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Cationic curing of polymer coatings:
Evaluation of o-nitrobenzyl tosylate
as a thermally labile acid precursor

James F. Cameron and Jean M. J. Fréchet*
Department of Chemistry, Baker Laboratory, Cornell University, ithaca, NY 14853-1301, USA

The propensity of o-nitrobenzyl tosylate to act as a thermal source of p-toluenesulfonic
acid useful in the cationic curing of polymers was established both in solution and the solid
state using a combination of variable temperature '"H NMR and quantitative-infrared spectros-
copy. Monitoring of the thermal generation of p-toluenesulfonic acid within inert coatings of
poly(styrene) or poly(methyl methacrylate) confirmed that the process was most efficient at
temperatures between 100 and 110°C, though slow liberation of acid was observed at temper-
atures as low as 90°C.

Introduction

The o-nitrobenzyl group is a well known protecting group which is typically cleaved
photochemically [1]. The photo efficient removal of the o-nitrobenzyl moiety has led to its
widespread use in a diverse array of applications. For instance, besides use as a protecting
group in standard organic transformations, the efficiency of the solid state o-nitrobenzyl
photorearrangement has resulted in its use in the microelectronics industry: o-Nitrobenzyl
carboxylates have been used as dissolution inhibitors in resist formulations {2] while o-nitro-
benzyl sulfonates have found use as sources of photogenerated acid [3,4]. Furthermore, o-
nitrobenzyl derived carbamates have been developed as sources of photogenerated amines,
diamines and polyamines [5-6].

More recently, the thermal stability of the o-nitrobenzyl group as present in o-nitro-
benzyl tosylate has attracted some attention [3). Originally, interest in this material arose
from its potential as a photochemical source of p-toluenesulfonic acid but, in this regard, it
proved somewhat unstable towards the standard processing conditions required of such
photoacid precursors [3]. This observation led to a realization that the thermal decomposition
of o-nitrobenzyl tosylate may allow for the thermal generation of acid. Currently there are
several well documented sources of thermally generated acid among which, ammonium
sulfonates and benzoin tosylate are the most commonly known {7]. In addition, a large
number of diaryliodonium [10] and various sulfonium salts [11, 12] with suitable counterions
such as AsF’, PF’, etc., have been shown to possess interesting properties as thermal precur-
sors of acid [12]. Interest in these materials is mainly due to their potential application as
curing agents in coating and paint technology. More recently, thermally generated p-toluene-
sulfonic acid has found use in the image reversal of a negative resist via the novel method of
inhibiting the curing action of the acid by photogenerating base in the exposed areas [8].

Based on our current interest in the area of novel curing processes for coatings as well
as imaging systems, we report here the results of our investigation into the thermally sensitive
nature of o-nitrobenzyl tosylate with emphasis being placed on the ability to control the
thermal generation of p-toluenesulfonic acid in solution and in the solid state. Direct applica-
tions of this thermally sensitive acid precursor in the areas of novel polymer coatings and in
the chemistry of resists will be described in forthcoming publications.

*To whom offprint requests should be sent
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Results and Discussion

The first indication of the thermally sensitive nature of o-nitrobenzyl tosylate was
gained through Differential Scanning Calorimetry (DSC). The DSC curve of o-nitrobenzyl
tosylate shows two transitions (Fig. 1); the first at 101°C, is endothermic and corresponds to
the melting point while the second transition appears almost immediately after melting. This
latter peak is strongly exothermic and corresponds to the decomposition of the material.
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Figure 1. Differential scanning calorimetry trace for g-nitrobenzyl-tosylate.

The decomposition temperature was confirmed by dynamic thermogravimetric analysis
(TGA) which showed the start of a substantial weight loss occurred on heating o-nitrobenzyl
tosylate above its melting point. The extent of thermolysis was found to be independent of the
purge gas used as experiments under both nitrogen and air gave similar degrees of decomposi-
tion. Interestingly, isothermal TGA showed that the material was decomposing slowly even at
90°C with a 0.2% weight loss occurring over 30 min, After such heating, the appearance of
the o-nitrobenzyl tosylate suggested that it had undergone substantial decomposition as evi-
denced by its black color, but 'H NMR analysis showed its purity to exceed 99%. On the
other hand, 'H NMR spectroscopy of the residue from a similar isothermal TGA run per-
formed at 110°C indicated that complete decomposition of o-nitrobenzyl tosylate to p-toluene-

sulfonic acid had occurred over 30 min.
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Scheme 1.
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In mechanistic terms, the thermal generation of p-toluenesulfonic acid likely proceeds
by an internal displacement of tosylate by the o-nitro group (Scheme 1). This explanation has
previously been offered for the decomposition of other o-nitrobenzyl tosylates [9] and is
essentially a thermal version of the well known photo-redox pathway of cleavage. This mode

