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The photophysical and photochemical properties of thiacarbocyat)iaed threamesesubstituted derivatives
(9-Me, 2; 9-Et, 3, 4) were studied in solvents of different polarity. Substantial differences in the absorption
and fluorescence excitation spectra ¢4 in polar solvents at room temperature indicate a shift of the
equilibrium from the alltrans isomer in less polar solvents to a nonfluorescent mcisasomer in polar
solvents. This shift is accompanied by a low yield of photobleaching, in contrast to those conditions where
the thiacarbocyanines exist in the ains form, i.e., for2—4 in solvents of low polarity and fol in all
solvents. The recovery, which is due to therroigl— transisomerization, is characterized by its activation
energy in the 5565 kJ mot* range. The quantum yield of fluoresceneky)increases with decreasing
temperature, and the limiting values @ < 0.6 at—196 °C indicate internal conversion without twisting.

The triplet state was observed upon sensitized excitation, but upon direct excitation intersystem crossing
does not play a significant role in any of the compounds studied. The mechanism of deactivation of the
excited alltrans form involves a monais isomer as an observable intermediate in the microsecond to
millisecond time scale foP—4 in solvents of low polarity, whereas deactivation of the excited mggo-
isomer is radiationless, avoiding essentially — trans photoisomerization.

Introduction Noukakis et al. have revealed for 3\dis(sulfopropyl)-5,5

. . . .. dichloro-9-ethyl-thiacarbocyanine triethylammoniuB) in sol-
Cyanine dyes still attract much attention because of their wide \,ants of moderate polarity at room temperature the existence

application mostly in conventional and nonconventional pho- 4 gn equilibrium between the difans and the mongis
tographic process&3as well as in laser techniques as light pulse configurations! The first observation of a mixture of aflans
absorberand as photoinitiators in photopolymerizatfo.For and monceis isomers for anesesubstituted thiacarbocyanine
photochemical studies cyanine dyes would appear to be very a5 hased on absorption spectra at low temperatrespolar
promising because of the occurrence of béms — cis (E — solvents the equilibrium in the ground state is shifted toward

2) photoisomerization and elec_tron transfet. Normally, the monoeis isomeP! and depends also on the size of the
cyanine dyes are present in solution at room temperature as allg,ystityento

trans isomers in the ground stat&:?® The main features of
the excited singlet state are a substantial quantum yield of
photoisomerization®;—.), a relatively low quantum yield of
fluorescence®s), and a very low quantum yield of intersystem
crossing Piso).1172° Trans— cis photoisomerization was found
to occur in singlet states® although involvement of the triplet
state has also been reporfdd?® Cis — trans photoisomer-
ization of thiacarbocyanines was sudied by only a few grégifss.
Cyanine derivatives substituted in theesoposition of the

polymethine chain are the subject of keen interest. The
introduction of certain substituents (alkyl, alkoxy, nitro, or
phenyl) in themesoposition might, to some extent, result in
steric hindrance for rotation around the polymethine chafh.
As a possible consequenagegsesubstituted cyanines exhibit
substantial enhancement @5, as was reported for thiacar-

In this paper we present data obtained by steady-state
fluorescence and flash photolysis with thiacarbocyanine and
threemesesubstituted derivatives in solution. The counterion
is ClO;~ (1), I, or BR; (1, so-called DTC) for the parent
compound, Ct for 2, and pyridinium for3 and4. This work
attempts to examine the possibility of enhancibg. for alkyl
mesesubstituted thiacarbocyanines because one could expect
a retardation ofbi... Another purpose is to elucidates —
trans photoisomerization. The essential results are (bt
values and a decrease @ and ®; .. with an increase of the
solvent polarity. As a measure of polarity, we took &°
values3?

