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The present work deals with singlet excitation energy transfer (EET) occurring in contact ion pairs (CIPs) of
several anionic oxonol analogues (acting as EE donors) and cationic cyanines (acting as acceptors) characterized
by off resonancandividual transitions. Combining conductometric and spectroscopic measurements with
decreasing solvent polarity, we were able to observe a progressive ion pairing leading first to solvent-separated
ion pairs (SSIPs) and then to CIPs. Analysis of the absorption spectra of three selected salts (A2,C1, A2,C2,
and A1,C4) in chloroformtoluene mixtures showed that the transformation of SSIP into CIP involves the
appearance of a certain exciton coupling, the extent of which decreases regularly with increasing gap between
the local excitation energies. Fluorescence excitation spectra showed that EET occurs in CIP, and EET
efficiencies were evaluated with a procedure expressly devised for weakly emitting donors. These were between
0.2 and 0.65 for the examined ion pairs involving anions Al and A2. The spectroscopic study was
complemented by a theoretical investigation aimed at establishing the dynamic regime of the observed EET.
From classical MD simulations and local full geometry optimizations, A2,C1 and A2,C2 were found to form
rather stable sandwich-type CIP structures with interchromophore distd®oafsabout 0.45-0.50 nm. The
donor-acceptor electronic coupling was calculated in terms of Coulombic interactions between atomic transition
charges. For CIP, the electronic coupling was decidedly beyond the limit of the weak coupling required for
an incoherent Fster-type mechanism. Thus, we tried to arrange the EET dynamics within the theory developed
by Kimura, Kakitani, and YamataJ( Phys. Chem. B00Q 104, 9276) for the intermediate coupling case,
which provides analytical expressions of time-dependent occupation probability, EET rate, and coherency in
terms of two basic quantities: the electronic coupling and a correlation time related to the-F&oraon

factor. The latter was shown to be primarily modulated bysker’s spectral overlap integral (related in turn

to the excitation energy gap). Calculations were carried out for the three sample systems using three values
of the electronic coupling roughly corresponding to CIP, 1.0, and 2.0 nm interchromophore distances. At the
CIP distance, EET in both A2,C1 and A2,C2 was predicted to occur with a partial exciton mechanism, very
short transfer times (about 10 fs), and high degree of coherence. In A1,C4 (having the largest energy gap),
EET was found to occur with a hot-transfer mechanism. More or less hot-transfer dynamics appeared to be
retained by all three systems Rt= 1.0 nm. Fully incoherent EET appeared to become operative only at
distances larger than 2.0 nm.

1. Introduction chemistry and electronic spectra of cyanines and merocydnines
(and references therein), we adopted this stratagem to investigate
the structural, spectroscopic, and photophysical properties of
dimers and ion pairs (heterodimers) formed in solutions of ionic

practical applications require stacking of cyanine chromophores €yanines under selected conditiéné.Scheme 1 provides a
within solid structures, like LangmuiBlodgett or self- general_ picture of the various assoma_no_n types that may occur
assembletfiilms. On the other hand, self-association phenomena N Solutions of salts formed by a cationic (C) and an anionic
occurring in homogeneous solution can be driven to form a (A) cyanine upon changing the solvent characteristics.
variety of dye aggregates (homodimers, heterodimers, H and J Briefly, in aqueous solution, a progressive increase of
aggregates) that are suitable for basic studies on the processesoncentration yields H-dimerization of the dissociated mono-
promoted by interactions between electronically excited chro- mers, followed by the formation of higher H- and J-aggregates.
mophores, ranging from exciton coupling (EC) to excitation Such processes are induced essentially by dispersion and
energy transfer (EET) and light-induced electron transfer (ET). hydrophobic forces. As is well-known, the formation of these
Starting from previous extensive studies on solution photo- species is evidenced by sharp modifications of the absorption
E—. p spectra (relative to those of the monomers) describable in the
ra e o "% fame of he coherent exciton modéln fefs 5 and 6, the

T Universitadi Modena e Reggio Emilia. effects of dimerization on the spectroscopic and photophysical

* Academy of Sciences of Moscow. properties of some anionic oxacarbocyanines (with colorless

The study of light-induced phenomena in organized as-
semblies of cyanine dyes is important in view of the wide use
of such systems for photonic and sensing technoldditsually,
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SCHEME 1 width of the absorption bands of the two components, the
solvent formation of CIPs gives rise to appreciable modifications of
[ | the spectrum attributable to partial, yet significant, exciton
water polar organics low-polarity organics delocalization. We then report the EET efficienciase()
H :[‘d J aggregates  solvated fons ion pairs determined by a steady-state approach expressly devised for
(Ahn (Cn AL C SsIP cIP donor/acceptor pairs characterized by very weakly fluorescent
Aller AC* donors, such as those of the ion pairs under study (Scheme 2).
London, hydrophobic electrostatic Finally, therger values obtained in toluerehloroform mixtures

of different composition are discussed in reference to the
corresponding variations of the fluorescence excitation spectra.

effects

excitfn coupling resonance > exciton coupling In an attempt to go beyond the information obtained by the
changes in spectra and excitation energy transfer steady-state spectroscopy, we carried out a theoretical study
photophysics photoinduced e- transfer aimed at gaining an insight into the dynamics of interchro-

mophore EET in the ion pairs investigated. Precisely, we

counterions) were investigated experimentally, and the theoreti-intended to position the dynamic regime between the limit cases
cal bases of the observed behavior were settled by moleculargf the strong coupling (coherent EET) and the very weak
dynamics (MD) calculations of the dimer structure and CS coupling (incoherent EET}~12 The investigation was focused
INDO CI comparative study of the monomer and dimer spectra. on the (A2,C1) and (A2,C2) pairs in view of their relatively

Coming back to Scheme 1, a progressive decrease of thesmall AE,,. (2500-3000 cnT?) suggesting that they may fit
solvent polarity will lead in turn to the formation of solvated into the case of the intermediate coupling (partially coherent
ions, solvent-separated ion pairs (SSIPs), and contact ion pairSEET) 13,14 As a first step, we searched for realistic structures of
(CIPs). The latter species (heterodimers) may in principle give the CIP combining MD simulations using a classical force feld
rise to different light-induced phenomena according to the and local full geometry optimizations at the PM3 (third
relative values of two main parametéfs:! (i) the interaction  parametric method) levéf. The study was then addressed to
energy between the electronic states of the AC complex the calculation of the doneracceptor electronic couplingoa
involving $—S; excitation at A and CVac = [A*C|V|AC*[] = [D*A |V|DA* Obased on CS INDO &7 descriptions of the
and (i) the difference between thg-S5, transition energies of  |ocally excited states, already tested in previous theoretical
A and C (AEey9, controlling the spectral overlap of their lowest-  jnyestigations about EC and EET in molecular aggregiétas.
energy absorption bands. In this connection, however, CIPs of |y keeping with the above qualitative considerations, Vg
cyanine dyes hold a special position since the high-$ values obtained for contact (A2,C1) and (A2,C2) paRs; &
transition moment of the individual chromophores and the rather 4. 5/5 A) were found to be beyond the weak coupling limit. The
small interchromophore distance (see later and ref 7) make thegegree of coherence was estimated within the theory of the EET
value of Vac to be invariably high. So, the light-induced rate developed by Kimura, Kakitani, and Yanidtdor the

