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The dependence of fluorescence quantum yields and S, -lifetimes of donor-acceptor substituted
trans-stilbenes on temperature was measured in the temperature range from 298 to 100 K, using
solutions of stilbenes in 3-methylpentane (3-MP). Measurements of fluorescence and phosphores-
cence spectra show that the triplet energy is almost independent of the acceptor. The S,-energy and
the S,-T, energy gap decrease with increasing acceptor strength. For all compounds intersystem

crossing (ISC) S; — T, is negligible.
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1. Introduction

Trans-stilbene and the donor-acceptor substituted
trans-stilbenes show a strong viscosity dependence
of the prompt S; — S, fluorescence [1, 2, 3] owing
to the twisting of the molecule around the ethylenic
bond in S, that leads to a nonradiative deactivation
of the first excited singlet state. In solutions of low
viscosity, this twisting is the dominant deactivation
channel of S,. The ability of the molecules to twist
around the ethylenic bond decreases with increasing
solvent viscosity, and consequently the fluorescence
quantum yield @ increases.

The increased ability of twisting around the
ethylenic bond with increasing dipole moment in S,
is another property of donor-acceptor substituted stil-
benes. With increasing electron acceptor strength and
with the same donor substituent the charge separation
in Sy and in S, is enhanced.

Therefore both the dipole moments of the ground
state /1, and the excited state p, increase with increas-
ing acceptor strength. The difference Ay = (p, — p,)
shows a linear dependence on the acceptor strength
as well [4]. For a given solvent, these properties lead
to a red shift of the (0-0) origin of the steady state
fluorescence with increasing acceptor strength.
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Table I. Hammet constants and dipole moments of Trans-
4-dimethylamino-4'-(R)-stilbene from [4]. 1 Debye = 3.34
-107% A's m. Es, was determined as the point of intersec-
tion of the normalized corrected excitation and fluorescence
spectra of solutions in 3-MP.

Short names in this paper

DCS DBrS DCIS DFS
acceptor group R CN Br Cl F
Hammet constant 0.66 0.23 0.22 0.06
dipole moment in S, [D] 223 152 13.9 13.4
dipole moment in S [D] 70 5.6 5.6 54
Es, [em™1] 24880 26530 26630 27320

In this investigation the following four donor-
acceptor substituted stilbenes are examined: Trans-
4-dimethylamino-4'-(R)-stilbene. (R) stands for the
acceptor groups CN, Br, Cl, and F. The structural for-
mula of the molecules is shown above. In Table 1
the short names used in this investigation and some
properties of the stilbenes are summarized.

The present paper has three main objectives:

(i) Investigation of the viscosity dependence of the
S, lifetimes and quantum yields of prompt S; — S,
fluorescence. This is of interest regarding the usefull-
ness of stilbenes as a sensor of microviscosity of their
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environment'. Quantum yields and time dependences
of the prompt S; — S, fluorescence were measured
in the temperature range from 298 to 100 K using the
glass forming solvent 3-MP. It is possible to evaluate
quantitative values of the radiative rate constant of
fluorescence k; and of the rate constant of the twist-
ing around the ethylenic bond k. k, is assumed as the
only temperature dependent rate constant.

(ii) Examination of the rate constant kg~ of ISC
from S, to T, in comparison to k. In particular for
DBrS an enhancement of ISC can be expected due to
the internal heavy atom effect.

(iii) Examination of the influence of different sub-
stituents on the S|-T, energy gap by measuring the
spectra of fluorescence and phosphorescence and the
determination of the triplet lifetime 7.

2. Experimental
Sample Preparation

All compounds were purified by recrystalliza-
tion. The purity of the compounds was checked by
Gloyna®. 3-MP (Aldrich) was used, because its tem-
perature dependence of viscosity 7(7") and refraction
index n(7") is well known [5, 6] in the temperature
range of interest (298 - 100 K). For all measurements
1 cm quarz-cells were used. Absorption and fluo-
rescence measurements were performed with non-
degassed solutions without further purification of the
solvent. For the phosphorescence measurements the
solvent was destilled and chromatographically puri-
fied before sample preparation. Samples were care-
fully degassed by several pump and freeze cycles.

