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In this study, we synthesized the monomer N-(2,6-dimethylhydroxyphenyl)maleimide (DMHPMI) in three steps
from 2,6-dimethylphenol and then reacted it with styrene through free radical copolymerization to prepare the
alternating copolymer poly(styrene—alt-dimethylhydroxyphenylmaleimide) [poly(S—alt-DMHPMI)]. We used
Fourier transform infrared (FTIR) spectroscopy, ‘H and 13¢C nuclear magnetic resonance (NMR) spectroscopy,
and mass-analyzed laser desorption ionization/time-of-flight (MALDI-TOF) mass spectrometry to confirm its
structure. Differential scanning calorimetry revealed that blends of the alternating copolymers poly
(S—alt-DMHPMI) and poly(styrene-alt—(para-hydroxyphenylmaleimide)) [poly(S-alt-pHPMI)] with the Strongly
Hydrogen-Bond-Accepting homopolymers poly(4-vinylpyridine) (P4VP) and polyvinylpyrrolidone (PVP) each
exhibited single-value glass transition temperatures (Tg) over the entire compositional range, indicative of full
miscibility. Nevertheless, a negative deviation from the linear rule occurred for the T behavior of the
PS-alt-PHPMI/P4VP blends, due to the weak acidity of the HPMI units, while the intermolecular interactions of
the PS—alt-PHPMI coplymers were also inhibited because of strong self-association of the PHPMI units. FTIR
spectral analyses of the ratio of hydrogen-bonded OH and pyridyl groups confirmed this behavior. In contrast,
slightly positive deviations from the linear rule occurred for the T behavior when blending poly(S—alt-DMHPMI)
or poly(S-alt-pHPMI) with the PVP homopolymer; here, the intermolecular interactions of the poly
(S—alt-DMHPMI)/PVP blends were weaker than those of the poly(S-alt-pHPMI)/PVP blends, due to the steric
hindrance of the DMHPMI units being greater than that of the pHPMI units.

1. Introduction

Introducing attractive intermolecular interactions can enhance the
miscibility of polymer blends. For example, some polymers without
polar functional groups [e.g., polypropylene (PP) and polystyrene (PS)]
are immiscible with nylon, polyurethane (PU), and poly(4-
vinylpyridine) (P4VP) [1-3]. As a result, the immiscible diblock copol-
ymer PS-b-P4VP forms self-assembled nanostructure through a micro-
phase separation mechanism [4-6]; introducing phenolic or acidic
functional groups into the nonpolar polymer segment can enhance the
miscibility [7-10]. The thermodynamic characteristics of polymer
blends can be explained using the Flory—Huggins lattice theory [11,12],
where the interaction parameter yap represents the difference in the
solubility parameters of polymers A and B, where London dispersion
forces slightly influence the Gibbs free energy of the mixture. This

approach cannot, however, explain the intermolecular interactions of
polymer blend systems perfectly when hydrogen bonding is present;
thus, Painter and Coleman added an extra term (AGy/RT) to the Flor-
y-Huggins equation to accommodate the effect on the value of yap, as
follows:

AG,ix /| RT = @4 In @y /Ny + Py In Pg/Np + )13 PaPp + AGy /RT (€D)]

where AGp;y is the change in free energy of the polymer blend system, T
is the temperature, R is the gas constant, and @; and N;j are the volume
fraction and segment number of each blend component, respectively.
Even though the definition of a hydrogen bond is well established
[13-15], controlling hydrogen bonds in polymer blends remains
complicated. The factors affecting hydrogen bonding in polymers
include the acidity and basicity of the proton donors and acceptors
[16-20], steric effects, the bulk of the side groups, and the temperature
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[20-25].

For example, Pires et al. blended poly(ethylene oxide) (PEO) with
novolac phenolic and polyvinylphenol (PVPh) and observed that the
differences in acidity led to differences in the melting (Tp,) and glass
transition (Tg) temperatures of these two blend systems [17]. Coleman
et al. found that increasing the length of the alkyl side groups of meth-
acrylate units decreased the inter-association constant (K) significantly
[22]. In a previous study, we observed the effects of steric hindrance on
the hydrogen bonding ratio and the values of T; when blending P4VP or
poly(2-vinylpyridine) (P2VP) with phenolic; because the nitrogen atoms
in P2VP are shielded by the main chain, these hydrogen bonded acceptor
units are less readily accessed [20]. Furthermore, Fourier transform
infrared (FTIR) spectra have revealed that bands representing the OH
groups of PVPh and the C—=O groups of polyvinylpyrrolidone (PVP)
shifted to higher wavenumbers upon increasing the temperature, indi-
cating that their hydrogen bonds were disrupted [26].

