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ABSTRACT: Poly(butyl methacrylate) gels with photolabile cross-linked acyloxime units were prepared.
The acyloxime moieties are scissioned on exposure to UV radiation, the cross-links decouple, and the solid
material is thereby solubilized. The quantum yield of cross-link decoupling is about & = 0.03. The physi-
cochemical consequences of cross-link decoupling are investigated.

Introduction

While the phenomenon of photo-cross-linking has been
investigated in detail,’2 the inverse phenomenon, namely
the opening of cross-links by the action of radiation has
received but little attention.® Yet the photodecoupling
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burg, OH 45342.

0024-9297/90/2223-2704302.50/0

of cross-links is both of fundamental and potentiaily of
practical interest. Photodecoupling of cross-links makes
it possible to convert a three-dimensional network into
an ensemble of linear chains by approaching the gel point
of the system from the direction of higher cross-link den-
sities. Apart from its inherent significance as a test for
some aspects of gelation theory, photodecoupling may
have interesting applications in lithography and in other
imaging technologies. In fact, positive resists based on
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cross-link decoupling would have several practical advan-
tages:

First, there is the possibility of higher sensitivity (pho-
tographic speed). In conventional positive resists a large
number of functional groups must react before an appre-
ciable differential in solubility is achieved. In a de-cross-
linking system, image discrimination is based on the tran-
sition from a cross-linked gel to an ensemble of discon-
nected polymer chains, a sol, and that transition can be
achieved by a comparatively small number of decou-
pling events. Second, because the developed image is a
cross-linked polymer, it will have higher thermal and
mechanical stability and better resistance against plasma
etching than conventional resists.?

This paper is concerned with a particular implemen-
tation of the idea of cross-link decoupling. It explores
the possibility of incorporating photolabile cross-links into
simple acrylic polymers, and it investigates the mecha-
nism of cross-link decoupling and the physicochemical
consequences of the decoupling process.

Photolabile Cross-Links. Inlooking for reactive struc-
tures that could serve as photolabile cross-links, we con-
sidered the large class of photoinitiators that produce
free radicals by a bond-scission process. A classical exam-
ple is the benzoin ethers, such as DMPA, which undergo
carbon-carbon bond scission on irradiation.*

i
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2,2-dimethoxy-2-phenylacetophenone (DMPA)
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In principle, such a system would be suitable as a pho-
tolabile cross-link, and DMPA units were used in our pre-
liminary experiments. However, in the scission reaction
of DMPA two carbon radicals are formed in close prox-
imity of each other (some 1.5 A apart) in a “solvent cage”,
and as a result many of the radical pairs will recombine
and lead the system back to its initial state. In fluid
solution cage recombination is moderate, and as a result
the quantum yield of photofragmentation can be high.
For example, in benzene solution® the quantum yield of
radical production by DMPA is of the order of 40%. Cage
recombination becomes more important in viscous media
and it dominates the behavior of the system in solid poly-
mer films. We have prepared linear polymers with DMPA
units in their backbone and have exposed solid films of
these materials to UV radiation. Even on prolonged irra-
diation, the molecular weight of the polymer did not change
significantly. However, irradiation of the same poly-
mers in solution did lead to chain fragmentation.

In light of these observations we have chosen the acyl-
oxime unit as the photosensitive moiety for this investi-
gation, because here the final radicals are separated by
a slightly larger distance, and there is hope that recom-
bination would not be complete and that some cross-
link opening would occur in these systems.
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The acyloximes, introduced by Delzenne et al.8 in 1970,
have proven to be highly effective in photogenerating free
radicals (quantum yields of radical formation are of the
order of 90%). Part of their success is based on the fact
that primary bond fission is followed in these systems
by a facile second-fragmentation step.
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CH, CH,

i
@—C' + CH;CN (3)

It will be noted that here the final radicals in (2) and (3)
are at least 4.5 A apart, which puts them just outside the
primary cage.

