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The interpolymer interaction, morphology and chain dynamics of the poly(acrylic acid)/poly(ethylene
oxide) (PAA/PEO) complex are examined by using e CP/MAS n.m.r. methods. By analysing 13C CP/
MAS spectra of the complex we conclude that there exist three hydrogen bonding forms for the carboxyl
group of PAA, namely: (1) the complex form, interpolymer hydrogen bonding between PEO molecules; (2)
the dimeric form, intrapolymer hydrogen bonding within PAA molecules; and (3) the free form, no
particular form of hydrogen bonding. The morphology of the complex is investigated by the 'H spin—lattice
relaxation time in the laboratory frame (77), and that in the rotating frame (7;,). We found that the domain
sizes of the three hydrogen bonding forms of PAA are less than a few tens of angstroms, and the PAA/PEO
complex is miscible on a molecular level. Further, temperature dependence of '*C linewidth (75) is examined
to study effects of complexation on the molecular motion of the component polymers. The temperatures at
which the maximum linewidths are observed for the main chain carbon of PEO and PAA in the PAA/PEO
complex are 310 and 362 K, respectively. This indicates that the motional heterogeneity is present in spite
of a single T, for the PAA/PEO complex. Further, we discuss the structural difference between the

poly(methacrylic acid)/PEO complex and the PAA/PEO complex. © 1997 Elsevier Science Ltd.
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INTRODUCTION

There has been continuous interest in the structure and
the complexation mechanism of poly(methacrylic acid)/
poly(ethylene oxide) (PMAA/PEO) and poly(acrylic
acid)/poly(ethylene oxide) (PAA/PEO) complexes. In
the solution state, it was shown that interpolymer hydrogen
bonding occurs between the carboxyl proton of PMAA,
PAA and the ether oxygen of PEO and that the
hydrophobic interaction between the methyl group of
PMAA and the methylene group of PEO makes the
PMAA/PEO complex more stable than the PAA/PEO
complex! ™.

In the solid state, the physical properties of the
polymer complex were examined by various methods
such as d.s.c.>7 and stress relaxation®. D.s.c. and stress
relaxation measurements, however, give different per-
spectives on the glass transition T, of the PAA/PEO
and PMAA/PEO complexes. Kim et al. showed that
T, = 453K of the PMAA/PEO complex differs from
those of pure PEO (180K) and pure PMAA (483 K)S.
Smith et al. showed that the 7, value of the PAA/PEO
complex is 278 K, which is close to the average of those
of PEO and PAA (T, = 373 K)’. These results show that
both complexes are homogeneous to a few hundred
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angstroms and that motional heterogeneity does not exist
in the complexes. Recently, Maunu ef al. re-examined the
T, values of both complexes. However, they found that it
is difficult to obtain the 7, value with sufficient accuracy
to yield information on complexation®.

High-resolution solid state *C n.m.r. is a powerful
tool for the study of chain dynamics and the structure
of polymer mixtures (for a review, see Takegoshi’).
Recently, we examined the chain dynamics of the
PMAA/PEO complex, and showed motional heteroge-
neity between PMAA and PEO'. Further, it was shown
that two types of hydrogen bonding for the carboxyl
group of PMAA exist in the PMAA/PEO complex:
hydrogen bonding between the carboxyl group and PEO
(the complex form) and hydrogen bonding between the
carboxyl group and PMAA (the dimeric form). Spin
diffusion experiments showed that the complex is
homogeneous on a scale of a few tens of angstroms.
An i.r. study also showed that the two kinds of carboxyl
group exist in the PMAA/PEO complex®. For the PAA/
PEO complex, however, an i.r study indicated that there
are three kinds of carboxyl group7. These three types
of carboxyl group are assigned to (1) those forming
interpolymer hydrogen bonds between PAA and PEO
(the complex form), (2) those forming intra-hydrogen
bonds within PAA molecules (the dimeric form), and
(3) those not undergoing hydrogen bonding (the free
form).
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In this study, we examine the PAA/PEO complex using
3C CP/MAS n.m.r. methods. Firstly, the structure of the
carboxyl group is examined by analysing the "*C lineshape.
Secondly, the m1scxb1l1ty of the PAA/PEO complex is
examined by the 'H spin—lattice relaxation time in the
laboratory frame (T'), and that in the rotating frame (7).
Lastly, segmental motion of the component polymer in the
complex is studied through the 13C linewidth (75). Further,
we discuss the structural difference between PMAA/PEO
and PAA/PEO complexes.

