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Exciton-Like and Charge-Transfer States in Cyanine-Oxonol lon Pairs. An Experimental
and Theoretical Study

1. Introduction
Cyanine-type dyes have attracted much attention since the
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Absorption and fluorescence emission properties of cyarixenol mixed dyes, i.e., salts formed by a cationic
cyanine with an anionic oxonol as counterion, were investigated both theoretically and experimentally in
order to probe the effects of ion pairing occurring in low-polarity solvents. We analyzed, in particular, three
model systems (S1, S2, and S3) built combining thiacarbo- and thiadicarbocyanine (C1, C2) with two
vinylogous oxonol chromophores (A1/A1lF, A2). In systems S1{81) and S2 (C2A2), where the visible
absorption bands of the individual ions are almost superimposed, the formation of ion pairs gives rise to
marked spectral alterations traceable to interchromophore resonance interactions. On the contrary, in system
S3 (C2-AlF), whose components absorb widely apart, the spectrum of the contact ion pair and that of the
dissociated form differ only for the relative band intensities. In both cases, however, contact ion pairing
results in complete quenching of the emission of the chromophoric units. Such behaviors, emphasized by
absorption and fluorescence emission and excitation spectra of both the mixed dyes and their components in
solvents of different polarities, were the subject of a theoretical study based in particular on the calculation
of structures and electronic spectra of tomtaction pairs. Molecular dynamics (MD) simulations and local

full geometry optimizations led to two types of structures characterized by almost parallel and orthogonal
arrangements of the long molecular axes. CS INDO SCI calculations using both arrangements emphasized
the role of the exciton coupling between the local HOMIQJMO excitations of the two chromophoric

units. The most striking spectral characteristics in low-polarity solvent turned out to be explainable in terms
of parallel type arrangements, even if an appreciable contribution of the orthogonal type structure was to be
invoked for a complete interpretation of the S1 spectral properties. In all contact ion pairs, independently of
the structure, the lowest excited singlet is a forbidden antooation charge transfer (CT) state explaining

why no fluorescence emission was observed in such systems.

Following previous extensive -both theoretical and experi-
mental- work on spectroscopic and photochemical properties
of cyanine&® and merocyaninéin solution, recently we turned

discovery of their capability of spectrally sensitizing silver
halides (Vogel, 1873)and, in the past decades, have become
the object of renewed interest for their employment in a number J \ - D1 "
of innovative applications (e.g., in dye lasérgptically formation on spectra and photochemistry of cationic cyanines
nonlinear devicedprganic dye-sensitized solar cetlartificial in low polarity solvents?*4
antenna systenfsetc.). They include a great variety of dyes ~ The latter papers dealt with ion pairing effects in salts of
whose primary chromophores can be schematized by the formulasymmetric and asymmetric cationic cyanines with simple color-
X—(CH),—X', wheren=1, 3, 5, ..., and X, X= NR;, O. The less counterions {} Cl-, and CIQ ") and the alterations of spec-
symmetric systems, X X' = NR; and X= X' = O, form the tra and cis-trans photoisomerization dynamics observed in low
primary chromophores of (cationic) cyanines and (anionic) polarity media were interpreted in terms of location of the anions
oxonols, while the asymmetric combination of the terminal in the contact ion pairs. Interestingly, still greater alterations of
groups yields the primary chromophore of (neutral) merocya- spectroscopic and photophysical properties have been reported
nines (neutrocyaninedf.’” All of the three chromophores bear  for cation—anion dyed?i.e., salts formed by a cationic cyanine
(n + 3) m-electrons and are basically similar to the iso-  with an anionic polymethine dye as counterion. Particularly
electronic carbanions [CH(CH),—CHg] " marked alterations of position and shape of the electronic bands,
. with respect to those observed in high polarity solvents, were
£ -Corresponding authar. @Ptcr’]?nﬁ:o(i)t%g 592055081 Fax: 0039 59 373543. fond with cationic and anionic dyes absorbing in the same

' ] E regions. Such experimental findings stimulated us to probe the

TUniversitadi Modena e Reggio Emilia. ! ! ' !
* Academy of Sciences of Russia. subject more deeply by carrying out a new experimental inves-

