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Abstract

A series of high glass transition temperature copolymers based on poly(methyl methacrylate) (PMMA) were prepared by free radical
copolymerization of methacrylamide and methyl methacrylate monomers in dioxane solvent. The thermal properties and hydrogen-bonding
interactions of these poly(methacrylamide-co-methyl methacrylate) (PMAAM-co-PMMA) copolymers with various compositions were
investigated by differential scanning calorimetry (DSC), Fourier transform infrared (FTIR) spectroscopy, and solid-state nuclear magnetic
resonance (NMR) spectroscopy. A large positive deviation in the behavior of T, based on the Kwei equation from DSC analyses, indicates
that strong hydrogen bonding exists between these two monomer segments. The FTIR and solid-state NMR spectroscopic analyses give
positive evidence for the hydrogen-bonding interaction between the carbonyl group of PMMA and the amide group of PMAAM (e.g. by
displaying significant changes in chemical shifts). Furthermore, the proton spin—lattice relaxation time in the rotating frame (T, ,(H)) has one
single value over the entire range of compositions of copolymers, and gives a value shorter than the average predicted. The proton relaxation

behavior indicates the rigid nature of the copolymer.
© 2003 Published by Elsevier Ltd.
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1. Introduction

The glass-transition temperature (7,) is an important
intrinsic characteristic that influences the material proper-
ties of a polymer and its potential applications. Furthermore,
polymers with high glass-transition temperatures are
attractive for industrial polymer science because of strong
economic rewards that may arise from their potential
applications. For example, poly(methyl methacrylate)
(PMMA) is a transparent polymeric material possessing
many desirable properties, such as light weight, high light
transmittance, chemical resistance, colorlessness, resistance
to weathering corrosion, and good insulating properties [1].
The glass-transition temperature of PMMA, however, is
relatively low at about 100 °C, which limits its applications
in the optical-electronic industry, for materials such as
compact discs (CD), optical glasses, and optical fibers,
because it undergoes distortion when used in an inner
glazing material [2,3]. In order to raise T}, the incorporation
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through copolymerization of rigid or bulky monomer
structures within poly(methyl methylacrylate) has been
widely reported to overcome the miscibility problem [4,5].
The achieved T, however, is usually lower than the Fox
rule. Here, we offer a novel approach to raise the value of 7,
of PMMA through copolymerization with methacrylamide
(MAAM) that relies on the strong hydrogen bonding
interactions that exist between these two monomer seg-
ments. In this study, we choose the copolymerization of
MMA with MAAM, rather than preparing a simple polymer
blend of PMMA with PMAAM, for two reasons: (1) a
simple miscible polymer blend still has the phase-separation
problem at high polymer processing temperatures because
of the lower critical solution temperature (LCST), and (2) it
has been widely reported that the 7, of the copolymer
generally is higher than the corresponding polymer blend
because of heterogeneities in the composition of hydrogen-
bonded copolymers [6,7]. This result can be explained
reasonably by the differences in degrees of rotational
freedom caused by intramolecular screening and spacing
effects [8]. This phenomenon can also be interpreted in
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terms of the correlation hole effect described by De Gennes
[9].

Poly(methacrylamide) has an amide functional group
(CONH,) in the side chain instead of the COOCHj; unit
present in PMMA. The NH, group can interact with other
functional groups, such as ethers and esters, acrylate
through hydrogen bonding. Therefore, we expect that
hydrogen bonding will exist in PMAAM-co-PMMA
copolymers between the carbonyl groups of MMA units
and the amide groups of MAAM units. The stretching of the
carbonyl groups monitored by Fourier transform infrared
(FTIR) spectroscopy is an excellent probe to detect
molecular interactions between the components of polymers
[10—14]. In addition to infrared spectroscopy, solid-state
nuclear magnetic resonance (NMR) spectroscopy also
provides a powerful tool for monitoring the specific
interactions, miscibility, domain size, and molecular
mobility resulting from hydrogen bond formation
[15-20]. The *C NMR chemical shifts and line shapes of
carbon atom resonances in cross-polarization and magic-
angle spinning (CP/MAS) spectra can identify the chemical
environments of the carbon atoms in the blend and
copolymer since the chemical shift and the line shape are
highly sensitive to the local electron density. If a specific
interaction affects the local electron density, a change in
chemical shift should be observed. Furthermore, the spin—
lattice relaxation time in the rotating frame (T;,(H)) is
sensitive to the mobility of local polymer chains and its
domain size can also be estimated through the spin-diffusion
process.