To enhance the miscibility of PS with P4VP, PVP, PEO or poly-
caprolactam (PCL) segments, OH groups can be incorporated randomly
into the PS segment for interactions with the hydrogen bonded acceptor
units. In this case, two factors should be considered when incorporating
such hydrogen bond donor segments into nonpolar PS copolymers: the
sequence distribution and steric effects. In this present study, we pre-
pared hydroxyphenylmaleimide (HPMI) derivatives, instead of the
typical phenolic units of PVPh, and examined the steric effects of their
OH groups. In addition, intramolecular screening effect are known to
influence the hydrogen bonding of copolymers [27-30]. Therefore, we
performed free radical copolymerizations without protecting groups to
obtain two poly(S—alt-PHPMI) copolymers—one containing dime-
thylhydroxyphenylmaleimide (DMHPMI) units and the other pHPMI
units—and then blended them with P4VP and PVP homopolymers,
respectively. We expected intermolecular hydrogen bonding to occur
between the OH units of these two PHPMIs and the pyridyl units of P4VP
and the C=O0 units of PVP; we chose these two homopolymers because
P4VP and PVP have high values of K (1200 and 6000, respectively)
when blended with PVPh. We used 'H and 3C NMR spectroscopy, FTIR
spectroscopy, and MALDI-TOF mass spectrometry to confirm the
chemical structure and sequence distribution of the PS-alt-DMHPMI
alternating copolymer and investigate its hydrogen bonding interactions
with the homopolymers. We obtained miscible polymer blends for P4VP
and PVP with these two PS—alt-PHPMI copolymers, as evidenced using
differential scanning calorimetry (DSC). One-dimensional (1D) and
two-dimensional (2D) FTIR spectroscopy allowed us to explore the
hydrogen bonding interactions in these PS-alt-PHPMI/P4VP and
PS—alt-PHPMI/PVP blends.

2. Experimental section
2.1. Materials

Tin(Il) chloride dihydrate (SnCly-2H50, 98%), maleic anhydride
(98%), styrene (99%), hydrochloric acid (HCl, 35.5-36.5%), and PVP
(M, = 58,000 g/mol) were acquired from Alfa Aesar. Sodium nitrite
(NaNO,, 98.5%), azobisisobutyronitrile (AIBN), magnesium sulfate
anhydrous (MgSO4, 99%), and p-toluenesulfonic acid monohydrate
(TsOH-H20, 99%) were purchased from SHOWA. 2,6-Dimethylphenol
(99%), 4-vinylpyridine (95%), tetrahydrofuran (THF), methanol
(MeOH), ethanol (EtOH, 99.5%), 2-propanol (IPA), diethyl ether (Et;0),
hexane, dichloromethane (DCM), ethyl acetate (EA), and toluene were
obtained from Acros Organics. Sodium carbonate (NapyCOs), sodium
bicarbonate (NaHCO3), and N,N-dimethylformamide (DMF) were ac-
quired from J. T. Baker. The syntheses of pHPMI and poly(S-alt-pHPMI)
have been described previously [25].

2.2. Characterization

'H and '3C NMR spectra were recorded using an INOVA 500
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spectrometer, with chloroform-d or DMSO-dg as an external standard.
FTIR spectra were recorded using a Bruker Tensor 27 FTIR spectro-
photometer and the conventional crystal KBr disk method; 32 scans
were collected at a spectral resolution of 4 cm™'; a temperature-
controlled compartment holder was used to record FTIR spectra at
various temperatures under a Ny atmosphere to maintain dry sample
films. Mass spectra of the HPMI derivatives were recorded using a
Bruker Daltonics Autoflow MALDI-TOF mass spectrometer. Molecular
weights were determined using a Bruker Solarix high-resolution Fourier
transform mass spectrometry system. Melting points and glass transition
temperatures were measured using a TA Q-20 differential scanning
calorimeter, with ca. 5 mg of sample placed on the DSC sample pan
under a Ny atmosphere (100 mL min’l), with heating from 40 to 300 °C
at a heating rate of 10 °C min~!. Weight-average (M) and number-
average (M,) molecular weights and polydispersity indexes (My,/M,)
were determined using GPC (Waters 510 gel permeation
chromatograph).

