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Transient absorption of symmetrical carbocyanines 

Abstract 

Transient absorption in several symmetrical cyanine and carb~icyanine dyes ix measured by time-resolved spectroscopy with subpicosecond 

white-light continuum in a wide spectral range (0.35-l pm ). The results are compared with data available in the literature on ultrashort and 

long-lived transients. The linear shift law observed here for the .S,S,, absorption bands in the wavelength scale allows one to predict the main 
induced absorption bands for members of several carbocyanine families (vinylogous series) which have not yet been studied. In the case of 

the shortest methine chains t cyanines and monocarboc:~anines) a few tranxient absorption bands are assigned to the formation ofphotoisomers. 
The absolute values of the excited-state or photoisomer cross sections ofpotyinethine carbocyanines are evaluated by global spectral analysis, 

from the measured differential optical density spectra. Sereral cases of tarse values C higher than IO) of the absorption cross section ratio 
(excited/~round htate) are found at new wavelen#hs. which allows applications of photo-induced absorption to photonics and lasct. tech- 

nologies over a broad spectral range. 0 1908 Elsevier Science S.A. All rights reserved. 

1. Introduction 

Carbocyanine dyes have been extensively studied for more 
than a century. mainly as photosensitizers in photography 

[ 1 1. In the late 60’s the use of carbocyanines as saturable 

absorbers, mode-lockers and gain molecules in laser tech- 

nology added a new interest to their study. The carbocyanine 

dye chemistry was reviewed [1-,X]. More recently carbo- 

cyanine dyes received attention as potent sensitizers lbr pho- 

todynamic therapy ]a] (and Refs. therein ). as probes of 

micelle structure [ 51, as initialors in photopolymerization 

[ 61. or else as IR absorbing tilms for optical-disk recording 

] 71, Photoisomer and triplet-triplet transient absorption wcrc 

studied under strong Hashlamps or laser excilation mainly 

with relatively long pulses: nanoseconds to microseconds ot 

longer. Transient states or species were observed in solution 
and assigned to the formation of photoisomers which revert 

to the more stable form in micro- or milliseconds at room 

temperature. The formation of triplet states by intersystcm 

crossing from the lowest excited singlet state was found to 

be small or negligible as a rule in this type of compounds. In 
these works the S,S,, absorption (from the lowest-excited 
singlet state S, to a higher singlet S,,) was not \tuclied. Rather 
the photoisomerization reaction and its back process IO thts 
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initial stable form was discussed as a type of thermally acti- 
vated process. It is still the object of increasing interest in 
relation to the study of ultrafast v,ibrational relaxation and 
excited state chemical reactions in solution by femtosecond 
spectroscopy in cyanine compounds [ 8-101. 

With powerful and tunable subpicosecond laser pulses sig- 
niticant population of the lowest excited singlet state S, can 
now bc obtained easily, even for the short S, lifetimes ( a few 
picoseconds) sometimes met in cyanine dyes. The absorption 
and emission transitions from the excited state S, can thus be 
studied. Following the excitation to any excited S,, state, a 
variety of reversible transient intermediate states or species 
can be formed during the relaxation process to S,,, such as hot 
vibrational states, other singlet or charge transfer states, exci- 
tners, intermediate photoisomer forms in their excited or 
ground states, etc. Moreover. because of the large vibronic 
transition band widths in solution. the electronic spectraoften 
overlap. ‘This makes the S, absorption spectroscopy not 
straightforward. The pioneering works using the ultrafast 
pump-probe technique at one wavelength (that of the avail- 
able lasers) led to discrepancies in the measurement of 
rehtxation times of the excited states [ I I 1. An easier 

approach is now possible thanks to time-resolved spectros- 
copy using near-UV to near-IR ultrafast continuum tech- 
nique. It allows one to detect the absorption regions which 
have different time behavior before trying to analyze each of 



the dynamic processes at the best possible wavelengths. A 

literature survey shows that the main transientS,S,, absorption 

bands are still not known for most available carbocyanines. 

In this work we compare the information reported on tran- 

sient absorption of symmetrical carbocyanines, excluding the 

triplet absorption (for a review see Ref. [ 121). and we bring 

new experimental results to complete data for several mem- 

bers of eight families (i.e., vinylogous series) ofpolymethine 

carbocyanines. The main purpose is to see whether a system- 

atic state correlation for the strong S,S,, transition\ can be 

obtained as a function of the polymethine chain Icngth. as is 

the case for the ground state absorption wavelengths for each 

family. If so, this could provide a way to predict the S,S,, 

absorption wavelength for compounds not yet synthesized. 

This is the only possible predictive approach since reliable 

theoretical calculations of the energy and oscillator strength 

of upper singlet states, at 3 or 4 eV above the ground state. 

of large molecules (more than 50 atoms, including a few 

heteroatoms) appear to be too complex in the state of the art. 

