
pubs.acs.org/MacromoleculesPublished on Web 05/26/2009r 2009 American Chemical Society

Macromolecules 2009, 42, 4701–4711 4701

DOI: 10.1021/ma900640a

Complementary Multiple Hydrogen-Bonding Interactions Increase the
Glass Transition Temperatures to PMMA Copolymer Mixtures

Shiao-Wei Kuo* and Hsin-Tung Tsai

Department of Materials and Optoelectronic Science, Center for Nanoscience and Nanotechnology,
National Sun Yat-Sen University, Kaohsiung 804, Taiwan

Received March 25, 2009; Revised Manuscript Received May 13, 2009

ABSTRACT: We have prepared a series of poly(methyl methacrylate) (PMMA)-based copolymers through
free radical copolymerizations of methyl methacrylate in the presence of the either 2-vinyl-4,6-diamino-1,3,
5-triazine (VDAT) or vinylbenzylthymine (VBT). Using 1H nuclear magnetic resonance (NMR) spectro-
scopy, solid state 13C NMR spectroscopy, differential scanning calorimetry (DSC), one- and two-dimen-
sional Fourier transform infrared (FTIR) spectroscopy, and viscosity measurements, we investigated the
thermal properties of and hydrogen-bonding interactions within blends of the two copolymers poly(2-vinyl-
4,6-diamino-1,3,5- triazine-co-methyl methacrylate) (PVDAT-co-PMMA) and poly(vinylbenzylthymine-
co-methylmethacrylate) (PVBT-co-PMMA). A large positive deviation in the behavior of the glass transition
temperature;determined using the Kwei equation and DSC analyses;indicated that strong multiple
hydrogen-bonding interactions existed between the two copolymers. The FTIR and solid-state NMR
spectroscopic analyses provided positive evidence for the presence of three hydrogen bonds between
the diamino-1,3,5-triazine groups of PVDAT and thymine groups of PVBT. Furthermore, the proton
spin-lattice relaxation time in the rotating frame [T1F(H)] for the copolymer blends had a single value that
was less than those of the pure copolymers, indicating that the degree of homogeneity of the D-PMMA/
T-PMMA blend was relatively higher than those of the blends.

Introduction

Polymers possessing high glass transition temperatures are
attractive materials in the polymer industry. For instance, poly
(methyl methacrylate) (PMMA) is a colorless, commercially
mass-produced, transparent polymeric material exhibiting high
light transmittance, chemical resistance, and weathering corro-
sion resistance and good insulation.1 These properties make
PMMA a valuable substitute for glass in optical device applica-
tions, e.g., compact discs (CDs), optical glasses, and optical
fibers.2 Because the glass transition temperature of PMMA is,
however, relatively low (Tg = ca. 100 �C), its applications in the
optical-electronic industry are limited because it undergoes dis-
tortion when used in an inner glazing material.3,4

To raise the value of Tg, PMMA copolymers incorporating
rigid or bulky monomer structures (to overcome the miscibility
problem)3,4 and monomers that can form hydrogen bonds with
the carbonyl groups of PMMA have been reported widely.5-10

Previously, we suggested an approach to raise the value of Tg of
PMMA through copolymerization with methacrylamide
(MAAM) because hydrogen-bonding interactions exist between
these two monomer segments.11,12 The values of Tg of such
copolymers are generally higher than those of the corresponding
polymer blends because, as it has been reported widely, composi-
tional heterogeneities exist in hydrogen-bonded copolymers.13,14

In all previous studies, the monomers have possessed relatively
weak (single) hydrogen-bondingmoieties (e.g., hydroxyl, carbox-
yl, pyridyl, or ether groups). Such intermolecular interactions
must be present at relatively high mole percentages to enhance
the thermal behavior of the copolymers; therefore, the structures

of the copolymers differ substantially from those of their
unmodified polymers.15-17 Ideally, adding low mole percentages
of the recognition units into the copolymers would enhance their
thermal and mechanical properties.18-29

Complementary multiple hydrogen-bonding arrays play a
fundamental role in complex biological systems (e.g., DNA
duplexes). The self-assembly of pairs of DNA strands ismediated
by intermolecular hydrogen bonding between complementary
purine [adenine (A) and guanine (G)] and pyrimidine [thymine
(T) and cytosine (C)] bases attached to a phosphate sugar back-
bone: G binds selectively to C, and A binds selectively to T.30