Absorption

Spectra were recorded with a Lambda 19 (Perkin
Elmer) spectrometer.

Fluorescence

Steady state fluorescence spectra were recorded
with a commercial fluorescence-spectrometer (Al-

!Furthermore, since the transition moments of absorption and
emission moments are polarized along the long axis of the
molecule, stilbenes are also appropriate as sensors for the degree
of order in ordered systems like nematics.

2We are thankful to Dr. D. Gloyna, TU Berlin, FB Lebensmittel-
wissenschaft und Biotechnologie for preparation and purification
of the stilbenes.

H. E. Wilhelm et al. - Effect of Substituents on the Viscosity Dependence of Fluorescence

A/ nm
300

o T=298K

rel. absorbance

10°V/cm”

Fig. 1. Normalized absorption spectra of stilbenes in 3-MP
at T'=298 K.

phascan, Photon Technology International). Samples
were excited at the maximum of the strong S; — S,
absorption band (see Fig. 1) using a 75 W Xe-lamp
and single monochromators both for wavelength sep-
aration of the excitation light (bandwith = 4 nm) and
the fluorescence light (spectral resolution 3 = nm).
The samples were cooled inside an Oxford-cryostat
(DN 1704). The temperature was measured and con-
trolled by an autotuning temperature controller (Ox-
ford ITC4) with an accuracy of + 2K. The lumi-
nescence was detected by a photomultiplier (TP1527,
Hamamatsu) and measured with the photon-counting
technique. Polarization effects were eliminated by ex-
citing the sample with vertically polarized light and
detecting the luminescence with a second polarizer
at the magic angle 54.7° relative to the polarization
direction of the excitation light beam. Fluorescence
quantum yields ¢ were determined by the equation

= P f;:() I#*(A)d\ 1 - 1()44“ (nsa(T)>2
T [ )AL T = 104D st ’

)]

¥ (T)

see [7]. I()\) is the corrected intensity of the fluo-
rescence at wavelength A. The temperature depen-
dence of the refractive index n was taken from [6].
A = £()\)cd is the absorbance. Assuming that the con-
centration c is the only temperature dependent factor,
the temperature dependence of the absorbance of the
sample was calculated using the temperature depen-
dence of the density p(T") of 3-MP from [5]. The
absorbance at the excitation wavelength was always
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Fig. 2. Emission spectra of DCS in 3-MP at 110 K: (1) Ab-
sorbance at 380 nm: < 0.01; spectrally corrected spectrum
of the prompt fluorescence. Only the fluorescence from
monomers contributes to the spectrum of prompt fluores-
cence. (2) Absorbance at 380 nm: 0.1; the spectrum of the
prompt fluorescence was measured after the sample was
kept at 110 K for 2 hours. In addition to the spectrum of
monomers a broad, weakly structured and red shifted fluo-
rescence from microcrystals occurs. (3) Absorbance at 380
nm: 0.1; spectrally not corrected delayed luminescence. In
addition to the spectrum of phosphorescence (see Fig. 3)
the delayed annihilation fluorescence from microcrystals
occurs.

lower than 0.1. The indices sa and st stand for sam-
ple and standard, respectively. As the fluorescence
standard, quinine-sulfat in 0.1 N H,SO, (¢ = 0.54 at
25°C, [8]) was used. The accuracy of the values of &
at 298 K was estimated to be better than £25%. The
values at lower temperatures are based on the value
determined at 298 K.

To avoid the formation of microcrystals, the mea-
surements at sample temperatures below 180 K were
performed with solutions with an absorbance smaller
than 0.01. Figure 2 shows how the formation of micro-
crystals influences the spectra of prompt and delayed
luminescence.