In this study, we have examined the thermal properties of
PMAAM-co-PMMA copolymers by differential scanning
calorimetry (DSC). The effects of hydrogen bonding,
domain size, and molecular motion were analyzed using
FTIR and solid-state NMR spectroscopies.

2. Experimental
2.1. Materials

Methyl methacrylate and methacrylamide monomers
were purchased from Aldrich and were purified, by
distillation under vacuum and nitrogen atmosphere, prior
to their polymerization. The radical initiator, azobisisobu-
tyronitrile (AIBN), was recrystallized from ethyl alcohol
prior to use. 1,4-Dioxane was distilled under vacuum and
then used as the solvent in the solution copolymerization
experiments.

2.2. Syntheses of poly(methacrylamide-co-methyl
methacrylate) copolymers

Solution copolymerization of methyl methacrylate with
methacrylamide was carried out in 1,4-dioxane at 80 °C
under a nitrogen atmosphere in a glass reaction flask

equipped with a condenser. AIBN (1 wt% with respect to
monomers) was employed as an initiator. The mixture was
stirred for about 24 h, and then poured into excess isopropyl
alcohol with vigorous agitation to precipitate the product.
The crude copolymer product was purified by redissolving it
in 1,4-dioxane and then adding the solution dropwise into a
large excess of isopropyl alcohol. This procedure was
repeated several times, and then the residual solvent of the
final product was removed under vacuum at 70 °C for 1 day
to yield the pure white poly(methacrylamide-co-methyl
methacrylate). The chemical composition of the copolymer
was determined by elemental analysis (EA). The chemical
structure is shown in Scheme 1.

2.3. Characterization

Molecular weights and molecular weight distributions
were determined by gel permeation chromatography (GPC)
using a Waters 510 HPLC—equipped with a 410 Differen-
tial Refractometer, a UV detector, and three Ultrastyragel
columns (100, 500, and 10° A) connected in series in order
of increasing pore size—using THF as an eluent at a flow
rate of 0.4 ml/min. The molecular weight calibration curve
was obtained using polystyrene standards. EA of N, C, and
H in the polymers was determined using an auto-elemental
analyzer with helium gas as the carrier. The glass-transition
temperature of the copolymer was measured using a DSC
from DuPont (DSC-9000). The samples were kept at 280 °C
for 3 min and then were cooled quickly to 30 °C from the
melt of the first scan. The 7, was obtained at the inflection
point of the jump heat capacity using a scan rate of
20 °C/min within the temperature range 30-280 °C. All
measurements were conducted under a nitrogen atmos-
phere. Infrared spectra of copolymer films were determined
by the conventional KBr disk method. A 1,4-dioxane
solution containing the blend was cast onto a KBr disk. The
film used in this study was thin enough to obey the Beer—
Lambert law. FTIR spectra were recorded on a Nicolet
Avatar 320 FT-IR spectrophotometer after 32 scans were
collected with a spectral resolution of 1cm™'. High-
resolution solid-state '>C NMR spectroscopic experiments
were carried out at room temperature using a Bruker DSX-
400 spectrometer operating at resonance frequencies of
399.53 and 100.47 MHz for 'H and 'C spectra, respect-
ively. The '>C CP/MAS spectra were measured with a 90°
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Scheme 1. Chemical structures of PMAAM-co-PMMA copolymer and
their atom numbering schemes.
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pulse of 3.9 ws, a pulse delay time of 3 s, an acquisition time
of 30 ms, and a total of 2048 scans. All NMR spectra were
taken at 300 K using broad-band proton decoupling and a
normal cross-polarization pulse sequence. A magic-angle
spinning (MAS) rate of 5.4 kHz was used for the sample to
avoid overlapping of absorptions. The proton spin—lattice
relaxation time in the rotating frame (T, (H)) was
determined indirectly by carbon atom observation using a
90°— 7—spin-lock pulse sequence prior to cross-polarization.
The data acquisition was performed by 'H decoupling with
delay times (7) ranging from 0.1 to 10 ms and a contact time
of 1.0 ms.

