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ARTICLE INFO ABSTRACT

Keywords:

In this study we synthesized two isomeric hydroxyphenylmaleimide (HPMI) monomers, with para (pHPMI) or
ortho (oHPMI) OH groups, and subjected them to free radical copolymerization with styrene to form the near-
perfect alternating copolymers poly(S-alt-pHPMI) and poly(S-alt-oHPMI), respectively. We used nuclear mag-
netic resonance and Fourier transform infrared (FTIR) spectroscopy, MALDI-TOF mass spectrometry, and
quantum chemical calculations to characterize the chemical structures, hydrogen bonding interactions, and
alternating sequence distributions of the two HPMI-based copolymers. Poly(S-alt-pHPMI) and poly(S-alt-oHPMI)
formed miscible blends with the homopolymer poly(vinyl pyrrolidone) (PVP) due to strong intermolecular
hydrogen bonding between the OH groups of the copolymers and the C—O groups of PVP, as revealed from FTIR
spectral analysis and quantum chemical calculations. Because the ortho OH groups of the phenolic units of oHPMI
experienced additional intramolecular hydrogen bonding with the C—=0O groups of the maleimide units, their
intermolecular interactions were limited and weaker than those of the para OH groups of pHPMI. These dif-
ferences in hydrogen bonding ultimately affected the thermal properties of the copolymers and their blends with
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PVP.

1. Introduction

Most polymer blends are immiscible because a large molecular
weight or a high degree of polymerization can result in low entropy of
mixing, based on the thermodynamic viewpoint of Flory-Huggins the-
ory [1-4]. Therefore, specific interactions (e.g., dipole-dipole or
hydrogen bonding) between polymers are generally required to influ-
ence the Gibbs free energy and form miscible polymer blend systems
[5-8]. The inter-association/self-association equilibrium constant ratio
(Ka/Kg) of the hydrogen-bonded donor and acceptor units plays an
important role in determining the phase behavior of hydrogen-bonded
polymer blends, according to the Painter—Coleman association model
[9-12]. The well-known nonpolar homopolymer polystyrene (PS) is
immiscible with most homopolymers [e.g., poly(methyl methacrylate)
(PMMA), polycaprolactone (PCL), poly(vinyl pyrrolidone) (PVP)], with

the notable exceptions of poly(vinyl methyl ether) and poly(phenylene
oxide) [13-17]. To improve the miscibility of PS with other polymers,
various functional groups capable of intermolecular hydrogen bonding
can be introduced [e.g., hydrogen bond acceptor (C—=0) or donor (OH)
units]. For example, the copolymer poly(styrene-co-vinylphenol)
(PS-co-PVPh) displays enhanced miscibility with
hydrogen-bond-accepting homopolymers [13-17]. Jiang et al. reported
that a small amount of PVPh (as low as 2 mol%) improved the miscibility
of PS with PMMA segments [13]. In a previous study we have shown that
immiscible PS/PCL blends became miscible when PVPh was present in
PS-co-PVPh at > 13 mol% [18]. Furthermore, when the PVPh content
was >11 mol% in PS-co-PVPh, the immiscible PVP homopolymer
became miscible with the PS-co-PVPh copolymer because of strong
OH---0O=C hydrogen bonding between the PVPh and PVP components
[15]. Nevertheless, we believe that not only the concentration of PVPh
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Scheme 1. Synthesis of (b) pHPMI and (c) oHPMI from the reaction of maleic
anhydride (a) with 4-aminophenol and 2-aminophenol, and their corresponding
alternating copolymerization with styrene monomer to form (d) poly(S-alt-
pHPMI), and (e) poly(S-alt-oHPMI), respectively.

