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Fluorescence upconversion experiments were performed on monomer solutions of a number of structurally
similar thiacarbocyanine dyes. The results from these time-resolved experiments combined with the data
obtained from steady-state absorption and emissiorttdiMMR spectra allowed us to assign the components

with different decay times to distinct isomers of the thiacarbocyanine dye molecules. Furthermore, it was
possible to relate the substitution pattern of the dye molecules to their photophysical properties. For all meso-
substituted dyes, a short-lived component of either 3.5 or 5.7 ps could be assigned to a mono-cis conformation
of the thiacarbocyanines. This component emits at longer wavelengths. A second component ranging from
15 to 71 ps and emitting at shorter wavelengths was attributed to the all-trans conformation of the meso-
substituted trimethine dyes. Time-resolved emission spectra revealed in a very clear and direct way the evolution

of the contribution of the two conformations to the spectra. The size and/or solvationNhsubstituents
have a parallel influence on the decay time of the fast and the slow decaying component. Besitjisk the

substituents also the meso-substituent has an influence on the decay time and amplitude of the longer-lived

component.

Introduction
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Cyanine dyes are widely used spectral sensitizers because of H S R s H
their properties such as a high extinction coefficient, strong 5 MWN K
adsorption onto silver halides, suitable energy levels and the K a s "H HE Ly Lo R

ossibility to tune the photophysical properties by minor changes
P v b Py prop y 9 Figure 1. General structure of the studied thiacarbocyanine dyes. The
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in thg dye structuré.® The photophysmal propert.IeS of dilute different dyes with this general structure that were studied are
solutions, where the dye is, at low concentration, generally ¢, mmarized in Table 1.

present as a monomer, have since long been studied usin
various techniques. Cidrans isomerization has been found to
play an important role in the excited state of meso-substituted
carbocyanine$?

Fluorescence decay times ranging from several tens of
picoseconds to up to three nanoseconds were reported forI
cyanine dye$.° While reliable data are available on the meso-
unsubstituted carbo- and dicarbocyanih&much less un- TDC and THIATS were gifts from Agfa. The other dyes
ambiguous information is available on the simple cyarfihes Wwere synthesized in a straightforward two-step synthesis. The
or meso-substituted carbocyanitfegue to the complexity of ~ modus and purification has been described elsewHdiiee dyes
the decays and the short decay times. were dissolved in methanol (spectroscopic grade, Aldrich) either

The work presented here reports on the study of the in @ 10°° M or 107 M concentration. The photophysical
photophysical properties of a number of thiacarbocyanine dyes properties of the dilute solutions were measured in 1 cm quartz
dissolved in methanol. To elucidate the role of the substituents, CUvettes, those of the more concentrated solutions were deter-
which can strongly influence the photophysical propertfes, Mined in 1 mm quartz cuvettes. Steady-state absorption spectra
several cyanine dyes with a general structure as depicted inwere recorded using a double beam UV/VIS spectrophotometer
Figure 1 were studied. In this study, the Bsbibstituents, the ~ (lambda40-series, Perkin-Elmer Instruments). Steady-state fluo-
3,3-substituents, and the 9-substituent on the trimethine bridge réscence spectra were recorded using a standard fluorimeter
were changed (Table 1). Fluorescence decay curves of the(Fluorolog 1691, Spex) with correction for the wavelength
methanol solutions of the dyes recorded with a 250 fs responsedependence in the excitation and emission path. Fluorescence
function suggested the coexistence of two different conforma- guantum yields were determined using as reference a solution
tions of the meso-substituted dye molecules in solution. Time- of Rhodamine B in ethanol, which has a fluorescence quantum

yield of 0.651° The excitation wavelength was either 540, 525,

* Author to whom correspondence should be addressed. F82(0)16 or 495 nm. No influence of the excitation wavelength on the

32 79 90. E-mail: mark.vanderauweraer@chem.kuleuven.ac.be. fluorescence spectra or quantum yield was detected.

gresolved fluorescence spectra f@aiDC nicely reveal the
evolution of the contribution of the two components to the
emission spectrum. To our knowledge, this is the first time such
time-resolved spectra are determined for a cyanine dye.