Fluorescence decay curves were measured using
the time correlated single photon counting technique.
The excitation light source was a frequency doubled
dye laser (701, Coherent) synchroneously pumped
by a frequency doubled mode locked Nd: YAG-laser
(2 W, 76 MHz) (Antares 76 ML, Coherent). The
repetition rate was reduced to 3,8 MHz by a cav-
ity dumper 7200. The samples were excited by pulses
of about 5 ps and 355 nm using pyridine 2 as the laser
dye. The fluorescence light was dispersed by a sub-
tractive double monochromator (Amko) and detected
by a MCP-PMT R3809U (Hamamatsu). The all over
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instrumental response width using timing electronics
from Tennelec and Ortec incl. an 8 k multi channel
analyzer is 40 ps. The lifetimes were calculated by
the software “Physfit” (Picoquant). Cooling of the
sample and elimination of the polarization bias was
performed as described above.

Phosphorescence

The excitation light source was a pulsed dye laser
(Scanmate, Lambda Physik) pumped by an excimer
laser (EMG 50, Lambda Physik) at 308 nm. All sam-
ples were excited at 350 nm with a repetition rate of
20 Hz and with an energy of ca. 1 mJ per pulse. The
pulse halfwidth was ca. 15 ns. Laser dye was para-
therphenyl in dioxane with peak efficiency at 343 nm.
Because of the very weak phosphorescence signal, the
absorbance of the samples was adjusted to 0.1 at the
excitation wavelength. In order to prevent the forma-
tion of microcrystals (see Fig. 2), samples were cooled
only to 180 K using a “closed cycle cryostat” (Cryo
Genics). The prompt fluorescence was suppressed by
a fast mechanical chopper with a deadtime of 6 us
between the laser pulse and the full opening of a slit
of 2 mm in the luminescence light path. The phospho-
rescence was dispersed by a spectrograph (5S00IS/SM,
spectral resolution ca. 4 nm) and detected with a nitro-
gen cooled CCD-camera (Photometrics). The wave-
length calibration of the spectrograph was performed
with the lines of a mercury lamp. Spectra of phos-
phorescence are not corrected regarding the spectral
sensitivity of the detection system.

For the measurement of phoshorescence decay
curves the luminescence light was guided through
an interference filter (Schott, 590 nm, halfwidth ca.
20 nm) and detected with a photomultiplier (RCA-
C-31034). The decay curves were recorded with a
Nicolet 370 signal averager (10 MHz) with a channel
dwell time of 1 ps.

3. Results and Discussion
Fluorescence

The absorption spectra in Fig. 1 and the fluo-
rescence spectra in Fig. 3 show that the S, energy
strongly correlates with the values of the Hammet-
constant (see Table 1). However there is practically
no difference in the vibrational structure.
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Fig. 3. Spectrally corrected spectra of prompt fluorescence
and spectra of phosphorescence (not spectrally corrected)
of solutions of stilbenes in 3-MP.
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Fig. 4. Temperature dependence of fluorescence - quantum
yields of stilbenes in solutions of 3-MP.

In Fig. 4 the temperature dependence of the flu-
orescence quantum yield @ is shown. For a given
temperature, ¢ correlates with the Hammet-constant.
All derivatives show a strong temperature dependence
in the temperature range between 298 and 150 K,
whereas for temperatures below 150 K the tempera-
ture dependence of @ is relatively small, especially
for DBrS, DCIS and DFS, where ¢ asymptotically
reaches a constant value. With an activation energy
E, between the fluorescent and the twisted form of
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Fig. 5. F(T) plotted in the form of (3).

stilbenes in S, the corresponding rate constant k, is
assumed as a monoexponential:

—-E
k(T) = k? exp (ﬁ) . 2)
The temperature dependence of @ is determined by
the equation

ky

D)= R R

3

where k; is the fluorescence rate constant, and & the
rate constant describing one or more non-radiative
deactivation processes — including intersystem cross-
ing and internal conversion — of trans-stilbenes in S .
k¢ and k. are assumed independent of temperature.
From (2) and (3) follows