EXPERIMENTAL
Samples

PEO with an average molecular weight of 20 000 was
obtained from Asahidenka, Co. PAA with an average
molecular weight of 90 000 was purchased from Aldrich,
Co. PAA and PEO were dissolved separately in water
(3 wt%), and the pH adjusted to 2.0 by | N HCl solution.
The PAA and PEO solutions were mixed with different
compositions of PAA/PEO: (a) 1/2, (b) 1/1 and (¢) 2/1 in
monomer units. As soon as the solutions were mixed,
white precipitates appeared. After the solutions were left
for about | day, the precipitates were washed, and dried
for 3 days under vacuum at 298 K. The compositions were
determined by the 'H signals of the sample dissolved in
dimethylsulfoxide-d, and are listed in Table 1. Unlike the
PMAA/PEO complex whose composmons are indepen-
dent (1/1) of the mixing ratios'’, the composmons of the
PAA/PEO complexes depend on the mixing ratios. We
will denote the three complexes (a), (b) and (c).

N.m.r. experiment

The '*C n.m.r. experiments were carried out with a
JEOL GX-270 spectrometer operating at resonance
frequencies of 270 MHz for ' H and 67.5MHz for *C.
High-resolution solid state *C n.m.r. spectra were
obtained by the combined use of high-power proton
decoupling (d.d.) and magic angle spmmng (MAS) The
radiofrequency field strength for both 'H and C was
about 55.6kHz. The 'H decoupling frequency was chosen
to be 3 ppm downfield from tetramethylsilane (TMS). A
double-bearing aluminium oxide rotor was used at a
spinning frequency of 5.5 kHz The setting of the magic
angle was monitored by the ’ Br n.m.r. spectrum of KBr
mcorpordted in the rotor. The '*C chemical shifts were
eallbrated in parts per million reldtrve to TMS by taking
the "*C chemical shift of the methine carbon of solid
adamantine (29.5ppm) as an external reference stan-
dard. The contact time of cross-polarization (CP) was
500 us. A shorter CP time of 100 s was used to observe
the spectra of pure PEO, and to measure the rotating
frame spin—lattice relaxation times (7;,) for all the
samples at 310 K. Variable-temperature measurements
were accomplished by using a JEOL MVT temperature
controller with an accuracy of | K.

Table 1 The compositional ratios of the PAA/PEO complexes with
various mixing ratios

Mixing ratio of Compositional ratio of

Complex PAA/PEO PAA/PEO
(a) 1/2 1.0/1.2
(b} 1/1 1.0/1.0
(©) 2/1 1.4/1. 0
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Figure 1 *C CP/MAS spectra of the PAA/PEO complex at 310K:
(A) pure PEO, (B) complex (b) and (C) pure PAA

RESULTS AND DISCUSSION
Hydrogen bonding structure

Figure 1 shows the *C CP/MAS n.m.r. spectra of pure
PEO, the PAA/PEO complex (b), and pure PAA at
310 K. The line width of the 1*C peak of pure PEO is very
broad. Th1s broadening has been attributed to the inter-
ference of 'H decoupling with the molecular motion of
PEO in the crystalline phase For pure PAA, two
distinct peaks are observed: one appears at around
40ppm and the other at 181 ppm. The former is the
methine and methylene carbons, and the latter is the
carboxyl carbon. For the complex, two spectral changes
are appreciable. One is the decrease of the linewidth of
PEO. Similar line narrowing of PEO upon complexation
or blendmg has been observed for the PMAA/PEO
complex!'® and poly(vinyl phenol) (PVPh)/PEO blends''.
It has been interpreted as the destruction of the crystal-
line phase of PEO. The other spectral change is the
upper-field shift (181 — 179 ppm) of the carboxyl carbon
of PAA upon complexation. This shift is attributed to the
formation of hydrogen bonds upon complexation.