2.3. 2,6-Dimethylbenzoquinone 4-oxime (DMBQ)

NaNO;, (1.50 g) was added to a solution of 2,6-dimethylphenol
(14.69 mmol) in HCI (10 mol L’l, 10 mL) and EtOH (10 mL) at 0 °C
and then the mixture was kept cool while stirring for 1 h. EtOH (2 mL)
was added and then the mixture was kept at room temperature with 1 h.
The solution was poured into water and the aqueous phase extracted
with Et;0. The organic phase was extracted with aqueous NaxCO3 (10
wt%). Acidification of the carbonate solution with HCl (3 mol L)
provided a yellow precipitate, which was collected, washed with hex-
ane, and dried [31]. Yield: 81%; m.p. 175 °C; FTIR (KBr, cm-1):
2770-3000 (alkane C-H stretching), 1605 (C—C, aromatic ring); 1H
NMR (500 MHz, chloroform-d, 5, ppm): 2.05 (s, 3H, CHs), 2.09 (s, 3H,
CH3), 7.00 (s, 1H, ArH), 7.56 (s, 1H, ArH).

2.4. 4-Amino-2,6-dimethylphenol (DMAP)

A mixture of 2,6-dimethylbenzoquinone 4-oxime (3.15 mmol),
SnCly-2H,0 (2.15 g, 9.50 mmol), DCM (30 mL), and concentrated HCL
(0.6 mL) was heated under reflux at 60 °C for 2 days. The DCM was
evaporated under vacuum and the residue extracted with concentrated
aqueous NaHCOs. The organic phase was concentrated under vacuum to
obtain a burgundy solid [31]. Yield: 59%; m.p. 140 °C; FTIR (KBr,
cm-1): 3359 (N-H asymmetric stretching), 3291 (N-H symmetric
stretching), 1613 (C=C, aromatic ring); 1H NMR (500 MHz,
chloroform-d, &, ppm): 6.73 (s, 2H, ArH), 2.21 (s, 6H, CH3).

2.5. N-(2,6-DimethylhydroxyphenylDmaleimide (DMHPMI)

Maleic anhydride (4.00 g, 40.8 mmol) and 4-amino-2,6-dimethyl-
phenol (4.36 g, 40.0 mmol) were dissolved in DMF (15 mL) and
toluene (70 mL) in a 125-mL round-bottom flask and stirred for 10 min
at room temperature. Adequate DMF containing a trace amount of
TsOH-H,0 was added into the flask dropwise and then the solution was
heated under reflux for 2 days. The resulting solution was cooled in an
ice bath and cold water was added. The solid was filtered off, washed
with water, recrystallized from IPA, and dried under vacuum at 70 °C for
24 h to give light-brown needles. This method is similar with ref [25].
Yield: 30%; m.p. 193 °C; FTIR (KBr, cm-1): 3455 (OH), 1705 (C=0); 1H
NMR (500 MHz, chloroform-d, &, ppm): 2.26 (s, 6H, CH3), 6.82 (s,2H,
ArH), 6.90 (s, 2H, =CH); 13C NMR (125 MHz, chloroform-d, §, ppm):
16.03 (CH3), 123.46-127.51 (ArC), 134.82 (=CH), 153.00 (COH),
170.95 (C=0).