—-F k0 k
-1 = =8 it *). 4
In (& 1) = +1n(kf>+ln(kf> 4)

In(®~! — 1) is shown in Fig. 5 as a function of g,
In Table 2 the mean values of k; are given, which
are determined from measurements of @(7") and the
fluorescence lifetime 75(7") in the temperature range
from 298 to 100 K. k; was found to be virtually tem-
perature independent for all compounds investigated.
Values for Eg are obtained by fitting (4) to the values
shown in Fig. 5 in the temperature range from 298 to
220 K. Values of k. are estimated from (3) neglect-
ing k, and using the values of £; and the fluorescence
quantum yields at 100 K. Values of k are then ob-
tained from the measured fluorescence decay times
7¢ at 298 K using the relation 1/7g = k, + k¢ + k..
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Table 2. Experimentally determined parameters of solutions in 3-MP. E's_r is the energy of the S,-T, energy gap; E, and
k? are parameters of the rate constant k, describing radiationless deactivation of S, by twisting around the ethylenic bond
(see (2)); k¢ is the rate constant of radiative decay of S,, k. is the sum of all nonradiative rate constants describing the
nonradiative deactivation of S, kf" the measured rate constant of the fluorescence at 7' = 298 K, @ the quantum yield of
prompt fluorescence. The error of the value at 298 K is estimated to be & 25%, the value at 100 K is based on the value at

298 K;; kT'is the measured rate constant of the phosphorescence.

0 A m m
ES:T " ilzc' —1 Skf.—l ;ctl 5(—1 o = "fT-l
[em™7] [kJ/mol] (102577 [10°s7] [10°s7] [107 s77] [10%s™7]
T=298K T=298K T=100K T=180K
DCS 6580 12.6+0.5 2.9+0.5 1.80£0.20 3.36 18.2 0.010 0.35 7.14
DBrS 8230 13.9+0.5 1.9+0.5 4.25+0.20 2.35 7.6 0.055 0.64 16.66
DCIS 8330 14.0+0.5 1.440.5 4.40+0.20 2.29 5.4 0.067 0.66 3.85
DFS 9020 16.1£0.5 1.9+0.5 5.73£0.20 0.61 34 0.150 0.90 4.17

The values of the different rate constants are listed in
Table 2.

It follows from the measurements of the tempera-
ture dependence of the fluorescence quantum yields
in Fig. 4 that the contribution of k¢ to k. is negli-
gible, that is the relations ke < k, and kigc < k¢
hold. This can be deduced from the quantum yields of
DCIS and DBrS: The spectroscopic and kinetic val-
ues of both molecules are almost identical (see Tables
1 and 2). However, from measurements of phospho-
rescence (see next section) it is confirmed that the
relation kg (DBrS) > kg (DCIS) holds. If the val-
ues of k- of DBrS would have the same magnitude
as the value of k;, the fluorescence quantum yields
of DBrS would deviate from the quantum yields of
DCIS at low temperatures. Contrary to this, ¢(7") for
both molecules is close together and nearly parallel
over the whole temperature range.

At low temperatures, where the fluorescence quan-
tum yield reaches its maximum, also the twisting
around the ethylenic bond as a deactivation process of
S, is negligible. Therefore other non radiative deacti-
vation processes are responsible for the deactivation
of S,. These deactivation processes correlate with the
acceptor strength.

Phosphorescence

Spectra of phosphorescence are shown in Fig-
ure 3. Values of the triplet decay rate constants are
listed in Table 2. From the phosphorescence spec-
tra in Fig. 3 follows that — compared to the en-
ergy of S; — the energy of T, does practically not
depend on the substituents. This result is in agree-
ment with the results of Alder et al. [9], who mea-
sured oxygen-induced S, — T, absorption spectra of

donor acceptor substituted trans-stilbenes in CHCI, .
They determined the triplet energies of donor accep-
tor substituted trans-stilbenes in the region 17150-
17550 cm~'. Taking into account the Stokes-shift be-
tween absorption and emission spectrum, these val-
ues are in satisfactory agreement with the value of
the first emission band of the phosphorescence at ca.
18300 cm™~! determined in this investigation. Since
the triplet energy is almost independent of the differ-
ent substituents, the electronic distribution in S; and
T, must differ drastically [9].

