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Summary

a-Methyl-o-nitrobenzyl isobutyrate and copolymers containing o-
methyl-o-nitrobenzyl acrylate were irradiated in dilute solution with 20 ns
flashes of 347 nm light or with 60 ps flashes of 355 nm light. The formation
of the absorption spectrum of a nitronic acid with 7 = 5 ns was observed in
each case. A transient absorption spectrum similar to that of the nitronic
acid was formed with 7 < 0.5 ns. This spectrum is assumed to belong either
to the triplet biradical formed upon intramolecular triplet state hydrogen
abstraction or to nitronic acid formed very rapidly by intramolecular singlet
state hydrogen abstraction, the latter mechanism being operative in paraliel
with the triplet mechanism.

In 60vol. ZEtOH-40vol.%H,0O the nitronate anion was formed by dissoci-
ation of the nitrenic acid with v = 8 us as indicated by a build-up of a new
absorption band with A, = 420 nm and by an increase in electrical conduc-
tivity. The conversion into the end products (nitroso compound and car-
boxylic acid) occurred at a much faster rate from the nitronic acid than from
the nitronate anion: 7=80 us (CH,Cl,), 7=360 us (60vol.%EtOH-
40vol.%H,0, 1074 M H,S0,4) and 7 = 10 ms (60vol.%EtOH—-40vol.%H,O0, no
H,S0O,). Conversion of the nitronate anion into another transient was infer-
red from the partial decrease in the electrical conductivity (7 = 15 us)...

Irradiation of the copolymers gave the same results as for the low
molecular weight model compound, indicating that there is no polymer
effect with respect to the kinetics or the mechanism of the photorearrange-
ment. This conclusion was substantiated by the quantum yields for acid
formation (0.24 - 0.25) measured with both the model compound and the
copolymers.

1. Introduction

Recently, the photochemistry of o-nitrobenzyl compounds has attrac-
ted the attention of a number of researchers [1 - 9] because of their interes-
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ting applications. For example, in synthetic organic chemistry o-nitrobenzyl
groups serve as photolabile protectors for amino groups in peptide synthesis
[4, 5] or for aldehydes and ketones [6]. Moreover, polymers containing
pendant o-nitrobenzyl groups have been described as effective positive
working photoresists that can be employed in the fabrication of microelec-
tronic devices {7 - 9]. In the latter case, the dissolution of the polymers in an
aqueous developer is achieved by the conversion of ester side groups into
carboxylic groups via a rearrangement reaction:

Hay > * (1)

This paper concerns mechanistic studies on a low molecular weight com-
pound, a-methyl-o-nitrobenzy! isobutyrate (I), and on copolymers containing
a-methyl-o-nitrobenzyl acrylate (II).
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For the detection of intermediates the technique of laser flash photolysis was
employed in conjunction with optical absorption and electrical conductivity
measurements. These studies are closely related to earlier investigations by
various researchers on the photoreactions of o-nitroalkylbenzenes, which
exhibit photochromism [10 - 14] according to the following mechanism:
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When Wettermark [10], for example, carried out flash photolysis
experiments with o-nitrotoluene in acidic aqueous solution (1 N HCIl) a
transient absorption spectrum with A ., = 380 nm was detected at the end
of the 5 us flash. In basic solution (0.1 N NaOH) a similar transient spectrum
with A, ., = 410 nm was found. The spectra were assigned to the nitronic
acid (VI) and the nitronate anion ( VII) respectively.
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VI is a relatively strong acid with pK, = 3.8 [12].

In the photorearrangement of o-nitrobenzyl esters, which leads to
irreversible bond cleavage (see reaction (1)), it is commonly assumed that
the initial steps involve intramolecular hydrogen abstraction and the forma-
tion of the nitronic acid:

e : ;
i
C‘)-C-R‘l p-c-r! 0-C-r!
| i
RZ_C-H hy RZ_Ce RZ.