to the study of the spectral modifications induced by H and J
aggregation in merocyaninésand to the influence of ion pair
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Figure 1. Structural formulas of the cations (C1 and C2) and anions
(A1, A2, and A1F) forming the three investigated cyanine-oxonol dyes Figure 2. Normalized absorption spectra in acetonitrile: S1 (a), A1TC
(S1, S2, and S3). (b), C1I (c), S2 (d), S3 (e), and A2TA (f).
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tigation, combined with a thorough theoretical study, on a the contaction pairs corresponding to the S1, S2, and S3 mixed
selected set of three cyanine-oxonol dyes (Figure 1). systems. The more stable minima on the ion-pair potent|§1l-
Except for the F substitution at the central carbon atom of €nergy-surfaces (PES) were localized by molecular dynamics
ALF, the three mixed dyes are none other than three of the four(MD) calculations using the classical Miforce field” and
binary systems that can be formed with two cyanine cations the geome"[nes of the so determined spatial arrangements were
(C1 and C2) and two oxonol anions (AL/ALF and A2). The then optimized at the PM3 levél. The latter local procedure

components of S1 (C1 and A1) derive from the cyanine and Was also used to determine the geometries of the individual
oxonol primary chromophores witm = 5 andn = 7 chromophores. At last, using these geometries the electronic

respectively, which are known to have strongly overlapping spectra of both ion pairs and separate ion_ic dyes were ca_lculated
absorption bands in the 46@50 nm regior® In the same way, by thg CS INDO CI methoé® Th_e calculation results provided
the components of S2 (C2 and A2), bear the cyanine and oxonol® satisfactory gt_energl explgnatlon of the experlmgntallobserva-
primary chromophores with = 7 andn = 9, which exhibit tions emphasizing, in part|cullar,.the role of excnpn-hke and
nearby absorption bands100 nm to the red of the correspond- charge transfer states occurring in contact ion pairs.
ing bands of the C1 and A1 chromophores. On the other hand,
in the case of the S3 (C2A1F) system the absorption regions
of the cationic and anionic primary chromophores are quite far ~ 2.1. Absorption Spectra of the Solvated lonsThe absorp-
apart. These basic features and additional effects due totion spectra of S1 and of the salts formed by its anion with a
incorporation of the chromophore terminations in proper simple trimethine cyanine (@G€),—N—(CH);—N—(CHz),",
heterocyclic groups (Figure 1) cause the color bands of C1 andTC) and its cation witht (A1TC and C1l, respectively) were
Al, as well as those of C2 and A2, to be almost superimposed, first measured in acetonitrile, a polar dissociating solvent, so
while C2 and A1F, i.e., the components of the S3 system, retainas to observe the relative positions of the color bands of the
widely apart absorptions. Thus, in S1 and S2 mixed dyes ionic two chromogens in the absence of a significant interaction
pairing occurring in little polar solvents should result in strong between ions (Figure 2, curves-@). In this solvent, the lowest
interchromophore resonance interactions and hence in markedcenergy bands of A1 and C1 were almost superimposed: the
spectral alterations. In the S3 system, on the other hand, themaxima coincided within 3 nm (552 and 555 nm, respectively)
formation of ion pairs is expected to give rise to negligible and the bandwidths of the three salts were almost the same.
resonance interactions so that its absorption spectrum shouldSimilarly, the spectra of S2, S3 and the salt formed by A2 with
be scarcely affected by changes in solvent polarity, apart from NH(CH,CHs)s™ (TA) as the counterion (A2TA) in acetonitrile
minor solvatochromic shifts. showed almost superimposed lowest energy bands (Figure 2,
Taking the three cyanine-oxonol dyes of Figure 1 as suitable curves d-f). Maxima were found at 648 nm for S3 (corre-
test systems, with the present work we aimed at establishingsponding to the C2 absorption), 652 nm for A2 and 650 nm for
the most probable ion pair structures and interpreting their the composite dye, S2. Again, the bandwidths were very similar
absorption and emission properties in terms of interchromophoreto each other. The spectrum of S3 differed qualitatively from
interactions. The absorption spectra of the three mixed dyes andhe other two in the region between 500 and 620 nm, due to
of the salts formed by the individual cationic and anionic the presence of the color band of ALF, whose maximum lied at
chromophores with colorless counterions, were first measured568 nm, and of the second vibronic band of C2 which, because
in solvents of very different polarities. A parallel investigation of its overlapping with the absorption of A1F, was unusually
was carried out on the fluorescence properties including pronounced and featured a maximum at 599 nm. For all dyes,
emission and excitation spectra as well as florescence quantummuch weaker bands, corresponding to higher energy transitions,
yields. Experiments provided clear evidence to conclude that were observed in the near-UV region (see Table 1 for relevant
the striking spectral features observed in low-polarity solvents spectral properties). To sum up, while S1 and S2 are composed
are due to formation afontaction pairs, while involvement of  of ions having almost equal {SS,) transition energies, A1TC,
other aggregation types can be ruled out. On this basis weC1l, and A2TA each contain only one visible-absorbing dye
performed a theoretical study on structures and electronic spectraand, finally, S3 contains two dyes whose color bands are
of the separate ionic species (C1, C2, A1, A1F, and A2) and of separated by about 2200 ckh Comparison of the spectral

