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ABSTRACT

The photophysical and photochemical behavior of different isomers of dimethylamino-stilbazolium dyes was
investigated in n-alcohols at different temperatures by stationary and time-resolved fluorescence measure-
ments. At room temperature, an efficient nonradiative deactivation k,, was observed, which increases in
high-polarity and low-viscosity solvents. For viscosities < 10 cP, k,,, possesses a linear viscosity dependence.
At low temperatures, the fluorescence spectra show considerable blue shifts, which are absent in solvent
polarity changes relative to room temperature, and a spectral narrowing. From the combined quantum yield
and lifetime measurements, k, is shown to decrease strongly with decreasing temperature, by more than two
orders of magnitude, and kf is shown to increase. These facts and the observation of an initial lifetime
lengthening by increasing the temperature from 77 K indicate several simultaneously emitting states with a
temperature-dependent population efficiency. These states were tentatively assigned to several possible
single-bond twisted excited conformers. This assignment is supported by the near absence of isomerization.

Key Words fluorescence probe, styryl compound, adiabatic photoreaction, multiple fluorescence, free vol-

ume.

1 INTRODUCTION

Substituted stilbazolium salts exhibit a very strong
temperature-dependent  fluorescence = quantum
yield above the glass transition temperature of
polymers and ordinary solvents.'™ This phenom-
enon of a medium dependent fluorescence was ob-
served for these compounds*® and investigated for
other fluorescing species such as triphenylmethane
dyes.”® In general, it offers many applications in
different fields of science.”

Some of these applications exist in medicine
where these and related dyes are used as fluores-
cence indicators in neurons’ because they exhibit a
strong charge shift'’ upon light excitation. More-
over, this property can also be used to detect differ-
ences in membrane potentials'®! of biological ma-
terials. Some of the results reported in these
works'”"! were obtained in membranes and lipid
bilayers, and they were compared with data mea-
sured in common isotropic solvents. The authors'
discuss their results on the basis of a differential
solvation model, which can yield increased impor-
tance in organized systems. It was also reported
that the solvent-dependent change of the spectra'
was applied as a fit parameter in studies of the volt-
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age sensitivity of several hemicyanine dyes in
membranes.

In general, viscosity-dependent fluorescence can
be used to construct fluorescence probes usable
during the control of the synthesis of polymer
composites®® or to get information about the micro-
scopic properties of the molecular surrounding.>*™!
For a deeper understanding, the photochemistry of
the probe molecule should be well understood.
Then, it is possible to correlate quantitative fluores-
cence measurements on the probe molecule with
specific material properties of the medium.

Triphenylmethane dyes were successfully used
for such investigations.” However, these dyes
present disadvantages in some practical applica-
tions because of their chemical reactivity with bases
or nucleophiles that are part of a given matrix. The
stilbazolium dyes investigated in this work are
chemically much less reactive because the pyri-
dinium group in the acceptor part of the styryl dye
possesses lower electrophilic properties than
charged triphenylmethane dyes. On the other hand,
the fluorescence probe properties of these com-
pounds are more complex because both fluores-
cence maximum and quantum yield change with
increasing viscosity of the surrounding matrix.”
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The goal of this work is a better understanding of
the photophysical properties of the stilbazolium
dyes, especially in relation to their usefulness in de-
scribing viscosity or temperature-dependent effects
in different materials. The photophysics of
4-dialkylamino-4'-azastilbenes was investigated
earlier with stationary fluorescence measurements,
isomerization experiments and pulse radiolysis.’
An important property, the simultaneous depen-
dence of photophysics on solvent viscosity and po-
larity, was found for stilbazolium and related Yri—
dinium dyes by Fromherz and co-workers.*'%!?
These authors discuss the results by invoking
single-bond twisting in the excited state toward a
“twisted intramolecular charge transfer” (TICT)
state!*'® as the main cause for these dependencies
and also for the very short fluorescence lifetimes in
dilute solutions at room temperature. Incidentally,
the short fluorescence lifetime in low-viscosity sol-
vents is an important factor in the use of these com-
pounds as mode locking dyes."”

In view of the results of the model compound
studies on donor-acceptor stilbenes,'®?! which re-
veal fluorescence from twisted species, we asked
whether such behavior could also be observed for
the stilbazolium dyes, under low-temperature con-
ditions. As these dyes possess several flexible single
bonds, several TICT products can in principle be
expected and should be accessible from the initially
reached first excited singlet state.* This is demon-
strated here by the observation of an anomalous
temperature dependence of the fluorescence life-
times. This effect, a lifetime maximum in the region
of the §lass transition temperature T, of the
solvent,”” was also observed for nonionic donor-
acceptor stilbenes.”® Multiple fluorescence is fur-
thermore supported by the strong temperature de-
pendence of the fluorescence halfwidths.

