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Maleimides as electron-transfer photoinitiators:
quantum yields of triplet states and radical-ion formation
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Abstract

The knowledge of quantum yields of triplet states and, moreover, of initiating radicals is a crucial prerequisite to evaluate any novel
photoinitiator system. This work provides triplet quantum yields ofN-methylmaleimide (0.03±0.01),N-ethylmaleimide (0.07±0.01) and
N-propylmaleimide (0.05±0.02) determined by relative actinometry using laser flash photolysis and acetone sensitisation. Unsubstituted
maleimide on the other hand shows rapid triplet state tautomerisation, not allowing the application of relative actinometry with triplet
sensitisation. The triplet quantum yield was then determined by comparing the transient conductivity of the enolate formed with conductivity
actinometry; it is unity.

The yield of initiating radicals is only a fraction of the triplet yield, as the electron transfer reaction includes an efficient back donation.
The radical ion yields measured span from 2% (thiocyanate) to 28% (allylthiourea) of the triplet quantum yield. © 2000 Elsevier Science
S.A. All rights reserved.
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1. Introduction

Photoinduced polymer synthesis is a continuously grow-
ing field demanding special photoinitiators for use in areas
such as outdoor or food package application. The formula-
tions applied in these areas should result in migratable-free
coatings with no residual photoinitiator present. Maleimide
derivatives have aroused considerable interest in this field as
they are copolymerisable and self-bleaching photoinitiators
[1–7]. In the 1970s thorough investigations into the use of
maleimides as radio-sensitisers [8] and model compounds
for photoactive biomolecules [9] has provided information
about the radical and photochemistry of maleimide deriva-
tives, both by optical [8] and EPR spectroscopy [10,11].
These data can only with caution be applied for different
maleimides, as the maleimide chromophore is very sensitive
to substitution. This results in a strong influence of the sub-
stituent on triplet quantum yield (see below). The addition
of a maleimide end-group to a photoactive molecule also
often leads to a photochemistry differing appreciably from
its parent compound [7,9,12,13].
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A triplet quantum yield close to unity is a prerequisite
for any novel photoinitiator system if it is to compete with
the established commercial photoinitiators. To our knowl-
edge, the only data available for triplet quantum yields of
maleimides is derived from phosphorescence measurements
for N-butylmaleimide, 0.23–0.24 [9].

While maleimides have been believed for long time to be
hydrogen abstracting photoinitiators [1,4,14–17] we have re-
cently shown that they react by electron transfer with unsat-
urated monomers [5]. The high rate (>109 s−1 in neat resin)
of initiating radical formation is, however, accompanied by
a low overall quantum yield associated with the electron
transfer reaction. While hydrogen back donation does usu-
ally not take place, electron back transfer within the radical
ion pair is a highly favoured process, especially in apolar
solvents. This results in a reduced overall radical ion forma-
tion quantum yield. In this paper quantum yields of radical
ions of some model systems will be presented. Conventional
quantum yield determination by product analysis fails when
polymerisable substances are subject to investigation; the
high error levels associated with quantum yield determina-
tion by laser flash photolysis is, therefore, compensated by
the fact that the reference equation is well defined, i.e. con-
sequent (relatively slow) reactions cannot interfere with the
determination of the yields.
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2. Experimental

Maleimide (MI, >98%, Lancaster),N-methylmaleimide
(MeMI, >99%, Fluka), N-ethylmaleimide (EtMI, >98%,
Lancaster), N-propylmaleimide (ProMI, >98%, Lan-
caster), 2-nitrobenzaldehyde (ONBA, >99%, Lancaster),
benzophenone-4-carboxylic acid (4BC, >99%, Lancaster),
thiourea (per synthesis, Merck), allylthiourea (ATU, >98%,
Lancaster), N,N,N′,N′-tetramethylthiourea (per analysis,
Fluka), were used as received. Water was purified by a Mil-
lipore Milli-Q system. To remove oxygen, samples were
purged for at least 7 min with N2 (5.0, Air Products).