in PS-co-PVPh but also the sequence distribution of the copolymer would
affect its miscibility and thermal properties when blended with other
polymers capable of hydrogen bonding. In general, the vinylphenol
monomer cannot undergo free radical polymerization directly because
side reactions and chain transfer reactions occur to form
low-molecular-weight PVPh; thus, various protected monomers [e.g.,
acetoxystyrene, butoxystyrene, butyldimethylsilyloxystyrene] have
been used in the preparation of PVPh homopolymers or PS-co-PVPh
copolymers [19-24]. The reactivity ratios of styrene with acetoxystyr-
ene (rsy = 0.72; ras = 2.34) [19] and of styrene with butyldimethylsi-
lyloxystyrene (rs¢ = 1.1; rgsos = 0.6) [20] result in a more random
sequence distribution for PS-co-PVPh copolymers derived from the latter
pair of monomers. A more random sequence distribution for this
copolymer would significantly decrease the amount of self-association
or intra-chain hydrogen bonding of the PVPh segments, because the
styrene units would behave as diluent segments and decrease the value
of Kg of the PVPh units, thereby increasing the Ka/Kp ratio and
enhancing the miscibility. For example, we have found previously that
PS-co-PVPh containing 16-51 mol% of PVPh was miscible with PAS
[24]. Furthermore, 45-75 mol% of PVPh made the copolymer miscible
with polycarbonate (PC) [25]. The repulsive interactions of the PS and
PVPh segments can also enhance the large positive interaction param-
eter for the segments and improve the miscibility, due to a so-called
“copolymer repulsion effect” [26]. Based on those previous studies, we
suspected that an alternating sequence distribution of phenolic and
styrene monomer units would strongly inhibit self-association or
intra-chain hydrogen bonding. Poly(styrene—alt-maleic anhydride)
(SMA) is a polymer having a well-established alternating sequence dis-
tribution, arising from the reactivity ratios of styrene with maleic an-
hydride being rsy = 0.05 and rnya = 0.005 [27]. Similarly,
N-(p-hydroxyphenyl)maleimide (pHPMI) [Scheme 1(b)] and N-(o-hy-
droxyphenyl)maleimide (oHPMI) [Scheme 1(c)] are vinyl monomers
that also possess pendant phenolic functional units and can also result in
alternating sequence distributions when copolymerized with styrene to
form PS-alt-PHPMI copolymers [28,29]. PHPMI-based polymers usually
possess high thermal stabilities and high glass transition temperatures
(Tg) and related alternating copolymers have been used in composite
matrices, toughening agents, and photoresists [28,29]. In this study we
synthesized two PS-alt-PHPMI copolymers, in which the phenolic OH
groups were located at the para or ortho positions, and then formed
miscible blends of them with a PVP homopolymer through strong
intermolecular hydrogen bonding between the OH groups of the PHPMIs
and the C=O groups of the PVP. We chose PVP as the
hydrogen-bond-accepting homopolymer because its value of K with the
PVPh homopolymer (Ka = 6000) has been the highest ever measured for
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a polymer blend system featuring a single-site hydrogen bonding
interaction [30-32]. In addition, the ortho-OH group of oHPMI can un-
dergo intramolecular hydrogen bonding with the C=0 groups of the
maleimide moiety and, thus, the K5/Kp ratio of its polymer should be
quite different from that of the copolymer derived from the para--
OH-containing pHPMI [33-35]. We synthesized our two different
PS-alt-PHPMI copolymers, with para and ortho OH groups in the PHPMI
units, through free radical copolymerization without the need for pro-
tecting groups [28,29]. We used Fourier transform infrared (FTIR) and
nuclear magnetic resonance (NMR) spectroscopy, mass-analyzed laser
desorption ionization time-of-flight (MALDI-TOF) mass spectrometry,
and quantum chemical simulations to examine the chemical structures,
hydrogen bonding interactions, and sequence distributions of these two
alternating copolymers. We prepared miscible polymer blends of PVP
with the two PS-alt-PHPMI copolymers through solution-casting and
characterized them using differential scanning calorimetry (DSC), FTIR
spectroscopy, and quantum chemical calculations to investigate the
miscibility of and intermolecular hydrogen bonding interactions in the
PS-alt-PHPMI/PVP blends.

2. Experimental section
2.1. Materials

2-Aminophenol (99%), maleic anhydride (98%), styrene (99%),
phosphorus(V) oxide (98%), and PVP (M, = 58,000 g/mol) were pur-
chased from Alfa Aesar. 4-Aminophenol (>99%) was purchased from
Sigma-Aldrich. Sulfuric acid (HySO4, 96%), N,N-dimethylformamide
(DMF), tetrahydrofuran (THF), methanol (MeOH), and toluene were
purchased from Acros Organic and used without further purification. p-
Toluenesulfonic acid monohydrate (p-TsOH-H0) and azobisisobutyr-
onitrile (AIBN) were purchased from SHOWA.

2.2. N-(p-hydroxyphenyl)maleimide (pHPMI)

A solution of maleic anhydride (2.00 g, 20.4 mmol) and 4-aminophe-
nol (2.18 g, 20.0 mmol) in DMF (12 mL) in a 100-mL three-neck round-
bottom flask was stirred for 30 min in an ice bath. A solution of P,Os5
(1.59 g, 11.2 mmol) in H3SO4 (1.3 mL) and DMF (9 mL) was added
dropwise into the flask and then the mixture stirred for 3 h at 70 °C
under Ny atmosphere. The resulting solution was chilled in an ice bath
and then cold water was poured into the flask. The precipitate was
filtered off, washed with distilled water, recrystallized (2-propanol), and
dried in a vacuum oven at 60 °C for 24 h to give dark yellow/green
needles. Yield: 42.3%; m.p. 188 °C (Figure S1); FTIR (KBr, em 1): 1703
(C=0), 3482 (O-H); 'H NMR (500 MHz, DMSO-dg, 6, ppm): 6.83 (m,
2H, ArH), 7.08 (m, 2H, ArH), 7.11 (s, 2H, CH=CH), 9.72 (s, 1H, OH);
13C NMR (125 MHz, DMSO-dg, 6, ppm): 115.46, 122.54, 128.46 (ArC),
134.56 (CH=CH), 157.06 (COH), 170.36 (C=0). Thermal decomposi-
tion temperatures (Tgs and T410) were 226 and 246 °C, respectively, for
pHPMI (Figure S2).