Experimental Section

bocyanines, which are substituted by 9-broh@jodo? 8,9- Compoundd.—4 have been synthesized according to methods
difluoro,?> and 9-methoxy,as well as for 10-fluord®and 10-  gescribed elsewhefd. Concerning the counterions, the com-
bromo-substituted indodicarbocyaniriés. pounds were used as for the silver halide emulsion coating. Their
®; and the fluorescence lifetimer) of cyanine dyes are  jdentity was verified by absorption spectroscopy and elemental
known to decrease with increasing the solvent pol&fitalso, analysis. The molar absorption coefficientsloef4 in a polar

for mesesubstituted thiacarbocyanines indication for such an splvent at the maximum are similar to that Bf e.g.,ess7 =
effect has been report@#.* Recent'H NMR studies by 1.6 x 10° M~ cm™* in ethanol. The dye concentration was
varied depending on the method, being in the- @M% xM range
€ Abstract published ilAdvance ACS Abstract§eptember 1, 1997. for conventional flash photolysis and in the-10 uM range
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TABLE 1: Absorption Maximum, Fluorescence Excitation i W\
and Emission Maxima, and Quantum Yield of Fluorescenct /j/
Aa A& At D¢ 0 st | I
compound solvent (hm) (nm)  (nm) (x100) 500 550 A (nm) 600
1 ﬁ/i|9|-)|(_|a|?e 556677 557765 5?15 57 5 75(2) Figure 1. Absorption and fluorescence excitation spectra in acetonitrile
acetone 558 562 574( ) ( }] (full lines, left and right, respectively) and in MTHF (broken and dotted-
acetonitrile 553 557 576 4 0 dashed lines, respectively) at 2@ for (a) 2, (b) 3, and (c)4.
v ethanol 559 557 575(568) 3.8(45) flash photolysis (half-peak width of 1%s, energy of<150 J,
2 s/ll(%)l(—ﬁ?e 556(316 5%%9 558823 570 f-g’ - quartz cell with a path length of 20 cm) at room temperature,
dichloromethane 564 565 58£ ) és( ) appropriate cutoff filters were used. Most experiments were
acetone 557 563 577 17 performed with the second harmonic from a Nd:YAG laser (J.
DMF 552 572 580 0.8 K. Lasers,Aexc = 530 nm, 1 cm cell). A dye laser (Lambda
acetonitrile 546 556 573 0.2 Physik, FL 2001/2 using rhodamine 6G)exc = 570 nm,
ethanol 546 562 578(570) 0.25(60) pumped by a 530 nm pulse, was used in some cases. For
3 S/Il(')l')l('laFne 5‘?23 557876 5%%9(576) g 1 (35) sensitized measurements, the 308 nm pulse of an excimer laser
dichloromethane 566 592 598 18 (Lambda Physik, _I_EMG 20_0) or the 1bs flash (e.g.,_ for
acetone 562 584 597 0.9 naphthalene-sensitized excitation) or the third harmonic of the
DMF 570 592 606 0.9 Nd:YAG laser was used. Data acquisition and kinetic analyses
acetonitrile 560 580 591 0.4 were carried out on an Acorn computer (549)The amount
4 Sitg)?gr?le ggg g?g gig (592) g'83 (30)  of AA at the maximum of bleaching under otherwise the same
MTHE ~600 610 616 7.9 conditions (@) depended linearly on the incident laser
dichloromethane <59¢ 610 614 1.0 intensity (.) at lowerl_ and approached saturation at higher
acetone 576 604 612 0.3 IL.. For 1 in dimethylformamide (DMF) and acetonitril&y,
acetonitrile 575 606 611 0.25 was arbitrarily set to 1.0. The spectrum of ttis isomers of
ethanol 576 606 611(607) 0.15(40) 2 3 and4 could be derived by using in each case the differential
2|n air-saturated solution at 2& unless otherwise indicate8and spectrum and the spectrum of the ailnsisomer and adjusting

4 were first dissolved in acetone and then added (5%) to dioxane or the ¢. values atl, and the two isosbestic points. It coincided
MTHF.  Values in parentheses refer+d 96 °C. ¢ Significantly broader with the steady-state absorption spectrum monitored in 2-pro-
spectrum. panol. The experimental error af5% in E; was typically a
factor of 3 in the pre-exponential factor. The calculations of
the heat of formation for all possible isomers were carried out
at the restricted Hartreg~ock (RHF) level PM3 semiemperical
SCF MO method as implemented in the HyperChem program.
All geometrical variables were optimized without any assump-
tions.

