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bstract

Novel bisimidazole derivatives were synthesized and their physico-chemical properties were determined. Different bisimidazole derivatives
xhibit solvatochromism, halochromism and photochromism in solution.

We have conducted an investigation of the spectroscopy, photophysical and photochemical properties of all derivatives. The photochemical
roperties of 1, 3 and their derivatives, were studied by irradiating acetonitrile solutions with medium-pressure xenon lamp and their photochemical
uantum yields, ranging from 0.0011 to 0.0024, together with the corresponding fluorescence quantum yields, ranging from 0.52 to 0.90, and life-

imes, ranging from 1.03 to 1.42 ns, were determined. The photophysics of these bisimidazole derivatives was studied in details. The photochemistry
f the two prototype derivatives was studied in solutions, showing an interesting general photochemical reaction between these derivatives and
olecular oxygen.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Recently, heterocyclic imidazole derivatives have attracted
onsiderable attention because of their unique optical prop-
rties [1–3]. These compounds play a very important role in
hemistry as mediators for synthetic reactions, primarily as a
eans for preparing functionalized materials [4–8]. Imidazole

ucleus forms the main structure of some well-known com-
onents of human organisms, i.e. the amino acid histidine,
itamin B12, a component of DNA base structure, purines,
istamine and biotin. It is also present in structure of many
atural or synthetic drug molecules, i.e. azomycin, cimetidine
nd metronidazole [9]. Phenylimidazoles have been studied
ecause of their important laser properties [10,11]. By con-
rast further substitution by phenyl groups results in other
ignificant optical properties. An important imidazole derivative

s lophine (2,4,5-triphenylimidazole). Lophine and its deriva-
ives have significant analytical applications utilizing their
uorescence and chemiluminescence properties [12,13]. Euel-

∗ Corresponding author. Tel.: +972 4 8293753; fax: +972 4 8295703.
E-mail address: speiser@techunix.technion.ac.il (S. Speiser).
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ro and co-workers [14] reviewed more applications of other
midazoles.

Some basic processes, such as excited state proton trans-
er (ESIPT) have been carried out for imidazole derivatives.

olecules that give rise to fluorescent tautomers through ESIPT
re useful in lasing systems as laser dyes [10,11], in high-energy
adiation detectors [15], molecular energy storage systems [16],
nd as fluorescent probes [17].

We have studied 2-(2′-hydroxyphenyl)-3H-imidazo(4,5-
)pyridine, 2-HPIP, and its methylated derivatives which belong
o a different class of molecules containing more than one set
f proton donor–acceptor couples that may be coupled to one
nother. Consequently, 2-HPIP is found to form both �- and
-bound dimers in solutions and in the solid state. Their excited-

tate phototautomerization proton transfer processes in their
ifferent aggregation states were determined by studying their
bsorption and fluorescence spectra at different solvents at a
ide range of concentrations [18]. Gostev et al. [19] have studied
SIPT in some lophine (2,4,5-triphenylimidazole, compound 7,

cheme 1) derivatives, utilizing steady state and femtosecond

aser spectroscopy. Bu and co-workers [20] have shown how the
uorescence properties of lophine can be tuned utilizing thio-
hene and thiazole derivatives. This group had also investigated

mailto:speiser@techunix.technion.ac.il
dx.doi.org/10.1016/j.jphotochem.2006.11.014
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Scheme 1.

ome nonlinear optical properties of these and similar com-
ounds. They have stressed the importance of chemical stability
f imidazole derivatives for allowing their use in applications
uch as sensors. The photochemistry of lophine was investigated
n solutions by Testa and co-workers [21]. They have found that
he photochemistry of 1 is similar to that of stilbene [22] and
an be described by the following mechanism (see Scheme 1).
hey found that the photochemistry of lophine (7) leads to 2-
henyl-9,10-phenanthroimidazole (7a) and the quantum yield
or the photochemical cyclization reaction in degassed acetoni-
rile solution was (0.57 ± 0.07) × 10−3. In basic solutions the
hotochemical reaction is much faster and gives a number of
nidentified products at a higher quantum yield.