behavior is primarily governed by th&Ee, value. intermediate coupling case. It turned out that, for the ion pairs
In the smallAEex. limit, where the $—S, transitions of the  jnvestigated, interchromophore separations B6A are required
two components are inesonance(Scheme 1), the CIP will  sg that the EET dynamics may follow a Golden-rule-type rate

feature a behavior similar to that of the homodimers. In short, equatior?? Extension of the analysis to (A1,C4), exhibiting a
because of the strong Coupllng, the eXC|t.at|0n will delocalize AEeyc value appreciab|y greater than the bandwidths of the
over the two components, thus generating two new (well- separated chromophores, has shown that even in this case the

separated) electronic states described by exciton theory as dugET mechanism appears to retain a nonnegligible degree of
to transitions to the in-phase and out-of-phase combinations of coherence.

the locally excited staté= In ref 7, we analyzed in detail this

coupling range t_Jy an experimental and the(_)retical study on QIP 2. Experimental Study

formed by cyanine and oxonol dyes featuring almost superim-

posed color bands. The observed spectroscopic and photophysi- 2.1. Materials and Instrumentation. All dye salts employed

cal behavior was shown to be traceable to a predominantin this study were obtained from the collection of Zh. A.

presence of ion pairs characterized by parallelism of both the Krasnaya (Institute of Organic Chemistry, Russian Academy

long molecular axes and the molecular planes. of Sciences, Moscow, Russia) and were used without further
On the other hand, if the (<SS, excitations of the two purification. Solvents were of spectroscopic grade. Samples were

components areff resonancenamely, their absorption regions ~ Stored in the dark so as to minimize photodegradation. Absorp-

are sufficiently far apart, then the fit conditions may take place tion and fluorescence excitation spectra were frequently re-

for a “localized” excitation at one of the components (acting as checked to make sure that solutions were acceptably stable in

the donor, D) followed by EET or ET to the othemtceptor the time scale necessary for measurements, that is, some tens

A) (Scheme 1). The present work is concerned with mechanism of minutes. For fluorescence excitation measurements, maximum

and dynamics of EET in a series of DA CIPs formed by proper absorbances were kept between 0.05 and 0.1.

combinations of five oxonol-like anions (all based on the  Absorption spectra were measured with a Perkin-Elmer

heptamethine primary chromophore) with five cyanine cations Lambda-15 spectrophotometer. Fluorescence spectra were ob-

including three thiacarbocyanine derivatives (C1, C2, C2(ET)), tained from a Jobin Yvon-Spex FluoroMax-2 spectrofluorom-

pinacyanol (C3), and thiadicarbocyanine (C4) (Scheme 2).  eter. Excitation spectra were corrected for the instrumental
The subject was undertaken from both an experimental and spectral response using a self-made correction curve, checked

a theoretical point of view. In the experimental part, we report with several different fluorescent dyes between 420 and 660

conductometric and spectroscopic evidence for the formation nm.

of SSIPs and CIPs upon changing from polar to low polarity ~ 2.2. lon Pairing and Interchromophore Interaction. Dis-

and from low polarity to almost nonpolar solvents. It is shown, solution of salts occurs with the formation of species roughly

in particular, that, ahEey; values comparable with the average categorized as free ions, contact ion pairs (CIPs), and solvent-
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TABLE 1: Electrical Conductivities (x, 30 °C) and Wavelengths of Absorption Maxima @a,<"®>) of A2,C1 Solutions (6x 1076
M)

solvent CHOH CH:CN (CHg).CO CHCI, CHCl; 1:1 CHCEk—toluene toluene
€ 32.7 375 20.7 8.9 4.8 2.4
¥ (uS cnT?) 24 14 0.8 0.55 0.15 0 0
Aapd™® (NM) 476, 556.5 488, 554.5 518, 557 520, 562 519, 565 495, 569 498, 574

separated (including solvent-shared) ion pairs (SS¥P%he Table 1). Similarly, the band of the anionic dye A2 shifts
existence of chemically distinguishable types of ion pairs was bathochromically upon moving from methanol to acetonitrile
experimentally demonstrated long ago (see ref 24 for a review to acetone. In this solvent, as well as in dichloromethane and
of this early work) and was later supported by a large number chloroform, however, the band merges with the first vibronic
of computer simulations (for some representative studies, seeshoulder of C1 and a single maximum is observed whose
refs 25-29). In the following, our ion pairing observations are wavelength is reported in Table 1.
discussed within this general framework. It is well established that the CIP/SSIP interconversion
First of all, electrical conductivity data of A2,C1 (Table 1) equilibrium is shifted toward SSIP as a good solvating medium
clearly indicate a progressive association in ion pairs upon (usually an organic solvent of intermediate-to-high polarity) is
moving to solvents of decreasing polarity. In particular, in added to a solution of a salt in an associating solvent (typically,
chloroform, the salt is almost completely associated and becomeshydrocarbons and some ethei%j!Indeed, when we move from
fully so in a 1:1 chloroform-toluene mixture. The absorption  chloroform to toluene, through binary mixtures of variable
band of the cationic cyanine C1 exhibits a weak negative composition, the absorption spectra of A2,C1 change in a
solvatochromism (second figure in the corresponding line of fashion different from that expected from the mentioned negative
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Figure 3. Normalized absorption and corrected fluorescence excitation

Figure Il' Absorption s?ectra of '3.2'(:1 iﬂ acetonitrilfe and chlforolform- spectra of A2,C2 in acetonitrile. The monitoring wavelength was 620
(C)—toluene mixtures (figures indicate the percent fraction of toluene). ., Sample concentrations were about 3.07 M.

