Referring to Fig. 2 (b), the peak at 39.9 ppm, should be assigned to the
AAB sequence. The chemical shift difference between the AAA and AAB
sequences is about 1.7 ppm which is closed to the predicted value. The

intensity of the AAB sequence increased from SP12 to SP30, but decreased
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from SPSO to SP52. The resonance for the BAB sequence is expected to be
further upfield than that of AAB. Based on the 1.7 ppm change from
conversion of one COOH group to an NH3+ group, we would expect a resonance
at about 38.2 ppm. This corresponds well with the peak at 38.1 ppm,
clearly present in the spectra of SP30 and SP52. The intensity of the BAB
sequence increased with increasing B content.

The methine carbon resonance (44.8 ppm) of PVA (Fig. 2e),
representing the BBB sequence, is absent in these three copolymers. From
the additivity rule described above the ABA and ABB sequences should be
downfield with respect to the BBB sequence. For SPl12, the most prominent
peak should be assigned to the ABA sequence which appears at 48.4 ppm.

The ABB sequence should appear between the BBB and ABA sequences, which is
consistent with the peak at about 46.9 ppm. However, for SP30, instead of
two resonances we found four resonances; the unexpected peaks at 51.0(A)
and 49.4(B), and the two predicted peaks at 48.4(C) and 46.9(D) ppm. The
intensity of these four peaks generally increased from SP30 to SP52.
Furthermore, in the spectra of SP52 there appears to be one additionai
peak (X) of unknown origin at about 47.3 ppm. Because of the magnitude of
the differences in chemical shift we éxclude long range, next neighbor,
effects as the origin of peaks A and B.

In the previous study,(z) there appears in the H-1 spectrum of these
copolymers, in D,50,, two NH peaks one of which is assigned to NH3+ (8.70
ppm) and the other to the NH (6.75 ppm) of the lactam. On this basis we
assign peaks A and B to the lactam form of ABA and ABB respectively. Each
derivative peak is about 2.5 ppm downfield from the parent peak. These

assignments were confirmed with T; and titration data. The T; for peaks A
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and B is 0.35 s and for peaks C and D is 0.25 s indicating two types of B-
centered peaks. The C-13 NMR pH titration again reveals two types of B
- centered peaks. Peaks A and B experience very little change in chemical
shift in the pH range 2-12, (ASA = 0.7 ppm and A8 g = 0.5 ppm) whereas
peaks C and D go through a chemical shift maxima during the course of
titration. This latter titration behavior is typical of methines
containing amines(lg) and typical of PVAKZO)

It is worth noting that in the B-centered methine region resonances
have been assigned to the lactam, whereas lactam resonances do not appear
in the A-centered methine region. This is because the chemical shifts
difference between HC~COOH and HC-CONH is relatively small compared to the
chemical shift difference between HC-NHCO and ﬂngH3+518) This is not
the case for the carbonyl carbons. It is known that the resonances of the

CONH are downfield from the resonances of the COOH in acidic solutionKZI)
In order to confirm lactam formation, the spectra of the carbonyl regions
for the various copolymers and for PAA are shown in Fig. 4. Based on the
procedures of assigning the A-centered sequences described above, the
peaks at 178.6, 177.7 and 176.9 ppm are assigned to the AAA, AAB and BAB
sequences, respectively. It is reasonable to assign the peak at 180.9 ppm
for SP52 to the lactam carbonyl if it is assumed that the lactam C=0 of
AAB and BAB appear as a single broad peak and/or the BAB is
disproportionately prone to lactam formation.

The assignments of the sequence distributions of the methine carbon
can be determined quantitatively by the peak areas which can be obtained
from curve deconvolution. It is necessary however to first measure the

Tl's and NOEs for the various carbon resonances. The Tl values for A-
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centered methines are about 0.2 s gnd the B-centered sequences, grouped in
two sets, are about 0.25 s and 0.35 s. The NOE values for the A-centered
methines are 1.9+0.1 and the B-centered sequences are about 1.8+0.1 for
the amine and 2.1+0.1 for the lactam. Because a 10xT; pulse delay was
used and NOE measurements showed only slightly different values, the peak
areas were not corrected for the fully decoupled spectra with complete
NOE. As mentioned above the BAB methine resonance overlaps with the
methylene resonance. Therefore, the peak area of the APT spectrum for
SP30 was also examined. The methine peak area for the BAB sequence of the
APT spectrum (Fig. 3b) is about 20% of the peak area of the fully
decoupled spectrum (Fig. 2¢), which represents the excess methine
contribution to that peak. The remaining 807 represents a 50:50
contribution of methine and methylene resonances. Applying this
correction to the deconvoluted methine region, the sequence distribution
was determined and the results are shown in Table L

The fraction of A and B units obtainéd from the peak areas are
consistent with the elemental analysis. Lactam formation accounts for 147
of the SP30 B-centered peaks and 427 of the SP52 B-centered peaks,
weighted slightly in favor of ABA generated lactams. The calculated
lactam contribution to the A-centered peaks is 6% and 46% for SP30 and
SP52, respectively. The results for SP52 based on the methine analysis
indicate BAB:AAB > 2:1 while the carbonyl spectra, Fig. 4d, indicate
BAB:AAB ® 1:1. These apparently conflicting results can be reconciled if
the A-centered lactams are formed predominantly from the BAB sequence

leading to (BAB + BAB):AAB = 2:1. This is consistant with the methine
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Figure 3: The C-13 NMR APT spectra for CH and CH, of a) SP12, b) SP30

and c) SP52 in D50 at 25°C and at pH = 2.
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Figure 4:

The C-13 NMR for the C=0 of a) PAA, b) SP12, ¢) SP30 and

d) SP52 in D,0 at 25°C and at pH = 2.
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Table I.