There are pracbcal interests in knowing about the strong 

transitions from the excited singlet states for ultralast laser 

and photonics technologies. In particular. the S,S,, absorption 

is expected to be more rapidly photo-induced than the chem- 

ical photochromism (e.g.. in spire compounds) which is 

often slow to appear and to revert (the chemical reaction may 

involve a triplet state) When the excited singlet state abcnrp- 

tion is more probable than the ground-state absorption at a 

given wavelength, the solution crossed by a laser beam will 

present a photo-induced absorption, varying nonlinearly with 

the incident intensity. Materials with fast and strong transient 

absorption are sought for optical limiting. Such compounds. 

sometimes called ‘reverse saturable absorbers’, can also bc 

used for ultrafast laser pulse energy stabilization and beam 

profile smoothing 1 131. Inversely, transient photo-induced 

absorption is a drawback for saturable absorbers OT gain dyes 

and needs to be known or if possible predicted for chemical 

engineering purposes. 

2. The polymethine carbocyanines 

2. I. Structure 

The main chromophore of the carbocyanines is the poly- 

methine resonant chain, which by itself constitutes the 

strongly absorbing streptocyanine cationic dye family. 

sketched in Fig. 1, where R is an alkyl group. The odd number 

of ‘methine’ group (-C=) in the chain can he up to 13 or 

more. Streptocyanines are not chemically very stable and can 

suffer irreversible bleaching in solutions. Polymethine cya- 

nine dyes are more stable because of the presence of hetero- 

cyclic groups at both ends of the chain such as the 8 end-group 

types shown in Fig. I. Several distinct isomers can he formed 

by rotation around the bonds of the polymethine chain. All 

formulas given here (see inserts in Figs. 2-12 and IS) are 

drawn in the ‘all-trims isomer conformation which are gen- 

Streptocyanine Cation 

CR. R’ = alkyl gmp) 

Type H: 2.QUINO 

End-group types 

TWA: OXA (X ~0) 
Typt D : THIA (X - S) 

Typ B: 4-QIJINO 

Type C: INDO 

Type G : 4.5.DIElENZ-TlUA 

5’ 
CP- 

Sl 

y ,4 ’ p-;--9 L 

Type E : 4.5-DIBENZ-INDO 

Type F: 6,7-DIBENZ-THIA 

El 

erally thought to be more stable at room temperature. Isomers 

can be formed by photoexcitation and remain stable at low 

temperature [ 14. I5 J. These isomers present in general 

slightly shifted absorption cpectraand weaker intensity bands 

[ l6,17 1. They can be sometimes separated but only when 

adsorbed on a substrate 1 lo]. The number of isomers formed 

in solution, as well as their formation and back reaction rate\. 

either in the excited or the ground state, depend on the exis- 

tence and height of a barrier in the potential curves. Meas- 

urements of barrier heights were done in a few cases 1 l&lo 1. 

Care must be taken to avoid ambiguity in the nomenclature 

of the possible multi-cis isomers [ 20 I. A few cyanines and 

carbocyanines present good enough chemical stability in 

solution for practical use. For longer polymethine chains. 

stability is improved with ‘rigidilied‘ structures in which the 

possible rotation around the chain bonds is blocked by appro- 

priate substituents [ 2 1 J. Several such compounds. e.g., tri- 

carbocyanine. are known a< ‘IR dye’ series [ 22 1 and a few 

are commercially available 

2.2. Nomenc~luturr 

According to the number II of additional groups (-C= 

C-J in the chain, the molecule is called a cyanine ( for II = 0). 

a carbocyanine (for II = I ) and a di- to heptacarbocyanine 

( for II = I to 7). We shall consider here only the ‘symmetri- 



End-group 
i - 

A: oxa 

B: 4-quino 

C: indo 

D: thia 

, E: 4,5-di- 
1 benzindo 

’ F: 6,7-di- 
benzthia 

/ 
I G: 4,5- di- 

benzthia 

1 H: 2.quino 

N=4 
Cyanine 

n=O 
ocr’ 315 

HCYM 433 

Tcy 423 

5cy 452 

pIc 523TT 

(ECY 516)q 
$4CY 564)s 

6 
Carbocyan. 

n=l 
DsE 483 
D9C 489 
TDO 502 

- 

HICM 545 
&zl 549h 
HrF-M 55$ 

BIFS 559s 
DTC 557 
mM 555’ 
DMI? 54@ 
TMF 536C 
DMI 543-i 
Trc 547k 
ETC 598w 
x 586 

Eic 5792 
TDC 578 

B4C 595 
TDBt 577 
DDBZ 571 
PIN 608 
Lxx 606” 

