European Polymer Journal 170 (2022) 111165

EUROPEAN
POLYMER
JOURNAL

Contents lists available at ScienceDirect

European Polymer Journal

journal homepage: www.elsevier.com/locate/europolj

‘materilstoday

ELSEVIER

Check for

Varying the sequence distribution and hydrogen bonding strength provides |
highly Heat-Resistant PMMA copolymers

Wei-Ting Du?, Shiao-Wei Kuo™""

@ Department of Materials and Optoelectronic Science, Center of Functional Polymers and Supramolecular Materials, National Sun Yat-Sen University, Kaohsiung 80424,
Taiwan
b Department of Medicinal and Applied Chemistry, Kaohsiung Medical University, Kaohsiung 807, Taiwan

ARTICLE INFO ABSTRACT

Keywords:

Hydrogen bonding
Sequence distribution
PMMA copolymer
FTIR

Thermal property

In this study we used free radical copolymerization of methyl methacrylate (MMA) and N-hydrox-
yphenylmaleimide (HPMI) to synthesize various poly(methyl methacrylate-co-N-hydroxyphenylmaleimide)
(PMMA-co-PHPMI) random copolymers possessing high glass transition temperatures (Tg). FTIR and NMR
spectroscopy, mass spectrometry, and differential scanning calorimetry (DSC) confirmed the chemical structures,
thermal properties, hydrogen bonding interactions, and sequence distributions of these random copolymers.
Because the reactivity ratio of MMA and HPMI is very different from that of MMA and maleic anhydride (MA),
which prefer to form homopolymers, here we obtained partially alternating copolymers featuring strong inter-
molecular hydrogen bonding between the PMMA and PHPMI segments, resulting in the value of Ty increasing by
up to 90 °C relative to that of the pure PMMA homopolymer. In addition, solid state NMR spectra revealed single
values for the proton spin-lattice relaxation time in the rotating frame [T1,(H)] over all compositions of these
random copolymers, with the relaxation times being shorter than the predicted average, indicating that the free

volume had decreased and that the copolymers possessed rigid structures with high values of Tj.

1. Introduction

Poly(methyl methacrylate) (PMMA) is an optically transparent
organic polymeric material that is used widely in optical fibers, compact
discs, solar cells, and light guide plates because of its resistance against
weathering corrosion, impressive optical properties, and insulating
characteristics [1-5]. Nevertheless, PMMA homopolymers possess
relatively low glass transition temperatures (Tg, ca. 100-125 °C) when
compared with other optical organic materials [e.g., polycarbonate (PC)
and cyclic olefin copolymer (COC)]. Many rigid and bulky monomers
have been added for random copolymerization to increase the value of
T; and overcome the problems of miscibility and phase separation
encountered with polymer blend approaches [6-14]. Because of poor
specific interactions among these segments, however, the values of Ty of
these resulting random copolymers containing only rigid monomers
have generally been lower than those predicted by Fox or linear rules
[13,14].

We have previously developed another way to increase the T, values
of PMMA through random copolymerization with hydrogen bond donor

units. For example, the methacrylamide (MAAM) monomer forms
PMMA-co-PMAAM random copolymers in which strong hydrogen
bonding occurs in these two segments [15-18]. The random copolymers
generally possess values of T higher than corresponding binary polymer
blends because of a lower degree of rotational freedom, arising from an
intramolecular screening effect and the functional group spacing, based
on a correlation hole effect [19]. Furthermore, we have also reported the
sequence distribution effect of poly(vinyl phenol) (PVPh) with PMMA
segments, forming PVPh-b-PMMA diblock copolymers and PVPh-r-
PMMA random copolymers, synthesized through anionic polymeriza-
tion and free radical copolymerization, respectively [20-23]. We found
that the Ty values of these two copolymers were higher than corre-
sponding PVPh/PMMA binary blends at the same PMMA composition,
because different fractions of hydrogen-bonded C = O groups of PMMA
would be expected as a result of variations in the degrees of rotational
freedom. In addition we found that the inter-association equilibrium
constant (Ka) of the random copolymer was larger than that of the block
copolymer due to an intramolecular screening effect [20]. Furthermore,
the sequence distributions of the hydrogen-bonded copolymers played
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an important role in determining their values of Tg; we might expect that
an alternative sequence distribution would feature stronger intermo-
lecular hydrogen bonding and higher values of Ty when compared with
the block and random sequence distributions [20].