for fluorescence and laser-induced bleaching, and somewhat
larger concentrations were used for-T absorption. The
solvents (Merck or Fluka) were used as received in most cases
or purified by distillation, e.g., for 2-methyltetrahydrofuran
(MTHF) or 1,4-dioxane. In some case®,and 4 were first
dissolved in acetone and then added (5%) to dioxane or MTHF.
Fluorescence emission and excitation spectra were recordedResults
on spectrofluorometers (Shimadzu RF-5000, Spex-Fluorolog, Absorption. The absorption spectrum of parent compound
and Perkin-Elmer LS-5), and for the absorption, spectropho- 1 in a solvent of relatively low polarity, such as dioxane or
tometers (Shimadzu UV-3100 and Perkin-Elmer 554) were used. MTHF, shows a band in the red spectral region with a peak at
@; was determined using cresyl violet in ethanol as a reference,1, = 567 nm, which is blue-shifted up to 553 nm as the polarity
with @; = 0.5435 ], = 530 nm, and optically matched samples is increased (Table 1). Also, for the derivati&s4, A, is blue-
having absorbances of 0.1 or 0.24a}. (path length of 1 cm). shifted in polar solvents, but in a given solvent there is also a
The experimental error i®; (>0.01 and<0.01) was typically general red shift on going frorhh or 2 to 3 and4. In some
+10% and+30%, respectively. Oxygen was found to have cases a shoulder appears at a wavelength ca. 40 nm shorter than
only a negligible effect on the fluorescence intensity. This 1, Examplesin MTHF and acetonitrile are shown in partga
justifies a presentation @b values in air-saturated (rather than of Figure 1 for 2—4, respectively. Interestingly, the molar
deoxygenated) solution. absorption coefficient a2—4 at A, is larger in a solvent of lower
Transient absorption measurements were carried out by meangolarity, e.g., about 2-fold in dichloromethane vs that in
of both 15us and 20 ns flash photolysi&. For conventional 2-propanol.
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Figure 2. Corrected fluorescence excitation (left) and emission spectra Figure 3. Semilogarithmic plots of®; vs T-* for 1 (triangles),2
(right) of (a) 2, (b) 3, and (c)4 in acetone at 24C; Aexc = 530 Nm;As (squares)3 (circles), andd (diamonds) in MTHF (full symbols) and
= 620-640 nm. ethanol (open symbols).

Fluorescence. The fluorescence emission exhibits a maxi-
mum @) ranging from around 575 nm fdr in ethanol to 619
nm for 4 in dioxane. Examples of the fluorescence spectra are
shown in acetone at room temperature in parts af Figure 2
for 2—4, respectively. The fluorescence emission and excitation
spectra show a mirror image behavior. The excitation maximum
(4 is generally slightly larger thaky. This shift is relatively
small for1 in all solvents, for2—4 in dioxane and MTHF, and
for 2 in dichloromethane. The shift is somewhat larger 2or
in acetone, but in the other casg¥is strikingly larger thari,
(Figure 1 and Table 1).

®; is substantial (0.040.07) for 1 in all solvents and for
2—4 in dioxane and MTHF (0.050.10), but for2—4 it
decreases strongly with increasing polarity (Table 1). @ur
values ofl are in good agreement with those in the litera-
ture15161820 For an analogue of (R = C3HgSO;) in
methanol a valued®; = 0.002) similar to that foR in ethanol
has been reported. In general @ increases with decreasing
temperature. Fot—4 in MTHF and ethanol at-196°C @x is

R A LT

markedly larger than at room temperature, the increase in ethanol OC;‘\;
being between 1 and 2 orders of magnitude. Plots offlpys Qo ™
T-1 are shown in Figure 3. The activation energy2sf4 in 1.0 - | %
ethanol is 8-10 kJ motl, i.e., slightly smaller than fot. 500 550 600