The paper is organized in the following way: The
three positional isomers of dimethylaminostyrylpy-
ridinium salt are described and compared with re-
spect to their photophysical properties at room tem-
perature. The next section compares the low-
temperature fluorescence spectra, quantum yields
and lifetimes, and demonstrates the temperature
dependence of nonradiative as well as radiative de-
cay processes. The latter can only be understood
within a model of several emitting states. As new
evidence for multiple emissions, we demonstrate
that the formal radiative rate ® f/ T = kf is tempera-
ture dependent, it increases with decreasing tem-
perature in the low-temperature region. The
strongly temperature- and viscosity dependent
nonradiative channel k,, is therefore also linked to
several emissive states.

In a subsequent paper,® the theoretical model of
TICT states is used in conjunction with theoretical
calculations to find out which flexible bonds are
most probably involved in the product formation.
This model is then applied in a global analysis of
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the flourescence decays dependent on emission
wavelength, and the emission spectra of three spe-
cies are extracted by this technique.

2 EXPERIMENTAL

2.1 COMPOUNDS

The dyes trans-4-(4-dimethylaminostyryl)-1 methyl-
pyridiniumiodide (p-DASPMI) and trans-2-(4-
dimethylaminostytyl)-1-methyl-pyridiniuiodide (o-
DASPMI) and all solvents (methanol, ethanol,
n-propanol, n-butanol, n-hexanol, n-octanol, and
n-decanol) used for the measurements were pur-
chased from Aldrich. The laser dye rhodamine 101
was obtained from Lambda Physik (Gottingen).

The meta derivative trans-3-(4-dimethylamino-
styryl)-1-methylpyridiniumiodide (m-DASPMI)
was synthesized by reaction of B-picolinium-
methyliodide (obtained by alkylation of B-picoline
with methyliodide) and p-dimethylaminobenzald-
ehyde. A total of 45 g (003 mole)
p-dimethylaminobenzaldehyde, 9.2 g (0.039 mole)
B-picoliniummethyliodide and 3 ml dried piperi-
dine in 90 ml ethanol (abs.) were stirred at 90 °C for
64 h. The red solution obtained was evaporated in
vacuum at about 20 mbar and 50 °C until a red
solid residue was obtained. The product mixture
was cooled down to 5 °C. The solid mass obtained
was collected on a Bilichner funnel. Nonreacted al-
dehyde was removed by extraction with bisulfite
solution. The raw product was dried in vacuum
and purified by recrystallization from water [el-
ementary analysis: C (%)=52.58 (52.47), H (%)=4.97
(5.23), N (%)=7.23 (7.65), yield: 30%).

2.2 MEASUREMENTS

Absorption spectra were measured with a M40
spectrometer (Carl Zeiss Jena AG) and a UV-210 A
from Shimadzu. Fluorescence spectra were re-
corded with a Perkin-Elmer 650-60 fluorimeter. All
emission spectra were measured with a spectral
bandwidth of 5 nm. The spectra were measured us-
ing 1-cm quartz cuvettes, and the emission was de-
tected in perpendicular geometry. Temperature-
dependent measurements were carried out with
equipment described earlier.** The relative accuracy
of the temperature was better than 0.5 K. Fluores-
cence quantum yields were measured relative to
rhodamine 101 in ethanol (®=1.0).> All spectra
were corrected b;l using the correction procedure
described earlier.”

2.2.1 Fluorescence Lifetime Measurements

Two kinds of pulsed light sources were used to de-
termine the fluorescence lifetimes ;.

a. Mode-locked Ar-ion laser

The experimental setup was described in detail
earlier.” A mode-locked argon ion laser (Carl Zeiss
Jena AG) was used to produce light pulses with a
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lifetime of about 80 ps and a repetition frequency of
125.1 MHz at the excitation wavelength of 476 nm.
The detection system consisted of a standard single-
photon counting setup.28 The apparatus response
function (300 ps FWHM with an 18 ELU-FM pho-
tomultiplier) was determined with pinacyanol in
ethanol. More details about electronic and optical
components were described in a previous work.”
The achievable time resolution was 50 ps® (with
iterative reconvolution). \/4 plates from LOT
(Darmstadt) were used to eliminate polarization ef-
fects. Temperature control was achieved with a cry-
ostat TSK 200 from the former East German Acad-
emy of Sciences (relative accuracy of temperature
better than 1 K).

b. Synchrotron radiation

Fluorescence lifetime measurements were per-
formed at the Berlin storage ring for synchrotron
radiation (BESSY) in the single bunch mode (4.8
MHz repetition rate)*** using single-photon count-
ing detection.”® By means of an excitation mono-
chromator (20-cm focal length, Jobin Yvon) the ex-
citation wavelength was selected from the spectral
continuum of the synchrotron radiation. The pulses
had a halfwidth of 500 ps. Standard electronics
from ORTEC was used for the time-correlated
single-photon counting technique and the emission
wavelength was selected using a similar monochro-
mator (bandwidth 20 nm). A microchannel plate
photomultiplier (Hamamatsu R1564-U-01) cooled
to =25 °C was taken for the detection. The achiev-
able time resolution was about 0.1 ns. Further de-
tails were described in previous publications.”***