The laser photolysis set-up comprises a 308 nm XeCl-
excimer laser (MINex, LTB Berlin, pulse train of three
pulses (70, 20 and 10% of total energy, respectively, each
with 5 ns half width, all three within 70 ns, total pulse
train energy up to 15 mJ) as excitation source and a pulsed
xenon short-arc lamp (XBO 450, Osram, power supply
LPS 1200, lamp pulser MCP 2010, both Photon Tech-
nology International) supplying the analysing-light. The
transient recording electronics, a photomultiplier (1P28,
Hamamatsu, operated at 900 V, power supply: PS310,
Stanford Research Systems) and a 500 MHz, 2.5 GS/s
digitising storage oscilloscope (TDS620b, Tektronix) guar-
antees a time resolution within the limits set by the exci-
tation source. Further details have been published recently
[18].

The conductivity detection system consist of a custom
made quartz cuvette (quadratic cross-section: 5 mm×5 mm)
with three glassy carbon electrodes (Ø=3 mm) [19,20] and a
50 V, 1 ms DC pulse generator (HP 214 A, Hewlett Packard).
The voltage drop over a 50� resistor is amplified 10-fold
by a custom made 400 MHz-to-DC amplifier (on basis of a
Burr-Brown OPA 687).

A laser pulse energy monitoring system [21] allows us
to correct for the short-term energy variation of the laser
employed.

2.1. Actinometry

Optical actinometry was performed based on the tran-
sient absorbance of the 4-carboxylate benzophenone triplet
(34BC−) at 340 nm (ε=880 m2 mol−1, triplet quantum yield
ΦT=1) [22]. The influence of ground state absorbance
on the observed ‘signal’ concentration1cs was modelled
according to Eq. (1). (WithE being the negative ground
state absorbance to the base of e,d the diameter of the
analysing-light pinhole in the cuvette screen,xS andxE the
distances of the beginning and end of the pinhole measured
from the laser-side cuvette wall, respectively.I0 andΦ de-
note the laser light intensity and the triplet quantum yield,
respectively.) The derivation of Eq. (1) has been published
recently [18].

1c̄s = −I0Φ
π

d2

E

E2 + (π/d)2
(exp(ExE) + exp(ExS)) (1)

The conductometric detection was calibrated with the
2-nitrobenzaldehyde actinometer system (formation of
2-nitrosobenzoic acid with a quantum yield of 0.5) [23]. The
ground state absorbance-to-signal ratio of conductometric
detection does not follow the same laws as the optical case
because electrical field potentials follow curved lines and
the geometry of the cuvette with its electrodes is quite com-
plex. Therefore, an empirical formula was used, based on a
gamma-distribution function [24]. The observed (geometri-
cally averaged) transient conductivity (1x) is thus described
as a function of the decadic ground state absorbanceA, the
proportionality factora and some fitted constants [25].

1κ̄=I0 a exp

(
−

(
A − 0.98

2.87

)) (
A − 0.98

0.92
− 7.3

)0.32

(2)

Transient conductivity detection is very well suited for
quantitative determination of quantum yields, because the
specific conductivity of transients can easily be estimated
from their structure [26]. In the case described in the follow-
ing produces the actinometry system used (an organic acid
anion plus a proton) within some percent error the same spe-
cific conductivity as the investigated transient pair (another
organic acid anion plus a proton). The specific conductivity
of the proton is known, 350×10−4 m2 S mol−1 [27] and
accounts anyway for most of the total conductivity. The spe-
cific conductivity of the anion can furthermore be estimated
with sufficient accuracy to 33±10×10−4 m2 S mol−1 [27].

2.2. Pulse radiolysis

The pulse radiolysis set-up uses an 11 MeV-linear accel-
erator (Elektronika U 003, Thorium, Moscow, Russia, 5 ns,
17 Gy) and an optical detection system similar to that of the
laser flash photolysis set-up. Details have been published
elsewhere [28]. The dose was determined by thiocyanate
dosimetry [29].