Mimicking the molecular recognition by biological system is one
of the most attractive themes in contemporary science.31 Taking
this cue from nature, wewonderedwhether we could enhance the
thermal properties of PMMA by preparing synthetic polymers
possessing nucleotide bases on their side chains. Komiyama et al.
used free radical polymerization to prepare a series of copolymers
based on 2-vinyl-4,6-diamino-1,3,5-triazine (VDAT),32-34 which
can form triply hydrogen-bonded complexes with thymine ad-
ducts in nonpolar solvents. A 1H NMR spectroscopic titration
experiment suggested that the interassociation equilibrium con-
stant between diamino-1,3,5-triazine (DAT) and thymine (T) is ca.
890M-1;35 i.e., it is stronger than the interassociation equilibrium
constant between A and T (ca. 530M-1).36 As a result, we chose
2-vinyl-4,6-diamino-1,3,5-triazine (VDAT) and 1-(4-vinylbenzyl)
thymine (VBT) as monomers for independent copolymeri-
zation with methyl methacrylate monomer, noting that VDAT
and T have low self-association equilibrium constants (Kdim =
ca. 2-3M-1)35,37 but formvery strong complexes together (Ka=
ca. 890 M-1; Scheme 1).35

Poly(2-vinyl-4,6-diamino-1,3,5-triazine) (PVDAT) recognizes
nucleic acid bases efficiently through three-point hydrogen bond-
ing between 2,4-diaminotriazine and T units.38 Therefore, we
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expected that strong multiple hydrogen-bonding interactions
would exist between the 2,4-diaminotriazine groups of the
PVDAT units and the T groups of the poly(vinylbenzylthymine)
(PVBT) units in blends of poly(2-vinyl-4,6-diamino-1,3,5-tria-
zine-co-methyl methacrylate) (PVDAT-co-PMMA) and poly(vi-
nylbenzylthymine-co-methyl methacrylate) (PVBT-co-PMMA).
Fourier transform infrared (FTIR) spectroscopy;monitoring
the stretching vibrations of thesemultiple hydrogen bonds;is an
excellent probe for detecting molecular interactions between the
components of polymers.39,40 Solid-state nuclear magnetic reso-
nance (NMR) spectroscopy is another powerful tool for mon-
itoring specific interactions, miscibility, domain sizes, and
molecular mobility resulting from hydrogen bond formation.41-43

Furthermore, the spin-lattice relaxation time in the rotating
frame [T1F(H)] is sensitive to the mobilities of the local polymer
chains; the domain size can also be estimated using spin-diffusion
processes. In this study, we used differential scanning calorimetry
(DSC) to examine the thermal properties of blends of PVDAT-
co-PMMA and PVBT-co-PMMA featuring multiple hydrogen-
bonding interactions; in addition, we used FTIR spectroscopy,

solid-state NMR spectroscopy, and viscosity measurements to
determine the effects of hydrogen bonding on the domain sizes
and molecular motions.

Experimental Section

Materials.Methyl methacrylate and thymine were purchased
from the Aldrich Chemical Co.; they were purified through
vacuum distillation and stored under a N2 atmosphere prior to
polymerization. Vinylbenzyl chloride was purchased from Ac-
ros Organics (Germany) and distilled prior to use. VDAT was
purchased from Tokyo Kasei Kogyo Co. 2,20-Azobis(isobutyro-
nitrile) (AIBN) was recrystallized frommethanol. Dimethylfor-
mamide (DMF) and dimethyl sulfoxide (DMSO) were distilled
from CaH2 under vacuum prior to use. All other chemi-
cals were of reagent grade and used as received without further
purification. VBT was prepared from thymine and vinylbenzyl
chloride using a procedure described previously.33

Poly(vinylbenzylthymine-co-methyl methacrylate) (PVBT-co-
PBMA) and Poly(2-vinyl-4,6-diamino-1,3,5-triazine-co-methyl

methacrylate) (PVDAT-co-PMMA). The solution copolymer-
izations of methyl methacrylate with VDAT and VBT were
performed in DMSO at 70 �C under an Ar atmosphere within
glass reaction flasks equipped with condensers. AIBN was em-
ployed as the initiator; the mixtures were stirred for ca. 24 h.
The products were dissolved in DMSO and then poured into
excess MeOH under vigorous agitation to precipitate the copo-
lymers. These two copolymers were characterized using 1H
NMR spectroscopy, FTIR spectroscopy, DSC, thermogravi-
metric analysis (TGA), and gel permeation chromatography
(GPC). To determine the reactivity ratios, samples of the
copolymers were taken from the reaction flasks during the early
stages of copolymerization, i.e., when the degrees of conversion
were low (4-9%). Scheme 2 outlines the synthetic procedures
and the structures of the various components.

Blend Preparation. Blends of the copolymers PVDAT-co-
PMMA and PVBT-co-PMMA were prepared through solution
blending. DMF solutions containing 5 wt % of the polymer
mixture were stirred for 6-8 h; the solvent was then left to

Scheme 1. Formation of Strong Multiple Hydrogen-Bonding Interac-
tions from between Diamino-1,3,5-triazine (DAT) and Thymine (T)

Units

Scheme 2. Syntheses of PVDAT-co-PMMA and PVBT-co-PMMA Random Copolymers through Free Radical Polymerization
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evaporate slowly at room temperature for 24 h. The resulting
blend films were dried at 50 �C for 2 days.

