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Determination of the Tacticity and Analysis of the pH Titration
of Poly(acrylic acid) by 'H and *C NMR
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ABSTRACT: The tacticity, to triad and partial pentad resolution, of a commercial sample of poly(acrylic
acid) was determined by 'H and *C NMR. Curve deconvolution of the 3C NMR spectrum for the methine
resonances gave relative areas of 27, 50, and 23% for the rr, mr, and mm sequence, respectively, based on
Schaefer’s peak assignments. The use of Bernoullian statistics gave the corresponding probabilities of r and
m configuration as 52% and 48%, respectively, establishing the atactic character of the polymer. This was
confirmed by the 'H 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 po-
lyelectrolyte titrations and analyzed by the extended Henderson-Hasselbalch and Mandel’s equations. 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),! poly(vinyl acetate),? and poly-
acrylonitrile.® By comparison, there have been only a few
studies*® of poly(acrylic acid) (PAA), and these are in-
complete. Schaefer® has reported on the triad sequence
of the methine carbon for PAA by 3C NMR. Comparing
the spectrum of isotactic PAA with that of the atactic
polymer, he found that the upfield portion of both the
methine and methylene carbon resonances may be at-
tributed to the meso (m) configuration and, by default, the
downfield region to the racemic (r) configuration. Fur-
thermore, it was shown that the tacticity of the methine

0024-9297/85/2218-2154$01.50/0

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,’
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 con-
figurations. His assignments, however, were made on an
unjustified extrapolation of the 'H NMR results. In the
first part of this paper, we will provide a quantitative
solution to the tacticity of PAA by *C NMR at the triad
level and propose a pentad analysis as well.

The acid dissociation constant (pK,) of a polyelectrolyte
generally depends on the mole fraction of charged sites ().
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Figure 1. 13C NMR spectrum of CH for PAA at 75 °C in D,0
(6% w/v) 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 <1%.

The change of pK, with respect to « is due primarily to
an electrostatic effect.? The titration data can be treated
in principle according to Manning’s model.!® Alternatively,
the data can be treated empirically either with the ex-
tended Henderson-Hasselbalch (HH) equation!! or Man-
del’s equation.!? Relatively little work has been done on
the NMR pH titration of polyelectrolytes. The titration
behavior of PAA may be determined by *C NMR by
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 no attempt to titrate PAA. Prosser
et al.,® however, did titrate this polymer using *C NMR
to monitor the change in ionization state, and they used
the HH equation to calculate pK;/; from the change in
chemical shift of the carbonyl carbon, where pK , is the
value of pK, at « = 0.5. In this paper, we will examine the
titration behavior of PAA in more detail and analyze the
influence of tacticity on pK,.

Experimental Section

PAA (Celanese Water Soluble Polymers) with a weight-average
molecular weight of 10000-20000 was used as received. The **C
NMR spectra were obtained by using a GE 300 WB spectrometer
(NT series) equipped with an 1180e computer and a 293c pulse
programmer. The concentration of PAA was 5% w/w. This
concentration was sufficient to minimize any changes of chemical
shifts with dilution of the polymer. The tacticity studies were
performed on D,0 solutions at 75 °C. The NMR titrations were
done at 25 °C with the polymer dissolved in HyO. 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 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 mea-
surement was at least 10 times the longest spin-lattice relaxation
time (T,). The T, values were obtained from the inversion re-
covery pulse sequence!® using a composite 180° pulse with delay
values of 0.025, 0.08, 0.2, 1.0, and 3.0 s. The T, values were
calculated by using a nonlinear three-parameter fitting proce-
dure.’* Curve deconvolution was accomplished with the NMccaP
program provided by the GE software using a completely Lor-
entzian line shape. 'H NMR experiments were performed at 80
°C on 0.5% (w/v) D0 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 D,0 corrections.

Results and Discussion

Determination of Tacticity of PAA. The )C NMR
spectra of PAA were recorded in full through the pH range
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
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Figure 2. 13C NMR spectrum of CH, for PAA under the same
experimental conditions described in the caption of Figure 1.

Table I
Peak Assignments, T, NOE, and Peak Areas for PAA*

measured NOE T, area,

carbon configuration region, ppm  (+0.1)  (+0.001) %°

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

CH, 38.1-39.1 2.7 0.159 23

35.5~38.0 2.5 0.158 77

CO, 178.6 1.2 2.497

$5% w/v in H,O adjusted to pH 12 and at 75 °C. *Estimated
error £5%.

methine carbon resonances obtained at 75 °C showed some
pentad sensitivity, whereas at 25 °C only triad sensitivity
was observed. The proton-decoupled *3C spectrum of the
methine carbon of PAA at 75 °C (Figure 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 (Figure 2) has three major peaks at 38.65,
37.06, and 36.15 ppm, G through I. Finally, the carbonyl
carbon, spectrum not shown, exhibited no apparent tac-
ticity. Schaefer reports® three principle peaks for the
methine carbon of atactic PAA and one principle 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, which cor-
responds to peak I that we assign to the m diad.

Triad tacticity of the methine carbon is estimated from
the combined peak areas, which are 27, 50, and 23% for
the rr, mr, and mm sequences, respectively. The intensities
of these peaks may be influenced by T, and NOE.?® As
shown in Table I, the T, values for each methine resonance
are nearly equal. Since the experiment utilized repetition
rates of more than 10 X T}, 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 configu-
ration, calculated from peak areas based on Bernoullian
statistics,'618 are 48 and 52%, respectively. With these
values, a simulated spectrum to pentad resolution is con-
structed, which is shown in Figure 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 Ber-
noullian statistics; and (3) the line widths for all tacticities
are equal. The last assumption is based on the fact that
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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 a rms error of <1%.