As it appeared improbable that the nitronic acid could be converted directly
into the final products, one or two additional intermediates were postulated
[6] as indicated in reaction (5):

; ; ;
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@EZOH —> @/\N-OH —> @N=o —> @MO (5)

In picosecond flash photolysis studies with o-nitrotoluene Yip et al. [15]
observed a transient absorption spectrum with a narrow band at 440 nm and
a broad band at A > 550 nm, and this was assigned to triplets (74 = 0.77 ns).
A very short singlet lifetime 74 < 5 ps was estimated in this case. However,
these researchers [15] did not report the formation of the transient absorp-
tion of the nitronic acid that had been recorded by microsecond flash
photolysis [10]. In a more recent investigation, Yip et al. [16] obtained
evidence for the formation of nitronic acid from singlet state intramolecular
hydrogen abstraction. Apart from considering the possibility that a very
short-lived triplet (7 < 30 ps) was involved, it was concluded that nitronic
acid was formed directly from an electronically excited singlet state in com-
pounds such as VIII, In this case, the formation of the transient absorption
of the nitronic acid was observed immediately after irradiation with a
30 - 40 ps flash (A = 355 nm) whereas triplet absorption was not detected.
With compounds containing polar substituents at the benzylic carbon, such
as IX, triplet absorption was observed simultaneously with the absorption
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of the nitronic acid. Since the rate of triplet decay was much slower than the
rate of formation of the nitronic acid, the contribution to the latter process
from a route involving triplets was considered to be negligible or nil.

Cﬁ,CHZDH
(OL e O
m 2
2 N02
VIII IX

In connection with the primary elementary steps in the photolysis of aroma-
tic o-nitro compounds, work concerning o-nitrobenzaldehyde is noteworthy
[17, 18]. This compound is converted into o-nitrosobenzoic acid upon
absorption of light [19].

H-C=0 HO-C=0
o LI O (6)

It was concluded that triplet states, probably nw* states, are involved in this
rearrangement. Estimates of the triplet lifetime yielded the rather low value
7r = 0.3 ns which is of the same order of magnitude as 74 = 0.77 ns and 7 ~
1 nsreported for o-nitrotoluene [15] and for nitrobenzene [20] respectively.

2. Experimental details

2.1. Materials

2.1.1. Synthesis of «-methyl-o-nitrobenzy! isobutyrate (I)

The synthesis of I was accomplished in two steps. First, a-bromo-o-
nitroethylbenzene («¢-BNB) was prepared by photobromination of o-nitro-
ethylbenzene (NB). Then the a-BNB was allowed to react with potassium
isobutyrate, yielding 1. In the first step, 22.7 g NB were dissolved in 250
ml Frigen 113, and this solution was irradiated at 86 - 40 °C with a mercury
lamp, 23 g bromine being added in small portions. Subsequently, the solu-
tion was stirred for 1 h and then washed with solutions of NaHSO3;, Na,CO,4
and pure water. After drying with Na,SO,, the solvent was removed by
distillation in vacuo. The yield of a-BNB was 95%. In the second step, 23 g
«-BNB were added slowly to a dispersion of 12.6 g potassium isobutyrate
in 50 m! dimethylformamide. The mixture was stirred for 8 h at 70 °C,
cooled to room temperature and diluted with 150 ml toluene. This solution
was then washed with water, a solution of Na,CO; and finally again with
water. A yellow oil remained after removal of the solvent by distillation
in vacuo. I was obtained by recrystallization from methanol at —20 °C. The
yield was 85%.
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2.1.2. Synthesis of copolymers

Copolymers of II with 2-hydroxypropyl acrylate (X), hydroxyethyl
methacrylate (XI), methyl methacrylate (XII) and n-butyl methacrylate
(XIII) were synthesized at 60 °C in solutions of ethyl acetate using AIBN as
the initiator. The structures of these compounds are given in Table 1. The
total monomer concentration was 50 vol.%. After the polymerization, the
copolymers were precipitated with methanol and subsequently reprecipita-
ted from acetone solution with methanol. The compositions and molecular
weights of the copolymers are given in Table 2. All three polymers possessed
unimodal relatively narrow molecular weight distributions as inferred from
gel permeation chromatography measurements.

TABLE 1 ﬁHz (I)R‘

Compounds for the synthesis of copolymers: R>—C—C=0

R R?

i NO, H

|

CH3
X —CH,—CH—CH, H

OH

X1 —CH,—CH,—OH —CHj,
XI11 —CH,4 —CH,
X —CH,—CH,—CH,—CH,4 —CH,

TABLE 2

Compositions and molecular weights of the copolymers

Composition (wt.%) My,

I X XI X X
CP-1 5 — — 60 35 8.5 x 104
CP-2 5 — — 60 35 7.5 x 104
CP-3 20 50 30 — — 6 x 10%