An alternating copolymer comprises two different repeat units ar-
ranged alternately in the polymer chain. Regularity in the repetition of
the structural units is possible only if two monomers M; and M, are
unable to homopolymerize or have a strong preference to react with
each other (quasi alternating copolymer). In the theory of copolymeri-
zation, a co-monomer pair whose monomer reactivity ratios (r) are
almost zero would form an alternating copolymer; for example, r; =ry ~
0, where r; = ky1/ki2 and ry = kaa/ko; with ky, being the reaction
constants [24]. For example, alternating copolymers can be synthesized
from styrene and maleic anhydride (MA) because their values of r;
(0.05) and r (0.005) are both close to zero [24]. In contrast, the distinct
reactivity ratios of methyl methacrylate (MMA) and MA (r; = 3.4; ro =
0.01) imply that the PMMA homopolymer is formed preferably during
attempts at copolymerization [24]. To obtain a high ratio of the alter-
nating sequence of hydrogen bonded donor monomers with MMA, in
this study we modified the MA monomer in the form of N-hydrox-
yphenylmaleimide (HPMI) [25] and subjected it to free radical copoly-
merization with MMA to form partially alternating PMMA-co-PHPMI
copolymers (Fig. 1(A)). The side chains of PHPMI present phenolic OH
units formed hydrogen bonds with the side-chain C = O groups of
PMMA; we characterized these interactions using Fourier transform
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infrared (FTIR) and solid state nuclear magnetic resonance (NMR)
spectroscopy, because the stretching of the C = O groups and their
chemical environment are strongly affected by intermolecular in-
teractions [26-35].

We further used mass-analyzed laser desorption/ionization time-of-
flight (MALDI-TOF) mass spectrometry, DSC, and measurements of
T1,(H) values, based on solid-state NMR spectroscopy, to examine the
chemical structures, sequence distributions, thermal properties, and
domain sizes of these PMMA-co-PHPMI copolymers. To investigate the
differences in the composition heterogeneity effects of these random
copolymers and corresponding binary blends of PMMA and PHPMI, we
used solution casting to also prepare binary PMMA/PHPMI blend sys-
tems and subjected them to DSC analyses.

2. Experimental section
2.1. Materials

Phosphorus oxide (98%), 4-aminophenol (99%), and MA (98%) were
purchased from Sigma-Aldrich. MMA (99%), azobisisobutyronitrile
(AIBN), and p-toluenesulfonic acid monohydrate (p-TsOH-H20) were
purchased from Showa. N,N-Dimethylformamide (DMF), sulfuric acid
(96%), methanol (MeOH), tetrahydrofuran (THF), toluene, and diethyl
ether (Et;0) were purchased from Acros Organic. The synthesis of HPMI
has been described previously [25].
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Fig. 1. (A) Synthesis of the HPMI monomer and random copolymerization of PMMA-co-PHPMI. (B) Kelen-Tudos plot of the PMMA-co-PHPMI copolymers. (C) 'H
NMR spectra of (a) pure PMMA, (b) PHPMI-5, (c) PHPMI-10, (d) PHPMI-17, (¢) PHPMI-28, (f) PHPMI-41, (g) PHPMI-50, (h) PHPMI-56, and (i) PHPMI. (D) 3C NMR

spectra of (j) PHPMI-5, (k) PHPMI-28, (1) PHPMI-41, and (m) PHPMI.
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2.2. PMMA/PHPMI binary blends

Various binary PMMA/PHPMI blends were prepared through solu-
tion-casting-THF solutions containing 10 wt% binary blend mixtures
were stirred for 24 h and then cast onto Teflon dishes. The THF solvent
was slowly evaporated at 25 °C for 2 days and then the samples were
dried at 50 °C for 3 days.