. . . A (nm)
Photoconversion. The difference spectra for transient ab- Figure 4. Difference absorption spectra of (@) (b) 3, and (c)4 in

sorption and bleaching upon pulsed excitation at 530 Nnm are yij.ane at 2£C at the end of the 530 nm pulse)and (a) at 0.2 ms
shown for2—4 in dioxane at room temperature in parts@of (®), (b) at 0.08 ms®) and (c) at 0.06 ms&) and absorption spectra
Figure 4, respectively. Comparable spectra were recorded forof the alltrans and the observedis isomer (full and broken lines,
1in all solvents and fo2 and3 in dichloromethane and acetone. respectively).

The bleaching maximaAf), compiled in Table 2, roughly

coincide with theli**values; i.e., they show a trend to increase |aser-induced spectral change is suggested to be dcis te
on going from1to 4. For2and3 4 is larger thama in most trans photoisomerization in low yield (see below).

solvents with the exception of those of low polarity, e.g., . .
dioxane. The changes, a strong depletion of the ground state Th_e amount of\A at’l.b under otherwise the same conditions
(Pyp) is taken as a relative measure of the quantum yd&ld..

and formation of a weak band with a maximum around 500 / . )
@y, is large forl in almost all solvents and is only moderately

nm for 1 in all solvents, are due tsans — cis photoisomer- : i _
ization (here, thecis isomer refers to a photoproduct after reduced for2—4 in solvents of lower polarity but is markedly

rotation about one of the bonds of the polymethine chain). This Smaller for2—4 in polar S_0|Vt_%nts (Table 2). Fdr the O
is in agreement with previous results fbin ethanolé-2° and values change from 0.13 in dioxane at room temperature to 0.24

also for 2 and 3 in solvents of lower polarity and fo# in in dichloromethan® and decrease with decreasing temperature,
dioxane. In some cases, however, the recovery is only partially €-9-, from 0.25 in ethanol at Z&€ to 0.027 at-50°C.2° The

due to photodecomposition, e.g., in chloroform. #ar acetone activation energy, obtained from this temperature dependence,
(inset of Figure 5), acetonitrile, and ethanol no bleaching, but is consistent with that (ca. 12 kJ mé) obtained from plots of

a weak increase ithA around 600 nm, was measured. This log ®s vs T~1.20
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TABLE 2: Maximum and Relative Quantum Yield of Bleaching?

EL30 Ab (nm) Py

solvent (kcal mol?) 1 2 3 4 1 2 3 4
dioxane 36.0 568 566 580 600 0.7 0.8 0.6 0.6
MTHF 36.5 568 b b 0.9
THF 374 572 >0.5 0.9
chloroform 39.1 568 580 570 >0.7
dichloromethane 411 565 565 583 0.9 0.9 0.8 <0.05
acetone 42.2 560 560 578 (600) 0.8 0.9 0.4 <0.05
DMF 43.8 566 565 585 1.0 <0.1 0.2
acetonitrile 46.0 558 565 580 (600Y 1.0 <0.05 0.15 <0.05
2-propanol 48.6 580 0.05
ethanol 51.9 560 565 578 (600Y 0.8 <0.05 0.05 <0.05

2 |n air-saturated solution at 2€ using a maximum value of 1.0 = 530 nm (same maxima usirig«. = 570 nm); recovery unless otherwise
indicated.” Too low solubility. ¢ Photodecomposition in additiof Transient (positive) absorption but no bleaching, see téxére, 1, as in dioxane
was taken.