2. Experimental Study
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TABLE 1: Comparison between Calculated $—S, (n = 1, 2, 3) Transitions and Experimental Spectra of C1 and C2

CS INDO SCI experimental resuits
dye transition AE (eV) f major excited-state configurations AE (eV) 10 %€max
C1 S-S 2.60 1.474 [H,L] (94%) 2.23 15€1.1)
S—S 3.86 0.034 [H-1,L] (89%) 3.87 sh
S-S5 4.16 0.055 [H-3,L] (87%) 4.17 0.16
Cc2 S-S 2.28 1.975 [H,L] (93%) 191 23E13)
S-S 3.63 0.052 [H-1,L] (87%) 3.50 sh
S—Ss 4.14 0.057 [H-2,L] (48%), [H-3,L] (34%) 3.77 0.14
a|n acetonitrile. Estimated errors hax andf: +10%.
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Figure 3. Normalized absorption spectra in toluene: S1 (a), ALITC Figure 4. Normalized absorption spectra in toluene: S2 (a), S3 (b),
(b), and C1lI (c). and A2TA (c).

behaviors of S1 and S2 with those of the corresponding saltsAs far as band shape is concerned, a pronounced change was
containing dyes with noncoincident absorptions will therefore observed in the relative intensities of the C2 and A1F bands:
highlight the consequences of such spectral coincidence inwhile the former was higher than the latter in acetonitrile, the
conditions where the two oppositely charged ions can interact, opposite occurred in toluene. Also, the A1F band was broader
i.e., in contact ion pairs obtained in a low-polarity associating and had a more pronounced shoulder in toluene than in
solvent, such as toluene. With reference to their peculiar spectralacetonitrile. However, it was the resonant ion pair S2 that
features, S1 and S2 contact ion pairs will hereafter be exhibited the most peculiar spectrum in toluene (Figure 4, curve
denominated resonant to distinguish them from S3, A1TC, C1I a). In the visible region this was characterized by a new, intense
and A2TA contact ion pairs characterized by negligible interi- band with a maximum at 598 nm, a steep edge to the blue and
onic resonant interactions. The validity of this denomination a high shoulder to the red, around 610 nm. A broad and wavy
will be theoretically confirmed in section 3. shoulder was observed in the region of the color band in
2.2. Absorption Spectra of the lon Pairs.The color bands acetonitrile, i.e., around 650 nm, with a tail extending to about
of the nonresonant ion pairs A1TC and C1l in toluene (Figure 780 nm.
3, curves b and c) were characterized by shapes similar to those The peculiar spectral characteristics of the resonant ion pairs
found in acetonitrile and usual for cyanine dyes. They exhibited S1 and S2 were not due to any special ability of these salts to
slight bathochromic shifts with respect to their positions in the form ion-pair aggregates in toluene. This was shown by two
polar solvent in keeping with the negative solvatochromism of different sets of experiments. In the first one, we added small
most polymethinecyanines: their maxima were found, respec- amounts of acetonitrile to toluene solutions of both salts. The
tively, at 565 and 576 nm, i.e., they were red-shifted by 416 consequence was a gradual change of the absorption spectra
and 650 cm?. The absorption spectrum of the resonant ion pair from those characteristic of the first to those observed in the
S1 (Figure 3, curve a) was, instead, deeply modified with respect second solvent, with isosbestic points fairly well preserved, as
to the spectrum of S1 in acetonitrile. It consisted of two bands long as dilution effects remained low, at about 550 and 630
with maxima at 566 and 527 nm and similar intensities. The nm, respectively. This indicates that only two species were
first one lay in the absorption region of the two nonresonant involved in the equilibria whose positions were affected by the
ion pairs but was much broader than those bands and had a taibinary solvent composition. That neither of these species was
that extended to about 660 nm. The second one was new andan ion-pair aggregate was demonstrated by dilution experi-
peculiar to this ion pair. ments: the essential spectral features of S1 and S2 in toluene
The nonresonant ion pairs corresponding to S2, i.e., A2TA were not modified after dilution with the same solvent by factors
and S3, behaved in toluene similarly to the nonresonant ion 1:32 and 1:64, respectively (concentrations were, typically,
pairs of S1. In the visible spectral region, they exhibited between 10°%and 10® mol L™%).
absorption bands corresponding to those observed in acetonitrile, 2.3. Fluorescence Properties of Solvated lons and lon
with maxima at 668 nm (A2TA) and 664 and 573 nm (S3) (see Pairs. All six salts investigated exhibited regular fluorescence
Figure 4, curves b and c). So, solvatochromic and ion-pairing spectra in acetonitrile. As an example, the spectra of S1 are
effects caused a bathochromic shift of both A2 and C2 bands displayed in Figure 5. In all cases, we observed coincidence of
of 370 cnt! with respect to their positions in the polar solvent. the absorption and excitation bands. The emission spectra
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Figure 5. Normalized spectra of S1 in acetonitrile: absorption (a),
emission (bAexe = 540 nm), excitation (Clops = 580 nm).

