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ABSTRACT:

The synthesis of two new monomers containing a uracil unit and copolymers of the novel monomers

with methyl methacrylate is described. Poly(styrene-acrylonitrile) (SAN) was modified by reaction with dicyandiamide

in dry dimethyl sulfoxide, so that the acrylonitrile units were partially converted to 2,4-diamino-1,3,5-triazine moieties.

The triazine rings in the terpolymer and uracil unit in the copolymer may form complementary triple hydrogen bonding

sites. Blends of the copolymer containing uracil and terpolymer containing triazine ring were miscible owing to strong
hydrogen bonding interaction between the two polymers. Miscibility and hydrogen bonding interaction of the blend

system were investigated by DSC and FTIR.
KEY WORDS

There has been considerable interest in the study of
polymer blends due to their importance in academic
and technical aspects.! Thermodynamically, the mis-
cibility of polymer blends is dependent mainly on
mixing enthalpy because the contribution of the com-
binatorial entropy to the free energy of mixing is neg-
ligible. Two dissimilar polymers usually form an im-
miscible blend. For some immiscible polymer blends,
it is possible to induce miscibility when one or both
polymers contain interacting groups,>* such as hydro-
gen bonding,*° ion—ion interaction,'® charge-trans-
fer,''2 and ion—dipole interaction.”*!> Hydrogen
bonding plays an important role in the miscibility of
polymer blends.**'6-1° In some cases, the donor (D)
and acceptor (A) normally have the capability of
forming double or triple hydrogen bonds, and are of-
ten structural analogues of the pyrimidine-purine nu-
cleic acid bases. Stadler et al. have grafted (4-carbox-
yphenyl)urazole groups on to polybutadiene to give a
two-dimensional network formed by self-association
of urazole moieties,?*2! while Rebek used melamine
to form triple hydrogen-bonded structures with trisi-
mide units.>> A number of synthetic polymers which
serve as nucleic acid models had been designed, and
their functionalities have been extensively stud-
ied.?>2> Most of them have a vinyl-type backbone
chain and nucleic acid bases as pendant groups. We
reported previously that styrene-divinylbenzene co-
polymer bearing 2,4-diaminotriazine could adsorb nu-
cleic acid bases in methanol by forming multiple hy-
drogen bonds between the 2,4-diaminotriazine moiety
and nucleic acid base.?

In this paper, two novel methacrylate derivatives of
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uracil were designed and synthesized, and copolymers
of the new monomers with methyl methacrylate were
prepared. The blends of poly(styrene-acrylonitrile)
(SAN) and copolymers containing uracil were immis-
cible. When SAN was modified to have 2,4-diamino-
1,3,5-triazine,?’ the blends became miscible, suggest-
ing that the triazine rings and uracil units form com-
plementary pairs of donor—acceptor—donor (DAD)
and acceptor—donor—acceptor (ADA) triple hydrogen
bonding sites. The interaction may be the main driv-
ing force for miscibility.

The miscibility of polymer blends is commonly as-
certained through the measurement of the glass transi-
tion temperature (7,) by differential scanning calorim-
etry (DSC). A single T, indicates that the blend
system is miscible; otherwise the blend system is
not miscible. Recently Fourier transform infrared
(FTIR) is used to study hydrogen bonding.?®?° In
the present paper, DSC and FTIR were used to inves-
tigate blend miscibility and hydrogen bonding be-
tween the terpolymer, styrene-acrylonitrile-vinyl-2,4-
diamino-1,3,5-triazine, and copolymer, methyl meth-
acrylate-methacrylate derivative of uracil.

EXPERIMENTAL

Materials

Poly(styrene-acrylonitrile) (SAN, containing 25
wt% AN), dicyandiamide, potassium hydroxide,
acrylonitrile, ethanolamine, hydrochloric acid,
dimethyl sulfoxide (DMSO), uracil, bromoacetic acid,
methacrylic acid, benzoyl chloride, and ethylene gly-
col are all analytical grade of commercial products.
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Scheme 2. Synthesis of monomer II.

Monomer Synthesis

Two new monomers containing uracil unit were
prepared. The synthesis routes are shown in
Schemes 1 and 2.