Temperature  (9C) TABLE 3: Activation Energy, Pre-exponential Factor, and
60 30 Lifetime of the Cis Isomer?
! ! Ea A 1Ko
compound solvent (kJmolY) (stx 10 (ms)
10° _| 1 dioxane 61+ 3 12 3.0
i dichloromethane 65+ 5 6.3
Ko @ 1 acetone 66t 3 8 2.9
(s DMF 66+ 3 120 2.2
30us ethanol 59+ 3 4 4
. — methandl 58+ 1 2.0
100 — 1 1 ethanof 64 20 6
2 dioxané 60+ 3 80 0.29
— dioxane-propanat 58 43 0.27
0.2ms MTHF 55+4 13 0.25
acetone 5& 3 40 0.20
10° - — 3 dioxané 5843 100 0.11
@ dioxané 57
dioxane-propandt 64 300 0.40
| | | acetone 65 3 500 0.37
2.8 3.0 132 34 acetonitrile 61+ 3 200 0.18
/T (K —* 4 dioxane 62+ 3 680 0.08
Figure 5. Semilogarithmic plots of the rate constant for the thermal dioxane-propanot 69 7000 0.13
back-reaction v&~1 for 1 (triangles),2 (squares)3 (circles), and4 acetoné 0.05
(diamonds) in dioxane (full symbols) and acetone (open symkls; ethandl 56+ 4 120 0.04

refers to4 in ethanol). Insets refer to recovery for @jn ethanol at

a ir- o] 7 ise indi
600 nm and (b in dioxane at 565 nm. In air-saturated solutiorex. = 530 nm (unless otherwise indicated).

The experimental error of B/.; at 24 °C is typically +5% for 1—3

o ) o and +15% for 4. ® Taken from ref 16¢ Taken from ref 209 Two
Thermal Back-lsomerization. First-order kinetics of the recovery components; for longer-lived one, see tekising conven-

ground-state recovery &, were found for1—3 in several tional flash. Dioxane-propanol refers to a 4:1 mixturéTrans— cis
solvents and fo# in dioxane. At room temperature the lifetime  isomerization (no bleaching); see text.
of the observedisisomer, i.e., the inverse rate constant of the

thermal back-reaction (4-1), decreases in the ordér 2, 3, the red spectral range and a minor one below 530 nm. Decay
and4 (Table 3). The effect of temperature on the thergial of the triplet donor in acetonitrile matches the increase of the
— trans reaction was studied between 24 and ca.°@0for absorption of the acceptor, observed at 418 and 630 nm,

1-4 in those cases wheré@, is moderate or large. An  respectively (insets of Figure 6b). Decay of the acceptor triplet
Arrhenius-type behavior was obtained throughout (Figure 5) and occurs in the 1650 us range fexc = 530 nm), but the triplet
the activation energyd,) and the corresponding pre-exponential lifetime (z7) is much longer when conventional flash photolysis
factor are compiled in Table 3. Close inspection of the data is used. This is a consequence mainly of the lower dye
reveals that fo2 and3 in dioxane a second minor first-order concentration, reducing self-quenching, and partly of the lower
recovery with virtually the same difference spectrum as the triplet concentration, avoiding¥T annihilation. This general
major decay component (parts a and b of Figure 4) is present.behavior has been reported for related cd$€s> From such
The lifetimes for2 and3 at 24°C are significantly larger (ca.  a long triplet lifetime for1—4 in both dichloromethane (i.e.,
30 and 0.4 ms, respectively) than that of the major component, under conditions of efficientrans — cis photoisomerization)
and the activation energy is both about 64 kJThoM/e suggest and 2-propanol, we conclude that the perpendicular conforma-
that twocis isomers are photochemically formed that convert tion is not involved in the observed intersystem crossing process
independently back into the aHlansisomer. to . Otherwise,rt should be much shorter. Consequently,

Triplet-State Properties. In the absence of oxygen, aweak rotation around partial double bonds and thtens — cis
additional increase inA at 600-750 nm, which is ascribed to  photoisomerization does not take place in thesthte. More-
triplet—triplet (T—T) absorption, could be detected, as has over, the energy level of{IsShould increase on going frotrans
previously been reported fdrin ethanolt”-2° The triplet state andcisisomers to the perpendicular conformer (Schemes 1 and
of the four cyanine dyes in several solvents at room temperature2). Besides FT absorption, a weakly absorbing, much longer-
was readily observed on naphthalene-sensitized excitation usindived transient was observed for the four cyanine dyes in the
both laser and conventional flash photolysis (Figure 6 and Table 450-500 nm range, which we attribute to radical formation as
4). The TT absorption spectra show a major maximum in a side reaction.
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SCHEME 2: Photoprocesses of the Monais Isomer, i.e.,
2—4 in Solvents of Medium and Large Polarity (the
Dashed Curves Refer to the $and & State in Scheme 1)