All spectra were normalized at the C1 maximum. Sample concentrations
were about 3< 107° M (full line) and 3 x 10" M (dotted line). excitation energiesAEex) of the anionic and cationic chro-
mophores. Second, the two cations have a structurally important
C—90%T difference: while C1 has no substituent in the polymethine
chain, C2 bears an ethyl group in the meso position. Because
of steric hindrance of this with the two S atoms, the all-trans
isomer (which is the only species present in C1 solutions) is
destabilized relative to the cis one obtained by twisting about a
central C-C bond. So, a mixture of the two isomers can be
observed in solutions of C2. This was reported in pioneering
literature on thiacyaninés3® and a more recent contribution
on the photophysics of meso-substituted thiacarbocyasfnes.
It is confirmed by the noncoincidence of the absorption and
fluorescence excitation spectra in acetonitrile (Figure 3): con-
sistently with the cited literatur® we observe emission mainly
from the all-trans isomer, which is known to absorb bathochro-
mically relative to the mono-cis orf€.0n the other hand, a
study carried out in ref 32 on the stereoisomerism of a similar
T T T T T T T T T T compound (3,3diethyl-9-methylthiacarbocyanine), showed that
400 450 500 550 600 nm 650 the isomeric all-trans/mono-cis equilibrium shifts decidedly
Figure 2. Normalized absorption spectra of A2,C2 in acetonitrile, toward the all-trans component upon moving from methanol to
chloroform (C), and € toluene (T) mixtures with 25, 50, 80, and 90%  toluene solutions. Thus, we can reasonably assume that the
T. Sample concentrations were aboukS5L0™" M. formation of the A2,C2 CIP in low-polarity solvents involves
preferably the all-trans form of C2 and that, consequently, the
solvatochromism (Figure 1). While the absorption band of C1 weaker spectral modifications observed for A2,C2 in toluene-
keeps shifting bathochromically, with increasing toluene content rich solutions are essentially due to the slightly largéfey.
in the mixture, the A2 absorption band separates from the giving rise to a reduced exciton interaction. Indeed, comparison
vibronic shoulder of C1 undergoing a slight hypsochromic shift between the spectrum in 90% toluene solution and that in
(maximum around 498 nm) at low amounts of toluene and acetonitrile (Figure 2) shows that, apart from a marked negative
becomes better and better pronounced in toluene-richer mixturessolvatochromism of the C2 absorption, the spectral effect
Since the fraction of CIPs relative to those of SSIPs and solvatedassociated with formation of CIPs consists essentially in an
ions is expected to increase along the binary mixture series, weincreased relative intensity in the region of the A2 absorption.
attribute the anomalous spectral behavior to partial exciton The relation betweenAEc and spectral modifications
interaction occurring in the A2,C1 CIP. Indeed, the phenomenon induced by exciton coupling is further clarified by Figure 4
depends on the total concentration in chloroform: the CIP band showing the absorption spectra in different solvents of A1,C4,
increases with concentration (compare the two spectra inwhich is characterized by the largesEc. among the ion pairs
chloroform in Figure 1). The whole spectral modification considered in this study (see the next section).
associated with formation of CIP is better appreciated comparing Clearly, the red shift of the absorption maximum of C4 upon
the spectrum in a 90% toluene mixture with that in acetonitrile moving from acetonitrile Amax = 650 nm) to chloroform Amax
(Figure 1). Interestingly, such an effect was weaker for salt = 667 nm) can be entirely attributed to the solvatochromic
A2,C2 (Figure 2): here, the maximum of the absorption band effect. The further red shift observed upon moving from
of A2 moves from about 505 nm in chloroform to about 500 chloroform to tolueneAmax = 678 nm) might be partly due to
nm in chloroform-toluene mixtures, with no significant change exciton coupling in the CIPs formed in this associating solvent.
in band shape. To explain this behavior, let us consider the two Now, the quasi-coincidence @f,ax 0f C4, observed with such
main differences between A2,C2 and A2,C1. First of all A2,C2 a nonchromophoric counterion as ih toluene solution Amax
is characterized by a slightly larger difference between the = 679 nm), points to a minor role of the exciton interaction in

1.0+

0.5

0.0
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chloroform
1.0 4 . 1 . 1.04
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) . ) ) ) Figure 6. Normalized absorption (abs) and corrected fluorescence
Figure 4. Normalized absorption spectra of A1,C4 in three different  excitation spectra of A2,C2 in acetonitrile, chloroform (C), and some
solvents. Sample concentrations were about 50~7 M. toluene-chloroform mixtures (volume fractions reported). Monitoring
wavelengths were 620 (acetonitrile) and 650 mggr, the efficiency
of EET, was estimated through eq 4 in the Appendix.

1.0
Al TABLE 2: Excitation-energy Differences (AEexg) between
f Anion and Cation in CH3;CN and EET Efficiencies (get) of
@u) Various Donor (anion)/Acceptor (cation) Pairs in
Chloroform (C) and in a 9:1 Toluene—Chloroform Mixture
(TC)?
anion cation AEexdeV  reerinC o regrin TC
054 Al (460,0.83) C2(576,1.70)  0.54 0.22 0.30
Al C2(Et) (576) 0.54 0.22 0.30
Al C3(604,1.18)  0.64 0.35 0.65
Al C4 (651, 1.37) 0.79 0.05 0.20
A2 (480,0.77) C1(555,1.09)  0.35 0.10 0.45
A2 Cc2 0.43 0.25 0.40
A3 (468,0.99) C4 0.74 0.02 0.05
A4 (545,1.16) C4 0.37 ~0 ~0
0.0 . , l . ' . A5 (561,1.30) C4 031 ~0 ~0
450 500 550 pm 600 aMaximum absorption wavelengths (nm) and oscillator strengths

Figure 5. Normalized absorption (abs) and corrected fluorescence in acetonitrile are given within parentheses. Sample concentrations were
. e . L 7

excitation spectra of A2,C1 in acetonitrile, chloroform (C), and some Pétween 4 and & 1077 M.

toluene-chloroform mixtures (volume fractions reported). Monitoring

wavelengths were 590 (acetonitrile) and 605 makr is the EET . . o . .
efficiency estimated with eq 5 in the Appendix. values in chloroform-toluene mixtures with increasing fraction

of the latter associating solvent. Quantification of these observa-
tions is provided by the values of the efficiency of EEE)

the CIP of A1,C4. On the other hand, the sizable increase in determined by the procedure described in the Appendix. The
the relative intensity of the A1 absorptiotifx~ 460 nm) upon  reey values were found to increase from chloroform to chloro-
moving from chloroform to toluene is indicative of at least a form—toluene mixtures, reaching their maximum values already
feeble exciton interaction. at low toluene fractions (compare the 25:75 and the 90:10

In summary, although the spectral changes associated withnormalized excitation spectra in Figures 5 and 6). This suggests
CIP formation are much less pronounced than in “resonant” that, in keeping with the very low solubilities of these salts in
ion pairs! the spectral evolutions showed in Figures 1, 2, and toluene, the CIPs are already dominant in toluene-poor binary
4 can be taken as evidence of the occurrence of a certain interiormixtures.
exciton coupling in the (A2,C1), (A2,C2), and (A1,C4) CIPs. We observed an analogous behavior with several other salts
The size of such moderate coupling is expected to undergo a(see Table 2 and Scheme Zp briefly go through the results,
progressive decrease, upon moving from A2,C1 to A2,C2 to we may safely assume that a shift of the equilibria, favoring
A1,C4, connected with a corresponding increasaAlaf,. Later SSIP vs solvated ions and CIP vs SSIP, takes place as we move
on, we will show that such not very marked differences may from chloroform to mixtures with an increasing fraction of
be enough to cause sensibly different EET dynamics in thesetoluene. Indeed, the EET efficiency increases regularly, though
ion pairs. not always by the same factor, upon moving from chloroform