Synthesis of Monomer I (I-methacryloxy ethyl-5,6-di-
hydrouracil)

(1) Methacryloyl chloride. Methacryloyl chloride was
prepared following the method used by Herbert.*
Yield 60 %, b.p. 88-90°C.

(i1) Methacrylic anhydride. To 0.468 mol methacrylic
acid (40.29 g), 0.523 mol NaOH in 35mL H,O was
added. The mixture was kept at room temperature
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for 0.5h, and then diethyl ether (48 mL) was added.
A solution of 0.39mol of methacryloyl chloride in
32 mL diethyl ether was added dropwise to the mix-
ture. On keeping the mixture at 18-20°C for 1h, it
was separated into two layers. The upper layer was
dried with anhydrous CaCl,. After evaporation of
the ether, methacrylic anhydride was obtained by re-
duced pressure distillation. Yield 80 %, b.p. 4547
°C/2mm. IR (KBr, cm™'): 1788, 1723, 1636, 1455.
(ii1) I-(2-Hydroxyethyl)-5,6-dihydrouracil. This syn-
thesis was carried out according to the method of
Inaki et al.®!

Ethanolamine (42mL, 0.70mol) was added to a
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three-necked flask equipped with thermometer and
stirrer. Acrylonitrile (55mL, 0.84mol) was added
dropwise to the ethanolamine at 0°C. The mixture
was stirred for 1h. Acrylonitrile unreacted was evapo-
rated and the resulting viscous oily product was dis-
solved in 3N hydrochloric acid (270 mL). The solution
was added dropwise to an aqueous solution of potas-
sium cyanate (70 g, 0.86 mol). After stirring for 24 h
at room temperature, the solvent was evaporated to
give an oily residue. The residue was then diluted with
methanol (600mL), and the precipitate potassium
chloride formed was removed by filtration. Aqueous
methanolic hydrochloric acid (100 mL of conc. HCl
in 300 mL water and 300 mL methanol) was added
to the filtrate. The solution was refluxed for 2h. The
solvent was evaporated to dryness. The product was
extracted from the residue with hot ethanol. The ex-
tract was filtered, and the filtrate was cooled to give
colorless crystals of product. Yield 75 %, mp 143-
145°C.

(iv) 1-Methacryloyloxyethyl-5,6-dihydrouracil (mono-
mer I). Methacrylic anhydride (11.71g, 0.076 mol)
was added to a solution of 1-(2-hydroxyethyl)-5,6-di-
hydrouracil (6 g, 0.038 mol) in dry pyridine (50 mL).
A small amount of phenothiazine was added to the
mixture. The solution was stirred overnight at room
temperature. The solvent and excess methacrylic an-
hydride were removed by distillation under reduced
pressure. The product was separated from the residue
by column chromatography (mobile elution phase,
benzene:ethanol = 5:1). Yield 75 %, mp 78-80°C.
'"HNMR was performed by using a plus-400 Varian
UNITY spectrometer. 'HNMR (CDCl), § (ppm):
8.047 (s, 1H), 6.095 (s, 1H), 5.601 (s, 1H), 4.347 (t,
2H), 3.724 (t, 2H), 3.519 (t, 2H), 2.667 (t, 2H),
1.934 (s, 3H); EA (%): C1oH14N,04 Calcd: C 53.17,
H 6.19, N 12.39; Found: C 52.97, H 6.10, N 12.46.

Synthesis of Monomer Il (I1-[(2-Methacryloyloxy)-
ethoxycarbonylJmethylene uracil)