The absorption coefficients of theN-alkylmaleimide radi-
cal anions were determined 10ms after the pulse (5 ns, 17 Gy,
1 mmol dm−3 (N-alkyl-) maleimide, 0.5 mol dm−3 t-butanol,
nitrogen purged). The spectra were corrected for the hy-
drogen adduct spectrum obtained by pulse radiolysis of the
same solution saturated with N2O.

3. Results and discussion

3.1. N-alkylmaleimides

The determination of triplet quantum yields of the
N-alkylmaleimides has been performed by relative acti-
nometry [30]. Acetone (1.0 mass%=0.17 mol dm−3 in
water) has been used to sensitise theN-alkylmaleimide
triplet states. The absolute absorbance coefficients of the
N-alkylmaleimide triplet states were determined by com-
paring the maximum yield obtained with the initial yield
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Fig. 1. Determination of absorbance coefficients by triplet sensitisa-
tion. The initial acetone triplet concentration is determined at 300 nm
(60 m2 mol−1); the spectrum of the energy acceptor (N-alkylmaleimide)
triplet state at the time of total conversion (1ms) is then divided by this
concentration. Experimental conditions: 1.0 mass% (0.17 mol dm−3) ace-
tone in water, 2.4×10−4 mol dm−3 N-methylmaleimide, nitrogen purged,
data Fourier-filtered.

of acetone triplet (60 m2 mol−1 at 300 nm, [30]), shown in
Fig. 1.

The energy transfer was taken to be quantitative. The
rate of energy transfer was found to be diffusion con-
trolled (>1010 dm3 mol−1 s−1), supporting the assumption
of quantitative energy transfer [31]. The acetone-sensitised
N-alkylmaleimide triplet spectra are shown in Fig. 2.

The spectra obtained by direct excitation (Fig. 3) were
compared with actinometry [18] taking the differences in
ground state absorbances (cf Eq. (1)) into account. This gives
the products of quantum yield and absorbance coefficient
for eachN-alkylmaleimide and wavelength. It is apparent
from Figs. 2 and 3 that the spectra observed are reasonably
identical in maximum and shape (acetone cuts off wave-

Fig. 2. Acetone-triplet-sensitised spectra ofN-alkylmaleimides at temporal
maximum of the transient. Experimental conditions: 1.0 mass% acetone in
aqueousN-alkylmaleimide solution (concentrations: 2.4×10−4 mol dm−3

MeMI, 2.7×10−4 mol dm−3 EtMI, 2.9×10−4 mol dm−3 ProMI, respec-
tively).

Fig. 3. Direct excitation spectra ofN-alkylmaleimides in aqueous so-
lution. Experimental conditions (in all three cases): 1.0 mmol dm−3

N-alkylmaleimide, nitrogen purged. Absolute quantum yield: absorbance
coefficient products (Φε) obtained by comparison with actinometry [18].

lengths below 300 nm). Dividing the direct excitation quan-
tum yield times absorbance by the sensitised absorbance
gives the quantum yield of intersystem crossing for each
maleimide investigated. The values are compiled in Table 1.

3.2. Unsubstituted maleimide

Unsubstituted maleimide shows triplet state tautomerisa-
tion (and subsequent enol deprotonation) leading to complex
spectra and time profiles which do not allow the determi-
nation of triplet quantum yield in the same straightforward
way as with theN-alkylmaleimides [6,25].

Ground state maleimide exists exclusively in the keto form
[6]. Upon excitation and intersystem crossing the keto form
of the triplet is formed. This transforms into the enol tau-
tomer (reaction (3),k=5×106 s−1, [25]) which subsequently
deprotonates (reaction (4),k≈9×106 s−1, [25]). The enol
triplet is a fairly strong acid with a pKa of 3.55 [25].

