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Deprotonation and Dimerization of Maleimide in the Triplet State:
A Laser Flash Photolysis Study with Optical and Conductometric Detection

Justus von Sonntag,* Wolfgang Knolle, Sergej Naumov, and Reiner Mehnert!*!

Abstract: The photochemistry of mal-
eimide in aqueous solution is governed
by the coexistence of up to three differ-
ent triplet states, the keto triplet (A, =
250, 330 nm, Ay, =290 nm, pK,=4.4+
0.1, =5 ps), the deprotonated or eno-
late triplet (A, =360, 260 nm, A, =
320 nm, shoulder at 370-380 nm) and
a dimer triplet. This biradical is formed
by the addition of the keto triplet to the
double bond of a ground state malei-
mide in competition with electron trans-
fer, (ks =2.6 x 10° dm®mol-ts1).

maleimide H-adduct radical (A=
370-380 (broad), 255nm (narrow),
Amin =290 nm) and its lifetime is 110 ns.
While protolysis is confined to malei-
mide and aqueous solutions, the dimer
triplet is also found in acetonitrile.
Dimer triplet formation is also observed
with N-ethylmaleimide. Time-resolved
conductometry and buffer experiments
were used to characterise excited state
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protolysis. Multi-wavelength “global
analysis” of the time profiles allowed
the separation of the transient spectra
and study of the kinetics of the mono-
mer and dimer triplets. The cyclobutane
dimer yield (determined by GC) is
independent of maleimide concentra-
tion. This indicates that the dimer triplet
does not contribute significantly to the
initiation of free-radical polymerisation.
Time-dependent Hartree — Fock calcula-
tions agree with the experimental data
and further confirm the proposed mech-

Its spectrum is identical to that of the

Introduction

The photochemistry of maleimides is of considerable interest
in the field of copolymerisable photoinitiators.l>7] In addi-
tion, the use of maleimides as radiation sensitisers!®! and
model compounds for photoactive biomolecules? has trig-
gered investigations into the mechanism of formation and
reactions of their related free radicals.> 10 11]

Interestingly, the triplet state chemistry of maleimides
differs substantially from that of “normal” carbonyl triplet
states. For example, both abstract an H atom from alcohols,
but maleimide triplet 1 (unsubstituted, HMI*3) adds the H
atom at the C=C double bond [reaction (1) in Scheme 1] and
this leads exclusively to the H-adduct 2, while “normal”
carbonyls give rise to ketyl radicals. Maleimide ketyl radicals 4
are also known, but they result from a protonation of the
radical anion 3 [reaction (3), Scheme 1]. The optical and EPR
spectra of 2, 3 and 4 differ considerably, and this allows
definite assignment of the spectra. The radical-anion-derived
species are formed upon one-electron reduction of ground-[*!
or triplet-statel'l maleimides [reaction (2)].
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N-Substitution perturbs the electronic structure of the
maleimide chromophore and, as a consequence, triplet
quantum yields vary from unity (maleimide) to negligible
(N-phenylmaleimide).” 2 Moreover, maleimides have a very
rich and often unusual photochemistry.[> % 3]

Maleimides show short-lived (<100 ps, a compilation of
rate constants is given in Table 1) and, hence, very little
fluorescence.”! The involvement of a triplet state in the photo-
chemistry of maleimides has accordingly been shown in many
cases.[*> 7% 1 The UV spectra of HMI*? and of its N-alkyl
derivatives have been reported. > 12 Alkylation at nitrogen
red-shifts ground- and triplet-state spectra to a similar extent.

In the present study, the deprotonation of HMI*? is studied
in aqueous solution. However, the imide moiety hydrolyses
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Table 1. Compilation of rate constants relevant to the present study.

Reaction Rate constant

6 02x100s7!

7 > 1x100s!

8 2.8 x 100571

-8 7 x 10" dm*mol's!
9+10 2.6 x 10° dm*mol-!s!
11418 9.1 x10°s7!

15 1.8 x 107 dm*mol—'s!

rapidly under even mildly alkaline conditions.®! This restricts
the study to the acidic pH range. Accordingly, the ground-
state pK, of maleimide [equilibrium (4), Scheme 2, pK,=
10.8 £ 0.2] had been determined in a non-aqueous environ-
ment.l' Tt will be shown that in aqueous solutions HMI*3 is an
acid with a pK, of 4.4.

E pKa=108 Cr?l @ 3*

— N

O e Ot O™
6

Ic (5)“\, |sc(6) % w2

1=110ns
(11)

Cyclobutane dimer formation is one of the most prominent
processes in the photochemistry of electron-deficient ole-
fins.'’] Reactions of the excited species with its own ground
state and with an electron-donating partner are known.['"" In
maleimide-based systems, cyclobutane dimer formation [re-
actions (9) and (11) in Scheme 2] is commonly observed with
photopolymerisation. It has been suggested that both proc-
esses have a common precursor.!% 7]

In this paper, the spectral and kinetic properties of the
triplet precursor of the maleimide cyclobutane dimers will be
presented, and it will be shown that the triplet-state dimer is
too short-lived to contribute to initiation.

Scheme 2.