2.6. Poly(S-alt-DMHPMI) alternating copolymers

DMHPMI (0.652 g, 3.00 mmol) and AIBN (5 wt%) were placed in a
100-mL three-necked round-bottom flask. Dry THF (18.8 mL) and
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styrene (0.313 g, 3.00 mmol) were injected into the flask and then the
mixture was stirred under N at 70 °C for 24 h. The copolymerization
was quenched by exposing the solution to air for 30 min. The solution
was added dropwise into cold MeOH and the solid was reprecipitated at
least three times from cold THF/MeOH. The solid was dried for 3 days at
50 °C under vacuum to remove any residual solvent. This method is
similar with ref [25]. Yield: 0.554 g; FTIR (KBr, cm-1): 3490 (OH), 1705
(C=0); 1H NMR (500 MHz, DMSO-dg, 5, ppm): 2.09 (s, 6H, CH3),
5.98-7.56 (m, 7H, ArH), 8.51 (s, 1H, OH); 13C NMR (125 MHz,
DMSO-dg, &, ppm): 16.53 (CH3), 123.32-129.21 (ArC), 153.96 (COH),
176.40-179.20 (C=0); number-average molecular weight (Mn): ca. 46,
000 g mol ! (Fig. S1).

2.7. Poly(4-vinylpyridine) (P4VP)

AIBN (5 wt%) were placed in a 100-mL three-necked round-bottom
flask. Dry THF (23 mL) and 4-vinylpyridine (1.00 g, 9.50 mmol) were
injected into the flask and then the mixture was stirred under N, at 70 °C
for 24 h. The polymerization was quenched by exposing the solution to
air for 30 min. The solution was added dropwise into cold Et;0 and the
solid was reprecipitated at least three times from cold MeOH/Et20. The
solid was dried for 3 days at 50 °C under vacuum. Yield: 0.718 g; FTIR
(KBr, cm-1): 3028 (aromatic C-H stretching), 2930 (alkane C-H
stretching), 1597 (C=N), 993 (aromatic C-H bending); 1H NMR (500
MHz, DMSO-dg, 8, ppm): 1.20-2.00 (3H, CH2CH), 6.60 (2H, C—=CH in
pyridine), 8.26 (2H, N—CH in pyridine); 13C NMR (125 MHz, DMSO-ds,
8, ppm): 42.54 (CH2CH), 123.52-154.24 (pyridine ring C atoms);
number-average molecular weight (Mn): ca. 77,360 g mol ! (Fig. S5).
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2.8. Blend preparation

Blending of P4VP or PVP with poly(S-alt-pHPMI) or poly
(S—alt-DMHPMI) was performed through solution-casting. The compo-
nents were dissolved in DMF at 5 wt%, stirring overnight to ensure a
homogeneous solution. The solvent was evaporated over 3 days at 40 °C
and the residual DMF was evaporated under vacuum at 70 °C for 2 days.

3. Results and discussion
3.1. Synthesis of DMHPMI monomers

We prepared the DMHPMI monomer through numerous synthesis
steps [Fig. 1(a)] because 2,6-dimethylaminophenol is not commercially
available [31]. We synthesized 2,6-dimethylbenzoquinone 4-oxime
from 2,6-xylenol. Because of the tautomerization between the oxime
group and the nitroso-phenol unit, FTIR spectroscopy revealed that 2,
6-dimethylbenzoquinone 4-oxime featured a broader O-H stretching
mode, relative to the single sharp stretching mode of 2,6-xylenol [32], as
displayed in Fig. 1(b). 'H NMR spectroscopy revealed two signals for the
methyl groups at 2.05 and 2.09 ppm, consistent with their different
chemical environments, as well as singlets at 7.00 and 7.56 ppm for the
protons on the aromatic ring, indicating that the hydrogen atom at the
para position had been replaced [Fig. 1(c)]. We obtained 2,6-dimethyla-
minophenol after reducing 2,6-dimethylbenzoquinone 4-oxime with
stannous chloride. Signals for the amino group at 3291 and 3359 cm™!
appeared in the FTIR spectrum in Fig. 1(b); the symmetry of the
chemical structure was revealed by the signal of the methyl groups being
a singlet at 6.73 ppm by the 'H NMR spectrum [Fig. 1(c)]. Finally, we
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Fig. 1. (a) Synthesis of 2,6-dimethylbenzoquinone 4-oxime, 4-amino-2,6-dimethylphenol, and the DMHPMI monomer. (b-d): (b) FTIR spectra, (c) 'H NMR spectra,
and (d) DSC thermal analyses of 2,6-dimethylbenzoquinone 4-oxime, 4-amino-2,6-dimethylphenol, and DMHPMI monomer.
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reacted maleic anhydride and 2,6-dimethylaminophenol to obtained
DMHPMI, which featured a single O-H stretching mode at 3455 cm ™! in
its FTIR spectrum and three different chemical environments for its
hydrogen atoms (singlets at 2.26, 6.82 and 6.90 ppm) in its 'H NMR
spectrum; furthermore, its melting point was significantly different from
that of the starting material [Fig. 1(d)]. In addition, we synthesized
PpHPMI by using a method described previously [25].

