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ABSTRACT: Polysulfone (PSF)s are amorphous polymers
which possess excellent thermal stability and good optical
properties. But they have drawbacks such as poor chemical
resistance and high thermal expension property. In this
study, we introduced crosslinkable acrylic moiety in PSF
with side-chain using chloromethylation method. We pre-
pared photosensitive PSF having methylene methacrylate
side-chain from chloromethylated polysolfone (CMPSF).
And we performed solvent casting films of the polysulfone
methylene methacrylate (PSFMM) and produced the cross-
linked PSF films via UV expose. Their properties such as

the thermal, optical, gas barrier properties, and chemical re-
sistance were measured by TGA, DSC, TMA, UV-transmit-
tance, MOCON test, and solubility test. The crosslinked
PSFMMs were insoluble in various protic and aprotic polar
solvents. They have low CTE (coefficient of thermal expan-
sion) value and gas barrier property improved according to
increase of crosslinkable moiety. © 2008 Wiley Periodicals,
Inc. ] Appl Polym Sci 109: 1-8, 2008
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acid; crosslinking; plastic substrate

INTRODUCTION

Technologies such as LCD, OLED are commonly
used for the notebook monitor, display panel of cel-
lular phone that are display substrates which need
portability. The LCD and OLED have ability to
express more light weight and thinner of the prod-
uct, so it can be considered the appropriate technol-
ogy of display substrate of mobile products. The
glass substrate is commonly used for the display
substrate. However, it has disadvantages which are
heavy, easily fragile, and expensive to produce. So,
there are many researches to reduce the thickness of
glass substrates for more light weight and thinner
for display substrate, but glass becomes easily fragile
when it is thinner, so the fabrication process might
be complicated and it results in the decrease of pro-
duction rate.!

Recently, there is a development of plastic sub-
strates which are replaced with glass substrates as
display substrates. Plastic substrates easily deal with

Correspondence to: J. C. Won (jewon@krict.re.kr).

Contract grant sponsor: Ministry of Commerce, Industry
and Energy of Korean government; 21st Century Frontier
R&D Program (Information Display R&D Center) and Fun-
damental R&D Program for Core Technology of Materials;
contract grant number: F0004042-2006-22.

Journal of Applied Polymer Science, Vol. 109, 1-8 (2008)
©2008 Wiley Periodicals, Inc.

ST GIWILEY .

... InterScience’

DISCOVER SOMETHING GREAT

more light weight and thinner, and they also make
possible to treat impact resistance, flexibility, and
roll-to-roll process by their choice of plastics such as
PET, PES, PC, and cyclic olefin copolymer (COC).
So, they are practically adapted in the field of com-
mercial part compared with glass substrates. They
should have excellent transparency, high dimen-
sional stability and low gas barrier property to use
for the substrates of display.

Other characteristics as well as chemical resistance
are very crucially treated to be adapted as the sub-
strates of display. The display substrate requires
chemical resistance to avoid the damage of sub-
strates because it is disclosed in the chemical process
of module fabrication.

It is well known that PSF is amorphous polymer
with a high glass transition temperature, good ther-
mal and oxidative stability (decomposition range
between 400 and 550°C regardless of environment-
under air, argon, or vacuum), excellent strength and
flexibility, resistance to extremes of pH values and
low creep.>® But it is soluble in many organic solvent.

In this study, we effort the improvement of chemi-
cal resistant of PSF. We introduced crosslinkable
side chain with acrylate. The introduction of side-
chain acrylate improved chemical resistant without
large deterioration of optical property and thermal
properties. There is an interest in the chemical modi-
fication of the PSF especially by the halomethylation
reaction'*” leading to improved chemical resistance
of the PSF. And we carry out UV-curing. The
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Scheme 1 The structure of polysulfone.

UV-curable systems is notably demonstrated by the
numerous studies published in this field over the
past 15 years.®'* The main reasons for this interest
are the considerable advantages offered by the UV-
curing process of polymerization over more conven-
tional processes such as thermal curing, including
very high speeds of curing that lead to high produc-
tivity, lower energy consumption, reduction of vola-
tile organic compounds emissions, and so forth.®
Methacrylates of side chain are crosslinkable when
exposed at UV radiation.

