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Abstract

Imide model compounds synthesized from 2,5-dimethoxy-4’-aminostilbene and different anhydrides, such as hexafluoroisopropylidene-
2,2'-bis(phthalic anhydride), pyromellitic anhydride, 3,3’.4,4'-benzophenone tetracarboxylic dianhydride and phthalic anhydride, were
photochemically characterized by UV absorption spectroscopy and stationary and time-resolved fluorescence spectroscopy. The fluorescence
measurements in solution showed the dominance of non-radiative processes at room temperature. The fluorescence decay curves were
multiexponential, their course depending on the temperature and viscosity of the surroundings. Steady state fluorescence experiments were
performed in various polymer matrices. The spectra obtained showed differences in the number of bands. The molecular structure and the
alignment of the polymer influenced ihe emission behaviour of the imide model compounds. Furthermore, semiempirical quantum mechanical
calculations indicated the dominance of a charge transfer for the HOMO-LUMO configuration from the stilbone skeleton to the imide subunit.
Irradiation experiments in solution indicated the high photostability of all the compounds investigated. © 1997 Elsevier Science S.A.
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1. Introduction

Aromatic polyimides possess high thermal, thermo-oxi-
dative and chemical stability coupled with a low dielectric
constant and excellent mechanical properties. Polyimides are
attractive materials for many applications, e.g. films, coat-
ings, mouldings, semiconductors, adhesives and advanced
composites, because of the favourable combination of price,
processability and performance [ 1,2]. Recently, fluorinated
polyimides have received considerable interest because of
their optical transparency and improved solubility in organic
solvents [3].

Fluorescence probe technology has received increasing
interest for the investigation of polyimide films. In general,
most of the polyimides are coloured, and show an extremely
red-shifted intrinsic fluorescence {4,5]. This behaviour is not
completely understood. The colour of these materials may be
caused by the structure of the starting materials, the manu-
facturing process and intermolecular interactions between
polyimide chains. The exceptions are polyimides made
from hexafluoroisopropylidene-2,2'-bis(phthalic anhydride).
These polymers are not coloured and show only slight fluo-
rescence [3]. Several models have been discussed to explain
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the fluorescence of polyimides. One of these involves the
twisted intramolecular charge transfer (TICT) state [6,7].
The formation of a TICT state requires a perpendicular twist
of the phenyl ring relative to the imide group. In this case,
the electron is located in only one twisted subunit, and charge
transfer can occur to the other subunit in the excited state.
Another model for the emission mechanism in polyimides is
based on charge transfer from the highest occupied molecular
orbital (HOMO) to the lowest unoccupied molecular orbital
(LUMO). This mechanism does not require twisting of parts
of the molecule. Therefore it is called intramolecular charge
transfer (ICT). The results obtained by CNDO/S3 calcula-
tions underline the possibility of this reaction pathway [8].
Polyimides have been used in many applications as thin
films. Therefore fluorescence probe technology is a useful
tool for the examination of the mobility and interactions in
these materials. In general, two different methods can be used
to study the polymer matrix. A fluorescence probe dissolved
in the matrix provides information on the mobility in the
polymer matrix [9,10]. On the other hand, a fluorescence
probe covalently bonded at the polymer chain provides infor-
mation on the mobility of the matrix itself [ 11,12]. For this
reason, we synthesized probes containing the imide structure
(to improve the solubility in the polyimide matrix) and a
chromophore (which shows strong surroundings-dependent
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fluorescence). Stilbene molecules have been successfuily
applied as probes to investigate the molecular environments
in different materials [ 13]. The stilbene structure is a reason-
able probe because both fluorescence and isomerization are
strongly influenced by the surrounding matrix [13]. More-
over, covalent bonding of stilbenes at an imide group in
oligoimides leads 0 materials with covalently bonded chro-
mophores [ 14]. Imide compounds with other chromophores
were obtained by a similar procedure [15]. The materials
prepared were obtained by the reaction between several dian-
hydrides and 3,7-diaminophenothiazinium chloride as well
as thionine [15]. The properties of the materials obtained
were very different from the starting materials, thionine and
3,7-diaminophenothiazinium chloride. Therefore we can
conclude that the introduction of imide groups into several
chromophores leads to a large change in the properties of the
chromophores.