Acyloximes as part of the backbone of a photodegrad-
ing polymer chain have been studied by Smets.” Delzenne
and his colleagues have likewise investigated the photo-
fragmentation of linear polymers containing acyloxime
moieties in the main chain.? Reichmanis and co-workers®
and others at Bell Laboratories'® have used acyloxime
groups in the side chain to initiate the photodegradation
of polyacrylates and -methacrylates by a Norrish type 1
mechanism.

The first successful cross-linker of this project was pre-
pared with the acyloxime structure shown below.

0 0 0
Hy =cgo -@-gc= Nol:lc= CH,
& by b
C-1

With cross-linker C-1 it was possible to obtain positive
images on imagewise irradiation of poly(butyl methacry-
late) gels. Since the secondary reaction step (eq 3) requires
a certain degree of flexibility in the environment of the
photoreactive moiety, it was thought that better results
could be achieved if the central unit of the photosensi-
tive cross-linker was separated from the adjoining chains
by flexible spacers. With the idea in mind, the cross-
linkers C-2 and C-3 were prepared.
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H2=?00(CH2)30 —@—cc ==NOCC ==CH,
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CHy CH, CH,
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Hz=?C°(CHg)20CO(CH2)3O—©—CCI‘ =NOCO(CH2)ZOC(|: =CH,
CH, CH, CH,

c-3

Polymer Gels. Cross-linked polymer gels were pre-
pared by polymerizing a mixture of butyl methacrylate
(BMA) with one of the bifunctional cross-linkers (pho-
toreactive bismethacrylates) C-1, C-2, or C-3, using AIBN
as a radical initiator. The components, together with 2%
free methacrylic acid, were dissolved in toluene, 1% of
AIBN was added, and varying amounts of the chain-
transfer agent n-dodecanethiol (n-DCT) were produced;
a typical quantity was 0.5% by weight of n-DCT. The
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Figure 1. Effect of exposure on Ty of poly-BMA gels contain-
ing cross-linkers C-1, C-2, or C-3. Composition of monomer feed:
3% of cross-linker, 2% of methacrylic acid, 0.5% n-DCT. 2%
BHT was added to the gel. B is a blank, which is not radiation

sensitive and which was produced by using 1,6-hexanediol dia-
crylate (HDDA) as the cross-linker.
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solution was brought to 60-65 °C and kept there for about
6 h (oil bath). The set gels so formed were cut into small
pieces and washed with fresh solvent to remove any excess
of the thermal initiator. The gel was then dispersed with
a high-shear rotary blender and coated on glass or quartz
slides. After evaporation of the solvent, clear glossy poly-
mer films were obtained. These were dried overnight in
a vacuum oven.

The swollen gels could be perfused with various addi-
tives, the most important being radical scavengers, in order
to partially suppress the recombination of the primary
radicals formed on exposure. The effect of irradiation
on the cross-link density in the films was monitored in
several ways: by measuring T, by determining the swell-
ing volume before and after exposure, by monitoring the
absorption spectrum of the photoreactive chromophore
during irradiation, and, finally, by testing the solubility
of the irradiated material.

Early experiments showed that films with a fairly low
content of cross-linkers did become soluble on irradia-
tion and showed also appreciable changes in T,. As it
was hoped, the cross-linkers C-2 and C-3 produced some-
what more sensitive gels than cross-linker C-1 (see Fig-
ure 1). The cross-linker C-2 represents a compromise
between efficiency of de-cross-linking and ease of prep-
aration; cross-linker C-3 is only slightly better than C-2,
but it is much more cumbersome to synthesize. For this
reason cross-linker C-2 was used in all subsequent exper-
iments.

It also became apparent that the presence of a radical
scavenger, such as 2,6-di-tert-butyl-4-methylphenol (BHT),
was much more important than the choice of cross-
linker. This point is illustrated in Figure 2 where the
effect of BHT content on the degree of cross-link decou-
pling, as measured by the change in Ty is shown. It can
be seen that the T vs irradiation time curve flattens out
at about 10-min irradiation time and then ascends again.
Evidently, cross-link decoupling competes with the for-
mation of new cross-links, and in the ascending branch
of the curves cross-link formation overtakes cross-link
decoupling. The plateau at 10-min irradiation time cor-
responds to the maximum extent of net cross-link open-
ing that can be achieved in the given system.