2.3. EET in lon Pairs. Evidence of the occurrence of EET to the 9:1 toluenechloroform mixture. Its value, in the
in A2,C1 and A2,C2 CIP is shown in Figures 5 and 6. In both nonresonant donor/acceptor pairs investigated, spans a fairly
cases, the excitation spectra of the EE acceptors (C1 and C2)arge range, from 0 to 0.65. It should be emphasized that,
show no contributions from the donor A2 in a dissociating because of the coupled equilibria involving solvated ions, SSIP
solvent such as acetonitrile. On the contrary, such contributionsand CIP in solutions of these dyes and the likely different
begin to appear in chloroform and rapidly attain their maximum equilibrium constants, the fractions of CIP vs SSIP and solvated
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ions may be different from sample to sample, despite the similar ing localized excitations at D and A, respectively, ahi the
total concentrations. This prevents a strict, quantitative com- interchromophore Coulombic operator. Detailed analyses of the
parison ofrger values from being carried out. On the whole, Vpa matrix element are available in the literattf& (and

we may say that a cation based on the thiadicarbocyaninereferences therein). Here, we simply recall that the total
chromophore such as C4 seems to be a worse EET acceptoelectronic coupling can be written as

than those carrying shorter chromophores such as thiacarbocya-

nine (C1, C2, and C2(Et)) and pinacyanol (C3). However, this Vpa = VEOU -+ varor 2
criterion based on the difference in the excitation energies of

the anion and the catio\Ecx:in Table 2) cannot alone explain WherevgoAUI is the Coulombic term an DTrtis the short-range
the very low values OfEET in ion pairS of anions A4 and A5 term including penetration‘/gir) and e|ectron_exchangm})

with C4, since here the differences in absorption maxima interactions due to interchromophore orbital overlap. In our case,
between the donor and the acceptor are Comparable with thOSQNhere Strong|y allowed &H 51 transitions on D and A are

found in the cases where EET is efficient. So, we are forced 10 jnyolved, V3" is expected to predominate ove¥™ even at

look .fo.r. other possible explanations. EirSt,.W.e rule.OU.t the gma| interchromophore separations. As a matter of fact, detailed
gf)lstsﬂl)lllty th?\tl Su?h salts ?0 not asso?:la;e_ ml lon ga"f 'Itr'] the calculations of VE<" using the Mulliken approximation for
:1 toluene-chloroform mixture, since electrical conductivities - 10 o1 repulsion integrals showed tNVGE“/VES > 109

were essentially zero for solutions at concentrations of the order . . A
- at the interchromophore separations occurring in CIPs&.5
of 107> M. Then, we notice that EET appears to be more . .
PP A).38 Most likely, the same holds true for th&' term having

efficient in ion pairs of anions A1 and A2 which are slightly . 36
more compact and less bulky than the other three. This maythe same intermolecular overlap dependenc&ﬁ[ﬁ‘é‘. Thus,

allow for the formation of more intimate CIPs where EET may e can legitimately assume théipa = V5a' for the singlet-

be more efficient. Somewhat contrary to this hypothetical Singlét energy transfer considered here. _ )
explanation, howeverger is consistently larger for these ion Following a procedure extensively used in previous studies
pairs in chloroform too, where SSIPs, having much looser ©Of €xciton coupling®~2+*9the Coulombic interaction term was
structures than CIPs, are supposed to be present in Iargeﬁ'rSt approxmated_as the sum of the electrostatic interactions
amounts than in toluene (evidence of this was given above for P€tween the atomic transition charges of D and A associated
A2,C1). Finally, it is worth recalling that quantum efficiencies  With their individual $ — S, excitations

are balance parameters which express the competitiveness of a No Na

decay route vs the other ones. So, the low values found for vV (R’l) _ %%
anions A3-A5 relative to A1 and A2 may simply reflect the DA GZ R,
fact that other excited-state decay channels are faster in the e @

former than in the latter cases. whereNp (Na) is the number of atoms of D (Ajyg (0 is the
. atomic transition charge of the atomedD (a € A), andRyais
3. Theoretical Study the distance between the centers of atoms d and a.

3.1. Methodologies and CalculationsThe computational Second,Vpa Was obtained by direct calculation within the
working plan encompassed both ground-state structures and\NDO approximation. This way/pa turns out to be simply given
excited-state properties of separated ions as well as of ion pairs by
The calculation series and the procedures adopted in each case
are outlined below. Here, we point out that, following previous
theoretical studies on structures and spectra of dimers and ion Voa(y) = ;D Z U49:Y da (4)
pairs of cyanine dye3! all calculations were made in the <D as
absence of solvent. Such a simplification was assumed to be
qualitatively acceptable considering that EET occurs in ion pairs
lying inside a cage of a “nonpolar” solvent.

3.1.1. Ground-State Structures of lons and lon Pairs.
Structure calculations were performed by previously described
procedures’ using the HyperChem computational package.
Briefly, the individual ion structures were calculated by full
geometry optimization at the PM3 levél, while ion-pair
structures were derived by a two-step procedure involving (i)
localization of the more stable configuration by MD simulation
adopting the classical MM force field> and (ii) structure
refinement by local geometry optimization at the PM3 level.

3.1.2.Vpa Electronic Matrix Element. The calculation of
the donor-acceptor electronic coupling promoting EET in ion
pairs was approached within the exciton approximatfoR!
that is, assuming that the excited-state wave functions of the
isolated chromophores remain unperturbed by the interchro-
mophore interactions. In this scheme, Wg integral is given

®3)

Np  Na

Where yq, are the (interchromophore) two-center Coulombic
integrals and the other symbols have the same meaning as those
in eq 3. With atomic transition charges being the same, egs 3
and 4 differ from one another only in that the former considers
simple electrostatic interactions between point charges located
at the centers of the atoms, while the latter is based on effective
charge-charge interactions depending on whatintegrals are
adopted. In generalpa(y) < Vpa(R™1) but their difference
vanishes at large interchromophore separations since Ria *

in the limit Rya — .

