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Interpolymer Complexation of Poly(acrylic acid) and
Poly(acrylamide):' Structural and Dynamic Studies by Solution-
and Solid-State NMR '"'
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ABSTRACT: Interpolymeric complexes of poly(acrylic acid) (P AA) and poly(acrylamide) (P AAm) at 60,20,
5, and 0% ionization (a) were studied by IH/l3C solution-state and UC solid-state cross-polarization magic
angle spinning (CPMAS) NMR experiments. The solid-state NMR results support a model in which ionization
(a or pD) alteration leads to conformation and segment changes along the P AA-P AAm polymeric backbone.
Solid-state relaxation measurements show short T1 values at high ionization (a = 60%) but long T1 values
toward low ionization (a :S 20%). This is consistent with a model in which the PAA and PAAm polymers
take on a stretched but mobile conformation at high ionization but become immobile and restricted at low
ionization. Dynamic restriction of the polymer is attributed to symbiotic hydrogen bonding of the carboxyl
group ofP AA and the amide residue of P AAm to form interpolymer complexes. Other relaxation parameters
such as IH-I3C cross-polarization times TCH(SL), proton spin-lattice relaxation times in the rotating frame
TI,(H), and UC dipolar-dephasing results are also consistent with this model.

I. Introduction Scheme 1

Understanding the structure and dynamics of inter-
macromolecular complexes is of interest because of the
occurrence of such structures in many systems ofbiological
importance.l,2 The mechanism of complexation is an
important prerequisite in predicting the microscopic
structure and, through structure correlations, the mac-
roscopic properties of these biopolymeric materials. Non-
covalent binding forces derived from electrostatic, hy-
drogen bonding, and hydrophobic interactions have been
attributed to be the main driving force for complexation
of biopolymers.3-7 Investigations of the dynamics and
structural characterization of the these materials may
provide insight into the macromolecular organization,
which, in turn, may reflect the infrastructure and dynamics
of the complexation mechanism at a D):olecular level.

Interpolymer complexation between poly(ethylene ox-
ide) and poly(acrylic acid) has been characterized previ-
ously by NMR techniques,8 although only the polymer
blend of poly(acrylic acid)-poly(acrylamide) (PAA-
P AAm) has been studied by this technique.9.10 Inter-
polymer complexation between P AA and P AAm has
previously been characterized by fluorescence measure-
ments using pyrene-labeled PAAm (py-PAAm) fluores-
cence probes}1.12 The results were interpreted in tenns
of the occurrence of weak or negligible interactions for
PAA and py-PAAm at pH ~ 7.0 and the occurrence of
strong stable complexes at pH :s 4.5 (shown in Scheme 1).
This report describes the investigation by NMR spec-
troscopy of intermolecular complexes of P AA and P AAm
for various degrees of ionization of P AA in a comparative
manner. The modes of binding interactions, i.e., com-
plexation of the carboxylic and amide residues, are
monitored by NMR relaxation parameters. Although only

qualitative

by fluorescence techniques.ll.12
NMR relaxation techniques were used to

motions in the mid-kilohertz and

tions, with smaller contributions arising from
shift anisotropy and spin rotation.17

offers a correlation time (T J in thelimit. Inthislimit,(c.I«I/TJ,-' . .
to Tc and is field independent.
the spectral density yields ~Tc « 1, and TI
proportional to T c and is field dependent.I?18
of fast segment mobility, as it relates
times for these polymers, is therefore expected
large TIs in the solution state but small
state.19.20 In our experiments,
lured by a fast inversion-recovery

@ 1994 American Chemical Society

. Author to whom correspondence should be addreaaed.
t Department of Chemiatry, University of San Diego, San Diego,

CA 92110.
I Henry Krwnb School ofMinea, Columbia University, New York,

NY 10027.
. Abetract published in Advance ACS Abstract" December I,

1993. .

0024-9297/94/2227-0272$04.60/0



Vol. 27, No. I, 1994 Interpolymer Complexation in PAA-PAAm 273

were calculated by fitting the data to D. Solid-State NMR. Each sample (ca. 250 lUg) described
above was packed in a 7-mm-o.d. sapphire (Al2Os> rotor with
Kel-F end caps (Doty Scientific). The high-power preamplifier
for the CPMAS experiment was provided by mM instruments,
and the probe was designed byDoty Scientific. Carbon-13 cross-
polarization magic angle spinning with high-power heteronuclear
decoupling, ca. 40 kHz, was used to obtain high-resolution NMR
spectra. The dipolar-dephasing, pulse sequence experiment
provided proton-decoupled carbon resonance assignments. In
this experiment, a 50-#&8 dephasing period was used. The CPMAS
experiment consisted of matching the Hartmann-Hahn condition
[( 'Y Bvc = ('Y BJH]. contact times of 1500-2000 #&8, a pulse width
for 1H of 5.8I1.s, and recycled delays between 2 and 5 s (6 s for
13C T1 measurements). Spinning rates were between 3 and 5
kHz, and chemical shifts were referenced to the methyl carbon
of external hexamethylbenzene (Me, a = 16.7 ppm VB TMS). All
measurements were taken at ambient temperature (20 °C).