In order to further examine the hydrogen bonding
structure in the complex, we obtained several spectra at
various temperatures. Figure 2 shows three typical
spectra of the carboxyl region of the complex (b). At
low temperatures below 278K, a triplet signal was
observed. A similar lineshape was also observed for
complexes (a) and (c) (Figure 3). It is expressed by a sum
of three Gaussian lineshape functions (Figure 4). The
best-fitted parameters are given in Table 2. The best-
fitted chemical shift values for the three peaks are almost
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Figure 2 3C CP/MAS spectra of the carboxyl carbon in the PAA/PEO
complex (b) at various temperatures: (A) 386 K, (B) 310K and (C) 234K
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Figure 3 '3C CP/MAS spectra of the carboxyl carbon in the PAA/
PEO complexes at 234 K: (A) complex (a), (B) complex (b) and (C)
complex (¢)
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Figure 4 13C CP/MAS spectra of the carboxyl carbon in the PAA/
PEO complex (b) at 234 K: (A, B) simulated and (C) experimental

constant for complexes (a)—(c). The peak at 176 ppm has
the largest intensity, and it decreases with decreasing
PEO content ((a) — (c)). Therefore, this peak is assigned
to carboxyl groups involved in interpolymer hydrogen
bonding between PAA and PEO (the complex form).
The peak intensity at 183 ppm is the next largest, and its
intensity decreases with increasing PEO content. Thus,
this peak is assigned to carboxyl groups undergoing
intrahydrogen bonding within PAA (the dimeric form).
The peak at 180 ppm is much smaller than the above-
mentioned two peaks. Further, the chemical shift value
is close to that of pure PAA in methanol solution
(179 ppm). Therefore, the peak at 180 ppm is assigned to
carboxyl groups that form no particular hydrogen bonds
in the solid. These latter carboxyl groups may corre-
spond to ‘the free form’ carboxyl group postulated by the
i.r. study’. Thus, we shall denote this form of carboxyl
group the free form. However, we do not mean that this
carboxyl group is ‘free’ from any hydrogen bonding
involvement.

A similar lineshape splitting upon complexation has
been observed for the PMAA/PEO complex'’. For this
complex, the lineshape has been expressed as a sum of
two peaks: one is the dimeric form appearing at lower
field (187 ppm) and the other is the complex form at
higher field (180 ppm). It was noted that the tendency of
the higher-/lower-field shift of the complex/dimeric form
was similar to that found for the PAA/PEO complex.

At higher temperatures above 310K, we observed a
single peak at 179 ppm (Figure 2B). Further increase in
temperature brings about line narrowing, and the intensity
of the peak decreases (Figure 2A4). However, the chemical
shift value of the peak is constant (179 ppm) in the region
of 310-386 K.

This spectral change may be attributed either to an
increase in the free form or to motional averaging among

POLYMER Volume 38 Number 10 1997 2317



3C CP/MAS n.m.r. study of the PAA/PEO complex: T. Miyoshi et al.

Table 2 The relative intensities, the best-fitting chemical shifts and linewidths for the '*C peaks of the three forms carboxyl carbons in the PAA/PEO

complexes”

Complex form Dimeric form Free form
Complex (a)
Relative intensity (%) 63+7 31+7 648
Chemical shift (ppm) 176.5+0.2 183.0+0.3 179.4+0.2
Linewidth (Hz) 32634254 285.3+445 109.4 + 63.1
Complex (b)
Relative intensity (%) 53+9 38+7 9+10
Chemical shift (ppm) 176.2+0.4 182.84+0.3 179.4+0.4
Linewidth (Hz) 312.5+£37.0 296.94:47.5 1522+ 1169
Complex (¢}
Relative intensity (%) 40+ 19 41+16 19+£30
Chemical shift (ppm) 176.3 £ 0.4 183.1+04 179.5+0.7
Linewidth (Hz) 312.2466.3 312.5458.5 296.8 £315.3

“Errors are 2.5¢

the three peaks. The former case, however, is negated
because the increment of the free form would lead to the
phase separation, which was not observed in the Bccpy
MAS spectra below 386 K. Further, the spectral change
is facile and reversible on decreasing the temperature.
The reversible process of the phase separation may take a
longer time. Thus, we attribute this spectral change to the
latter case.