2.2. Irradiation of samples

Dilute solutions of «-methyl-o-nitrobenzyl derivatives, freed from
oxygen by bubbling with argon, were irradiated in rectangular quartz cells
either with 20 ns flashes of 347 nm light produced by a ruby laser with the
aid of a second harmonic generator or by 60 ps flashes of 355 nm light
produced by an actively mode-locked YAG laser (J. K. Lasers, model AML)
using a third harmonic generator [21]. Actinometry was performed with
solutions of benzophenone (1.15 X 1073 M) and naphthalene (1.03 X 10™! M)
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in CH,Cl,. The absorbed dose per flash was calculated from the concentra-
tion of naphthalene triplets formed by energy transfer from benzophenone,
with €p_p = 1.51 X 10 M~ ! cm™! at 425 nm and ¢(T) = 1.0.

2.3. Detection methods

Optical absorption and electrical conductivity methods were employed.
In the latter case a quartz cell containing a pair of parallel platinum elec-
trodes was used. The cell was attached to a flow system. Both a d.c. and an
a.c. set-up were used to follow changes in the electrical conductivity of the
irradiated solutions [22]. In the case of the picosecond flash photolysis, the
time resolution of the optical absorption changes was about 500 ps.

2.4. Determination of quantum vyields

Measurements of quantum yields were performed with a conventional
high pressure mercury lamp equipped with an interference filter transparent
to light of wavelength 365 nm. Acetonitrile solutions (solute concentration,
5 wt.%) were irradiated in quartz cells. The potassium ferrioxalate actinom-
eter was used for the determination of the absorbed dose rate. The photo-
product yield was determined by titration of the resulting carboxylic acid
with an ethanolic solution of KOH (0.01 M).

3. Results and discussion

3.1. Experiments with a-methyl-o-nitrobenzyl isobutyrate in dichloromethane

Irradiation of I with a 20 ns flash of 347 nm light yielded the transient
spectrum (1) in Fig. 1(a) with AL, =~ 395 nm. This spectrum is attributed
to the nitronic acid as in the case of o-nitrotoluene, where a very similar
transient absorption spectrum was observed [10]. The formation of spec-
trum (1) is depicted in Figs. 2(a) and 2(b), which present kinetic traces
obtained upon irradiating a solution of I with a 60 ps flash of 355 nm
light. It can be seen that the transient absorption was formed in two steps:
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Fig. 1. Transient spectra recorded with I at various times after the flash (Ajpc = 347 nm;
Dgpg = 2 X 1075 einsteins 17! flash™!). (a) Argon-saturated CH,Cl, solution, [1]=5.5 X
10_‘i M; (b) argon-saturated 60vol.%ethanol-40vol.%water, [I1= 6.7 X 10™* M.
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Fig. 2. Formation and decay of the optical absorption at A = 380 nm in argon-saturated
CH,Cl, solution: (a) and (b), Ajpe = 355 nm, [I]=8.8X10™* M and Dgpg =~ 5 x 1076
einsteins 1! flash™!; (¢) Ajpe =347 nm, [I]=55X10% M and Dy, =1.7 X 1075
einsteins 171 flash ™1,

a very rapid step with a rate corresponding to the time constant of the
set-up (500 ps) and a slower step with a lifetime of about 5 ns. The spectrum
recorded 500 ps after the flash was very similar to that of spectrum (1) in
Fig. 1(a). The fraction of the total absorption recorded at t = 500 ps was
significantly higher (by a factor of about 2.5) than expected on the basis of
the build-up lifetime of 5 ns (see Fig. 2(b)). Therefore, the possibility that
we were dealing with a single process which was artificially separated into
two modes by the time resolution of the set-up can be ruled out. Con-
sequently, two possible mechanisms must be discussed.

(1) A precursor of the nitronic acid, probably a biradical, is formed at
times shorter than 500 ps. It is converted into nitronic acid with 7 = 5 ns and
its spectrum was recorded at ¢ = 500 ps. In this case, exclusively triplets are
involved in the formation of nitronic acid.

(2) Nitronic acid is formed via two different routes, i.e. from excited
singlets as well as from triplets. The former process is very rapid, so that the
spectrum of nitronic acid (formed from singlets) was recorded at ¢ = 500 ps.
The latter process is relatively slow and corresponds to the formation of the
additional absorption of the nitronic acid with 7 = 5 ns.

A mechanism in accord with case (1), covering the whole process from
the absorption of the photon up to the formation of end products, is pro-
posed in the scheme in Fig. 3. It is assumed that the biradical is formed by
intramolecular triplet state hydrogen abstraction and that I behaves similarly
to o-nitrotoluene [10], i.e. that the singlet lifetime is less than 5 ps and the
triplet lifetime is less than 0.5 ns.