Reaction?
Chemical
Shift Assignmentb
51.0 ABA
49.4 ABB
48.4 ABA
46.9 ABB
44,8 BBB
41.6 AAA
39.9 AAB
38,1 BAB

3Based on the CH analysis.

formation.

Carboxyl Groups to Amino Groups via the Schmidt

SP12

Exp Calc®
0.0 -
0.0 -
8.8 9.3
3.0 2.6
0.0 0.2
60.3 68.1
23.8 18.6
4,2 1.3

SP30

Exp Calc®
2.0 -
2.9 -
15.5 14.7
14.1 12.6
0.0 2.7
12,2 34.3
35.1 29.4
18.2 6.3

SP52

Exp Calc®
14.8 -
7.5 -
8.8 12.0°
22.0 26.0
0.0 14.1
0.0 1l1.1
14.3 24.0
32.6 13.0

Triad Sequence Distribution for the Conversion of PAA

DyUnderlined sequences indicates lactam
CCalculated based on random statistics.
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results which does not distinguish between A-centered amino acids and
lactams.

Assuming lactam formation follows the primary reaction, i.e. the
conversion of carboxyl to amino group, the sequence distribution may be
analyzed in terms of the NNE. It is clear from the absence of AAA and BBB
block sequences in SP52 that the relative rate constants k2/k° > kl/ko >1
do not apply. The disparity between the observed and calculated sequences
of Table I shows that the random case, k?_/ko :'kl/ko % 1, does not apply.
In fact the analysis of the sequence distribution, according to
Harwood,(g) for SP12, SP30 and SP52, combining ABA with ABA and ABB with
ABB, are consistent with kp/k;, * 0 and k;/k, * 0.3. These results

indicate a strong tendency for an alternating sequence distribution.

C-13 NMR pH Titration The Schmidt products are water soluble in the basic
or acidic form but water insoluble in the zwitterionic form. The .
insoluble range for SP12 is pH = 3.0 to 4.5, for SP30 is pH = 2.5 to 5.6
and for SP52 is pH = 3.6 to 9.0. Because of the relatively simple C-13
NMR spectrum for SP12 and its extended water solubility, SP12 was used for
the C-13 NMR pH titration. Plots of chemical shifts versus pH for the AAA
and AAB carbonyl carbons, for the ABA methine, for the AAA (rr, mr and mm
sequences) methine and for the AAB methine are shown in Fig. 5. Curves
a,d,e, and f correspond to various AAA sequences which experience a change
in chemical shift only between pH = 2 and 8. Curves b and g represent the
AAB sequences which experience a major change in chemical shift between pH
= 2 and 8, but also displays a minor shift between pH = 9 and 12. Curve c
representing the ABA methine responds in a more complex way to changes in

pH and will not be discussed further in the context of this paperfzo)
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Figure 5: The pH titration of SP12 at 25°C; a) the AAA carbonyl
resonance, b) the AAB carbonylresonance,c) the ABA methine
resonance, d) the ArArA methine resonance, e) the AmArA
methine resonance, f) the AmAmA methine resonance and g, the

AAB methine resonance.



185

(SNL ‘wdd) ¢

12

10



122

Instead, we concentrate on the titration of the carboxyl group, i.e. A-
centered peaks. These titration curves, for the pH range 2-8, were fit to
the extended Henderson-Hasselbach (HH) equétion or the Mandel equation.
The procedures for evaluating pK1/2 (pKa at the titration midpoint) and n
values (slope) for the extended HH equation and the coefficients a,b and
pKi (intrinsic pKa) for the Mandel equation are the same as already
described for PAAK6) These results are presented in Table II.

From the extended HH equation, the correlation coefficients for
every set of data are close to unity, suggesting that this treatment is .
appropriate and that the polymers do not undergo a sudden conformational
change during the course of the titrationsx6) The initial dissociation,
represented by PK;, appears to be very much the same for the AAA and AAB
sequences of SP12 and for the AAA sequence of PAA., With the exception of
thé 4,30 value, the remaining nine values average to PK; = 4,05 + Q.1
The polyelectrolyte effect expresses itself most in the latter stages of
the titration, i.e. Pk} /9 (or intercept for the HH treatment). 1In these
values we see a small trend for the configurational variations in the
methine AAA sequences. The acidity of the carboxyl group depends slightly
on the configuration of its neighbors in the order mm > mr > rr. The
carbonyl group by NMR titration gives a pKl/z for the AAA sequence close
to the average value determined for the three methine values. The more
significant trend appears in the difference in acidity for the AAA
sequence of PAA and SP12, and for the AAA and AAB sequence of SP12. The
acidity of the carboxyl group increases in the order AAA~SP12, AAA-PAA and
AAB-SP12, During the course of the titrations, the central A units of the

sequence AAB will be deprotonated preferentially because the NNE provides



Table IX.