Here, we neglect the small amount of the free form,
and treat the problem as a two-site exchange. The
chemical shift value at a fast exchange limit can be
expressed as

Tav = PACA + PBOB (1)

where the chemical shifts of the complex form and the
dimeric form are represented as o, and op, respectively.
pa and pg are the relative intensities of the two forms.
The best-fitting parameters for complex (b) in Table 2 are
used to calculate o,,. In consequence, the calculated
chemical shift o,, is 179 ppm, and is in good agreement
with the observed value (179 ppm). Thus, at higher
temperatures, a fast exchange between the carboxyl
groups occurs.

For pure PAA at 310 K, we observe a singlet at 181 ppm.
This value may also be understood as an average between
the dimeric form and the free form. However, since
the 7, of pure PAA (373K) is much higher than the
observed temperature (310K), the lineshape is not a
motional averaged one but a static superposition of the
two peaks.

Miscibility

In this section we examine the m1501b111ty of the PAA/
PEO complex by using the 'H spin-lattice relaxation
time in the laboratory frame (77) and that in the rotatmg
frame (7,). We measured the 'H Tl at 310K, and 'H
T, at 310 and 234 K. The observed 'H T, and T, times
are listed in Table 3. The relaxation time of PAA was
obtained through the main-chain peak at 310K. To
examine the heterogeneity of structure in the complex,
we dndlysed the carboxyl peak at 234 K.

For the 'H 7, measurement, the 7} values of pure
PAA and PEO are 1.30 and 3.68s, respectively. For
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complexes (a) and (c¢), the 7'} values of the component
polymers agree with each other within experimental
error, showing that the 7 relaxation processes of the
component polymers are averaged by a fast spin diffusion
between them. This shows that PAA and PEO are
miscible in the complexes on a scale of 200 300 A.

For the 'H T, measurements at 310K, a single
relaxation time was obtained for pure PAA. On the other
hand, a double exponential decay was observed for pure
PEO. The two T, values (>5 and 0.20 ms) have been
attributed to the amorphous and crystalline phases of
PEO. respectively'®'?. For the complexes, non-single
exponential decay curves are observed for both PAA and
PEO (Figure 5). In order to analyse the observed decay
curves, we treat the spin system as two dipolar-coupled
two-spins A (PAA) and B (PEO). The dynamics of the
magnetizations during the 7', relaxation process may be
given by the following equations’

dM : :

_ th = (Ka + /5 +/8Kc)Ma — faKcMy  (2a)
dM . .

— drB = (Kg +faKc)Mpg — fgKcMa (2b)

Table 3 The proton spin—lattice relaxation time in the laboratory
frame (7)) and in the rotating frame (T, o) of pure PAA, pure PEO. and
the PAA PEO complexes (a) and (¢ b

310K Ty (s) 310K Ty, (ms) 234K T, (ms)

Pure

PAA 1.3040.10 2.2140.20 5.204+0.20

PEO 3.68+1.19 0.2040.03 20.70 + 1.61

Complex (a)

PAA 1.07 £0.05 1.67" 3.52+0.27 (complex)
3.49 £ 0.45 (dimeric)

PEO 1.10£0.10 0.37" 3.66 +0.20

Complex (¢)

PAA 1.18 £0.04 2.50° 4.35+0.40 (complex)
4.55+ 0.40 (dimeric)

PEO 1.28+0.09 0.77"