Results and Discussion
Excited state deprotonation

Determination of the pK,, in buffered solutions: The spectra of
the intermediates immediately after the excitation of malei-
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mide in aqueous solution depends on the pH (Figure 1). This
effect is more pronounced in buffered solution. The change of
the optical spectra with pH can thus be used to determine the
pK, of the maleimide triplet.
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Figure 1. Transient spectra at 100 ns, pH 2.01 (¥) and 6.21 (e). 308 nm
laser flash photolysis of maleimide (1.0 mmoldm~3) in nitrogen-degassed
phosphate buffer (1 moldm~?), pH adjusted with perchloric acid or sodium
hydroxide, respectively.

The choice of buffer is very limited, since the buffer has to
be inert against hydrogen abstraction and electron transfer,
and also transparent down to 240 nm. Phosphate-based buffer
complies with these requirements, but catalyzes the malei-
mide hydrolysis at a pH near 7.

In acidic solution, the transient spectrum (Figure 1, ¥) is
identical to the primary triplet spectrum, which is known from
earlier work.l> "2l With increasing pH, enolate 5 contributes
and finally dominates the spectrum (Figure 1, @).

Effects of buffer concentration: It is usual practice to use low
buffer concentrations in order to minimise impurities. Fig-
ure 2 shows the pitfalls that are associated with the settling of
equilibria when the object of scrutiny is short-lived. The
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Figure 2. Effect of insufficient buffer concentration on maleimide depro-
tonation in laser flash photolysis. Maleimide (1.0 mmol dm~) in nitrogen-
purged aqueous phosphate buffer (0.22 mol dm~3). The “titration” curves at
370 nm and different times (only one example (76 ns) is given in the main
graph) show two pK, values (indicated by the arrows in the main graph,
given as a function of time in the inset). Solid line (——) in the main graph:
fit function with two independent pK,; solid line in the inset: asymptote
with pK, =4.4.
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settling of an equilibrium involves bimolecular reactions
between the buffer and the transient acid. The rate of these
reactions are governed by the product of the pK, difference
and the buffer concentration.!'®!

At low buffer concentration, when the pH-dependence of
the absorbance is measured shortly after the pulse, two pK,
are observed rather than one. These values converge with
time to one value (Figure 2). This effect is caused by the fact
that at low buffer concentration and very short time, a larger
pK, difference is required to protonate/deprotonate the
transient species. This effect is consistent with the formulae
given by Eigen and co-workers,'8! but was not reported at that
time. A reliable determination of the pK, thus requires very
high concentrations of phosphate to rapidly buffer the system.
At a concentration of 1M phosphate, the equilibrium is
reached fast enough and from 100 ns onwards the “titration”
curve (Figure 3) becomes well defined, yields a pK, of 4.4 +
0.1, and is independent of time and wavelength.
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Figure 3. “Titration” curve at 370 nm, 100 ns. pK,=4.4£0.1. Solid line:
sigmoid fit function with slope fixed to In(10) as required for a pK, curve.
Experimental conditions as in Figure 1.

In neutral unbuffered solution, the same initial spectrum is
found as in acidic solution (in which the species persists), and,
hence, we can conclude that the observed pK, is caused by the
deprotonation of HMI** and not by its protonation, that is,
HMI?* is an acid, not a base. At first, it is surprising that an
imide deprotonates in its excited state, but it is not uncommon
that N-H acids behave like O-H acids in this respect.['s] This
finding will be further substantiated later.

Conductivity detection: The proton has the highest equivalent
conductivity of all ions (350 x 10~* m?>Smol~'). Hydroxide,
OH-, has a conductivity of 198 x 10~* m?Smol~!, while all
organic ions span the narrow range from ~25 to ~55x
10~* m2Smol~! (from large ions, e.g., dodecyl sulfate to very
small ions, e.g., formate, respectively).'] Protolytic reactions
can therefore be followed conductometrically and their yields
quantified.

When aqueous maleimide is subjected to a laser flash, a
strong conductivity signal (Figure 4) builds up which indicates
the release of a proton. The usual procedure to check for
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Figure 4. Transient conductivity at three different doses, normalised to
dose.?%211 A solution of maleimide (1.3 mmoldm~3) in nitrogen-purged
water, Fourier filtered to 50 MHz bandwidth. 100 % laser intensity (—);
50% intensity (0);25% intensity (o). Inset: observed rate of buildup
vs maleimide concentration, Koy, = Kopsg + kso = 3.0 x 10°s7! + 2.6 x 10°
dm?mol~'s.

deprotonation would be to test whether the signal reverts its
sign on increasing the pH from 6 to 9 (at higher pH the
released protons would recombine rapidly with OH~ with the
net result that the strongly conducting OH™ is substituted by
an organic anion). This cannot be applied here because
maleimide hydrolyzes too fast at pH > 7.8l

However, the reverse check can be performed, and no sign
reversal is observed on addition of sulfuric acid (~pH 5);
therefore, the conductivity increase is not caused by formation
of OH".

The signal amplitude (Figure 4) is proportional to the laser
intensity (contributions by biphotonic processes are dicussed
below), and the rate of conductivity build-up is proportional
to the maleimide concentration (Figure 4, inset).