2.2.2 Quantum Chemical Calculations

Energy gaps between ground and excited states
have been calculated by the complete neglect of dif-
ferential overlap (CNDO/S) method of Del Bene
and Jaffé’'”? using the QCPE program #333 with
the original parameters, but modified to cope with
larger molecules and to calculate excited-state di-
pole moments and charge distributions. Standard
geometries were used®** (bond lengths R(C—C)
=1.40 A, R(C—H) 1.083 A, angles 120 degrees) ex-
cept for the ethylenic bond [R(C=C)=1.33 A] and
the adjacent single bonds [R(C—C)=1.45 A], angle
128 degrees. The DASPMI isomers were generated
from the stilbene skeleton® by replacing hydrogen
with the different substituents: dimethylamino
[R(C,,—N)=1.37 A, R(N—CH,)=1.46 A], angles 120
degrees with tetrahedral CH; groups [R(C—H)
=1.083 A]. For the hetero ring in the DASPMI de-
rivatives, the same regular hexagon was used, with
the exocyclic methyl group at R(C—C)=1.46 A. The
planar geometry assumed all dihedral angles as
zero (double bond twist angle ¢ and the twist
angles of phenyl and dimethylamino).
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Fig. 1 Normalized absorption and fluorescence spectra for the
three  DASPMI isomers in ethanol at room temperature, a,

oDASPMI; b, mDASPMI; ¢, pDASPMI.

3 RESULTS AND DISCUSSION

3.1 ROOM TEMPERATURE RESULTS

The absorption and fluorescence spectra of o-, m-
and p-DASPMI are plotted in Fig. 1. The corre-
sponding chemical structures are shown in
Scheme 1. With respect to the absorption, a strongly
red-shifted fluorescence was measured for all three
isomers: Stokes shifts of 4955 cm™! for ortho, 5083
cm™! for meta, and 4606 cm™! for the para com-
pound in ethanol. Such values are unusually large
relative to comparable ionic dyes like rhodamine,
triphenylmethane and cyanine compounds, which
possess values at around 1000 cm ™! and lower.®
Moreover, rhodamines and cyanines possess bands
with halfwidths around 700 to 800 cm ™! ** whereas
the DASPMI isomers display bandwidths between
2200 and 3200 cm™!. The large Stokes shifts and
halfwidths for the DASPMI derivatives are readily
understandable (Table 1) within a model involving



/ \ /CHs
=/ \ N o-DASPM
cy CH,
+N
7 N\ \ cH
— N m-DASPMI
CH,
+ /7
CHy-N \ N CH
= N
\_ p-DASPMI
cHy PTOAS

Scheme 1. Structural formulas of the DASPMI isomers.

adiabatic photochemical reactions and multiple
fluorescence.

The experimental values of the absorption spectra
are compared in Table 1 with those calculated by
the CNDO/S method for the planar conformation
and a fairly good agreement is found. Noteworthy
is the case of m-DASPMI where the calculations are
in line with the reduced molar extinction coefficient
measured. This “meta-effect” is similarly found in
neutral dyes such as dimethylaminonitrostilbenes.”

The rate constant for the natural fluorescence kg,
was calculated from the absorption spectra accord-
ing to Eq. (1):3¢

Kin= 4.32107 €pax- Vaue- AV1/2 ,

(1)

where v, = absorption maximum, €;,,, = maxi-
mum of the molar absorption coefficient, and
Avqp=halfwidth of the absorption band.

It can be seen that the data calculated with Eq. (1)
possess the lowest value for the meta compound,
due to the lowered molar absorption coefficient of
this isomer. The data thus obtained were compared
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with the experimental k; values determined from
fluorescence quantum yields and lifetimes [Eq. (2)]:

_ 4

Ui

kg 2

The results obtained are summarized in Table 1.
The values obtained are not exactly identical but
both columns of k¢ and k¢, show the same tendency:
the values for the meta compound are lower than
for the ortho as well as the para isomer.

Interestingly, the m-DASPMI derivative possesses
the fastest nonradiative deactivation rate and the
lowest fluorescence quantum yield. This is similar
to the corresponding m-nitrostilbene derivative*
and may be related to two causes: (1) a reduced k¢
value for the meta compared with the ortho and
para compounds, as indicated by the results in
Table 1, and (2) an especially reduced energy gap
between S; and Sy for the double-bond twisted spe-
cies P* in the case of the meta compound (see also
the theoretical results contained in a subsequent
paper®).

The results in Table 1 indicate very low fluores-
cence quantum yields ®¢ and fluorescence lifetimes
7¢ at room temperature, due to nonradiative deacti-
vation k., , which can be due either to the twisting
of the double bond,® or to triplet formation. k,,, can
be quantified by Eq. (3). This treatment is a simpli-
fication that assumes monoexponential decays or
average lifetimes, and it is applicable only for
highly efficient nonradiative processes.

1-P
)

7t

®)

For a better understanding of the photophysical
details, the fluorescence behavior of 0o-DASPMI was
investigated more closely in homologous #-alcohols
at room temperature. The results are collected in
Table 2 together with the viscosities 7 and dielectric
constants € of the solvents.

