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ABSTRACT

The glass transition temperature (Tg) value of poly(styrene-alt-hydroxyphenylmaleimide) (poly(S-alt-HPMI)) is much higher than poly(styrene-co—-vinyl phenol)
due to the presence of the maleimide unit in poly(S—alt-HPMI) and its intramolecular screening effect result in a substantially higher Ty value. In this study, our focus
was revolved about the impact of para-OH groups with different combinations and their influence on their T values. To achieve this, six alternating copolymers
using free radical copolymerization were synthesized and performed them to comprehensive characterizations including Fourier-transform infrared spectroscopy
(FTIR), nuclear magnetic resonance (NMR), matrix-assisted laser desorption ionization/time of flight (MALDI-TOF) mass spectrometry, and gel permeation chro-
matography (GPC), which were crucial in confirming the chemical structures and sequence distributions of these alternating copolymers. We employed the 2D-FTIR
spectral analysis method, comparing copolymers with OH groups on the styrene unit, the phenylmaleimide unit, or both to understand the diverse effects of OH
groups. Furthermore, we compared these findings with acetoxy-styrene (AS) derivative copolymers and poly(styrene-alt-phenylmaleimide) (poly(S-alt-PMI)),
which lacks any hydrogen bonded donor units. As a result, this work not only contributes to a valuable understanding of the role of hydrogen bonding in polymeric

materials but also provides deeper insights for designing polymers with tunable thermal properties by strategic placement of OH groups.

1. Introduction

Hydrogen bonding is a fundamental scientific concept and received
in the development of new materials that has led to groundbreaking
advancements in various materials such as metal, covalent or hydrogen
bonded-organic frameworks, epoxy, benzoxazine, nylon and thermo-
plastic polyurethane (TPU) [1-7]. It is also fascinating to find that its
interaction strength could be mediated through the design of their
chemical structures. The intermolecular hydrogen bonding strength has
opened up new avenues for polymer engineering, allowing for the design
of customized functionalities and properties. As a result, hydrogen
bonding is still remained the ongoing field of innovation and exploration
in the pursuit of advanced polymeric materials [8-10].

According to Painter and Coleman results, they found the decrease in
the self-association equilibrium constant (Kg) of phenolic units with
attached methyl, isopropyl or tert-butyl groups due to steric hindrance.
Furthermore, they also observed that poly(vinyl phenol) (PVPh) dis-
played a higher Kp value compared to poly(hexa-
fluoro—-2-hydroxy-2-propyl styrene), which was attributed to the
acidity of the hydroxyl groups present on the aromatic ring and the
carbon atom with sp® hybrid orbital [11]. In determining the hydrogen

bonding interaction of polymer pairs between a hydrogen bonding
donor with a hydrogen-bonded acceptor such as poly(caprolactone)
(PCL), the relative (Kp/Kp) of the inter/self-association equilibrium
constant ratio is more important than considering only K or Kp indi-
vidually where Kj is the inter—association equilibrium constant between
hydroxyl (OH) and carbonyl (C=O) groups. When comparing the
hydrogen bonding interactions of different hydrogen bonding donor
polymers with PCL, the order of K5/Kp is as follows: phenolic/PCL >
PVPh/PCL > phenoxy/PCL because of different acidic properties of
these three bonding donor polymers [12].