The atomic transition charges entering eqs 3 and 4 were
obtained by carrying out CS INDO CI calculatidhdor the
individual ions. An outline of the CS INDO method and the
parametrization details can be found in ref 7 (and references
therein). We only point out that in the present work intrachro-
mophorey integrals were parametrized according to Ohno
Klopman (OK)? and that Cl calculations included a few singly
excited configurations (SCI) of ther* type. Precisely, the SCI
by was expanded on a limited basis of three highest occupied and

A three lowest virtualr MOs. Such a limited Cl is consistent with
Vpa = ID*A|V|DA* L] @ the fact that the Sdonor and acceptor excited states involved
in EET can be described fairly well in terms of the only
Where|D* AlJand|DA* Care ion-pair wave functions represent- (HOMO,LUMO) configuration. For the calculation &fpa(y)



Energy Transfer in Polymethine Cyanine Dyes

J. Phys. Chem. A, Vol. 110, No. 24, 2008633

(eq 4), the so-obtained transition charges were combined with forth between donor and acceptor (exciton mechanism). On the

different interchromophore g, integrals calculated according
to OK*® and MN" formulas as well as using Slater atomic
orbitals.

3.1.3. EET Rate ExpressionsThe donot-acceptor electronic
coupling ¥pa) evaluated by the procedures described above

other hand, in the limiv/pa < A/27, that is,o. > 0, ny(t) will
evolve according to a Golden-rule-type mechanism. Within these
limits (intermediate coupling), Kimura et al. distinguish two
types of dynamic regimes: (i) partial exciton, where the
oscillatory coherent character is partly retained and (ii) hot

was used to estimate the dynamic regime of the observed EETtransfer, where the oscillatory character is no longer retained

processes.

For the EET rate constant in the limit of the weak coupling
(Vba < AEcy), we refer to a Golden-rule expression given
by10,22

4re
IMP|IMA|

_y_290n 10)169(

2
J (5)
PA 128N, 7° ) oA

kgR
A

where Np is Avogadro’s constantrrD is the donor radiative
lifetime, € is the vacuum permittivityjMP| and [M#| are the
donor and acceptor dipole transition moments, dpgl is a

spectral overlap integral given by

Joa= [y foAea@)i* di

wherefp(4) is the normalized fluorescence spectrum of the donor
andea(A) is the molar absorption coefficient of the acceptor.
All the quantities on the right-hand side of eq 5 need to be
expressed in Sl units, except fasa which has to be given in
M~1 cm?. Equation 5 may be applied on condition that
vibrational relaxation at the photo-
excited state of donor is faster than energy transfer. This
establishes an upper limit for the incoherent EET rétg (<

10" s71) that in our case may take place only for large
interchromophore distances (smalba) and/or large AEexc
(small Jpp).

However, the conditions for incoherent EET are hardly
fulfiled by the CIPs considered in the present study. This
requires application of theories capable of covering the whole
range of the EET dynamic regimes. We followed the nonper-
turbative theory developed by Kimura et'4ffor a three-state
modef? consisting of the ground state of the donor plus a photon
(D + hv) as the initial state|d[), the excited state of the donor
D* as the intermediate statén{l), and the excited state of the
acceptor A* as the final statga(). Solution of the quantum
Liouville equation for this three-state system (see ref 14 for all
details) led to an analytical formula for the probability that the
system exists in the final stateJat timet after absorbing a
photon, given by

(6)

_ sinh (/at)|?
n(t) = 1 — e | coshg/at) + sinh (Vo)
2ch&
2
1 Voa
a=—- 7
VTG ()

c

where t. is the correlation time for the two-time correlation
function of the excitation transfer interaction, which was
assumed to decrease exponentially with tih€his correlation
time was shown to be proportional to the Fran€kondon
overlap between the intermediate statéJand the final state
|ai(z. = 7h(FC), eq 34 in ref 14). On the basis of the value of
Vap, Kimura et al. fixed criteria to distinguish among coherent
(exciton), intermediate, and incoherent (ter-type) dynamic
regimes. Qualitatively speaking, f¥ha > A/27, that is,a <

0, ny(t) is an oscillatory function reflecting a fast EET back and

but EET sets out before the vibrational relaxation at the
photoexcited donor is completed.

Equation 7 leads to a time-dependent taigt) = dny(t)/dt
expressed as follows

Vi 2
i eUTc[ 1+

tanh/ot)
Vo (1 — tanh?(vat))
(8)

An EET rate expression suitable for all of the dynamic regimes
was then defined as

) = =25

tanh/ot)
2th&

o An(0)
d dt

= Kadtmax)

t=tmax

©)

where tmax is the time when the slope ofi((t) becomes
maximum. In the oscillatory caséy " is taken equal to the
first maximum slope. The so-defindd;™ corresponds to the
Golden-rule rate in the weak coupling case and equglgh
in the fully resonant case. Proper expressiont,gffor oo > 0
ando < 0 derived under the condition of the maximum slope
of ny(t)*> allow K™ to be calculated (eq 8) for all values of
Vpba (provided thatr; has been evaluated).

Finally, Kimura et al* found that the degree of coherence
(or simply coherency); of any specific EET process can be
expressed analytically as

V1+C—Ct /7.
B 1-C !

whereC = 4V, ,°t 2h°
(10)

n=1

For C> 1 (strong coupling limit) andC < 1 (weak coupling
limit), » becomes 1 and 0, respectively. The special pOirt
1, wherea. = 0 or Vpa = h/2z,, corresponds to the critical
coherencyy. = limc-1 7 = 1 — (2)Y43 = 0.528595... which
represents the middle point in the intermediate coupling region.
As is evident from the foregoing presentation, practical
calculation ofn(t), Ko, andz for the Vpa values peculiar to
the heterodimers under study (CIP) requires the correlation time
(zc) to have been determined. In ref 14, concerned with EET in
homodimers and heterodimers of bacteriochlorophsgsyas
obtained by estimation of the FranelCondon factor between
the |[mUand |alistates (FC) and the equation= sh(FC). To
limit the degree of arbitrariness inherent in the current estima-
tions of the FC factors, in the present workwas determined
by an alternative procedure based on the fact that in the limit
of the very weak electronic couplingy reduces to the
Golden-rule EET rate constankSf). Now, from eq 8 { =
tmay, it turns out that ad/pp — 0 (sayo — 1/4r?) Ko —
1VpaZ/h?, so that by substitution into eq 5 we have

4rre

2
J
(|MD||MA|) oA

which makes it possible to evaluate using absorption and
emission data of the isolated components. Equation 11 is in

_4290n 10)10°
1287°N,z,°

(11

C
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A2,C1 A2,C2

Figure 7. Structures of the A2,C1 and A2,C2 CIPs. The bottom and top representations emphasize the almost parallel arrangements of the long
molecular axes and the molecular planes, respectively.