Characterization. Molecular weights and molecular weight
distributions were determined at 40 �C through GPC using a
Waters 510 HPLC equipped with a 410 differential refract-
ometer, a UV detector, and three Ultrastyragel columns (100,
500, and 103 Å) connected in series; DMF was the eluent; the
flow rate was 0.6 mL/min. The molecular weight calibration
curve was obtained using polystyrene (PS) standards. 1H NMR
spectra were obtained using an INOVA 500 instrument; acet-
one-d6 was the solvent. The glass transition temperatures of the
polymer blend films were determined through DSC using a
TA Q-20 instrument. The scan rate was 20 �C/min within the
temperature range 30-200 �C; the temperature was then held at
200 �C for 3 min to ensure complete remove of residual solvent.
The values of Tg were measured in the DSC sample cell after the
sample (5-10 mg) had been cooled rapidly to -50 �C from the
melt of the first scan. The glass transition temperature was
defined at the midpoint of the heat capacity transition between
the upper and lower points of deviation from the extrapolated
liquid and glass lines. FTIR spectra of the polymer blend films
were recorded using the conventionalKBr diskmethod.ADMF
solution containing the blendwas cast onto aKBr disk anddried
under conditions similar to those used in the bulk preparation.
The films used in this study were sufficiently thin to obey the
Beer-Lambert law. FTIR spectra were recorded using a Bruker
Tensor 27 FTIR spectrophotometer; 32 scans were collected at a
spectral resolution 1 cm-1. Because polymers containing VDAT
andVBT groups are hygroscopic, pureN2 gas was used to purge
the spectrometer’s optical box to maintain dry sample films.
Generalized 2D correlation analysis was performed using the
2D Shige software developed by Shigeaki Morita (Kwansei-
Gakuin University, Japan). In the 2D correlation maps, white
regions are defined as positive correlation intensities; shaded
regions are defined as negative correlation intensities. High-
resolution solid-state 13C NMR spectra were recorded at room
temperature using a Bruker DSX-400 spectrometer operated at
resonance frequencies of 399.53 and 100.47MHz for 1H and 13C
spectra, respectively. The 13C CP/MAS spectra were measured
using a 90� pulse of 3.9 μs, a pulse delay time of 3 s, and an
acquisition time of 30 ms; a total of 2048 scans were collected.
All NMR spectra were recorded at 300 K using broadband

proton decoupling and a normal cross-polarization pulse se-
quence. Amagic angle spinning (MAS) rate of 5.4 kHzwas used
for the sample to avoid overlapping of absorptions. The value of
T1F(H) was determined indirectly through carbon atom obser-
vation using a 90�-τ-spin-lock pulse sequence prior to cross-
polarization. The data acquisition was performed through 1H
decoupling with delay times (τ) ranging from 0.1 to 10 ms and a
contact time of 1.0 ms.

Results and Discussion

Analyses of Copolymers. VDAT and VBT are soluble in
most common solvents. Figure 1 presents 1HNMR spectra of
VDAT and the copolymer PVDAT-co-PMMA in d6-DMSO.
ForVDAT,weobserve the twodoublets andquartet typical of
a vinyl group (1Hb, 1Ha, and 2Hc,) at 5.66, 6.32, and 6.41 ppm
with a relative mole ratio of 1:1:1, corresponding to the iso,
trans, and substituted vinyl protons, respectively. The amino
(NH2) group appears as a signal located at 6.68 ppm. The
signals of the vinylic hydrogen atoms of VDAT are absent in
the spectrum of D20-PMMA (i.e., the D-PMMA copolymer
containing 20 mol % of VDAT), indicating that the starting
monomers had been removed completely. We estimated the
mole percentage ofVDAT from the ratio of the integrals of the
amino (Hd) protons ofVDATand theOCH3 (Ha=3.55 ppm)
protons ofMMA. Similarly, the spectrum of VBT (Figure 2a)
displays twodoublets andaquartet resonance typical of a vinyl
group (1Hb, 1Ha, and 2Hc,) at 5.26, 5.77, and 6.98 ppmwith a
relative mole ratio of 1:1:1; the resonances of the T unit’s CH3

(Hh) andbenzylicCH2 (Hf) groups appear at amole ratioof 3:2
at 1.80 and 4.87 ppm, respectively; the NH unit of the T group
appears as a signal at 11.30 ppm. Figure 2b presents the 1H
NMR spectrum of T12-PMMA (i.e., the T12-PMMA copo-
lymer containing 12 mol% of VBT). The signals of the vinylic
hydrogen atoms ofVBTare absent, indicating that the starting
monomers were removed completely. We estimated the mole
percentage of VBT from the ratio of the integrals of benzylic
(Hf) protons of VBT and the OCH3 (Ha) protons of MMA.
Table 1 lists the monomer feed ratios and resultant copolymer
compositions from which we calculated the reactivity ratios
(rVDAT=1.12 and rMMA=0.38; rVBT=12.04 and rMMA=1.39)

Figure 1.
1H NMR spectra of VDAT and PVDAT-co-PMMA copolymers in d6-DMSO at room temperature.
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4704 Macromolecules, Vol. 42, No. 13, 2009 Kuo and Tsai

using the methodology of Kelen and Tudos, as discussed
previously;44 these values indicate that these two copolymers
were essentially random copolymers with a tendency toward
blocky structures.