2.3. PMMA-co-PHPMI random copolymers

A solution of HPMI and MMA (various ratios) in dry THF (50 mL) was
stirred in a 100-mL flask at 70 °C under N5 for 24 h with AIBN as an
initiator (5 wt%). The resulting solution was poured into cold Et2O
(1000 mL). The solid precipitate was subjected to many cycles of re-
dissolving in cold THF and re-precipitating into Et;O. The copolymer
was dried at 50 °C for 3 days under high vacuum to remove any residual
THF. Poly(MMA-co-HPMI): FTIR (KBr, ecm™D): 1702-1730 (C = O of
PMMA and HPMI), 3450 (O-H); 'H NMR (500 MHz, CDsCN, 6, ppm):
3.40-3.80 (s, 3H, OCHsy), 6.80-7.20 (m, 4H, ArH), 7.20-7.50 (s, 1H,
OH); 3¢ NMR (125 MHz, DMSO-dg, 8, ppm): 51.40-53.20 (OCHy),
114.80-130.10 (ArCH), 157.50-159.10 (COH), 173.60-179.70 (NC =
0).

3. Results and discussion
3.1. Synthesis of PMMA-co-PHPMI copolymers

We synthesized various PMMA-co-PHPMI copolymers through free
radical copolymerization of MMA and HPMI [Fig. 1(A)]. We used FTIR,
NMR, and MALDI-TOF mass spectrometry to confirm the chemical
structures and compositions of these PMMA-co-PHPMI random co-
polymers. Figure S1 reveals that their FTIR spectra were similar to that
of the HPMI monomer [25], with a strong absorption for the C = O units
at 1702 cm ™, except that broadening of these absorptions occurred
after copolymerization with MMA, suggesting the possibility of inter-
molecular or intramolecular hydrogen bonding. Fig. 1(C) and 1(D)
display the 'H and '3C NMR spectra of these PMMA-co-PHPMI random
copolymers. In the 'H NMR spectrum of the pure PMMA homopolymer,
signals appeared at 0.81 and 1.94 ppm for the main-chain CHy and CH3
units and at 3.60 ppm for the side-chain OCH3 units. For the pure PHPMI
homopolymer, signals appeared for the aromatic protons at 6.50-7.20
ppm and for the phenolic OH units at 7.40 ppm. The signals of the OCHz
units of PMMA and phenolic OH units of PHPMI became broader and
shifted downfield after random copolymerization, consistent with
intermolecular hydrogen bonding between the PMMA and PHPMI seg-
ments. The selected 13C NMR spectra of PMMA-co-PHPMI copolymers
featured signals at 173.0-179.5 and 158.3 ppm, representing the C = O
units of the imide groups and the COH units of the phenolic groups,
respectively; signals for the aromatic carbon nuclei appeared at
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115.7-129.1 ppm. The FTIR, 'H and '*C NMR spectra confirmed the
success of the syntheses of the PMMA-co-PHPMI random copolymers.
Furthermore, we determined the composition of PHPMI in each copol-
ymer from the peak ratio (Aaromatic/4)/(Aaromatic/4 + Aocus/3), based
on the signals at 6.50-7.20 and 3.60 ppm [Fig. 1(C)]. Table 1 summa-
rizes the feed ratio of the HPMI monomer and the composition of each
resultant PHPMI copolymer, as measured using 'H NMR spectroscopy.
The Kelen and Tudos method was used to calculate the reactivity ratios
for MMA and HPMI, where r; = k11/k12 and ry = kao/ko are the ratios of
the homo/cross propagation rate constants for each monomer, as we
have discussed widely in previous reports [36].

- i)

To minimize errors arising from changes in the feed ratio, the
monomer conversion should be less than 10% for all copolymerizations.
The calculated values of rpyva (1.07) and rpypyy (0.23) [Fig. 1(B)] and
the apparent linear relationship indicate that the random co-
polymerizations of these two monomers obeyed a simple terminal
model. In addition, the reactivity ratio product (rpyma X rpapmr = 0.24)
was located in the range 0.18-0.25, suggesting that these copolymers
were essentially random distributed, but with a slight tendency toward
an alternating distribution [20].