(i) 1-Carboxymethyl uraci.*® Uracil (3.36 g, 30 mmol)
and potassium hydroxide (6.41 g, 115 mmol) were dis-
solved in 20 mL water and heated to 40—45°C. A so-
lution of bromoacetic acid (6.25 g, 45 mmol) in 10 mL
water was added dropwise to the mixture during 0.5 h.
The reaction was continued for 2 h at this temperature.
The mixture was neutralized, refrigerated for 2 h, and
filtrated. The filtrate was acidified to a pH of 1-2, and
refrigerated for 4 h. The precipitate formed was col-
lected by filtration, washed twice with cold water,
and dried under vacuum for 24 h. Yield 80 %, mp >
270°C. IR (KBr): 2800-3400cm~! (broad and
strong), 'THNMR (DMSO-dg), § (ppm): 13.160 (s,
1H), 11.361 (s, 1H), 7.610 (d, 1H), 5.584 (d, 1H),
4.406 (s, 2H).
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(1) 1-(Hydroxyethoxycarbonyl)methylene uracil. To a
100 mL three-necked flask equipped with stirrer, con-
denser and thermometer, 1-carboxymethyl uracil (3 g,
17.6 mmol), ethylene glycol (30 mL), and a few drops
of conc. HCI were added. The mixture was stirred for
2h at 80-90 °C. Ethylene glycol was removed by dis-
tillation under reduced pressure. The residue was fil-
tered, washed repeatedly with tetrahydrofuran, and
dried under vacuum for 24h. Yield 78 %. 'HNMR
(DMSO-dg), § (ppm): 11.418 (s, 1H), 7.619 (d, 1H),
5.624 (d, 1H), 4.883 (t, 2H), 4.536 (s, 2H), 4.112 (t,
2H), 3.580 (t, 2H).

(ii1) I-[(2-methacryloyloxy)ethoxycarbonyl Jmethylene
uracil (monomer II). 1-(Hydroxyethoxycarbonyl)-
methylene uracil (10.1 g, 47 mmol) was dissolved in
dry pyridine (100mL). Methacrylic anhydride
(124.1 g, 94 mmol) was added dropwise. The mixture
was stirred for 24 h at room temperature. The solvent
was removed by distillation under reduced pressure.
The product was obtained by column chromatography
(benzene:ethanol = 5:1). Yield 75 %, mp 124-126°C.
'HNMR (DMSO-dg), 8 (ppm): 11.418 (s, 1H), 7.615
(d, 1H), 6.042 (s, 1H), 5.705 (s, 1H), 5.615 (d, 1H),
4.552 (s, 2H), 4.340 (m, 4H), 1.877 (s, 3H); EA
(%): C12H1aN,Og Caled: C 51.06, H 4.96, N 9.93;
Found: C 50.88, H 4.81, N 9.86.

Copolymer Synthesis

Copolymerization of methyl methacrylate (MMA)
with methacrylate derivative monomers I or II was
carried out in DMSO at 60 °C using 2,2'-azobisisobu-
tyronitrile (AIBN) as initiator. The copolymers were
obtained as white solids after precipitation in meth-
anol, followed by further purification Yield 35-
50 %. The copolymers with different mol% of mono-
mer I (or monomer II) in the feed were prepared. The
molecular weights of the copolymers were measured
by Waters 410 gel permeation chromatography
(GPC) at a rate of 1.0mL/min in DMF as effluent
flow. GPC was first calibrated using standard samples
of polystyrene. The results are shown in Table I.

Table I. Characterization of copolymers of monomer I and II
with MMA

Monomer I or IT Content M,, (10%)

Copolymers (mol%) (g/mol) Polydispersity
Pl 50 (I) 23.67 1.88
P2 33 (D) 21.44 2.08
P3 25 (D) 16.70 2.03
P4 10 (I) 18.36 1.09
Pl 50 (II) 40.15 1.25
P2 33 (1) 30.26 1.10
P3 25 (1I) 11.24 1.15
P4 10 (D) 9.76 1.19
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Scheme 3. Modification of poly(styrene-acrylonitrile) (SAN).

Modification of Poly(styrene-acrylonitrile) (SAN)

Scheme 3 shows modification of poly(styrene-
acrylonitrile) (SAN). A solution of SAN (1.766 g) in
DMSO (110 mL) was prepared under dry nitrogen. Di-
cyandiamide (DCDD, 1.682 g) and potassium hydrox-
ide (0.281 g) were added and the mixture was heated
to 60-70°C. Reaction time (f) was controlled at 10—
30h. The content of triazine ring in the terpolymer in-
creased with reaction time. The mixture was concen-
trated by distillation under reduced pressure. Poly-
(styrene-acrylonitrile-vinyl-2,4-diamino-1,3,5-triazine)
was obtained after precipitation in methanol, and pu-
rification was achieved by redissolving the samples
in DMSO and reprecipitating by addition to methanol.
The products were dried under vacuum and designat-
ed as: SAN-O (t = 0h, unmodified), SAN-10 (r =
10h), SAN-20 (r = 20h), SAN-30 (¢ = 30h).