The vibrational structure in the phosphorescence
spectra is more pronounced than in the fluorescence
spectra. Concerning the relative intensities of the vi-
brational modes, there are some differences between
the four spectra. The differences between the phos-
phorescence of DBrS and the three other compounds
are most obvious. For example, the emission in the
region from 15000 to 16000 cm~' is more struc-
tured and three bands with approximately the same
amplitude can be separated, whereas for the three
other compounds in this spectral range only one band
dominates and the other two are only present as
small shoulders. The relative intensity of the band
at 14000 cm™', which for DBrS is greater than for
the three other compounds, is another example. The
differences between the phosphorescence spectra of
DCS, DCIS and DFS are smaller. The total intensities
of the phosphorescence emissions of DCS, DCIS and
DFS are approximately of the same order of mag-
nitude, whereas the total intensity of the phospho-
rescence of DBIS is significantly greater. We think
that this results from the greater production of triplet-
molecules due to more effective spin-orbit coupling

3In their investigation they examined stilbenes with other sub-
stituents than those examined in this investigation.
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based on the heavy atom effect. This is consistent
with the measured triplet lifetime (7 = 6 ps) of
DBrS, which is the shortest one. The relatively short
triplet lifetimes are not caused by diffusion controlled
quenching of the stilbene triplet by rests of oxygen
or by impurities. This is proved by the measurements
of the phosphorescence of DCS at 110 K and at 180
K: For both measurements the intensity of the phos-
phorescence does not change. If impurities would
have quenched the triplet, the phosphorescence in-
tensity at 110 K (p = 1.7 x 10° mPa s) would
be significantly greater than the intensity at 180 K
(n = 1.69 mPas).

Delayed Fluorescence

The very low intensity of the phosphorescence
is one reason for the absence of a delayed fluores-
cence, that is caused by triplet-triplet annihilation®.
This means that the triplet state is dominantly deac-
tivated by one or more non radiationless processes,
that is the relation k(1)) > k.(T)) holds. k (T))
symbolizes the sum of rate constants of the non radia-
tive triplet decays and k(7)) is the rate constant of
the radiative triplet decay. Moreover, the lack of in-
tersystem crossing is not favourable for the detection
of a delayed fluorescence.

4The population of the triplet state T, leads to a delayed S| —
S, fluorescence (DF) of the “pyrene type”, which is caused by the
non-radiative annihilation of two triplet molecules (triplet-triplet
annihilation, TTA) and the following generation of one molecule
in S] (by internal conversion S, — SI , IC) and one in S() [7]:

T, +T, T2 8, +5, 155 +8  BE§ +S +hw.

In viscous solutions TTA is a diffusion controlled reaction. The
time dependence of the intensity of the delayed fluorescence in its
stationary state is proportional to the relative diffusion coefficient
D of the two molecules in T, and to the fluorescence quantum yield
@, and proportional to the square of the triplet concentration c.:

Ipp(t) x Déc3 o DT exp(—2kMt).

k1 is the measured rate constant of the phosphorescence decay.
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4. Outlook

Fluorescence and phosphorescence emissions of
the different donor-acceptor substituted stilbenes
show a high similarity of the vibrational structure.
This shows that the vibrational bands are dominated
by vibrational modes of the stilbene framework. Con-
tributions of vibrations of the different substituents
play practically no role in the emission spectra in
solution.

The relatively well structured bands of the phos-
phorescence open the possibility to perform a com-
plete vibrational analysis of this emission. By mea-
surements of IR- and Raman-spectra of the stilbenes
we hope to attribute the different bands of the phos-
phorescence to vibrational modes. By that we could
determine the (0-0) transition of the phosphorescence
with higher accuracy. Experiments are on the way.
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