2.3. N-(o-hydroxyphenyl)maleimide (oHPMI)

A solution of maleic anhydride (2.00 g, 20.4 mmol) and 2-aminophe-
nol (2.18 g, 20.0 mmol) in toluene (48 mL) and DMF (12 mL) in a 100-
mL three-neck round-bottom flask was stirred for 30 min in an ice bath.
A solution of p-TsOH-H50 (0.500 g, 2.9 mmol) in DMF (4 mL) was added
dropwise into the flask and then the mixture was heated under reflux for
12 h under Ny atmosphere. The material was purified chromatographi-
cally (SiO; hexane/EtOAc, 1:1) to give a brown powder. Yield: 36.2%;
m.p. 144 °C (Figure S3); FTIR (KBr, em™Y): 1707 (C=0), 3377 (O-H); H
NMR (500 MHz, DMSO-dg, &, ppm): 6.87 (td, J = 7.5, 1.0 Hz, 1H, ArH),
6.95 (dd, J = 8.0, 1.0 Hz, 1H, ArH), 7.12 (dd, J = 7.5, 1.5 Hz, 1H, ArH),
7.15 (s, 2H, CH—=CH), 7.27 (td, J = 8.0, 1.5 Hz, 1H, ArH), 9.85 (s, 1H,
OH); 3C NMR (500 MHz, DMSO-dg, 5, ppm): 116.48, 118.61, 119.17,
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Fig. 1. FTIR spectra of (a) pHPMI, (b) oHPMI, and (c) the expansion of C—O absorptions of HPMIs.

130.26, 130.45 (ArC), 135.00 (CH—CH), 154.00 (COH), 170.18 (C=0).
Thermal decomposition temperatures (Tgs and Tq10) were 223 and
240 °C, respectively, for 0HPMI (Figure 54).

2.4. Poly(S-alt-pHPMI) and poly(S-alt-oHPMI) alternating copolymers

A solution of pHPMI or oHPMI (0.750 g, 4.00 mmol), styrene (0.41 g,
4.00 mmol), and AIBN (5 wt%) in dry THF (25 mL) in a 50-mL three-
necked round-bottom flask was stirred under N, atmosphere at 70 °C
for 24 h. The reaction was quenched by exposing the solution to air for 1
h. The solution was poured into a large amount of cold MeOH and the
solid re-precipitated many times from cold THF/MeOH. The product
was dried for 2 days at 40 °C under high vacuum to remove any residual
solvent. For poly(S-alt-pHPMI): FTIR (KBr, cm™D): 1705 (C=0), 3443
(O-H); H NMR (500 MHz, DMSO-dg, 5, ppm): 5.80-7.80 (m, 9H, ArH),
9.71 (s, 1H, OH); '3C NMR (125 MHz, DMSO-dg, 5, ppm): 25.25
(CH2CHCH), 30.85 (ArCH), 67.36 (CH,CHCH), 79.11 (CH,CHCH),
115.00-130.00 (ArC), 157.28 (COH), 176.30-179.30 (C=O0). For poly
(S-alt-oHPMI): FTIR (KBr, em™1): 1712 (C=0), 3435 (O-H); 'H NMR
(500 MHz, DMSO-dg, 5, ppm): 5.80-7.80 (m, 9H, ArH), 9.80 (s, 1H, OH);
13¢ NMR (125 MHz, DMSO-dg, 5, ppm): 25.25 (CH,CHCH), 30.67
(ArCH), 67.01 (CH,CHCH), 78.96 (CH,CHCH), 116.00-131.00 (ArC),
153.15 (COH), 175.80-178.80 (C=0); Thermal decomposition tem-
peratures (Tgs and Tg419) were 417 and 426 °C for poly(S-alt-pHPMI)
(Figure S5), and 395 and 403 °C for poly(S-alt-oHPMI) (Figure S6).

2.5. Blend preparation

Blends of PVP with poly(S-alt-pHPMI) or poly(S-alt-oHPMI) were
prepared through solution-casting (blend composition: 5 wt %). Each
mixture was dissolved in DMF until the solution became homogeneous
and then the solvent was evaporated over 2 days at 50 °C. The residual
solvent was removed under high vacuum for 3 days at 90 °C.

2.6. Computational Details

All quantum chemical calculations were performed in the gas phase
using the Gaussian 16 program [36]. The structures of pHPMI and

oHPMI and their relative stability were investigated through geometry
optimization, starting from different initial conformations of each
molecule. Because copolymerizations with styrene involved reduction
(saturation) of the maleimide CH—CH groups, calculations were also
performed for N-(p-hydroxyphenyl)succinimide (pHPSI) and N-(o-hy-
droxyphenyl)succinimide (oHPSI). The difference in the glass transition
temperatures (Tg) of poly(S-alt-oHPMI) and poly(S-alt-pHPMI) was
investigated by modeling intermolecular interactions in the copolymers
using dimers of oHPMI, pHPMI, oHPSI, and pHPSI. The interactions of
the phenyl groups of the styrene moieties are much weaker than
O-H:--O hydrogen bonding [37-39] and contribute equally to the
intermolecular interactions of both copolymers; thus, they were not
considered. To gain insight into how the values of Ty of poly
(S-alt-pHPMI) and poly(S-alt-oHPMI) changed when they were mixed
with PVP, we also investigated the structures and interaction energies of
the N-methyl-2-pyrrolidone (MP) dimer and complexes of MP with
oHPSI and pHPSI. Calculations were performed with the density func-
tional theory (DFT) using the B3LYP functional [40] and the 6-311G(d,
p) basis set. Interaction energies of the homo and hetero dimers were
calculated as the difference in energy between the complex and its
interacting fragments Correction of interaction energies for basis set
superposition error (BSSE) was performed using the counterpoise (CP)
procedure of Boys and Bernardi [41]; both corrected (ECP) and uncor-
rected (E) values are reported. To better describe dispersion-like in-
teractions [42], complexation energies were also calculated with the
MO062X functional [43] using the geometries optimized with the B3LYP
functional.