3.2. Synthesis of PS—alt-PHPMI copolymers

We prepared poly(S—alt-DMHPMI) and poly(S—-alt-pHPMI) co-
polymers through free radical copolymerizations of styrene with the
respective HPMI monomers [Fig. 2(a)]. Their chemical structures were
confirmed using FTIR and NMR spectroscopy and MALDI-TOF mass
spectrometry. The FTIR spectrum of poly(S—alt-DMHPMI), recorded
after removing all moisture [Fig. 2(b)], featured strong signals for its OH
and C=O0 groups. The signal for the OH groups of poly(S—alt-DMHPMI)
appeared at 3490 cm ™}, a wavenumber higher than that of 3450 cm™?
for poly(S-alt-pHPMI); furthermore, the full width at half maximum
(FWHM) of the OH absorption was narrower than that of poly
(S-alt-pHPMI) [Fig. 2(c)]. The FWHM of the signal for C=O0 stretching
of poly(S—alt-DMHPMI) was also less than that of poly(S-alt-pHPMI)
[Fig. 2(d)]. These features suggested that the intra- and/or intermolec-
ular hydrogen bonding in poly(S-alt-DMHPMI) was relatively weak
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[33]. The 'H NMR spectrum of poly(S—alt-DMHPMI) [Fig. 2(e)] featured
signals at 2.09, 5.98-7.56, and 8.51 ppm representing its methyl, aro-
matic, and OH protons. Its 13C NMR spectrum (Fig. S4) featured signals
at 16.53, 123.32-129.21, 153.96, and 176.40-179.20 ppm for the
methyl, aromatic, C-OH, and C—O units, respectively. Poly
(S—alt-pHPMI) has been copolymerized previously [25]. Gel permeation
chromatography (GPC) revealed significant aggregation in the column,
arising from significant hydrogen bonding of the pHPMI units, resulting
in a bimodal distribution (Fig. S1); in comparison, a single peak
appeared for poly(S-alt-DMHPMI), suggesting weaker hydrogen
bonding.

We used the 'H NMR spectra to determine the DMHPMI/styrene
repeat unit ratios in the alternating copolymer poly(S—alt-DMHPMI), by
integrating the signals of the OH groups and aromatic units. The
DMHPMI/styrene repeat unit ratio was 1:0.92, whereas the pHPMI/
styrene repeat unit ratio was 1:1.15 [25]; these values are reasonable for
alternating copolymers. The MALDI-TOF mass spectrum in Fig. 2(f)
provides evidence suggesting that the poly(S-alt-DMHPMI) copolymer
was a near-perfect alternating copolymer with equal numbers of HPMI
units and styrene units [34-36]. The difference between the signals at
m/z 5461.32 and 5783.49 was approximately 321 g mol ™}, equal to the
summed molecular weight of one styrene and one DMHPMI unit.
Furthermore, there were 18 units of DMHPMI (18 x 217.22 u) and 18
units of styrene (18 x 104.15 u) for the signal labeled 18:18. The other
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Fig. 2. (a) Synthesis of the alternating copolymer PS-alt-PHPMI. (b) FTIR spectra of poly(S-alt-DMHPMI). (c) Expanded-view FTIR spectra displaying the region of
the OH groups of poly(S-alt-DMHPMI) and poly(S-alt-pHPMI). (d) Expanded-view FTIR spectra displaying the region of the C—O group of poly(S—alt-DMHPMI) and
poly(S—alt-pHPMI). (e) 'H NMR spectrum of poly(S—alt-DMHPMI). (f) MALDI-TOF mass spectrum of poly(S—alt-DMHPMI), with the molecular weights of the styrene

and DMHPMI units.
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intense signals in the spectrum of poly(S-alt-pHPMI) correspond to
perfectly alternating sequences with DMHPMI:styrene ratios of n-1:n, n:
n-1, and n:n (e.g., 17:18, 18:17, and 18:18, respectively). The other
residues were difficult to count, owing to the presence of DCTB as the
matrix [37].