Spin-lattice relaxation times for 13C nuclei were measuredoy
the fast inversion-recovery pulse sequence (OO°-(1H spin lock,
13C contact)-90°-.T-90°-fid). All T1 measurements were per-
formed at room temperature. Recycled delays were set to 6 s (ca.
(3-4) x TJ, with delay times of 0.05, 1.0,5.0, 15.0, 45.0, and 120.0
s. In some instances, however. delay times up to 320 s were used.
T 1S from the measured 13C spectra were calculated by the Broker
spectrometer Aspect 3<XX> computer and confirmed by curve-
fitting routines (Kal~idaGraph 2.1.3 for the Macintosh). Other
pulse programs included variable spin-lock contact times and
variable dipolar-dephasing experiments. In the polarization
transfer spin-lock experiment, contact times between 50 and 6000
#&8 were used; the resulting signal intensities from the 13C NMR
spectra were curve fit in KaleidaGraph to determine the rise
time TCH(SL) and decay period Tlp(H) of the carbon signal
intensities.

,(1)

time, and Tl is the
time.17-21

contact time experiment and (2) the
experiment)3-15,18-20,22-24 For (1), a

.

The results were fitted to eq 2.

-exp( - [1-(~ )4-]M1

[exp( ~) (2)

~

constant during the spin-lock period,
.

22-24 The former relaxation parameter
the static H-C dipolar interaction, whereas the

rates of proton spin diffusion.

~

The integrity of
period probes both the direct C-H

for a given 13C resonance and the
this dipolar coupling due to segment

The parameters derived from these measure-

a function of variables such 88
ionization.

Section
Materials. Po}y(acrylic acid) purchased from Polysciences

without further purification with a manufacturer-
~ 90 000.

., of
The polymer was purified by reprecipitating from

Preparation. (1) Solution-State NMR Studies: Poly-

Solid-State NMR Studies. Polymer solutions were
Poly(acrylic acid) (P AA) was

Equimolar (monomer

III. Results and Discussion

A. Solution-State NMR. In the literature, tacticity
analyses have been made for polyacrylates based on lH
and lac NMR results.27-33 For our experimental conditions
(20 °C), only triad sensitivity could be observed at beSt.
Figure I, shows the 1 H NMR spectra of (a) P AAm in D2O
under neutral conditions, (b) PAA at pD = 3.5, (c) PAA
at pD = 7.0, (d) PAA-PAAm at pD = 3.5, and (e) PAA-
PAAm at pD = 7.0. These spectra all show a pD
dependence with significant resonance line broadening
(line width, Wl/2> 40 Hz). Despite the occurrence of line
broadening, resonance assignments are readily made based
on the integrated area of the signals by literature com-
parison27.'l8.31.34.35 or by computer simulation analysis.36-41
For P AAm in D2O (Figure la) the broad resonance centered
at 2.08 ppm is assigned to the a-protons and the resonance
at 1.53 ppm is assigned to the fJ-protons of the monomer
unit, which are consistent with the 1:2 integration. The
tacticity of P AAm has previously been assigned as a
mixture of isotactic and syndiotactic species based on lH
NMR methods.28 Our result is not consistent with this
but representative of a more complicated microstructure
which will be discussed in the context of the 13C NMR
result.

The lH NMR spectrum for P AA at pD = 3.5 (Figure Ib)
shows a more complicated resonance pattern with four
distinct resonances centered at 8 = 2.26, 1.80, 1.63, and
1.52 ppm; weaker signals are observed at 2.65, 1.97, and
1.50 ppm. The three resonances between 1.50 and 1.80
ppm are assigned to the fJ-protons, and the 2.26 ppm
resonance is assigned to the a-proton. Previous tacticity
analysis of P AA at pH = 2 is consistent with our result
here in which the triad distribution of the rr, mr, and mm
sequences is assigned to the methylene resonances at 1.80,
1.63, and 1.52 ppm, respectively.27.'l8 At pD = 7.0, the
PAA lH NMR spectrum shows two broad resonances
centered at 1.96 (a-proton) and 1.39 ppm (/3-protons),

Solutionaofpoly(acrylic acids) neutralized to

- 5%; (7) PAA-PAAm, a = 0%.