EXPERIMENTAL
Materials

The PSF (polysulfone) was used as a product of
BASF (Ultrason 5-2010) which has an average molec-
ular weight around 60,000 and its polydispersity is
1.37 (by GPC, polystyrene standard) with the repeat-
ing unit as shown in Scheme 1. It was purified by
dissolution in chloroform, precipitation with metha-
nol and finally dryed in vacuum oven at 40°C for
24 h. Chloroform above purity 99% with moisture
content 30 ppm was purchased from Junsei Chemi-
cal. N,N-dimethylformamide (DMF) above purity,
99.9%, was purchased from Sigma-Aldrich. N,N-di-
methyl acetamide (DMAc) above purity 99% with
moisture content control under 30 ppm was pur-
chased from Mitsubishi Gas Chemical Ind. Parafor-
maldehyde (95%; Aldrich), chlorotrimethylsilane
(99+%; Aldrich), tin(IV) chloride (99%; Aldrich),
methacrylic acid (99%; TCI), tetra-n-butylammonium
bromide (TBAB, 99%; Aldrich), and potassium
carbonate (K,COs 99+%; Aldrich) were used with-
out purification.

Measurements

The coefficient of thermal expansion (CTE) was
measured in the extension mode using a thermo-
mechanical analyzer (TMA) (TA Instruments, model
2940). FTIR spectra were determined by Bio-Rad
Digilab Division FTS-165 spectrometer. Haze and
UV spectra were investigated by Prism Coupler
SPA-4000 and Hewlett-Packard 8453 for measuring
of optical properties, respectively. The 'H NMR
spectra were recorded on Bruker AMX-300 MHz
spectrometer with CDCl;. The water vapor permea-
tion property were recorded on MOCON (Permatran
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Figure 1 FTIR spectra of (1) PSF and (2) CMPSF9.

W3/31). Thermal properties were measured on ther-
mogravimetric analysis (TGA) by TA Instrument
TGA Q500 and differential scanning calorimetry
(DSC) analysis by TA Instrument DSC Q1000 at
heating rate of 10°C/min under nitrogen flow up to
800, 250°C, respectively.

Synthesis of PSF with side-chain
Chloromethylation of polysulfone (CMPSF)

PSF (5 g) dissolved in chloroform (165 mL) into a
round bottom flask equipped with mechanical stirrer
and thermometer. The solution was heated at 50°C
under a nitrogen atmosphere, then paraformalde-
hyde (3.39 g), chlorotrimethylsilane (12.3 g), and

ir I'. A ,I( L _.": |J|| (4) = .“; )
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Figure 2 'H NMR spectra of (1) PSF, (2) CMPSF3, (3)
CMPSEF9, and (4) CMPSF18.
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Figure 3 'H NMR spectra of (1) PSFMM3, (2) PSFMMO9,
and (3) PSEMMIS8.

tin(IV) chloride (0.589 g) for the catalyst added to a
polymer solution. Once the reaction was completed,
the mixture poured into methanol under stirring and
the separated polymer precipitate filtered, then
washed well with methanol, and finally dried in vac-
uum oven at 40°C for 24 h. The yield was obtained
quantitatiblely.

The degree of substitution was influenced by the
polymer concentration, the reaction time, the catalyst
concentration, and the molar ratio of PSF repeating
unit versus chloromethylation agent."™*'>™7 So we
could control the ratio of introduced —CH,Cl group
with side chain in PSF. It was shown in FTIR spec-
trum in Figure 1 which presented to appear of
—CHj, rocking (—CH,Cl) band at 990 cm ™.

The amount of introduced —CH,Cl group was
measured by 'H NMR integration for 4.53(s, 4H)

(Fig. 2).
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'"H NMR (CDCls-dg, 8, ppm): 1.69(s, 6H), 4.53(s,
4H), 6.81-6.84(d, 1H), 6.92-6.94(m, 1H), 6.98-7.03(m,
4H), 7.14-7.15(m, 1H), 7.22-7.25(d, 2H), 7.35-7.36(d,
1H), 7.82-7.87(m, 4H).

CMPSF with methylene methacrylate

It was completely dissolved dimethylformamide
(DMF, 50 mL) of CMPSF (2.5 g) and methacrylic
acid (1.2 equivalent to —CH,Cl), 1 equivalent (to
—CH,Cl) of K,CO3; and TBAB were added. The
reaction mixture was stirred for 24 h at 40°C under a
nitrogen atmosphere. After the reaction was com-
pleted, the mixture poured into distilled water under
stirring and the separated polymer filtered, then sev-
erally washed well with distilled water, and finally
dried in vacuum at 40°C for 24 h.'® The yield was
obtained above 99% (Fig. 3).