Recently, there has been much advancement in the development of
synthetic polymers. The arrangement of monomer sequences in co-
polymers has also proven to be crucial in the hydrogen bonding polymer
pairs [13-15]. For example, it is possible to find self-assembled ordered
morphological transitions as by blending poly(styr-
ene-b-4-vinylpyridine) [poly(S-b-4VP)] with poly(VPh-b-methyl
methacrylate) [poly(VPh-b—-MMA)] in specific ratios through mediated
by hydrogen bonding interactions [16]. An interesting observation is
that the intermolecular hydrogen bonding interaction in poly
(VPh-co-MMA) random copolymer is stronger than those of poly
(VPh-b-MMA) diblock copolymers and the PVPh/PMMA binary blends
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[17] because of the chain connectivity [18] and the intramolecular
screening effect [19-21]. In homopolymers with OH groups, the
repeating units can interact with neighboring OH groups, thereby
reducing the number of OH groups available for intermolecular
hydrogen bonding with hydrogen bonding acceptor polymers. However,
the incorporation of units lacking hydrogen bonding donors (inert
segment) in the random copolymers could decrease the Kg value and
thus the increase of K5/Kp ratio. Taking these findings into consider-
ation, we have designed and synthesized the alternating copolymer of
poly(S-alt-HPMI), which displayed significantly higher T; value with
the strong inter—chain hydrogen bonding interaction as compared with
conventional polymers [22]. Moreover, the poly(S—alt-HPMI) and poly
(S—co-VPh) copolymers blending with poly(vinyl pyrrolidone) (PVP)
binary blends demonstrated a positive deviation from a linear equation,
suggesting a clear occurrence of intermolecular hydrogen bonding in-
teractions within these blends [22-24].

In this study, we designed and synthesized six different alternating
copolymers as shown in Scheme 1 by using the hydrogen bonding do-
nors of the VPh and the HPMI units, while the styrene unit and PMI unit
acted as the inert diluent segment. To investigate their chemical struc-
tures, hydrogen bonding interactions and sequence distributions, we
performed characterization techniques including FTIR, NMR, and
MALDI-TOF MS analyses. Poly(VPh-alt-HPMI) was synthesized to
investigate whether the intramolecular screening effect occurs, even
when the lengths of the repeating units are different. The thermal
properties of these alternating copolymers were determined by using
differential scanning calorimetry (DSC), thermogravimetric analysis
(TGA), and a two-dimensional FTIR spectral analysis method with
temperature disturbance. The aim was to understand the correlation
between the thermal properties and intermolecular interactions in these
alternative copolymers.
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2. Experimental section
2.1. Materials

Styrene (99%), maleic anhydride (98%), and were acquired from
Alfa Aesar. Azobisisobutyronitrile (AIBN), ammonium ethanoate, and
p-toluenesulfonic acid monohydrate (TsOH-H;0) were obtained from
SHOWA. Methanol (MeOH), tetrahydrofuran (THF), aniline, and
toluene were acquired from Acros Organics. 4-Acetoxystyrene, N,
N-dimethylformamide (DMF), and cyclohexane were purchased from
TCIL

2.2. N-phenylmaleimide (PMI) and 4-hydroxyphenylmaleimide (HPMI)
monomers

Maleic anhydride (4.432 g, 45.2 mmol) and aniline (4.189 g, 45.0
mmol) was used to prepare PMI monomer that were firstly dissolved in
toluene (40 mL) and DMF (20 mL) in the 150 mL two-neck round-
—bottom flask. The flask was placed in an ice bath and stirred for half an
hour. Then, a solution of TsOH-H50 (0.490 g, 2.6 mmol) in DMF (5 mL)
was added dropwise to the flask. The reaction mixture was refluxed
overnight under a nitrogen (N3) atmosphere. After completing the re-
action, the resulting solution was chilled in an ice bath for 30 min and
then cold water was poured into the solution. The formed precipitate
was filtered off, washed with distilled water, and recrystallized using
cyclohexane, and dried in a vacuum oven at 50 °C for 2 days to obtain
brown solid. Yield: 36.2%; FTIR (KBr, cm V): 1714 (C=0), 3000-3220
(sp? C-H); "H NMR (500 MHz, DMSO-ds, 5, ppm): 7.18 (s, 2H, CH=CH),
7.32 (m, 2H, ArH), 7.39 (m, 1H, ArH), 7.48 (m, 2H, ArH); 13C NMR (500
MHz, DMSO-dg, 5, ppm): 127.49, 128.42, 129.56, 132.26 (ArC), 135.37
(CH=CH), 170.84 (C=0). The synthesis of 4-hydroxyphenylmaleimide
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Scheme 1. The synthesis of maleimide derivatives and their corresponding alternating copolymers.
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(HPMI) has been mentioned previously [22].