Figure 3 displays FTIR spectra (room temperature) of
PVDAT-co-PMMA copolymers incorporating various
VDAT compositions. The NH stretching of DAT appears
as signals located at 3487, 3372, and 3204 cm-1 (symmetric
and asymmetric stretching vibrations); additional signals
appear at 1614 and 1574 cm-1 (phenyl breathing) and
1550 cm-1 (CdN stretching).45,46 Clearly, the intensities of

the absorptions of this DAT group at 1510-1670 and 3100-
3600 cm-1 increased upon increasing the VDAT fraction in
the copolymers. Figure 4 displays FTIR spectra (room
temperature) of PVBT-co-PMMA copolymers featuring
various VBT compositions. The intensity of the absorption
of the thymine CdO group at ca. 1688 cm-1 increased upon
increasing the VBT fraction in the copolymer. In addition,
the signal of the free CdO groups of PMMA appears at
1730 cm-1; this peak did not undergo any chemical shifts
upon increasing the PVDAT or PVBT contents, indicating
that no specific interactions existed between theCdOgroups

Figure 2. 1H NMR spectra of VBT and PVBT-co-PMMA copolymers in d6-DMSO at room temperature.

Table 1. Properties of the PVDAT-co-PMMA and PVBT-co-PMMA Copolymers

sample feed (VBT/MMA) copolymera (PVDAT/PMMA) Mw
b Mn

b PDIb Tg
c (�C) Td

d (�C)

pure PMMA 0:100 0:100 42 200 25 800 1.63 100 352
T01-PMMA 1.2:98.8 0.9:99.1 37 700 24 300 1.55 103 353
T02-PMMA 2.2:97.8 2.1:97.9 36 200 22 500 1.61 111 366
T05-PMMA 4.4:95.6 5.4:94.6 41 100 22 400 1.83 114 381
T12-PMMA 9.4:90.6 12.1:87.9 33 500 21 400 1.56 125 407

sample feed (VDAT/MMA) copolymera (PVDAT/PMMA) Mw
b Mn

b PDIb Tg
c (�C) Td

d (�C)

D05-PMMA 2.2:97.8 4.7:95.3 63 900 47 300 1.35 116 347
D09-PMMA 3.6:96.4 8.5:91.5 87 000 60 000 1.45 119 357
D14-PMMA 7.5:92.5 14.4:85.6 91 100 61 500 1.48 133 361
D20-PMMA 15.4:84.6 19.5:80.5 88 400 59 400 1.49 139 350

aEstimated from 1H NMR. bRelative molecular weights against polystyrene standard calculated from GPC in THF. cDetermined by DSC at
20 �C/min. dDetermined by TGA at 20 �C/min.
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of PMMA and either the DAT groups of PVDAT or the T
groups of PVBT.

Figure 5 displays DSC curves, recorded at temperatures
ranging from 0 to 180 �C, of the PVDAT-co-PMMA and
PVBT-co-PMMA copolymers. Pure PMMA exhibits a single
glass transition temperature at ca. 100 �C; the glass transition
temperatures of the two copolymers increased upon increasing
their VDAT and VBT contents, with the Fox equation reveal-
ing a positive deviation. In addition, the thermal decomposi-
tion temperatures also increased significantly upon increasing
the contents of these nucleobases. Table 1 summarizes the
monomer feed ratios, compositions, molecular weights, glass
transition temperatures, and thermal decomposition tempera-
tures of the synthesized copolymers. In terms of nomenclature,
the descriptor T12-PMMA, for example, represents a copoly-
mer containing 12 mol % of VBT.

Copolymer Blend. A single value of Tg detected by DSC is
conventionally employed as a criterion reflecting the misci-
bility of a polymer blend. Figure 6 displays DSC thermo-
grams of PVDAT-co-PMMA/PVBT-co-PMMA 50/50
blends, where the D-PMMA and T-PMMA components
contain various contents of VDAT and VBT, respectively.
Each of these binary blends exhibited a single glass transition

temperature, indicating that the blends were miscible on the
range 20-40 nm; the value of Tg shifted upon increasing the
VDAT or VBT content in these two PMMA-based copoly-
mers. It is notable that blending only 12 mol % of VBT and
20 mol % of VDAT into the PMMA copolymer chain
increased the value of Tg by 50 �C relative to that of pure
PMMA, providing a glass transition temperature similar to
that of polycarbonate.

Over the years, a number of empirical equations have been
offered to predict the variations in glass transition tempera-
tures ofmiscible blends anddiblock copolymers as a function
of composition. TheKwei equation47 is usually employed for
systems displaying specific interactions:

Tg ¼ W1Tg1 þ kW2Tg2

W1 þ kW2
þ qW1W2 ð1Þ

Figure 3. FTIR spectra of PVDAT-co-PMMAcopolymers recorded at
room temperature.