The goal of this work was to synthesize imide model com-
pounds with covalently bonded stilbene groups for the pho-
tophysical investigation of polyimide films. These substances
should have an improved solubility in polyimides and
the stilbene group should act as a probe of the molecular
environment. Other common fluorescence probes, such as
triphenylmethane dyes [9] and several substiiuted dialkyl-
aminostilbazolium salts [ 10,14], cannot be applied for probe
experiments in polyimides because they can react with nucle-
ophiles in the matrix (triphenylmethane dyes) or do not form
transparent films because of their reduced solubility in the
polymer matrix. The stilbene model compounds synthesized
in this work are new compounds. They were studied in solu-
tion to determine their photophysical behaviour. Investiga-
tions in thin films were performed to provide more insight
into their working principles as probes for applications in
polymers. In addition, semiempirical quantum mechanical
calculations were carried out to evaluate theoretically the
experimental data and to provide more insight into the
photochemistry of these new compounds.

Table 1

2.1. Synthesis of the model compounds

The amounts of the starting materials for the synthesis
of the imide model compounds are given in Table 1. Puri-
fied hexafluoroisopropylidene-2,2’-bis(phthalic anhydride)
(Aldrich) was dissolved in 10 ml of anhydrous N-methyl-
pyrrolidone at 80 °C. 2,5-Dimethoxy-4'-aminostilbene
{Aldrich) was added together with 5 ml of anhydrous N-
methylpyrrolidone. The mixture obtained was stirred at 80
°C for 11 h. This solution was slowly dropped into 150 ml of
toluene and heated under reflux. The reaction water formed
was continuously removed using a Dean-Stark apparatus.
The toluene was removed in vacuum in a rotary still after the
formation of the reaction water was complete. The residue
obtained was added dropwise into 500 ml of ethanol. The
precipitate was isolated and dried in vacuum. The diimide
prepared from hexafiuoroisopropylidene-2,2’-bis(phthalic
anhydride) and 2,5-dimethoxy-4'-aminostilbene was
obtained in 78% yield,

The imide model compounds prepared using the other
anhydrides (pyromellitic dianhydride (Aldrich), 3,3',4,4'-
benzophenone tetracarboxylic dianhydride (Aldrich) and
phthalic anhydride) were synthesized in a similar manner.
The yields of the imide model compounds obtained and their

melting points are summarized in Table 1.
2.2. Film preparation

The polymeric material (0.05 g) (polymethylmethacry-
late from Aldrich, a polyimide synthesized from hexafluo-
roisopropylidene-2,2’-bis(phthalic anhydride) (Aldrich)
and 4,4’-diaminodiphenylmethane (Merck) in an equimolar
ratio as described in Ref. [14]) was dissolved in 1 ml of
propanone. A second solution (50 pl), consisting of propa-
none and the imide model compound, was added to the pol-
ymer solution. The solution obiained was coated onto a glass

Summary of the imide model compounds synthesized (amounts of the starting materials 2,5-dimethoxy-4'-aminostilbene (DMAS) and anhydride, yields and

melting points of the products)
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plate and dried at room temperature, first in a propanone
atmosphere for 96 h and finally in air for 48 h. The absorbance
of the film was about 0.4. The thickness of the film was
between 6 and 7 pm.

2.3. UV absorption measurements

The UV absorption spectra of the imide compounds were
recorded with a Cary 3 double-beam spectrophotometer in 1
cm cuvettes for solution experiments and as polymer films.
Spectroscopic grade chloroform was obtained from Aldrich.
Propanetriol triacetate (Aldrich) was purified by treating
with potassium carbonate and drying with anhydrous mag-
nesium sulphate, followed by fractional distillation in
vacuum.

2.4. Stationary fluorescence measurements

The fluorescence spectra were measured using a Spex
Fluorolog 212 spectrophotometer and an SLM-Aminco spec-
trometer. The slit width for emission was 2 mm corresponding
to a spectral resolution of 5 nm. All fluorescence spectra were
corrected by taking the sensitivity of the spectrometer into
account. All solution spectra were measured using 1 cm
quartz cuvettes. The emission was detected in perpendicular
geometry. The films were recorded at an angle that resulted
in a maximum fluorescence signal and a minimum scattering
signal.