3. Results and discussion
3.1. Copolymer analyses

The chemical composition of the copolymer was
measured by EA. Good correlations were found between
experimental and theoretical predictions of pure PMAAM
and pure PMMA. Table 1 lists the MAAM monomer feed
ratio, MAAM copolymer composition, and molecular
weights. In addition, the reactivity ratios in this study
were determined by low conversion (< 10%) of copolymer-
ization PMAAM and PMMA by Eq. (1) using the
methodology of Kelen and Tudos [21,22], which we have
described previously [23]. The results of this analysis of the
PMAAM-co-PMMA copolymers are shown graphically in
Fig. 1, from which values of rpyjaam = 0.24 and rpyppa =
1.38 have been calculated. In general, the microstructure of
a copolymer can be defined by the distribution of sequence
lengths, which can be predicted from the reactivity ratios by
the application of statistical relations [24]. For a copoly-
merization system presenting a predominantly random
distribution of monomer units in the copolymer chains, then

1
1+r|X

Ppo=1-P= (1)

Table 1
Information on poly(methacrylamide-co-methyl methacrylate) in this study

1

Po=1=Pn=1"%
2

2
where P;; is the conditional probability of the addition of
monomer j to a growing chain terminated with an active i
radical, and X = [M;]/[M,] is the composition of the
monomer feed.? Here, M, is the MAAM monomer and
M, is the MMA monomer, and the calculated values of
Py, and P,;, based on Egs. (1) and (2), are listed in Table
1. For example, the microstructure of MAAM in the
PMAAM39.1 copolymer has a 78% composition of
isolated MAAM units, 17.2% of diads, 3.7% of triads,
and 0.8% of tetrads (0.8% = P3, X P;, X 100% and so on)
[26], indicating that the MAAM monomer usually ends
up in an isolated single MAAM sequence (M;) in the
PMAAM-co-PMMA copolymer. Taking into account the
microstructures of these copolymer systems, we know
that the intermolecular hydrogen bonding between the
carbonyl group of PMMA and the amide group of
PMAAM (P;,) has a larger probability of occurring than
the self-association through hydrogen bonding of pure
PMAAM (P;y).

3.2. Thermal analysis

Fig. 2 shows the DSC thermograms of pure PMMA, pure
PMAAM, and several PMAAM-co-PMMA copolymers.
The pure PMMA and PMAAM show single glass-transition
temperatures at about 100 and 251 °C, respectively. The
difference between the chemical structures of PMAAM and
PMMA is that the methoxyl groups of PMMA are replaced
by amino groups in PMAAM, and this change results in the
significant increase in glass-transition temperature because
of the formation of strong hydrogen bonds in PMAAM.
Single glass-transition temperatures were observed also
with the PMAAM-co-PMMA copolymers (Table 1), which
indicate that these copolymers are homogeneous in the
range 10-30 nm [27].