The presence of an active N–H proton is believed to be the
ource of photochemical instability. Bu and co-workers [20]
ttempted to reduce it by specific chemical substitution. They
ave found evidence that steric effects due to aromatic substitu-
ion at the 2-postion in 2,4,5-trisustituted imidazoles have direct
mpact on the fluorescence properties, which is eliminated by
sing thiazole at the 2-position. They did not, however, pro-
ide any information on the photochemical stability of these
ompounds.
Recently, we have studied the crystal structure and ther-
ochromic properties of bisimidazole derivatives that form

nclusion compounds with hydrogen donating or accepting guest
olecules [23]. Our purpose in the present work is to combine
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i
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Scheme 2
hotobiology A: Chemistry 188 (2007) 25–33

hese solid-state studies of bisimidazole derivatives with solu-
ion spectroscopy investigations that address the same type of
nteractions. Since applicability of these compounds as optical

aterials depends on their photochemical stability we have also
nvestigated this aspect.

In the present paper we describe a comprehensive study of
he spectroscopy, photophysics and photochemistry of 2,2′-(2,5-
hiophenediyl)bis[4,5-diphenyl-1H-imidazole] (1), 2,2′-(2,5-
hiophene-diyl)bis[1-methyl-4,5-diphenyl-1H-imidazole] (2),
,2′-(1,4-phenylene)bis[4,5-diphenyl-1H-imidazole] (3), 2,2′-
1, 4-phenylene)bis[4, 5-bis(4-methoxyphenyl)-1H-imidazole]
4), 2,2′-(2,5-thiophene-diyl)bis[4,5-bis(4-methoxyphenyl)-
H-imidazole] (5) and 2,2′-(1,4-phenylene)-bis[1-methyl-4,5-
iphenyl-1H-imidazole] (6). Compounds 2, 5 and 6 are novel
isimidazoles synthesized for this study.

. Experimental

All starting materials and solvents were obtained from com-
ercial suppliers and were used as obtained. All synthesized

midazole derivatives were characterized by 1H NMR, mass
pectrometry (MS), single crystal X-ray crystallography and by
heir melting points (m.p.). 1H NMR spectra were recorded on
Bruker AC-400 or AC-500 spectrometer at 298 K. Mass spec-

roscopy was performed for the analysis of the compounds 1
nd 3 (before and after irradiation). Low-resolution chemical
onization (CI) mass spectrometric analysis was carried out on a
innigan TSQ-700 mass spectrometer with iso-butane as carrier
as. High-resolution CI or electron impact (EI) mass spectrom-

try was investigated on a Autospec Premier instrument with
so-butane as carrier gas. MH+ ion (m/z 521) for 1 and MH+

on (m/z 515) for 3 were formed before irradiation. Absorption
pectra were recorded on a Cary 50 UV–vis spectrophotometer.

.
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cence properties of bisimidazole derivatives 1–6, together with
the reference spectrum of lophine 7 in MeCN, and lophine 7
where the OD was kept at 0.192 for all solutions, are presented in
Table 1. Shown are absorption band maxima λmax, the excitation

Table 1
Absorption and fluorescence data of (1–7) in MeCN solution

Compound λmax

(nm)
λ(ex)max

(nm)
λ(fl)max

(nm)
�E
(cm−1)

Φf

1 385 385 458 4140 0.55
2 365 367 452 5124 0.62
3 358 360 424 4193 0.75
N. Fridman et al. / Journal of Photochemistry

mission and excitation spectra were measured using a Perkin-
lmer LS 50-B spectrofluorimeter. For absorption excitation and
mission measurements, the sample concentration was main-
ained at ∼10−5 M. Spectroscopic grade solvents were used for
pectral measurement, without further purification. Excitations
t the 320–400 nm region were isolated from an Osram XBO
50 W medium-pressure xenon lamp by using a combination
f corning 7–54 and 0–53 filters. Melting points for imidazole
erivatives were carried out using a Thermal Analysis DSC Q10.