3.3. Analyses of PS—alt-PHPMI/P4VP blends

The ratio of the association constants K5/Kg is more important than
the absolute values of Kj and Kg; it can be calculated from the change in
free energy of mixing, with the value of K5 of the polymer blend
determined from the values of K5 and Kg (the dimer and multimer self-
association constants, respectively) [15]. The intermolecular interaction
would be stronger if the value of K were greater and/or the value of Kp
were lower. First, we selected P4VP, polymerized through free radical
reaction, as the hydrogen bond acceptor; it has a higher value of K4 than
most other homopolymers. Fig. S5 provides characterization data con-
firming its chemical structure; the number-average molecular weight
was approximately 77,000 g/mol, and its glass transition temperature
(131 °C) was similar to previous reports [20,23]. The values of K and Kg
of a 2,6-xylenol unit (6.7 and 24.5) are lower than those of a phenol unit
(21.0 and 66.8), as claimed by the Coleman group [38].

Fig. 3(a) and (b) present the DSC thermograms of a diverse set of poly
(S-alt-DHPMI)/P4VP and poly(S-alt-pHPMI)/P4VP blends. The pure
poly(S-alt-DMHPMI) (Ty = 242 °C) and poly(S-alt-pHPMI) (Ty =
259 °C) alternating copolymers had values of T higher than those of
PS-co-PVPh copolymers possessing various PVPh compositions (re-
ported to be approximately 100-180 °C) [39]. Without a hydrogen-bond
donor, the value of Ty of the styrene-maleic anhydride (SMA) alter-
nating copolymer (184 °C) is also higher than that of PS—co-PVPh co-
polymers, because the backbone of the maleic anhydride unit restricts
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the degree of freedom [40]. Moreover, the values of T; of the
PS—alt-PHPMIs were higher than that of the SMA, due to the
hydrogen-bonded donor units on the side chains. The single value of T,
for each of the binary blends suggested that their components possessed
miscibility in the amorphous phase. Notably, each value of T, for the
poly(S—alt-DMHPMI)/P4VP blends was lower than that of the poly
(S—alt-pHPMI)/P4VP blends, and even lower than the value of T of the
pure alternating copolymer. Interestingly, when we used the Kwei
equation [41] to fit the results [summarized in Fig. 3(c) and (d)], we
found that both blends featured negative deviations from the linear rule.
For the poly(S—-alt-DMHPMI)/P4VP blends, we obtained values of k and
g of 1 and -105, respectively; for the poly(S-alt-pHPMI)/P4VP blends,
these values were 1 and -95, respectively. Negative values of g are rare
for P4VP blends with PVPh homopolymers or PVPh-based copolymers.
For example, PVPh/P4VP blends (¢ = 100) [42], the PVPh-b-P4VP
copolymer (g = 185), and other PVPh-based copolymer/P4VP blends (q
=111-186) [43] have displayed positive values of g, because the value
of K5 of the PVPh/P4VP blend (1200) is significantly larger than the
value of Kg of pure PVPh (66.8). Therefore, self-association of the OH
and C=O0 groups of HPMI derivatives would enhance the value of Kp of
DMHPMI or pHMPI and, thus, we would expect the ratio Ka/Kg to
decrease significantly and the value g to decrease.