Figure 4. FTIR spectra of PVBT-co-PMMA copolymers recorded at
room temperature.

Figure 5. DSC thermograms of PVDAT-co-PMMA and PVBT-co-
PMMA copolymers.

Figure 6. DSC thermograms of D-PMMA/T-PMMA binary blends.
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4706 Macromolecules, Vol. 42, No. 13, 2009 Kuo and Tsai

where w1 and w2 are the weight fractions of the components,
Tg1 and Tg2 are the corresponding glass transition tempera-
tures, and k and q are fitting constants. The parameter
q corresponds to the strength of specific interactions in the
system, reflecting a balance between the breaking of the self-
association interactions and the forming of the interassocia-
tion interactions. Figure 7 illustrates the dependence ofTg on
the composition of the PVDAT-co-PMMA/PVBT-co-
PMMA blends incorporating various VDAT and VBT con-
tents. The values of q increased upon increasing the VDAT
and VBT contents in the PMMA copolymer main chain; for
theD20-PMMA/T12-PMMAblend system,we obtained the
largest value (q=65), implying that this blend system
featured stronger multiple hydrogen bonds than did the
other three copolymer blends because of the presence of a
larger number of nucleic acid base units.

FTIR Spectroscopic Analyses. Infrared spectroscopy is a
highly effective means of investigating the specific interac-
tions between polymers. It can be used as a tool to study,
both qualitatively and quantitatively, the mechanism of
interpolymer miscibility through the formation of hydrogen
bonds. Figure 8 displays FTIR spectra recorded at room
temperature for the PVDAT-co-PMMA/PVBT-co-PMMA
copolymer blends containing various mole percentages of
VDATandVBTunits. TheNHvibration ofDATappears as
signals located at 3424 and 3540 cm-1, corresponding to
symmetric and asymmetric stretch vibrations, respectively.35

For VDAT units incorporated into the PMMAmain chain,
the absorption shifted because the DAT groups were dis-
tributed randomly in the PMMA, and therefore, the prob-
ability of self-associative hydrogen bonding of the VDAT
groups was low because of the diluent effect in the hydrogen-
bonding system.48,49 In Figure 9a it is clear that the DAT
groups interacted with the T group;the absorptions shifted
to 3338 and 3462 cm-1. In addition, a peak appeared at
3216 cm-1 that corresponded to the NH group in T inter-
acting with aDAT group.35 Figure 9b displays FTIR spectra
(1500-1800 cm-1) recorded at room temperature for
D20-PMMA blended with the T12-PMMA copolymer.
The position of the signal for the freeCdOgroups of PMMA
(1730 cm-1) did not change after blending, implying the
PMMA units did not form any hydrogen bonds with the
VDAT andVBTunits. Asmentioned above, the absorptions
at ca. 1688 and 1616 cm-1 are due to the T andDAT groups,
respectively (Figure 9b). We also observe two new peaks at
ca. 1677 cm-1 (CdO group of T interacting with DAT) and

1632 cm-1 (DAT group interacting with NH group of T).
The changes are caused by multiple hydrogen bond forma-
tion between the DAT units and the imide groups of the
T units.50

Figure 10 presents scale-expanded FTIR spectra of
D20-PMMA/T12-PMMA 50/50 blends recorded at various
temperatures. The peaks corresponding to C-H stretching
(2800-3000 cm-1) and to vibration of the free CdO groups
of PMMA (1730 cm-1) did not change upon increasing the
temperature. In contrast, all of the peaks associated with the
multiple hydrogen-bonding interactions shifted to higher
wavenumbers;except for that of the DAT group at
1616 cm-1, which shifted to lower wavenumber, consistent
with the destruction of a hydrogen bond of a pyridine
group51;indicating that heat disrupted these noncovalent
interactions. At temperatures higher than the value of Tg of
the blend, a new peak appeared at ca. 1600 cm-1, corre-
sponding to a free NH2 scissor vibration plus a ring stretch-
ing vibration of the VDAT group, indicating that the
multiple hydrogen-bonding interactions between the DAT
and T groups had become disrupted.

We used two-dimensional (2D) correlation spectros-
copy to further characterize the interactions in this blend
system. This approach has been applied widely in polymer
science52-55 as a novel method for investigating the specific
interactions between polymer chains by treating the spectral
fluctuations as a function of time, temperature, pressure, and
composition. White and shadow areas in 2D IR correlation
contour maps represent positive and negative cross-peaks,
respectively. The 2D synchronous spectra are symmetric
with respect to the diagonal line in the correlation map.
Auto peaks, which represent the degree of autocorrelation of
perturbation-induced molecular vibrations, are located at
the diagonal positions of a synchronous 2D spectrum; their
values are always positive. When an auto peak appears, the
signal at that wavenumber would change greatly under
environmental perturbation. Cross-peaks located at off-
diagonal positions of a synchronous 2D spectrum (they
may be positive or negative) represent the simultaneous or
coincidental changes of the spectral intensity variations
measured at v1 and v2. Positive cross-peaks result when the
intensity variations of the two peaks at v1 and v2 occur in
the samedirection (i.e., both increase or both decrease) under
the environmental perturbation; negative cross-peaks reveal
that the intensities of the two peaks at v1 and v2 change in

Figure 7. Plots of Tg with respect to composition, based on the Kwei
equation.