We prepared a number of bisimidazole derivatives (com-
ounds 1–6, see Scheme 2) utilizing the slightly modified pro-
edure of Davidson et al. [24]. Benzil or 4,4′-dimethoxybenzil
1 mmol), suitable benzaldehyde (0.5 mmol), and ammonium
cetate (1.6 g) were dissolved in boiling glacial acetic acid
16 ml) and refluxed for 3–5 h monitored by TLC. The reac-
ion mixture was poured into ice-water and collected on a filter,
ashed by cold water, dried and recrystallized from the suitable

olvent.
2,2′-(2,5-Thiophenediyl)bis[1-methyl-4,5-diphenyl-1H-imi-

azole] 2 and 2,2′-(1,4-phenylene)bis[1-methyl-4,5-diphenyl-
H-imidazole] 6 were synthesized, in 70% yield by
-methylation of 1 or 3, respectively, according to the
anino et al. method [25]. To a solution of 1 or 3 (0.2 mmol,
.1 g) and dimethyl sulphate (0.72 mmol, 0.066 ml) in 10 ml of
cetone was added powdered anhydrous potassium carbonate
0.72 mmol, 0.1 g) and the mixture was refluxed for 4.5 h.
fter cooling, the mixture was poured into water and the
ellow crude was collected by filtration and dried in dessicator.
rystallization of 2 from a 1:1 mixture of MeCN and CHCl3
ields yellow plates 2 (m.p. 295 ◦C, 1H NMR (CDCl3): δ

.54 (2H, d), 7.53–7.36 (16H, m), 7.16 (8H, t), 3.66 (6H, s)).
rystallization of 6 from a 1:1 mixture of MeOH and CHCl3
ields colorless needles 6 with the host–guest ratio of (1:2
eOH) (m.p. 312 ◦C, 1H NMR (CDCl3): δ 7.54 (4H, d), 7.48

4H, d), 7.42 (4H, d), 7.22 (8H, t), 7.14 (4H, t), 3.54 (6H, s)).
The dependence of the absorption spectra of each of bisimi-

azole derivatives in MeCN on the apparent pH was measured
y a pH meter with glass electrode. It was changed by adding
arious amounts of diluted solutions of HCl or NaOH to MeCN.

Fluorescence life-times were determined by using time-
orrelated single photon counting (TCSPC) methods. We have
sed the TCSPC experimental set-up in the laboratory of
rofessor Dan Huppert at Tel-Aviv University, as previously
escribed [26]. Fluorescence quantum yields, Φf values were
easured with estimated 3% accuracy by using dilute solutions

OD < 0.05) of quinine bisulfate to calibrate the lophine 7 stan-
ard which was used as a reference for the determination of
uorescence quantum yields. We obtained the value Φf of 0.48

n hexane, as previously reported [20]. Due to the large Stokes
hift we could use solutions with OD up to 0.23 without any
oticeable inner filter effect giving the same Φf values for these
D values as those obtained for OD < 0.1.
(E)-�-(2,5-Dimethyl-3-furyl-ethylidene) (isopropylidene)
uccinic anhydride, or more briefly 3-fulgide, actinometer
27] was used to measure quantum yield of the photochemical
eactions. We have checked our method, described below in
ection 3.3.1, by measuring the quantum yield for degassed

4
5
6
7

ig. 1. Excitation (left) and fluorescence spectra (right) of 1–7 in MeCN solu-
ion.

eCN solution of 7, reproducing, within our 10% experimental
ccuracy, the reported literature value of (0.57 ± 0.07) × 10−3

21].

. Results and discussion

.1. Summary of studies in the solid state

Bisimidazole derivatives: 2,2′-(2,5-thiophenediyl)bis[4,5-di-
henyl-1H-imidazole] 1 and 2,2′-(1,4-phenylene)bis[4,5-di-
henyl-1H-imidazole] 3 show piezochromism, photochromism
nd thermochromism in the solid state and form inclusion com-
ounds in various colors. Four solvated compounds in two
ifferent colors: yellow and green, depending on the solvent
olecules were found for 1 and two different colors: light yellow

nd colorless were obtained for 3. Crystal structures of vari-
us substituted bisimidazole derivatives are presented elsewhere
23].