To examine the sequence distributions of these PMMA-co-PHPMI
copolymers, Fig. 2 presents their corresponding chemical structures,
molecular weights [Fig. 2(A)], and MALDI-TOF mass spectra [Fig. 2(B)-
2(D)]. We observed evidence for these copolymers featuring partial
alternating sequences with equal numbers of MMA and HPMI units [37-
39]. As displayed in Fig. 2(B) for PHPMI-41, the difference between the
signals at m/z 2021.88 and 2312.03 was approximately 289 g mol 2,
equal to the summed molecular weight of one MMA unit and one HPMI
unit. Fig. 2(C) and 2(D) give similar results, with the differences between
m/z 2844.79 and 3134.68 for PHPMI-17 and m/z 2853.58 and 3144.30
for PHPMI-10 are both approximately 289 g mol ™. Furthermore, there
were seven units of both MMA (7 x 100.12 u) and HPMI (7 x 189.17 u)
(labeled 7:7) constituting the intense peak at m/z 2021.88 in Figure S2
(D), with other obvious peaks in the spectrum of PHPMI-41 corre-
sponding to perfectly alternating sequences with MMA:HPMI ratios of n:
n+1,n+ 1l:n,andn + 1:n + 1 (e.g., 7:8, 8:7, and 8:8) [37]. Here, we
need to emphasize that we assume all these ratios such as 7:7, 7:8, 8:7
and 8:8, corresponding to the alternative sequence distribution because
of the low reactivity ratios for both two monomers (rpyva X TpupmI =
0.24). A few peaks appeared corresponding to ratios of MMA:HPMI of
n-2:n+1,n+ 2:n-1, n + 4:n-2, and n + 6:n-3 (e.g., 5:8, 9:6, 11:5, and
13:4), arising from homo-polymerization of MMA and HPMI units, with
76.1% of alternating segments. The similar phenomenon was also
evident in the spectrum of PHPMI-17 in Figure S2(F), with an intense
peak at m/z 2844.79 (labeled 19:5), constituting 19 units of MMA (19 x
100.12 u) and five units of HPMI (5 x 189.17 u), as well as 20:5 and 20:6

Table 1
Characteristics of the PMMA-co-PHPMI copolymer synthesized in this study.

Polymer HPMI (mol%) Piy Py M, PDI "
Monomer Polymer composition (O]
feed

PHPMI 100 100 - 7950 1.06 209

PHPMI-56 82.6 56.5 0.16 0.95 10,900 1.36 212

PHPMI-50 67.9 50.7 0.31 0.90 14,200 1.58 210

PHPMI-41 50.0 41.2 0.48 0.81 19,300 1.71 198

PHPMI-28 34.6 28.5 0.64 0.70 29,100 1.55 184

PHPMI-17 22.2 17.2 0.77 0.55 38,600 1.26 163

PHPMI-10 11.7 10.0 0.88 0.37 28,200 1.35 145

PHPMI-5 5.6 5.0 0.94 0.21 37,000 1.36 135

PMMA 0 0 - - 42,000 1.80 123

@ : Measured by GPC analyses.
b : Measured by DSC analyses.
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Fig. 2. (A) Chemical structures and molecular weights of the MMA and HPMI monomers. (B-D) MALDI-TOF mass spectra of (B) PHPMI-41, (C) PHPMI-17, and (D)

PHPMI-10.

distributions and other peaks corresponding to ratios of MMA:HPMI of
13:8, 15:17, 21:4, and 23:3, arising from higher degrees of homo-
polymerization of the MMA and HPMI units, resulting in 41% of alter-
nating segments. Likewise, the spectrum of PHPMI-10 in Figure S2(G)
reveals predominant homo-polymerization of the MMA and HPMI units,
with only 30.8% of alternating segments. Therefore, the MALDI-TOF
mass spectra confirmed that we had obtained partially alternating
PMMA-co-PHPMI copolymers and Table 1 also summarizes the molec-
ular weights and polydispersity indices (PDIs) from GPC results of these
PMMA-co-PHPMI random copolymers.