Hh
8
H NO; o H§ B
1
Hf CHy4-0-$§ CHy*
B [ ]
0 H® Hb CH a
- 3

- CHZd

T T T , T T L} L} I T T Jm
8.9 - 7.‘3a » JU -)L.
sz I'I.l )
H® NO, " -
HIZ Hll /CH3
. L
Hsl ‘ H,z Hj
\
H* ~ | JL
/H;JML
‘ By
e
LI S S S S it S ) i et ol " Lae " NN 2 {
8.9 7.5 18.8@ 8.a 5.9 4,9
PPM PPM
g
CHy SO, !
¥ g

Figure 2: Change in the 'H NMR spectrum of o-nitrobenzy! tosylate on heating at 105°C
in nitrobenzene-d_; a) Prior to heating; b) 48 min; ¢) 100 min; d) 153 min; e) 205 min.;
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of cleavage necessitates the formation of o-nitrosobenzaldehyde as a thermal byproduct. Our

experiments confirm that this is the case and 'H NMR spectroscopy on the decomposition

groducts of o-nitrobenzyl tosylate in dimethylsulfoxide-d, show an aldehydic resonance at
10.27 along with the expected resonances of p-toluenesulfonic acid.

The thermal decomposition of o-nitrobenzyl tosylate in solution could also be fol-
lowed conveniently by variable temperature 'H NMR spectroscopy in nitrobenzene-d,. The
result of one such study, performed at 105°C, is shown in Fig. 2 and illustrates the facile
thermal generation of p-toluenesulfonic acid. On heating, the benzylic resonance (CHE;) atd
5.61 slowly disappears as does the AB quartet of the sulfonate at 6 7.33 (H®) and 7.90 (H°).
Similarly, the resonance of the proton ortho to the nitro group (H") at 8 8.02 disappears while
the change in the other o-nitrobenzyl resonances (H®®) remains partially hidden by the solvent
resonances at 8 7.50 (H*2) and 7.67 (H*®). In addition, the characteristic AB quartet at 8 7.28
(H’) and 7.96 (H‘? of p-toluenesulfonic acid appears along with the exchangeable sulfonic
acid resonance (H') at 6 9.72.

By monitoring the disappearance of the benzylic methylene resonance ( 9 at 8 5.61
in relation to the methyl resonance (CH;") at 8 2.36, the percent p-toluenesulfonic acid
generated with increasing heating time could be readily calculated from the '"H NMR integra-
tion. The integral ratio [I(CHII")/ I(CH,*)] was calculated before and after heating. The ratio
of the amount of o-nitrobenzyl tosylate present after heating to the amount present initially
multiplied by one hundred gives the percent o-nitrobenzyl tosylate remaining after heating
(Eq. 1). From this the percent p-toluenesulfonic acid generated was found by subtraction (Eq.
2). A plot of these % conversion values against heating time is shown in Figure 3.

% Tosylate Remaining After Heating = Final [I(CH,?)/ 1 CHsEf)l b 100 Eq. 1
Initial [I'(CHZ")/ I(CH;”)] 1

% p-Toluenesulfonic Acid Generated = 100 - % Tosylate Remaining Eq.2

The solid state thermolysis of o-nitrobenzyl tosylate was monitored by coating sodium
chloride disks with 1um thick polymer films [typically polystyrene or poly(methyl methacry-
late)(PMMA)] containing up to 10 mol % of o-nitrobenzyl tosylate and following the changes
in the infrared spectrum of these films on heating. In this way , the conversion of the nitro
group 1o a nitroso moiety could be readily followed by observing the disappearance of the
asymmetric and symmetric N-O stretching bands at 1530 and 1400-1325 cm™ respectively.
The observed change in the infrared spectrum on heating a polystyrene film containing 10
mol % o-nitrobenzyl tosylate on a hot plate at 110°C is shown in Fig. 4 and is consistent with
the proposed mode of thermolytic cleavage in which the nitro group is reduced to a nitroso
group.