keeping with eq 34 of ref 14, since it expresses the proportional- "] . A2C1 ion pair
ity of 7. to the Franck-Condon overlap between tleguilibrium ]
|mOstate and théallstate (see eq 6.11 in ref 22). In the present 025 .\ ::: Eg. Eﬁ;’.gﬂ rsiaer
study, the so-estimated correlation tinag{go), was assumed to '\ —A— Eq: (4)-MN
be the same as the correlation time for the Frar€kndon/m 0.20 .
state,7(0). | ‘\ \
3.2. Results and Discussiorin concert with the experimental < . | A\ '\
investigation presented in the previous section, the theoretical%§ SN
study was primarily focused on the ion pairs formed by anion > ] A \'\
A2 with cations C1 and C2. This choice seemed to us to be %1% \\ SN
quite significant since the A2,C1 and A2,C2 pairs have the 1 KA:'\.
smallestAEcx. among the CIPs exhibiting higteer (Table 2). 0.05 ‘\‘\Q:>l
Therefore, in accordance with a certain degree of exciton
coupling evidenced by the spectra (section 2.2), in such systems, 4, : : : : : : : : '
the EET is expected to take place with partially coherent or 3 4 5 6 7 8 9 10 11
hot-transfer mechanisms. Through the use of reasonable values R (A)

of the,eleqron'c coupling, in section 3.2.3 the theoretlcgl Figure 8. Variation of the electronic coupling with interchromophore
analysis will be extended to the A1,C4 system which is istanceR, for the donor and acceptos States of the A2,C1 ion pair.
characterized by the largeAE.,. among the ion pairs experi-  The effects of using different recipes for Coulombic interchromophore
mentally investigated (Table 2). interactions are shown (for the meaning of the symbols, see the text).
3.2.1. Ground-State Structures of Individual lons and lon
Pairs. The search for reasonable structures was carried outthe molecular planes of the two chromophores are nearly parallel
assuming that A2, C1 e C2 have an all-trans configuration at (as are the long molecular axes), and (iii) the average distances
the central polymethine chain and that such a configuration is between the molecular planes ard.8 A for A2,C1 and~4.4
retained in the formation of the heterodimers A2,C1 and A2,C2. A for A2,C2.
This assumption, quite reliable for A2 and C1, was extended The interion interaction energy, calculated (at the PM3 level)
to C2 on the basis of the considerations made in section 2.2 onas the difference between the energy of the CIP and that of the
the structure of the meso-substituted thiacarbocyanines in low-separate ions, turned out to be —210 kJ motf? for both
polarity solvents. Local full geometry (PM3) optimizations at systems. As pointed out in ref 7 for similar CIPs, such a value
the all-trans configurations yielded quasi-planar structures exceptis indicative of a considerable stability mainly due to the
for the Me and Et groups of C1,C2 and th&CHO group of electrostatic interaction between the oppositely charged ions.
A2 oriented perpendicularly to the plane of the chromophoric  3.2.2. Electronic Coupling.This section reports an analysis
system. As expected for symmetric cyanines, theGQCbonds of the interaction matrix elemeipa describing the coupling
of the central polymethine chains were found to have similar between the singlet excited states)(8f the donor (A2) and
lengths around 1.40 A. the acceptor (C1 or C2) involved in the EB/pa was calculated
Starting from all-trans configurations of the monomers, MD by eqgs 3 and 4 using the D and A atomic transition charges
simulations and local full geometry optimizations yielded two obtained by the above-described CS INDO SCI treatment of
types of stable ion-pair structures differing primarily for the the individual ions (section 3.1.2). The study was centered on
“parallel” or “perpendicular” arrangement of the chromophore the determination of the distance-dependence of the coupling
long axes. In both A2,C1 and A2,C2 ion pairs, the structure strength. For this purpose, standard ion-pair arrangements similar
with perpendicular arrangement was found to be slightly less to those of Figure 7 were first built up using the optimized
stable ¢-10 kJ mof™), so for conciseness, the theoretical study structures of the separate ions avish was then calculated at
was focused on the parallel-type structures shown in Figure 7.12 values of the distanceR) between the planes of the
The main characteristics of the structures in Figure 7 can be chromophores in the interval 3:30 A. Figure 8 shows the
summarized as follows: (i) the two components retain almost results obtained for A2,C1 using four different approximations
the same geometries as those obtained for the isolated ions, (iifor the interchromophore two-center Coulombic interactions.
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Quite similar values oWpa, omitted here for brevity, were ~ TABLE 3: Energies (Eexg, Oscillator Strengths ), and
obtained for the A2,C2 ion pair at all interchromophore T][aﬁs't'og_ D&P()'Ie I\(I]omentz (IM]) of the S;_—_»lslTransmon
distances. This may be partly due to shortcomings of the f the Individual Chromophores in Acetonitrile

calculation procedure as, for example, a too limited CI. dye EexJom? f IM|/D /g
However, qualitatively speaking, this result is quite reasonable a1 21 740 0.83 9.03 3.80
considering that the two acceptors C1 and C2 share the A2 20 830 0.77 8.88 5.68
pentamethine cyanine chromophore (Scheme 2) on which the C1 18020 1.09 11.37

c2 17 360 1.70 14.47

respective §S; excitations are (more or less) localized. Thus,
appreciably different §D)—S;(A) coupling strengths might be
induced only by marked differences in the ion-pair structures, 2 The radiative lifetimest#) of the anions Al and A2 are also given
which were left out in the present study. (last column).

As to the three curves in Figure 8, we comment as follows.
Of course, all curves converge at large interchromophore
separations since they have to conform to the simple dipolar ) - .
approximation when the doneacceptor distance becomes t% be expressed n Sl units. The so-obt_amed value_M(pfand
much larger than the molecular dimensions. Around the equi- 7r &€ collected in Table 3 together with the starting spectral
librium distances (4.55.0 A), the different recipes for the ata. , . ,
interchromophore Coulombic interactions lead to appreciably . 1€ Spectral overlap integrada (M~ cn’) was then obtained
different couplings. The highest values were obtained using the fO the three ion pairs by a numerical procedure including: (i)
point charge approximation (eq 3) g integrals calculated nonlinear multlpeak fittings (by means of Gaussian functions),
with Slater atomic orbitals. The two choices appear to be fOF the absorption spectrum of the acceptex(d)) and the
practically equivalent in the entire explored interval of inter- normalized fluorescence spectrum of the dorigf{) and (ii)
chromophore distances. Use of Qi integrals provided/pa numerical mtggratlon using bot'h the adaptlve S|mpspn method
values a little smaller than the point-charge ones, while rather 85 well as a higher-order adaptive-recursive method like the one
smaller values were obtained adopting the MN integrals. The Paséd on NewtonCotes formulas. _
mean values oVpp in the interval 4.5-5.0 A are between-0.13 The fitting procedures at point (i) were pe_rfo_rmed starting
eV (eq 4, MN) and~0.18 eV (eq 3). Interestingly, more frpm pro_perly selected .absorptlon qnd_ emission spectra in
sophisticated calculations based on the Mulliken approximation dissociating solvents. Briefly, the emission spectra of A2 and
provided values similar to those obtained using the MN Al were obtained from the emission spectra of A2,C2 in 1:1
parametrization fopg, integrals3® prop|onltnle-_butyronltnle and A1,C4in me_thanol, respectively.
The absorption spectra of C2 (all-trans isomer) and C4 were
derived from the fluorescence excitation spectrum of A2,C2
(Figure 3) and the absorption spectrum of A1,C4 in acetonitrile,
respectively, while that of C1 was obtained from the absorption
spectrum of C1 iodide in acetonitrile. All the spectra were
recorded at ordinary temperature. The so-obtained spectral
profiles and the corresponding valueslpf are given in Figure
9 stressing the different extent of spectral overlap in the three
ion pairs.