nstrumentation and Sample Preparation
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TABLE 1: Abbreviations (first column), Substitution Pattern (second, third, and fourth column) and Full Name (last column)
of the Studied Thiacarbocyanine Dye3%

dye 3,3-R 5,5-R 9-R full name
TDO Et H H 3,3-diethyl-thiacarbocyanine
TD1 Et H Me 3,3-diethyl-9-methyl-thiacarbocyanine
TD2 Et H Et 3,3-diethyl-9-ethyl-thiacarbocyanine
TDC Et Cl Et 5,8-dichloro-3,3-diethyl-9-ethyl-thiacarbocyanine
THIATS sulfoPro Cl Et 5,5dichloro-3,3-disulfopropyl-9-ethyl-thiacarbocyanine
THIA2 sulfoPro H Et 3,3disulfopropyl-9-ethyl-thiacarbocyanine
THIAL sulfoPro H Me 3,3disulfopropyl-9-methyl-thiacarbocyanine
THIAO sulfoPro H H 3,3disulfopropyl-thiacarbocyanine

aThe general structure of the dyes is depicted in Figure 1. For the cationic dyes the counter ion is chloride eXdpt fehere the counter
ion is the tosylate anion, for the overall anionic dyes the triethylammonium ion is the counter ion (Et: ethyl; sulfoPro: sulfopropyl; H: hydrogen;
Cl: chloro; Me: methyl).

IH NMR experiments were carried out using a 400 MHz
NMR-apparatus (AMX 400, Bruker) in a temperature range
betweent55 °C and—60 °C. For these experiments the dyes
were dissolved in deuterated DMSO, ethanol, or chloroform.

Fluorescence decay curves of the 4™ dye solutions were
recorded using the time-correlated single-photon counting
technique (TCSPC) which has been described in detail else-
wherel® The excitation was performed at 543 nm. The
fluorescence decay curves were recorded at 575, 590, and 605
nm. All decay curves were recorded versus the instrumental
response function (IRF) as well as versus the fluorescence decay
of 2-[2-[3-(dimethylamino)fenyl]-ethenylN-methylpyridinium T T T
ocide ([DASPI) in methanol (Iifegtime o2 B3, The full wicth B0 dength )
at haff-maximum (fwhm) of the IRF was typically in the order Figure 2. Absorption (open symbols) and emission (correspondin
e O e nCl CSUS 1 & e filed symbols) specira for the 10M soluions ofTDO (8, 0), TD1

) . ) . (m, O), TD2 (A, &), and TDC (v, V) in methanol. The excitation
per channel was 3 ps for all experiments described here. All\yayelength was 525 nm.
experiments were performed under magic angle conditions. All
individual decay traces were analyzed as a sum of exponentialsTABLE 2: Spectral Data of the 107 M Solutions of the
using a nonlinear least-squares algoritfit® The quality of ~ Different Dyes Dissolved in Methanot

Normalized Absorbance
Normalized Emission

700

the fits was judged by the values of the redugéd<1.3) as €max
well as by the residuals and their autocorrelation functfaghe Aabs Aem v FW2/3Mabs FW2/3Mem (e
heteroscedasticity plét, the RUNS test! and the Durbin dye  (hm) (nm) (em™) (emY)  (em) ¢ molcm)
Watson test? TDO 557 574 530 820 660  0.036 1.7
To obtain a higher time resolution, fluorescence decay curves TD1 542 569 880 1020 910  0.001 10

4 ; : 547 571 770 970 700  0.002 1.2
of the 104 M solutions were recorded using the fluorescence 52 579 840 950 620 0002 09

upconversion technique. The higher concentration was necessaryats ss2 579 840

. . . N 950 680  0.002 0.9
to arrive at a sufficient absorption at the excitation wavelength THiA2 547 573 830 970 660  0.002 1.0
in the 1 mm cells used for the upconversion experiments. The THIA1 543 572 930 920 970 0.002 1.0
setup for these experiments has been described in detailTHIAO 559 577 560 810 660  0.052 1.6

elsewheré324 The excitation wavelength was set to 495 nm,  a;_. 7. - ahsorption, emission maximum, respectively: Stokes
while the fluorescence decay was collected at four different Shift; FW2/3Mpps FW2/3Me: bandwidth at 2/3 of the maximum for
wavelengths of 560 nm, 570, 590, and 610 nm. The system the absorption and emission spectrum, respectivaly fluorescence
prompt response was typically in the order of 285 fs for these duantum yield;emax molar extinction coefficient at the absorption
experiments. Fluorescence decay curves were recorded in thred@ximum.

different time windows: 200 ps (with a time increment of 195
fs), 20 ps (with a time increment of 20 fs), and 5 ps (with a
time increment of 6.7 fs), to be able to resolve possible fast
decaying components. The Levenbehlarquardt minimiza-
tion?> algorithm of a commercial software package (Origin,
Microcal) was used to fit the data by a sum of exponentials
convoluted with the system prompt response. The fits were
judged by inspection of the residuals plots and minimization of
the »'2.