(3)

(4)

Table 1
Triplet–triplet absorption coefficients at 350 nm and triplet quantum yields
(ΦT) of N-alkylmaleimides upon direct excitation at 308 nm

Compound ε sensitised
(m2 mol−1)

ΦTε by direct
excitation
(m2 mol−1)

ΦT

N-methylmaleimide 140±15 4±1 0.03±0.01
N-ethylmaleimide 175±15 12±2 0.07±0.01
N-propylmaleimide 155±15 8±2 0.05±0.02
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Fig. 4. Transient conductivity at three different doses, normalised to
dose [18]. Experimental conditions: 1.30 mmol dm−3 aqueous maleimide,
nitrogen purged, Fourier-filtered to 50 MHz bandwidth. (—): full intensity
laser beam, (h): half intensity laser beam, (s): quarter intensity. In the
inset: observed rate of conductivity build-up vs. maleimide concentration.

This excited enolate acid decays again quickly by unimolec-
ular triplet decay (around 1×106 s−1, denoted by ‘ISC’ as
index) and by triplet state quenching, for example, by ground
state maleimide (around 2×109 dm3 mol−1 s−1) [5]. These
processes compete also for the keto form of the triplet,
leading to a decreased yield of conductivity with decreas-
ing triplet lifetime, i.e. increasing maleimide concentration
(Fig. 4).

A comparison of the yield of conductivity of the acti-
nometer system and directly excited maleimide is shown in
Fig. 5.

Fitting the data obtained with a competition Eq. (5) re-
sults in two constants, the maximum yield (Φdeprotonation,
which is found to be approximately unity) and the rate of
‘escape’ from quenching, i.e. the convolution product of
the rate of tautomerisation and subsequent deprotonation,
3.0±0.2×106 s−1. This value is in agreement with the inter-
cept in the inset in Fig. 4. The quantum yield of radical ions
Φradical ionsas product of the self-quenching (index: ‘sq’) [5]

Fig. 5. Quantum yield of enolate deprotonation. (s): measured yield of
conductivity at temporal maximum, (j): quantum yield, (—): fit function
(Eq. (5)).

is discussed later.

Φ = k3+4Φdeprotonation+ ksq[MI] Φradical ions

k3+4 + kISC + ksq[MI]
(5)

3.3. Formation of radical ions

Triplet state quantum yields only give an upper limit to the
initiation quantum yields. In theory, two initiating radicals
can be formed from one triplet state. Usually, however, one
of the radicals formed does not initiate polymerisation (as is
also the case with maleimides [6]). Triplet state quenching
by oxygen and monomers, unimolecular triplet decay and
so on further reduce the yield of initiating radicals. Electron
transfer processes (as operative with maleimides) can be
especially inefficient due to a fast back electron transfer [31].

Radical ion yields were mainly determined for un-
substituted maleimide, the triplet quantum yield of the
N-alkylmaleimides being so low (<0.1) that the radical ion
yields are scarcely accessible experimentally.

First the maleimide triplet absorbance coefficients (Fig. 6)
were determined by relative actinometry [18,30] using a
quantum yield of unity (see above). From then on, the initial
absorbance of the maleimide triplet was used to determine
triplet concentrations.

As a rule of thumb radical cations are very short-lived
and do not exhibit characteristic transient spectra. There are
fortunately some possibilities to circumvent this rule. One
probe for one-electron oxidation is formed by the pseudo-
halogenides (Cl−, Br−, I−, SCN−). They form radicals upon
photooxidation and subsequently dimerise rapidly to the
well-known dimer radical anions [32]. An example (Br2

•−)
is shown in Fig. 7. The absorption coefficient of the thio-
cyanate radical anion dimer is high enough to produce an
observable spectrum even in the case ofN-ethylmaleimide,