Polymer
Carbon
Sequence
Configuration
Slope?
Hunmnnmunm

Correlation?
vNHV
mv
vv

Xn€

[ od
PK;y /2

3These values are based on the HH treatment where slope

Acid Dissociation Constants for Copolymer SP12 and Homopolymer PAA

SP12 PAA —————

———— Methine -—-—————u- = Carboxyl ~ ———= Methine —-——- = Carboxyl -
AAA  AAA AAA AAB  AAA AAB AAA AAA AAA AAA
mm mr rr - - - mm mr rr -
1.89 1.89 1.81 1.35 1.67 1.58 1.65 1.78 1.80 1.75
5.08 5.45 5.50 4.67 5.49 4.80 4,73 5.05 5.22 4,97
c.wow 0.98 0.98 0.99 o.owv 0.99 0.99 0.99 0.99 0.99
3.91 4.03 4,07 4,16 4.30 3.92  3.91 4.09 4,22 4.03
2.93 3.90 4.83 1.23  3.00 2,09 1.91 1.99 2.08 2.09
-0.92 -1.68 -2.86 -0.25 -1.14 ~-0.42 -0.46 -0.18 -0.21 -0.42
2.16 2.28 2.13 1.56 2,07 1.96 1.85 2,04 2.08 1.96
5.15 5,56 5.77 4.71  5.52 4.86 4.76 5.03 5.21 4.97

= pn and intercept = vNH\N

ve:mmm values are based on the Mandel treatment CThese are the HH vwwmsmnmnm calculated from

pPKy, aand b
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electrostatic stabilization between the positive charge of the amino group
and the negative charge of the carboxylate group. The AAA sequence, upon
dissociation, will have a net negative charge and will be less favored.
The same effect is well known for simple amino acids. It is not
immediately obvious why the AAA sequence of SP12 is a slightly stronger
acid than the AAA sequence of PAA. There are no convincing enthalpic
argument to support this effect but one could argue on entropic grounds
that the charge distribution would be more favorable for PAA lacking the
fixed B units in the copolymer which would focus charge distribution.

The final comment concerning the titration behavior of SP12 is the
obvious difference in the shape of the curves for the AAA and AAB
sequences, Fig. 5. For the latter there is a change in chemical shift in
the pH = 9 to 12 range in response to the titration of the neighboring
amino group which is estimated at pkl/z = 10,9, This reinforces the

assignment and provides a means for studying the amine titration.
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CHAPTER VII

CONCLUSION

In the first part of this study, the configurations of the

homopolymers were determined principally from the analysis of 13C NMR
spectra and were supported by either 1H or 15N NMR spectral results,
where appropriate. The 13C NMR spectra of a PAA aqueous solution at the
appropriate pH gave good resolution for the methine carbon enabling triad
tacticity assignments; however, thé poor resolution for the methylene
carbons yielded little information as to the dyad tacticity of this
polymer. The methine'carbon appeared as three major peaks with relative
areas of 27:50:23 corresponding to the rr, mr and mm triad sequences,
respectively.' Using Bernoullian statistics to analyze the two principle
'methylene peaks, the corresponding probabilities for the m and r dyad are
48% and 52%, respectively, indicating the atactic character of this
polymer. This result is apparaent in the 1H NMR spectrum of the polymer
methylene protons, referenced to an equal molar mixture of m= and r-2,4-
dimethylglutaric acid. Unlike that of PAA, the y NMR spectrum of PVAm
gave poor resolution and was not directly able to provide the dyad
distribution. Instead, the dyad configuration of PVAm was based on the
methylene carbon analysis only after using heteronuclear correlated two-
dimensional (2-D) NMR experiments to make the m and r assignments. The
dyad distribution based on the two methylene carbon peaks was found for
PVAmI to be 44Z m and 56% r, and the corresponding methine carbon

analysis gave 17% mm, 54% mr and 29% rr, establishing the essentially
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atactic character of PVAmIl. PVAm was analyzed in more detail by taking
advantage of the configurational sénsitivity of its 130 NMR spectrum
which was optimal at pH = 8.8. At this pH nine well-resolved methine
carbon resonances and five methylene carbon resonances were observed. On
the basis of dyad distribution, the polymer configuration was analyzed
for the tetrad and pentad distributions. The analysis of PVAmII was
comparable to PVAmI except the dyad distribution is 52% m and 487 r.
This analysis is supported, at the triad level, by 15y NMR of PVAmI and
ly NMR of the acetylated polymer, poly(vinyl acetamide), based on the
reported analysis of the COCH4 group.

At this point it is worth noting that the heteronuclear correlated
2-D NMR experiments established a new approach for the configurational
assignments of vinyl polymers. This NMR technique may be a general one
for the dyad assignment of the methylene carbons of other vinyl polymers.
This approach is based on the chemical nonequivalence of the methylene
protons of the m configuration and the equivalence of the r methylene
protons. By means of the 2-D experiment, the dyad assignment of the
methylene carbon is unambigously assigned as m or r depending on its
correlation to the distinctive m or r proton pattern, two peaks for the
former and one peak for the latter. This is true for resolved methylene
dyad configuration even when the resolution is not apparent in the 1H
spectrum. The determination of the sequence distributions of the SP
copolymers were made much easier suppressing aftef the tacticity effects.
In contrast to the tacticity studies, the spectra were analyzed for the
different sequences for solutions adjusted to low pH where the methine

carbon of PAA and of PVAm each appeared as a single peak representing the
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AAA and BBB sequence, respectively. Based on the peak area changes with
composition and other considerations, the AAB, BAB, BBA and ABA sequences
were easily identified. Copolymer shows a strong tendency for alternating
vinylamine and acrylic acid units as the copolymer approaches 507%
conversion. This tendency is consistent with the neighboring group
effect that favors the conversion of AAA to ABA over the conversion of
AAB to ABB and practically prohibits the conversion of BAB to BBB. This
preference explains why the Schmidt reaction stops at about 50%
conversion. It was also apparent in the sequence analysis of the B
centered methines that neighboring amino acids tend to form lactams, to
the extent of 46% for SP52.