-0.5 Ik N
AA 3k
AAmax
Al e
1.0
trans cis

0.5 which, however, is less stable f@r In this case 8,9-monois
(TCTT) is more stable than CTTT. The higher stability of
2%, e ‘o TCTT for 2 arises from less steric hindrance for the rotation
0 ?_O?_%&’A’ ettt 0., around the C8C9 bond with respect to that for the €Z8
22 | @ | bond. This is also supported by the larger torsion angle between
400 300 5 (amy 6% 700 N3—C2—-C8—C9 (y1) than between C2C8—C9—C8 (y»). In

Figure 6. Difference absorption spectra in the presence of naphthalene CONtrast to2 the next stable isomer f@ and4 is CTTT, but

at 24°C for (a)4 in degassed dichloromethane using conventional flash Not TCTT, as claimed previously for related 9-alkyl-substituted
photolysis (at 0.3 ms¥) and 1.8 ms@®) after the pulse) and (I8 in thiacarbocyanine® For 4 CTTT is less stable (by ca. 10 kJ
argon-saturated acetonitrile (a10.2 us @), 1 us (2), and 2us ©) mol~1) than TCTT.

after the 308 nm pulse), where the broken line refers to the ground  Eor1 the third most stable conformer is 8,9-matie{TCTT),
state. Insets show the decay at 418 nm (upper) and formation at 63Owhich is ca. 2.5 kJ mof above the 2,8-monois (CTTT)

nm (lower). isomer. For2 CTTT is considerably less stable than TTTT (ca.

TABLE 4: Maxima of T —T Absorption and Triplet 30 kJ mot1), whereas the difference in the heat of formation

Lifetime? between TCTT and TTTT is<4 kJ molL. The lower stability
A1t (M) 77 (Ms) of CTTT is reflected in the torsion angje for TTTT, TCTT,

and CTTT, which is 178, 176, and,8espectively. The torsion

e o 530 640 640 640 06 05 022 045 is due to strong overlapping of the van der Waals radii of the
Ichloromethane . . . . H ’

acetonitrile 620 630 650 650<0.03 <0.03 <0.03 <0.03 9-Me group with both sulfur atoms (S1 and’and the CH

2-propanol 620 650 1.0 018 023 group of hydroxyethyl at N3 for CTTT. The latter overlap is

ethana? 610 25 not present for TCTT and TTTT. This is in contrast with the
aUpon naphthalene-sensitized excitation at@4using conventional hypothesis of overlapping of the van der Waals radii of the 9-Me

flash photolysis (in degassed dichloromethane, 2-propanal, and ethanol)y3rOUP With both sulfur atoms for TTT¥ The lower stability
or lexc = 308 nm (|n argon_saturated acetonitr”é)[aken from ref Of CTTT IS a|SO |nd|Cated by a |al'ger d|ﬁ:erence N dIStanCGS

solvent 1 2 3 4 1 2 3 4

20. (0.76 A) between S1 and C9 and'Sid C9; for TTTT and
_ ) TCTT these differences are0.1 A. For3 and4 the third stable
SCHEME 1: Potential Energy Surfaces of the Ty, mono<cisisomer is CTTT (120 and 380 kJ md) respectively).