3.2. Relationship between sequence distribution and thermal properties

Generally, the microstructure of the copolymer is affected by its
sequence distribution length; the statistical relations could be predicted
from their reactivity ratios. The predominantly random distribution of
two monomers in a copolymerization system can be characterized as
follows [40]:

Pp=1-P, = (2

1+r1X

1

Py=1-Pp=———
21 22 1+r2/X

3)

where X is equal to [M1]/[M>], the composition ratio of the two feed
monomers, and Py is the conditional probability of an active i radical
adding to the growing j monomer to form an alternating copolymer.

Herein, we defined M; and M; to be the HPMI and MMA monomers,
respectively, and calculated the values of P13 and Py; (Table 1) from Egs.
(2) and (3). For instance, the microstructure of HPMI in the PHPMI-41
copolymer comprised 48% of isolated HPMI units, 25% of diads, 13%
of triads, and 7% of tetrads (i.e., 7% = P11° x P13 x 100%). The
microstructure of MMA in the PHPMI-41 copolymer comprised 81% of
isolated MMA units, 15% of diads, 3% of triads, and 1% of tetrads,
implying that the MMA monomer generally ended up in as isolated
single MMA sequences (M>) in these PMMA-co-PHPMI copolymers [11].
Intermolecular hydrogen bonding between the phenolic OH units of
PHPMI and the C = O units of PMMA would be more likely to occur in
such copolymers; that is, the probability Py; for self-association
hydrogen bonding would be larger than that of pure PHPMI (P11).

Fig. 3(A) presents the results of DSC thermal analyses of pure PMMA,
pure PHPMI, and the various PMMA-co-PHPMI copolymers. Each trace
revealed a single value of T, indicating that no macrophase separation
occurred, and that the values of Ty increased upon increasing the HPMI
ratio. Many attempts have been made, based on thermodynamic treat-
ment, to modify the Fox equation for values of Ty in miscible polymer
blend or copolymer. These equations can still deviate significantly for
systems featuring strong intermolecular interactions, although they
have been successfully applied to some blends or copolymers. The Kwei
equation is generally preferred for hydrogen-bonded polymer blend or
copolymer, based on its more adequate treatment at describing the
composition-dependence of the values of Tg, defined as follows [41]:
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where W; and W, are weight fractions of the copolymer segments; Tg;
and Ty are the glass transition temperatures of the copolymer segments;
and k and q are fitting constants. In general, g represents the strength of
intermolecular hydrogen bonding in miscible polymer blends or copol-
ymer systems. We obtained values of k and q of 1 and 110, respectively,
through nonlinear least-squares fitting based on Eq. (4) in Fig. 3(B). We
also found that the linear rule did not fit well for these PMMA-co-PHPMI
copolymers. As a result, the positive value of q suggests that strong
hydrogen bonding occurred between the MMA and HPMI segments.
Notably, incorporating only 17.2 and 56.5 mol % of HPMI into the
PMMA-co-PHPMI copolymers increased the value of Ty by 40 and 90 °C,
relative to that of pure PMMA. The values of k and q for the PMMA-co-
PVPh random copolymer (1 and 50, respectively) were smaller than
those for the PMMA-co-PHPMI copolymers [20]. Unlike PHPMI, the
PVPh sequences could not undergo self-association through interactions
of phenolic OH and C = O units; therefore, PMMA-co-PVPh presumably
featured a higher fraction of hydrogen-bonded C = O groups among its
PMMA segments, arising from the different sequence distributions in the
PMMA-co-PVPh and PMMA-co-PHPMI random copolymer systems.

We used free-volume theory to investigate the dependence of the
values of Ty on the compositions of the polymer blends and copolymers
[42]. Four possible sequences of diad units can be formed in copolymers
derived from M; and M, monomers: P11, P2, P12, and Po;. Johnston et al.
expanded the Fox rule by using free-volume theory, assigning individual