Cross-Link Density in the Gels. The measurement
of swelling volumes affords a means for determining cross-
link density in the gels. The theory of the method is
summarized in the Flory-Rehner equation,!! which, for
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Figure 2. Effect of the added radical scavenger BHT on the

T of poly-BMA gels cross-linked with 3% of C-2 in the pres-
ence of 0.5% of n-DCT. B is a blank as in Figure 1.

Table I
Cross-Link Density in Poly-BMA Gels
feed compositn M, p p(theor) p/p(theor)

1.5% C-2 15300 5.37x10°% 11.3x10°3 0.47

2.0% C-2 15100 554 x 1028 151x103 0.37
3.0% C-2 12400 7.53x10°% 227x1073 0.33
5.0% C-2 10000 10.28 X 10-% 38.1x 1073 0.27

a low degree of cross-linking, as it applies in our case,
can be put into the form

oM 05-X,
1-2M /M v,

Here q is the ratio of the volume of the swollen to the
unswollen gel, v is the specific volume of the polymer, v;
is the molar volume of the solvent, M is the molecular
weight of the linear polymer without cross-linking, M, is
the molecular weight of the chain between cross-links,
and X; is the Flory-Huggins interaction parameter of
the solvent with the polymer.!2

Swelling volumes can be determined gravimetrically,
M is available from GPC experiments, and if X;, v, and
v are known, M, can be calculated. The cross-link den-
sity, i.e., the fraction of monomer units in the gel that
are involved in cross-links, is related to M, by the expres-
sion

(4)

_1-M/M,
P MM,

where M, is the molecular weight of the monomer unit
and M, is the weight average molecular weight of the
(notional) linear polymer before cross-linking. As a result
of the determination of the cross-link density from swell-
ing volumes, it was found that less than half of the cross-
linker molecules in the initial feed of the polymerization
reaction did in fact form intermolecular cross-links. (See
Table 1.)

The measurement of the glass transition temperature
is another, less cumbersome, way of monitoring changes
in cross-link density. For a given type of polymer sys-
tem Ty can be calibrated in terms of absolute cross-link

6
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Figure 3. Calibration of the glass transition temperature change
ATg in terms of cross-link density as derived from swelling exper-
iments. This calibration is valid for poly-BMA gels cross-
linked with C-2 in the presence of 0.5% n-DCT.

density by using the results of swelling experiments on
the same system. Figure 3 shows such a calibration curve
for cross-linked poly(butyl methacrylate) gels.

Conditions for Complete Solubilization. Many fac-
tors besides the exposure dose play a role in making a
gel soluble. Solubilization corresponds to a transition from
the gel to a sol, and it was found that the content of
cross-linker in the polymerization feed and the concen-
trations of chain-transfer agent and radical scavenger both
play an important role. In order to find the minimum
exposure dose needed to make a particular film soluble,
the problem is best approached through determination
gf the fraction of cross-links opened by the irradiation

ose.

If the cross-link density of the unirradiated gel is p(0)
and the cross-link density remaining after an exposure
time ¢ is p(t), the fraction of cross-links opened at time
t is given by

p(0) — p(2)
p(0)

The fraction of cross-links opened in the gel can be mon-
itored by swelling experiments or by T, measurements.
It is found that the decoupling effect saturates on irra-
diation to a medium-pressure mercury lamp (200 W) at
a distance of 1 ft for 10-15 min. This is caused by the
appearance of side reactions whereby the photogener-
ated primary radicals abstract hydrogen from a nearby
chain.

flt) = (6)

o) o) H
Il
@-c' + H20< —_— @—E:l;-: + ci:/\/

The carbon-centered radicals may recombine and form
cross-links that can no more be opened by light. The
gradual accumulation of nonopenable cross-links coun-
teracts the primary decoupling reaction. In the systems
investigated in this project the two processes balance when
about 38% of cross-links are opened. This is illustrated
in Figure 2 where it can be seen that after some 12 min
of exposure the glass transition temperature of the film
levels out and later starts to increase, having fallen dra-
matically in the early stages of irradiation. Figure 4 shows
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Figure 4. Plot of net fraction of cross-links decoupled on irra-
diation as a function of exposure time. Upper curve: in the
presence of 5% BHT as radical scavenger. Lower curve: no
radical scavenger.