8 
Dicarbo. 

n=2 
m 580 

m 590 
‘“,‘a$fA 

HDDM 638 
IL?2 671P 
TIF 685r 

m 652 
NTD 653 

HBD 676 

DB6 684 
CB6 680 

(%J 698 

DDI 707 
MDIM 707’ 
DC2’” 697 
BDIY 690 

10 
Tricarbo. 

n=3 
m 682 
DMOM 681 

CRy 707 

(Z’tf”p’ 

m 739 
lgp 741 
m 743 

IRI to RL6 
DTT 759 
DNC 765c 
IRA 788e 

m 778 
IRB 750 
E 782b 

D6C 792 
M6CX 
(RE)‘811b 
D4c 795 
IRD 845e 

Dn. 817 
!l’IJ 824” 
MT2 817’ 

n=2, 
HIQM 8488 w 956g 

The dyes are organued by end-group type A to H (first colurnti I and by the number of bonds N between the two rexmant nitrogen atoms (first row). The end- 
group row are ordered ( from A to H) by increasmg ahwrpt~on I aberafcd) wn~lengtha (gven in nm I. The underlined dyes have unaubstituted polymethine 

I hain. Moht dye\ have ethyl-whstituted nitrogen atoms. 
“Methyl suh<tituted. Indicate\ a methyl group on the two nitrogen atomh. ” dichloroethane; “1 33 I : ‘ethanol, 125 1; “fthylene carbonate + propylene <arhonate 

3: I I, [ 261: ‘crhanol. this work: ‘dichlorwthanc, 1271; *ethanol. 1781: “I 2Y1 ( I .I ‘-diethyI ); ‘[3(1]:‘(C)-methyl); ‘methanol (Y-ethyl): “‘ethanol [ 301, (3.3’,9. 
:rlethyl): “propylene carbonate .- cthylerw glycol. 1 3 I I. “PI-opuwl. I IO-Ruot-(1 t I 33 ] : “ethanol 1 33 I, ( bridged cycles ): (5.6.dibcnLthia); ‘benLe”c, ( 1 .butyl 

<,I> nitrogens). PF6 [ 341; ‘(9.ethyl), Br : “t II-chloro); ‘Cl , I35 I: “( I I-chloro,. Br : ‘ethanol. ( I I-methyl). this work: ‘I I-bromo. 1361: ‘(Y-methyl). 
:37]; “ethanol. 131: “methylene chloride, (3x1; ‘13YI; “[RI ,775 nm). 1R.i (?hX nm). IRK (780 nm). IRI. (7Y2 nm) (JO/: ‘I~en~ene, PF~ 131 1: “qq21; 
“X, IO-~~hylenc- j 17 I. 
I‘he reference numbers arc gown in square brackets 

1 ‘ode5 in italics wrrcapond to hypothetical dyes. (For code meaning SW ‘Table 7 in Seutwn 7 (Appendix ).) 
I it&a\ otherww specitied. the solvent is methanol and the wavelength v.dur\ ~wmc from NKS 123 I. 

Cal’ compounds in which both end-groups are identical. They 
absorb more strongly than the asymmetrical carbocyanines. 

We have studied the 8 types of end-groups shown in Fig. 
I. namely, benzoxazolyl ( type A ), 3-quinolyl (B ), indolyl 
I C). benzothiazolyl (D), 3,S-dibenzindolyl ( E), 6.7. 
dibenzthiazole ( F). 4.5-dibenzthiazole (G) and 7-quinoly I 

H). Following a common use we shall abbreviate these 
names and will refer to the corresponding 8 families respec-- 
I ively as: oxa-, 4quino-. indo-. this-, 4$dibenzindo-, 6,?- 
dibenzthia-. 4.5dibenzthia- and 2-quino-, the prefix quinolyl in Table 7 

( or quino- ) being often wholly omitted in the common names 
ofthe symmetrical carbocyanines. In this paper we shall label 
thehe families from A to H as shown in Fig. 1 and Table I 
which comprise for each family about 5 to I.5 members dif- 
fering from each other by the number of vinyl groups ( viny- 
logous series), and/or by substitution along the polymethine 
chain. For convenience. each dye will be given an arbitrary 
code of three alphanumeric characters. The codes, common 
names and synonyms of the 83 dyes tnentioned here are listed 



3. Ground-state absorption of carbocyanines 

Absorption spectra ofcarbocyanine compounds in solution 

are characterized by a specific, often single. strong and rela- 

tively narrow band. 600 to I500 cm ’ FWHM, lying between 

0.35 and 1. I km. and due to ;I S,, +S, vibronic transition 

from the ground singlet state to the first excited singlet state. 