"In the last part of this study, the carboxyl and amino group proton
ionization potentials were studied for each of the polymers. The effect
of tacticity on. the acid dissociation constant of PAA is small, but the
trends are clear: pK . =4.73, PKpp=3-05 and pK,. =5.22, which are in
consistent with the potentiometric data reported in the literature on
polymers with preferred tacticity. These data, however, were obtained
for an atactic polymer which would not be obtainable by other means
except the 13C NMR approach used here.

Since the SP copolymers are water soluble in the basic or acidic
form but water insoluble in the zwitterionic form, only SP12 was used to
study the 13C NMR pH titration due to its extended water solubility of
this copolymer. The titration curves for the AAA and AAB sequence are
distinctly different. For the latter there is a change in chemical shift
in the pH range 9 to 12. This is in respomse to the titration of the

neighboring amino group of the AAB sequence. Moreover, the AAB sequence
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is more acidic than AAA sequence just as the carboxyl group of an
g=-amino acid is more acidic than simple carbexylic acids. These results
establish that the acid-base behavior of the polyelectrolytes in aqueous
solution are subject to the neighboring group effects.

The analysis of the ionization of PVAm by NMR titration daca is more
complicated than that of PAA. The methylene carbon titration curves were
typically sigmoidal and there is little difference in the pKa for the m
and r dyads, and these results and the earlier potentiometric titration
results. However, bell-shaped 13C NMR titration curves for the methine
triads and the abrupt change of 15N NMR titration curves strongly suggest
that PVAm does undergo a distinct conformational change during the course
of titration at o = 0.5, which was not present in PAA. For PVAm
dissociation, the exact nature of the change in conformation with pH for
PVAm has not yet been established but it is certain that the polymer
configuration is an important factor. This is possibly due to the close
proximity of the titrating groups and the more pronounced electric field
effect, and /or hydrogen bonding associated with the NH3+ to NH2
transition during the course of titration. The trend for pKa values

based on the L°N NMR fitration is significant, i.e. pK < pK ..< pK..



Appendix A
13C NMR of concentration study: The purpose of this study is to
determine the most suitable concentration in terms of maximum efficiency
of NMR time and minimum polymer concentration effects. PAA (MW =
15,000) was used as a standard polymer for this study. It is found that

0.5 M gave the same quality of spectra as did more dilute solutions.
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Figure l: Concentration study of PAA at pH = 12 and MW = 15,000 in 10%
D,0 for about 2000 écquisitions wif:h a pulse angle of 62° and
a repetition rate of 3.5 s: (a) 0.1 M (CCO58E.001), (b) 0.5 M
(CCO58F.001), (c) 1.0 M (CCO59L.001), (d) 1.5 M (CC059J.001),

(e) 3.0 M (CCO59E.001).
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Figure 2:

Concentration study of PAA at MW = 15,000 in 10% D50 for
about 2000 acquisitions with a pulse angle of' 62° and a
repetition rate of 3.5 s: (a) 0.1 M (pH = 2, CC060B.001), (b)
0.25 M (pH =2, CC062A.001), (c¢) 0.5 M (pH =2, CC060C.001),
(d) 1.5 M (pH = 4.52, CC059A.001), (e) 3.0 M (pH =4.64

CCO59F.001).
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Appendix B
13C NMR study of polymers with different molecular weight: In
order to minimize polymer end-group effect, several different molecular
weight of PAA were examineds It was concluded that the spectra of PAA
at MW = 15,000 does not show significant end-group peaks and the use of
higher MW polymers resulting in poorer resolution would not be
justified. Therefore, PAA at MW = 15,000 was used to perform the PAA

studies and to prepare the SP copolymers.
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Figure l: Molecular weight study qf PAA for 0.5 M solutions in 10% D50
at pH = 2 for about 2000 acquisitions with a pulse angle of
62° and a repetition rate of 3.5 s: (a) MW = 1,000
(CC062B.001), (b) MW = 4,500 (CC066A.001), (c) MW = 15,000

(CC059A.001).
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Figure 2: Molecular weigﬁt studyt of PAA for 0.5 M solutions in 10% D,0
at pH = 12 for about 2000 acquisitions with a pulse angle
of 62° and a repetition rate of 3.5 s: (a) MW = 4,500
(CC069B.001), (b) MW = 2,000 (CC068A.001), (c) MW = 4,500

(CC066A.010), (d) MW = 15,000 (CC065A.001).
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Appendix €
Temperature study: The chemical shifts and resolution of a polymer
NMR spectrum will be influenced by temperature. PAA (MW = 15,000) was

used to check these effects. The resolution increases wtih increasing

1H and

temperature but chemical shifts remained unchanged for both the
13¢c nMr spectra. A temperature of 75°C was used for the PAA
configurational study because of the improved resolution and 25°C for
the remaining polymers. For all titration studies, a temperature of 25°C

was also used because most of the reported titrations were performed at

or near this temperature.
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Figure 1: ly NMR of PAA at various temperatures for 0.05 M solutions in
D50 at pH = 12 for 3000 acquisitions with a pulse angle of
75° and a repetition rate of 3.5 s: (a) 25°C (CCA06C.005),