the corresponding 3;3ulfopropyl substituted dyes are identical
(data not shown). The spectral data for all dye solutions with
this concentration are given in Table 2. The absorption and
fluorescence spectra (excited at the same wavelength) of the
more concentrated 16 M solutions were identical to those of
the dilute solutions (see Figure 3). As a double check, the
fluorescence quantum yields of the concentrated solutions were
determined and, within the experimental error, found to be
identical to those of the more dilute solutions. No spectral
evidence for dimer formation or the formation of higher
aggregates was found upon increasing the dye concentration
Steady-State Absorption and Fluorescence Spectroscopy from 106 M to 1074 M in methanol.
Experiments. The steady-state absorption and emission spectra The absorption spectra of all dye solutions show a maximum
for the 10°® M solutions of the 3,3ethyl substituted dyes are  between 542 and 559 nm and a shoulder at shorter wavelengths
shown in Figure 2, the absorption and fluorescence spectra of(520 nm) which is attributed to a vibrational band—D

Results and Discussion
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TABLE 3: H NMR Chemical Shifts of the Relevant
Protons for THIAO, Determined as a Function of Decreasing
Temperature in Deuterated MethanoP
g Ho Hss Haa He,s Hss Hzz
g T(°C) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)
& 20 791 662 773 735 752  7.78
2 10 7.90 6.62 7.72 7.33 7.51 7.78
N 0 7.87 6.60 7.69 7.29 7.48 7.76
g —-10 7.81 6.58 7.65 7.21 7.44 7.73
5 —-20 7.73 6.53 7.59 7.11 7.38 7.68
4 —-30 7.64 6.48 7.52 6.98 7.31 7.62
—40 7.54 6.42 7.46 6.85 7.24 7.52
. s =50 7.47 6.35 7.38 6.77 7.17 7.47
550 600 650 700 —60 7.28 6.24 7.14 6.24 7.14 7.28
Wavelength (nm) . . .
i o aThe vinyl-protons (8,8position) and the meso-proton (9-position)
Figure 3. Emission spectra for the 1M (open symbols) and 16 are situated on the trimethine bridge; H Hee, Hss, and H4 are
M (corresponding filled symbols) solutions DC (v, v) andTD1 situated on the benzthiazole rings as depicted in Figure 1.

(m, O) in methanol. The excitation wavelength was 540 nm.

found between the absorption maxima and the Bayliss

19000 17300 parameter—2° f(n?) = 2(n — 1)/(2n® + 1), wheren is the
-;‘ o~ refractive index of the solvent. For the emission spectra, on the
S 18500 Y L 17000 § other hand, a linear relation was found between the emission
g ; maximum andf(n?). For TDO a linear correlation with the
E g solvent parameteffn?) was observed for the emission maxima
é 18000 16500 % as well as for the absorption maxima. This indicates that the
g i steady-state absorption as well as the emission spectriid®f
'g 2 are dominated by a single species. AlsoTétIATS andTDC,

g 175007 16000 E the steady-state emission spectra are dominated by a single
= = emitting species, causing the small changes of the emission
17000 4— —— e —L 15500 bandwidth as a function of the solvent for the 9-ethyl sub-

033 036 039 042 045 048 stituted dyes. The absorption spectraTtilATS and TDC,
f(n”) on the other hand, reflect the presence of two isomers with a
Figure 4. Plot of the absorption maxima (open symbols) and emission '€lative abundance dependent on solvent polarity and polariz-
maxima (corresponding filled symbols) 3DC (v, v) andTDO (@, ability.>12
0) as a function of the solvent parameter?j(iThe lines are the linear IH NMR Experiments. IH NMR data, recorded at room