2.3. Polymerization of poly(S—alt-PMI) copolymers

In a 50 mL two-necked round-bottom flask, PMI (0.952 g, 5.5 mmol)
and AIBN (5 wt%) were used. Dry THF (15 mL) and styrene (5.5 mmol)
were then injected into the flask and the mixture was stirred under N5 at
70 °C for 1 day. To quench the reaction, the solution was exposed to air
for 30 min. The solution was added dropwise into the cold MeOH and
then the solid was reprecipitated. The solid was dried for 2 days at 60 °C
under vacuum. FTIR (KBr, cm™1): 1712 (C=0); 'H NMR (500 MHz,
DMSO-dg, 8, ppm): 6.40-7.65 (ArH); 13C NMR (125 MHz, DMSO-dg, 6,
ppm): 126.60-140.20 (ArC), 176.35-179.00 (C=0); Number-average
molecular weight (My): ca. 39,000 g mol ! (Fig. S1).

2.4. Polymerization of poly(AS—alt-PMI) and poly(AS-alt-HPMI)
copolymers

In a 125 mL two-necked round-bottom flask, either PMI (1.818 g,
10.5 mmol) or HPMI (1.986 g, 10.5 mmol), along with AIBN (5 wt%)
were placed. Dry THF (30 mL) and 4-acetoxystyrene (10.5 mmol) were
then injected into the flask and the mixture was stirred under Ny at 70 °C
for 1 day. The solution was quenched by exposing to air for half an hour.
The solution was added dropwise into cold MeOH and the solid was
reprecipitated. The solid was dried for 2 days at 60 °C under vacuum to
prevent solvent existing. FTIR (KBr, cm™): 1711 (C=0); 'H NMR (500
MHz, DMSO—ds, 8, ppm): 2.20 (CHs), 6.25-7.65 (ArH); >C NMR (125
MHz, DMSO-dg, 6, ppm): 20.96 (CHs3), 121.00-138.55 (ArC), 150.53
(COAc), 170.05 (C=0O, OAc), 175.20-179.45 (C=O, maleimide);
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Number-average molecular weight (My): ca. 60,000 g mol ! (Fig. S1)
for poly(AS-alt-PMI) copolymer. FTIR (KBr, cm_l): 1706 (C=0); H
NMR (500 MHz, DMSO-dg, 8, ppm): 2.22 (CH3), 6.20-7.50 (ArH), 9.72
(OH); ¥C NMR (125 MHz, DMSO-ds, 5, ppm): 20.96 (CHs),
114.70-138.30 (ArC), 150.46 (COAc), 158.21 (COH), 170.02 (C=O,
OAc), 176.20-179.60 (C—=O, maleimide) for poly(AS-alt-HPMI)
copolymer. The copolymerization of poly(S—alt-HPMI) has been
mentioned previously [22].