The absorption maximum varies only slightly
with a change of solvent properties. The shift of the

Table 1 Calculated and experimental absorption data and measured fluorescence data of the DASPMI isomers in ethanol at 298 K.

Vro® Voo™ Ve’ logene  logemo @ 7° Koe Kin k ®

cm™! cm™! cm™! 108 57! 108 57!
Compound calc® exp exp calc® ns 108 57! cale exp
oDASPMI 23288 21505 16550 4.56 4.51 0.008 0.034 29.1 2.42 2.35
m-DASPMI 21266 21053 15970 3.88 4.05 0.001 <0.020 49.9 0.48 >0.50
p-DASPMI 23602 20876 16270 4.51 4.63 0.008 0.051 19.4 1.74 1.57

@ Calculated using CNDO/S-Cl for planar geometry.

b Experimental error +50% because of the limited time resolution of the time-correlated single-photon counting equipment.
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Table 2 Photophysical and spectral data for o-DASPMI determined in different n-alcohols at room tem-

perature (298 K).

7° 7t I(nr VcbsmdX Vfluqu
Solvent Abbreviation  mPa 57! €& o ns 102 s em™! cm™!
methanol MeOH 0.057 32.7 0.006 21645 16339
ethanol EtOH 1.678 24.5 0.008 0.034 29.1 21598 16611
n-propanol PrOH 1.947 20.3 0.017 0.116 8.50 21321 16778
n-butanol BuOH 2.607 17.5 0.026 0.160 6.10 21231 16807
n-hexanol HeOH 4.592 13.3 0.047 0.380 2.50 21413 16835
n-octanol OcOH 7.215 9.8 0.080 0.450 2.00 21413 17123
n-decanol DeCH 11.800 8.1 0.098 0.620 1.67 21512 16977
@ Solvent data were taken from Ref. 4.

fluorescence maximum is slightly more dependent ke

on the alcohols used but the overall changes in the
Stokes shift A|vy—vg| (from methanol to decanol)
remain below 1000 cm™!. A similar solvent depen-
dence on alcohols was also described on previous
studies.*”

The influence of the alcohol chain length is, how-
ever, strong on both fluorescence quantum yield
and lifetime, which change by a factor of more than
10. This is due to the nonradiative decay rate k,.
The solvent influence on the radiative properties of
0-DASPMI was studied by estimating the fluores-
cence rate constant k;. This value can be deter-
mined by plotting ®; versus 7; according to Eq. (4)
(see Fig. 2);

0.10

0.08+

0.06

0.04+

0.024

0.00 T T T T T T T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
fluorescence lifetime / ns

Fig. 2 Dependence of the fluorescence quantum yield on the fluo-
rescence lifetime [according to Eq. (4)] for oDASPMI in different
aliphatic alcohols at room temperature (r=0.971; error: 12%).
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O ekt kd T, ) Tt @
where k;, = viscosity-independent, nonradiative
rate constant and k., = a viscosity-dependent, non-
radiative rate constant.

From the slope of the straight line, the fluores-
cence rate constant k; was obtained as 1.6:10% s 1.
This value is in good agreement with results pub-
lished by Ephardt and Fromherz* for a related para-
substituted styryl compound. In addition, the ob-
served linear relationship indicates that k; does not
change significantly at room temperature in differ-
ent alcohols.

The strongly viscosity-dependent nonradiative
rate constant k,, (Table 2; k,,, is an overall constant
that  contains  both  viscosity/temperature-
dependent k,; and temperature-independent k.
processes) indicates that the viscosity-independent
part of k,, is negligible, and we may put k.. (7,T)
=koi(n,T). The rate constant k,, corresponds to
the strong viscosity-dependent intramolecular rota-
tional motion around flexible bonds. This behavior
of the probe molecule leads to nonemissive funnels
in the excited state. Furthermore, Eq. (5) has been
often used to describe the quantitative dependence
of k., on the macroscopic viscosity #, and it is a
reasonable basis for explaining intramolecular
quenching processes in probe molecules by the me-
dium.

kn=Cnm~ 7. (5)

The exponent y describes the dependence of the
nonradiative rate constant k. on the macroscopic
solvent viscosity.>”* A y value of 1 indicates that
the relaxation behavior of the dye is inversely pro-
portional to the macroscopic viscous flow of the sol-
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Fig. 3 Dependence of the rate constant k,. on the macroscopic
viscosity 7 [logarithmic plot in accordance with Eq. (5); k,. was
evaluated from photophysical data] for oDASPMI in different ali-
phatic alcohols at room temperature (r=0.963; error: 15%).

vent molecules. On the other hand, y values
smaller than 1 indicate the presence of microviscos-
ity effects.’”* In Fig. 3 the logarithmic values of
k.. are plotted versus the logarithm of 7 to deter-
mine the y value according to Eq. (5). A relatively
good straight line was obtained with a slope
around —1. This result, y=1, indicates that for the
dyes investigated, microviscosity effects are not im-
portant at room temperature.