3. Results and discussion
3.1. Synthesis of HPMI monomers

We synthesized pHPMI and oHPMI by reacting maleic anhydride
with 4-aminophenol and 2-aminophenol (Scheme 1). FTIR spectroscopy
(Fig. 1) revealed that the narrow absorption band centered at 3482 cm ™!
for the phenolic O-H stretching mode of pHPMI [Fig. 1(a)] shifted to a
lower wavenumber (3377 cm’l) and broadened for oHPMI [Fig. 1(b)],
consistent with intramolecular hydrogen bonding in the latter between
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the phenolic OH group and one of the C=0 groups, as displayed by the
scheme in Fig. 1(b).

We used quantum chemical simulations to examine the structures of
these two HPMI isomers. Geometric optimization with B3LYP/6-311G
(d,p) revealed three conformers for oHPMI and a single structure for
pHPMI (Fig. 2). As expected, intramolecular O-H---O—C hydrogen
bonding resulted in structure oHPMI1 being more stable than oHPMI2,
oHPMI3, and pHPMI1, by 2.6, 3.1, and 1.8 kcal/mol, respectively. The
oHPMI1 and pHPMI1 structures are characterized by interplanar angles
of approximately 45°, compared with those of 70-85° for the other
structures. Reduction of the maleimide moiety increases the electron
density of its O atoms, thereby strengthening its hydrogen bonding and
enhancing the stability of the ortho structure relative to the para struc-
ture. This difference in hydrogen bonding reflected the observation of
different C—=0 bands in the FTIR spectra of pHPMI and oPHMI in Fig. 1
(c). The spectrum of oHPMI featured a broad absorption at a higher
wavenumber (centered at 1712 cm’l) with a shoulder at 1690-1660
em ™. In contrast, the signal for pHPMI was a singlet centered at 1705
em™!, indicative of homogeneous intermolecular hydrogen bonding
displayed schematically in [Fig. 1(a)] between the para OH group and
the C=O0 groups.

Figure S7 displays the 'H and *C NMR spectra of these two HPMI
monomers. The protons attached to the olefinic units of pHPMI and
oHPMI appeared at 7.11 and 7.15 ppm, respectively, and the signals of
their OH groups appeared at 9.72 [Fig. S7(a)] and 9.85 [Fig. S7(b)] ppm,

respectively. Because of intramolecular hydrogen bonding, the signal of
the OH group of oHPMI was shifted downfield relative to that of the OH
group of pHPMI [44,45]. The '3C NMR spectrum of pHPMI featured
signals at 170.36, 157.06, and 134.56 ppm, representing the carbon
nuclei of the C=0, COH, and olefinic units, respectively; for oHPMI,
these signals appeared at 170.18, 154.00, and 135.00 ppm, respectively.
All other protons and carbons are assigned in Figure S7. The FTIR and
NMR spectral data confirmed that these two HPMI monomers were
synthesized successfully.

3.2. Synthesis of PS-alt-PHPMI copolymers

The poly(S-alt-pHPMI) [Scheme 1(d)] and poly(S-alt-oHPMI)
[Scheme 1(e)] copolymers were prepared through free radical copoly-
merization of styrene with the two HPMI monomers; FTIR and NMR
spectroscopy and MALDI-TOF mass spectrometry confirmed their
chemical structures. Figure S8 presents the FTIR spectra of poly(S-alt-
pHPMI) and poly(S-alt-oHPMI) recorded at room temperature. The
spectra of these two alternating copolymers were similar to those of the
HPMI monomers, with strong signals for their OH and C=0O groups,
except that these two signals become broad after copolymerization with
styrene, indicative of the presence of inter- and/or intramolecular
hydrogen bonding [46,47]. Fig. 3 displays the 'H and '3C NMR spectra
of these two alternating copolymers. Two broad peaks appeared in the
'H NMR spectra between 1.43 and 3.72 ppm for these two copolymers,
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representing their main chain protons [Fig. 3(a) and (b)]; the signal of
the phenolic OH groups was broader for poly(S-alt-oHPMI) than it was
for poly(S-alt-pHPMI), again because of intramolecular hydrogen
bonding between the ortho OH groups of the phenolic units and the C=0
groups of the maleimide units. The 3C NMR spectrum of poly
(S-alt-pHPMI) featured signals at 176.30-179.30 and 157.28 ppm, rep-
resenting the carbon nuclei of its C=0 and COH groups, respectively; for
poly(S-alt-oHPMI), they appeared at 175.80-178.80 and 153.15 ppm,
respectively. All other protons and carbons are assigned in Fig. 3.