One secondary maximum occurs only for the 3-quino- family. 

with a - 1300cm ’ vibrational interval. The position of the 

first band. expressed in nanometers. was shown 1441 to be 

related. for 3 families and II = 0 to 3. to the length of the 

polymethine chain by the linear law expected from the simple 

metallic electron I heory [ 38 1 The short methine chain cya- 

nines (II = 0 and I ) are characterized by a broadening of the 

first band ( - 1500 cm ’ ) with respect to the di- and tricar- 

bocyanines (II = 2 and 3) with unsubstituted chain. This 

broadening is probably related to the non planarconformation 

of the quino-cyanines 2C’Y and 4CY which are found by X- 

ray crystallography to be twisted by 30 to 60” (angle between 

the planes of the heterocyclic rings) 12 1. The thia-cyaninc 

TC’Y. where the stlzrical hindrance is smaller. hax an angle of 

less than IS”. similar to the case of the thiacarbocyanine and 

thiadicarbocyanine DTC’ and DTD (the formula of the dyes 

are given in Table 7 J. 

The wavelengths of the band maxima of X3 know’n sym- 

metrical cyanine and carbocyanine dyes are given in the dou- 

ble entry Table 1 as a function of both the end-group nature 

and the ‘resonance path length’ (total number 01‘ bonds (N) 

between the two resonant nitrogen atoms). The end-group 

types are ordered by increasing mean bathochromic bhilt nl 

the absorption in the parent unsubstituted chain compound5 

ol‘each family. The4yuino family is a particularcase because 

the ‘resonance path length’ (N) between the two nitrogen 

atoms includes 6 bonds within the cyclic end-group\ instead 

01‘ only 1 as for the other cyanine end-groups, so the chro- 

mophore chain of the 4-quinos comprises 1 more bonds ( see 

formula of the dyes CRY. DDCand DT4 in the inserts in Figs. 

5 and 1 I and Fig. 12). Dyes in the 5ame cell in Table I have 

their absorption maxima in a spectral interval 01’ Its\ than 

about 30 nm as they differ only by the subjtituents on the 

polymethine chain or on the end-groups, or else. in a few 

cases, by the counter ion. The effect of the: tatter ( \uch ac I . 

CIO,- . . ..) on the photophysical properties of the cation is 

usually negligible in polar solvents [ 4 ] In addition Table I 

is completed by I 1 hypothetical dyes (not yet synthesized to 

our knowledge) the absorption band wavelength\ of‘ which 

will be predicted by extrapolation in Table 3 t’ol- both S,,S,, 

and .S,S,, transitions. 

In all cases the long-wavelength absorption band is the 

strongest of the whole UV to IR spectrum. It mainly arises. 

in the Hiickel Molecular Orbital model, from electronicexci- 

tation from the highest occupied (HO) to the lowest unoc- 

cupied (LU ) molecular orbital. and the transition moment is 

along the longitudinal molecular axis. The reduced vibra- 

tional structure shows that the excited-state potential curve is 

not shifted much along the nuclear coordinate axis. The fol- 

lowing two higher-energy electronic transitions are degen- 

erate in the simple HMO picture, but split into two separate 

transitions when electron interaction is taken into account 

(see Ref. 131. Chap. XII ). They are both allowed but have 

much lower transition probabilities than the first band. 

The excited state of polymethine cyanines presents in the 

‘perp’ form (90” rotation around one of the polymethinz 

bonds) a charge transfer character which may correspond to 

a minimum in the S, potential energy surface 149 1, Thiscould 

play an important role in the non radiative deactivation of th’? 

excited state and the photoisomerization reaction. The exis- 

tence of such a well was aa\umed. by a discussed [ 391 but 

fruitful analogy with polyenes, to explain the complex relax- 

ation behavior of the photoexcited monocarbocyanine DOD 

( I>ODCI ) [ 501. 

4. Experimental and analysis methods 

4. I. Lmrr .v?'strl71 

Sub-picosecond pulses are obtained with an alternative 

short pulse generation technique [5 I], which leads to an 

unconventional ultrafast laser type already described in detail 

152 1. It uses presently a seeded Q-switch. 6 ns. pump 

Nd:YAG laser at 532 and 355 nm. and an efficient photonit: 

system for pulse shortening from 6 ns down to subpicosecond 

in cascaded short-cell dye oxciIlatorscombined withsaturabl~~ 

dye amplitiers and extracavity absorbers. Two beams ofjitter- 

free subpicosecond pulses. independently tunable, can be 

obtained by selection. with interference filters and tunable 

Fabry Perot etalons. 01‘ the continuum gencratcd by f’ocusing 

500 i‘s, 200 p,J laser pulse\ in a water cell. Additional dyl: 

amplifiers increase the pulse energies in both beams up to 

scvcral hundreds of mIcrojoules. The whole short pulse ge”- 

eration system is pumped by the same nanosecond Nd:YAG 

laser. 