In case (2) the spectrum observed at t = 500 ps is due to nitronic acid
generated by intramolecular singlet state hydrogen abstraction whereas the
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Fig. 3. Mechanism of the photorearrangement of I in CH,Cl, solution according to case
(1) (see text) (R = —CH(CHs),).

slow process of nitronic acid formation would involve triplets. In other
words, according to this mechanism, two singlet decay routes become opera-
tive, a direct route involving singlet state hydrogen abstraction and an
indirect route via triplets, both leading to the same product, nitronie acid.

The nitronic acid decayed with a lifetime of about 80 us as is illustrated
by the kinetic trace in Fig. 2(c). During its decay no change in the spectrum
was observed, i.e. there is no evidence for the existence of an additional
intermediate. If an additional intermediate as indicated in Fig. 3 or in reac-
tion (5) existed its lifetime would have to be substantially shorter than that
of the nitronic acid, i.e. 7 < 10 us. Moreover, its absorptivity should be much
lower than that of the nitronic acid and, therefore, it should be almost
undetectable in optical absorption measurements.

3.2. Experiments with o-methyl-o-nitrobenzyl isobutyrate in 60vol. %ethanol-
40vol.%water

Upon irradiation of I in 60vol.%ethanol-40vol.%water with a 20
ns flash of 347 nm light the transient absorption spectrum (2) shown in
Fig. 1(b) was formed. It is very similar to spectrum (1) formed in CH,Cl,.
Time resolution of the build-up of the absorption, with the aid of pico-
second flash photolysis, also disclosed two modes: a fast process with a rate
corresponding to the time constant of the set-up, i.e. with 1 < 0.5 ns,and a
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slow process with 7= 5 ns. It is therefore concluded that nitronic acid is
formed by the same mechanism both in CH,Cl, and in ethanol-water. How-
ever, differences in the decay mechanism were observed: in ethanol-water,
transient absorption spectrum (2) decayed relatively quickly with a lifetime
of about 3 us and, simultaneously, spectrum (3) with a maximum at about
420 nm was formed, as can be seen from Fig. 1(b) and Figs. 4(a) and 4(b).
Spectrum (3) is assigned to the nitronate anion, again by analogy with the
assignment in the case of o-nitrotoluene [10] where a similar spectrum was
observed as outlined in Section 1. It seems that an equilibrium was estab-
lished between acid and anion, in analogy with eqn. (3), with a lifetime of
3 us, and that the nitronic acid was dissociated to a great extent. This was
corroborated by irradiating I in 60vol.%ethanol-40vol.%water containing
107* M H,S0,. In this case also the spectrum of the nitronic acid (spectrum
(2) in Fig. 1(b)) but not the spectrum of the anion (spectrum (3) in Fig. 1(b))
was formed. Obviously, the dissociation of the nitronic acid was suppressed
in the acidic medium. It is interesting to note that the decay of the nitronic
acid in the acidic medium was a first-order process with a lifetime of about
360 us (in CH,Cl,, 7 = 80 us). In contrast, the anion decayed with a much
lower rate (r = 10 ms), as is shown in Fig. 4(c¢).

Additional information concerning the decay of the anion was obtained
from time-resolved electrical conductivity measurements. As can be seen
from Fig. 5, the conductivity increased with a lifetime of 3 us, corresponding
exactly to the lifetime of the build-up of the absorption band of the anion
with the peak at 420 nm. Subsequently, the conductivity decreased again
with a lifetime of about 15 us and approached a limiting value definitely
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Fig. 4. Rise and decay of the optical absorption at (a) A = 390 nm and (b) and (¢) 450 nm
upon irradiation of I in argon-saturated 60vol.%ethanol-40vol.%water (Ajp. = 347 nm;
[I]1=5.5X10"*M; D,ps = 1.6 X 1075 einsteins ™! flash™1).