Ieas@-squzzn_as fits for the different data sets. For the fit of_the emission temperature, 6TDO andTHIAO dissolved in deuterated DMSO
g]basxc;'rngn r'ia?(i?n%‘;oigo?% ?;ﬁgg%ggrgzg’ f(‘;?;tt)%? fit of the (or deuterated methanol) showed a doublet-signal for the
vinyl(8,8)-protons (from the coupling with the meso(9)-proton,
vibrational transition). This shoulder is most pronounced for which itself is revealed as a triplet in both cases). The calculated
the meso-unsubstituted dyes. The emission spectra are quastoupling constant was 12.8 Hz (12.4 Hz in deuterated methanol)
mirror-images of the absorption spectra. The emission maximafor TDO and 12.4 Hz (also 12.4 Hz in deuterated methanol) for
are mainly dependent on the polarity/polarizability of the solvent THIAO . These values are typical for trans-coupled protons,
(see below). The steady-state results indicate 120 and taking into account the substituents on the double Bbadd
THIAO have the narrowest and most red-shifted absorption were confirmed by Ponterini et al. for a similar oxacarbocyanine
band. Bandwidths are measured at two-thirds of the maximum dye3! These results indicate that the predominant isomer of the
(FW2/3M) since at half-maximum there might be interference meso-unsubstituted thiacarbocyanine diy@® andTHIAO (cf.,
of the vibrational bandTD1 has the widest and most blue- the steady-state experiments) is a quasi-planar all-trans confor-
shifted absorption and emission band. This behavior was alsomation. Extra proof for this assumption could be obtained from
observed for its 3,3sulfopropyl analogueTHIALl, when temperature-dependett NMR spectra offTHIAO in deuterated
compared to the other 3;8ulfopropyl analogues. The 9-ethyl methanol (Table 3) indicating no splitting for the signals of the
substituted dye¥D2, TDC, THIA2, andTHIATS have a wider relevant protons at lower temperatures. Contrary to the observa-
absorption band thamDO and THIAO, but they have similar ~ tions made forTHIAO, the 'H NMR spectra of solutions of
emission bandwidths and a similar emission maximum. How- THIATS 12 and TDC (Table 4) in deuterated methanol and
ever, the fluorescence quantum yieldTd0 and THIAQ is 1 chloroform revealed, at low temperature, two distinct signals
order of magnitude larger than for the dyes with a meso- for the vinyl-protons (8,8position, on the trimethine bridge)
substituent. These observations suggest that the 9-ethyl-and some of the phenyl-protons. This can be due to the
substituted dyes are present as a mixture of two isofm@rse prevalence of a mono-cis isomer, where both vinyl-protons are
isomer absorbs at shorter wavelengths, is characterized by ano longer equivalent for the meso-substituted dyes. Since the
very low fluorescence quantum yield, and is most dominantly integration of both signals for the vinyl-protons revealed an
present. The other isomer is only present in low quantities and excess ot:25% in favor of the signal at lower field assigned
has spectral and fluorescence quantum vyield characteristicsto a proton on a double bond in an E-configuration, it seems
similar to those offDO or THIAO . This assumption is supported reasonable to assume a residual population of ca. 10% for an
by a study of the influence of the solvent on the steady-state all-trans isomer where both vinyl-protons are situated on a
spectra ofTHIATS ,22 TDC (Figure 4), andTDO (Figure 4). double bond in an E-configuration. The signal for thggH
Contrary to what is observed for other carbocyahfhand protons ofTHIAO at lower temperatures corresponds very well
cyanine dyeg® for TDC andTHIATS no correlation could be  with the signal attributed to the proton on a double bond in
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TABLE 4: 'H NMR Chemical Shifts of the Relevant Protons for TDC, Determined as a Function of Decreasing Temperature,
in Deuterated Methanol and Deuterated Chloroforn?

CDsOD CDCk

T Hgg Hz 7 Hee Hasz T Hgg H7z 7 He6 Haz
(°C) (ppm) (ppm) (ppm) (Ppm) (°C) (ppm) (ppm) (ppm) (ppm)

55 6.46 7.86 7.41 7.76 55 6.78 7.79 7.22 7.26

35 6.47 7.86 7.41 7.78 35 6.78 7.80 7.22 7.26

25 6.47 7.86 7.40 7.78 20 6.79 7.79 7.22 7.25

10 6.49 7.88 7.41 7.81 0 6.29/7.28 7.65/8.0 7.24 7.24]/7.16
—-10 6.45 7.86 7.39 7.80 —20 6.25/7.27 7.61/8.0 7.23 7.24/7.18
—30 6.33/6.77 7.89 7.37 7.83 —-30 6.24/7.28 7.62/8.0 7.22 7.24/7.16
—-50 6.29/6.79 7.89/7.61 7.34/7.21 7.81/7.52 —50 6.22/7.25 7.64/8.0 7.22 7.25/7.15

aThe vinyl-protons (8,8position) are situated on the trimethine bridge,7HHs s, and H, 4 are situated on the benzthiazole rings as depicted
in Figure 1. At lower temperatures (at30 °C for CD;OD, at 0°C for CDCLk) there is a splitting for the signals of the protons, revealing two
different conformations of the dye molecule.