The styrene/HPMI monomer ratios in the alternating copolymers
poly(S-alt-pHPMI) and poly(S-alt-oHPMI), calculated from the *H NMR
spectra by integrating the signals of the OH groups and aromatic units,
were 1/1.15 and 1/1.20, respectively. These values are consistent with
alternating copolymers. Figs. 4 and 5 present the MALDI-TOF mass
spectra of poly(S-alt-pHPMI) and poly(S-alt-oHPMI), respectively,
revealing evidence for the copolymers having nearly perfect alternating
individual chains with equal numbers of styrene and HPMI units [48,
49]. For example, the ~293 g mol™! difference in the 2053.10 and
2346.71 m/z values in Fig. 4 for poly(S-alt-pHPMI) is equal to the
summed molecular weights of one styrene and one pHPMI unit.
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Table 1
The molecular weight and T, behavior of poly(S-alt-pHPMI) and poly(S-alt-
oHPMI) copolymer synthesized in this study.

Sample M, (g/mol)* PDI” T, (°C)°
poly(S-alt-pHPMI) 2900 1.04 259
poly(S-alt-oHPMI) 4830 1.02 249

2 by MALDI-TOF MS.

b by DSC.

Similarly, Fig. 5 provides a difference in the values of m/z of 4400.29
and 4693.62 for poly(S-alt-oHPMI) of ~293 g mol~!. Furthermore, the
intense peak at m/z 2346.71 in Fig. 4 corresponds to structures having
eight units of styrene (8 x 104.15 u) and eight units of pHPMI (8 x
189.17 u) (labeled 8:8). The other intense peaks in the spectrum of poly
(S-alt-pHPMI) correspond to perfectly alternating sequences having
styrene:pHPMI ratios of n-1:n, n:n-1, and n:n (e.g., 8:9, 9:8, and 9:9,
respectively) as displayed in Fig. 4 and Figure S9. Only a few weak peaks
due to the styrene:pHPMI ratios of n-2:n and n+1:n-1 such as 7:9 and
10:8 because of homopolymerization of styrene and pHPMI. Based on
the curve fitting result, the non-alternating segment was only 1.25% and
thus we obtained the near-perfect alternating copolymer of poly(S-alt-
pHPMI). The same phenomenon is evident in the spectrum of poly(S-alt-
oHPMI) in Fig. 5, with an intense peak at m/z 4693.62 (labeled 16:16),
corresponding to 16 units of styrene (16 x 104.15 u) and 16 units of
oHPMI (16 x 189.17 u), as well as 16:17 and 17:16 distributions as also
shown in Figure S10. Similarly, the few weak peaks due to the styrene:
oHPMI ratios of n+2:n-1 and n:n+1 such as 17:15 and 16:18, due to the
homopolymerization of styrene and oHPMI and only 0.92% non-
alternating segment was calculated. Therefore, the MALDI-TOF mass
spectra confirmed that we had obtained perfectly alternating co-
polymers of poly(S-alt-pHPMI) and poly(S-alt-oHPMI); Table 1 summa-
rizes the molecular weights and polydispersities of these two alternating
copolymers.

2.3. Analyses of PS-alt-PHPMI/PVP blends

Next, we examined the sequence distributions of these two alter-
nating copolymers and their intermolecular hydrogen bonding in-
teractions in polymer blend systems with the hydrogen-bond-accepting
homopolymer PVP. DSC is a general method of thermal analysis for
determining the miscibility of polymer blend systems; Fig. 6 displays the
second-run DSC thermograms of various poly(S-alt-pHPMI)/PVP and
poly(S-alt-oHPMI)/PVP blends. The pure poly(S-alt-pHPMI), poly(S-alt-
oHPMI), and PVP had values of T, of 259, 249, and 166 °C, respectively.
The T value of the pure PVP homopolymer (166 °C) is similar to those
determined previously [30-32]; poly(S-alt-pHPMI) and poly
(S-alt-oHPMI) had values of T higher than those of other styrene-based
copolymers featuring phenolic OH groups. For example, PS-co-PVPh
copolymers containing various PVPh compositions have been reported
to have Ty values of 100-180 °C [18]. Furthermore, an SMA copolymer
having an MA composition of 50 wt% displayed a value of Ty of
approximately 180 °C [50]. We suspect that poly(S-alt-pHPMI) and poly
(S-alt-oHPMI) had higher T, values than that of the SMA copolymer
because the phenolic OH groups of our copolymers underwent strong
intermolecular hydrogen bonding in their pHPMI and oHPMI units.
Although the maleic anhydride monomer could not polymerize directly
to form its homopolymer, if we take into account the glass transition
temperature behavior of poly(S-alt-pHPMI) based on the Fox or linear
rule [51], we expect a value of T for the poly(pHPMI) homopolymer
close to 400 °C; it seems unlikely, however, that this homopolymer
would have such a high value of Ty for this chemical structure. There-
fore, we suspect that the alternating sequence distributions of our
PS-alt-PHPMI copolymers played an important role in providing their
high-T; behavior. The PS diluent segments alternating with the HPMI
segments would strongly inhibit self-association or intra-chain hydrogen
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Fig. 7. Optimized energy-minimum conformers for dimers of oHPSI or pHPSI calculated with B3LY/6-311g(d,p).

bonding through OH-:-O interactions [24]; therefore, the possibility of
inter-chain hydrogen bonding through OH:--O interactions would in-
crease, thereby decreasing the free volume and increasing the value of T
significantly. We investigated the intermolecular interactions in poly
(S-alt-pHPMI) and poly(S-alt-oHPMI) by considering the association of
two pHPSI or oHPSI molecules.