Reactions that compete with the deprotonation of the
acidic triplet state increase the observed rate of deprotonation
and decrease the proton yield. Two such processes are known,
the intrinsic lifetime and the self-quenching [reactions (9) and
(11)]. The intrinsic lifetime of triplet maleimide, which is
determined below to be 0.2 x 10°s~!, contributes with the
intrinsic rate of deprotonation to the intercept in the inset of
Figure 4, (kgyso=3.0x10°s7!). Self-quenching causes the
slope of the straight line (kgg). The value of 2.6 %
10° dm*mol-'s~! is identical to the value determined by
“global analysis” of the optical spectra (vide infra).

Radical ions (especially the radical cation, which probably
reacts with water to produce a proton) are formed by self-
quenching [reaction (10), Scheme 2] and also cause conduc-
tivity.P!

Quantum yield: A major advantage of conductometric
detection is the fact that fully deprotonated acids have the
same specific conductivity, since the proton conductivity
governs the overall effect and anions of comparable molec-
ular weight also have a similar specific conductivity. The
comparison with actinometry (formation of a 2-nitrosoben-
zoic acid from 2-nitrobenzaldehyde with a quantum yield of
0.5),2 therefore, leads directly to the quantum yield of
deprotonation.
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The competition of self-quenching and deprotonation
renders the proton quantum yield a function of the maleimide
concentration (Figure 5, top). This function can be described
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Figure 5. Quantum yield of deprotonation (@) vs maleimide concentration
(top); product of k,,, and @ vs maleimide concentration (bottom). The
solid lines represent the same mathematical formula [Eq(1)]. Experimental
conditions as in Figure 4. The intercept is 2.8 x 10°s7!, the slope is 3.9 x
10® dm*mol~'s~. An outlier (o) has been omitted from regression.

by Equation (1); however, this equation is so ill-conditioned
that the acquired data are not sufficiently precise to allow
nonlinear curve fitting.

~ Paeprotonation Keprotonation + Pradical ion Ksq [HMI]
kdepmlonallon + kmlrinslc + kSQ [HMI]

(o]

()

The denominator in Equation (1) is equal to kg, (kops=
K geprotonation + Kintrinsic + Kkso - [HAMI] =3.0 x 10° s 42.6 x
10° dm®*mol~!s~[HMI]). As k. is independently accessible
from the time profiles, a modified equation is derived
[Eq. (2)]. The plot of the product of quantum yield and kg,
(which is determined for each data point) versus maleimide
concentration yields a straight line (Figure 5, bottom).

Kops @ = @ geproronation Kdeprotonation T Pradical ion Kso [HMI] (2)

The data can now be subjected to reliable linear regression.
The quantum yield of radical ions calculated from the slope
(D kyps=3.9 x 103 dm>mol~'s~!) and the rate of self-quench-
ing (kso=2.6 x 10° dm*mol~'s!) is 0.15. This value is com-
parable to that of 0.1 given in reference [12] and the value of
0.12 deduced from trapping the maleimide radical anion by
tetranitromethane (calculated from e(HMIDP*, 330 nm)=
300 m>mol-'""2l and  e(nitroform 350 nm) =
1500 m?>mol ;1! data not shown).

The product of triplet quantum yield? and rate of
deprotonation (2.8 x 10°s7!) is somewhat smaller than the
value of 3.0 x 10°s7! that was determined from the intercept
in Figure 4, inset. This has two implications. On one hand, the
quantum yield cannot be less than the ratio of these two
values, that is, 93 %, if the intrinsic lifetime of the HMI?* is
infinite. On the other hand, any finite intrinsic lifetime adds to
the rate at vanishing maleimide concentration. Parallel
(pseudo) first-order reactions lead to an observed rate that
is equal to the sum of the two rates. The maximum rate of the
intrinsic triplet decay is, therefore, 0.2 x 10°s7!, if a quantum
yield of unity is assumed. This is noticeably slower than the
value of 1.3 x10°s™! (r=770ns) from earlier work.’l The

anion,
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reasons for this will be discussed below in the context of dimer
formation.

The rate of deprotonation is in any case in the range of
2.8-3.0 x 10°s~". Eigen and co-workers established the rule
that the protonation of an anion in water is very close to
diffusion controlled.'™ The rate constants vary from 1 x 10"
for bulky organic anions to 8 x 10" dm*mol~! s~! for HS~.['¥l
A pK, of 4.4 is therefore equivalent to a rate of deprotonation
of 0.3—-4 x 10°s~!; the value of 2.8 —3.0 x 10°s~!, determined
above, fits well into this range.

Isotope effect: Dedeuteronation is slower than deprotonation.
The ratio of the rates of deprotonation to dedeuteronation
depends on the pK,; for an acid with a pK, of 4.4, a kinetic
isotope effect close to 3 is expected®!. This is found
experimentally.

N-Alkylmaleimides: Laser photolysis of N-alkylmaleimides
gives rise to a negligible build-up of conductivity which is just
sufficient to account for the formation of radical ions upon
self-quenching (@ ~0.01).>7 12

Quantum chemical calculations: The success of quantum
chemical calculations in predicting the EPR spectra of
maleimide-derived transients (e.g., the radical anion 3)]
suggests that the calculated geometry is reliable. Calculated
optical spectra, however, used to be of dubious value.
However, the modern time-dependent Hartree—Fock
(TDHF) method reproduces at least qualitatively the exper-
imental spectra so that we include them here to further
support our assignment (Table 2).