(b) 75°C (CCA06B.005), (c) 80°C (CCAG6D.005).
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Figure 2:

13C NMR of PAA at various temperatures for 0.5 M solutions in
D20 at pH = 12 for about 5000 aquisitions with a pulse angle
of 62° and a repetition rate of 3.5 s: (a) 25°C (CCO58F.001),

(b) 60°C (€C070C.001), (c) 75°C (CCO90X.001).
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Appendix D

lg nMr modelvstudy: The assignments of tacticity are made by the
comparison of the polymer spectra to the spectra of the model compounds.
A mixture of m and r 2,4-dimethylglutaric acid (DGA) was used as the
model for PAA and m and r isomers of 2,4-diaminopentane (DAP) were used
as model compounds for PVAm. The results indicate that the methylene
protons of the m isomer for both model compounds are chemically
nonequivalent and lead to two multiplets, while the methylene protons of
the r isomer are degenerate. The experiments were performed on 0.1 M

solutions in DZO.
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Figure 1l:

lp nMr spectra of a mixture of m and r DGA at pH = 2, 25°C
(CCA06S.004) for 24 aquisitions with a pulse angle of 75° and
a repetition rate of 7 s: (a) full spectrum scaled relative
to the methyl protomns, (b) methyl protons, (c) methylene
protons, (d) methine protons. This result was used to

establish the configuration study of PAA (Chapter I).
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Figure 2:

lg nur spectra of a mixture of m and r DGA at pH = 2, 80°c
(CCA06C.004) for 24 acquisitions with a pulse angle of 75°
and a repetition rate of 7 s: (a) full spectrum scaled
relative to the methyl protons, (b) methyl protons, (c)
methylene protons, (d) methine protons. This result was used

to establish the configuration study of PAA (Chapter I).
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Figure 3: Spectrum of r DAP at pH = 1.8, 25°C (CCA06C.001) for
acquisitions with a pulse angle of 75° and a repetition rate
of 7 s: (a) full spectrum scaled relative to the methyl
protons, (b) methyl protons, (c) methylene protons, (d)
methine protons. This information was used in the

configuational and 2-D studies of PVAm. (Chapter II and III).
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Figure 4: Spectrum of r DAP at pH = 11.8, 25°C (CCA06A.001) for 24
acquisitions with a pulse angle of 75° and a repetition rate
of 7 s: (a) full spectrum scaled relative to the methyl
protons, (b) methyl protons, (c) methylene protons, (d)

methine protons.
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Figure 5: Spectrum of m DAP at pH = 1.8, 25°C (CCA06C.003) for 24
acquisitions with a pulse angle of 75° and a repetition rate
of 7 s: (a) full spectrum scaled relative to the methyl
protons, (b) methyl protons, (c) methylene protons, (d)
methine protoms. This information was used in the

configurational and 2-D studies of PVAm (Chapter II and III).
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Figure 6: Spectrum of m DAP at pH = 11.8, 25°C (CCAO6A.003) for 24
acquisitions with a pulse angle of 75° and a repetition rate
of 7 s: (a) full spectrum scaled relative to the methly
protons, (b) methyl protons, (c) methylené protons, (d)

methine protons.
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Appendix E
Nuclear Overhauser effect (NOE) study: The NOE was determined by
the ratio of the peak intensity of the fully proton decoupled and gated—
decoupled (decouper off during delay time) spectra. This information
was used for the quantitative analysis of the polymer tacticity. The
results show that there is no need for NOE corrections because the NOE

was found to be essentially the same for different tacticity.
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Figure 1l: NOE as a function of correlation time for 75 MHz 13C

magnetic field strength. Isotropic rotation is assumed.
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Figure 2: 3¢ mr spectra of PAA (MW = 4,500) for a 0.5 M solution in
10% D50 at pH = 12, 25°C for 6000 acquisitions with a pulse
angle of 62° and a repetition rate of 3.5 s: (a) with NOE
(CC078.001) and (b) without NOE (CC078.002). NOE values: CO =

1.6 + 0.1, CH = 2.4 + 0.1 and CH, = 2.4 + O.1.
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Figure 3: 13¢ yMr spectra of PAA (MW = 15,000) for a 0.5 M solution in
D50 at pH = 12, 75°C for 6000 acquisitions with a pulse angle
of 62° and a repetition rate of 3.5 s: (a) with NOE
(CC090X.001) and (b) without NOE (C0090A.003). This
information was used in the configuational study of PAA

(Chapter I).
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Figure 4:

13C NMR spectra of PAA (MW = 15,000) for a 0.5 M solution in
D,0 at pH = 2, 25°C for 2000 acquisitions with a pulse angle
of 62° and a repetition rate of 1.5 s: (a) with NOE

(CC097D.001) and (b) without NOE (CC097D.002). NOE values: CO

= 101 t 001’ CH = 1.8 i 001 and CHZ - 1‘8 i 0.1.
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Figure 5: 13C NMR spectra of SP12 for a 0.5 M solution in D,0 at pH =
2, 25° for 7424 acquisitions with a pulse angles of 62° and a
repetition rate of 5.5 s: (a) with NOE (CCA014.003) and (b)
without NOE (CCAO014.004). These data were used in the

sequence distribution study of SP12 (Chapter V).
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Figure 6: 13¢ MR spectra of SP30 for a 0.5 M solution in Dy0 at pH =
2. 25°C for 14852 acquisitions with a pulse angle of 62° a
repetition rate of 5.5 s: (a) with NOE (CCA020.001) and (b)
without NOE (CCA020.002). These data were used in the

sequence distribution study of SP30 (Chapter V).
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Figure 7:

3¢ mr spectra of SP52 for a 0.5 M solution in Dy0 at pH =
2, 25°C for 16800 acquisitions with a pulse angle of 62° and
a repetition rate of 5.5 s: (a) with NOE (CCA021.001) and (b)
without NOE (CCA021.002). These data were used in the

sequence distribution study of SP52 (Chapter V).
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Figure 8: 13¢ mur spectra of PVAm for a 0.5 M solution in 10% D,0 at pH
= 2, 25°C for 2000 acquisitions with a pulse angle of 62° and
a repetition rate of 2.5 s: (a) with NOE (CCA03A.002) and (b)
without NOE (CCA03.001). NOE values: CH = 1.7 + 0.1, CHy =

2.0 + 0.1.
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Figure 9:

13¢ nMr spectra of PVAm for a 0.5 M in bzo at pH = 7, 25°C
for 12000 acquisitions with a pulse angle of 62° and a

repetition rate of 2.5 s: (a) with NOE (CC095A.001) and (b)
without NOE (CC095A.002). NOE values: CH = 1.9 + 0.1 CHZ =

2.0 + 0.1
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Figure 10: 13C NMR spectra gf PVAm for a 0.5 M solution in 10% D,0 at pH
= 7, 25°C for 6000 acquisitions with a pulse angle of 62° and
a repetition rate of 2 s: (a) with NOE (CC098A.001) and (b)
without NOE (CCO98E.001). NOE.values: CH = 2.3 + 0.1 CHy =

2.1 + 0.1
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Figure 11: 13C NMR spectra of PVAm for a 0.5 M solution in 10% Do0 at pH
= 8,56, 25°C for 6900 acquisitions with a pulse angle of 62°
and a repetition rate of 3.0 s: (a) with NOE (CCA010.001)
and (b) without (CCA010.001). NOE values: CH = 2.2 + 0.1 and

CH2 - 2.1 i 0-1-
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Figure 12: 130 NMR spectra of PVAm for a 0.5 solution in 10% D50 at pH =
8.68, 25°C for 6900 acquisitions with a pulse angle of 62° and
a repetition rate of 1.5 s: (a) with NOE (CC098A.001) and (b)
without NOE (CCO98F.012). NOE values: CH = 2.3 + 0.1 and CH2

= 2.0 + 0.1.
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Figure 13: 13y NMR spectra of PVAm for a 1 M solution in 10% Dy0 at pH =
10.45 for 10000 acquisitons with a pulse angle of 752 and a
repetition rate of 10.5 s: (a) with NOE (CC034C.001) and (b)
without NOE (CC034C.002). These data were used in the

configurational study of PVAm (Chapter 3).
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Appendix F

130 and 15N NMR spin lattic relaxation time CTI) Study: T; was
determined by the inversion-recovery method and was calculated by using
a nonlinear three-parameter fitting procedure. This study was used to
provide an essential parameter (delay time) for setting up quantitative
NMR experiments. The results indicate that the Tl values are
independent of tacticity. Since the T; dominate mechanism is expected
to be dipole-dipole relaxation of the directly attached protoms, the T,
value of the methine carbon is almost two times the T; value of the

methylene carbon.



187

Figure 1: T; and T, as a function of correlation time for 75 MHz 13C

magnetic field strength. Isotropic rotation is assumed.
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Figure 2: T, measurements of PAA (MW = 1,000) for a 0.5 M solution in
D,0 at pH = 12, 30°C for about 2200 acquisitions with a
repetition rate of 3.5s and with delay values of (a) 0.01,

(b) 0.03, (c) 0.2, (d) 0.6 and (e) 1.0 s, (CCO7313.001-.006).
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Figure 3: T méasurements of PAA (MW = 15,000) for a 0.5 M solution in
D,0 at pH = 12, 75°C for about 2400 acquisitions with a
repetition rate of 3.5 s and with delay values of (a) 0.025,

(b) 0.08, (c) 0.2, (d) 1.0 and (e) 3.0s, (CC090C.001~-.006).
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Figure 4:

Tl measurements of PAA (MW = 15,000) for a 0.5 M solution in
10% D,0 at pH = 2, 25°C for 2000 acquisitions with a
repetition rate of 3.5 s and with delay values of (a) 0.01,

(b) 0.07, (c) 0.2, (d) 0.9, (e) 2 and (f) 4 s, (CCO97A.002~
.007).
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Figure 5: T, mweasurements of SP12 for a 0.5 M solution in D,0 at pH =
2, 25°C for 3200 acquisitions with a repetition rate of 3.5 s
and with delay values of (a) 0.01, (b) 0.07, (c) 0.14, (d)

0.7, (e) 2.1 and (f) 4.2 s (CCBO14.001-.006).
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Figure 6: T, measurements of SP30 for a 0.5 M solution in Dy0 at pH =
2. 25°C for 5800 acquisitions with a repetition rate of 3.5 s
and with delay values of (a) 0.01, (b) 0.07, (c) 0.14, (4d)

0.7, (e) 2.1 and (f) 4.2 s, (CCB020.001-.006).
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Figure 7: T, measurements of SP52 for a 0.5 M solution in D,0 at pH =
2, 25°C for 6800 acquisitions with a repetition rate of 3.5 s
and with delay values of (a) 0.01, (b) 0.07, (c) 0.14, (b)