2.5. Time-resolved fluorescence measurements

Fluorescence lifetime measurements were performed at the
Berlin storage ring for synchrotron radiation (BESSY) inthe
single bunch mode (repetition rate, 4.8 MHz) using single-
photon counting detection. Using an excitaiion monochro-
mator (focal length, 20 cm; Jobin Yvon), the excitation
wavelength was selected from the spectral continuum of the
synchrotron radiation. The puises had a halfwidth of 500 ps
(corresponding to the instrumental response of our system).
Standard electronics from ORTEC were used for the time-
correlated single-photon counting technique. The emission
wavelength was selected using a similar monochromator
(bandwidth, 20 nm). A microchannel plate photomultiplier
(Hamamatsu R1564-U-01), cooled to — 10 °C, was used for
detection.

2.6. Irradiation experiments

The irradiation experiments were performed in 1 cm quartz
cuvettes at room temperature. The equipment for the meas-
urement of the quantum yields consisted of a high-pressure
mercury lamp and a UV-visible spectrophotometer (Carl
Zeiss Jena). Interference filters were applied to select the
irradiation wavelength. The exposure of the samples was
carried out perpendicular to the beam of the spectrophotom-
eter. The difference between the incident quantum flux and

the flux behind the sample was measured and electronically
integrated. The equipment was calibrated with a thermocou-
ple. Further details on the working principles and accuracy
of the equipment are given in Ref. [16]. For quantum yield
calculations, the changes in absorbance were plotted as a
function of the number of absorbed photons. The quantum
yield was determined from the slope of the curve at a small
number of absorbed photons. Further details were previously
described [16]

2.7. Quantum mechanical calculations

AMPAC 5.0 from Semichem Inc. was used for all calcu-
lations. The AM1 method with the corresponding parameters
was applied for energy minimizations. The gradients obtained
after the calculations were used as a quality parameter.

3. Results and discussion

In a previous investigation, it was reported that substituted
stilbenes possess high quantum yields of trans — cis photo-
isomerization {17]. In particular, stilbenes containing an
amino group exhibit isomerization quantum yields of around
0.5 [17]. However, no information is available on the pho-
toisomerization quantum yields of stilbenes containing an
imide group covalently bonded at the aromatic skeleton. For
this reason, model compounds were synthesized from 2,5-
dimethoxy-4'-aminostilbene and different anhydrides as
shown in Table 1. The reaction pathway for the synthetic
procedure is given in Scheme 1.

Different anhydrides were used for the synthesis of the
imide model compounds because of their different electronic
influence (acceptor strength) on the photochemistry of the
stilbene subunit. The compounds obtained are given in
Scheme 2.

The UV absorption spectra obtained in propanetriol triace-
tate are given in Fig. 1. It can be seen that two bands exist in
all the model compounds. They are located in the range 295—
300 nm and at around 350 nm. The band at 295-300 nm is
comparable with the absorption of substituted phenyl imides
[18]. The absorption at around 350 nm is assigned to the
stilbene skeleton (A, =353 nm for 2,5-dimethoxy-4'-ami-
nostilbene) (see Fig. 1). Only a slight influence of the imide
skeleton is observed on the absorption at this wavelength.

The spectra obtained do not show an additional band,
although two different chromophores are connected by cova-
lent bonding forming a new conjugated system. This aspect
is important in the consideration of the photoinduced isom-
erization of the double bond of the stilbene unit in the model
compounds and the examination of the light stability. For this
reason, irradiation experiments were carried out.

3.1. Irradiation experiments

For all irradiation experiments, monochromatic light was
applied to excite the stilbene unit of the model compounds.
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Reaction Mechanism
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Scheme 1. Reaction scheme for the synthesis of stilbene-containing imide model compounds.
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Scheme 2. Chemical structure of the model compounds consisting of stilbene
covalently bonded at an aromatic imide.

Surprisingly, only small changes in the UV absorption spectra
were found for all imide compounds used, and no isosbestic
point was observed (see Fig. 2).