The k., values are rather close to the rate con-
stants for the solvent longitudinal dielectric relax-
ation kg4 (ethanol: k4=33-10° s7 %, k,, =29-10°s™%;
n-propanol: kg =12-10° s7!, k., =910° s7%;
n-butanol: kg =810 s, k,,=6-10° s71). This result
may indicate that solvation kinetics around an in-
tramolecular charge transfer state is an important
factor, too. These dyes can therefore be used as
probes for changes in both viscous and dielectric
relaxation properties, for different applications in
medicine,” biology,'"""'*® nonlinear optics® and
polymer chemistry.>*0*!

3.2 LOW-TEMPERATURE SPECTROSCOPY

Fluorescence lifetime and quantum yield measure-
ments carried out in various solvents or polymer
matrices using the DASPMI isomers at different
temperatures provide a useful approach to obtain-
ing specific material properties such as microviscos-
ity, mobility, and the free volume.>”#%¥ However,
the photochemical and photophysical processes of
the probe need to be known in detail for a quanti-
tative interpretation of the fluorescence experi-
ments. Therefore, we studied the fluorescence be-
havior of the DASPMI isomers at different
temperatures in ethanol to obtain quantitative in-
formation on the changes of the fluorescence rate
constant k¢ and the efficiency of the nonradiative
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Fig. 4 Fluorescence spectra for oDASPMI at different tempera-
tures in ethanol. a, 298 K; b, 273 K; ¢, 243 K; d, 228 K. Whereas
the fluorescence intensity changes drastically, the maximum re-
mains approximately constant.

processes. A possible temperature dependence of
k¢ can give information on the nature of emissive
state(s).

The results obtained by stationary fluorescence
measurements are shown in Figs. 4 and 5 for the
ortho isomer investigated. In the temperature re-
gion from 298 to 108 K, an increase of the fluores-
cence intensity (®; was found with decreasing
temperature or increasing viscosity in ethanol. This
effect can be caused by a reduction of k. in Eq. (4)
due to increased solvent viscosity. As a result, the
fluorescence quantum yield changes strongly, but
the maximum does not vary with increasing viscos-
ity in the temperature region from 298 to 228 K (vis-
cosity range from 1 to 10 cP). With a further in-
crease of solvent viscosity, especially at tem-
peratures around the glass transition temperature

0.84 /

0.6 .
3 A N
° 0.4 / L N\
4 [ N
A N
0.2 / , <
4 / ‘ ‘ \\\\\
0.0 N - l . \\u
470 520 570 620 670
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Fig. 5 Normalized fluorescence spectra of DASPMI measured at
different temperatures in ethanol. a, 108 K; b, 123 K; ¢, 143 K; d,
163 K.
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Fig. 6 Dependence of fluorescence quantum yields and fluores-
cence lifetimes for oDASPMI at different temperatures in ethanol
(measured at the fluorescence maximum; for exact data for
maxima, see Table 3).

T, (=150 K) and below, the maximum of the spec-
tra starts to shift into the blue region (Fig. 5).

The absence of a temperature-induced shift above
200 K and the strong blue shift below 160 K are an
indication for the existence of more than one emit-
ting species with somewhat different emission
maxima. Furthermore, we have not found any indi-
cations in the excitation spectra for the existence of
more emitting ground-state conformers. Therefore,
we can conclude that the changing fluorescence
measured is caused by different conformers in the
excited state, which are formed during an adiabatic
photoreaction. The variation of the viscosity in the
low-temperature region changes the proportion of
these states because the population depends differ-
ently on temperature/viscosity. On the other hand,
in the lower viscosity region (temperature range
from 298 to 228 K), the composition of the species
has reached an equilibrium, and the nonradiative
deactivation of the ensemble of species dominates.

The fluorescence quantum yields and average
lifetimes are plotted as a function of temperature in
Fig. 6 for 0-DASPMI. ®; increases with decreasing
temperature and reaches a plateau in the glassy
state. In the frozen solvent (I'<150 K), where in-
tramolecular rotation does not dominate, a ®¢ of
about 0.9 was determined for o-DASPML.

The corresponding plot of the 7; values versus
temperature shows an anomalous lifetime maxi-
mum at around 150 K, i.e. in the temperature region
where the strong blue shift starts (see Fig. 5).

The definition of the fluorescence lifetime [Eq. (6)]
is used for further discussions:

1
- kf+ khr+ krot( T/ 77) ’

Tt (6)
At low viscosities, k.(T,7) is large compared with
k¢ and k. and very low ®; and 7; values result
(compare the discussion about fluorescence behav-
ior at room temperature above). With increasing
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viscosity, k.(T,7n) decreases, and in the same way
7¢ increases to 150 K. However, the decrease of the
fluorescence lifetime below 150 K can only be ex-
plained on the basis of Eq. (6) if k; also depends on
temperature.