Table II
Fraction of Cross-Links Opened As Derived from Swelling
Volumes and from T

compositn t,min M, Tg pX103 f(Ty f(M)

3% C-2 0 12400 O 753 0 0
5 14200 4.0 545 0150 0.19
10 14600 6.0 575 024 023
3% C-2,5% BHT 0 12300 O 764 0 0
5 15100 6.0 575 025 0.28
10 16000 10 500 035

that even in the presence of a radical scavenger not more
than 38% of cross-links can be opened by irradiation.
Data obtained by swelling experiments and by the mea-
surement of Ty are given in Table II and validate our
previous calibration of the T method.

To accomplish the full transition from a gel to a set of
linear polymer chains (the sol), the system must reduce
its cross-link density to that of the gel point before the
limit of the maximum openable fraction of cross-links
has been reached. The cross-link density at the gel point
is given by the Stockmayer equation!®

Pg = Mo/Mw ()

and the critical fraction of cross-links that must be opened
to reach gel point is

f. = (p(0) = pg)/p(0) (8)

For example, in a gel prepared with 1.5% by weight of
cross-linker C-2 the initial cross-link density was found
to be p(0) = 5.4 X 1073, The cross-link density at the gel
point is

pe = 142/36500 = 3.9 X 107

and the critical fraction of cross-links to be opened to
achieve solubilization is therefore

f,=(5.4-3.9)/5.4=0.28

This value is comfortably below 0.38, which is the frac-
tion of cross-links that can in practice be opened by irra-
diation. As a result, this particular gel produces clean
wash-off images of good quality.

In summary, it is noted that the most important fac-
tors in deciding whether a given gel can be solubilized
by irradiation are (a) the cross-linker content and the
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Table I11 Table V
Critical Fraction of Cross-Links To Be Opened for Comparison of Quantum Yield of Net and of Primary
Solubilization Cross-Link Opening
% n-DCT M, p(0) X 108 pg X 102 fe compositn ¢ ¢ (p-®)/o
0 128 700 6.61 1.10 0.83 2% C-2 0.020 0.027 0.025
0.5 36 500 7.53 3.89 0.48 3% C-2+ 5% BHT 0.032 0.037 0.13
1.5 15100 11.36 9.40 0.17
Table IV version by monitoring the change of the absorption spec-

Quantum Yield of Net Cross-Link Opening (Poly-BMA
Gels, 3% C-2, 0.5% n-DCT)

compositn t,min w,mg p X108 @ X 105, einstein ]

no BHT 5 28.5 1.28 1.35 0.019
10 43.0 1.75 2.70 0.020
5% BHT 5 15.8 2.00 0.675 0.033
10 22.7 2.64 1.350 0.031

content of chain-transfer agent, which set the initial cross-
link density of the gel, and (b) the concentration of rad-
ical scavengers in the film, which sets the maximum open-
able fraction of cross-links in the system. The strong
effect of chain-transfer agent on the critical fraction of
cross-links to be opened is shown in Table IIL

Critical Exposure Dose and the Quantum Yield
of Cross-Link Decoupling. The critial exposure dose,
E., is defined as the incident minimum dose of radiation
that transforms the gel into a sol. It can be expressed in
terms of the cross-link densities of the unexposed sys-
tem and the cross-link density at the gel point in the
form

_P(O)"Pc_w_
cT  Ad M

(o]

9

where w is the weight per unit area of the film and M, is
the molecular weight of the monomer unit. For a typi-
cal gel made with 3% of cross-linker C-2 in the presence
of 0.5% of chain-transfer agent n-DCT and exposed at
313 nm, the critical exposure dose was found to be E. =
110 mdJ/em2 This value was not changed appreciably
by the addition of up to 5% plasticizer.