Additional irradiation experiments were carried out at 405
and 333 nm, after irradiation at 365 nm, to determine whether
a photostationary composition exists after irradiation at 365
un. The formation of a photostationary composition is
dependent on the irradiation wavelength because the spectral
contribution of each compound is different at each wave-
length. No significant changes occur in the intensity of
absorbance during irradiation at 405 and 333 nm after irra-
diation at 365 nm. Therefore the spectrum obtained at infinite
irradiation time is equal to the spectrum of the photostationary
composition. Furthermore, no information about the exis-
tence of a thermal activation barrier was found after exposure
at 365 nm. All these results lead to the conclusion that pho-
toisomerization is of minor importance for the imide com-

pounds investigated. The quantum yields for the decrease in
absorbance determined at 365 nm are very small in compar-
ison with the photoisomerization of 2,5-dimethoxy-4'-
aminostilbene (see discussion below). They show no
dependence on the nature of the solvent or the atmosphere
(air, argon) as demonstrated in Table 2.

Itis shown in Table 2 that2,5-dimethoxy-4’-aminostilbene
possesses a considerably higher quantum yield for the
decrease in absorbance in comparison with the imide modei
compounds. The spectra obtained during irradiation indicate
ahigh efficiency of trans—cis photoisomerization of 2,5-dime-
thoxy-4'-aminostilbene. An isosbestic point is observed at
299 nm. Similar high trans—cis photoisomerization efficien-
cies have also been reported for other substituted stilbenes
{17].

The results indicate that the photochemistry of the imide
model compounds is different from that of substituted ami-
nostilbenes. Recently, a mechanism for the photolysis of sub-
stituted phenylimides on irradiation with polychromatic light
from a medium-pressure mercury lamp has been proposed
which describes the formation of different photolysis prod-
ucts, such as the corresponding anhydride and acid, a non-
substituted imide (e.g. phthalimide) and nitrosobenzene. The
cleavage of the (C=0)-N bond of the imide was reported to
be the source of this reaction mechanism [ 19]. However, the
formation of longer wavelength absorbing compounds, such
as substituted nitrosobenzene, does not occur during photol-
ysis with monochromatic light at 365 nm in our experiments
(see Fig. 2). A higher energy is necessary for the cleavage
of the (C=0)-N bond. Our results indicate that the stilbene
skeleton is not able to sensitize the photolysis of the imide
unit. The imide model compounds I-IV have sufficient
photostability at an irradiation wavelength of 365 nm.
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Fig. 1. UV absorption spectra for the model compounds I-IV and 2,5-dimethoxy-4'-aminostilbene in propanetriol triacetate at room temperature; spectra are

normalized to the band with the highest wavelength.

2

A
b
s
[+]
r
p 05
t
i
o
n
0 :

30000 26000 22000

wavenumber (cm“)

Fig. 2. Irradiation of model compound I in propanetriol triacetate (decrease
in absorption) at room temperature using an irradiation wavelength of 365
nm.

3.2. Stationary fluorescence measurements

It is well known that substituted stilbenes show both effi-
cient isomerization [17] and a matrix-dependent fluores-
cence [20]. The fluorescence experiments of the imide
compounds were performed in a solution of propanetriol tri-
acetate as well as in glassy polymers. These experiments are
necessary to determine the emission behaviour of our stilbene

compounds which are covalently bonded at the imide group
in different matrices.

The fluorescence spectra measured in propanetriol triace-
tate are shown in Fig. 3. As can be seen, only one fluorescence
band with 2 maximum located at around 425 nm is observed
for all the imide model compounds investigated. Dual fluo-
rescence, as described for substituted aminostilbenes [20],
does not occur in the solvent used. The fluorescence quantum
yields are relatively low (less than 1%) for both 2,5-dime-
thoxy-4'-aminostilbene and the imide model compounds I-
IV (P;=0.008 for 2,5-dimethoxy-4'-aminostilbene). The
fluorescence quantum yield of 2,5-dimethoxy-4'-aminostil-
bene is about twofold higher than that of imide compound
I which has the highest value of all the imide compounds
investigated in this work (see Fig. 3). As a result, we can
conclude that chemical bonding of an imide structure at the
stilbene skeleton leads to a decrease in the fluorescence quan-
tum yield. All of these results indicate that non-radiative
processes deactivate the excited state of the imide compounds
I-IV, but the nature of these reactions is different from that
described for the photochemistry of substituted stilbenes
[17]. In addition, this non-radiative deactivation channel
sheuld depend on the matrix. For this reason, the fluorescence
of I-IV was investigated in two different kinds of polymer.