Figure 8. FTIR spectra of D-PMMA/T-PMMA blends incorporating
various VDAT and VBT contents, recorded at room temperature.
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opposite directions (i.e., one increases while the other de-
creases) under perturbation.55

Figure 11a presents synchronous 2D IR correlation maps
recorded in the range 1550-1780 cm-1. The absorption bands
in this spectral range that are associated with PVBT-co-
PMMA copolymers appear at 1740 cm-1 (free CdO groups
of PMMA) and 1677 cm-1 (hydrogen-bondedCdOgroups of
T units). The signals associated with PVDAT-co-PMMA
appear at 1600 cm-1 for the free triazine units and at
1630 cm-1 for the hydrogen-bonded VDAT groups. Two
positive cross-peaks existed for this system: (1600 vs 1740)
and (1632 vs 1677). These positive cross-peaks all changed in
the same direction (according to Noda’s rule) upon increasing
the temperature. Four negative cross-peaks appeared at
(1600 vs 1632), (1600 vs 1677), (1632 vs 1740), and (1677 vs
1740); i.e., these four bands vary in the opposite direction.
Although two hydrogen-bonded or two free groups should
undergo changes in the same direction, we would expect the
free functional groups to vary in the opposite direction to that

of the hydrogen-bonded functional groups. Figure 11b pro-
vides an analysis of the signals in the regions 1550-1780 and
3000-3600 cm-1, which represent the signals for the NH
stretching bands, to provide a macroscopic view of the inter-
actions. Clearly, the signs of the cross-peaks in the synchro-
nousmaps for the hydrogen-bonded groups at 3216, 3338, and
3462 cm-1 are positive with respect to the hydrogen-bonded
groups at 1632 and 1677 cm-1, but they are negative with
respect to the free CdO groups at 1740 and 1600 cm-1; these
results confirmed our previous assignments.

Solid-State NMR Spectroscopic Analyses. Evidence for
interactions within the blends can also be obtained from
solid-state NMR spectroscopy, as demonstrated by changes
in chemical shifts and/or line shapes.56 Figure 12 presents
selected 13C CP/MAS spectra of various T12-PMMA and
D20-PMMA copolymers and the T12-PMMA/D20-PMMA
50/50 blend. We observe signals for the C-NH2 units of
D20-PMMAat 168.0 ppm, theCdOunits of the T groups of
T12-PMMA at 164.0 and 151.1 ppm, respectively, and the

Figure 9. FTIR spectra of D20-PMMA, T12-PMMA, and their corresponding blends, recorded at room temperature.

Figure 10. FTIR spectra of D20-PMMA/T12-PMMA blends, recorded at various temperatures.
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CdO units of PMMA at 178.0 ppm. Further evidence for
hydrogen bonding in the DAT:VBT blend was provided by
the 13C NMR spectroscopic data, which displayed a upfield
shift (0.2 ppm) for the aromatic carbon atom of DAT and a
downfield shift (0.1-0.5 ppm shift) for the signal of the CdO
unit of VBT.

Solid-state NMR spectroscopy can also be used to deter-
mine the phase behavior and miscibility of blends. A single
value of Tg, based on DSC analysis, implies that the mixing
of two blend components occurs on a scale of ca. 20-40 nm.
The dimension ofmixing smaller than 20 nm can be obtained
through measurement of the spin-lattice relaxation time in

the rotating frame (T1F
H ).40 We measured the values of T1F

H of
the diblock copolymers and blend complex through delayed-
contact 13C CP/MAS experiments, using the equationMτ=
M0 exp[-τ/T1F(H)], where τ is the delay time used in the
experiment andMτ is the corresponding resonance intensity.
Figure 13 presents plots of ln(Mτ/M0) with respect to τ for
the signal at 45 ppm of D20-PMMA, T12-PMMA, and their
blend. The experimental data are in good agreement with
calculated values. The slope of the fitting line provides the
value of T1F

H . Table 2 lists these values for the pure copoly-
mers and the blend. We obtained a single composition-
dependent value of T1F

H for each of the copolymers and their

Figure 11. (a) Synchronous 2D IR correlationmaps for the region from1550 to 1780 cm-1. (b) Synchronous 2D correlationmaps for the regions from
1550 to 1780 cm-1 and from 3100 to 3600 cm-1 for D20-PMMA/T12-PMMA blends under temperature perturbation.