A more fundamental quantity characterizing the pho-
toresponse of the material is the quantum yield of cross-
link decoupling, &, defined by the expression below.

p=—-="T (10)

Here n, is the number of cross-links opened by the
absorbed dose & (photons or einstein); w is the mass of
the gel sample irradiated (say, the unit area of film). The
results shown in Table IV were obtained with BMA gels
cross-linked with 3% of cross-linker C-2 in the presence
of 0.5% of n-DCT and containing either no radical scav-
enger or 5% of BHT.

It can be seen from these results that in solid films
photodecoupling of cross-links is not a very efficient pro-
cess; the quantum yield is between 2 and 3%. There
can be two reasons for this lack of efficiency: either most
radicals formed on excitation recombine in the primary
cage or there is extensive formation of secondary cross-
links. This would mean that radicals escape from the
primary cage but interact with the polymer and form new
cross-links by a route other than the recombination of
the original radicals. Which of the two mechanisms pre-
dominates can be decided by comparing the quantum
yield of disappearance of the photolabile chromophore
(i.e., the quantum yield of primary cross-link opening)
with the (net) quantum yield of cross-link decoupling.

The quantum yield of primary cross-link opening can
be determined as the quantum yield of chromophore con-

trum of the system during irradiation. The primary quan-
tum yield, ¢, can be calculated from the rate of change
of the optical density at the wavelength of irradiation
via the expression

10° dD
I Ade dt
where D is the optical density at the wavelength of irra-
diation, I, is the incident quantum flux, A is the fraction
of quanta absorbed by the chromophore, Ae is the change
of extinction coefficient between reactant and product,
and ¢ is time of exposure to the quantum flux I,. A com-
parison of ® and ¢ in Table V shows that the fraction of
primary radicals which eventually form secondary (unopen-
able) cross-links in the absence of a radical scavenger is
25% and falls to 13% in the presence of 5% of the rad-
ical scavenger BHT. It must be concluded from this that
in these systems the low efficiency of cross-link decou-
pling is caused not so much by secondary cross-link for-
mation outside the cage but mainly by cage recombina-
tion of the primary radicals.

¢= (11)

Experimental Part

Synthesis of Cross-Linker C-1. A total of 0.12 mol of n-bu-
tyl nitrite was added dropwise to a solution of 0.1 mol of 4-hy-
droxypropiophenone in 95 mL of anhydrous ether while gas-
eous HCl was passed through the solution. The mixture was
then cooled to 0 °C, treated with additional HCI, and stored
for 9 h. The solution was washed with water and extracted
with ice-cold aqueous 5% NaOH. The extracts were poured
into cold HC! solution (100 mL of water and 75 mL of HCI).
The precipitates were collected, washed with water, and fur-
ther purified by recrystallization: mp 179 °C (DSC, onset), yield
56 % 14

A total of 0.05 mol of the acyloxime was dissolved in a mix-
ture of 0.16 mol of dry pyridine and 150 mL of dry THF. The
solution was stirred at 0 °C while 0.15 mol of methacryloyl chlo-
ride was added dropwise. The mixture was stirred for an addi-
tional 10 h at room temperature, the solvent was removed, and
the residue was dissolved in CH2Cl,. The solution was washed
in turn with 1.5% NaOH, 1.5% HCI, and water and finally dried
over MgS0,. After the solvent was removed, the product was
purified by chromatography: mp 49 °C (DSC onset), yield 90%.

Synthesis of Cross-Linker C-2. A trace of KI was added
to a solution of 0.25 mol of 4-hydroxypropiophenone in 150 mL
of absolute alcohol containing 0.275 mol of KOH, and the mix-
ture was heated and stirred. After 1 h 0.25 mol of 1-chloro-3-
hydroxypropane was added dropwise, and the solution was
refluxed for 15 h. The solvent was removed and the residue
dissolved in ether. The ether solution was washed with water
and finally dried over MgSQ,. Ether was then removed and a
pure product obtained by vacuum distillation (180-182 °C (2.2
mmHg), yield 92%). The acyloxime was then treated in the
way described for cross-linker C-1. The resulting product had
an mp of 48 °C (DSC onset) and a yield of 94%.