As k¢ is an effective value, i. e. the weighted sum
of all radiative processes, the anomalous tempera-
ture behavior of 7; can be understood by assuming
several emitting species the proportion of which
changes such that k; increases with decreasing tem-
perature. The experimentally obtained k values as
calculated from the measured ®; and 7; values ac-
cording to Eq. (2) indeed show such a temperature
dependence. For o0-DASPMI, the change of kg
amounts to a factor of about 2 (Fig. 7).

The dependence of k; on temperature can be ex-
plained with the change of the major component of
the emission from a more allowed state (kg
= 3.7-10% s7! at 77 K) to an equilibrium of less al-
lowed ones (k; ca. 1.7-10% s™!) at room temperature.
The meta and para isomers of DASPMI exhibit a
similar temperature dependence. The results are
summarized in Tables 3 to 5.

In some cases, the blue shift of the fluorescence
maxima with decreasing temperature has been in-
terpreted with a model based on the relaxation of
solvent dipoles.®**** For strongly dipolar species,
eg. the TICT state of dimethylamino-
benzonitrile,*** or in donor-acceptor biphenyls,*
the emission usually shifts to the red in aprotic po-

Table 3 Photophysical and spectroscopic data for oDASPMI in
ethanol at different temperatures.

fl
T Tt I(f I(nr V max vi/2 Y

K D ns 108 571 10% 57! cm™! cm™!

298 0.008 0.034 2.35 29100 16550 2850
273 0.016 0.064 2.5 15300 16720 2675
243 0.035 0.142  2.465 6770 16810 2501
228 0.057 0.33 1.727 2840 16810 2369
213 0.092 0.49 1.878 1830 16870 2268
203 0.13  0.69 1.884 1240 16950 2268
193 0.18 095 1.895 840 16950 2210
178  0.31 1.6 1.938 407 17070 2152
163 049 232 2.112 194 17190 2036
143 074 2.8 2.643 60 17710 2094
123 0.88 272 3.235 4.1 18540 1995
108 0.88 271 3.372 4.3 18880 1978

77 0.88 2.4 3.708 19230

@ Value was estimated from literature data (Ref. 5).
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Fig. 7 Dependence of the radiative rate constant k¢ for oDASPMI
in ethanol at different temperatures.

lar solvents upon lowering the temperature because
the effective polarity increases. If, however, solvent
relaxation is incomplete within the excited-state
lifetime, the spectra shift to the blue. This is the case
in alcoholic solvents below room temperature*® due
to their comparatively slow dielectric relaxation
times.

The following effects reported here disagree with
the solvent relaxation model:

1. The DASPMI compounds show very little
blue shift in the temperature region 298 to 190
K, where dipolar dyes show a distinct blue

Table 4 Photophysical and spectroscopic data for m-DASPMI in
ethanol at different temperatures.

T Tf kf knr Vmaxﬂu VI/ZHU
K Py ns 108 577 10° s 7 cm™! cm™!
298 0.001 56900° 15970 3163
273  0.002 28400° 16020 2959
243  0.003 18900° 16070 2806
228 0.005 11300° 16070 2653

213 0.009 0.16 0.563 6130 16070 2602
203 0.014 0.24 0.583 4040 16070 2500
193 0.017 0.42 0.404 2290 16120 2502
178 0.039 0.88 0.442 1040 16130 2503
163 0.075 1.85 0.405 450 16160 2503

143 0.200 16650 2449
123 0.300 17520 2449
108  0.350

9 Values calculated according to Eq. (7) and k¢ = 5.7-108 571,
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Table 5 Photophysical and spectroscopic data for pDASPMI in
ethanol at different temperatures.

fl fl
T Tt kf knr Vmax . Y172 v

104 s em™  em™!

108 57!

298 0.008 0.051 1.51 19300 16270 2242
273 0.016 0.045 3.56 21500 16270 2185
243 0.036 0.14 2.57 6680 16330 2012
228 0.059 0.33 1.76 2660 16330 1925
213 0.097 0.62 1.56 1300 16380 1840

203 0.130 0.74 1.74 1030 16380 1725

193 0.190 1.21 1.57 541 16380 1725
178 0.300 2.1 1.43 216 16380 1725
163 0.400 2.57 1.56 106 16560 1725
143 0.450 2.87 1.57 63 17020 1897
123 0.480 2.85 1.68 45 17840 1878
108 0.500 2.45 2.04 37 17850 1676

shift. This is consistent with a minor contribu-
tion of dipolar relaxation in the case of the
DASPMI derivatives and in line with the
small solvatochromic shifts observed in the
room temperature experiments. The strong
blue shift observed at 160 K and below is
therefore due to a different origin.