values of T to the 12/21, 11, and 22 diads, as follows [42]:
I WPy

W,P. 1
2B = (WP + WoPy) 5)
To T,z

where T, is experimental glass transition temperature of each copol-
ymer; W1 and W> are the weight fractions the copolymer segments; Tg11
and Ty are the glass transition temperatures of the pure homopoly-
mers; and Ty is the glass transition temperature of the alternating
copolymer. Fig. 3(C) reveals that our experimental data could also be
fitted well with a linear relationship to the Johnston equation. We ob-
tained a Ty for the alternating copolymer (Tg12) of 207 °C, based on the
slope of this straight line; this value is much higher than that of pure
PMMA and close to that of pure PHPMI. Fig. 3(D) presents the ratios of
alternating segments calculated from the MALDI-TOF mass spectra and
the probabilities from statistical derivation of copolymerization. We
observe similar trends in the ratios of the alternating segments, with the
maximum value obtained at approximately 40 mol % of HPMI, for which
the monomer feed was 50 mol %; these findings suggest a reason for the
high values of T; of our partially alternating PMMA-co-PHPMI co-
polymers. In addition, the TGA analyses were summarized in Figure S3,
where the thermal decomposition temperature was increased with the
increase of PHPMI compositions in PMMA-co-PHPMI copolymers.

3.3. FTIR spectral analyses

From the chemical structures and observed thermal analytical data,
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hydrogen bonding must have been occurring in these PMMA-co-PHPMI
copolymers. FTIR spectroscopy is a powerful tool for understanding
hydrogen bonding in polymeric materials. Fig. 4(A) displays the scale-
expanded FTIR spectra (3750-2750 cm ') of pure PMMA, pure
PHPMI, and various PMMA-co-PHPMI copolymers, recorded at 120 °C.
In the spectrum of pure PHPMI, signals for free OH stretching of the
HPMI units appeared near 3670 cm™"; the signals for OH stretching of
the HPMI units involved in self-association hydrogen bonding appeared
near 3300-3600 cm’l, with those for self-association OH---O = C and
OH.--OH hydrogen bonding centered at 3445 and 3226 cm™’, respec-
tively. The intensities of the signals for free OH stretching and OH---OH
self-association of the HPMI units decreased upon increasing the
composition of PMMA in the PMMA-co-PHPMI copolymers; further-
more, the signal for OH---OH self-association shifted to higher wave-
number (to ca. 3445 cm™l), corresponding to the signal for
intermolecular OH---O = C hydrogen bonding between the C = O units of
PMMA and the OH units of PHPMI. Fig. 4(B) displays the signals for C =
O stretching in the range from 1800 to 1660 cm ™ in the corresponding
FTIR spectra recorded at 120 °C. Because the PMMA and PHPMI seg-
ments both featured C = O groups in their repeat units we expected to
observe signals for at least four C = O units in the spectra of our PMMA-
co-PHPMI copolymers: for symmetric (hydrogen-bonded) and asym-
metric HPMI units at 1702 and 1776 cm ™, respectively, and for free and
hydrogen-bonded PMMA units at 1730 and 1713 cm ™!, respectively.
The signals for the C = O units shifted to lower wavenumbers upon
increasing the HPMI content in the copolymers [Fig. 4(B)]. Fig. 4(C) and
4(D) present selected curve fitting data for these four peaks in the
spectra of PHPMI-50 and PHPMI-10; Table 2 summarizes area fraction of

European Polymer Journal 170 (2022) 111165

Table 2
Curve fitting data for the C = O and amide groups in the FTIR spectra of the
PMMA-co-PHPMI copolymers.

Free C = O of Free C = O of H-Bonded C = Fraction of H-
PHPMI PMMA O of PMMA Bonded C =0
of PMMA
v A v As v A fhczo
(em™ @) (m™) ) (m) (%)
PHPMI 1702 100 - - - - -
PHPMI- 1702 68 1730 11 1713 17 0.61
56
PHPMI- 1703 63 1730 13 1713 19 0.59
50
PHPMI- 1704 51 1731 24 1713 21 0.47
41
PHPMI- 1705 43 1732 30 1714 22 0.42
28
PHPMI- 1706 31 1733 42 1714 25 0.37
17
PHPMI- 1707 13 1734 55 1716 28 0.34
10
PHPMI- 1708 2 1735 63 1717 30 0.32
5
PMMA - - 1730 100 - - -

each C = O unit. For the PMMA-co-PHPMI copolymers, the area fraction
for the self-association of hydrogen-bonded C = O groups of the HPMI
segments decreased upon increasing the PMMA composition, while the
fraction of hydrogen-bonded C = O groups of the PMMA units increased
upon increasing the PHPMI compositions, suggesting that interactions
existed between the C = O groups of the PMMA segments and the OH