1 TABLE 5: Data Retrieved from the Reference Convoluted
o L. i Fits of the Fluorescence Decay Curved (t) = oy, exp(—t/ty)
< - ™ v + 0z exp(=t/ry) + oz exp(—-t/z3)) Measured with the TCSPC
-1 Setup for the Meso-Substituted Thiacarbocyanine Dyés
3.35
Aem (21 72
o dye  (m) o oz az  (ps) (ps) (ps) x®
-3.35 TD1 575 0.01 150 199 14 1.10
if 590 0.01 1.85 218 11 1.00
605 0.01 1.74 252 12 1.02
) i TD2 575 0.03 1.92 162 27 1.07
3 590 0.02 1.06 133 25 1.00
8.l 605 0.02 1.04 153 23 1.15
‘§ THIATS 575 0.09 0.28 3.01 151 64 4 101
811 590 0.04 024 110 184 89 12 0.9
605 0.07 0.19 357 157 64 5 101
P T O PO L S SR S THIA2 575 0.05 036 164 161 65 8 1.06
100 200 300 400 500 600 700 800 590 0.06 0.27 156 151 61 8 1.05
number of channels 605 0.03 020 128 172 69 12 1.06
Figure 5. Decay curve (recorded at 575 nm) and reference convoluted Tja1 575 0.03 1.01 220 25 1.13
fit of a 10® M solution of THIAO in methanol (bottom) with 500 0.03 1.15 214 20 1.19
corresponding residuals plot (middle), and autocorrelation function (top 605 0.02 0.92 217 19 1.21

left) and heteroscedasticity plot (top right).
) Y plot (top right) alem detection wavelength;: decay times (ps)u: corresponding

E-configuration inTDC at low temperature (compare Tables 3 @mPplitudes; ang? indicates the goodness of the fit.
and 4), which is an extra proof for the validity of the assignment ) . .
of this signal. Henrichs and Ross observed a similar splitiing Was done in the main absorption band, at 543 nm, the decay
for the signal of the kls-protons into a signal at lower and a  CUrves were recorded at an emission wavelength near the
signal at higher field? They also assigned the new signal at Maximum (575 nm), at an emission wavelength past the
lower field to the proton on a double bond in E-configuration Maximum (590 nm) and in the red tail of the emission band
and the signal at higher field to the other proton on the trimethine (605 nm).
bridge. It is not likely that this splitting of the signals of the 8-  The fluorescence decays dfDO and THIAO could be
and 8-protons is due to aggregation. Independently of the analyzed as a monoexponential decay with decay times of 130
formation of H- or J-aggregaf®doth protons, although possibly ~and 210 ps, respectively (Figure-5y% 1.064, time increment
subject to an upfield shift, should remain equivalent. per channel: 3 ps, Durbin-Watson parameter: 1.88, Runs-test
Fluorescence Decay Measurement$he steady-state spectra  parameter: 0.040). Combining these decay times with the
discussed above lead to the assumption of the presence of twgespective fluorescence quantum yields £ ¢r/tr) gives a
different species in dilute solutions of the studied meso- fluorescence rate constant f6DO0 of 2.8 x 10° s™* and for
substituted thiacarbocyanine dyes. FurthermorelheNMR THIAO of 2.5 x 10° s™*. These values are in very good
data indicate that in contrast to the meso-unsubstituted dyes,agreement with fluorescence rate constants obtained for other
two different isomers prevail for the meso-substituted dyes. carbocyanine dy&$ or values obtained by PPP-calculations on
Those data suggest that investigating the photophysical properihe same chromopho?éDue to the absence of steric hindrance
ties of those dyes should reveal two different kinetic species. Of @ meso-substituent these dye molecules will, in agreement
Thus time-resolved experiments impose themselves, moreoverWwith the 'H NMR results, preferably adopt a quasi planar all-
because only limited consistent data are available in the trans conformation.
literature®-°12Furthermore the time-resolved experiments could  In contrast toTDO or THIAO , the fluorescence decay curves
give additional information on the influence of the substitution of all meso-substituted dyes had to be analyzed as a bi- or
pattern on the photophysical properties of the thiacarbocyaninetriexponential decay. Using reference convolution (Table 5) or
dyes. fitting the decay curves versus the IRF (data not shown) resulted
Single-Photon Counting Experiments Fluorescence decay in similar decay times. To obtain acceptable fits for the decay
curves of the 10° M solutions of all dye molecules investigated curves it was always necessary to add a short-lived component
in methanol were recorded with the TCSPC setup. The excitationwith a decay time near, or even smaller than, the experimental
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Figure 6. lllustration of the decay trace and the fit for the diyp0

recorded with the fluorescence upconversion technique. The detectionigure 7. Decay traces and the fits for the df®C recorded with
wavelength was set to 610 nm. the fluorescence upconversion technique for the three different time

windows. The detection wavelength was set to 560 nm.