Assuming an equivalent rate of protonation for the carbon-
yls [reaction (—12), Scheme 3] and the nitrogen [reac-
tion (—8)], protonation of the triplet enolate 5 should lead
to a 2:1 distribution of the two triplet species 6 and 1.

Table 2. Calculated electronic spectra.l®

Molecule (No.) A [nm] oscillator
exptl caled strength

HMP* (1) 250 279 0.128
330 317 0.126
HMI-H (2) 255 277 0.006
370 330 0.065
HMI- (3) 260 215 0.153
330 265 0.013
420 386 0.184
MI3*- (5) 270 298 0.018
360 383 0.185
380 490 0.019
HMI-HMP** (8) 255 274 0.011
324 0.005
370 326 0.140
3MI-HMI (N — C) (10*") <240 313 0.065
330 394 0.170
3MI-HMI (C— C) <240 410 0.053
330 332 0.045
FMI- (12) <240 256 0.014
330 387 0.242

[a] Method used: Time dependent Hartree — Fock (TD-HF) using B3LYP/
6—31 G(d) optimised molecular geometries taking the solvent (water) into
account by employing the Onsager (SCRF =dipole) model.
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However, we have not found any experimental evidence for
the existence of the triplet enol 6. Presumably, the bona-fide
assumption of equivalent rates of protonation does not hold,
and this is consistent with the quantum chemical calculations,
which show a decisively higher spin density on the nitrogen
(mesomeric dominance of 5a).

Sensitisation

Triplet acetone has a high triplet energy and a well-known
lifetime and spectrum.?) Apart from its ground-state spec-
trum, which obscures the region below 300 nm, acetone is a
good triplet sensitiser. Triplet sensitisation is used to sub-
stantiate the theory that these phenomena are caused by the
triplet state. Laser photolysis of aqueous acetone solutions
(0.17 moldm~3) in the presence of maleimide (Figure 6) leads
to the same pH dependence of the transient spectra as shown
in Figure 1.

150 -
B i
5 100
“g
°
e 50
0 T

250 300 350 400
wavelength / nm ———=

Figure 6. Acetone (0.17 moldm~?) sensitised triplet spectrum of malei-
mide in N,-purged aqueous solution. 6.5 x 107> moldm—* maleimide at
pH7 (@); 12 x 10~° mol dm~* maleimide at pH 1 (H,SO,) (m). For ease of
comparison with Figure 1 the same wavelength range was used.

Sensitised conductivity increase: The rate of increase of
conductivity is not linear with maleimide concentration, but
shows a saturation-type behaviour (Figure 7). The observed
rate can be modelled by the harmonic mean of the rates of the
individual reactions [Eq. (3)]. This function is derived from
the observation that the shape of a sequential formation
cannot be resolved when the starting point of the reaction is
smeared by a finite pulse width (and further obscured by the
electromagnetic noise of the laser). The data are fitted with a

Chem. Eur. J. 2002, 8, No. 18
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Figure 7. Rate of conductivity buildup caused by maleimide when sensi-
tised with triplet acetone (0.17 mol dm~3 acetone in nitrogen-purged water,
different maleimide concentrations). ——: Fit function according to
Equation (3); ----: Asymptotes. Note that the calculated asymptote for
the slower reaction differs from an eye-ball fit in the intercept.

simple first-order buildup and the result subjected to Equa-
tion (3) to extract the relevant time constants, that is, the rates
of energy transfer (ET), the unimolecular deprotonation
reaction (0) and the self-quenching (SQ). A discussion of the
mathematics behind this is beyond the scope of this paper, but
will be published separately.

:kET[MI](kO + kso[MI])
o ker + ko + kso[MI]

©)

The values obtained from the fit agree with expectation: the
energy transfer (2.2 x 10'® dm®mol~'s™!) is practically diffu-
sion controlled, the rate constants of deprotonation (1 x
106 s7!) and self-quenching (2.3 x 10° dm®>mol~'s™!) are close
to those values determined above.

Biphotonic excitation: The use of a high photon-flux excita-
tion source may lead to biphotonic excitation. In this case, this
is especially favoured by the absorption coefficient, €345 m, Of
the maleimide triplet state (230 m?>mol~1), which is ten times
larger than that of its ground state (22 m?>mol!),l'>2! and a
triplet quantum yield of unity.['?]

The biphotonic process shows a much faster buildup of
transient conductivity than the monophotonic excitation
(Figure 8). The rate of increase (indicating a pK, <2) is too
close to the detection limit of the experiment to be quanti-
fied, but is slow enough to exclude photoionisation. Another,
more stringent proof of the absence of photoionisation is the
lack of any trace of the solvated electron (&,,, = 1900 m?>mol !
at 720 nm)?! in transient spectra measured with the same
setup.

The pK, of ground state maleimide (10.8) is much higher
than that of its lowest excited triplet state (4.4). Thus it is not
surprising that an even higher excited triplet state should be
even more acidic (pK, <2).