.2. Spectroscopy of (1–7) in solution

.2.1. Fluorescence properties
Absorption spectra of bisimidazole derivatives 1–6 and

ophine 7 were previously reported by us [23]. In addition we
ave measured the corresponding fluorescence and excitation
pectra of those compounds (Fig. 1). Absorption and fluores-
365 366 440 4595 0.90
391 392 470 4234 0.52
334 337 417 5693 0.66
312 312 387 6229 0.27
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Table 2
Solvatochromic properties of 1 in various solvents

Solvent ET(30) νmax(ex)
(cm−1)

νmax(fl)
(cm−1)

�E
(cm−1)

Methanol 55.1 26,178 21,882 4296
Acetic acid 51.7 25,510 19,881 5629
Acetonitrile 46.0 25,974 21,834 4140
Acetone 42.2 25,974 21,834 4140
Chloroform 39.1 25,317 20,619 4698
Ethyl acetate 38.1 25,974 21,882 4092
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pectra band maxima λ(ex)max, the band fluorescence maxima
(fl)max, the peak molar absorptivity � and the associated Stokes
hifts �E, together with the fluorescence quantum yields Φf.

The values of Φf for lophine and all bisimidazole derivatives
ere calculated using Eq. (1):

f =
(

IMeCN

Ihexane

) (
AMeCN

A

)
I

(
nMeCN

nhexane

)2

Φf hexane, (1)

here IMeCN, Ihexane, I are the integrated fluorescence inten-
ities at the excitation wavelength of lophine 7 in MeCN and
-hexane and for (1–6) in MeCN, respectively. nMeCN, nhexane
re the refractive indices of MeCN and n-hexane; Φf hexane the
uorescence quantum yield of the reference lophine 7 sample;
MeCN and A are the absorbance values (at the excitation wave-

ength) for the reference lophine 7 and for (1–6) in MeCN. All
xcitation spectra were recorded while probing the peak fluo-
escence for each compound, they match the absorption spectra
ithin experimental accuracy.
The fluorescence intensity for benzene bisimidazole deriva-

ive increased with adding MeO– substituent in 4,5-phenyl rings
compound 4) and decreased for thiophene bisimidazole deriva-
ive by changing phenyl rings to MeO– substituent in 4,5-phenyl
ings (compound 5). Both 1 and 3 show blue shifted absorp-
ion and fluorescence at longer wavelengths as compared to the

eO-substituted compounds 5 and 4, respectively. Compari-
on of 1 and 2 indicates that the 1-methyl substituted thiophene
isimidazole derivative 2 shows a blue shifted absorption and flu-
rescence spectra as compared to the non-substituted thiophene
isimidazole derivative 1.

.2.2. Solvent effect on the absorption and fluorescence
roperties

Solvatochromism is the reversible color change induced by
olvents. It often results from changes in the polarity of the
olvents. This affects charge transfer mechanisms in solva-
ochromic compounds, causing color changes.

Compound 1 is soluble in many solvents, giving a yellow,

emon or green solution. The positions of the long-wavelength
bsorption and fluorescence bands in the spectra of 1 were
etermined in several protic (methanol, acetic acid) and apro-
ic (acetonitrile, acetone, chloroform, ethyl acetate, ether, THF)

ig. 2. Excitation (left) and fluorescence spectra (right) of 1 in various solvents:
iolet, acetic acid; yellow, acetone; light blue, acetonitrile; blue, chloroform;
ed, ether; green, ethyl acetate; orange, methanol; brown, THF.

3

i
w

F
r

HF 37.4 25,907 21,882 4025
ther 34.5 26,042 22,026 4015

olvents. Fig. 2 shows excitation and fluorescence spectra of 1 in
arious solvents. The solvents used are listed in Table 2, where
ttempt to correlate the observed absorption and fluorescence
nergies with the ET(30), a parameter used for describing the
olarity of the solvent [28,29] was done.