Polymer Blend Preparation

The copolymers containing uracil and terpolymers
(styrene-acrylonitrile-vinyl-2,4-diamino-1,3,5-triazine)
were respectively dissolved in DMSO to form 1%
(w/v) solutions. Equal amounts of copolymer and
terpolymer solutions were mixed by dropwise adding
the former solution to the later. The mixture was
stirred for 3h at room temperature and precipitation
did not occur. The powdered blends of copolymer/
terpolymer, all regulated at a 50/50 composition in
w/w, were obtained by co-precipitation into water
or evaporating the solvent slowly.

Instrumentation and Measurements

Tys of various samples were measured with a
NETZSCH DSC 204. T,s of the copolymers and those
of the terpolymers were close, blend samples were
treated by the following aging process.**> Blend sam-
ples for aging were kept at 7o > T, for 5 min to erase
previous history. In most cases, 7o = 160°C. The
samples were cooled by quenching in liquid nitrogen,
followed by aging for 24h at T, < T,, usually
T, = 60°C. The samples were quenched by liquid ni-
trogen again, and DSC scans were carried out from
—51t0 200 °C at 10 °C/min. The initial onset of change
of slope in the DSC curve was taken as 7.

Infrared spectra were recorded on a Bio-Rad FTS
600 Fourier Transform Infrared spectrometer at a res-
olution of 2cm™'. Spectra recorded at elevated tem-
peratures (30-250°C) were obtained at 2 °C/min.
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RESULTS AND DISCUSSION

The terpolymer(styrene-acrylonitrile-vinyl-2,4-di-
amino-1,3,5-triazine) forms complementary triple hy-
drogen bonds with copolymers containing uracil.
The former provides donor—acceptor—donor (DAD)
hydrogen bonding sites and the later provides accep-
tor—donor—acceptor (ADA) hydrogen bonding sites.
The terpolymer/copolymer blend miscibility was
studied by measurement of the glass transition tem-
perature (Ty) by DSC. FTIR was used to investigate
blend miscibility and hydrogen bonding interaction
between components of the blending system.

Differential Scanning Calorimetry (DSC) Analysis

T, of the terpolymers is as follows: SAN-0,
T, =109.5°C; SAN-10, T, =128.3°C; SAN-20,
T, = 139.2°C; SAN-30, T, = 156.2°C. Differential
scanning calorimetry (DSC) curves of the terpolymers
are shown in Figure 1. Glass transition temperature in-
creased with triazine ring content in the terpolymers.
Blends of SAN-0 (unmodified SAN) with copolymers
containing uracil exhibited two different Tgs, for
SAN-0/P1 and SAN-0/P2" blends (Figure 2). The
blend systems of SAN-0 with the respective copoly-
mers were immiscible.

SAN was modified by introducing the triazine mo-
tif. The blends turned from immiscible to miscible and
gave one T, as shown in Figures 3a and 3b. All data
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Figure 1. DSC curves of terpolymers containing triazine.
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mers (P1'-P4’), the terpolymer SAN-20, and their blends.

are listed in Table II. The results suggest that the co-
polymer containing uracil unit forms a strong hydro-
gen bonds with the terpolymer containing triazine,
causing the blend system to the miscible.
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Table II. T, data for terpolymer/copolymer blends

Blend T, (°C) Terpolymer T, (°C) Copolymer T, (°C)
SAN-30/P1 152.5 SAN-30 156.2 P1 146.3
SAN-30/P2 150.9 SAN-30 156.2 P2 146.2
SAN-30/P3 1464  SAN-30 156.2 P3 144.4
SAN-30/P4 1452  SAN-30 156.2 P4 137.7
SAN-20/P1" 128.7 SAN-20 139.2 Pl 118.4
SAN-20/P2" 132.8 SAN-20 139.2 P2 127.2
SAN-20/P3’" 131.2  SAN-20 139.2 P3 114.9
SAN-20/P4" 1346  SAN-20 139.2 P4/ 119.2
FTIR Analysis