Instrumentation. Solution- and solid-state NMR mea-
by a BrukerAF-250 FT-NMR s~

.. Detailed experimental conditions are described in a
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for the P AAm-P AA polymeric mixture

Res-

183.1 (C=O); 49.S,. Essentially,

whereas at lower pO, only the carbonyl

13C T1 spin-lattice relaxation times are listed in
. measuremens could not be obtained for P AAm

,

PM-PAAa
a."~

PM-PAAm

a.20~ .0 ..' .

PM-PAA8

a.5~

PM-PAA8
a.O~

PM

a."~

The Tl values

and 2.2 s, respectively) do not indicate any
.. This same trend (Tls of 1.4 and 1.8/

The relaxation

behavior in which the T1s do not show any

pathways for polymeric samples may be
to a number of intermolecular processes; the

, a pH effect on ionicity,4.31.42

The trend-free Tl relaxation results in

deviation with little connection between long
(short TIs) and restricted mobility at

These effects must be deconvoluted to arrive
relaxation time in

We make no attempts here, however,
Finally, the inconclusive

fluorescence work may be attributed to the
The luminescence

required higher
to produce acceptable signal-to-noise.

in experimental conditions
have resulted in relaxation measurements more

ionization effects and concentration
and mobility.

Solid-State NMR. The 13C CPMAS and dipolar-

20,60%) are shown

corresponding to the dipolar-
In general, the alkyl resonances, Ca

. Based on the
above and assignments of other

and the solid state,8.36,45
,

are listed in Table 2 together with the

m. The 13C CPMAS spec-
P AAm under neutral conditions (Figure 2a),

resonances with the following assignments;

51/42 ppm; and C#, 37 ppm (shoul-

dipolar dephasing, the broad resonance

ppm are affected only slightly.

0 and 60% and are consistent with the
The dipolar-dephas-

PM
a c.~ ;..;;o""~;:.~~~-:-;;"~~---~~w

PAAa .

..
, , , , , , . . I ,. ..1

100 t80 t80 I~ t20 too 8G 80 40 10 0
PfII

Figure 2. laC croea--polarization magic angle spinning (a-g) arid
dipolar-dephasing (a'-I') solid-state NMR 8pectra VB external
hexamethylbenzene for (a) PAAm, (b) PAA at II - 0%, (c) PAA
at a c 60%, (d) PAA-PAAm at a ~ 0%, (e) PAA-PAAm at a
= 5%, (f) PAA-PAAmata = 20%, and (g) PAA-PAAmata-
60%. ".

ing spectra under these two conditions show the total
suppression of the alkyl signals upfield (~34-45 ppm) and
about a 30% suppression of the carbonyl signals. Fur-
thermore, the lac resonances for II = 60% are shifted ca.
5-7 ppm further downfield than those for a = 0%, while
line broadening for the carbonyl at a = 60% is not as
severe 88 those at a = 0 %. The chemical shift assignments
for a = 0% consist of C=O, 177 ppmj Ca 40 ppmj and C.8'
34 ppm, with line broadening of W 1{ 2 = 500 Hz for the
carbonyl and 1200 Hz for the alkY resonances.7.14,27,35
Assignments for a = 60% consist of C=O, 186 ppmj Ca
45 ppmj and C.8' 40 ppm.

The CPMAS spectra for the PAA-PAAm polymeric
mixture at a = 0, 5, and 20 % (Figure 2 d-f) all show similar
spectral features. The carbonyl resonances are centered
around 178 ppm, with the broad alkYl resonances ranging
from 54 to 33 ppmj the CaS are 88Signed to the signal
centered at ~O ppm, whereas the C.ss are 88signed to the
shoulder at ~34 ppm. Dipolar dephasing leads to the total
suppression of the alkYlresonances and partial suppression
of the carbonyl resonances. Line broadening of the
carbonyl and alkYl resonances is unaffected by ionization
changes.

Finally, the CPMAS spectrum ofPAA-PAAm at a =
60% (Figure 2g) shows poor signal-to-noise even after
acquiring 4 times 88 many fids 88 those of the other
polymeric samples. In the carbonyl region, there are at
least two signals (181 and 177 ppm), while in the alkYl
region (39 and 32 ppm) a broad Gaussian-like resonance
appears. Although the spectrum is noisy, the dipolar-
deph88ing result is similar to the preceding three: total
suppression of the alkyl carbon resonances and partial
suppression of the carbonyl resonances. The lac chemical
shifts are compiled in Table 2.