007, (e) 201 and (f) 4.2 8, (CCB0210001-0006)0
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Figure 8: T, measurements of PVAm for a 0.5 M solution in 1072 Dy0 at pH
= 2, 25°C for 2000 acquisitions with a repetition rate of 1.7
s and with delay values of (a) 0.01, (b) 0.05, (c) 0.1, (d)

0.3, (e) 0.9 and (f) 2.0 s, (CCO98B.001~.006).
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Figure 9: T, measurements of PVAm for a 0.5 M solution in 10% Dy0 at pH
= 2, 25°C for 2400 acquisitions with a repetition rate of 1.5
s and with delay values of (a) 0.01, (b) 0.05, (c) 0.1, (d)

0.2, (e) 0.5 and (f) 1.0 s, (CC098D.001-.006).
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Figure 10: T, measuremnts of PVAm for a 0.5 M solution in 107 D,0 at pH
= 2, 25°C for 2800 acquisitions wih a repetition rate of 1.5
s and with delay values of (a) 0.01, (b) 0.05, (e¢) 0.1, (d)

0.2, (e) 0.5 and (f) 1.4 s, (CC098G.001-.006).
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Figure 11: 15N NMR T; measurements of PVAm for a 1.0 M soulution in 10%
D,0 at pH = 10.5, 25°C for 6400 acquisitions with a
repetition rate of 7.5 s and with delay values of (a) 0.01,

(b) 0.2, (c) 0.7, (d) 2.0 and (e) 5.6 s, (CCO34B.001-.005).



e

M

llT[llfllI#TIIIIITTIIIIFI

50 48 46 44 42 40 PPM



Appendix G
13C NMR pH titration study of model compounds, m and r (DAP): In
order to explore the acid-base behavior of polymers, the titration
behavior of model compounds were examined. The detailed description of

the titration of the model compounds is found in the Chapter IV.
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Figure 1: Spectra of m DAP for 0.5 M solutions in 10% D50 at 25°C for
100 acquisitions with a pulse angle of 62°C and a repetition
rate of 3.5 s and with pH values of (a) 2.0, (b) 8.1, (c) 9.0
(d) 10.1 (e) 11.0 (f) 11.7, (g) 12.5 and (h) 13.1,
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Figure 2: ' Spectra of r DAP for 0.5 M solutions in 107 D50 at 25°C for
100 acquisitidns with a pulse angle of 62°C and a repetition
rate of 3.5 s and with pH values of (a) 2.0, (b) 8.1, (c¢)
9.0, (d) 10.1, (e) 11.0, (f) 11.7, (g) 12.5 and (h) 13.2,
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Appendix H
NMR pH titration study of polymers: The titration behavior of the
polymers had been discussed in detail at Chapter I, IV and V. The 1H
NMR spectra were recorded for 0.05 M solutions at 25°C. The 3¢ NMR

spectra were recorded for 0.5 M solutions at 25°C.
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Figure 1:

13c NMR spectra of PAA (MW = 4,500) in Hy0 for about 2000
acquisitions with a pulse angle of 62°2 and a repetition rate
of 3.5 s and with pH values of (a) 2.0, (b) 3.0, (c) 4.0, (d)
5.0, (e) 6.0 (£) 7.0, (g) 8.0 and (h) 10.0, (CCO66A.001-

»009).
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Figure 2:. 13C NMR spectra of PAA (MW = 15,000) in H20 for about 2000
acquisitions with a pulse angle of 62° and a repetition rate
of 3.5 s and with pH values of (a) 1.4, (b) 3.0, (c) 4.0, (d)
5.0, (e) 6.0, (£) 7.0, (g) 8.0 and (h) 10.0, (CCO65A.001~

.012).
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Figure 3:

3¢ NMR spectra of SP12 in 10% D,0 for about 15,000
acquisitions with a pulse angle of 62° and a repetition rate
of 1.5 s and with pH values of (a) 2.0, (b) 3.0, (c) 4.5, (d)
6.1, (e) 7.2, (£) 9.0, (g) 10.6 and (h) 12.1, (CCO95B.001~-

»015),
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Figure 4: 13¢ yur spectra of SP30 in 10% D50 for about 2500
acquisitions with a pulse angle of 62° and a repetition rate
of 3.5 s and with pH values of (a) 1.0, (b) 1.8, (c) 2.5, (d)
5.6 (e) 6.5, (£f) 9.0, (g) 10.0 and (h) 12.0, (CCO75A.001-

.008).
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Figure 5:

13C NMR spectra of SP52 in 10Z D0 for about 2500
acquisitions with a pulse angle of 62° and a repetition rate
of 3.5 s and with pH values of (a) 1.3, (b) 2.4, (c) 3.2, (d)
3.6, (e) 9.0, (£f) 10.0, (g) 10.5 and (h) 12.0, (CCO74A;001—

.008).
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Figure 6: 13C NMR spectra of PVAm in 10% D0 for about 5000
acquisitions with a pulse angle of 62° and a repetition rate
of 1.5 s and with pH values of (a) 2.0, (b) 3.3, (c) 3.9, (d)
4.8, (e) 5.7, (£f) 7.1, (g) 8.2 and (h) 9.8, (CCO098A.001~