2.5. Synthesis of poly(VPh-alt-PMI) and poly(VPh—alt-HPMI)
copolymers

Poly(AS-alt-PMI) copolymer (0.400 g) or poly(AS-alt-HPMI) was
dissolved by DMF (9 mL) in a 25 mL two necked round-bottom flask
under Ny atmosphere. Deionized water (1 mL) and ammonium etha-
noate (0.739 g) were injected into the flask and the solution was stirred
at room temperature for 40 h. The solution was added dropwise into
cold MeOH and the solid was dried for 3 days at 60 °C under vacuum to
remove solvent. FTIR (KBr, em™Y): 1709 (C=0); H NMR (500 MHz,
DMSO-dg, 8, ppm): 6.05-7.70 (ArH), 9.42 (OH); 13¢ NMR (125 MHz,
DMSO-dg, 5, ppm): 114.00-133.80 (ArC), 157.52 (COH),175.80-179.95
(C=0) for poly(VPh-alt-PMI) copolymer. FTIR (KBr, em™Y): 1706
(C=0); 'H NMR (500 MHz, DMSO-dg, 5, ppm): 6.10-7.30 (ArH), 9.42
(OH, vinyl phenol), 9.75 (OH, HPMI); '3C NMR (125 MHz, DMSO—dg, 5,
ppm): 113.80-133.90 (ArC), 157.54 (COH, vinyl phenol), 158.16 (COH,
HPMI), 176.00-180.70 (C=0) for poly(VPh-alt-HPMI) copolymer.
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Fig. 1. The synthesis of N-phenylmaleimide (PMI): (a) FTIR spectra; (b) Comparison of carbonyl groups between PMI and HPMI; (c) 'H NMR; (d) 1°C NMR.
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3. Results and discussion
3.1. Synthesis of PMI monomer

We prepared PMI and HPMI monomers to synthesize a series of
alternating copolymers based on styrene and phenylmaleimide (PMI)
derivative units and those synthetic routes are outlined in Scheme 1.
PMI was successfully obtained by reacting from maleic anhydride with
aniline where the FTIR spectrum in Fig. 1(a) displays the aromatic ring
absorptions at 1503 and 1597 cm™ L, the C=0 unit at 1714 cm ™!, as well
as the C-H stretching with sp? hybrid at 3000-3200 cm™?, suggesting the
successfully synthesis of PMI unit. The FTIR spectrum in Fig. 1(b) shows
the C=0 absorption of HPMI unit at 1703 em! [24], which is much
lower wavenumber compared with PMI unit at 1714 em™ !, This
reduction in wavenumber can be explained by the occurrence of inter-
molecular hydrogen bonding between the OH and the C=O group,
which could weaken the C=O0 stretching vibration and the resonance
effect also from the phenolic unit would further contribute to the
decrease in the wavenumber of the C=O stretching vibration. In addi-
tion, the full width at half maximum (FWHM) of PMI is wider, with a
value of 32 em ™!, compared to HPMI with a FWHM of 21 cm ™! because
of most of the HPMI molecule forming the dimers [12], leading to more
ordered packing. In contrast, the PMI molecule tends to stack in the
disorderly manner because of its nonplanar chemical structure [25] and
the weaker intermolecular interaction than that of HPMI unit. Fig. 1(c)
displays 'H NMR result where a singlet peak at 7.18 ppm due to the
alkene unit, and the peaks at 7.32, 7.39, and 7.48 ppm are

Polymer 285 (2023) 126382

corresponding to the aromatic ring signals. >C NMR spectrum was also
used to confirm the aromatic ring, alkene, and C—O units at
127.49-132.26, 135.37, 170.84 ppm as shown in Fig. 1(d), respectively.

3.2. Synthesis of alternating copolymers

We synthesized poly(S-alt-PMI), poly(AS-alt-PMI), poly
(S—alt-HPMI), and poly(AS—alt-HPMI) copolymers through free radical
copolymerization by using styrene and PMI derivatives. The chemical
structures of these copolymers were characterized by using FTIR, NMR
and MALDI-TOF mass spectra analyses. In FTIR spectra, strong sym-
metrical C=O0 vibration of the maleimide units are found at 1712, 1711,
and 1706 cm ™! for the respective copolymers. Comparing these values
to poly(S-alt—HPMI) at 1705 cm ™, it is evident that the presence of OH
units on the HPMI monomer could influence the C=0 vibration, even in
the polymerization state. The asymmetrical C=O vibration of these
alternating copolymers are found at ca. 1775 cm ™' as displayed in
Fig. S2. Herein, since the OAc signal at 1763 em! [26] was overlapped
with asymmetrical C=0 stretching of phenylmaleimide units in FTIR
spectra of poly(AS-alt-PMI) and poly(AS-alt-HPMI) copolymers at
1767 cm™!. However, after hydrolysis of poly(AS—alt-PMI) and poly
(AS—alt-HPMI) to form poly(VPh-alt-PMI) and poly(VPh-alt-HPMI)
copolymers, respectively, the asymmetrical C=O vibrations was shift
back to ca. 1775 cm™! due to the disappearance of the OAc units.
Furthermore, in poly(VPh-alt-PMI) copolymer, the appearance of OH
signals in the range of 3100-3750 cm ™! was observed after hydrolysis
from poly(AS-alt-PMI) copolymer and becomes broader after hydrolysis
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of poly(AS-alt-HPMI)
copolymer.