Reactions of the enolate triplet: The results of quantum
chemical calculations on the triplet enolate suggest that this
molecule attacks another maleimide molecule and attaches
the nitrogen atom to the double bond of a ground state
molecule [reaction (13) in Scheme 4] in similar manner to the
radical cation attack suggested in reference [28]. The product

0947-6539/02/0818-4203 $ 20.00+.50/0 4203
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Figure 8. Biphotonic conductivity buildup of photoexcited maleimide
(2.8 mmoldm™) in argon-purged water. The upper curve (high dose)
shows biphotonic behaviour (fast deprotonation), while the lower curve
(small dose) corresponds to the data shown in Figure 4. Data obtained at
intermediate doses are omitted for clarity.
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of reactions (13) and (14) (in Scheme 4), the N-succinimidyl-
maleimide 10, differs from the cyclobutane dimer 9.

This reaction can only be investigated at high maleimide
and molar buffer concentrations. Phosphate catalyses the
hydrolysis at higher pH, therefore, a different buffer is
required for this experiment.

Fluoride as buffer: Fluoride is very rarely used as a buffer,
since it can be only used at neutral pH as hydrofluoric acid is
not only toxic but also corrodes the glassware. We first used
fluoride as a buffer while measuring the rates of reaction of
halides with triplet maleimide.! Fluoride has the advantage
that on addition to a neutral aqueous solution it does not
perturb the pH and that, in contrast phosphate at pH 7, it does
not catalyze the hydrolysis of ground-state maleimide.

Hydrofluoric acid has a pK, of 3.45.1 The equilibrium
between keto triplet 1 + F~ and HF + triplet enolate §
[reaction (15), Scheme 5] lies toward the left side. This is
reflected in the slow rate of fluoride catalysis of triplet
maleimide deprotonation (k=1.8 x 107 dm*mol-'s~!, Fig-
ure 9, inset).

The transient spectrum within the pulse train in Figure 10 is
again similar to that of the enolate but has a contribution from
a longer lived transient. The delayed increase typical of the
formation of the maleimide triplet dimer 8 is found, but
another transient species is also detected. This can either be

4204
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Figure 9. Maleimide (1.12 mmoldm—3) excited state protolysis catalyzed
by various fluoride concentrations (cf. inset), pH 7, nitrogen-purged. Inset:
yield at maximum (@) and k. (o) vs fluoride concentration.
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Figure 10. Transient spectra obtained from laser photolysis of maleimide
(0.01 moldm™) in fluoride buffer(l moldm~3), nitrogen-purged.

attributed to the triplet N-succinimidylmaleimide 10 or
alternatively to the N-fluoromaleimide radical anion 12, a
product of the reaction of the maleimide enolyl radical 11 with
fluoride [reaction (17), Scheme 5].

This last assignment is based on the chemistry of N-
bromosuccinimide, in which the succinimide-ring is such a
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strong electron acceptor that the radical anion expels a
bromine atom.?!

Dimerisation

Non-aqueous inert solvents (acetonitrile): The excited-state
deprotonation discussed above does not take place in
acetonitrile; thus, one complication is eliminated. A satisfac-
tory signal strength, however, requires at least millimolar
concentrations of maleimide (or higher, in the case of the N-
substituted malemides due to their low triplet state quantum
yield!"?). Under these conditions, the reaction of ground-state
maleimide with the triplet-state maleimide (k=1.6x
10° dm*mol's 55 k=2.6 x 10° dm®*mol's!, this work; the
reasons for this discrepancy are discussed below) governs the
chemistry. At high maleimide concentrations, it becomes
apparent that the time profiles are not identical at all
wavelengths. At shorter wavelengths, the increase in signal
intensity follows the laser (double) pulse shape, while above
350 nm the shape of the increase is rounded, that is, delayed
(Figure 11). The decay is also somewhat slower.

.'.‘.
0.03 - ~....70£
330 nm Yo

A a.u —

0 200 400

time / ns ——s==

Figure 11. Time profiles and transient spectra (inset) for the self-quench-
ing reaction of maleimide (5.24 mmol dm~) in acetonitrile, helium purged.
The wavelength region below 300 nm is obscured by the high maleimide
concentration.

This behaviour is typical for a product that decays faster
than it is formed. The effect is more pronounced at longer
wavelengths, which means that the spectrum of the product is
red-shifted relative to its precursor (Figure 11, inset). This
behaviour is also found in the case of N-methyl- and N-
ethylmaleimide, that is, it is not specific to the unsubstituted
maleimide.

Aqueous solutions at low pH: At pH1, at which the
deprotonation is efficiently suppressed, the behaviour of the
maleimide triplet state corresponds to that in non-aqueous
environments.

One product of the reaction of triplet maleimides with
ground-state maleimides (self-quenching) is the radical anion
3 (in this case in its protonated form 4 {pH 1< pK,(4)=
2.85}81). The radical cation 7 must also be produced. It
probably deprotonates rapidly to yield 11 and thereby escapes
detection.! The spectrum and the lifetime of the maleimide
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radical anion 3 and its protonated form 4 differ quite
substantially from the short-lived transient that we are
concerned with here.