Fig. 5. Rise and decay of the photocurrent after the flash measured (a) with a d.c. set-up
(Daps = 2.3 X 1075 einsteins I'1 flash™!) and (b) with an a.c. set-up (Daps = 8.3 X 1075
einsteins 17! flash™!). ([1]=3.3 x 10™* M; solvent, argon-saturated 60vol.%ethanol-
40vol.%water; Ay, = 347 nm.)
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Fig. 6. Mechanism of the photorearrangement of I in 60vol.%ethanol-40vol.%water
according to case (1) (R = —CH(CHa,),).
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higher than the initial value before irradiation. From these results the exis-
tence of another intermediate, with a conductivity lower than that of the
anion, is inferred. Notably, the decrease in electrical conductivity in the
microsecond range was not accompanied by a significant change in the
transient optical absorption spectrum, which decayed in the millisecond
range. Therefore, there is no basis for speculation on the chemical structure
of the new species except for the fact that its acidity is weaker than that of
the nitronic acid. Thus, the species is assumed to have a structure with an
oxygen bridge between the o-benzyl carbon and the nitrogen, as indicated
in the scheme in Fig. 6 by the structures A and A™. Compound A is a weak
acid of the same strength as isobutyric acid, which is one of the final prod-
ucts. Therefore, the electrical conductivity remains constant in the course
of the process in which A (or A7) is converted into the final products.

The mechanism of the photoreactions proceeding in ethanol-water,
derived from these studies, is depicted in Fig. 6.

3.3. Experiments with copolymers

The copolymers CP-1 and CP-2 were irradiated in argon-saturated
dichloromethane and copolymer CP-3 was irradiated in a 60vol.%ethanol—
40vol.%water mixture. Actually, the results obtained did not differ from
those found with I, the low molecular weight model. The transient absorp-
tion spectra recorded with the copolymers and with the model were quite
similar, and the rates of formation and decay of the transient absorption
spectra were the same within the error limits, as can be seen from Tables 3
and 4. The electrical conductivity measurements also yielded quite similar
results as is shown in Table 5. Therefore, it can be concluded that there is
no polymer effect with respect to the photorearrangement of o-nitrobenzyl
esters. This result was substantiated by the quantum yields ¢(RCOOH) for
acid formation. Within the error limits, equal values were obtained for I
(¢(RCOOH) = 0.25) and for copolymer 3 (¢(RCOOH) = 0.24).

TABLE 3

Irradiation of the copolymers and the model compound in argon-saturated CH,Cl;: half-
lives of formation and decay of the transient absorption at A = 400 nm

Compound Concentration Formation of Decay of
™ absorption absorption
(s) (s)
I 0.082 (4.0 £0.3)x 1077 (6.0 0.5)x 105
CP-1 1.5 (4.4 £0.3)x10°° (6.0+0.5)x 1075
CP-2 1.5 (4.0£0.3)x 107° (6.0£0.5)x 1075

83,2 x 10 M.
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TABLE 4

Irradiation of copolymer CP-3 and the model compound in 60vol.%ethanol-40vol.%water:
half-lives of the formation and the decay of transient absorption spectra

{
Compound Concentration Formation at Decay at Formation Jt' Decay at
(g™ A =380nm A=380nm A=450nm A=450nm

(s) (s) (s) (s)

I 0.08 (4.0 £0.3) x (1.820.1)x (1.8%x0.1)x (4x3)x

: 107° 1076 10°¢ _ 1073

CP-3 0.3 (4.0 £0.3) x (1.8+0.1)x (1.8%0.1)x (4%3)x
107° 10 1076 : 1073

TABLE 5

Irradiation of copolymer CP-3 and the model compound in 60vol.%ethanol-40vol.%water:
half-lives of formation and decay of the photocurrent

Compound Concentration Formation Decay

g™ (s) (s)
I 0.082 (1.5+0.3) x 107% (1.0 £0.2) x 1073
CP-3 0.4 (1.5+0.3)x 1075 (1.0 £0.2) x 1075
23,2 x 104 M.

4, Conclusions

The photorearrangement of I and of copolymers containing II in solu-
tion involves nitronic acids as relatively long-lived species. The formation of
the nitronic acid following the excitation of I and the copolymers with UV
light is a rather fast process with a lifetime of 5 ns which is independent of
the polarity of the solvent. On the contrary, the rate of conversion of the
nitronic acid is strongly influenced by the solvent: under conditions favouring
the dissociation of the nitronic acid, its decomposition is significantly retar-
ded. Typically, a lifetime of 10 ms was found for solutions of the o-nitro-
benzyl compounds in mixtures of ethanol and water. In CH,Cl,, however,
the lifetime was 80 us. In ethanol-water evidence for the existence of an
intermediate formed during the decomposition of nitronate anions was
obtained from electrical conductivity measurements.
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