The fluorescence spectra in polymethylmethacrylate
(PMMA) films are comparable with those obtained in the
viscous solvent propanetriol triacetate (Fig. 4). Furthermore,
the unusual red-shifted fluorescence described for several
imide compounds {4,5] was not found in our experiments.
However, a different fluorescence behaviour of the imide
compounds was found in a polyimide film (see Fig. 5). The
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Table 2 )
Quantum yields for the reaction of the imide model compounds and 2,5-dimethoxy-4’'-aminostilbene (reference) in different solvents
Compound Propanetriol triacetate (air) CHCl; (air) CHCI; (argon)
I 0.0026 0.0012 0.0012
I 0.0017 0.0013
m 0.0033 0.0034
v 0.0054 0.0015
2.5-Dimethoxy-4’-aminostilbene 0.55 0.56 0.55
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Fig. 3. Fluorescence spectra of the imide model compounds I-IV in propanetriol triacetate at rcom temperature; A, =350 nm.

polyimide was prepared containing 4,4’-diaminodiphenyl-
methane and hexafluoroisopropylidene-2,2'-bis(phthalic
anhydride).
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Surprisingly, multiple fluorescence was found for the emis-
sion of I and IV in the polyimide matrix. One explanation for
the occurrence of such a behaviour is the alignment of the
polyimide chains. The alignment structure of the polyimide
film can induce the formation of dimers which may exhibit a
further radiative deactivation channel. This behaviour does
not exist in amorphous polymers. Amorphous materials, e.g.
PMMA, do not exhibit alignment of the polymer chains. A

schematic illustration of the imide model compound distri-
bution in polymer matrices with and without alignment of the
polymer chains is given in Scheme 3.

As can be seen, the imide model compound is statistically
distributed in polymers without alignment. All changes in the
emission behaviour are caused by the mobility of the polymer
chains. An increase in the free volume in this matrix leads to
an increase in the interactions between the probe and the
polymer. On the other hand, a polymer with alignment can
induce the formation of dimers or higher aggregates of the
probe if the differences in the solubility between the polymer
and the probe are small due to a similar structure.

3.3. Time-resolved fluorescence measurements

The results of stationary fluorescence measurements indi-
cate the occumrence of a matrix-dependent fluorescence.
Time-resolved experiments were carried out to obtain a better
understanding of the photophysical processes influenced by
the viscosity and temperature. Therefore time-resolved meas-
urements were performed in propanetriol triacetate at differ-
ent temperatures. This solvent becomes highly viscous with
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Fig. 5. Fluorescence spectra of the imide model compounds I and IV in a polyimide prepared from 4,4’ -diaminodiphenylmethane and hexafluoroisopropylidene-

2,2'-bis(phthalic anhydride) at room temperature; A.,. =350 nm.

decreasing temperature. In general, this technique is a rea-
sonable basis for the examination of the fluorescence of com-
pounds influenced by their surroundings. The decay curves
obtained are multiexponential in all cases, but the course of
the decay curves changes with decreasing temperature and
increasing viscosity. A typical example of medium-depend-
ent decay curves is given in Fig. 6. It was found in all meas-

urements that the average fluorescence lifetime of the imide
model compound increases with decreasing temperature of
the surroundings in the liquid state of the solvent. A different
behaviour of the lifetimes exists in the glassy state of the
solvent.

The fluorescence decay curves indicate that a complex
deactivation mechanism (multiexponential decay) occurs for
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(b

Scheme 3. Schematic illustration of the distribution of imide model compounds (elliptical symbols) in polymer matrices (bold lines): (a) polymer without
alignment of the polymer chains; (b) polymer with alignment of the polymer chains.
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200 400 €00 800 1000
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Fig. 6. Fluorescence decay curves of the imide model compound I in pro-
panetriol triacetate at different temperatures; A, = 350 nm; A, =400 nm;
slit width for emission and excitation, 2 mm ( | channel =25 ps).

the imide model compounds I-IV. For a preliminary discus-
sion of these results, the average fluorescence lifetime was
calculated using Eq. (1)

iai'ri

=
<Tl')_ iai ~Zk(‘+zkm- (l)

i

where {7;) is the average fluorescence lifetime, a; is the pre-
exponential factor, 7; is the fluorescence lifetime, n is the
number of fluorescence lifetimes, &; is the rate constant for
the radiative process and ,, is the rate constant for the non-
radiative process.