This short-lived transient is produced by first-order kinetics
in a reaction with maleimide and then decays rapidly. An
increase in the maleimide concentration also increases the
temporary concentration of this transient. Spectroscopic
reasons limit the maximum applicable maleimide concentra-
tion to ~0.01 moldm3.2Y Under these conditions, however,
the transient does not yet completely dominate the spectrum.
This requires statistical analysis of the entire data set, the so-
called “global analysis”. Statistical analysis demands the a
priori formulation of a mechanism. We found that a simple
A — B — C mechanism is sufficient to explain all data
(Figure 12).5Y The spectrum of A is identical to the initial

< o~
010 7 £ 20 ./
./

0.08 -
3 0.06 «
g 0 2 4 6 8 1o3
S 0.04 [MI] / mmol dm
3 o0

0.00

-0.02 —— T T T 1
250 300 350 400 450
wavelength / nm ——s=
Figure 12. Spectra extracted numerically from flash photolysis data. Self-
quenching of triplet maleimide by ground state maleimide. Three runs with
different maleimide concentrations are shown in the main graph, (circles,
squares and triangles) corrected with the actinometry function.?!! Inset:
plot of the observed rate of the first step vs. maleimide concentration with
the rate of the subsequent reaction B — C locked to kg_ =8 x 10° s~ The
slope corresponds to a rate of ky g =2.6 x 10° dm*mol~'s~%. The intercept
lies at 0.2 x 10°s7!, corresponding to an intrinsic triplet lifetime of 5 ps.

spectrum that is always encountered and which is assigned to
that of the keto form of the maleimide triplet-state 1. The
spectrum of B was found to be identical in shape and
absorbance relative to A and independent of maleimide
concentration. Species B was also found to have the same
lifetime within tight limits (=110 ns). The total yield of A
decreases with decreasing ground-state absorbance and was
normalised by using the actinometry function.?!l

The intrinsic decay of A, which is described by the intercept
in the inset of Figure 12, is 0.2 x 10°s~!, and is the same as the
value that was obtained from time-resolved conductometry.
The reason why we had previously obtained a much faster rate
for the intrinsic triplet decay? is that the apparent rate of
triplet decay is distorted by the dimer triplet with increasing
maleimide concentrations. This led to a lower rate of self-
quenching and, hence, increased the extrapolated intercept.

The appearance of spectrum B is surprising as it does not at
all agree in shape and lifetime with the product of self-
quenching that was identified earlier (the radical anion 3).F
Its rate of formation increases linearly with maleimide
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concentration. The transient B does not appear when triplet-
state maleimides are treated with other electron-donating
quenchers in which the maleimide radical anion has also been
identified as a product.P!

For these reasons, the spectrum B is assigned to the (short-
lived) triplet state of the maleimide cyclobutane dimer 8. The
corresponding ground state 9 is transparent in the region of
monitoring and, therefore, escapes detection. Yet, GC-MS
analysis has established 9 as a final product (see Experimental
Section and Scheme 6)

% N
(0} o _ (10)
S &0 o 0 0 g

! H-N N—H
le) o) Ti% ¢} 8 (0}
H-N N-H an
(18)\
o o

i
9 o=N_0
2 v

Scheme 6.

Maleimide cyclobutane dimers have already been report-
ed,®™ but without flash photolysis experiments. Put and
De Schryverl® concluded from the relative quantum yields
of triplet state and cyclobutane dimer formation that “there is
no additional deactivation after addition of the triplet to a
ground-state molecule”. The product of addition of a triplet-
state to a ground-state molecule must, however, retain the
triplet multiplicity for a finite time. The lifetime of 110 ns
found here (their experimental conditions,”! dichloromethane
at 30°C, would probably lead to even shorter lifetimes than
those observed here) is within the frame of their calculations
of “no additional deactivation”.

It is important to stress that the evidence for cyclobutane
dimer formation does not disprove the formation of radical
ions by a concomitant electron-transfer reaction. Indeed, the
spectrum of C (not shown), although weak and, therefore,
noisy, has a maximum around 275 nm as does that of the
protonated maleimide radical anion 4. The spectrum of B
matches the spectrum of the maleimide hydrogen adduct 2
(Figure 13). This spectrum can be produced independently by
two methods: addition of hydrogen atoms which are produced
by pulse radiolysis of aqueous maleimide solutions or by the
reaction of triplet maleimide with 2-propanol (Figure 11). The
hydrogen, alkyl and hydroxyl adduct radicals are not distin-
guishable by their spectra.l’!l The dimer triplet 8 contains the
“adduct chromophore” twice. This simple approach, which is
supported by the quantum chemical calculations from Table 2,
suggests that the dimer-triplet 8 exhibits twice the oscillator
strength, that is, twice the absorption coefficient. From the
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Figure 13. Comparison of the transient spectra of the maleimide-hydrogen
adduct (e: maleimide (2.12 mmol dm~?) in helium-purged 2-propanol, flash
photolysed, normalised to same height as the solid line (—) of
spectrum B) and B (from Figure 10, —, attributed to the dimer triplet).
Note that the “bleaching” at 290 nm is observed in both cases.

maleimide triplet absorption coefficient,l!'l the absorption
coefficient of the hydrogen adduct from pulse radiolysis
(cf. Experimental Section) and the relative absorbance
of A and B, a dimer triplet 8 yield of 51 + 10 % is calculated.
Put and De Schryver obtained a dimer yield of 25 % relative
to the triplet quantum yield with N-butylmaleimide in
dichloromethane.’! The difference might be caused by the
N-substitution, the solvent or by the decay of some of
the dimer triplets 8 into two monomers [reaction (18),
Scheme 6] rather than into the cyclobutane derivative 9
[reaction (11)].