Cc4 15360 1.37 13.80

wherevp and |MP| are the frequency and the transition dipole
moment of the donor &S, transition and all quantities need

We can therefore conclude that in contact A2,C1 and A2,C2
ion pairsVpa takes comparable values amounting to not less
than~1000 cn1l. With reference to Table 2, such a value turns
out to be about a half and a third of the respecth&. Thus,
the primary (though not sufficieft) condition for a Fester-
type EET mechanismVpa << AEex) appears to be unfulfilled
in either case.

Strictly speaking, the limit of the very weak coupling, when

EET may be expected to Fake place according to eq 5'_ OCCUIS  From the spectroscopic quantities given in Table 3 and Figure

only at interchromophore distancag0 A (see the next section). g ne correlation times, were then calculated by the use of eq
Considering that all the chromophores in Scheme 2 have high 11 They were found to be 15.6, 5.29, and 1.99 fs for (A2,C1),

S—S, transition moments, we can expect the other contaction (A2 c2), and (A1,C4), respectivef§.Using the so-obtainet.

pairs in Table 2 to feature electronic couplings comparable in values, we were finally able to calculatg(t), ki, andzy by

the average with those of A2,C1 and A2,C2, except for possible g5 7-10. The analysis was carried out for three values of the

differences due to structural peculiarities. electronic coupling (1000, 250, and 40 cth corresponding
3.2.3. Dynamic Regime of EETUsing the above calculated  approximately to equilibrium CIP, 10 A, and 20 A distances

donor-acceptor interaction energies, in this section, we will petween the planes of the chromophores. The results concerning

attempt to gain an insight into the EET dynamics with the help the time evolution of the population at the excited state of the

of the theory of Kimura et & outlined in section 3.1.3. For  acceptor are shown in Figure 10. The comparison between the

this end, let us consider the three sample ion pairs, (A2,C1), three panels emphasizes the extent to which the EET dynamics

(A2,C2), and (A1,C4), differing from one another in the value s controlled by the spectral overlap integtaa (Figure 9),

of AEex (see Table 2). First of all, the correlation times,for depending in turn oA Eey (Table 2). In particular, foMpa =

the three systems were calculated by eq 11 using the values 0f000 cn1?, in A2,C1 (curve (a) in the upper panet)(t) exhibits

77, MP, MA, andJpa derived from the spectra. Precisely, the a markedly oscillatory character, with a period of nearly 20 fs,

transition moments (in debye units) were obtained using the that is indicative of an exciton or partial exciton EET mecha-

experimental oscillator strengthy &nd transition energie&c nism14 The oscillatory character afy(t) undergoes a drastic

incm™) in the equatiorf = 4.68 x 10 "EexdM|2. The radiative  reduction in A2,C2 and vanishes in A1,C4 (curves (a) in the

lifetimes @) of the anions A1 and A2 acting as excitation energy middle and lower panels), thus describing a progressive change

donors were derived by the Einstein coefficient of spontaneous from partial exciton to hot-transfer mechanism related to a

emission, given by parallel decrease @ba. For Vpa = 250 cnt?, the ny(t) curve
of A2,C1 ((b) in the upper panel) retains a very weak oscillatory
1 3712%3 - character (emphasized in the inset) revealing a residual partial
A=— IM™| (12) exciton mechanism. On the other hand, curves (b) in the middle

D 3
Ty 3egic and lower panels both conform to a hot-transfer mechaftsm,
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Figure 9. Fluorescence and absorption profiles obtained for (A2,C1), 0.8 o
(A2,C2), and (A1,C4) ion pairs by the fitting procedure outlined in the g 002
text. The corresponding values of the spectral overlap intedsa) ( T <
are indicated on the top of the three panels. 06 @ oo ©
1 888+bo0 200E-D14 4.00 m/
though as expected the maximum slope decreases sensibly upog; ts
moving from A2,C2 to A1,C4. At last, fovpa = 40 cnTl, the " 04
n«t) curve of A2,C1 ((c) in the upper panel) still retains the I b)
characteristics of a hot-transfer mechanism. Such characteristics
vanish progressively upon moving from A2,C1 to A2,C2 ((c) 02
in the middle panel) and from the latter to A1,C4 ((c) in the 1
lower panel) as emphasized by the insets showing quasi-linear 00 ()
and linear plots neat = 0. A fully Forster mechanism is 000E+000 2.00E-014 400E-014 6.00E-014 BOOE-014 100E-013

probably reached only in the latter case. t(s)
The assignment of the EET dynamic regimes is confirmed
by the values olpa that mark the boundaries of the regions Figure 10. Time dependence of the normalized population at the
corresponding to the various mechanisms. Such values, calcu-acceptor excited state for (A2,C1), (A2,C2), and (A1,C4) ion pairs and
lated according to ref 14, are given in Table 4. As is evident, three valuels olpa for each system: 1000 crh (@), 250 cm* (b),
Vpa = 1000 cntt lies in the partial exciton region for both and 40 cm?! (c). Ther. value is indicated on the top of each panel.
A2,C1 and A2,C2, while it is in the hot-transfer region for
A1,C4. Vpa = 250 cnt? still belongs to the partial exciton
region for A2,C1 but falls in the hot-transfer region for both
A2,C2 and A1,C4. FinallyVpa = 40 cnit is still within the
hot-transfer region for A2,C1, while it is formally in the fster
region for both A2,C2 and A1,C4.