Figure 12. 13C CP/MAS NMR spectral data for D20-PMMA, T12-PMMA, and their corresponding blend at room temperature.
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blend, suggesting that they are homogeneous on the scale at
which the spin diffusion occurs within the time T1F

H . The
upper spatial scale of the spin-diffusion path length L can
be estimated using the equation40 L= (6DT)1/2, where D
(typically 10-16 m2 s-1) is the effective spin-diffusion coeffi-
cient depending on the average proton-to-proton distance as
well as the dipolar interaction (Table 2). In addition, the
value of T1F

H for the blend was lower than those of the two
pure copolymers. These results imply that the copolymer
mixtures featuring multiple hydrogen-bonding interactions
have relatively smaller domain sizes than those of the
corresponding pure copolymers, indicating that the degree
of homogeneity of the D20-PMMA/T-12PMMA copolymer
was relatively higher than those of the blends. On the basis of
ourDSC, solid-stateNMRspectroscopy, andFTIR spectro-
scopy analyses, we conclude that the multiple hydrogen-
bonding interactions in the PVDAT-co-PMMA/PVBT-
co-PMMA blends led to complex aggregation behavior.

We further characterized this copolymer mixture by using
an Ubbelohde viscometer to measure the solution viscosity
of a mixture of D20-PMMA and T12-PMMA in THF. The
formation of supramolecular polymers in the D20-PMMA/
T12-PMMA blends provided a higher solution viscosity
relative to that of pure PMMA as shown in Figure 14; in
addition, the viscosity increased upon increasing the con-
centrations of the copolymers. This supramolecular polymer
also could be observed macroscopically;in the form of a
gel;from a 1:1 mixture of D20-PMMA/T12-PMMA in
THF at a concentration of 30 g/dL; at the same concentra-
tion, a solution of PMMA, which lacked any specific inter-
polymer hydrogen-bonding interactions, flowed freely (see
the inset to Figure 14). Scheme 3 shows the possible chain
behaviors of D-PMMA/T-PMMA blends through multiple
hydrogen bonding units into PMMA, which enchanced the
thermal properties and dramatically increased the viscosity
as a result of the formation of supramolecular polymers.

Interassociation Equilibrium Constant Analyses. Painter
and Coleman57,58 suggested adding an additional term;
accounting for the free energy of hydrogen bond forma-

tion;to a simple Flory-Huggins expression for the free
energy of mixing of two polymers:

ΔGN

RT
¼ Φ1

N1
ln Φ1 þ Φ2

N2
ln Φ2 þ Φ1Φ2χ12 þ

ΔGH

RT
ð2Þ

where Φ and N are the volume fraction and the degree of
polymerization, respectively, χ is the “physical” interaction
parameter, the subscripts 1 and 2 define the two blend
components, and ΔGH is the free energy change contributed
by hydrogen bonding between the two components. Accord-
ing to the Painter-Coleman equation, the relative magni-
tude of the inter- and self-association equilibrium constants,
rather than their individual absolute values, is the most
important factor when determining the dominant contribu-
tions to the free energy of mixing. In general, the interasso-
ciation equilibrium constantKA is calculated from either the
polymer blend system or a low-molecular-weight model
compound.63 In our system, pure PVDAT and PVBT dis-
solve only in high-polarity solvents, such as DMF and
DMSO, which interfere with self- and interassociation hy-
drogen bonding and would, therefore, provide incorrect
equilibrium constants.57 Thus, we use the interassociation
equilibrium constants (Ka) of low-molecular-weight model
compounds;2,4-diamino-6-dodecyltriazine and N-1-pro-
pylthymine;to determine the interassociation equilibrium
constant (Ka = 890 M-1), based on an approach described
previously by Beijer et al.32 We transformed the value of Ka

for the model compound into KA by dividing by the molar
volume of the VDAT repeat unit (0.121 L mol-1 at 25 �C),57

Figure 13. Logarithmic plots of the intensities of 45 ppm for PMMA
with respect to the delay time. Figure 14. Plots of specific viscosity of D20-PMMA/T12-PMMA

blend and pure PMMA in THF solution vs concentration. Inset:
photographs of the corresponding blends at the same concentration
(of 30 g/dL).

Table 2. Relaxation Times T1G
H for D20-PMMA, T12-PMMA, and

Their Blends at Magnetization Intensities of 17, 45, and 52 ppm

samples 17 ppm 45 ppm 52 ppm

D20-PMMA 10.85 9.84 9.58
T12-PMMA 10.54 10.54 10.84
D20-PMMA/T12-PMMA= 1/1 7.96 7.21 7.53

Table 3. Self- and Interassociation Equilibrium Constants and Ther-
modynamic Parameters for PVDA-co-PMMA/PVBT-co-PMMA

Blends at 25 �Ca

equilibrium
constant

polymer
molar volume
(mL/mol)

molecular
weight (g/mol)