No clear correlation is found, other attempts to correlate the
bserved solvatochromism with other polarity multi-parameters
id not yield any better result. This is not surprising since the
olvent effects for these bisimidazole derivatives are a complex
ixture of polarity effects as well as more specific interac-

ions such as hydrogen bonding and the acidity correlated with
he –NH proton. Unfortunately these compounds do not dis-
olve in nonpolar solvent such as hexane or cyclohexane, which
sually can provide the reference point for the discussion of
olvatochromism. The excitation and emission spectra in all
olvents except chloroform and acetic acid are practically the
ame independent of the polarity. This may indicate that spe-
ific interactions play the major role in these solvents [28,29].
he common feature of these solvents is the presence of a lone
air of electrons, which can form an H-bond with the N–H group
f compound 1. This assumption is supported by our previous
bservations in nitro derivatives of lophine where the N–H group
s replaced by N–Me [30]. In acetic acid, the red shift of the
mission may be the result of the excited state protonation.
.2.3. Halochromism in MeCN solution
Halochromism is the reversible color change due to a change

n pH of a solution. Compound 1 showed halochromic behavior
ith changing the apparent pH in MeCN solution. The excitation

ig. 3. Excitation and fluorescence spectra of 1 at different apparent pH meter
eadings, in C ∼ 10−5 M MeCN solution.
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nd fluorescence spectra of 1 at different pH in MeCN solution
re presented in Fig. 3. It was shown that λmax increases with
ncreasing pH, while the fluorescence intensity decreases with
ncreasing pH. In case of a very acidic MeCN solution (apparent
H 0.91) the absorbance band observed at λmax(ex) = 373 nm,
hereas in case of very basic MeCN (apparent pH 12.5) solu-

ion the absorbance band is red shifted to λmax(ex) = 388 nm. The
uorescence intensity gradually reduces with increasing pH. In
ery basic MeCN solution the product almost does not exhibit
ny fluorescence. The fluorescence band maximum (Fig. 3) is
bserved at λmax(fl) = 478 nm at very acidic solution, whereas at
max(fl) = 516 nm at very basic solution. In the absorption spec-

ra [23] two clear isosbestic points observed at 329 and 382 nm
nd two unclear isosbestic points observed at 282 and 344 nm
epending on pH suggest the presence of four different possible
pecies of 1 (see Scheme 3). Fig. 4 represents the energies of
bsorption (νa) and fluorescence (νf) transitions of 1 in MeCN as
function of pH. Calculated pKa values are: pKa1 = 11.39 ± 0.5,
Ka2 = 3.69 ± 0.16 [31].

.3. Photochemistry of 1–7 in MeCN solution
.3.1. Determination of the photochemical quantum yields
All bisimidazole derivatives undergo photochemical reac-

ions. We have compared the photochemical properties of all

ig. 4. Transition energies of absorption (νa) and fluorescence (νf) vs. apparent
H meter readings for 1 in C ∼ 10−5 M MeCN solution.
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isimidazole derivatives with that of lophine 7 [21]. We describe
n details the photochemistry of 1 in MeCN, the same proce-
ure was applied to all bisimidazole derivatives, yielding similar
esults.

The photochemical properties of 1 were studied by irradiat-
ng 1 × 10−5 M basic and neutral degassed MeCN solutions of
ompounds 1. Both MeCN solutions of 1 were irradiated with
edium-pressure xenon lamp (150 W). The absorption spectra

f 1 in neutral MeCN solution for different irradiation times
re presented in Fig. 5. A clear isosbestic points at 420 nm is
bserved. This is indicative of a single photochemical product.
y contrast, for basic MeCN solution no clear isosbestic points
re observed. This suggests that there may be more than two
pecies formed in the system at each basic solution, in agree-
ent with previous studies done on lophine 7 [21]. Fig. 5 shows
comparison between the absorption spectrum of 1 and that

f the product obtained after 100 min irradiation, showing the
otal disappearance of the 380 nm band with the appearance of a
eak absorption in the 425–550 nm spectral region, which can
e attributed to the photochemical product of the cyclization
eaction similar to that of 7, described in Scheme 1 and found
n the high-resolution MS analysis of the reaction products.