3.2. S~~bpico.src~ond sl~rc~trol~hototnrtrr 

The transient absorption and gain spectra were measured 

by the pump-probe double-beam technique with subpicose- 

cond ‘white’ light continuum. described previously [ 53.54) 

Typically. a first tunable beam of 10 to 100 kJ, 500 fs pulses, 

linearly polarized at the magic angle ( 54.7”) with respect to 

the probe beam. is focused on an - I mm2 spot to pump the 

sample I mm cell (20 ml recirculating solution). A second 

beam at 600 or 700 nm is l’ocused in a l-cm water cell to 

generate the probe continuum beam which is split into two 

sub-beams. one for probing the sample cell at an angle 01 

about IO” with the pump beam. and one for reference. Thtr 

sample and reference probe beams collected after the cells bb 

optical fibers are sent onto the slit of a small polychromator. 

The spectral width of the slit is about i nm. The two spectra 

are recorded on two cooled 5 1 Zphotodiode arrays. When 

necessary. corrections for the chirp of the continuum during 



propagation in the water cell and the optical components wcrc 

calculated from measured values by two-photon absorption 

in I mm of liquid I-chloro-naphthalene in the blue region 

and extrapolation to longer wavelengths. 

The medium is described by a generalized two level 

(ground ( S,,) and lowest-excited (S, ) singlet electronic 

states) system. each level being characterized by an effective 

extinction coefficient taking into account the actual relaxed 

vibrational population distribution and the associated Frank- 

Condon factors. The generalized ‘optical density’ ( positive 

or negative) of the sample ar time t after the pumping pulse 

reads 

D(h,t)=[(c,, -~~)C,(t)+&‘,C,,(r)lL i 1 I 

where the (positive) molar ‘extinction’ coefficients are 

denoted E,(A) for the S,, +S, absorption. I,,( A 1 for the 

absorption from the S, state to the upper states S,, and E~,( A) 

for the stimulated emission from S, to S,,; C,,(t) and C, I 1) 

are space-averaged molar concentrations; L is the path length 

in the medium. 

Defining a molar gain coefficient K~ = ( t‘,, - cV ). the vari- 

ation of the sample absorbance hL)( t) = D - I),, due to exci- 

tation is 

and the non-excited sample absorbance is D,, = E:‘;, (‘l., C being 

the total molar concentration. 

The spectrum of the molar decadic absorption/gain cocf- 

ficient Ed can be obtained from the experimental IfI and I),, 

spectra with 

I 
( 

AD(hJ) F&u)= - CL D,,(AJ)-+ y(t) 1 
where y(t) = C,(r) lC is the unknown ratio of excited mol- 

ecules at time t. The procedure aims at finding the parameter 

y(r) on a microcomputer in order to visually suppress from 

the calculated Ed spectrum the contribution of the vibrational 

structure of the S,, state absorption, as detailed in Ret‘. [ 53 I. 

We stress here the fact that vibrationally equilibrated Icvcls 

should lead to a unique value of E~(,(/\) at all times t if no 

more than two populations contribute to the transmission 

measured. In this work we shall generally assume that :I( 

delays of I to 5 ps, according to the dye and to the excess 

energy of the excitation, we have only two contributions I F,, 

and Ed) from the vibrationally equilibrated populations ofthe 

ground and the excited states. If there is a third population 

involved, (or example if there is formation of a photoi\omcr. 

it is often possible to use the same relation at long delays 

( more than several S, lifetimes) when only the ground SLIICS 

of both isomers art’ populated. 

CRY 
LM 
LXX 
DDC 

DD1 
DME 
DTT 
DO(‘ 
DOD 

DOT 
DT2 

m-1 
L)TC’ 

DTD 
1 n-r 
HID 

HIT 
IRA 
IRB 
IR(‘ 
IKI) 

IRK 
1% 
I’1 N 

TCY 

Typical experimental conditions used in this work for the 

measurement of the differential optical density spectra 

11X A,t) are given in Table 2 for 26 dyes in solution at room 

temperature. The solvent is ethanol, unless specified. The 

subpicosecond excitation wavelength and pump-probe delays 

as well as a few of the main peaks of the differential absorp- 

tion are given as directly read on the chirp corrected 40( A,t) 

spectra. More complete results for hiI band\ and/or cross 

section values are given in Tables 3 and 3 for dye families A 

to H. 

5. Excited state and photoisomer absorption in cyanines 
dyes 

Typical transient cross section spectra ( E$) obtained after 

global treatment are presented in this section in Figs. 2--12, 
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together with the correspondin g transient optical density 

spectra AD. In home cases the rexults were obtained from 

r,.lpid tests or with early versions of the experimental devices; 

the full spectra and decay times were not always measured. 