Fig. 2 shows 'H and '3C NMR spectra of these alternating co-
polymers. The signal of OAc units of poly(AS—alt-PMI) at 2.20 ppm was
removed and the OH signal was appeared at 9.42 ppm after hydrolysis as
shown in Fig. 2(a), confirming the conversion of the OAc to OH units. In
Fig. 2(b), the 13C NMR spectra reveals the disappearance of the C=0
signal of the OAc unit from poly(AS-alt-PMI) copolymer at 170.05 ppm
after hydrolysis. In addition, the signal of carbon attached to the acetoxy
unit on aromatic ring is shifted from 150.53 to 157.52 ppm upon hy-
drolysis, also confirming the transformation of the OAc to OH units to
form poly(VPh-alt-PMI) copolymer. In Fig. 2(c), 'H NMR spectra re-
veals the distinct signals for the OH unit on the HPMI unit of poly
(AS—alt-HPMI) at 9.72 ppm, which are located at different positions
compared to the signals of the OH unit on the VPh unit. Upon hydrolysis,
the signal corresponding to the OAc is replaced with a OH signal at 9.42
ppm, as depicted in Fig. 2(c). Fig. 2(d) illustrates the '3C NMR spectra,
displaying that the signal of the OAc unit of poly(AS—alt-HPMI) copol-
ymer at 170.02 ppm was disappeared after hydrolysis. Moreover, the
signal of the carbon attached to the OAc unit on the aromatic ring shifts
from 150.46 to 157.54 ppm, implying the successful hydrolysis of the
OAc to the OH group to form poly(VPh-alt-HPMI) copolymer.

Characterizing the proton signals on the main chains ranging from
1.45 to 3.85 ppm in the 'H NMR spectra is the challenging because of the
overlapping with various solvents. Moreover, the signals of the OAc
units at ca. 2.20 ppm are also overlapped and thus to determine the ratio
of styrene derivatives to PMI derivatives, the integrals of the aromatic
units and OH groups were utilized instead. The repeating unit ratio was

copolymer to form poly(VPh-alt-HPMI)

(2)