4.65+0.18

“Errors are 2.5¢
" Values obtained using equation (2)
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Figure 5 The observed 'H T), decay curves for PAA (x) and PEO
(O) in complex (a). The solid lines were calculated using equation
(2) with parameters of K, = 0.6 x 10°s7", Ky =27x10°s7! and
Ke=22x10%s7"

where M, f; and K; denote the magnetization, the 'H
mole fraction and the intrinsic relaxation for the polymer
(i = A or B), respectively. K¢ is the interpolymer cross-
relaxation rate (the spin diffusion rate). The solid lines in
Figure 5 are the best-fitted lines with the parameters listed
in Table 3. The spin diffusion rates (K¢) for complexes (a)
and (c) are 2.2 x 10° and 1.7 x 10°s—1, respectively. It is
shown that the spin diffusion is too slow to average the
fast T, processes of the component polymers. This slow
spin diffusion can be explained by a heterogeneous
structure'? or a fast molecular motion'®!*.

PEOQO is a highly mobile polymer, and the Ky value
(T l‘pl) of PEO in the complex is close to the inverse of the
T,, minimum value of amorphous phase of pure PEO
(0.5 m)lz. This indicates the fast molecular motion of
PEO in the complex, and it is reasonable to conclude that
this fast motion averages the '"H—'H dipole interactions
between PAA and PEO to some extent, resulting in the
incomplete spin diffusion.

In order to suppress the motional effect, we measured
'H T, , at 234K. At this temperature, only one T},
component was observed for pure PEO!®12, For the
complexes, a single exponential decay curve was observed
for both PAA and PEO, and the T, value of PEO is
similar to those of PAA for the two complexes studied.
This shows that PAA and PEO are miscible on the scale
of 20-30 A. Further, the T, value of the complex form
agrees with that of the dimeric form for complexes (a)
and (c) (Table 3). This shows that the complex form and
the dimeric form are in close proximity and may co-exist
in the same PAA chain.

Molecular motion

In the previous section, the fast molecular motion of
PEO is suggested by the short 'H T , value at 310K. In
this section, we examine the main-chain motion of each
component polymer in the complex through the resolved
3C peaks. Figure 6 shows the 13C CP/MAS spectra of
complex (b) at various temperatures under 'H dipolar
decoupling. The spectra below 234 K are independent of
temperature (Figure 6C). With increasing temperature,
the linewidth of PEO shows broadening, and reaches the
maximum broadening at 310K (Figure 6B). Further
increase in temperature brings about the line narrowing
of PEOQ, and line broadening of PAA occurs. At 362K,
the linewidth of the PAA main-chain peak reaches its
maximum (Figure 6A4).

(A)

(8)

(c)

rr 1t ¢ "1 77Tt
240 200 160 120 80 40 O

Chemical shift in ppm

Figure 6 '*C CP/MAS n.m.r. spectra of the PAA/PEO complex (b) at
various temperatures: (A) 362K, (B) 310K and (C) 234K

The observed linewidths of PEO in the PAA/PEO
complex are plotted against temperature in Figure 7.
This line broadening/narrowing is attributed to the
interference between molecular motion and the 'H
decoupling. When the motional frequency is equal to
the 'H decoupling frequency, the interference effect is at
a maximum, leading to the maximum linewidth'*!®. The
observed different maximum broadening temperatures
for PAA and PEO in the complex shows that the
motional heterogeneity is present in spite of the single T,
for the PAA/PEO complex.

The temperature dependence of the '*C linewidth of a
polymer under high-power 'H decoupling may be
expressed by the following empirical equation'’:

2\ T
5:(504-51(;) tan[a(TO—T)]-F)\Mzm_‘j 3)
1

where the first term represents the intrinsic linewidth
arising from various static line broadenings. The second
term describes the motional averaging of the distribution
of the isotropic chemical shift. Arctangent dependence
was assumed, and o describes the steepness of the
narrowing. T, is the characteristic temperature designat-
ing the onset of molecular motion. The third term
represents the linewidth arising from the *C-'H dipole
interaction'>'6. M, represents the powder average of the
second moment of the *C-"H dipolar interaction. Ais a
reduction factor of the second moment (0 < A < 1); for
isotropic motion A= 1. A decreases as the motion
becomes more anisotropic. 7 and w; are a correlation
time and 'H decoupling frequency, respectively. It is
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Figure 7 The observed 3 linewidth of the CH, carbon of PEQ in the
PAA/PEO complex (b) at various temperatures. The solid line is the
best-fitted one obtained using equations (3) and (4)

assumed that the correlation time has an Arrhenius-type
dependence on temperature:

o) “

where E, is the activation energy and 7 is the correlation
time at infinite temperature. A more detailed explanation
of equations (3) and (4) may be found in Takegoshi and
Hikichi!’. We fitted the linewidth of PEO to equations
(3) and (4), and the best-fitted line is shown as the solid
line in Figure 7. The best-fitted parameters are listed in
Table 4.

For comparison, we also re-examined the observed
temperature dependent linewidth of PEO in the PMAA/
PEO complex, and the best-fitted parameters are collated
in Table 4'°. 1t is noted that the T, value of PEO in the
PAA/PEO complex is very similar to that of the PMAA/
PEO complex. Further, for the PVPh/PEO =58/42
blend, a similar value was obtained (7, = 272K)".
Therefore, the T, value of PEO in the hydrogen-bonded
blend/complex is independent of the counterpart
polymer. However, the E, and XA values (10 kealmol ™!
and 0.136) of PEO in the PAA/PEO complex are
much larger than those of PEO in the PMAA/PEO
complex (6.7kcalmol™" and 0.079)'°. This shows that
PEO motion in the PMAA/PEO complex is more
restricted and anisotropic than that in the PAA/PEO
complex.

For PAA in the complex, the maximum broadening is
observed at 362 K. On the other hand, for PMAA in the
complex, the line broadening of PMAA is not observed
below 383 K. This shows that the motional heterogeneity
between PAA and PEO is smaller than that between
PMAA and PEO. This leads us to envisage that the
complex form is more stable in the PAA/PEO complex
than in the PMAA/PEO complex. This may explain the

Table 4 The best-fitting parameters of the CH, linewidth of PEO in
the PAA/PEO and PMAA/PEO complexes’

Parameter PAA/PEO PMAA,’PEO"
E, (kcalmol 1) 10.0+£1.8 67+1.0

A 0.136 £0.026 0.079 +0.026
76 x 10713 (s) 23+6.1 480.0 +834.9
To (K) 278.6£12.5 27044+ 13.8
80 (Hz) 176.3+£29.9 213.0£20.5
6, (Hz) 205.7+39.8 138.3£20.2

@ 0.079+£0.029

“Errors are 2.50
® From Miyoshi et al."

0.069 &+ 0.054
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observed temperature dependence of the hydrogen
bonding structure in both complexes. At low tempera-
tures (>234K), two kinds of carboxyl group (the
complex form and the dimeric form) exist in the
PMAA/PEO complexlo, while three kinds of carboxyl
group (the complex form, the dimeric form and the free
form) exist in the PAA/PEO complex. On increasing the
temperature to above 310K, the complex form is
destroyed for the PMAA/PEO complex and rearranged
into the dimeric form among PMAA molecules'. For
the PAA/PEO complex, the complex form is as stable as
the dimeric form, and exchange of hydrogen bonding
occurs at higher temperatures.

SUMMARY

3C CP/MAS n.m.r. spectra of the PAA carboxyl region
show that there exist three forms of hydrogen bonding in
the PAA/PEO complex, namely: (1) the complex form,
interpolymer hydrogen bonding between PEO molecules;
(2) the dimeric form, intrapolymer hydrogen bonding
among PAA molecules; and (3) the free form, no
particular form of hydrogen bonding. '"H 7, and T,
results indicate that PAA and PEO are miscible, and
the different types of hydrogen bonding are distributed
in the complex on a scale of 20-30A. Further,
temperature dependence of the *C linewidth measure-
ment leads us to conclude that there is a motional
heterogeneity between PAA and PEO in spite of mixing
on a 20—30 A scale.
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