Table I
Simulated Methine Carbon Resonance for Pentad
Sensitivity
chemical shift,
triad pentad ppm
rr mrrm 47.03
mrrr 46.76
rrrr 46.44
mr rmrm 46.07
rmiIr 45.98
mmrm 45.85
mmrr 45.76
mm rmmr 45.05
mmmr 44,94
mmmm 44.92

T, is proportional to T, (spin-spin relaxation time) in the
extreme narrowing region. Since the line width is pro-
portional to T, it follows that equal T values predict equal
line widths. Under these conditions only the position of
each resonance was varied manually in a curve-deconvo-
lution program to yield the lowest root mean square error
between the observed and calculated composite spectra,
Figure 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 confi-
dence.

The fully decoupled spectrum of the methylene carbon,
Figure 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 23% of the total CH, area. However,
this analysis is complicated by the presence of a spurious
peak.'® Tt is easily identified in acidic solutions as a sep-
arate peak upfield from the principle CH, resonances. It
moves downfield with increasing pH and at pH 12 con-
tributes 9.4% to the peak areas of H or I. Its presence is
confirmed by the T studies, appearing as an inverted peak
when the rest of the CH,, peaks are nulled. After correction
for this spurious peak is made, the contribution of the area
of peak G to the total area of the CH, resonance is 25%.

On the basis of the diad 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, mrr and rrm = 0.26, and rrr = 0.14.
The poorly resolved CH, spectrum of PAA, except for peak
G of Figure 2, can be analyzed in terms of the tetrad
distribution. Peak G may be assigned to one of the two

Macromolecules, Vol. 18, No. 11, 1985
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Figure 4. 'H NMR of CH, of PAA at 80 °C in D,0 (0.05 M) at
pH 2 and for 2400 acquisitions: (a) experimental spectrum, (b)
reconstructed spectrum from curve ¢, (c) deconvoluted spectrum
based on the expected spin—spin coupling pattern; (d) 'H NMR
of CH; of a mixture of m and r 2,4-dimethylglutaric acid at 25
°C in D,O (0.5 M) at pH 2.
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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.

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 approxi-
mately equal areas for this polymer and conflicting earlier
assignments.””

In order to confirm the diad distribution established
above, the 'H NMR analysis of CH,, known to be useful
for this purpose,’ was undertaken. The 'H 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
Figure 4a. The model compound, an equimolar mixture
of m and r 2,4-dimethylglutaric acid, Figure 4d, is char-
acterized by the previously assigned peaks? 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 de-
convolution 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 ¥C NMR.

13C NMR pH Titration. The 3*C NMR pH titrations
of the methine carbon for each tacticity and the carbonyl
carbon, one peak, are displayed in Figure 5. Deprotona-
tion with increasing pH resulted in a downfield shift of
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Table III
Acid Dissociation Constants of PAA

methine carbons

mr carbonyl
mm (+rm) rr carbon
HH Equation
pK,j, 413 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
pK; 3.91 4.09 4.22 4.03
a 1.93 1.99 2.08 2.09
b -0.46 -0.18 -0.21 -0.42
n® 1.85 2.04 2.08 1.96
Ky 4.76 5.03 5.21 4.97

SHH parameters calculated from Mandel’s equation.

each resonance. The extended HH treatment was used
to calculate the pK, and pK,,, according to

pH = pK;;; + nlog [e/(1 - a)] (1)

where a is calculated as the fraction of total chemical shift
change given by
8- 5min
a=s ——— 2

5max - 6min ( )
where § is the observed intermediate *C chemical shift at
intermediate pH’s and §,,,, is the maximum chemical shift
and 4, is the minimum chemical shift at the extremes
of pH. A linear regression fit of pH gives pK;;, and n as
the intercept and slope, respectively. The results for rr,
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 1, which suggests
that PAA does not change conformation abruptly during
the course of titration.!?

The pKj, for each CH triad tacticity is slightly but
significantly different. The most acidic tacticity corre-
sponds to the mm sequence and the least acidic to the rr
sequence. The CH mr (and rm) configuration and the
carbonyl cation are characterized by similar and inter-
mediate values of pK, ;. The slopes for each titration are
also slightly different and indicate convergent pK’s at low
pH, i.e., low charge state.

By another approach, Mandel'? expressed pK, {or pH
+ log ((1 — a)/)) as a series expansion on «

pK, = pK; + aa + ba? 3)

where pK; is the intrinsic dissociation constant and a and
b are the coefficients for the a terms. The results based
on eq 3 are also shown in Table III, and they show the
same trends in pK as described above. The self-consist-
ency of these two empirical equations? is made clear in
the calculation of n and pK; , of the extended HH equa-
tion from the a and b parameters of Mandel’s treatment
by means of

n=1+0.575(a + b) 4)

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

The pK;; and n values obtained by 1*C NMR titration
are close to the literature values obtained by potentio-
metric titration reported by Monjol and Champetier.?!
They found pKj,, = 5.35 and n = 1.7 for atactic PAA at
1072 M polymer concentration and 0.1 N NaCl salt con-
centration 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: pK,,, < pK,, < pK,,
The pK of the carboxy! associated with the mr (and rm)
sequence of CH is approximately equal to the pK deter-
mined from the CO titration and to the average of the
other two carboxyl sequences. Our results, however, are
at odds with the potentiometric titration results of Ka-
waguchi and Nagasawa,?? who show the syndiotactic tactic
polymer, r > m, to be a slightly stronger acid than the
isotactic polymer, m > r. From Clark’s report? on the
potentiometric titration of 2,4,6-heptanetricarboxylic acid,
pK, = 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, mod-
erate the configuration effects on pK,.

Registry No. PAA (homopolymer), 9003-01-4.
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