δ (cal/
mL)1/2 KB KA

PMMA 84.9 100 9.1
PVDAT 122.1 133.1 12.0 18.0
PVBT 161.7 242.1 12.1 7300
D20-PMMA 462 537 9.9 18.0
T12-PMMA 784 975 9.7 7300

a δ: solubility parameter; KB: self-association equilibrium constant;
KA: interassociation equilibrium constant.
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providing a value for the interassociation equilibrium
constantKA of 7300. Likewise, by dividing the value ofKb of
2.2 M-1 for the model compound 2,4-diamino-6-dodecyl-
triazine by the molar volume of the VDAT repeat unit, we
determined that the self-association equilibrium constant

(KB) of VDAT was 18.32 To minimize errors, we ignored
the self-associationofTgroupsbecause theT-T interaction is
almost the same strength as the DAT-DAT interaction;35,37

furthermore, two self-associating, hydrogen-bonded donor
polymer blend systems would make analysis of the binary
blend system too complicated.59,60

Although we did not obtain these interassociation equili-
brium constants from polymer mixtures, the standard inter-
association equilibrium constant of the polymer blend could
be calculated from the low-molecular-weight model com-
pound mixtures by considering the intramolecular screening
effect and functional group accessibility.57 The intramole-
cular screening effect is a consequence of chain connectivity.
The covalent linkage between polymer segments causes an
increase in the number of same-polymer-chain contacts as a
result of the polymer chains bending back on themselves;
thus, the number of interassociation hydrogen bonds per
unit volume in the polymer blend will be lower than that for
the model compound. For an infinite chain, γ is surprisingly
large, approaching 0.38 in the melt state; for real chains,
however, the value is closer to 0.3.61 Moreover, the spacing
between the functional groups along a polymer chain and the
presence of bulky side groups can also significantly reduce
the interassociation hydrogen bonding per unit volume, as a
result of a so-called functional group accessibility effect.48

This effect is also considered to be the origin of steric
crowding and shielding.62 Table 3 lists all the parameters
required by the PCAM to estimate the thermodynamic
properties for these polymer blends. Here, we emphasize
the thermodynamic properties of only theD20-PMMA/T12-
PMMA copolymer mixtures. On the basis of FTIR and
solid-state NMR spectroscopic analyses, we knew that the
position of signal for the free CdOgroups of PMMAdid not
change after blending, implying that the PMMA segments
did not form hydrogen bonds with the VDAT and VBT
units. As a result, the PMMA segment can be considered
as an inert diluent.48,61,62 Table 3 also summarizes the

Figure 15. (a) Calculated free energies ofmixing for D20-PMMA/T12-
PMMA blends of various compositions at 25 �C and (b) theoretical
fractions of hydrogen-bonded CdO groups of T units in the T12-
PMMA copolymer at 25 �C.

Scheme 3. Schematic Representation of the Supramolecular Network Structure Formed from PMMA Copolymer Mixtures Featuring Specific
Multiple Hydrogen-Bonding Interactions
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corresponding molecular volumes, molecular weights, and
solubility parameters of these blends.

We performed the calculation of Gibbs free energy
of binary D20-PMMA/T12-PMMA blend and fraction of
hydrogen-bonded carbonyl of T using the Miscible Poly-
mer Blend Calculator Software package.57 The approach
used to correlate the hydrogen-bonding equilibrium concen-
tration to the free energy values has been described pre-
viously.62 Figure 15a reveals that the predicted free energy
(ΔGm) of the D20-PMMA/T12-PMMA blend was negative
for all compositions at room temperature. The value ofΔGm

reached a minimum of -1.7 cal/cm3 when the PVDAT
content was ca. 40 wt %; we can consider the D20-
PMMA/T12-PMMA blend to be miscible because of the
negative free energy and the positive second derivative of the
weight fraction over the entire range of compositions.
Figure 15b presents plots of the theoretically predicted
curves with respect to the composition at room temperature;
the fraction of hydrogen-bonded CdO group of T unit
reached 100% when the PVDAT content was ca. 40 wt %.

Conclusions

We have used free radical polymerization to synthesize nucleo-
base (DAT and T)-functionalized PMMA random copolymers.
Incorporating these multiple hydrogen-bonding units into
PMMA enhanced the thermal properties and dramatically in-
creased the viscosity as a result of the formationof supramolecular
polymers. We observed a positive deviation of the dependence of
Tg on the polymer composition, based on the Kwei equation,
owing to strong hydrogen bonding existing between the PVDAT-
co-PMMA and PVBT-co-PMMA copolymer main chains. FTIR
and solid-state NMR spectroscopic analyses both provided posi-
tive evidence for hydrogen-bonding interactions within these
copolymer systems.We obtained a single value of the spin-lattice
relaxation times in the rotating frame for the copolymer blend that
was lower than those of the pure copolymers, suggesting a
decrease in the free volume of the blend. Thus, significant
increases in the value of Tg of PMMA can be achieved through
copolymerization of methyl methacrylate individually with com-
plementary nucleobase monomers and then mixing of the result-
ing copolymers to form multiple hydrogen-bonding interactions.
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