Using a guantitative infrared technique similar to that recently used in the quantum
yield determination of o-nitrobenzyl derived base photogenerators [5-6], allowed calculation
of the percent acid produced in the solid state thermolysis. The C-H deformation at 700 cm’*
was taken as a reference band for the polystyrene films, while in a PMMA matrix, the C=0
stretch at 1730 cm™® was selected as the reference band with which to gauge the loss of the
asymmetric nitro stretch at 1530 cmyl. The ratio (NO,/ reference band) of the peak area under
the nitro absorption and the polymer reference absorption was calculated initially and then
again after each heating cycle. The ratio of the amount of ¢o-nitrobenzyl tosylate present after
heating to the amount present initially multiplied by one hundred gives the percent o-nitro-
benzyl tosylate remaining after heating (Eq. 3). From this the percent p-toluenesulfonic acid
formed was found by subtraction (Eq. 2). Thin films taken to 50% decomposition were found
to remain unchanged over the period of one week by monitoring the intensity of nitro
absorption. This indicates the cleavage is not antocatalytic in acid which is in agreement with
the intramolecular mechanism of thermolytic cleavage. Based on this observation, it seems
that the amount of acid generated from o-nitrobenzyl tosylate may be readily controlled
through a combination of temperature and heating time.
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Figure 3. Plot of the % p-toluenesulfonic acid generated versus heating time for a
solution of o-nitrobenzyl tosylate at 105°C.

1,0167 "N
\ =
1.007 /
0.980
3 v
g 0.960
g
& 0.940
&
0.920
0.909
0.8657 LA N I O O B B L T
1600 1550 1500 1450 1400 1350
4625.0 Wavenumbers 4345.0

Figure 4: Change' in nitro absorption of ¢-nitrobenzyl tosylate in a polystyrene film with
increasing heating time at 110°C. a) Prior to heating; b) after 10 min; c¢) 20
min; d) 30 min; ¢) 45 min; ) 60 min; g) 120 min; h) 300 min.



302

This feature indicates o-nitrobenzyl tosylate to be well suited to advanced coating
applications, where stable pre-polymers are commonly required for processing and molding,
prior to final curing. The results of infrared monitoring the thermolysis of o-nitrobenzyl tosy-
late in a polystyrene matrix at 110°C are shown graphically in Fig. 5 and are consistent with
the curve derived from the variable temperature 'H NMR solution study (Fig. 3).
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Figure 5. Plot of % p-toluenesulfonic acid generated against heating time for o-
nitrobenzylsulfonate at 110°C in the solid state (polystyrene matrix).

These curves (figure 3 and Figure 5) illustrate the control available for acid generation
from o-nitrobenzyl tosylate both in solution and the solid state. Furthermore these % conver-
sion curves may be readily used to predict the amount of acid present after a specific heating
time which is an important factor in any practical application involving the thermal generation
of acid.

% Tosvlate Remaining After Heating = Final (Area NO, Band/ Area Ref Band) 100 g4 3
b Tosylate Remaining Afler Heali"g = 1 i2] (Area NO,Band/ Area Ref Band) © 1

lusi

o-Nitrobenzyl tosylate was found to be an effective source of p-toluenesulfonic acid
on heating to temperatures above its melting point. At lower temperatures, the thermolytic
cleavage was considerably slower although it was still found to occur in the solid state even at
90°C. Direct correlation of the amount of acid generated to the heating time were drawn for
both the solution and solid state thermal decomposition of o-nitrobenzyl tosylate. Studies on
the utility of o-nitrobenzyl tosylate as source of thermally generated acid in coatings and in
microlithographic applications are forthcoming.

Xperi 1
o-Nitrobenzyl tosylate was prepared by the method of Houlihan et. al. [3] and found to
have spectral properties consistent with its proposed structure. The purity of the material was
further determined by elemental analysis: Calculated for C, H NO.S (307.31); C54.71,H
4.26, N 4.56, S 10.43%. Found; C 54.91, H 4.58, N 4.39, $°1077%. Polystyrene was pre-
pared by standard radical polymerization while PMMA was purchased from Scientific
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Polymer Products Inc. Deuteriochloroform, dimethylsulfoxide-d, and nitrobenzene-d; were
purchased from Aldrich.

Infrared spectra were obtained using a Nicolet FT IR/44 spectrometer equipped with
software for quantitative analysis. NMR spectra were recorded on a Bruker AF300 Spec-
trometer using the solvent resonance as standard. DSC was performed using a Mettler DSC30
Low Temperature Cell. TGA was performed on a Mettler TG50 Thermobalance or on a
Dupont Instruments Thermobalance. Both Techniques used heating rates of the order 5-
10°C/min and purge gases of either air or nitrogen. Microanalysis was performed by MH.W
Laboratories, Phoenix, AZ.

Sample Preparation

The samples used in the quantitative infrared monitoring of thermal acid generation
were prepared in the following manner. Polymer (polystyrene or PMMA) (20 wt %) was
dissolved in diglyme and 5-10 mol % (relative to polymer) of o-nitrobenzyl tosylate added.
The resulting solutions were applied to standard silicon, sodium chloride and quartz disks
with a Headway Research Spin-coater. All films were dried at 50°C for 30 min and then in
vacuo for 12h. Film thicknesses were measured on a Tencor alpha-step and were in the range
0.9-1.1ym.
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