The broad resonances observed in the CPMAS result
from distribution of chemical shifts due to steric con-
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the other relaxation factors by a variable-
qualitatively. the results discussed

sufficient to describe the interpolymer com-

i

I
I
I

j

complexes must take into consideration
due to ionization effects and segment

If the T 1 result for the homopolymer P AA is
for the contribution due to

The Tl results in Table 2 show a large
the two ionization limits for PAA-

Qualitatively, all else
we attribute the increase of T 1 at lower

"
\'
",

),

~f

~t
segment mobility of the interpolymer

and 0%. Figure 4 shows a representative

and T lp(H) values listed in Table 2. The

depends on the strength of the
which is

~

growth of the 13C signals, short TCH(SL), at

segment dynamics, resulting in weak C-H
~hU8 our relaxation results suggest that

(a = 60%), resulting in less efficient cross-
, lSC spins

and efficient

This systematic trend for

values under the different ionization con-. Table 2 is in agreet;Dent with the spin-
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experiment and further that the proton spin diffusion has
equilibrated.

IV. Conclusions

The interaction between two polymers, P AA and P AAm,
which undergo complexation has been investigated by
NMR techniques in this report. The following s11mmarizes
the behavior of the interpolymer complexes as reflected
by the NMR results. The average structure of P MIn
does not have any pD dependence as suggested by the
similarities of the Tl values for the different resonances
of P MIn. The average structure of P AA, on the other
hand, is ionization dependent; at high pD or ionization,
it exists in the ionized form which affects the polymeric
backbone in two ways. First, the Coulombic repulsioq
tends to stretch the polymer segments, and as a result,
this leads to the second effect, namely, rigidity of the
polymer. We do not observe this in our relaxation results,
however.

As the pD decreases or as a approaches zero, the ionized
form of the carboxyl group becomes protonated. Less
"ionized form" leads to less Coulombic interaction, which
leads to the contraction of the polymeric segments and
increased segment mobility. Our relaxation data suggest
that at 60% ionization we are already in this regime of
increased segment mobility. As the ionization decreases,
H-bonding processes become operative and influential on
the behavior of the polymer segments. At low enough
ionization, the H-bonding network begins to accumulate
due to the contraction of the polymers. Thus the
contracted form now becomes immobile, and a point is
reached in which the contracted form is less mobile than
the extended form which exists at higher ionization. This
picture of restricted mobility of the polymer segment is
consistent with the systematic trend observed in both the
Tl and TCH(SL) result.

When P AA and P AAm are mixed to form an inter-
polymer complex, there is a parasitic relationship; that is,
P AA dictates the conIlguration of the complex. At high
pD, the two polymers act independently and there is no
interaction between the two polymers, but at low ioniza-
tion, P AA is deionized and either can intramolecularly
H-bond to itself or can intermolecularly H-bond to P AAm
as reflected in the relaxation results. As the intermolecular
interaction becomes efficient, the P AAm takes on prop-
erties associated with P AA.

For the homopolymer, the Tl result will not only have
contributions from the model discussed above but also
have contributions from other factors such as the pD effect
on ionicity, tacticity, and! or residual H2O interaction. We
use the relation results for this system to provide a
reference point for the interpolymer complexation process.
That is, if we compare the relaxation results of the
homopolymer at the two extreme conditions, a = 60 and
0%, to that of the interpolymer complexes under these
same conditions, then we can qualitatively assert that the
differences in the Tl results are due to the segment
dynamics of the latter. The results here indicate longer
Tl for the PAA-PAAm system at 0% ionization than that
of PAA homopolymer, which is consistent with a more
effective complexation process of P AA to P AAm. inter-
pretation of the TCH(SL) result is consistent with this
model.

In conclusion, the solid-state NMR studies of poly-
(acrylic acid) and poly(acrylamide) at various ionization
support a polymer model in which at low levels of ionization
the P AA-P AAm solutions form an interpolymer complex
resulting in a relatively rigid polymeric mixture exhibiting

that polymeric chain dynamics are not near
used in the
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slow chain motions. At high levels of ionization, the P AA-
PAAm complexes exist as random polymeric chains with
rapid segment dynamics. Although the solution-state
NMR studies were not conclusive, due to concentration
effects or the nature of the H-bond in these materials,the
solid-state CPMAS studies are consistent with the mOdel
established from fluorescence studies. Moreover"the
results here show that interpolymer complexation is very
strong in the solid state. Finally, the results demonstrate
that CPMAS NMR is a powerful experimental technique
for investigation of the effect of interpolymer complexation
on segmental motion and macromolecular dynamics in
the solid state.
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