Fig. 6. Triplet–triplet absorbance coefficients of keto maleimide (50 ns af-
ter beginning of the laser pulse) in deaerated aqueous solution. Experimen-
tal conditions: measurements (symbolsd) taken at different maleimide
concentrations, corrected for ground state absorbance by Eq. (1). The
fit-function (—) consists of the sum of two Gaussian peaks and was fitted
in the frequency domain.
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Fig. 7. Time profiles of photoexcited maleimide with and without bromide
(potassium salt) added. The lifetime of the triplet state is reduced by the
addition of bromide and a long-lived absorbance at 360 nm is formed. This
absorbance can be attributed to the bromide dimer radical anion, as shown
by the spectrum in the inset. Comparison of the initial maleimide triplet
absorbance (ε330 nm=295 m2 mol−1, this work) without bromide and the
remaining absorbance of Br2

•– (λmax=360 nm, ε360 nm=990 m2 mol−1

[32]) leads to a quantum yield of 0.02±0.01.

where the overall quantum yield of radical ion formation is
only 0.2% (∼2.5% of the triplet quantum yield).

A model system better resembling organic monomers
than the pseudohalogenides is thiourea and its derivatives.
Thiourea has recently been found to form rather stable rad-
ical cations (and subsequently radical cation dimers) with a
characteristic and quantitatively determined absorption spec-
trum (thioureaλmax=400 nm,εmax=740 m2 mol−1, tetram-
ethylthioureaλmax=450 nm,εmax=656 m2 mol−1 [33,34]).
Laser flash photolysis of maleimide with addition of thiourea
or tetramethylthiourea in aqueous solution produces with
high rate constants (4.8×109 dm3 mol−1 s−1 for thiourea
[34], 3.9×109 dm3 mol−1 s−1 for tetramethylthiourea [34],
3.9×109 dm3 mol−1 s−1 for ATU [6]) the spectra expected
for the photooxidation of the thiourea derivatives (Fig. 8).
A quantitative analysis of the spectra taking into account

Fig. 8. Transient spectra obtained 3ms after the laser pulse. Experi-
mental conditions: 2.5 mmol dm−3 aqueous maleimide solution, nitrogen
purged. (d): only maleimide; (s): 16.3 mmol dm−3 thiourea added; (.):
16.8 mmol dm−3 tetramethylthiourea added. Quantitative analysis leads
to quantum yields of 12 and 10% for thiourea and tetramethylthiourea,
respectively.

Fig. 9. Quantitative transient spectra of maleimide radical anions. Exper-
imental conditions: 1.0 mmol dm−3 (N-alkyl-) maleimide, 0.5 mmol dm−3

t-butanol, nitrogen purged, 17 Gy per pulse.

the initial maleimide triplet concentration determined be-
forehand leads to radical ion formation (quantum) yields of
12% for thiourea and 10% for tetramethylthiourea.

It is, however, apparent from Fig. 8 that the laser flash pho-
tolysis of aqueous maleimide solutions without additional
triplet quenchers also leads to a long-lived product. It was
identified by EPR [5] to be the rather stable maleimide rad-
ical anion. The optical spectrum of theN-ethylmaleimide
radical anion is known for long, [8], the spectra of the
otherN-alkylmaleimide radical anions and the unsubstituted
maleimide radical anion are similar and were obtained by
pulse radiolysis (Fig. 9).

The main characteristic absorbance of the maleimide
radical anions lies in the UV-C (240–300 nm), a region
were the ground state of many monomers has a substan-
tial absorbance, too. This combined with the formation
of other poorly defined species (the radical cations of the
comonomers, their dimers and adducts onto the (N-alkyl-)
maleimide) does not allow a quantification of the radical
ion yield in the case of the monomers tested (see compila-
tion of rate constants in [5,6]), except for maleimide itself.
ATU and its radical cation (and presumably its dimer) do
not exhibit any substantial absorbance at 270 nm [35] and
furthermore show a relatively large electron transfer yield.