.014),
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Figure 7: 13C NMR spectra of PVAm in 10% D50 for about 5000
acquisitions with a pulse angle of 62° and a repetition rate
of 1.5 s and with pH values of (a) 9.8, (b) 10.3, (c) 10.7,
(d) 11.3, (e) 11.8, (f) 12.3, (g) 12.8 and (h) 13.5,
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Figure 8: lp nMR spectra of PVAm in D,O for about 100 acquisitions with
a pulse angle of 752 and a repetition rate of 4.l s and with
pH values of (a) 1.3, (CC0010.006), (b) 9.6, (CC010.005) and

(e) 13.2 (CCA015.001).
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Appendix I

Two~dimensional heteronuclear NMR study of PVAm and its model
compounds, m and r DAP: Since 2-D NMR experiments disperse the signals
into two frequency domains, these experiments in principle separate
peaks which are otherwise overlapping and in this case make
configurational assignments of 13C resonances based on the unique
character the lH resonances of attached protons. lp- 13C heteronuclear
shift-correlated 2-D NMR experiments without broadband homonuclear
decoupling (CSCM) and with broadband homonuclear decoupling (CSCMBB)
were first employed in this study to determine the configuration of the
vinyl polymers. These two experiments proved to be very useful for the
dyad assignments of the methylene carbon of PVAm and further suggest
that these techniques may be general ones for -making dyad assignments in
other vinyl polymers. The experimental conditions and parameters had

been described in detail in Chapter II.
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Figure 1: Contour plot for the CSCM experiment for a m:r =1:2 DAP at pH
. = 1.5 for 560 acquiditions per spectrum. The ly spectrum is
above the lH axis. The 13C spectrum from this experiment (a)
and the proton decoupled 13¢c nMr spectrum (b) are above the

13¢ axis (T;T409.DAT).
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Figure 2:

Contour plot for the CSCMBB experiment for a m:r = 1:2

mixture of DAP at pH = 1.5 for 512 acquisitions per spectrum.
The 1 spectrum is above the 14 axis. The 13¢ spectrum from
this experiment (a) and the proton decoupled 13¢c nur spectrum

(b) are above the 13C axis (T4T,08.DAT).
1



PPM



236

Figure 3: Cross sections parallel to the 1H axls for the methylene
protons of a m:r = 1:2 mixture of DAP at pH = 1.5. Spectra
(a) and (b) correspond to the r and m of DAP from the CSCM
experiment and spectra (c) and (d) correspond to the rand m

isomers of DAP from CSCMBB experiment.
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Figure 4:

Contour plot from the CSCMBB experiment with optimal methine
carbon resonances for PVAm at pH = 6.5 for 1024 acquisitions
per spectrum. The 1y NMR spectrum is above the ly axis. The
130 spectrum from this experiment (a) and the proton
decoupled 130 NMR spectrum (b) are above the 13C axis

(T{T201.DAT).
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Figure 5: Cross sections parallel to the lg axis for the methine
protons of PVAm at pH = 6.5. Spectra (a), (b), (¢) and (4)

correspond to the 13C peaks a, b, c and d of Figure I4.
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Figure 6:

Contour plot from the CSCMBB experiment with optimal
methylene carbon resonances for PVAm at pH = 6.5 for 1024
acquisitions per spectrum. The 1H spectrum is above the 1y
axis. The 3¢ spectrum from this experiment (a) and the
proton decoupled 13C spectrum (b) are above the 13C axis

(T,T,02.DAT).
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Figure 7: Cross sections parallel to the 1H axis for the methylene
protons of PVAm at pH = 6.5. Spectra (a), (b), (c), (d), (e)
and (f) correspond to the 13¢ peaks a, b, ¢, d, e and f of

Figure I6.
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Figure 8:

Contour plot form the CSCM experiment for a m:r = 1:2 mixture
of DAP at pH = 8.8 for 512 acquisitions per spectrum. The ly
spectrum is above the g axis. The 13C spectrum from this

experiment (a) and the proton decoupled 13C NMR spectrum (b)

are above the 13C axis (T1T207.DAT).
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Figure 9: Contour plot from the CSCM experiment for PVAm at pH = 8.8
for 1400 acquisitions per spectrum. The 1H spectrum is above
the lH axis. The 3¢ spectrum from this experiment (a) and
the proton decoupled 13C spectrum (b) are above the 13C axis

(CcT ITZ'DAT)'
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Figure 10: Cross sections parallel to the 1y axis for the methylene
protons of PVAm at pH = 8.8. Spectra (a), (b), (ec), (d), (f)
and (g) correspond to the 13C peaks a, b, ¢, d, e, £ and g of

Figure I9.
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Figure 11l: Contour plot frow the CSCMBB experiment for a mr = 1:2
mixture of DAP at pH = 8.8 for 512 acquisitions per spectrum.
The 11 spectrum is above the g axis. The 13C spectrum from
this experiment (a) and the proton decoupled 13¢ spectrum (b)

are above the 13C axis (T1T206.DAT).
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Figure 12: Contour plot form the CSCMBB experiment for PVAm at pH = 8.8
for 1680 acquisitions per spectrum. The g spectrum is above
the lu axis. The 13C spectrum from this experiment (a) and
the proton decoupled 13¢ spectrum (b) are above the 13¢ axis

(D, T,.DAT).
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Figure 13: Cross sections parallel to the 1H axis for the methylene
protons of PVAmat pH = 8.8. Spectra (a) and (b) corresponds
to the 130 peaks A and B from Figure 1l and spectra (¢) and

(d) correspond to the 13C peaks A' and B' from Figure I12.
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