8:9 9:10
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calculated from the integration of the 'H NMR spectra, remains the same
regardless of whether hydrolysis was performed. For poly(AS—alt-PMI)
and poly(VPh-alt-PMI) copolymers, the styrene derivative (AS and VPh)
unit represents for 48.9%, while the PMI unit represents for 51.1%.
Similarly, for poly(AS-alt-HPMI) and poly(VPh-alt-HPMI), the styrene
derivative unit accounts 47.1%, while the HPMI unit accounts 52.9%. In
addition, as for poly(S—alt-HPMI) [22] and poly(S—-alt-DMHPMI) [27],
the styrene unit is 46.5% and 47.9% respectively, whereas the HPMI unit
is 53.5% and 52.1%, respectively, were determined in our previous
studies, suggesting an alternating tendency in these copolymers, as ex-
pected [28]. However, poly(MMA-co-HPMI) random copolymers were
observed due to a relatively large difference between the reactivity ra-
tios of the two monomers [29]. Notably, there is no specific peak in the
'H NMR analysis of poly(S—alt-PMI) copolymer, making it challenging
to determine the ratio of repeating units in this specific copolymer.
MALDI-TOF mass spectra could provide additional evidence
[30-32] supporting the near—perfectly alternating sequences of these
copolymers because of almost equal numbers of styrene derivatives and
PMI derivatives in Fig. (3). For example, the signal labeled as “10:10”
signifies the presence of 10 units of styrene and 10 units of PMI as shown
in Fig. 3(a). The difference between the signals at m/z 2871.71 and m/z
3149.28 is ca. 277 g mol™}, which is corresponding to the combined
mass of one styrene unit (104.15 u) and one PMI unit (173.17 u). The
other obvious signals indicate to perfectly alternating sequences with
styrene:PMI ratios of n-1:n, i:n-1, and n:n (e.g., 8:9, 9:8, and 9:9,
respectively). In addition, a few signals correspond to the ratio of n-1:
n+1, and n+1:n-1 (e.g., 8:10, and 10:8, respectively), indicating some
parts of homo-polymerization were formed. Furthermore, poly
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Fig. 3. MALDI TOF Mass spectra of (a) poly(S—alt-PMI), (b) poly(AS—alt-PMI), (c) poly(AS—alt-HPMI).
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(AS-alt-PMI) was found the difference between the signals at m/z
2780.56 and m/z 3116.01 is ca. 335 g mol ™, which corresponds to the
combined mass of one AS unit (162.19 u) and one PMI unit (173.17 u) as
shown in Fig. 3(b). The signal labeled as “8:8" suggests the presence of 8
units of AS and 8 units of PMI. Similarly, there are other clear signals
corresponding to the perfectly alternating sequences with AS:PMI ratios
of n-1:n, n:n-1, and n:n such as 7:8, 8:7, and 8:8, respectively and a few
signals are due to the ratio of n-1:n+1 such as 7:9, which arises from
homo-copolymerization events once again. Moreover, Fig. 3(c) shows
the difference between the signals at m/z 2393.90 and m/z 2745.38 is
ca. 351 g mol’l, which is the sum of one AS unit (162.19 u) and one
HPMI unit (189.17 u) in the spectra of poly(AS-alt-HPMI) copolymer.
The perfectly alternating sequences were observed by the AS:PMI ratios
of n-1:n, i:n-1, and n:n such as 5:6, 6:5, and 6:6, respectively. A few
signals correspond to the ratio of n-1:n+1 such as 5:7, showing the
present of segments resulting from homo-polymerization. Molecular
weight determined from GPC analyses is another important piece of
information. Poly(S-alt-PMI) and poly(AS—alt-PMI) copolymers display
single models with number average of molecular weight of ca. 39,000,
and 60,000, respectively. However, there are multi-models in co-
polymers with OH units, because their intramolecular hydrogen bonding
interaction can induce chain coil formed as depicted in Fig. S1(b),
making inaccurate molecular weight.