'H NMR (CDCls-de, 8, ppm): 1.74(s, 6H), 1.75(s,
6H), 5.11(s, 4H), 5.34(d, 2H), 5.80(d, 2H), 6.88-
7.01(m, 6H), 7.20-7.26(m, 3H), 7.32-7.33(d, 1H), 7.81-
7.86(m, 4H).

Film casting

We prepared two groups of polymer solution. One
group was PSFMM and the other group was
blended PSF and PSFMM 18 (PSFMMb). PSFMM
completely dissolved in DMAc for 10 wt % of the
solid content. The PSFMM solution was casting on
the glass plate by the Doctor’s blade. It was cured
by UV exposure for 4.5 J/cm®. And then, it dried in
vacuum oven at 60°C for 30 min, 120°C 1 h, and
150°C for 24 h.

RESULTS AND DISCUSSION
Synthesis and characterization of CMPSF

The chloromethylation reaction occured according to
Scheme 2. The chloromethylation was the replace-
ment of a hydrogen atom in an aromatic compound

SnCly
H. ,O—SiMe,
H ¢l
SnCly
+ H\ /O_SiMe::, .
H ~Cl
+ SnCl, + HOSIMe;

Scheme 2 The chloromethylation reaction of polysulfone.
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TABLE I
The Relation of Reaction Time with Degree of
Substitution
Reaction Degree of substitution
Polymer code time (h) (per repeating unit)
PSF 0 0
CMPSF3 10 0.06
CMPSF9 15 0.18
CMPSF18 24 0.36

by a chloromethyl group. PSF was reacted with
chloromethyl group in presence of tin(IV) chloride
as a catalyst, and this could be led to successful
introduction of a chloromethyl group into the PSF.
For the PSF, chloromethylation reaction occured on
the bisphenol-A group. Substitution of —CH,CI
group for hydrogen atom first took place on the
position (1) (mono-substituted product), and then on
the position (2) (di-substituted product).15 After the
chloromethylation reaction we introduced UV-cura-
ble moiety which could be crosslinking, it was very
important that the products were soluble in aprotic
polar solvents such as DMSO, DMAc, DMF, THF,
and NMP, and protic polar solvent like CHCls.

The —CH, rocking vibration band of —CH,CI
was observed in FTIR spectrum at 990 cm ™! (Fig. 1).
In 'H NMR spectra of the resulting products, there
represented a new singlet peak at 4.53 ppm, and this
indicated proton of the —CH,Cl. The integration
ratio of the —CH,Cl proton peak increases with an
increase in the degree of substitution, as shown in
Figure 2.

It could calculate using the following equation for
the degree of substitution (DS):
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where, A is the integration of the —CH,Cl proton, B
is the integration of the —CHj proton on the bisphe-
nol-a unit.

In this study, we controlled the reaction time. And
the characteristics of studies for CMPSFs are given
in Table L

The reaction of CMPSF with methacrylic acid

To attempt synthesis of photosensitive PSF, we
explored the esterification of CMPSF with meth-
acrylic acid,’”' that occurs according to Scheme 3.
The reaction was performed in the presence of
K5;CO; as a reaction catalyst and TBAB as a phase-
transfer catalyst. From the "H NMR spectrum of the
resulting product, all of the peaks according to the
—CH,CI proton disappeared, and the new peaks for
the methacrylic acid proton appeared. It was identi-
fied that the reaction was complete. The peak inte-
gration was increased according to the amount of
—CH,Cl proton which was shown in Figure 2.

Characterizations of PSFMM

The C=C double bonds were observed in FTIR spec-
troscopy at 1637 cm ™. It exposed the UV intensities
of 09,29, 45, and 18 J/ cm?. The case of PSFMM9
which was exposed the UV below 4.5 ]/cm2 was
rapidly the decrease of C=C double bond and above
45 J/cm? was retained the C=C double bond, as
shown in Figures 4 and 5. The residue percentage of
the C=C double bond is calculated by

R (%) :%xlOO

where, R is the residue percent of the C=C double
bond, a is the remains of C=C double bond after

HsG
O\\CI:/C:CHz

Q
CH,

n
1

Cs

C:q’ ~0
C

Hs

Scheme 3 The reaction of chloromethylated polysulfone with methacrylic acid.
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Figure 4 FTIR spectra of polysulfone methylene metha-
Crylates with UV exposure stren: 2gth (a) PSFMM9, (b) 0.9
J/em?, (c) 2.9 J/cm?, (d) 4.5 J/cm?, and (e) 18 J/cm?.

expose the UV, b is the C=C double bond of the
PSFMMs.