3MI + ATU → MI •− + ATU•+ (6)

As a consistency check in this case the absorbances at sev-
eral wavelengths were used and a range of ATU concen-
trations (and therefore relative triplet quenching capacities)
was evaluated according to the competition equations (7)
and (8). The competition equation (7) allows to calculate
the overall quantum yield (Φov) as a function of the quan-
tum yields of the three concurrent reactions involved: triplet
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Table 2
Radical ion quantum yields of unsubstituted maleimide (ΦRI) as deter-
mined by time-resolved quantitative absorption spectroscopy

Scavenger ΦRI

Allylthiourea 0.28±0.05
Thiourea 0.12±0.03
Tetramethylthiourea 0.10±0.03
Maleimide itself 0.10±0.05
Thiocyanate (potassium salt) 0.02±0.01
Bromide (potassium salt) 0.02±0.01
Thiocyanate (withN-ethylmaleimide) 0.025±0.01

×ΦT(N-ethylmaleimide)

quenching1 by ATU, by maleimide (MI) and product-free
unimolecular triplet decay by intersystem crossing (ISC).

Φov = ΦATU kATU[ATU] + ΦMI kMI [MI]

kATU[ATU] + kMI [MI] + kISC
(7)

The denominator of Eq. (7) can be summarised as total triplet
decay rate (s−1), kov. Eq. (7) can then be transformed into
a linear relationship between the overall quantum yield and
the ATU concentration as the maleimide concentration was
held constant in this set of experiments. The linear regression
function is defined explicitly and does, therefore, not rely
on iterations which leads to a far superior reliability of the
fit results.

Φov
kov

kATU
= ΦATU[ATU] + ΦMI

kMI

kATU
[MI] (8)

The results of this chapter are collected in Table 2
and Fig. 10. The long-lived transient spectra formed by
quenching the maleimide triplet state with other unsat-
urated monomers (e.g. vinyl ethers,N-vinylpyrrolidone,
methacrylic acid) indicate quantum yields of radical ion
formation in the range from 5% (4-hydroxybutylvinylether,
HBVE) to 25% (N-vinylpyrrolidone, NVP) [6]. Grishina
et al. [36] reported an increase in quantum yield with elec-
tron donor strength for a similar system. Qualitatively this
is found true for the maleimide-donor system, too (Fig. 10).

3.4. Aromatic maleimides

The simple phenyl maleimide does not show the char-
acteristic triplet spectrum during laser flash photolysis
experiments. It also does not photoinitiate free radical poly-
merisations [6,7]. Sterically hindered aromatic maleimides
(e.g. by introduction of bulkyortho-substituents) on the
other hand do photoinitiate, showing again the strong
substitution dependency of the maleimide chromophor
[7].

1 The tautomerisation reaction is believed not to interfere that much in
this case, as both tautomers are triplet states showing an almost identical
chemistry.

Fig. 10. Determination of radical ion formation quantum yields of the
self-quenching and of the quenching by ATU. Top (d): total rate of triplet
decay, centre (m): overall radical ion formation quantum yield determined
at different wavelengths, bottom (e) with (8) transformed overall radical
ion formation quantum yield, all three diagrams vs. ATU concentration.
Evaluation of the slope and the intercept of the bottom diagram leads to
ΦATU=28% andΦMI =10%.

4. Conclusion

The triplet quantum yields of differently substituted
maleimides have been shown to span the range from
approximately zero (N-phenylmaleimide) over 0.03 (N-
methylmaleimide), 0.07 (N-ethylmaleimide), 0.24 (N-butyl-
maleimide, [9]) to unity (unsubstituted maleimide).

This feature renders mechanistic conclusions based on
comparison of the photoinitiating performance of differently
substituted maleimides as tried in [1,14,15,37–39] to no
avail.

The practical consequence of the data presented here is,
that the unsubstituted maleimide should be the best perform-
ing photoinitiator in this class, its toxicity and poor solubil-
ity, however, does not recommend it for practical applica-
tions. The low triplet quantum yields are a major drawback
of N-alkylmaleimide photoinitiaton, but can be overcome by
triplet sensitisation with, e.g. benzophenone [40]. This, of
course, does not lead to an extractable-free cured product as
a truly maleimide photoinitiated coating, but already minute
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amounts of maleimides added are reported to improve the
benzophenone-amine system to some degree [41,42].
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