The average lifetimes obtained are summarized in Table 3.
As can be seen, the (7;) values begin to increase with decreas-
ing temperature and increasing viscosity. The reduced mobil-
ity in the system, induced by the decrease in temperature,
leads to a decrease in the rate constant of the non-radiative
processes causing an increase in the {7;) values. Furthermore,
a decrease in the (7;) data is observed at very low tempera-
tures, comparable with the glassy state of the solvent. We

Table 3

Average fluorescence lifetimes (ns) (calculated according to Eq. (1)) of
the imide model compounds I-IV in propanetriol triacetate at different
temperatures

T (K) I I 114 v
223 1.12 0.80 118 0.34
233 1.23 1.24

243 141 1.22 1.53 0.89
253 117 093 1.36 1.56
263 0.84 0.57 1.40 0.58
273 0.85 046 1.16 044
283 0.88 0.25 1.18 0.55
303 043 0.27 0.74

believe that additional fast processes can be measured by our
time-resolved equipment in the glassy state of the solvent
because these processes occur with a lower efficiency in such
amatrix. On the other hand, measurements of these reactions
at elevated temperatures (liquid state) are limited due to the
given time resolution. The following aspects can be discussed
to explain the complex fluorescence behaviour of our
compounds.

1. A simplified two-state reaction model can be assumed to
determine the photophysical properties in the excited state.
It can be described by a consecutive reaction in the excited
state (A* —B*). The excited state of A (A*) can fluo-
resce while the radiationless deactivation of B* occurs to
the ground state. The compound B relaxes rapidly to the
geometrically more stable conformation A. The efficiency
of this reaction is dependent on both the temperature and
viscosity of the surroundings.

2. Different geometrical conformations exist for A. How-
ever, an optimal geometrical structure is responsible for
the formation of B in the excited state. The fluorescence
decay curve measured indicates an ensemble of all geo-
metrical conformations of A* which have different rate
constants for the reaction A¥ — B*. As a result, the fluo-
rescence decay behaviour can be described by a distribu-
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tion of different conformers which contribute differently
to the emission.

3. The relaxation of the solvent dipoles influences the emis-
sion behaviour of the model compounds I-IV. Models of
solvent dynamics and charge transfer [21,22] can be
applied for the discussion of the decay curves.

Charge transfer can occur in our model compounds from

a thermodynamic point of view. Eq. (2) can be taken into

account for the consideration of this reaction [22]

AGET=E%_E(}."E00“’EC (2)

where A Ggr is the free reaction enthalpy for electron transfer,
E3, is the half reaction redox potential for oxidation, ES is the
half reaction redox potential for reduction, Ey, is the excita-
tion energy and E is the Coulomb energy.

Therefore the molecule was cut into two parts: the phthal-
imide and stilbene subunits. Electron transfer occurs from the
donor (D) to the acceptor (A). We assume that the stilbene
acts as the donor and the phthalimide acts as the acceptor.
Our quantum chemical results show the validity of this
assumption. For the calculation of the free reaction enthalpy
for electron transfer, we substitute the corresponding values
for the phthalimide and stilbene into Eq. (2) (E3= —0.41
V for the phthalimide [23]; ER=1.95 V (this value was
obtained by a correlation of the HOMO energy (AM1 ham-
iltonian) vs. the ES values within a series of selected hydro-
carbons [24]); Ey=3.51 eV (value from the absorption
maximum of compound IV; all polarographic data were cor-
rected vs. a normal hydrogen electrode (NHE))). Thus we
obtain a value for A Ggr of about —1.15 eV (approximately
111 kJ mol ). This value shows that photoinduced charge
transfer, e.g. in the model compound IV, has a high exother-
mic value. The Coulomb energy was neglected in these con-
siderations because the solvent propanetrio! triacetate has a
high polarity. Polar solvents show little contribution to the
free enthalpy for electron transfer [22]. Furthermore, the
electron affinity of the imide also influences the efficiency of
the charge transfer reaction. Similar investigations on several
phenyl imides support this idea [25]. The biradicaloid struc-
ture formed possesses a high dipole moment. The energy of
such molecules can decrease in polar solvents due to the
stabilization of the polar surroundings. Thus a stabilized
excited state is reached after charge transfer and solvation. It
deactivates mainly by a radiationless process because of the
small energy difference between the excited state and the
ground state. This behaviour in the excited state can explain
the dominance of non-radiative processes at room tempera-
ture. A decrease in temperature leads to a decrease in the rate
constant of assumed electron transfer. Thus an increase in the
fluorescence efficiency can be observed in the solvent. The
increase in the average fluorescence lifetime in the liquid state
underlines this result (see Table 3).