After expose of the UV, it analyzed the each sam-
ple with FTIR spectrometer. The remains of C=C
double bond in PSFMM series are given in Table IL
The result of C=C double bond analysis, we fixed
expose of 4.5 ]/ cm? for PSEMM series.

Optical properties

For use of plastic display substrate, matrix sheet
should have good transparency. Because polysulfone
is an amorphous polymer, it represents excellent
transparency. So the PSFMM also should be amor-
phous polymer and transparency. In this study, we
had casting of the PSFMM films, and measured opti-
cal properties such as the haze, the UV-transmit-
tance, and the yellow index (YI). We compared the
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Figure 5 The relations of the residue percentage of the
C=C bond according to the amount of UV exposure.

TABLE II
The Residual Percentages of the C=C bond of PSFMM
Series after UV Exposure

Residual C=C bond (%)

Polymer code

PSFMM3 96
PSFMMb3 59
PSFMM9 35
PSFMMb9 33
PSFMM18 38

PSFMM films with the PSF film. After completely
removing the solvent of the PSFMM film, retain the
transparency. The results of optical property measure-
ments for PSF and PSFMM films were shown in Table
III. As the degree of side-chain acrylate of PSFMMs
were increased, UV transmittance and YI, haze char-
acteristics were a little bit decreased. But it was a
range that we could use it as a display substrate.

Chemical resistance

The solubility of crosslinked PSFMMs were meas-
ured into various protic and aprotic polar solvents
such as CHCl;, DMAc, DMF, NMP, THF, isopropyl
alcohol, acetone, y-butyrolactone, HCl, HNOj. The
result of solubility test; the PSF film was soluble in
solvents, but the PSFMMS3 film was partially soluble
in CHCl; but insoluble in others solvents, and the
others were insoluble in various solvents, as shown
in Table IV. It is explained by chemical properties of
the thermosetting polymer by crosslinking. The ther-
mosetting polymers are insoluble in most solvents.
As a result, the crosslinked PSF by the photosensi-
tive moiety was not soluble in solvents. While cross-
linked PSF is used for display substrate, it should be
insoluble in isopropyl alcohol, acetone, N-methyl
pyrrolidone, +y-butyrolactone, HCl, and HNO; sol-
vent that are widely used in the device fabrication
process, as shown in Table IV.

Thermal properties by TGA, DSC, and TMA

Thermogravimetric analysis data of PSF and PSFMM
were presented in Table V and selected TGA traces

TABLE III
The Optical Properties of PSF and PSFMM Series

Transmittance (%)

Haze
Polymer code (%) YI 550 nm 700 nm
PSF 0.27 0.38 92.3 93.1
PSEMM3 0.35 0.40 88.9 92.0
PSFMMb3 0.32 0.39 88.3 91.2
PSFMM9 0.46 0.41 88.2 90.1
PSFMMDb9 041 0.42 88.4 90.7
PSFMM18 0.52 0.45 88.0 90.1

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE IV
The Solubility Tests of PSF and PSFMM Series
Polymer code

Solvent PSF PSFMM3 PSFMMb3 PSFMMDb9 PSFMM9 PSFMM18
CHCl, ++ A A A _ —
DMAc ++ A A A _ __
DMF ++ A A A _ __
NMP ++ A A A - __
THF ++ A A A _ __
Isopropyl alcohol —— —— - —— __ __
Acetone - - - __ __ _
y-butyrolactone —— A A A _ _
HCI (1 mol/L) —— —— - - __ __
HNO; (60 %) —— —— —— __ __ __

++ : soluble at room temperature, A : partially-soluble at room temperature, —— : insoluble.

were presented in Figure 6. The temperature of
weight loss before 480°C was generally considered
to be the decomposition temperature of the cross-
linkable moiety which was increased according to
the amount of methacrylate moiety. The side-chain
moiety weaks to compare with the main-chain that
its degradation point represents to happens at low
temperature. But it is not important because degra-
dation points of crosslinked PSFs were higher than
that of display fabrication processing temperature
(250-300°C).

The representative DSC themograms had been
plotted in Figure 7 for crosslinked PSF. As they can
be seen from Figure 7, the glass transition tempera-
ture of the PSF ranged at 188°C. In case of cross-
linked PSFMM3 T, ranged to 195°C and the T, of
the PSFMM9 and PSFMMI18 were increased to
210°C. The methacrylic moiety was rolled on net-
work structure between PSFMM. The crosslinked
parts disrupt movement of the each main chain. But
some samples represented T, because we introduced
crosslinkable moiety partially in PSF in which per-
mitted chain movement by main chain.