Fig. 7 presents the optimized geometries of the pHPSI and oHPSI
dimers and Table 2 lists their interaction energies calculated using the
B3LYP and M062X density functionals. Figure S11 and Table S1 provide
the corresponding structures and interaction energies of the related
pHPMI and oHPMI dimers. The interaction energies predicted by
MO062X/6-311G(d,p) were larger (more negative values of E and E°P)

than those predicted by B3LYP/6-311G(d,p), presumably because of a
better description of the dispersion forces when using the M062X
functional. The calculations revealed seven structures of the ortho dimer
and a single structure for the para dimer (Fig. 7 and S11). Interestingly,
while the OH---O H-bonded conformer was the most stable structure of
oHPSI (Fig. 2), dimers in which either or both monomers adopted this
conformation (20HPSI1-20HPSI5) were of low stability (less negative
interaction energies; Table 2), because a maximum of one strong inter-
molecular OH---O H-bond could form in these structures. In contrast,
non-intramolecular hydrogen bonding in the interacting monomers of
structure 20HPSI7 resulted in two intermolecular OH---O—C bonds and,
hence, the high stability of this structure. Although structure 20HPSI7
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Table 2
Interaction energy (E and E¥, in kcal/mol) for the structures presented in
Fig. 7.2

Structure B3LYP/6-311G(d,p) MO062X/6-311G(d,p)"
E E°P E E°P
20HPSI1 -1.7 -0.7 2.9 2.1
20HPSI2 -3.3 -1.5 -4.8 -3.3
20HPSI3 -7.5 —4.5 ~-12.0 9.5
20HPSI4 —2.4 -1.1 -3.2 —22
20HPSI5 -125 9.2 -15.2 ~12.4
20HPSI6 -13.3 -9.9 -15.9 -13.1
20HPSI7 -20.9 -15.9 -25.8 —-21.6
2pHPSI1 -17.2 -13.0 —22.4 -18.8

2 E and E° are interaction energies without and with correction for BSSE,
respectively.

b Interaction energies are calculated on the geometries from B3LYP/6-311G
(d,p) calculations.

was more stable than 2pHPSI1 by approximately 3 kcal/mol (EF values,
Table 2), the other structures of the ortho dimer (20HPSI1-20HPSI6)
were less stable than 2pHPSI1. Considering the three most stable
structures of the ortho dimer (20HPSI5-20HPSI7), the average interac-
tion energy (E®) was —11.7 kcal/mol; this value was 1.3 kcal/mol lower
than that of the para dimer (2pHPSI1; E°* = —13 0 kcal/mol). The higher
value of Ty of poly(S-alt-pHPMI) (259 °C) relative to poly(S-alt-oHPMI)
(249 °C) was, therefore, a consequence of stronger average intermo-
lecular interactions in poly(S-alt-pHPMI). Notably, calculations of the
oHPMI and pHPMI dimers yielded similar results (Figure S11, Table S1).
For example, structure 20HPMI7 was the most stable ortho structure and
the para dimer (2pHPMI1) was on average more stable than the ortho
one. Thus, stronger intermolecular hydrogen bonding occurred in the
para dimer, but stronger intramolecular hydrogen bonding occurred in
the ortho dimer, as expected.

Fig. 6 reveals a single value of Ty for all of the PS-alt-PHPMI/PVP
blends, suggesting that these two blend systems possessed miscible
behavior in the amorphous phase. Furthermore, the corresponding
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single values of Ty deviated largely and positively from the linear rule, as
revealed in Fig. 8, suggesting that strong hydrogen bonding was likely in
these two blend systems. The Kwei equation is generally used to describe
the values of T of miscible blends featuring strong hydrogen bonding
[52]:

T W
where W; represents the weight fraction of component i; Tg; is the glass
transition temperature of component i; and k and q are fitting constants.
After fitting the data to the Kwei equation (green lines), we obtained
values of k and q of 1 and 45, respectively, for the poly(S-alt-pHPMI)/
PVP blends and values of 1 and 30, respectively, for the poly(S-alt-
oHPMI)/PVP blends. Thus, the poly(S-alt-pHPMI)/PVP blends displayed
higher-Tg behavior at all blend compositions. For instance, the poly(S-
alt-pHPMI)/PVP = 50/50 blend had a value of T, of 224 °C, whereas the
poly(S-alt-oHPMI)/PVP = 50/50 blend had a value of only 212 °C.

To examine the hydrogen bonding interactions in our poly(S-alt-
pHPMI)/PVP and poly(S-alt-oHPMI)/PVP blend systems, we recorded
their FTIR spectra (OH absorption regions) at 120 °C to avoid the ab-
sorption of moisture (Fig. 9). The spectrum of pure poly(S-alt-pHPMI)
featured a broad OH stretching absorption, but that of pure poly(S-alt-
oHPMI) had a relatively narrow signal. For the phenolic OH groups, the
signals for free OH were located at 3550 cm ™" for both PS-alt-PHPMI
copolymers; for the pure poly(S-alt-pHPMI) copolymer, a broad ab-
sorption appeared at 3445 cm ™!, whereas a relatively narrow absorption
was centered at 3430 cm ™ for pure poly(S-alt-oHPMI), the result of the
different distributions and rearrangements of their hydrogen-bonded
units. In general, the centered position dominated for inter-association
of OH---O=C units; thus, we assigned the signal at 3445 cm™! to the
intermolecular OH---O—C hydrogen bonding of pure poly(S-alt-pHPMI)
and the signal at 3430 cm™ to the intramolecular OH---O=C hydrogen
bonding of pure poly(S-alt-oHPMI). Furthermore, the average hydrogen
bonding strength can generally be determined from the frequency dif-
ference (Av) between the signals for the free and hydrogen-bonded OH

a) b)
Q@ Experimental Tg @ Experimental Tg
Kwei equation (k =1, g = 45) = Kwei equation (k =1, g = 30)
260 — == |_inear equation - Linear equation
240 ~ -
$ 20- .
l\c)
200 -
180 -
160 T ' T ¥ T r T X T T T T T ’ T d T T T x T
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