3.3. Thermal property of alternating copolymers

To investigate the impact of OH units on the thermal properties of
these alternating copolymers, we conducted DSC analyses and deter-
mined their intermolecular hydrogen bonding interactions by using
FTIR spectra. Fig. 4(a) displays that the T value of poly(S-alt-PMI) is
higher at 217 °C than that of poly(AS—alt-PMI) with a T, value at 200 °C.
Since there did not have strong intermolecular interaction in both co-
polymers, which could attribute to the different of steric hindrance ef-
fect. The appearance of acetoxy group in poly(AS—alt-PMI) copolymer
disrupts the neat stacking of the polymer chain compared with poly
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(S—alt-PMI) copolymer, resulting in an increase of free volume. How-
ever, after hydrolysis, intermolecular hydrogen bonding interactions are
formed and thus the Ty value of poly(VPh-alt-PMI) copolymer
dramatically increases by 30 °C compared to poly(AS—alt-PMI) copol-
ymer, reaching a value of 230 °C. This significant difference in T; value
is due to the strong hydrogen bonding interactions on the thermal
property of alternating copolymers because of the composition hetero-
geneity effect [18]. In the similar manner, Fig. 4(b) exhibits that the Ty
value of poly(AS-alt-HPMI) is lower at 244 °C compared to poly
(S—alt-HPMI) with a Ty value of 259 °C because of the increased free
volume of the presence of acetoxy groups; even though the intra-
molecular hydrogen bonding interaction was occurred between acetoxy
and OH group mentioned as summarized in Table 1. Interestingly, the Ty
value of poly(VPh-alt-HPMI) is lower than poly(AS-alt-HPMI) by
approximately 30 °C, which is in contrast to the observed trend in poly
(VPh-alt-PMI) and poly(AS-alt-PMI) copolymers. This phenomenon
suggests that the occurrence of intramolecular screening effect in poly
(VPh-alt-HPMI), even the lengths of the repeating units are different.
Two hydrogen bonding donor homopolymer blends are usually dis-
played the negative Ty deviation based on linear rule such as pheno-
lic/phenoxy, PVPh/phenoxy and PVPh/phenolic binary blends because
of entropy change increase [33-35]. In addition, the Ty values of these
alternating copolymers are over 200 °C, comparing to 168 °C of Poly
(4-vinyl phenol) (PVPh) [36] and 122 °C of Poly(4-acetoxystyrene)
(PAS) [37] Because maleimide units can restrict the degree of freedom
and there is intramolecular screening effect by introducing styrene units
alternatingly.

The investigation of these phenomena was conducted by using FTIR
spectra as displayed in Fig. 5. The comparison of FWHM between poly
(S—alt-PMI) and poly(AS—alt-PMI) indicates similar values as shown in
Table 1, suggesting that the difference in Ty values between these two
copolymers is negligibly related to the dipole-dipole moments in poly
(AS-alt-PMI). In contrast, the FWHM of poly(VPh-alt-PMI) is higher of
42.4 cm™! compared to poly(AS-alt—PMI) of 23.1 cm ™! and the signal
shift to 1708 cm™! from 1711 cm™! suggests the presence of strong
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Fig. 4. DSC results for (a) PMI derivative alternating copolymers and (b) HPMI derivative alternating copolymers, were recorded at 2nd heating cycle to

remove residue.
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Table 1
The ratio of H-bonded C—O and their thermal property of these alternating copolymers synthesized in this study.
FWHM of C—0 on maleimide H-bonded C—0 on OAc H-bonded C—O0 on maleimide Peak of H-bonded multimer T (°C)
(em ™ %) %) (em 1y’
Poly(S-alt-PMI) 23.6 - - - 217
Poly(AS-alt-PMI) 23.1 - - - 200
Poly(VPh-alt-PMI) 42.4 - 38.6 3223 230
Poly(S-alt-HPMI) 40.5 - 40.4 3302 259
Poly(AS-alt-HPMI) 46.3 48.4 45.6 3283 244
Poly 43.4 - 47.0 3150 213

(VPh-alt-HPMI)

 Peak fitting are shown on Fig. S3.
b The peaks are from Fig. 6.

(a) Poly(S—a/r—PMI) (b) Poly(S—alt=HPMI)
Poly(AS—alt~PMI) f—— Poly(AS—al+-HPMI)
Poly(VPh-al--PMI) Poly(VPh-al--HPMI)
S
8
(5
)
=
<
=
o]
2
<
T T T T T T f T T T T T T
1800 1760 1720 1680 1800 1760 1720 1680

Wavenumber (cm™?)

Fig. 5. FTIR spectra of carbonyl stretching of (a) PMI derivative alternating copolymers and (b) HPMI derivative alternating copolymers.

intermolecular hydrogen bonding interaction in poly(VPh-alt-PMI),
contributing significantly to the remarkable increase in value of Tg.
Interestingly, despite both poly(VPh-alt-PMI) and poly(S-alt-HPMI)
containing only one OH units, there is a difference in Ty values of ca.
20 °C.