Implications for photoinitiation
Biradical tetramethylene intermediates (ring-opened cyclo-
butanes) are commonly proposed as initiating species.['” 3]
Usually, these dimers are supposed to be formed from a donor
and an acceptor. We did not find evidence for these hetero-
dimers,! but rather for a symmetrical type that arise from two
maleimide molecules. In fact, the yield of radical ions
increases with increasing electron-donor strength of the
reaction partner.'2l Probably the relative importance of
electron transfer and cycloaddition depends on the relative
donor—acceptor strength of the reaction partners. In this
respect maleimides have both electron acceptor and donor
properties and undergo cyclobutane formation as well as
electron transfer. Schenck and co-workers found high yields
of dimers only when maleic anhydride was reacted with
electron-deficient olefins, while electron-rich olefins yielded
copolymers.F

The dimer triplet 8 decays unimolecularly within the
concentration range of our experiments (0.7-
9.9 mmol dm~?) with the same rate, that is, no further reaction
with maleimide was detected. This has also been reported for
other maleimides.”) A rate of 1x10°dm*mol's™! of a
reaction of the dimer triplet with maleimide would have led
to a 20% increase in dimer triplet decay rate using
1072 mol dm~® maleimide instead of 10> mol dm=>. An in-
crease of 20% in rate would not have escaped notice. The rate
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of reaction of the dimer triplet with maleimide must therefore
be lower than 1 x 108 dm® mol!s~L

A rate of <1 x 108 dm*mol~!s~! can still contribute signifi-
cantly to initiation. We expect that addition of the dimer
triplet 8 to a monomer maleimide is not much faster than
propagation. Maleimide propagation is unlikely to be faster
than acrylate propagation (10°-10* dm*mol-'s")B. In neat
maleimide, this would result in a rate <10° s~!, which is much
smaller than the intrinsic decay of the dimer triplet 8 into 9,
107 s~' (t =110 ns). Therefore, the initiation efficiency of the
dimer triplet can only be at the most, 1 %. To confirm this, the
cyclobutane dimer yield at different N-ethylmaleimide con-
centrations (up to 40 mmol dm~ in acetonitrile) and constant
UV dose was determined by GC (maleimide itself is not
suitable for GC analysis). The yield is independent of N-
ethylmaleimide concentration. If its precursor, the dimer
triplet, is scavenged by N-ethylmaleimide, the cyclobutane
dimer yield would decrease with increasing N-ethylmaleimide
concentration.

For coating purposes, cyclobutane-dimer formation (® =
0.25-0.5) is highly undesirable, because it not only consumes
photons and photoinitiator, but also produces low molecular-
weight migratables (LMWM). Their high yield was not
realised when maleimide-photoinitiated resins were proposed
as a remedy to LMWM formation.P!

The radical ion path [reaction (10), Scheme 6, =10 % yield]
yields two transients, the radical anion 3 and cation 7. The
radical anion does not initiate,?8! whereas the radical cation 7,
does.® Indeed, all curing experiments with maleimides as
photoinitiators that were carried out in this institute had
low efficiencies in comparison to conventional photoinitia-
tors.”

Conclusion

The photochemistry of maleimides has been shown to include
various reaction types: electron transfer, deprotonation,
hydrogen abstraction and cyclobutane dimer formation. The
reactions put forward in this paper are summarised in
Scheme 1. Three different species have been suggested to
cause the photoinitiation by maleimides and similar systems,
that is, dimer triplets, radical ions, and radicals generated by
hydrogen abstraction.

The present paper has now shown that dimer triplets and
radical ions are formed concomitantly and evidence is given
that dimer triplets are not actively involved in initiation.
Hydrogen abstraction occurs when triplet maleimides are
exposed to suitable hydrogen donors (e.g., alcohols), but does
not play a significant role in neat resins.l The maleimide
radical anion does not react with olefins.?®! There only
remains the radical cation as initiating species, and indeed it
was found to give rise to propagating radicals, that is, it was
found to initiate.?!

Maleimides were considered for use as photoinitiators
because they form radicals with very high rates.[! The portion
of the maleimide which is not consumed by the photoreaction
copolymerises with the usual radiation-curable monomers
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(i.e., acrylates and vinyl ethers), leading to high-quality
transparent and heat resistant materials.’*) However, malei-
mides exhibit low quantum yields!'"” and produce large
amounts of by-products. Their high costs and especially their
toxicityP! limit, in the end, their use in practical applica-
tions.