All the results together lead to the conclusion that a com-
plicated photophysical behaviour exists for the imide model
compounds I-IV. Photoinduced charge transfer seems to
control the behaviour of the molecule in the excited state.

Other typical photoreactions, such as photoinduced isomeri-
zation of the double bond, are of only minor importance. For
this reason, quantum mechanical calculations were carried
out to examine our molecules from a theoretical point of view.
They are a useful tool for studying the electronic structure of
possible reaction products after excitation of selected imide
model compounds. They also give the opportunity to calcu-
late possible electronic transitions in the UV absorption
spectrum.

3.4. Quantum mechanical calculations

The imide model compounds I-III have a relatively high
molecular weight. For this reason, we applied semiempirical
calculations on the basis of AM1 to optimize the geometry
and to calculate the spectroscopic transitions from the ground
state to the excited state, although this treatment was accom-
panied by several simplifications. All calculations were car-
ried out without the methoxy groups bonded at the stilbene
unit of molecules II-IV (calculations for compound I did not
lead to reasonable results because of convergence problems).
Additional calculations were carried out for model compound
IV containing methoxy groups. The results obtained show
that the geometry (dihedral angles, bond angles, bond
lengths) for both imide molecules does not exhibit significant
changes in the presence or absence of methoxy groups at the
stilbene unit. Therefore it is reasonable to remove the meth-
oxy groups of model compounds II-IV for the calculation
because the molecule should be as simple as possible for
theoretical considerations.

The first step in the theoretical investigation of the photo-
physical behaviour was the calculation of the molecular orbi-
tals for compounds II-IV (without methoxy groups). The
results are shown in Fig. 7. Surprisingly, it was found that
charge transfer occurs from the stilbene skeleton to the imide
group for all compounds calculated. This theoretical result
stands in accordance with our experimental results, and
underlines the occurrence of charge transfer from the HOMO
to the LUMO. The localization of the atomic orbital coeffi-
cients occurs on only one subunit at the HOMO and LUMO.
The atomic orbitals in the other part of the molecule are close
to zero. Furthermore, the structures of the frontier orbitals
show that the stilbene has a donor function because the elec-
tron is localized at this subunit in the HOMO. On the other
hand, the LUMO shows the acceptor function of the phthal-
imide group. The structures of both of these frontier orbitals
are different from those described for common stilbenes
[13]. The charge transfer which occurs from the HOMO to
the LUMO is one possible way to describe the behaviour of
our compounds.

The different spectroscopic transitions were calculated to
obtain information about the contribution of each configura-
tion to the Franck—Condon state. The results are summarized
in Table 4. The HOMO-LUMO configuration can be found
in higher excited states, whereas S, is represented by amainly
locally excited state of the stilbene subunit. The oscillator
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gx‘:;:m mechanical results for the calculation of the Franck~Condon states (singlets) for the imide model compounds II-IV
Imide compound State Energy (eV) Oscillator strength MO conﬁgu.ratipn Contribution (%)
(singlet excitation)
v S, 3.73 1.1618 HOMO—-LUMO +1 52
HOMO-LUMO +2 38
S, 434 0.0100 HOMO-LUMO 82
S, 4.86 0.0016 HOMO—-LUMO+3 46
Ss 5.11 0.0024 HOMO-LUMO+3 18
HOMO-1-LUMO+1 40
HOMO-1-LUMO+2 20
m S, 3.80 0.0300 HOMO-LUMO 72
S; 3.85 0.0000 HOMO-1-LUMO 7
S, 3.88 2.2570 HOMO-LUMO +2 48
HOMO—-LUMO+3 42
S, 392 0.0477 HOMO-»>LUMO +2 48
HOMO-LUMO+3 4
I S, 424 1.0467 HOMO-LUMO +4 96
S; 429 0.7889 HOMO—-LUMO+5 96
Sy 4.79 0.0089 HOMO-LUMO 54
HOMO-LUMO+1 4
S, 4.80 0.0170 HOMO-1-LUMO 68
HOMO-1-LUMO+1 30
Table 5
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Fig. 7. Selected molecular orbitals for the compounds II-IV calculated
with the AMI1 hamiltonian.