Copolymer Weight Fraction

Fig. 8. Experimental T, values with composition curves based on the Kwei equation for (a) poly(S-alt-pHPMI)/PVP blends and (b) poly(S-alt-oHPMI)/PVP blends.
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Fig. 9. FTIR spectra (2750-3650 em™ 1), recorded at 120 °C, for (a) poly(S-alt-pHPMI)/PVP and (b) poly(S-alt-oHPMI)/PVP blends.

(b)

-1
1778 cm™ mgem 1680 cm”!

1658 cm’"

100/q=—"

?ﬁizzzﬂ

50/50

10/60
J\zo/soJ\
0/100

, I " I . | " | | » | . I , I
1800 1760 1720 1680 1640 1800 1760 1720 1680 1640
Wavenumber (cm™)

Fig. 10. FTIR spectra (1620-1800 cm™ 1Y), recorded at 120 °C, for (a) poly(S-alt-pHPMI)/PVP blends, (b) poly(S-alt-oHPMI)/PVP blends.

o\

N

Absorbance (a.u.)

@



W.-T. Du et al.

Polymer 219 (2021) 123542

0.6 Table 3
—Q— PS-alt-PpHS Interaction energy (E and E”, in kcal/mol) for the structures presented in Fig. 12

g —@— PS-alt-PoHS
% 0.5 Structure B3LYP/6-311G(d,p) MO062X/6-311G(d,p)"
§ E E® E E®?
S04+ oHMP1 _28 ~03 ~66 —44
I oHMP2 -2.0 -0.5 -3.6 —-2.2
o
B 8 oHMP3 -3.1 -0.5 —6.5 -4.3
2034 oHMP4 -39 -2.0 —4.9 -3.4
,g . oHMP5 —-6.8 —4.3 -10.3 -8.2
5 oHMP6 -7.1 —4.6 -11.0 -8.9
2 oHMP7 -9.5 -5.6 —-14.6 -11.4
0.2 oHMPS8 -9.5 -5.6 -15.6 -12.2
E oHMP9 -14.8 —-10.7 —-19.7 —16.1
° oHMP10 -15.5 -11.7 -18.1 -14.9
S g1 pHMP1 -3.8 -17 -6.5 —4.7
8 pHMP2 -4.8 2.6 -6.3 -45
w pHMP3 -12.7 -9.6 -14.3 -11.7

0 pHMP4 -13.3 -9.9 -15.1 -12.3

0 0!2 0!4 0?6 0!8 1 2 E and E® are interaction energies without and with correction for BSSE,

Copolymer Weight Fraction

Fig. 11. Fraction of hydrogen bonded C=O group of PVP with copolymer
weight fraction variation.

groups [47]; thus, we conclude that the intramolecular OH:--O=C
hydrogen bonding of the pure poly(S-alt-oHPMI) (Av = 120 cm™ ') was
stronger than the intermolecular OH:--O—C hydrogen bonding (Av =
105 cm 1) of the pure poly(S-alt-pHPMI). Furthermore, these two bands
were both shifted to 3190 cm ™!, a lower wavenumber, upon blending
with 80 wt% of the PVP homopolymer, indicative of a switch from
OH:+-O—C hydrogen bonding of the HPMI unit to inter-chain hydrogen
bonding between the phenolic OH groups of the HPMI units and the
C=O0 groups of the PVP. The shifts in the OH absorptions (Av) of the poly
(S-alt-pHPMI)/PVP and poly(S-alt-pHPMI)/PVP blends were 255 and
240 cm™!, respectively. This finding is consistent with the positive
values of g based on the Kwei equation, as well as the larger value of g of
the poly(S-alt-pHPMI)/PVP blend relative to that of the poly
(S-alt-oHPMI)/PVP blend.

Because the phenolic OH groups of pHPMI and oHPMI units would
also interact with the C=0 groups of PVP when forming miscible blends,
we also observed significant wavenumber shifts for the signals of the

respectively.
b Interaction energies are calculated on the geometries from B3LYP/6-311G
(d,p) calculations.

C=O0 groups of PVP (Fig. 10). The FTIR spectra of the two pure PS-alt-
PHPMI copolymers both featured two signals for C=O absorptions,
corresponding to asymmetric and symmetric MI units, at 1775-1778
and 1712-1716 cm™}; the spectrum of the pure PVP homopolymer
contained a single broad C=O0 signal at 1680 cm™!. The latter was split
into two bands at 1680 and 1658 cm™! upon blending with the PS-alt-
PHPMI copolymers, presumably representing the free and hydrogen-
bonded C—=O groups of PVP. Therefore, the four expected C=0 sig-
nals were clearly evident for both PS-alt-PHPMI/PVP blends, and could
be fitted well using Gaussian functions (Figure S12).