Experimental Section

Materials: Maleimide (HMI, 98+ %, Lancaster), N-ethylmaleimide (Et-
MI, 98 + %, Lancaster), 2-nitrobenzaldehyde (ONBA, 99 + %, Lancas-
ter), benzophenone-4-carboxylic acid (4BC, 99 +, Lancaster), potassium
fluoride (99.5%, Fluka), sodium dihydrogen phosphate monohydrate
(99 + %, Merck), di-sodium hydrogen phosphate anhydrous (99+ %,
Merck), sodium hydroxide (50 % aqueous solution, Baker) and perchloric
acid (60% aqueous solution, Aldrich) were used as received. Water was
purified with a Millipore Milli-Q system, and acetonitrile was obtained
from Riedel - De Haén (gradient grade). To remove oxygen, samples were
purged for 7 min with N, (5.0, Air Products) or with He (4.6, Linde).

GC, GC-MS: The relative dimer yield (of EtMI) was quantified by GC
(HP5890II, 15m Rtx-65TG S-56 column, 50-300°C at 6 Kmin™!,
retention time 25.5 min). The dimer was identified by its mass spectrum:
MW 250: m/z (%): 250 (100), 235 (21), 151 (63), 125 (82), 108 (38), 80 (62),
52 (56).

Laser flash photolysis: The laser photolysis apparatus was composed of a
308 nm XeCl-excimer laser as excitation source (MINex, LTB Berlin, pulse
train of three pulses of 70 %, 20 % and 10 % of total energy, each with 5 ns
half width within 70 ns, total pulse train energy up to 15 mJ) and a pulsed
xenon short-arc lamp (XBO 450 or 1000, Osram, power supply LPS 1200,
lamp pulser MCP 2010, both Photon Technology International), which
supplied the analyzing light. The transient recording electronics, a photo-
multiplier (1 P28, Hamamatsu, which was operated at 900 V, power supply:
PS310, Stanford Research Systems) and a 500 MHz, 2.5 GSs™! digitizing
storage oscilloscope (TDS620b, Tektronix) guaranteed a time resolution
within the limits set by the excitation pulse. All experiments are carried out
in flow-through cuvettes with 5 x 3 mm? cross section. Attenuation of the
laser pulse energy was performed either with (stacks of) wire mesh filters
(54 % transmission) or glass microscope slides. Laser pulse energy was
monitored by a fast photodiode which also supplies the trigger pulse (which
was the rising edge of the (first) laser pulse).?’! All time points in this paper
are given relative to this pulse. Further details have been published
recently.?-21]

Some experiments were performed with a similar setup (Laser: Radiant-
Dyes RD-EXC-100, max. 100 mJ, 17 ns pulse width at half maximum),
described elsewhere.!

The conductivity detection system was based on a system developed by
Bothe and Janata.””) It consisted of a custom-made quadratic cross
section (5x5mm?) quartz flow-through cuvette with glassy carbon
electrodes (@ 3 mm) and a 50 V, 1 ms DC pulse generator (HP 214 A,
Hewlett Packard). The voltage drop over a 50 Q resistor was amplified ten-
fold by a custom made 400 MHz - DC amplifier (on basis of a Burr— Brown
OPA 687).

Biphotonic excitation was investigated using the laser flash photolysis setup
of Dr. H. Gorner, Max-Planck-Institut fiir Strahlenchemie in Miilheim an
der Ruhr (308 nm, Lambda-Physik EMG 210 MSC, 20 ns pulse width,
100 mJ maximum pulse energy). The recording electronics and further
details of this setup are described elsewhere.*!

Actinometry: Optical actinometry was performed with benzophenone-4-
carboxylate in alkaline solution (formation of the triplet state with a
quantum yield @ of unity, £(340 nm) = 880 m>mol').*” The dependence of
the transient absorbance yield on the ground state absorbance was modeled
as in reference [21].

The conductometric detection system was calibrated with the 2-nitro-
benzaldehyde actinometer (formation of 2-nitrosobenzoic acid, ® = 0.5).1?2]
The signal is a function of the ground state absorbance and was accounted
for by the formulae published in reference [12]
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Pulse radiolysis: For pulse radiolysis, an 11 MeV linear accelerator that
delivers 100 Gy pulses of 17 ns duration was used. The optical detection
system was essentially identical with that of the laser flash photolysis
apparatus. Dosimetry was performed with N,O-saturated 0.1 moldm
aqueous KSCN solutions.*) The maleimide hydrogen-adduct spectrum
was determined by pulse radiolysis of a nitrogen-degassed solution of
maleimide (0.9 mmoldm—3) in aqueous tert-butanol (0.5 moldm=3) at
pH 125 (HCIO,). The spectrum was identical to that shown in Figure 11;
Amax  (€)=370nm (130 m?>mol~'). For comparison: N-ethylmaleimide
hydrogen adduct:®!, 1., (¢) =400 nm (120 m>mol1).

Data analysis: Two different computer programs were used to extract
physical values from the data collected: PC-Pro KI*!l for the so-called
“global analysis”, that is, the determination of reaction rates using the
entire experimental wavelength-time-absorbance tensor at once, Table-
Curve 2D Version 5 for the pK,-value determination and nonlinear
fitting of the saturation functions.

Quantum chemical calculations: Quantum chemical calculations were
performed by using the density functional theory (DFT) hybrid B3LYP
with 6-31 G(d) basis set methods (Gaussian 98 W).[4’]
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