and & States (vs the Angle of Rotation about One of the The smaller stability miaht be influenced by the two SO
Bonds of the Polymethine Chain) and the Photoprocesses groups. Mty mig i y wo 45

of the All-trans Isomer, i.e., 1 in All Solvents and 2-4 in

Solvents of Low Polarity Discussion

Effects of Solvent Polarity. The PM3 calculations reveal
that for1—4 the alltrans(TTTT) form is the most stable among
all 10 isomers. We conclude from the spectroscopic results
3k 3k (Figure 1 and Table 1) that this holds true fbrin various
solvents and fo2—4 in solvents of low polarity. Thiacar-
bocyanine dyed and 1' are known to form ion pairs with
perp cis counterions in solvents of low polari?” In polar solvents

the equilibrium between the ion pairs and the freely solvated

Direct triplet population using either conventional flash ions is shifted toward free ions. lon-pairing has also been
photolysis or the shorter pulse reveals the sam@& &bsorption characterized for other cyanine dyes in less polar solVérits.
maxima; theAAs3o value is similar to that ot or is even lower In analogy, ion pairs should exist for the three thiacarbocyanine
(e.g., ford). From this we conclude thabisc is not larger than derivatives with different substitutents in theesoposition of
1073, the value that has been reported 10 On the other the polymethine chain in dioxane or MTHF but virtually not in
hand, enhanced intersystem crossing was observed in mixturescetonitrile and ethanol. lon-pairing may increaeand ,
with ethyl iodide fexc = 530 nm). It should also be noted that as has been shown for indodicarbocyanine dyeszid and
for 1 in several solvents (but virtually not f&—4 in acetone as a consequence, ion-pairing may decrebsq.?®
or ethanol) a transient absorption as short as the laser pulse could Generally, ion-pairing of cyanine dyes is indicated by a
be detected in the 466600 nm range, which is assigned to a slightly broader absorption band than the free dye. However,
S, — S, transition. this is only the case when the sametadlns isomer exists in

Calculations. For1—4 the most stable conformer is the all-  solvents of both low and large polarity which is not so 2er4.
trans (TTTT) form, where the configuration is defined from For 5 it has been suggested that a broadening implies an
the chain of atoms 3-2-8-9-'-3' as depicted in Chart 1. For equilibrium between the atransand a monceisisomer in the
1 the next most stable conformer is 2,8-maris-(CTTT), ground state and that this equilibrium is solvent depentfent.

trans
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This is also suggested f@&-4. A comparison of the data for  on the singlet mechansim farans — cis photoisomerization
2 and3, for example, may be instructive because they are presentof thiacarbocyaniné—20 except for Serpone and Sahyt#who
as anionic and cationic dyes, respectively. However, the resultsargued for an analogue (R Ci2H2s, X~ = Br™) in favor of a
obtained from absorption, fluorescence, bleaching, and recoverytriplet mechansim on the basis of &jsc value of 0.55 in
measurements (Figures-b, Tables +3) show a steady trend  dichloromethane. The offered assignment of the difference
on going from1 to 4, whithout any pronounced effect which  spectrum after a few nanoseconds is tietriplet state?3
could be ascribed to a difference between an anionic and a Deactivation of the Excited Singlet State of 24. Excita-
cationic dye. tion of the alltrans isomer in solvents of low polarity leads
The formation of oneis isomer which relaxes thermally to  mainly to one isomer that should be mocisin nature (Scheme
the allirans isomer has been suggested for the parent com- 1). Other possibilities, i.e., formation of a dis or tri-cis, are
pound?618.20 One photoisomer was also observedZp8 (with less likely, since this would require rotation around two or three
the exception of dioxane), and While the A-factors are bonds of the polymethine chain. Nevertheless, for thiadicar-
different for each combination of compound and solvents, the bocyanine in methanol a second photoisomer has been detected
height of the activation barrier does not change strongly with upon excitation at high laser intensit§.In fact, for2 and3in
substituent and solvent polarity (Table 3). The activation dioxane, i.e., under conditions where paré&njields only the
parameters fot in solvents of different polarity are in agreement mono<is isomer, we could also detect a second photoisomer.
with those reported previoush:2° In solvents of low polarity In polar solvents the equilibrium in the ground state between
one may expect a decrease of the mobility around one of thethe alltrans and the monais isomer is shifted toward the
polymethine C-C bonds. Thus, the ion-pairing could result in mono<isside. This follows from the absorption spectra which
restriction of motion around a partial double bond, as has beenshow a significant blue shift in polar solvents (Figure 1 and
indicated for indocarbocyanine dyes, and this could lead to an Table 1). The additional changes in the absorption spectra of
increasing energy barrier for the thernw — trans isomer- 2—4, e.g., broadening and decrease in molar absorption coef-
ization3® Based on decreasing,Bvalues for 1 and the ficient at the maximum, on going from a solvent of low to strong
oxacarbocyanine dye with increasing solvent polarity, Ponterini polarity are caused by partial loosening of the conjugation due
and Momicchiolt® have proposed that the perpendicular con- to steric reasons. The mechanism for deactivation of the S
figuration is better stabilized by a polar medium than tiee state of2—4 in a solvent of medium or large polarity should,
isomer. Such an effect, however, could not be confirmed in in principle, account focis— transphotoisomerization (Scheme