Comparison of the fluorescence maxima in three solutions
ith different pH values revealed that the fluorescence intensity

f 1 in neutral degassed MeCN solution is higher than that of
in basic MeCN solution. The rate of the reaction in basic
eCN solution of 1 was almost eight times larger than in the

on-degassed MeCN solution. These observations are similar to

ig. 5. Absorption spectra of 1 in neutral degassed C ∼ 10−5 M MeCN solution
ith different irradiation time duration: 0, 25, 45, 60, 80, and 100 min (from top

o bottom).
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ig. 6. Excitation and fluorescence spectra of 1 at different irradiation times in
eutral degassed C ∼ 10−5 M MeCN solution.

hose reported for lophine 7 under similar conditions [21], for
hich in degassed solution the yield is about five times smaller

han in non-degassed solution.
The excitation and fluorescence spectra of 1 at different

rradiation times in degassed MeCN solution are shown in
ig. 6. The photochemical product is almost non-fluorescent.
he fluorescence intensity gradually reduces with irradiation

ime. The fluorescence spectra and their kinetics features remain
nchanged for all excitation wavelengths in the region of
45–400 nm. The rate of the photochemical reaction for the
iven irradiation intensity is shown to obey a first order law

inetics and can be quantified either from the absorption data or
rom the excitation and fluorescence data in Fig. 7. It is satisfy-
ng to note that the same rate constant, kr is obtained from all
hese different data. However, the kinetics of the fluorescence

t
r
u
m

ig. 7. Photochemical reaction kinetics: excitation spectrum intensity (left) at 384 nm,
t 384 nm of 1, as a function of the irradiation time, in neutral degassed MeCN soluti

able 3
omparison of the fluorescence and photochemical characteristics of (1–7), in degas

ompound λ(ex)max (nm) ε (M−1 cm−1) kr (×10−4 s−1)

385 34,870 3.17
367 20,350 1.83
360 14,860 0.67
366 43,910 1.83
392 47,820 5.01
337 15,470 0.72
312 20,330 0.40
hotobiology A: Chemistry 188 (2007) 25–33

hanges in the 500–560 nm range are non-exponential since at
his region we have contributions both from the disappearance
f the starting material 1 as well as build up of the weak product
uorescence, which is red shifted to that of 1.

For an optically thin sample, the experimental photochemical
ate constant for the disappearance of 1 is given by kr = ΦrσI,
here Φr is the reaction quantum yield, σ the absorption

ross-section and I is the irradiation light intensity. In order to
etermine the Φr values for compounds (1–7) we have used the
hotoisomerization of (E)-�-(2,5-dimethyl-3-furyl-ethylidene)
isopropylidene) succinic anhydride (3-fulgide), as a photo-
hemical actinometer [27] for the determination of the quantum
ields of the photolysis reactions of (1–7).

The Φl
r values for lophine 7 and bisimidazole derivatives

1–6) are calculated based on Eq. (2):

l
r = kl

rσrΦr

σl
rkr

= kl
rεrΦr

εl
rkr

, (2)

here kl
r, are the rate constants for the phothochemical reac-

ion of compounds (1–7), kr the corresponding measured value
or 3-fulgide under the same irradiation conditions, εl

r and εr
re the molar extinction coefficients for in MeCN and for 3-
ulgide in EtOH [27], respectively. Φr is the quantum yield of the
hotoisomerization of 3-fulgide which is 0.22 in EtOH [27b].
he photochemical quantum yields for (1–7) are summarized

n Table 3, together with the corresponding fluorescence quan-

um yields. Although the photochemical quantum yields are
ather large so as to render these compound photochemically
nstable for any optical application, they do not influence the
easurements of the fluorescence quantum yields which were

probed at 456 nm and fluorescence spectrum intensity (right) at 456 nm, probed
on.