Further insight in the EET dynamics of the three ion pairs is
provided by the calculated values K™ and# collected in
Table 5. At the CIP interchromophore separations (/ga =
1000 cntY), the EET processes in A2,C1 and A2,C2, both lying
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TABLE 4: Vpa Values (cnT?l) Defining the Regions of the
Exciton (Vpa > Vpal), Partial Exciton (Vpa® < Vpa < Vpal),
Hot-Transfer (Vpa2 < Vpa < Vpa%), and Farster (Vpa <
Vpa?) Mechanisms

ion pair Voal Vpad Voa?
A2,C1 1082 170 30
A2,C2 3190 501 53
Al,C4 8481 1333 84

TABLE 5: Calculated EET Rate (k2°) and Coherency @)
for (A2,C1), (A2,C2), and (A1,C4) lon Pairs at ThreeVpa
Values Representative of the Equilibrium CIP, 10 A, and 20
A Interchromophore Separations

A2,C1 A2,C2 A1,C4
Voalem™®  Kid*(sh) 7 S o Kg(sh)
1000 855x 10% 0.90 7.11x 10 0.73 4.76x 10° 0.43
250 1.66x 10'* 0.65 9.18x 102 0.30 4.14x 10 0.10
40  8.09x 10 0.13 2.95x 10 0.03 1.13x 101 0.01

in the partial exciton region, have rates not far fron#*19?®

J. Phys. Chem. A, Vol. 110, No. 24, 2008637

the occurrence of interchromophore EET in CIP was gained
from fluorescence excitation spectra of A2,C1 and A2,C2 in
chloroform—toluene mixtures showing that excitation of the
donor (A2) resulted in acceptor (C2 or C1l) emission, the
intensity of which increased with increasing toluene fraction.
Such a trend was confirmed by the values of the EET quantum
efficiencies, determined for (A2,C1), (A2,C2), and several other
salts in chloroform and chloroforftoluene mixtures. In 9:1
toluene-chloroform mixture, where CIPs are dominant, Al and
A2 anions turned out to be good EE donors toward all the
examined cations, with efficiencies ranging from 0.2 to 0.65.
The piece of information obtained by steady-state spectros-
copy on the nature and efficiency of EET in the ion pairs under
study was complemented by a theoretical investigation aimed
at elucidating the dynamic aspects of the EET process in the
CIP. The concurrence of highyS> S; transition moments and
rather short interchromophore distances suggested that, in CIP,
EET should deviate to a certain extent from the weak coupling
regime where Feter's rate equation can be applied. The
quantification of such deviations was attempted within the EET

and high coherency values. It is to be reminded that in thesetheory developed a few years ago by Kimura, Kakitani, and
casesky; corresponds to the first maximum slope of the yamato for the intermediate coupling case and taking (A2,C1),
oscillating probability. In A1,C4KJ5 is still above 16° s~ (A2,C2), and (A1,C4) as sample systems so as to take advantage
but EET is expected to follow a hot-transfer mechanism, as of the parallel spectroscopic study. Explicit electronic coupling
emphasized by the fact that the coherency is below the critical calculations were performed only for A2,C1 and A2,C2. On

value § < 7). At R= 10 A (i.e., Vpa = 250 cn1?), EET
retains partial exciton character in A2,G1% 7.), while it has
hot-transfer character in both A2,C2 and A1,C4 (though the
latter retains only 10% of the full coherency). Finally,Ri&

20 A (i.e.,Vpa = 40 cn), in A2,C2 and A1,C4 both the values
of KX (~10" s71) and the vanishing values gfindicate that

a Faster mechanism is virtually reached. On the other hand,

the basis of MD simulations and local full geometry optimiza-
tions, the more probable CIP structures were found to be
sandwich-type with 4.55.0 A interchromophore distanceR)(
and high stabilization energy«(—210 kJ mot?). The electronic
coupling (/pa), approximated by the Coulombic interaction
term, was calculated in terms of atomic transition charges
obtained by CS-INDO SCI treatment of the isolated constituent

despite the large interchromophore separation, in A2,C1, the chromophores and using different formulations for the distance
EET process is found to retain residual hot-transfer character dependence of chargeharge interactions. For both A2,C1 and

and to take place at the same rate as the vibrational relaxatio
(K™~ 102 s71). In summary, the dynamic behavior of EET
in the ion pairs under study proves to be fairly describable within
the theory proposed by Kimura et’dIThe results obtained for

the CIPs appear to be consistent with the indications provided

by steady-state spectroscopy in low-polarity solvents, while
those obtained foR = 10 A may be tentatively taken as
representative of the EET dynamics in SSIPs.

4. Summary and Conclusions
This work is part of a larger study, both experimental and

theoretical, on structural, spectroscopic, and photophysical

properties of dimers or ion pairs (heterodimers) formed in
solutions of ionic cyanine dyes depending on the solvent

2,C2,Vpa was predicted to be as high a4000 cnt? at the
CIP interchromophore distances and to becor280 cnr? at
R= 10 A and~40 cnT! at R = 20 A. These values 0¥pa
were adopted as standard couplings for studying the EET
dynamics in (A2,C1), (A2,C2), and (A1,C4). The other basic
guantity of the theory. was obtained by a procedure using the
spectral data of the isolated chromophores which appear in the
Golden-rule rate expression. The valuggfand hence the EET
dynamics at a fixed/pa, turned out to be primarily modulated
by the spectral overlap integrada related in turn to the value
of AEexe The theoretical analysis carried out within this scheme
led us to the following predictions: (i) at the CIP dor@cceptor
separations, the EET dynamics falls within the intermediate
coupling case for all of the three sample ion pairs, though the
coherent character decreases considerably upon moving from

polarity. Within this subject, we have investigated the problem A2,C1 and A2,C2 (where EET takes place with partial exciton

of the interchromophore EET in ion pairs where an anionic
oxonol-like cyanine, acting as an EE donor, is associated with

mechanism) to A1,C4 (where EET lies in the hot-transfer
region), and (i) at distances as largeRe= 20 A, the EET

a cationic cyanine, acting as an acceptor. Progressive ion pairingyechanism appears to be virtuallyrBter-type for A2,C2 and

was monitored by electrical conductivity measurements upon
moving from highly polar (dissociating) to nonpolar (associat-

Al,C4 (as emphasized by almost vanishing coherency and EET

rate of ~10'1 s71) but retains residual hot-transfer character in

ing) solvents. While association in ion pairs appears to be almostps ¢1 where the EET rate is found to bel0l2 s—1.

completed in chloroform, the predominant kind of ion pair is
expected to change from SSIP to CIP upon moving from

chloroform to toluene. By an analysis of the absorption spectra

in chloroform—toluene mixtures with increasing toluene content,
we were able to show that the transformation of SSIP into CIP
involves fine spectral modifications univocally ascribable to

partial exciton resonance taking place in CIPs. Indeed, the size
of such an effect proved to be in an inverse order with respect

to the AEgyc Of the two chromophores: it was found to decrease
in the series A2,CtA2,C2—A1,C4 according to a correspond-
ing increase oAEey: (0.35-0.43-0.79 eV). Clear evidence for

Of course, these predictions have qualitative character in
consideration of the various assumptions involved in the

theoretical description. Thus, real EET dynamics may be overall

shifted toward higher or lower coherent character with respect

to our prediction which should be subjected to validation by

subpicosecond time-resolved spectroscopy.
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