Upon simulation, it was found that the stacking of alternating
copolymer chains allows for ready interaction between HPMI units,
which could account for this difference [22]. On the other hand, the
presence of acetoxy group in poly(AS-alt-HPMI) increase the mobility of
copolymer chain even though the potential for interaction between two
types of C=0 could interact with OH group. It is quite surprising that
poly(VPh-alt-HPMI), which has two OH groups on both styrene and PMI
units, but exhibits the lowest T value. We found the overall intermo-
lecular hydrogen bonding interaction decreasing in Table 1, could be
attributed to a slight increase in the ratio of hydrogen bonded C=0 on
the maleimide unit, while the acetoxy unit has been hydrolyzed.
Moreover, to confirm the presence of intramolecular hydrogen bonding
interaction between OH and OH groups, it is important to understand
the correlation between them. The 2D-FTIR spectral analysis method,
established by Noda et al. [38], has been widely applied [36,39-41].
This characterization could be allowed for the understanding of 2D

synchronous FTIR spectra, which display symmetry along the diagonal
line the correlation map. By inducing environmental perturbation, auto
peaks are generated, and the positive signal by red color can be ob-
tained. Cross—peaks could be observed at the off-diagonal position, and
the negative signal (blue color) imply the intensity fluctuations of the
two peaks at v; and v, under environmental perturbation would vary in
opposite directions. Fig. 6 displays 2D synchronous FTIR spectral map of
alternating copolymers with OH groups. Free OH stretching signals are
at ca. 3650 cm ™!, hydrogen bonded dimer, trimer, and others are
located at ca. 3550 cm ™! [10]. The signals of hydrogen bonded multimer
below 3430 cm ™}, and thus the cross—peaks were negative correlation
displayed in Fig. 6. Using subjecting the hydrogen bonded multimers to
high temperatures, they undergo dissociation of hydrogen bonding
interaction as shown in Fig. S4. Furthermore, the lower wavenumber
presents a high presence of hydrogen bonded multimers, as the strength
of the OH vibration is diminished by other OH groups. The specific
wavenumbers associated with hydrogen bonded multimers are as fol-
lows: 3223 cm™! for poly(VPh-alt-PMI), 3302 cm™! for poly
(S—alt—HPMI), 3283 cm ™! for poly(AS-alt—HPMI), and 3150 cm™* for
poly(VPh-alt-HPMI) copolymer. Interestingly, this trend aligns
perfectly with the Ty values displayed in Table 1, suggesting that a
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Fig. 6. 2D synchronous FTIR of hydroxyl stretching of (a) Poly(VPh-alt-PMI); (b) Poly(S-alt-HPMI); (c) Poly(AS—-alt-HPMI); (d) Poly(VPh-alt-HPMI).

greater presence of hydrogen bonded multimers leads to strong intra-
molecular hydrogen bonding interactions within these copolymers.
Notably, the lowest wavenumber of poly(VPh-alt-HPMI) was observed,
indicating the intramolecular screening effect made a pronounced in-
fluence on T behavior.

4. Conclusions

Strong hydrogen bonding interactions and higher T, values were
discovered in the single OH group on each repeating unit of alternating
copolymers through the characterization by MALDI-TOF mass and ‘H
NMR spectra, suggesting that the introduction of each inert diluent
segment between hydrogen bonding donors segment could enhance
intermolecular hydrogen bonding interactions of poly(VPh—alt-PMI) or
poly(S—alt-HPMI). In contrast, poly(VPh-alt-HPMI), with two hydrogen
bonding donors without inert diluent segment introducing, would cause
serious intramolecular screening effect, as confirmed by 2D-FTIR
spectral analyses. This effect leads to the decrease in the Ty value. It
provides that only the presence of hydrogen bonding but also the free
volume plays an important role in the effect of the Ty behavior of poly
(S-alt-HPMI) copolymer. As a result, the significance of hydrogen

bonding interaction, the presence of inert diluent PS or PMI segment,
and free volume from acetoxy group are in determining the T, values of
these alternating copolymers.
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