resolution of 15 ps. As the latter component could not always . . . .

be resolved properly it was not attempted to analyze these decayd19ure 7). Afirst component had a sub-picosecond decay time,
globally, linking the decay times over different emission a second component had a decay time O.f several picoseconds,
wavelengths. Instead, the TCSPC data were extended with@"d the third component had a decay time of a few tens of

fluorescence decays obtained by fluorescence upconversiorpicosecqnds'.A" data retrieved from the decay analysis are
experiments where a much better time resolution of 250 fs SUmmarized in Table 6. For each dye the decay curves were
(typically) could be reached. globally analyzed over the different detection wavelengths.

Fluorescence Upconversion ExperimentsAlthough for While the amplitude ) of the sub-picosecond decay time
experimental reasons the samples for fluorescence upconversiof’t) Was found to be large and positive at lower emission
had to be excited at 495 nm the steady-state data suggesteé{vavelengths, it became progresswely smaller an_d even negative
that this had only a marginal effect on the fluorescence spectra@ longer wavelengths. This evolution fer points in the
or quantum yields in methanol. The emission was detected atdirection of an IVR process as this decay timeis clearly
slightly shorter wavelengths than the emission maximum (560 related to a generating process for the species with the decay
nm), at the emission maximum (570 nm), at slightly longer UMe720r 73 emitting at longer wavelengths. It was 0|_’1Iy possible
wavelengths (590 nm), and in the red tail of the emission band t© link this decay timer, over the different emission wave-

(at 610 nm). This allowed us to determine the wavelength lengths for the dye3D1 and THIATS . The similarity of the

dependence of the contribution of the different components to first decay timer, for these structurally different thiacarbo-
the steady-state emission spectrum. cyanine dyes (1.0t 0.2 ps) indicates that this short-lived
The decay off DO was recorded in a time window of 420 ps component is due to the same process for all investigated meso-

(time increment: 427 fs), to allow a comparison with the TCSpC Substituted dyes.
experiments. The detection wavelength was 610 nm. A bi- The decay times of the second and the third comporent (
exponential decay was found for this dye (Figure 6), with a @ndzs) could be linked over the different emission wavelengths
component of 127 ps (amplitude of 0.95) and a short-lived for all studied meso-substituted dyes. The decay time for the
component of 5.8 ps (amplitude of 0.05). The first component second component was, within the experimental error, identical
is identical to that found for the TCSPC experiments and is for the 3,3-ethyl substituted dyeED1, TD2, andTDC, namely,
attributed to the fluorescence decay of the all-trans conformation 3-5+ 0.3 ps. For the 3;3sulfopropyl substituted dy@HIATS
of the dye molecules. The short-lived component was not the decay time for the second component was determined at
resolved accurately during these experiments due to the limited.7 Ps. For all meso-substituted dyes the relative amplitude for
time resolution and the small relative amplitude of this this second and third component was recalculatef(d. +
component. It could be attributed to fluorescence of a mono- @3) andog/(az + as)), neglecting the amplitude of the first decay
cis isomer, since the occurrence of this conformation has alreadytime, due to a generative process. The amplitudg. + as))
been proven for meso-unsubstituted d§e¥ The small relative ~ becomes larger=(0.8) at longer detection wavelengths (Table
amplitude of this component explains why it is not observed in 6), where it is clearly the most important component.
theH NMR data or the steady-state absorption and fluorescence For the meso-unsubstituted dy&®0 and THIAO the most
spectra nor in the fluorescence quantum yield. This fast-decayingimportant decay results from the fluorescence of a long-lived
component might, however, also be attributed to a number of component attributed to the all-trans conformation of the dye
other possible processes, such as internal vibrational reorganizamolecules. The ratio between the decay ting®f the most
tion (IVR), vibrational relaxation, solvent relaxation, or singlet abundant component GiDC and THIATS equals 0.6 and is
annihilation. The formation of photoproducts (except the cis- the same as the ratio between the decay times of the major
isomer) is highly unlikely as the excitation power was not high component of DO andTHIAO . Relating this with the difference
enough to result in an observable bleaching of the samples. Toin substitution pattern of the dyes suggests that a more bulky
be able to evaluate the processes of IVR, vibrational relaxation and/or more solvated (because of the negative charge on the
or solvent relaxation decay traces at a large number of different sulfopropyl group) 3,3substitution increases the decay time.
detection wavelengths are necessary, to determine the waveSimilar results were found for meso-unsubstituted oxacarbo-
length dependence of the amplitude of this second component.cyanine and indolocarbocyanine dyes®