the present work (Table 3). 2).

Deactivation of the Excited Singlet State of 1. The
fluorescence properties of the parent compound in ethanol are cisﬂ» le* (5)
7t = 0.3 nd*1®and ®; = 0.04 at 24°C and are larger at196
°C (Table 1). The reason for the increaselinin all cases on lcx —cis (6)
going from 24 t0—196 °C is the hindrance toward rotation
around one of the bonds of the polymethine chain in the first e — — Btrans+ (1 — p)cis @)

excited singlet state gBupon excitation of the alfransisomer. ) ) o )
It is well-documented for cyanine dyés2 that the activation Reaction 6 is suggested to b_e radiationless, smce_the fluores-
barrier in S cannot be overcome in a glassy medium at low cence regult_s could iny be interpreted by assuming that the
temperatures, since the viscosity has increased by many order§Xcited cis isomer virtually does not fluoresce. For the
of magnitude. phqtmsomer ofLin (m)ethan_ol at room tempe_rature, it has been
A model that describes the photophysical and photochemical €Stimated tha® < 0.004;%i.e., a value that is less than 10%
features ofl in solvents of weak and strong polarity and, to a of that of the alltrans isomer. FOIQ.—4 'Fhe details of reaction
certain extent, also for the other three thiacarbocyanine dyes in/ &€ unknown. In principle, deactivation of the state could
a solvent of low polarity is shown in Scheme 1. Excited all- 9CCUr via thelp* state; thena. = . Only for 4 in acetone
trans molecules can be deactivated by fluorescence, internal (insét of Figure 5) and more polar solvents could we find a
conversion at theransside, intersystem crossing, and rotation, condition wheref is larger than zero. This is in contrast o
i.e., the initial step fotrans— cis photoisomerization in the;S where cis — trans photoisomerization occurs itk =
state. The rate constants agekic, kis, andkor, respectively. 0.161°
The contributions of these processes depend on internal

(structure of the molecule) and external (solvent polarity and COnclusions
temperature) factors. Alkyl substitution in themesopositon of the polymethine
. chain of thiacarbocyanine dyes results in a thermally maintained
trans— t* (@) cis—transequilibrium that is governed by solvent polarity. The
expectations of both a retardedns— cis photoisomerization
Lk Hoke trans @) and enhance®;s. for 2—4, due to steric hindrance for rotation

in the § state, were not confirmed. Instead, the triplet state

Kec does not play a discernible role in the deactivation of the excited
e — % (3) singlet state of any isomer. For thiacarbocyanine dyes the
K singlet mechansim fotrans — cis photoisomerization is
L —m>1p*—>atrans+ (1 — a)cis 4) operating and abisc value as high as 0.55, as reported by

_ _ _ Serpone and Sahydfhas to be revised. The excitet$isomer
The fractiono. of the perpendicular conformer in the State of 2 and3in polar solvents deactivates radiationlessly by strictly
(*p*) decaying into the altrans form can be estimated to be  avoiding conversion into theansisomer. This process occurs

0.3 for 1 in polar solvent3® For 1 in ethanol at 24°C, as to a certain extent also fat.
already mentionedps = 0.038,®;.. = 0.25, and®;sc = 0.001.
From similar®y, values in solvents of different polarity (Table Acknowledgment. We thank Professor Kurt Schaffner for
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