2. The decrease of the halfwidths Av;,, of the
fluorescence spectra at low temperatures, as
plotted in Fig. 8 for o-DASPMI, indicates that
the spectra narrow considerably at low tem-
peratures. This result is consistent with data
for other molecules*® where the changes in
spectral shape were discussed within a model

19500 . . . . T - 3000

19000 2800

18500
2600

18000
2400

-1
Vinax / €M
o 7 a

17500

2200
17000 ~

16500 - 2000
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Fig. 8 Dependence of the fluorescence maximum v, and half-
width of the spectra Ay, for oDASPMI in ethanol at different
temperatures.
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involving solute relaxation.*® Further analysis
of this phenomenon can be gained by globally
analyzing the fluorescence decay curves ob-
served at different wavelengths. This can lead
to the resolution of the spectra of individual
species buried within the apparently single
fluorescence band and will be shown in a sub-
sequent paper.23

3. The anomaly of the fluorescence lifetime ex-
hibiting a maximum at around 150 K (see Fig.
6) is not inherent in the solvent relaxation
model. However, it can be understood by as-
suming that adiabatic photoreactions occur in
the excited state, leading to several emissive
species.”? Former investigations of donor-
acceptor  stilbenes  (4-dimethylamino-4'-
cyano-stilbene, DCS) and other ring-bridged
model compounds'®? indicate the validity of
this assumption.

4. The wavelength and lifetime effects observed
occur mainly in the high viscosity region and
in the glassy state where the classical relax-
ation of solvent dipoles is nearly frozen and
mainly the S-relaxation (relaxation of some
molecular groups) of the matrix dominates.

In general, both theories—the relaxation of sol-
vent dipoles®***} and the idea of several emitting
states as discussed in this work—have to be taken
into account to describe the fluorescence behavior
of stilbenoid dyes. In the case of the DASPMI iso-
mers, we believe that “multidimensional” photo-
chemistry with several emitting states seems to
dominate fluorescence behavior. On the other hand,
the solvent relaxation model seems to gain more
importance in nonionic donor-acceptor-substituted
molecules. This different behavior can be viewed in
relation to the fact that neutral molecules with large
dipole moments in the excited state respond more
strongly to changes of the dipolar properties of the
solvent, whereas for charged molecules like the
DASPMI compounds, the dipolar-solvent interac-
tion is in part overwritten and masked by the
strong monopolar contribution, which does not
change upon excitation. Hence, the observed solva-
tochromic red shifts are only moderate.

3.3 DISCUSSION OF FREE VOLUME EFFECTS

The results discussed above show that the DASPMI
compounds investigated in this work owe their me-
dium sensitivity of the fluorescence to a compli-
cated excited-state photochemistry. These com-
pounds have received increased interest as
fluorescence probes to describe changes in micro-
viscosity and mobility. They possess the advantage
of chemical inertness against nucleophiles® and of a
satisfactory long-term photostability.” The most
sensitive parameter is the temperature-dependent
part of the nonradiative rate constant, k,.;, which is
mainly influenced by the surrounding. In view of
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Fig. 9 Arrhenius plot for the nonradiative rate constant (k) for
o-DASPMI in the temperature region between 228 and 143 K (high
viscosity region).

the anomalous fluorescence behavior of DASPMI,
e.g. temperature-dependent k; values, we chose to
calculate k. using the following expression,

1 1
krot:kf(af_m) , ()

which allows us to include explicitly the tempera-
ture dependence of k. The k,, values calculated
according to Eq. (7) are plotted logarithmically
against the inverse temperature in Fig. 9 to deter-
mine the activation energy.

As can be seen from this plot, a good Arrhenius
line is obtained in the temperature range between
143 and 228 K. The activation energy determined
(12 kJ/mol) is smaller than the activation energy for
viscous flow E, for ethanol (15 K]/ mol?) in the
temperature region investigated. Sometimes the
movement into a “hole” of the relaxing free volume
was discussed to explain such probe behavior in
high viscous matrices.”? Similar ideas were consid-
ered for the behavior of DASPMI in other matrices’
and in the case of triphenylmethane dyes in
glycerol” or aprotic oligomer systems.”

Moreover, the k., kinetics occurs on a nanosec-
ond time scale (compare the data in Table 3 and Fig.
9). In terms of relaxation, they are situated in the
so-called high-frequency domain (>1 MHz).*® In
this region, mainly the B-relaxation process of the
solvent is monitored by the probe molecule. The
B-relaxation corresponds to a relaxation of chain
segments or clusters within a solvent or polymer,*’
and it shows usually a linear Arrhenius behavior.
Typical rate constants for the S-relaxation are larger
than 10° s71.%% Similar linear dependencies have
also been found for triphenylmethane dyes,
which are also present in the class of TICT
molecules.’®'® In all these cases, the rate constants
for the formation of the photochemical product



states are all situated on a nanosecond time scale,
and a linear Arrhenius behavior was found for
these compounds. Furthermore, significant varia-
tions of the constant k,,, were also found in other
polymer matrices,>” that do not possess such
strong hydrogen bonding interactions as the sol-
vent ethanol.

In general, the results described offer many fields
for applications of DASPMI as fluorescence sensors,
although the sensitivity of k,; is linked to a compli-
cated adiabatic photochemical process that necessi-
tates a mechanistic interpretation.