The decays of the meso-substituted dy&il, TD2, TDC, The decay time of the more slowly decaying third component
and THIATS had to be fitted as a sum of three exponentials (r3) decreases from 71 ps fGHIATS, to 39 ps forTDC, to
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TABLE 6: Data Retrieved from Global Analysis of the Fluorescence Decay Curves Measured with the Setup for Fluorescence
Upconversion for the Meso-Substituted Thiacarbocyanine Dyés

j-em T1 T2 73 A(Xz/ Aaal Bazfz/ B(X3‘L’3/
dye (nm) o oy o3 (ps) (ps) (ps) (aztas) (otos) (02T t0t3T3) (02Tt 0tats)
TDC 560 1.74 0.30 0.34 0.1 3.8 39 0.48 0.52 0.08 0.92
570 2.36 0.40 0.42 0.1 3.8 39 0.49 0.51 0.08 0.92
590 -0.27 0.91 0.37 0.9 3.8 39 0.71 0.29 0.19 0.81
610 —0.38 1.04 0.30 1.1 3.8 39 0.77 0.23 0.25 0.75
TD2 560 3.43 0.40 0.30 0.1 3.1 30 0.58 0.42 0.12 0.88
570 0.24 0.57 0.34 0.3 3.1 30 0.62 0.38 0.15 0.85
590 -0.37 1.00 0.27 1.3 3.1 30 0.79 0.21 0.28 0.72
610 —-0.43 1.10 0.25 1.1 3.1 30 0.82 0.18 0.31 0.69
TD1 560 0.49 0.49 0.26 0.8 3.6 15 0.65 0.35 0.31 0.69
570 —-0.04 0.67 0.30 0.8 3.6 15 0.69 0.31 0.35 0.65
590 -0.10 0.97 0.29 0.8 3.6 15 0.77 0.23 0.44 0.56
610 -0.17 1.07 0.28 0.8 3.6 15 0.80 0.20 0.48 0.52
THIATS 560 0.29 0.62 0.15 1.1 5.7 71 0.81 0.19 0.25 0.75
570 0.20 0.68 0.23 1.1 5.7 71 0.75 0.25 0.19 0.81
590 -0.20 0.94 0.21 1.1 5.7 71 0.82 0.18 0.26 0.74
610 -0.34 1.06 0.18 1.1 5.7 71 0.85 0.15 0.32 0.68

alem detection wavelengthy: decay times (in ps)u: corresponding amplitudes,; relative amplitudes (the first component is not taken into
account),B: airi/Zoit; (the first component is not taken into account).

30 ps forTD2, to 15 ps forTD1. The relative amplitude of this 1.0

third component decreases from nearly 0.5 to about 0.2 with v

increasing detection wavelength, foHIATS ; however, this ~ 081

evolution is much less pronounced. It seems reasonable to state £

that the decay times of the second and third component are the @ 0.6 v

same for the dye§DC andTD2, hence the 5/5substituents S

have only a minor influence on the fluorescence decay behavior Z 0.4

of the studied dyes. This was already observed in the steady- i v v
state spectroscopy experiments, in which the absorption and the 0.24

emission spectra and the fluorescence quantum yields are nearly | v Y
identical for this series of dyes. In analogy to the observations 0.0 v M

for the second component an increased decay time is observed 550 560 570 580 590 600 610 620
with increased bulkiness and/or solvation of the-3ifbstituents Wavelength (nm)

for the third component. Therefore the meso-substituent as well Figure 8. Plot for the dyeTDC of asrl(0ars + tazs) (¥) andasts/
as the 3,3substituents have an influence on the decay &€ (o7, + gqr) (v), both corrected for the normalized steady-state
whereas the decay time only seems to be influenced by the  flyorescence intensity. This plot indicates the contributions of the two

3,3-substituents. components determined from the time-resolved experiments to the
From the fluorescence quantum yields and the values of the Stéady-state emission spectrum.
average fluorescence lifetinigsJ(estimated according t@(] The relative amplitude of the second component increases