1 o estimate the E values a global treatment of’the AD and I),, 

spectra was done and the cF values were adjusted by varying 

t:le parameter y = C, /C‘ ol‘relation ( 3 ) so that the maximum 

negative value 01‘ the A-~ hecomcs equal to the value of‘ E,. 
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taking into account a guessed value of E,, at the wavelength 

of the maximum (negative) 6,. This procedure is based on 

the assumption that. for delays of about I to 5 ps. the vihra- 

tionally relaxed S, state reached after S,,S, absorption has not 

undergone a significant conformational evolution. Then the 

maximum cross section value of the ( vibrationally relaxed) 

.S,S,, stimulated emission should be nearly equal to that of 

the (vibrationally relaxed) ground state absorption. This 
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assumption is not valid in all casej. In particular it ih likely 

to he incorrect for nonplanar cyanincs (e.g., the 2-quino cya- 

nine PIG, see Fig. IS), and for short chain polymethine\ (c.g. 

the 2-quino-carhocyanine P/h’ (see Fig. 3 I. and the thia- 

carhocyanine DME. with a B-ethyl substitution in the chain. 

see Fig. 15 ). because strong driving forces due, to jtcrco 

hindrance can probably induce very fast conformational 

relaxation after a FrankLCondon transition to the excited \in- 

@et itate. 

( NZ 8) exhibits two types oftranGcnt bands ( see top frames 

in Figs. &12).The first type is constituted by one or two 

strong transient absorption bands appearing on the blue side 

of the SJ, absorption band and assigned to S,S,, transition( s). 

These S,S,, bands present little or no shift as a function of the 

pump-probe delay. The corresponding AD spectra are given 

for nine dyes in the lower frames of Figs. 2-l I. In a few cases 

the ID curves measured at diff’crcnt delays arc also given. 

The second type of transient band is a strong gain band 

( similar to the reversed mirror-image of the S,,S, absorption 

lirst band) but with a ‘stimulated Stokes shift’ (SSS) gen- At small pump-probe delays ( a few picoseconds ). the EJ$ 

cro+section spectrum of the largest resonant chain dye erally smaller than the usual Stokch shift of the fluorescence 

A trim) 
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spectra ( about one half). The SSS value varie\. according to 
the carbocyanine. from I20 cm ’ (for CKYICr-yptocy~uiine. 
see Fig. 5) to 1300 cm ’ (for IKBIIKl44. see Fig. 15). It 
seems to be related to the vibronic band width since it remain\ 
in the range of 0.75 f  0.25 times the HWHM (measured in 
the red side half-width) of the absorption band. The I’actol 
tWo between the Stokes shift and the SSS measured in \rvcraI 
dyes at short delay times is not really understood but is 
assumed to be due to the various relaxation processes occur- 
ring during the fluorescence lifetime and involving intramo- 
lecular vibrations. salvation ( in ethanol where the \olvation 
time T, is I6 ps) [ 3 1 1. and/or conformation ( photoisomer 
or ‘perp‘ state). These pointa will riced more detailcd cxper- 

imentx. as well ~14 appropi-iatc spectl-al analysis treatments ii1 
the difficult cases where three or more time-dependent pop 
ulationj arc in\,olved. As an example we show the case of tht 
intlo-tricarbocyanine IRK. with a ‘rigiditied chain. in ethano 
i FiF. 7 ) The rise ol‘thc nqatlvc 21 bands at 794 nm persist,, 

up to IS p\ with ;I weak red shift ( 5 nm ) of the peak. For the 
4.5 diben7thia-tl-ic~lrhoc~~liiillc INC. with an unsuhstituteti 
chain. in acetone (Fig. c) ). the I-cd shift is larger ( I2 nm I 
while the .S,.S,, AI) hand dot\ not shift at any time. 

At long pump-prohc delay\ ( nanoseconds). photoisomer 
ah\orption bands wcrc reportal in the literature to hc 
ohser\~ed l’or- manly dye\ attcr long pulse excitation on the reel 
iicic of the ground state’ ahorption (see T;~hlc\ 3 and -1) 

These isomers might contrihutc IO the distortion of the timc- 
dependent ‘E;’ gain CLII-vc obtained. a\ shown in Fig. 13. for 
the dye INC‘ at se~.c~-aI pumpprobc delays from IS ps to 80(: 
p\. In this figure the V;IIUC\ ol’the parameter q== C, /C‘ were 
arbitrarily chosen IOr ~111 delays larger than I5 ps so that the 
6~~ ( 560 nm 1 value remain\ at its I5 ps value. This proccdurc. 
which incorrect only il’no photoi~omer absorption i\assumcd 
IO take place at this \+;I\ ~lcn~th. evidenced a di<tol-tion ofthc 
>:C curve in the gain I-cgion. LIII~ thcreforc indicate5 the pros- 
cnce of more than two varying populations. Thij distortion 
could be due to tither ;I nc‘w absorption from ;I photoisomcl 
in the ground state. which does not cxcluclc the presence 01 
~)mt gain band from an clcited photoisomer. Again this point 
would require knowledge of the involved popul;ition valw3. 