The infrared spectra of the copolymer P1, terpoly-
mer SAN-30, and 50/50 blend SAN-30/P1 at room
temperature are shown in Figure 4a. In the spectrum
of terpolymer SAN-30, two peaks at 3500 and
3328 cm™~! of the amino stretching band are attributed
to free and self-associated amino groups of SAN-30,
respectively, and the peak at 3395 cm~! was assigned
to an amino group symmetric stretch vibration.**
From the spectrum of blend SAN-30/P1, the free ami-
no peak shifts to 3475 cm™!, lowering by 25 cm™' and
the self-associated amino band also shifts to a lower
frequency at 3320cm~!, indicating that some free
amino groups of SAN-30 to form hydrogen bonds
with P1 after mixing of SAN-30 with P1, and some
originally self-associated amino groups of SAN-30
are disassociated and instead hydrogen bonds with
P1. In the carbonyl stretching region, the band at
1710cm™! is attributed to the carbonyl groups of co-
polymer P1, and the blend with SAN-30 shows no sig-
nificant wavenumber change of the carbonyl band
around 1710cm™!, due to multiple carbonyl groups
(amide, imide and ester) in P1, resulting in a very
strong and broad carbonyl absorbance band.

Hydrogen bonding between the two polymers was
further investigated by measuring temperature-
dependent spectral changes for the blend (Figure
4b). With increase in temperature, the free amino peak

Polym. J., Vol. 36, No. 1, 2004
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(a) IR spectra of copolymer P1, terpolymer SAN-30, and their blend SAN-30/P1. A, the amino group stretching region; B,

the carbonyl stretching region. (b) Effect of increasing temperature on the IR spectra of blend SAN-30/P1. C, the amino group stretching

region; D, the carbonyl stretching region.

shifted from 3475 to 3500cm~!, becoming more
prominent, while the intensity of hydrogen bonded
amino stretching peak at 3320 cm~! decreases, and a
part of the carbonyl group band at 1710cm™" shifted
to a higher frequency at 1730 cm~!. This confirms the
existence of hydrogen bonds in the blend SAN-30/P1
and that hydrogen bonds are destroyed if temperature
is increased. A possible triple hydrogen bond interac-
tion between the triazine ring in the terpolymer and
uracil unit in the copolymer is suggested in
Scheme 4.33

Figure 5a shows infrared spectra of the copolymer
P2’, terpolymer SAN-20, and 50/50 blend SAN-20/
P2’. In the spectrum of SAN-20, the peak at
3510cm™! is assigned to free NH, absorbance, and
the peak at 3330cm™! is attributed to self-associated
NH, in SAN-20. In the spectrum of blend SAN-20/
P2/, peaks at 3510cm~' and 3330cm~! shift to

Polym. J., Vol. 36, No. 1, 2004

3490 cm~! and 3320 cm™! respectively, which shows
that when SAN-20 is mixed with P2, some amino
groups in SAN-20 form hydrogen bonds with P2'.
The temperature dependent spectral change for the
blend was measured (Figure 5b). With increase in
temperature, the free amino absorbance peak at
3490 cm~! shifts to 3510cm ™!, and in a frequency re-
gion higher than 1700cm™', the peak at 1730cm™!
becomes more prominent. IR spectroscopy shows that
intermolecular hydrogen bonds are formed between
amide carbonyl groups of P2’ and amino groups of
SAN-20.

CONCLUSION

New methacrylate derivatives containing uracil
were synthesized and their copolymers with methyl
methacrylate were prepared. Blends of poly(styrene-

15
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Figure 5. (a) IR spectra of copolymer P2’, terpolymer SAN-20, and their blend SAN-20/P2’. A, the amino group stretching region; B,
the carbonyl stretching region. (b) Effect of increasing temperature on the IR spectra of blend SAN-20/P2’. C, the amino group stretching
region; D, the carbonyl stretching region.

acrylonitrile) (SAN) and the copolymer containing ur- ble and had a single T,, indicating that the triazine
acil were not miscible. When SAN was modified to ring of the terpolymer and uracil of the copolymers
contain 2,4-diamino triazine, the blend turned misci- form strong hydrogen bonds. IR spectra further con-
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firmed the formation of hydrogen bonds between the
copolymers and the terpolymer, suggesting this inter-
action to be the main driving force for miscibility.
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