sed MeCN solution

Φf Φr τf (ns) krad (ns−1) knr (ns−1)

0.55 0.0024 1.03 0.53 0.43
0.62 0.0024 1.42 0.44 0.27
0.75 0.0012 1.11 0.68 0.23
0.90 0.0011 1.24 0.73 0.08
0.52 0.0027 1.24 0.42 0.39
0.66 0.0012 1.10 0.60 0.31
0.27 0.0005 1.98 0.14 0.38
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Fig. 8. Fluorescence decay for 1 in MeCN solution (OD = 0.2).

one by excitation in a fluorimeter whose irradiation intensity is
uch smaller that that of the photolysis lamp. In fact no photo-

hemical degradation was detected following the fluorescence
easurements.
It should be noted that the assumption of an optically thin

ample may lead to erroneous results in cases where a signifi-
ant attenuation of the irradiated beam is observed. By placing
calibrated photodiode before and after the reaction cell we

ave verified that it did not happen, probably due to the fact that
e have used rather intense lamp so that the average number
f photons vastly exceeds the number of molecules. This is also
eflected by the fact that first order kinetics was observed for irra-
iation times up to 500 min. Moreover, the linear dependence of
r on I was verified by changing the irradiation intensity by ND
lters. We also measured Φr for our reference compound 7, by

rradiating both our sample and the actinometer till the irradiated
ompound totally disappeared (about 600 min), thus determin-
ng the absolute number of absorbed photons, and obtained the
ame value for Φr within the estimated 10% accuracy.

We have also measured the fluorescence decay kinetics of
ompounds (1–7). All compounds showed exponential decay
ith life-times τf, ranging between 1.03 and 1.98 ns, as exem-

lified for 1 in Fig. 8. All τf values are summarized in Table 3:

f = krad

krad + knr
= τfkrad, (3)

m
t
t
a

Scheme 4
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here krad, knr are the rate constants for radiative and non-
adiative deactivation and τf is the lifetime of the S1 excited state.
t is evident that the main decay route of the excited state in these
ompounds is their fluorescence and non-radiative decay which
as minor contribution from the photochemical decay route.

From the measured value of Φr of 1 the intrinsic unimolecular
ate constant for its photochemical decay, k′

r = Φr/τf = 2.4 ×
06 s−1 is calculated, a reasonable value.

.3.2. The photochemistry of 1 and 3 in non-degassed
eCN and THF solutions: product analysis and proposed
echanisms
We have also repeated the same photochemical experiments

or1 and for 3 in non-degassed MeCN and THF. The kinetics did
ot follow a first order law and no clear isosbestic points were
bserved, suggesting that more than one photochemical product
as produced. The nature of the different photoproducts of these

olutions was revealed using high-resolution mass spectroscopy.
Irradiation of 1 in non-degassed MeCN and THF solutions,

esults with the gradual disappearance of the molecular peak
t m/z = 521.1810 [M + H+ = 521.1813] and parallel appearance
f new peaks at m/z = 122.0600, 211.0753, 226.0878 and
28.0908. These m/z values correspond to the species 1A
benzamide, C7H7NO, M + H+ = 122.0606], 1B [1,2-diphenyl-
thane-1,2-dione (Benzil), C14H10O2, M + H+ = 211.0759],
C [4,5-diphenyl-3H-[1,2,3]dioxazole, C14H11NO2, M + H+ =
26.0868] and 1D [5-(4,5-diphenyl-1H-imidazole-2-yl)-
hiophene-2-carbonitrile, C20H13N3S, M + H+ = 328.0908] in
ddition we detected fragment A at a z/e = 537.1815 [5-(4,
-diphenyl-1H-imidazole-2-yl)-N-[2-oxo-1,2-diphenyl-eth-(E)-
lidene]-thiophene-2-carboxamidine, C34H25N4OS, M + H+ =
37.1749] (see Scheme 4).