To investigate the reason why the poly(S-alt-DMHPMI)/P4VP
blends featured a more negative deviation in its value of g, and opposite
to previous expectations, we examined the hydrogen bonding in-
teractions in the poly(S-alt-DMHPMI)/P4VP and poly(S—alt-pHPMI)/
P4VP binary blends through FTIR spectra recorded at 25 °C after
removing moisture. The symmetric and asymmetric stretching signals of
the maleimide units, at 1712-1716 and 1775-1778 cm™, respectively,
featured two signals for the C=O absorptions of the two pure
PS—alt-PHPMI copolymers. The band widths and shapes of the C=0
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Fig. 3. (a, b) DSC thermal analyses of (a) poly(S-alt-DMHPMI)/P4VP and (b) poly(S—alt-pHPMI)/P4VP binary blends of various weight ratios. (c, d) Corresponding
values of Ty predicted by the linear rule and the Kwei equation for the (c) poly(S-alt-DMHPMI)/P4VP and (d) poly(S-alt-pHPMI)/P4VP binary blends.
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signals recorded at different poly(S—alt-DMHPMI)/P4VP blends ratios
were similar [Fig. 4(a)]. In contrast, Fig. 4(c) reveals that the C=0
signals widened upon increasing the poly(S-alt-pHPMI) content. There
is the more obvious difference on Fig. S6. The FWHM of the signal for the
C=O0 groups in the pure poly(S-alt-pHPMI) was narrower than those for
the 80/20 and 65/35 poly(S—alt-pHPMI)/P4VP binary blends, because
the intramolecular (or self-association) interactions of poly
(S—alt-pHPMI) were stronger than the intermolecular interactions be-
tween this copolymer and P4VP (Kp > Kp). Similar phenomena, with a
negative deviation from the linear rule, have been reported previously
[44-46]. To the best of our knowledge, however, this paper is the first to
report a blending system with P4VP, a strong hydrogen bond acceptor,
displaying a negative deviation from the linear rule [23,27,47].

On the other hand, the bands of the pyridine ring were sensitive to
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any intermolecular interactions between the OH and pyridyl units,
including the signals at 1597 and 993 cm~! for P4VP [28]. Unfortu-
nately, the band at 1597 cm™! was too close the signal of the aromatic
rings to observe, so we could use only the band at 993 cm ™! of pure
P4VP to observe the intermolecular interactions. We assigned the band
at 1005 cm™! to the hydrogen-bonded pyridine rings [28]. Fig. 4(b)
reveals that the intensity of hydrogen-bonded band increased slightly
upon increasing the poly(S—alt-DMHPMI) content, whereas a relatively
large increase occurred for the band at 1005 cm™' for the poly
(S—alt-pHPMI)/P4VP binary blends [Fig. 4(d)]. Fig. 4(e) summarizes the
variations of the fractions of hydrogen-bonded N atoms of P4VP and the
FWHMs of the C=0 groups of the copolymers. For the.
poly(S—alt-DMHPMI)/P4VP binary blends, these two parameters
remained constant, whereas there were obviously increasing trends
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upon increasing the content of poly(S—alt-pHPMI), indicating that the
OH groups of poly(S—alt-pHPMI) were stronger hydrogen-bond donors
than those of poly(S—alt-DMHPMI). In addition, the hydrogen bonding
ratios in both binary blends were much lower than those in PVPh/P4VP
binary blends [26], because of the lower acidities of both hydrogen bond
donors, with the resonance effect of the N atom of the maleimide unit
making it weaker than a phenol unit. In summary, the methyl group
hindered the OH group from interacting with the N atoms of P4VP, due
to the steric bulk of the DMHPMI unit [Fig. 4(f)], while the acidity of the
hydrogen bond donor also influenced the intermolecular interaction
even in the absence of any steric bulk beside the OH group [Fig. 4(g)].