The dependence of the glass-transition temperature on
the composition of a polymer blend, and of block, graft, and

Polymer MAAM (mol%) Py, Py, M, T, (°C)
Monomer feed Polymer composition
PMMA 0 0 0 0 57,000 100
PMAAM3.7 5.8 3.7 0.99 0.04 53,000 123
PMAAMS.4 11.6 8.4 0.97 0.09 54,000 126
PMAAMI13.2 17.2 13.2 0.95 0.13 38,300 144
PMAAMI15.0 22.7 15.1 0.93 0.18 23,900 149
PMAAM32.3 44.0 323 0.84 0.36 26,400 203
PMAAM39.1 54.0 39.1 0.78 0.46 25,000 212
PMAAM45.2 63.8 452 0.70 0.56 26,000 227
PMAAMS56.2 82.5 56.1 0.47 0.77 27,000 244
PMAAM 100 100 0 0 11,000 251
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Fig. 1. Kelen—Tudos plot for PMAAM-co-PMMA copolymers.

statistical copolymers, has been studied for many systems
using the free-volume theory suggested by the Fox rule [28].
There are four possible sequences of diad units in a
copolymer formed from monomers M; and M,, namely 11,
22, 12 and 21. Johnston has proposed expanding Fox’s
suggested treatment of the free-volume theory by assigning
individual values of T, to 11, 22, and 12/21 diads. Johnston

derived the equation [29]:

1 WP WyPy 1
- -2 L wp, WP ()
T, Ton Ton Tu 1P 2Py

where Ty, is the copolymer glass-transition temperature from
experimental data, W; and W,, the weight fractions of
monomer units M; and M,, Ty, and Ty, the glass-
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Fig. 2. The DSC scans of PMAAM-co-PMMA copolymers.
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transition temperatures of both pure homopolymers, and
Ty, is the glass-transition temperature of the alternating
copolymer. Fig. 3 shows that the obtained data can fit the
linear relationship of Johnston’s treatment (Eq. (3)) of the
Fox equation well. From the slopes of the straight lines, we
obtain the values of the glass transition temperature of the
alternating copolymer (7y,) is 248 °C, which is signifi-
cantly higher than the pure PMMA. In addition, over the
years, many equations have been proposed to extend the Fox
equation for the composition dependence of 7, in miscible
polymer blends or copolymers, such as those suggested by
Gordon—Taylor [30], Couchman [31], and Karasz [32].
Couchman’s and Karasz’s equations [33], which are based
on thermodynamic arguments, have the advantage of being
formulated in terms of pure components. Although these
equations have been applied successfully to some blends
and copolymers, there are still systems where the deviations
are significant—particularly those blend systems containing
specific interactions [34-37]. The most popular and
adequate equation for hydrogen-bonded polymer blends or
copolymers is the Kwei equation [38]:

_ WiTy + kW, T,

W, W,
£ workw,  amie

“)
where W, and W, are weight fractions of the compositions,
Ty and Ty, represent the corresponding glass-transition
temperatures, and k and ¢ are fitting constants. Where ¢ is a
parameter corresponding to the strength of hydrogen
bonding in the blend, reflecting a balance between the
breaking of the self-association and the forming of the
interassociation hydrogen bonding that have been demon-
strated by Painter et al. [39]. In addition, the values k = 1
and g =270 were obtained from the non-linear least-
squares best fit of Eq. (4) (Fig. 4(A)). The positive value of g
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Fig. 4. T, versus composition curves of PMAAM-co-PMMA and PS-co-
PMAAM copolymers based on experimental data, Fox equation and Kwei
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indicates a strong intermolecular interaction between
MAAM and MMA units. We observe that the Fox rule
does not hold well in this PMAAM-co-PMMA copolymer
because of the strong hydrogen bonding in the copolymer
chains (Fig. 4(C)). We note that in a previous study of ours
[40], the T, of PS-co-PMAAM copolymer obeys a simple
additive rule (k = 1, ¢ = 0 in Fig. 4(B)), indicating that the
PS and PMAAM polymer units in this copolymer system do
not exhibit any specific interactions such as hydrogen
bonding. Although the pure PS and PMMA homopolymers
have the same T,, significant differences in T, have been
observed when copolymerizing the styrene and MAAM
monomers. It is worth noting that incorporating only
32.3 mol% of MAAM into the PMAAM-co-PMMA copo-
lymer chain increases the 7, by 100 °C relative to pure
PMMA.