Synthesis of Cross-Linker C-3. A total of 0.325 mol of
n-butyl nitrite was added dropwise to a mixture of 0.25 mol of
the substituted propiophenone (the intermediate in the synthe-
sis of cross-linker C-2) and a solution of 0.25 mol of metallic
sodium in 150 mL of absolute alcohol held at 5-10 °C. The
mixture was then stirred at room temperature for another 2 h.
The solvent was removed and the residue dissolved in 25 mL
of cold water. This solution was poured into a HCI solution
(200 mL of ice-water and 100 mL of 37% HCI), and the precip-
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itate was collected, washed with water, and purifed by recrys-
tallization: mp 119 °C (DSC onset), yield 50%.

In a separate run 0.02 mol of HEMA was added dropwise to
a solution of 0.024 mol of p-nitrobenzyl chloroformate and 0.024
mol of dry pyridine in 50 mL of dry THF at 0 °C. The solu-
tion was stirred for 15 h, THF was removed, and the residue
was dissolved in CH2Cl,. The organic solution was washed with
1.5% NaHCOj3, 1% HC], and finally water and dried over MgSQy,.
After CHoCl; was removed, 0.015 mol of this intermediate prod-
uct was taken up into 10 mL of dry THF and this solution was
added dropwise to a mixture of 0.005 mol of the acyloxime
described above, 3 g of K2COs, and 0.19 g of 18-crown-6 in 30
mL of dry THF. This mixture was stirred for 15 h. The sol-
vent was removed and the residue dissolved in a mixture of
CH:Cl; and water. The organic layer was washed with 1.5%
NaHCOj3, 1.5% HCI, and water and finally dried over MgSO,.
After the solvent was removed, the final product was purified
by chromatography: mp 57 °C (DSC onset), yield 40% .15

Determination of Molecular Weight. The viscosity-aver-
age molecular weight of poly(butyl methacrylate) was deter-
mined by viscometry at 30 °C, in benzene. The Mark-
Houwink relation, {#] = KM@, was used to calculate molecular
weight, with K = 4.0 X 10-3 mL/g and a = 0.77.16 A Cannon-
Fenske viscometer was used to measure the intrinsic viscosity.

Actinometry. The intensity of the incident radiation was
determined by ferrioxalate actinometry following the proce-
dure described by Kurien.1?

Coating Thickness. The coating thickness was of the order
of 2 um. It was derived from the weight of the polymer layer
and the area covered. A density of 1 g/cm3 was assumed for
all films.

Measurement of T;. The glass transition temperature of
the polymers was determined by DSC using a Du Pont 1090
thermal analyzer equipped with a Du Pont 910 DSC cell. The
midpoint af the trace of the transition was taken.

Light Sources. Exposures of the polymer coatings were car-
ried out using either a 02-XBO 150-W xenon lamp coupled to
a Bausch and Lomb monochromator or a Hanovia medium-
pressure mercury arc of 250 W.

Swelling Experiments. The swelling volumes of the vari-
ous gels were determined by gravimetry. The gels were washed
and dried and their weights determined. They were then swol-
len in benzene at 25 °C, and when equilibrium had been estab-
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lished, excess solvent was removed and the swollen gel weighed.
From the swelling volume the molecular weight between cross-
links (M,) and finally the cross-link density were determined
by the Flory—Rehner equation as described in the text of the
paper. The following parameters taken from the literaturel®
were used: X = 0.41 in benzene at 25 °C; d = 1 g/cm3 for the
polymers, d = 0.874 g/cm3 for benzene, and the molecular weight
is 78.11. M was taken to be the viscosity-average molecular
weight as determined in our experiments.
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