= (0272 + owr3)/(02 + aw)) an estimate for the fluorescence  ith Jonger wavelengths relative to that of the third component
rate constantk = ¢i/[#[) of the meso-substituted dyes could a5 shown in Table 6, in which the relative amplitudes of both
be made, assuming that this fluorescence rate constant is th%omponents weighed by the decay times are given. This allowed
same for the components with decay timgsandzs, respec- s to calculate the contribution of both species to the steady-
tively. For all meso-substituted dyes the estimated valudsfor  state emission spectrum. Those data reveal that the contribution
is ca. 1x 10° s”%. The difference between the fluorescence of the second component to the steady-state emission spectrum
rate constant for the meso-substituted dyes and those for thes small but becomes more important at longer wavelengths. In
meso-unsubstituted analoguBB0 or THIAO could be dueto  Figure 8 the corresponding contributions to the emission
a decreased planarity on the-Surface of the meso-substituted  spectrum are given fofDC, taking into account the wavelength
dyes with respect to the more planar meso-unsubstituted dyesdispersion of the total emission spectrum. Those results indicate
This value of 1x 10° s~ is merely a lower limit, since inthese  that the emission spectrum of the second component is more
calculationsa, and a3 were both taken to be 0.5. This leads, red shifted and broader than that of the long-living component.
however, to an underestimation of the fast decaying component,Although the nonradiative decay of the excited dye molecules
especially at longer wavelengths, where> os. Furthermore often implicates cistrans isomerization, there is no indication
the emission spectrum of the mono-cis isomer seems to beof an adiabatic conversion of an excited trans to an excited cis
broader (see Figure 8) which spreads the fluorescence over asomer!331.35 This means that the fluorescence decay times
larger range of wavenumbers. Although the oscillator strength correspond to the fluorescence lifetimes of the different isomers.
of the mono-cis isomer is smaller than that of the all-trans Furthermore, the preexponential factors of the decays are only
isomer, the reduction is probably less than the 2/3 estimateddetermined by the relative abundance of the cis and trans isomers
above. Therefore, the amplitudes of the components in thein the ground state, the ratio of the spectral densities at the
fluorescence decay reflect an overestimation of the all-trans emission wavelengths, and the ratio of the fluorescence rate
isomer. This brings the time-resolved experiments in better constants. Hence the decay-associated spectra shown in Figure
agreement with théH NMR experiments. 8 are also species-associated spectra.
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Figure 9. Evolution of the quantum flux functions ofDC in the

first 150 ps after excitation. The excitation wavelength was 495 nm.
Inset: time after excitation (ps) top-to-bottom values correspond to
top-to-bottom quantum flux functions.

The fluorescence quantum flux functidr(t,2) is defined by
expression 1:

Bt = f(t.4) F(1)¢ )

Jo Ay dt [ F(A) di

In this expression i$(t,1) the decay curve corrected for the
system prompt responsg(A) is the normalized steady-state
fluorescence spectrum, aglis the fluorescence quantum yield.
A plot of ®(t,4) as a function of the emission wavelength, at
fixed times, is proportional to the time-dependent spectfum.
A number of such plots, at different times after excitation, would

visualize even better the evolution of the emission spectrum

Vranken et al.

of around 1 ps. Its amplitude is positive at wavelengths shorter
than the emission maximum, and it becomes progressively
negative at wavelengths longer than the emission maximum.
This suggests that the first decay time is related with a generative
process (vibrational or solvent relaxation) for the species with
the decay times, andzs. This decay time is found to be 3.5

=+ 0.3 ps for the studied meso-substitutédN'-ethyl dyes and

5.7 ps for the meso-substitut®tiN'-sulfopropyl dyeTHIATS .
From time-resolved spectra it can be concluded that this
component emits at longer wavelengths. The decay time of this
component can be said to be mainly influenced by the size and/
or the solvation of theéN,N'-substitution. No influence of the
meso-substitution (ethyl or methyl) was found for the studied
N,N'-ethyl dyes. The decay time; of the third component
changes from 71 to 15 ps. Time-resolved spectra show that this
component emits at shorter wavelengthsis influenced both

by the size and/or solvation of ti¢N’'-substitution and by the
meso-substituent. With these experiments the presence of two
conformations is confirmed for monomer solutions of meso-
substituted thiacarbocyanine dyes. Not only was it possible to
quantify the decay times of these conformations, it was also
possible to visualize the spectral evolution of these two
conformations as a function of time.

Acknowledgment. N.V. thanks the “Vlaams instituut voor
de bevordering van het wetenschappelijk en technologisch
onderzoek” (IWT). The authors gratefully acknowledge the
continuing support from DWTC (Belgium) through grant [IUAP-
IV-11, the F.W.O.-Vlaanderen and the Nationale Loterij and
the Research Council of the KULeuven through GOA ‘96/1.
The authors are grateful to Agfa N.V. for the gift of the dyes
THIATS andTDC.

and the spectral properties of the different components present

in the fluorescence decay.
An example of such time-resolved spectra is given in Figure
9, for the dyeTDC. This plot shows that immediately after
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