Most of polymeric materials increase volume with
increasing temperature. It is called the thermal
expansion. The degree of thermal expansion repre-
sents coefficient of thermal expansion (CTE). The

measurement of CTE has a couple of methods, one
is the linear expansion for the thermal, the other is
the volume expansion for the thermal. The former
called the coefficient of linear expansion and the lat-
ter called the coefficient of volume expansion. In this
study, we measured the coefficient of linear expan-
sion for the CTE by TMA.

It could be calculated using the following equation
for the CTE (a):

1 L—L

a=—x
Ly tHh—H

where, Ly is the length of sample for 0°C, L is the
length of sample for T,°C, L, is the length of sample
for T,°C, T; and T, are transformation of tempera-
ture for sample.

It demands the dimensional stability on the high
temperature for the display substrate. We measured
the CTE of the PSF and PSFMM films, as shown in
Figure 8. The CTE was decreased with increasing of
the degree of substitution. It was owing to chemical
structure, the crosslinked moiety interrupt thermal
expansion between main chains. The crosslinking
effect at CTE was not obviously appeared samples
between PSFMM9 and PSFMM18. So we will be

TABLE V
Thermogravimetric Analysis of PSF and PSFMM Series

Polymer code IDT (°C) T, (°C) Ts (°C)* T1o (°C)° Residue (%)
PSF 472 512 500.6 509.5 31.7
PSFMM3 391 431 472.3 4954 32.6
PSFMMb3 388 433 475.3 496.3 35.6
PSFMM9 387 430 4329 474.2 329
PSFMMDb9 382 432 428.4 470.5 354
PSFMM18 379 430 406.4 436.2 32.3

? Ts; 5% weight loss temperature.
" Ty0; 10% weight loss temperature.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 6 Thermogravimetric analysis of PSF and PSFMM
series.

investigating this matter in future. But we can see
the evidence of increase of degree of crosslinked
moiety in PSFMM 18 by decreasing water vapor
transmission ratio (WVTR).

Gas barrier property

The water vapor transmission ratio (WVTR) of the
PSF and PSFMM films were measured by the condi-
tions of 37.8°C, 100% humidities, as shown in Table
VI. Crosslinked PSF films were decreased, WVTR,
compare with the PSF film, because crosslinking
decreased the free volume of polymer matrix which
made densed structure of matrix. The water barrier
property is calculated by barrier improvement factor
(BIF). The increase of crosslinked moieties reduced
water vapor permeability of matrix film. In case of
PSFMM18, BIF value represents to 1.92.

PSFMMb9
I
s PSFMM9
=S
o
N \ PSFMMb3
P .
[¢]
T

100 150 200 250

Temperature(OC)

Figure 7 DSC thermograms of PSF and PSFMM series.
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Figure 8 The coefficient of thermal expansion (CTE) of
PSF and PSFMM series.

a
BIF = —
b

where a is water vapor transmission ratio of PSF, b
is water vapor transmission ratio of PSFMMs.

CONCLUSIONS

We successfully introduced crosslinkable side-chain
moiety in polysulfone by chloromethylation method.
The UV curable polysulfones having methylene
methacrylate with side-chain were prepared films by
solvent casting. We controlled the degree of chloro-
methylation by the polysulfone concentration, reac-
tion time, and catalyst concentration. The reaction
time was important factor of degree of chloromethy-
lation. The introduction of side-chain acrylate im-
proved chemical resistant without large deterioration
of optical property and thermal properties.

The PSFMM films above 9% for degree of substitu-
tion were insoluble in various organic solvents. They
were insoluble in various protic, aprotic polar sol-
vent, and acid-base.

The PSFMM films represented low CTE (coeffi-
cient of thermal expansion) value which decreased

TABLE VI
The Water Vapor Permeabilities of PSF and
PSFMM Series

Thickness WVTR

Polymer code of film (um) (g/ m? day) BIF
PSF 86.2 102 1
PSFMM3 74.9 84 1.21
PSFMMb3 82.3 76 1.34
PSFMM9 83.6 67 1.52
PSFMMb9 84.4 65 1.57
PSFMM18 80.3 53 1.92

Measurement conditions; temperature: 37.8°C, humidity:
100%.

Journal of Applied Polymer Science DOI 10.1002/app



to 25%. In addition, they represented improved gas
barrier property. The barrier improvement factor
(BIF) of PSFMM18 film was above 1.92.
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