To determine the various hydrogen bonding strengths in both binary
blends, we investigated whether the intermolecular interactions be-
tween these alternating copolymers and P4VP were influenced by the
temperature, using a weight ratio of 65/35. The band for the C=0 group
was almost unchanged upon the increasing temperature of the
PS-alt-PHPMI/P4VP binary blends [Fig. 5(a) and (c)], but the ratio of
hydrogen-bonded pyridine rings decreased, indicating that most of the
hydrogen bonding was between the OH groups and the N atoms of the
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pyridine rings [Fig. 5(b) and (d)]. We confirmed the FTIR spectral bands
for the hydrogen-bonded pyridine rings and pure P4VP through 2D FTIR
spectral analysis, a powerful method that we have used previously [45],
as established by the Noda group [48]. Fig. 5(e) presents the synchro-
nous 2D IR correlation map for the N atoms on the pyridine rings at
980-1200 cm L. The signal for the N atoms on the pyridine units in pure
P4VP was located at 993 cm™!; for the intermolecularly
hydrogen-bonded N atoms on the pyridine units, it was located at 1005
em L. Negative cross-peaks appeared for the signals at 993 and 1005
cm !, demonstrating that these two absorption bands varied in opposite
directions: one was for the free N atoms in pyridine rings and the other
was for the hydrogen-bonded functional groups, as expected. The
asynchronous 2D correlation map in Fig. 5(f) features negative
cross-peaks in the upper left (993 vs. 1005 cm 1) that display the same
behavior as that in the synchronous graph; therefore, the band at 1005
em™! was altered prior to the band at 993 cm™!. This behavior is
reasonable because a hydrogen-bonding interaction is more sensitive to
an increase in temperature than that of an N atom of a pyridine ring,
thereby resulting in a later response for a free N atom of a pyridine ring.
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These findings suggested the OH groups of the DMHPMI and pHPMI
units attracted the pyridine rings primarily, and affected the C=0
groups only slightly.

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

Although we observed a negative deviation from the linear rule for
the PS-alt-PHPMI/P4VP binary blends in Fig. 3, a positive deviation
from the linear rule occurred for the poly(S—alt-pHPMI)/PVP binary
blends in Fig. S8 [25]. Fig. 6 presents the interesting behavior of the poly
(S-alt-DMHPMI)/PVP binary blends. We observed only a single value of
Ty for each blend ratio, indicating that poly(S-alt-DMHPMI) was
miscible with PVP at various ratios [Fig. 6(a)]. In particular, we ob-
tained a positive deviation (k = 1, ¢ = 40) from the linear rule when
using the Kwei equation [Fig. 6(b)], in contrast of the negative deviation
for the poly(S-alt-DMHPMI)/P4VP blends, due to notably different
values of K, of 1200 for P4VP and 6000 for PVP, as revealed previously
in the literature [38]. Fig. 6(c) presents the signals of the C—=0 groups of
the DMHPMI units with asymmetric and symmetric stretching; the sig-
nals for C=O0 stretching in PVP appeared at 1775, 1705, and 1680 cm ..
In addition, a signal appeared at 1658 cm™! when the intermolecular
interaction occurred between the OH and C—O groups of PVP.
Furthermore, Fig. 6(d) indicates that the fraction of hydrogen-bonded
signals from the poly(S—alt-pHPMI)/PVP binary blends (k = 1; ¢ = 45)
was also higher than that from the poly(S-alt-DMHPMI)/PVP binary
blends; this trend was similar to that in the PS-alt-PHPMIs/P4VP binary
blends, but the fractions were both higher than those for the P4VP
blends. The difference between the positive or negative deviation was
that the intermolecular interactions in the PS—alt-PHPMIs/PVP binary
blends were stronger than those in the PS-alt-PHPMIs/P4VP binary
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blends. Finally, we would expect the values of Kp for HPMI derivatives to
be between 1200 and 6000 for the negative and positive values of q for
the P4VP and PVP blends, respectively.

4. Conclusion

We have synthesized the monomer DMHPMI in three steps and then
used it to form alternating poly(S—alt-DMHPMI) copolymers through
free radical copolymerization with styrene. We used FTIR and NMR
spectroscopy and MALDI-TOF mass spectrometry to confirm the chem-
ical structure of the copolymer. A single value of T, appeared for each
PS-alt-PHPMI/P4VP blend composition, as measured using DSC,
revealing full miscibility in the amorphous phase. A negative deviation
from the linear rule appeared for the PS-alt-PHPMI/P4VP blends, due to
weak acidity of both HPMI units, with the intermolecular interactions of
poly(S—alt-DMHPMI) being weaker relatively to those in the other
copolymer because of steric effects. FTIR spectral analyses of the ratio of
hydrogen-bonded OH groups and pyridyl units reached the same
conclusion. We also found a slightly positive deviation from the linear
rule for the poly(S-alt-DMHPMI)/PVP blends, where the intermolecular
interactions were also weaker than those in the poly(S-alt-pHPMI)/PVP
blends, as would be expected because the values of K of the DMHPMI
and pHPMI unit were between 1200 and 6000.
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