While 1A and 1B are clearly products of a multistep frag-
entation 1A and simple non-photochemical hydrolysis (due to

races of water present always in commercial analytical or spec-
roscopic grade solvents) 1B, compounds 1C and 1D provide
ome insight to the photochemical decomposition channels of
. From the nature of the dominant fragments, a mechanism may
e deduced, involving photoinduced molecular oxygen attack on
he imidazole ring. Fig. 9 depicts the proposed mechanism of the
ajor photochemical processes, as deduced from the nature of
he major photoproducts that were identified in the mass spec-
ra. The occurrence of fragment 1E of the intermediate Int is an
dditional support for the proposed mechanism.

.
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Fig. 9. Proposed mechanism for the photochemic
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n
without employing the sensitive method of high-resolution mass
Scheme 5.

Irradiation of 3 in MeCN results with the gradual disap-
earance of the molecular peak at m/z = 515.2213 [M + H+ =
15.2236] and parallel appearance of one dominant new
eak at m/z = 339.1612. This m/z value corresponds to 3A
4-(4,5-diphenyl-1H-imidazole-2-yl)-benzamidine, C22H18N4,

+ H+ = 339.1610] (see Scheme 5). From the nature of the dom-

nant fragment at m/z = 339.1612, a mechanism may be deduced,
nvolving a photoinduced hydrolysis of the imidazole ring that
nvolves molecular oxygen. Fig. 10 depicts the proposed mech-
nism of the major photochemical processes, as deduced from

s
i
m
t

Fig. 10. Proposed mechanism for the photoc
al decomposition of 1 in MeCN and THF.

he nature of the major photoproduct that was identified in the
ass spectra.
Irradiation of 3 in THF results with the gradual disappearance

f the molecular peak at m/z = 515.2213 [M + H+ = 515.2236]
nd parallel appearance of new peaks at m/z = 122.0608,
26.0872, 322.1353 and 340.1443. These m/z values correspond
o the species 1A, 1C (see Scheme 4), 3B [5-(4,5-diphenyl-1H-
midazole-2-yl)-thiophene-2-carbonitrile, C22H15N3, M + H+ =
22.1344] and 3C [4-(4,5-diphenyl-1H-imidazole-2-yl)-ben-
imidic acid, C22H18N3O, M + H+ = 340.1450] (see Scheme 5).

While 1A is clearly a product of a multistep fragmentation
nd the route to compound 1C is similar to the mechanism
epicted in Fig. 9, 1C and 1B are formed through a mechanism
hat is similar to the one depicted in Fig. 9.

For all photolysis reactions depicted in Figs. 9 and 10, none of
he mass spectra could reveal any product that involves or orig-
nates from a diphenyl ethane to phenanthrene cycloaddition
eaction, the dominant reaction that was deduced for lophine 7
see Scheme 1) [15], based on UV spectroscopy. However, the
ovel route involving molecular oxygen could not be deduced
pectrometry. Since we do not observe any molecular peak orig-
nating from a phenanthrene derivative, we conclude that this

echanism is not effective in the photochemistry of 1 and 3, in
he presence of oxygen.

hemical decomposition of 3 in MeCN.
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. Summary

Bisimidazole derivatives were synthesized and their physic-
chemical properties were determined. The photochemical
roperties of 1 and 3 and their derivatives were studied by
rradiating basic and neutral degassed MeCN solutions with

edium-pressure xenon lamp and their photochemical quan-
um yields, ranging from 0.0011 to 0.0024, together with the
orresponding fluorescence quantum yields, ranging from 0.52
o 0.90, and life-times, ranging from 1.03 to 1.42 ns, were deter-

ined. It was concluded that the main decay route of the excited
tate in all these compound is via a combination of fluores-
ence and non-radiative decay. However, even these values for
he photochemical quantum yields make the compounds photo-
hemically unstable. The photochemistry of the two prototype
erivatives revealed an interesting novel general photochemical
eaction between these derivatives and molecular oxygen.
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