For smaller dyes ( see Figh. 2 and 3) a strong transient band 
appear-s in the C; spectrum l)n 111~ red side of the R,, absorption 
band after only ;I few pico\econds. and is assi_cned to rapid 
f’ormatioll of 21 photoisomcr in its ground state. At the ~mc 
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~ tricarbocyanlne 

time the gain red-wing part of the negative AD CUITL shift\ 
considerably and quickly in the this-cyanine TC’Y (Fig. 2.). 
which could be interpreted by the formation of an excited 

photoisomer with a stron, C-L ~7 “%n cross section. Forthe 2-quint- 

carbocyanine PIN ( Fig. 3). the maxima ot‘ the gain and of 

the ground-state photoisomer absorption coincide. and OIII~ 

;I small shift occurs. An extreme case is the 4-quino-cyaninc 

ICY ( formula in Fig. IS) l’or which the process seems to bc 

so fast that no gain can be detected in our experiment. ~LII 

only a transient absorption af 6 IO nm. assigned to a photoiso- 

mer. which reaches a maximum at IO ps (Table .3I3 1. The 

S,S,, absorption bands at small delays ( < I ps) appc’ar quite 

broad. in contrast to the USC of‘ larger carbocyanine dyes. A 

shift with ;I I .2-ps time constant VVLI~ reported with the 1- 

quino-cyanine 4c’Y after a 20-i’s excitation j 8 1 and axsigncd 

to the accumulation time of the molecules at the bottom 01 

the S, state potential ( ‘perp’ configuration 1. 

Early works by tlash or laser photolysis on transic‘nt 

absorption in carbocyanine dyes were performed with long 

pulse excitation from nano to microseconds and gave info~-- 

rnation on the photoisomers and triplet states 16 I .h6.7-1.77 I. 

Less data are available concerning the energies ol’the hifhel- 

singlet states which can be observed only by allowed absorp- 

tion transitions from the lowest excited state S,. This state i< 

often of short ( subnanosecond ) lit’etime t’or carhocyanines 

and a few picoscconds or less for cyanines. A few transit‘nt 

absorption bands observed wet-e assigned to S,S,, transitions 

by comparing their decay times with that of the fluorescence 

1 85.43.X.73 ] The S,, energies thus obtained do not corre- 

spond well to those given by the weak SJ,, absorption bands 

in the short wavelength range and must correspond to other 

excited singlet states. Resuhs obtained with subpicosecond 

pulse excitation should allow one to discriminate more easily 

between the transient chemical species formed in cascade. 

Tables 3( A-C ) and 4 ( D-H ) give the differential absorp- 

tion data assigned to transient S,S,, absorption bands as f’ound 

in the literature for cyanine and carbocyanine dyes. grouped 

by end-group types and mtsthine chain lengths. togetherwith 

new data measured during the last few years in this group 

cithcr I’or dift’erent preliminary tests or for more detailed 

\tudies. but all obtained after hubpicosecond excitation. In 

addition Tables .3 and 4 give some of the reported ground- 
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state absorption extinction coefficients ( E,), The rather large 

discrepancies can be partly assigned to the fact that gravi- 

metric preparation of quantitative solutions is complicated by 

the difficulty in removing the crystallization solvents or the 

absorbed water by hygroscopic dyes [ 411. Finally Tables 3 

and 3 also gives all the transient bands we could find in the 

literature which were assigned to one (or several ) photoiso- 

mer form( s). in the ground state. They often differ from the 

S,S,, bands by their longer decays, in the micro or millisecond 

range for carbocyanines at room temperature. In general, the 

z values for the S,S,, bands measured in this work should be 

considered only as tentative and have in some cases a large 

unccriainty of the order of -t 50%. 

Inspection of the transient absorption and gain bands for 

all dyes shows a close similarity of their relative position with 

respect to that of the ground state absorption band. This sug- 

gests that the regular shift law as a function of the chain 

length. well-known for the ground state absorption, could 

also hold for the S,,Y,3 absorption. 

Several values of the wavelength maximum of the main 

S,S,) bands (Tables 3 and 3. A,, column) are plotted in Fig. 

14. for 6 carbocyanine families ( A to H), as a function of the 

‘resonance’ chain length (IV) For five of the carbocyanine 

families A, B. C, D and H. enough data are available to have 

a plot of the chain dependence of the S,S,, transition wav’e- 

length. The straight lines drawn for each family are the linear 

fits based on 3 to 5 unsubstituted methine chain dyes (under- 

lined codes). For the F (h.7-dibenzthia) family only two 
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points are available for the S,S,, transition and the tit is only 
tentative. In addition, data from substituted dyes are added 
(but not labeled) to visualize the generally weak effects 01 
the substituents. 