3.3. FTIR analyses

In view of the chemical structures and the observed
results of the thermal analysis, we believe that specific
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Fig. 5. The IR spectra at 1550—1800 cm ™' of pure PMMA, pure PMAAM
and PMAAM-co-PMMA copolymers with different PMAAM contents at
room temperature.

interactions must exist in this copolymer system. FTIR
spectroscopy is one of the most powerful tools for
identifying and investigating hydrogen bonding in poly-
mers. Fig. 5 shows scale-expanded infrared spectra of
pure PMMA, pure PMAAM, and several PMAAM-co-
PMMA copolymers in the range 1550—-1800cm™' at
room temperature. For convenience, the second-derivative
spectrum was used to identify the absorption peaks of
PMAAM-co-PMMA copolymers. Pure PMAAM shows
two bands at 1650 and 1600 cm ™', corresponding to the
amide I band (C=O stretching) and the amide [1 band
(N-H bending), respectively. In generally, the amide [1
band has an intensity of one-half to one-third of that
of the carbonyl absorption band. The carbonyl stretching
for the pure PMMA observed at 1730 cm ™' corresponds
to the free carbonyl groups. In the PMAAM-co-PMMA
copolymer, the absorption of the amide I group clearly
shifts to higher wavenumber with increasing MMA
content, together with a decrease in its intensity.
Furthermore, the carbonyl stretching vibration of MMA
units in PMAAM-co-PMMA copolymers with high
MAAM content is split into two bands at 1730 and
1718 cm ™!, which correspond to absorption by free and
hydrogen-bonded carbonyl groups, respectively. Fig. 6
shows scale-expanded (second-derivative) infrared spec-
tra of the PMAAMA45.2 copolymer in the range 1550-—
1750 cm ™ L. Clearly, the five main minima under zero-
point line (dash line) in the second-derivative spectra
shown in Fig. 6(A) are observed for (1) the free carbonyl
groups of MMA units at 1732 cm™ ', (2) the carbonyl
groups at 1718 cm™' of MMA units hydrogen-bonded to
amide groups, (3) the free amide I groups of MAAM
units at 1684 cm ™', (4) the self-associated, hydrogen-
bonding amide I groups of MAAM units at 1654 cm™ ',
and (5) the amide [ band at 1600 cm” !, which can be
fitted well to the Gaussian function. Good correlations
exist between the experimental spectra and theoretical
fitting of the results (Fig. 6(B)). We emphasize that the
small valley in the minimum at 1671 cm ™' in Fig. 6(A)
corresponds to the amide I groups of PMAAM hydrogen
bonding intermolecularly to the carbonyl groups of
PMMA. For convenience, we combined the signals of
both the self and interassociated hydrogen-bonded amide
groups of MAAM units for the analysis of the hydrogen-
bonded amide groups. Table 2 summarizes the results of
the curve fitting of these spectra, and indicates that the
fractions of hydrogen-bonded carbonyl groups in PMMA
increases with the increase of MAAM content in the
copolymer. Table 2 also shows that the absorption of the
hydrogen-bonded amide I groups shifts to higher
wavenumber with the increase in the MMA content,
which implies that some of the self-associated hydrogen-
bonded amide groups become interassociated through
hydrogen bonding to carbonyl groups of MMA units.
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Fig. 6. The IR spectrum at 1550—1800 cm ™' and its second derivative spectrum of PMAAMA45.2.