The fraction of hydrogen-bonded C—=0O groups of PVP increased upon
increasing the content of the PS-alt-PHPMI copolymer; for each blend
composition, the value for the poly(S-alt-pHPMI)/PVP blend was always
higher than that for the poly(S-alt-oHPMI)/PVP blend (Fig. 11). We used
quantum chemical simulations to investigate the intermolecular
hydrogen bonding of these two PS-alt-PHPMI/PVP blend systems. Hu
et al. proposed that strong dipole-dipole interactions and weak
hydrogen bonding occur for pure PVP homopolymers [32].
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Fig. 12. Optimized energy-minimum conformers for the complexes of MP with oHPSI (0HMP) or pHPSI (pHMP) calculated with B3LY/6-311g(d,p).
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Fig. 13. FTIR spectra (1620-1800 cm '), recorded from 60 to 180 °C, for 40/60 ratio of (a) poly(S-alt-pHPMI)/PVP blends and (b) poly(S-alt-oHPMI)/PVP blends.

B3LYP/6-311G(d,p) calculations revealed seven stable structures for the
MP dimer (Figure S13). Table S2 lists the interaction energies of these
structures; again, the interaction energies from the M062X calculations
were higher than those from the B3LYP calculations. Because of weak
C-H:.-O=C hydrogen bonding (Figure S13), these structures had
interaction energies (EP < -3.1 kcal/mol), lower than those of the most
stable pHPSI and oHPSI dimers (oHPSI7: E®® = —15.9 keal/mol; pHPSI1:
E®? = —13.0 kcal/mol), which were stabilized by strong O-H-:-O—C
hydrogen bonding (Fig. 7). To investigate the hydrogen bonding in-
teractions of these two PS-alt-PHPMI/PVP blend systems at the molec-
ular level, we modeled the interactions between the two polymers by
using pHPSI/MP (pHMP) and oHPSI/MP (oHMP) pairs.

Fig. 12 displays the optimized structures of these complexes; Table 3
lists their interaction energies. Strong intermolecular O-H---O—C
hydrogen bonding between MP and pHPSI or oHPSI resulted in struc-
tures oHMP9, oHMP10, pHMP3, and pHMP4 being more stable than
structure 2MP7. Although these binary complexes were less stable than
the pHPSI or oHPSI dimers (20HPSI7 and 2pHPSI1), intermolecular
hydrogen bonding still occurred because the value of Ky between a
phenolic OH group and a C=0 group of PVP is 6000—much stronger
than the values of Kg for OH:--OH (66.8) hydrogen bonding and the
OH---O=C (67.4) interactions of typical acrylates or esters [51].
Because the values of Ky would be similar for the poly(S-alt-pHP-
MI)/PVP and poly(S-alt-oHPMI)/PVP blends, the value of Kp of poly
(S-alt-oHPMI) would be higher than that of poly(S-alt-pHPMI) because of
the extra intramolecular OH---O—C hydrogen bonding of the former’s
oHPMI units. As a result, the Ka/Kp ratio of the poly(S-alt-oHPMI)/PVP
blends would decrease; thus, the average hydrogen bonding strength
and fraction of hydrogen-bonded C—O0O groups of PVP both were lower
when compared with those of the poly(S-alt-pHPMI)/PVP blends. To
confirm the different hydrogen bonding strengths in these two-blend
systems, we examined whether the intermolecular interactions be-
tween these alternating copolymers and PVP were influenced by the
temperature (Fig. 13). For the poly(S-alt-pHPMI)/PVP blends, the frac-
tion of hydrogen-bonded C=0 groups of PVP remained almost un-
changed upon increasing the temperature; in contrast, for the poly
(S-alt-oHPMI)/PVP blends, this fraction decreased accordingly, indica-
tive of stable intermolecular hydrogen bonding in the poly(S-alt-pHP-
MI)/PVP blends.
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4. Conclusions

We synthesized two isomeric HPMI monomers, featuring para and
ortho phenolic OH groups, and then formed poly(S-alt-pHPMI) and poly
(S-alt-oHPMI) alternating copolymers through free radical
polymerizations with styrene. The structures of the copolymers were
characterized using FTIR and NMR spectroscopy and MALDI-TOF mass
spectrometry. DSC analyses revealed that both sets of PS-alt-PHPMI/PVP
blends had a single value of T, at each blend composition, indicating full
miscibility in the amorphous phase, arising from strong intermolecular
hydrogen bonding between the OH groups of PHPMI and the C=0
groups of PVP, as evidenced through FTIR spectral analyses and quan-
tum chemical calculations. Because the ortho OH groups of the phenolic
units of oHPMI could also experience intramolecular hydrogen bonding
with the C=0 groups of their maleimide units, their intermolecular
interactions were weaker than those of the para OH groups of the
phenolic units of pHPMI. As a result, the Ka/Kjg ratio of the poly(S-alt-
oHPMI)/PVP blends was low and, therefore, the average hydrogen
bonding strength, the fraction of hydrogen-bonded C=0 groups of PVP,
and the values of T; were all lower relative to those of the poly(S-alt-
PpHPMI)/PVP blends.
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