4 CONCLUSIONS

All the photophysical investigations in this work
show that the DASPMI isomers possess interesting
photophysical properties, which are a good basis
for using these compounds as fluorescence probes
for several ap(}:)lications, e.g., in polymer science
and medicine.” ™

First, 0-DASPMI possesses a high photostability.
This property is caused by the low trans—cis
isomerization quantum yield (<1072 in ethanol at
room temperature’) in contrast to substituted stil-
benes with efficient trans— cis isomerization.”® On
the other hand, an efficient temperature-dependent
nonradiative deactivation was observed and as-
signed to the population of single-bond twisted
species in the excited state, which do not lead to
permanent photoproducts after deactivation to the
ground state. The molecular orbital structure of
these dyes is related to that of unsymmetric
cyanines.

Second, the rate constants for nonradiative deac-
tivation at viscosities <10 cP are comparable to sol-
vent relaxation rate constants. In addition, a linear
correlation was found for these rate constants on

.Q b)

Scheme 2 The structure of the stilbazolium dyes investigated in
this work and of stilbenoid dyes in general offers even more possi-
bilities for adiabatic photoreactions. Rotation of both double and
single bonds is possible. As can be seen from Scheme 2, rotation of
the double bond (a) (conical movement) requires a larger volume in
comparison to the rotation of a single bond (b) (cylindrical move-
ment). The circle in this picture represents the acceptor part of the
stilbenoid compound.

PHOTOPHYSICAL PROPERTIES OF FLUORESCENCE PROBES

the solvent viscosity 7. This means that all macro-
scopic changes of the surrounding are globally re-
flected in the changes of k.

Third, the presence of several emitting species
was demonstrated and can be correlated with the
possible formation of single-bond twisted TICT ex-
cited states. They possess red-shifted spectra and a
lower intrinsic k; value than the near-planar spe-
cies, which can be observed at 77 K. For application
of the DASPMI isomers as fluorescence probes,
however, it is helpful to consider the following as-
pects. Rotation around a double or a single bond
requires a different free volume of the matrix, and
the corresponding rate constants and temperature
dependencies can be different, too. Scheme 2 illus-
trates the two different kinds of possible intramo-
lecular rotational diffusion movements. The cylin-
drical movement of the phenyl group requires a
smaller rotational volume than the conical rotation
around the double bond. As a result, different rate
constants for both processes will result, and are
supposed to correlate with the microscopic mobility
of this molecular moiety.

Energy

(o),
N

excitation
hv

—» ground state

radiationless

Scheme 3 Possible reaction scheme of DASPMI isomers based on
a model for multiple fluorescence. After excitation, the state E* with
planar geometry is formed. Two general kinds for an adiabatic
photoreaction are possible: (1) A pure double-bond twist happens
and the double-bond twisted state Pg« formed deactivates radiation-
less because of the very low energy gap between the ground and
excited state; this route normally leads to trans-isomerization prod-
ucts, (2) A twist around one of the two single bonds i occurs. It is
also possible that deactivation occurs before the perpendicular ge-
ometry is reached (especially in the case of P* conformers). The
state A;* formed has a sizeable energy gap to the ground state
and can therefore also deactivate by fluorescence in the visible
region, or it can be envisaged that a further state is reached pho-
tochemically by (partial) twisting around the double bond. This
state, P5*, may have a mainly nonradiative character. Upon ar-
rival in the ground state, the partially twisted double bond may
relax to the original planarity so that overall photochemical
changes are not observed. This scheme predicts at least three emis-
sive species: fluorescence from E*, two possible A* states, and, as
an additional but faint possibility, from Ps*. In the simplest inter-
pretation the experimental data are compatible with two emissive
states.
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Finally, an adiabatic photoreaction scheme is dis-
cussed on the basis of a model of multiple excited
states (Scheme 3). This model is drawn from the
known photochemical properties of stilbene and
stilbenoid dye systems where the nonradiative
channel is connected with the twisting process of
the double bond. This property leads to a so-called
“phantom-singlet” state P* with twisted double
bond conformation. Since the formation process of
P* involves a large amplitude twisting motion that
displaces a large volume of solvent (movement a in
Scheme 2), it is highly viscosity dependent, and
consequently, the nonradiative decay rate, the fluo-
rescence lifetime, and the quantum yields exhibit a
strong viscosity dependence. On the other hand,
the primarily excited E* state with planar geometry
can also react by twisting around single bonds. By
this coordinate, low-lying charge transfer states
(A¥) can be formed where the positive charge of
the cation is localized on the donor group, resulting
in charge translocation or charge shift.!® These
states can be described within the TICT model.'*¢
Usually they possess more forbidden emissive char-
acter than E*. A CT state Aj* can deactivate by
emission or it can be the intermediate step toward a
further distortion of the molecule, e.g. involving
double-bond twisting and leading to the conforma-
tion P,; (simultaneously twisted double and single
bond). This species may be emissive, too. For mol-
ecules with such a rich possibility of photochemical
pathways, a very powerful experimental tool is nec-
essary, e.g. the technique of global analysis of fluo-
rescence decay curves. This experimental method
opens new ways for a better understanding of such
compounds. More details about DASPMI and a glo-
bal analysis of these results, together with quantum
chemical calculations, will be presented in a subse-
quent paper.23
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