From these graphs we conclude that a linear wavelength 
shift also occurs for the S,.S,, main hand as a function of N. 
hut with a smaller slope than for the ground-state absorption. 
the slope value being much more dependent on the end-group 
type for the S,S,, band. The slopes of the shifts for each 
carbocyanine family are expressed in Table 5 in nm per added 
bond pair in the chain. 

From these results an estimation of the positions ofthe not 
yet measured strong S,S,, absorption bands of any other sym- 
metrical carbocyanine can be predicted within each family 
from their known (or extrapolated) ground-state absorption 
wavelengths. Some minor proportional corrections were 
applied to estimate the band wavelengths of the substituted 
chain compounds by comparison with the shifts of the S,,S, 
bands for the unsubstituted parent dyes. The results are given 



in Table 6 where all the measured and predicted S,S,, absorp- 

tion bands are ordered by increasing wavelengths for the X.3 

known dyes listed here and for 9 hypothe[icai unsuhstituted 

dyes (not synthesized to our knowledge); in the latter ca\e 

the .$,A’, absorption band wavelength is predicted by extr;t- 

or interpolation. 

6. Summary and conclusion 

There is a general agreement on the S,S,, absorption wave- 

length regions of the carbocyanine dyes reported in the 

literature. but large discrepancies (up to two orders of tnag- 

nitude) on the cross section values obtained by different 

methods, in particular by indirect methods based on prop;t- 

gation measurements at a single wavelenglh and more or less 

a priori level models. From the procedure cased here to e\,al- 

uate the excited-state population the accut-acy of the pt-event 

cross section values is estitnated to be better than + 50%. 

The spectral position of the main S,S,, band\ can bc empit--- 

ically well predicted with a few structural parameter\. such 

X4: 

l the length of the methine chain (which shifts the main 

band by steps of 20 nm to SO ntn per added bond pait-. 

according to the end-group type). 

l the end-group nature, which can be chosen among the six 

well-known group types used here ( or among ;I few oth- 

ers) and shifts the bands by up to a few tens of nanometers. 

l the choice of the solvent. which also shifts the wavelength 

up to two tens of nanometers. 

l the substitution by eiectron donating OI- withdrnwing 

groups which can shift the S,S,, spectra to either side. 

and allows a chetnical tuning of the bands by a t’ew 

nanometers. 

For practical application. the addition ol‘chain rigidit’ying 

substituents has the advantageous effect of maintaining nar- 

row band spectra and therefore high extinction cocfticicnts. 

while reducing the number of isomet-s. the chemical degm 

dation and the photolysis. The carbocyanine compounds pres- 

ent a weak overlap 01‘ the main S,,S, and S,S,, absorption 

bands. This is a l’avorable CLIW IO produce. :I( specific wave- 

lengths, strong ‘induced absorption’ as is required for optical 

limiting or other photoniz applications. 

The lifetime of the 5’ state. as measured by the S,S,, band 

decay. generally follows a single exponential law in contrast 

to both the ground state recovery and the gain band decay. 

during the first tens of picoseconds. The complex dynamic 

behavior of cyanine and niunocarbocyanine dyes. when 

probed in the ground state ahsorption or in the gain band. 

might be due to three main CaLtses: ( 1 ) the time dependent 

salvation in polar solvents of long jolvation times [ 95 ] due 

to the increased polarity ot‘ the dyes in the S, state. (Quino- 

oarbocyanine< have :I negligible permanent dipole moment 

in S,,.) [ 961: (2) the fortnation of photoisomers in their 

ground state for long S, Iit’etime dye\ (e.g.. 2 ns for most 

dicarbocyanines,) and the \Iow back reaction allowing large 

accumulation ol’isomer\ under long pulse exiitalion: and ( 3 ) 

lhe ultrafast formation of photoisomers in ;I ch;trge transfer 

excited (tate of IWV radi;ttive power ( for cyanines and dis- 

torted monocat-bocy;tnirie~ J. 

The S,S,, data in Tat-h .Y and 4 and estimations in Table 

6 can serve as a guideline in the future search of strong 

transient bands with appropriate decay times as required for 

opto-optic applications. for tlxample in ~~ltral‘ast photonic and 

laser technologies. It is to he noted that the high .S,S,, exrinc- 

(ion coefficient of carbocyanines potentially allows theit 

study by titne resolved resonance Raman spectroscopy. This 

technique could provide interesting data on the structural 

conformation of the S, state. and hopefully 01’ the photo- 

isomer\. 

7. Appendix 

Examples of molecular structures of’ cyanine and carbo- 

cyanine dyes are given in Fig. 15: the common chetnical 

names are given in Table 7. 
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