Z
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Fig. 4. (A) OH and (B) C = O stretching regions of the FTIR spectra of (a) PMMA, (b) PHPMI-5, (c) PHPMI-10, (d) PHPMI-17, (e) PHPMI-28, (f) PHPMI-41, (g)
PHPMI-50, (h) PHPMI-56, and (i) PHPMI. (C, D) FTIR spectral curve fitting data for the C = O absorptions of (C) PHPMI-50 and (D) PHPMI-10.
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groups of the PHPMI segments. As a result, these copolymers featured
enhanced values of T.

3.4. Solid state NMR spectral analyses

Solid state NMR spectra provided insight into the hydrogen bonding
and domain sizes of these PMMA-co-PHPMI copolymers. Fig. 5(A) and 5
(B) present 13¢ solid state NMR spectra of pure PMMA, pure PHPMI, and
our PMMA-co-PHPMI copolymers. The signal for the imide carbon
nuclei of pure PHPMI appeared at § 177.1 ppm and that of the C = O
carbon nuclei of PMMA appeared at § 177.9 ppm; the signal for the
phenolic OH carbon nuclei of pure PHPMI appeared at § 157.1 ppm.
Experimental and simulated data confirmed the presence of hydrogen
bonding in the PMMA-co-PHPMI copolymers, based on solid state NMR
spectral analyses [43]. The simulated spectra of each copolymer, dis-
played on the right-hand side in Fig. 5(A) and 5(B), were obtained
simply by summing of experimental 13C NMR spectra of the pure PMMA
and pure PHPMI at the relevant molar ratios. The experimental spectra
of the PMMA-co-PHPMI copolymers were significantly different from
the simulated spectra. Complicated and broad signals in the experi-
mental spectra suggested that hydrogen bonding occurred between the

Experimental data

Simulated data
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C = O units of PMMA and the phenolic OH units of PHPMI. Fig. 5(C)
indicates that the full widths at half maximum (FWHMs) of most of the
copolymers were larger than that of the pure PHPMI, and that the signal
of the C = O groups of PMMA shifted upfield upon increasing the
composition of HPMI in the copolymers, confirming that interactions
occurred between these two segments [Fig. 5(D)-(a)]. Nevertheless, the
signal for the C = O groups of the PMMA units slightly shifted to higher
field upon increasing the HPMI content, with a slower increase in the
FWHM of the C = O groups; correspondingly, the signal of the phenolic
COH units of PHPMI shifted downfield, as expected. The situation is
consistent with the phenolic OH units of PHPMI interacting not only
with the C = O groups of PMMA but also through self-association with
the imide C = O units of PHPMI, as displayed in Fig. 5(D)-(b), consistent
with the conclusions drawn from the FTIR spectral analyses.

3.5. Spin-Lattice relaxation times in the rotating frame [T;,(H)]
The domain sizes and molecular mobilities in hydrogen-bonded

blends or copolymers can be investigated in terms of the values of
T1p(H) in the rotating frame [44]; these values can be calculated from.

Simulated data

Experimental data
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Fig. 5. (A) C = O and (B) COH nuclei in the 13¢ solid state CP/MAS NMR spectra of (a) PMMA, (b) PHPMI-5, (c¢) PHPMI-10, (d) PHPMI-17, (e¢) PHPMI-28, (f) PHPMI-
41, (g) PHPMI-50, (h) PHPMI-56, and (i) PHPMI. (C) Chemical shifts and FWHMs for PMMA-co-PHPMI copolymers prepared with various PHPMI contents. (D) (a)
Intermolecular hydrogen bonding between PHPMI and PMMA and (b) intermolecular hydrogen bonding through self-association of PHPMI and intermolecular
hydrogen bonding between PHPMI and PMMA.
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M, = Myexp[—7/T,(H)) 6)
where 7 is the spin-lock time and My and M; are the intensities of the
peaks measured experimentally initially and after t seconds, respec-
tively. Fig. 6(A) displays plots of In(M./My) with respect to 7 for the C =
O units at § 177 ppm for all copolymer compositions where the exper-
imental data provided a single exponential decay function. Based on the
slope of the plot in Eq. (6), we calculated a single value of T;,(H) in the
copolymer, indicating that the miscibility dimensions of copolymer were
less than 2-3 nm, based on the one-dimensional diffusion equation and
the average diffusive path length, as follows [44]:

L = /6DT,,(H)

where D is the effective spin-diffusion coefficient, which depends on the
average distance among two protons as well as their dipolar in-
teractions. This PMMA-co-PHPMI copolymer could be considered as one
component and should be miscible, based on thermodynamic consid-
erations of such a covalently bonded system. The average proton-
relaxation rate of a copolymer or miscible blend can be predicted
through linear additivity of the relaxation rate model [44]:

1 NaMy ( 1 ) NpMp ( 1 )
= +
A Nr \Ti,(H)y

Ty, (H) ~ Nr \T\,(H)
where A and B represent each component of the copolymer segments; M;
is the mole fraction of each component; N; is the number of protons of
each component; and

Nt = NpAMj + NgMp.

(3
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T1,(H)a and T1,(H)p represent the relaxation rates of components A
and B, respectively. Fig. 6(B) plots the values of T;,(H) with respect to
the PHPMI mole fraction, determined from experimental and calculated
data based on Eq. (8). The experimental relaxation rate for each
copolymer composition deviated negatively from the calculated value
based on Eq. (8), implying significant changes relative to prediction in
the free volume and density for each copolymer [45]. This finding in-
dicates that the segmental motions of these copolymers were altered
significantly, such that these copolymers featuring strong hydrogen
bonding exhibited rigid behavior. In contrast, we observed macrophase
separation when blending the PHPMI homopolymer with the PMMA
homopolymer [Fig. 6(C) and 6(D)-(c)]. Fig. 6(C)-(e) reveals that, at
various ratios, the PMMA/PHPMI homopolymer blends provided the
two individual values of T, of PMMA and PHPMI, suggesting that
macrophase separation occurred in these binary blends. Consequently,
we needed to copolymerize MMA and HPMI to achieve good miscibility
and to increase their values of T, based on a composition heterogeneity
effect [46].

4. Conclusions

Strong hydrogen bonding in PMMA-co-PHPMI copolymers featuring
a partially alternating sequence distribution in the main chain leads to a
position deviation in the value of T based on the linear rule. FTIR and
solid state NMR spectroscopy confirmed that such hydrogen bonding
was occurring in these copolymer systems. We obtained single values of
T1,(H) for all of the copolymers; these values were lower than those
predicted by the linear rule, suggesting that the degree of homogeneity
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Fig. 6. (A) Semi-logarithmic plots of the magnetization intensities of 177 ppm with respect to the delay time for PMMA-co-PHPMI copolymers at a contact time of 1
ms for (a) PMMA, (b) PHPMI-5, (c) PHPMI-17, (d) PHPMI-41, (e) PHPMI-56, and (f) PHPMI. (B) Plots of T;,(H) calculated from Eq. (8) with respect to the PHPMI
content of the PMMA-co-PHPMI copolymers. (C) DSC analyses of PMMA/PHPMI binary blends: (a) pure PMMA, (b) 95/5, (c) 90/10, (d) 72/28, (e) 50/50, and (f)
pure PHPMI. (D) Possible chain behavior of (a, b) PMMA-co-PHPMI copolymers with (a) low and (b) high HPMI contents and (c¢) binary PMMA/PHPMI blends.
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was less than 2-3 nm and that the free volume was lower than the
prediction in these hydrogen-bonded PMMA-co-PHPMI copolymers. As
a result, significant enhancement in the value of T; of PMMA can be
obtained through random copolymerization with partially alternating
sequence distributions of hydrogen-bonded donor HPMI units, even
though the resulting copolymers feature self-associating hydrogen-
bonded units.
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