3.4. Solid-state NMR analyses

Solid-state NMR spectroscopy provides further insight
into the specific interactions, domain sizes, and mor-
phologies of copolymers. The '>*C CP/MAS NMR spectra
of pure PMAAM and PMMA, and their copolymers, are
shown in Fig. 7. The pure PMAAM displays four peaks, and
the amide carbon atom is observed at 6 = 182.5 ppm. Five
peaks are observed for pure PMMA, with the peak at
6=177.9 ppm coming from the carbonyl carbon atom
(C-9). All other peaks designated in Fig. 7 are assigned in
Scheme 1. The experimental and simulated data shown in
Fig. 7 confirm that the existence of hydrogen-bonding

Table 2
Curve fitting results of the carbonyl group and amide group in the
PMAAM-co-PMMA copolymer at room temperature

Polymer Carbonyl group in PMMA  Amide I group in PMAAM
Free C=0 H-bond Free amide I H-bond
C=0 amide I
4 Af v Af 14 Af 14 Af
em™) (%) (m™) (%) (em™) (%) (cm ") (%)
PMMA 1732 100 - - - - - -

PMAAM3.7 1735 88 1725 12 ND ND ND ND
PMAAMS84 1735 75 1725 25 1682 43 1667 57
PMAAMI13.2 1734 61 1725 39 1682 34 1667 66
PMAAMI15.0 1734 50 1724 50 1682 28 1665 72
PMAAM32.3 1733 40 1721 60 1681 20 1661 80
PMAAM39.1 1733 36 1720 64 1681 17 1658 83
PMAAM45.2 1733 25 1720 75 1681 14 1655 86
PMAAMS56.2 1733 22 1719 78 1679 12 1654 88
PMAAM - - - - 1677 7 1654 93

ND (non-detectable): the signal to noise ratio is too small at lower
amide content in PMAAM3.7.

interactions in PMAAM-co-PMMA copolymer systems can
be determined by solid-state NMR spectroscopy [41]. The
simulated spectra of copolymers, shown on the right-hand
side, were obtained simply by summing the experimental
13C NMR spectra of pure PMAAM and pure PMMA at the
pertinent molar ratio. Clearly, the spectra of the aliphatic
region of Fig. 7(B) show a good correlation between the
experimental and simulated data. This result implies that
there is no specific interaction on the aliphatic region of the
copolymer chain. On the contrary, Fig. 7(A) shows that the
experimental spectra of PMAAM-co-PMMA copolymers
differ substantially from the simulated spectra. Complicated
experimental spectra were observed, implying that hydro-
gen bonding exists between the carbonyl groups of PMMA
and the amide groups of PMAAM. Fig. 8 shows that the
spectrum line widths of most copolymers (carbonyl
group + amide group) are larger than those of pure
PMAAM, and that the peak of the carbonyl resonance of
PMMA (carbonyl group + amide group) shifts significantly
downfield with increasing MAAM content in the copoly-
mer, indicating that interactions occur between these two
monomer segments. These results are consistent with the
FTIR spectroscopic analyses.

3.5. Analyses of spin—lattice relaxation times in the rotating
frame (T, ,(H))

Previously, '*C spin-lattice relaxation times in the
rotating frame (T ,(H)) have been shown to be sensitive to
domain sizes and molecular nobilities in hydrogen bonded
polymer blends [42,43]. To the best of our knowledge, no
research has been reported to calculate the values of T, ,(H)
in hydrogen-bonded copolymers. In general, the value of
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T, ,(H) can be calculated from
M, = M, expl — /T, ,(H)] (5)

where 7is the spin-lock time used in the experiment, and M,
and M, are the intensities of peaks at r=0 and 7s,
respectively.

Fig. 9 shows the plot of In(M /M) versus 7, for the CH,
carbon atom at 6 =45 ppm for all compositions. The
experimental data give a single exponential decay function.
The value of T, ,(H) can be determined from the slope of the
plot based on Eq. (5). If a single value of T ,(H) is observed
in a polymer blend, it means that the dimension of
miscibility of the polymer blend is less than 2-3 nm,
using the one-dimensional diffusion equation for the
average diffusive path length [44]. In this study, this
copolymer system is thermodynamically one component
and the miscibility of such a system is without any question.