strength is small for the excited state in which the HOMO-
LUMO configuration (,— , transition) dominates, but is
large for all locally excited states. All these quantum mechan-
ical results indicate that the introduction of an imide group at
the stilbene skeleton leads to a change in the electronic prop-
erties of the stilbene molecule. The charge transfer from the
HOMO to the LUMO can be considered as an additional
reaction pathway that dominates in the case of these imide
model compounds. Such molecules possess a full separated
charge in one unit of the molecule (stilbene or phthalimide)
which can be sufficiently stabilized by the polar surroundings
(decrease in the energy for the excited state). Large dipole
moments, induced by charge transfer in the molccule, may
be a source of non-radiative processes because of stronginter-

Singlet energies and *ipole moments for some relaxed excited states (opti-
mized geometry) of the imide model compounds calculated by AM1

Imide compound State Energy Dipole moment
(eV) (D)
v S, 327 3.69
S; 329 449
S; 352 253
nx S, 2.50 26.1

actions with the polar environment. Thus the additional sta-
bilization of charge transfer by a polar solvent yields an
energy for this excited state which is not very different from
that of the ground state. As a result, the deactivation of the
solvated charge transfer to the ground state occurs by a mainly
radiationless process.

The influence of charge transfer becomes clearer if we
consider the excited state with full relaxed geometry. The
results are summarized in Table 5. The energy of this state is
smaller than that of the related Franck—Condon state. Fur-
thermore, the relaxed excited state possesses a considerably
higher dipole moment. This result underlines the occurrence
of charge transfer in these compounds. This effect is strongly
reflected in compound III. The Franck-Condon state has a
very small dipole moment due to the high symmetry of this
molecule. On the other hand, the relaxed excited state pos-
sesses a dipole moment which is considerably larger. Mole-
cules having a high dipole moment can be stabilized by polar
solvents. Polar solvents lead to a further decrease in the
energy of the excited state. The resulting energy of such an
excited state has a small gap to the ground state.
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Another observation during our quantum mechanicai cai-
culations was the change in geometry during the transition
from the Franck—Condon state to the corresponding relaxed
excited state. For example, the phenyl rings of the stilbene
skeleton are pre-twisted at around 17° in the Franck—-Condon
state. However, in the corresponding relaxed excited state,
this stilbene subunit becomes planar. Furthermore, the change
in the dihedral angle of the phenyl ring in the stilbene unit is
accompanied by a change in the bond lengths of both the
olefinic double bond and the adjacent single bonds. These
changes can be called vibrational modes which are necessary
to explain the photochemistry and charge transfer of our
compounds.

In this work, the TICT model [6] was not applied to
describe the charge transfer of our imide model compounds,
although an explanation using this model may be possible.
The ICT occurring in the imide model compounds is suffi-
cient to explain some of their photophysical properties.

4. Conclusions

In this paper, we have discussed the photophysical prop-
erties of stilbenes with chemically bonded imide groups. The
model compounds I-TV are new compounds. They were syn-
thesized from the same stilbene amine and different anhy-
drides. The introduction of imide structures into the stilbene
skeleton results in a change in the typical properties of stil-
bene. Certain photoreactions, such as photoisomerization,
have minor importance in the photochemistry of these sub-
stituted stilbenes, whereas other photoreactions, e.g. intra-
molecular charge transfer, seem to control their photo-
chemistry. As a result, model compounds I-IV possess suf-
ficient light stability, but also show a low efficiency for flu-
orescence. The large dipole moments of the intramolecular
charge transfer state, calculated by the AM1 method, can
explain the phenomenon of fast non-radiative processes.
Polar solvents lead to an additional stabilization of the excited
states with charge transfer properties. Thus the energy dif-
ference between the fully relaxed solvated molecule in the
excited state and the ground state becomes extremely small,
and the deactivation of the excited state occurs by a mainly
radiationless process. This photochemical behaviour may be
of interest for several photonic applications. Furthermore, the
imide model compounds I-IV may be applied as fluorescence
probes for the characterization of polymeric materials,
because they show a surroundings-dependent fluorescence,
although the alignment of the matrix needs to be considered
for a complete discussion. Finally, an examination of model
compounds I-IV using other photophysical methods, such
as transient absorption, may provide additional information
for a better understanding of the photophysical behaviour in
the excited state.
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