The average proton-relaxation rate of a homogeneous
blend or copolymer can be predicted by the model [45,46] of
linear additivity of relaxation rates of pure components

I NaM, 1 ) NgMy 1 )(6)
T,(H) Ny \ T;,(H)a Nr \ T,(H)p

where A and B are components of copolymer segments, M;,
the mole fraction of component i, N;, the number of protons
of component i, Ny = Na\M, + NgMg, and T,,(H), and
T, ,(H)g denote the relaxation rates of pure components A
and B, respectively. Fig. 10 shows the rates of proton
relaxation versus the mole fraction of MAAM, both from
experimental data and calculated from Eq. (6). For each
copolymer composition, the experimental relaxation rate
deviates negatively from the calculated value from Eq. (6),
suggesting significant excess volume and density changes

with various compositions of copolymers [45]. This result
reveals that the segmental motion of the copolymer alters
significantly and reflects the rigid nature of the copolymer
resulting from strong hydrogen bonding.

To confirm the significant excess-volume change in the
copolymer chain, we simplify the qualitative analysis of the
free-volume change in these copolymer systems by follow-
ing Kovacs’ free-volume theory [47]. According to this
theory, the free-volume term can be expressed by

f=®fi + Do, = VIV @)

where f is the free volume of the copolymer, f; and @;, the
free volume and the volume fraction of component i, V,
the total volume of the blend, V,, the excess volume, and the
term V./V is usually related to an interaction term g by
means of

Ve

vV =gd D, (8

The composition dependence of 7, is given by [48]

T o= DTy + KD Ty + (g/Acy) P P,
& b, + KD,

(€))

We can use Eq. (9) to determine the value of g. For
convenience, we assume K = 1 (i.e. it is equal to the Kwei
equation fitting constant (K = 1, ¢ = 270) and then Eq. (9)
becomes the same as the Kwei equation (the volume
fraction is used the group contribution method [49] to
determine the molar volume). Ae; denotes the difference of
the thermal expansion coefficients. Near the T, the Simha—
Boyer Model [50] can be calculated to obtain the difference
in the coefficient of thermal expansion between the glass
state and the molten state, as presented in the following

14 5 —m— Experimental Data
Calculated Curve from eq 8

T,,(H) (ms)

0.0 0.2 0.4

0.6 0.8 1.0

PMAAM Mole Fraction

Fig. 10. Plots of T;,(H) calculated from Eq. (8) versus different PMAAM contents in PMAAM-co-PMMA copolymers.
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Eq. (10)
AaT, = 0.115 (10)

The value of Aa, could be obtained using the validity of the
Simha—Boyer model stating so that Aa, is 3 X 10~ based
on Eq. (10), and the value of g is obtained to be 0.081,
implying that a significant excess-volume increase causes a
decrease in the free volume in the hydrogen-bonded
PMAAM-co-PMMA copolymer. Therefore, the dependence
of T, on polymer composition shows a positive deviation
predicted by the Kwei equation (g > 0).

4. Conclusions

A positive deviation of the dependence of T, on polymer
composition was found based on the Kwei equation owing
to strong hydrogen bonding existing in the PMAAM-co-
PMMA copolymer main chain. Both FTIR and solid-state
NMR spectroscopic analyses provide positive evidence for
hydrogen bonding interactions in these copolymer systems.
From measurements of spin—lattice relaxation times in the
rotating frame, a single value was obtained for the
copolymer that is lower than that predicted by the linear
additivity rule, indicating significant excess-volume
changes in copolymer systems. This result is consistent
with the Kovacs free-volume theory that significant excess-
volume change causes a decrease in the free volume in the
hydrogen-bonded PMAAM-co-PMMA copolymer. There-
fore, a significant increase in T, of PMMA can be achieved
by copolymerization with PMAAM.
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