Figure 7. Normalized spectra of S2 in toluene: absorption (a), emission
(b, Aexc = 645 nm), excitation (Clops = 720).
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Figure 6. Normalized spectra of S1 in toluene: absorption (a), emission Figure 8. Normalized spectra of S3 in toluene: absorption (), emission

(b, dexe = 620 nm), excitation (Clobs = 700 nm).

(b, Aexc = 485 nm), excitation (Clobs = 525 nm; d,Agps = 595 nm).

showed a quite good mirror relationship with the absorption Slightly blue-shifted with respect to the emission of C1I in
spectra and the Stokes shifts were rather small, from 370 totoluene (maximum at 588 nm), while the two corresponding
570 cntl. These characteristics are usual for polymethinecya- €xcitation spectra coincided both in position (_maX|m_um at576
nines and suggest that only minor structural changes take placem) and shape (apart from the expected inner filter effect
in the S state of the solvated dye, relative to thesgte, during ~ Petween 500 and 570 nm in the case of S1). The mentioned
the fluorescence lifetime. The emission spectra of both S1 and €xcitation spectrum, however, corresponded to only a shoulder
S2 were essentially independent of the excitation wavelength, in the broad absorption band of S1 in toluene with maximum
thereby confirming the almost exact superposition of the at 566 nm. The relative intensity of this shoulder was rather
absorption bands of their component ions. Fluorescence quantun¥ariable from sample to sample and increased slightly with
yields were only determined for S2 and its two nonresonant dilution. We suggest it is due to a small, variable amount of
partners (A2TA and S3). These held 0.680(005) and 0.20 solv_ent-sepgrated ion pairs of_Sl. In fact, becau_se qf the absence
(+0.06) for the oxonol A2 and the cyanine C2, respectively, of direct anion-cation interaction, such a species is expected
the uncertainty of the latter value being increased by the partial to exhibit absorption and fluorescence properties similar to those
spectral overlap of the fluorophore with its counterion A1F. Of the nonresonant contact ion pairs and, apart from solvato-
Quite reasonably, S2 exhibited an intermediate quantum yield chromic effects, of t_he solvated ions of S1 in acetonitrile. Sq,
in acetonitrile, i.e., 0.1240.03). In keeping with the previous ~ We conclude that neither Qf the two observed quore;cent species
observation, this was independent of the excitation wavelength, i reésponsible for the main features of the absorption spectrum
therefore suggesting an equipartition of the absorbed photonsOf the S1 contact ion pair in toluene.
between the two chromophores having superimposed absorp- The same conclusion holds for S2 in this solvent, based on
tions. similar observations. Here, only one fluorescent species was
The fluorescence emission spectrum of S1 in toluene, shownobserved with spectra, shown in Figure 7, very similar to those
in Figure 6, curve b, together with the excitation (curves c and 0f A2TA in toluene and, therefore, attributed to solvent-
d) and absorption (curve a) spectra, featured two bands with separated ion pairs. Again, the excitation spectrum did not
maxima at 515 and 586 nm. The excitation spectrum of the reproduce any of the absorption bands. Because of this dis-
first one was found in a region (maximum at 505 nm) where crepancy, a measurement of the quantum yield of this emission
no significant absorption feature was observed: we attribute it would have been unreliable and of little significance.
to a highly fluorescent impurity well dissolved by toluene (it The fluorescence spectra in toluene of the nonresonant ion
was not observed in acetonitrile). The second emission was onlypairs S3 (shown as an example in Figure 8), C1l, A1TC, and



4604 J. Phys. Chem. A, Vol. 105, No. 19, 2001 Baraldi et al.

A2TA exhibited coincidence of the excitation and absorption solvatochromic effects, so calculations of structures and elec-
bands (that of C2 for S3) and mirror relationship between tronic spectra were limited to unsolvated ions and ion pairs.
absorption and emission. The emission maxima were batho- 3.1. Calculation Procedures3.1.1. Structures of lons and
chromically shifted by 408500 cm ! relative to their positions  |on Pairs. Structure calculations were entirely performed using
in acetonitrile: solvatochromic and ion pairing effects were quite the HyperChem computational packdg@he structures of the
the same as for absorption. The emissions in toluene wereindividual chromophores were calculated by full geometry
weaker than in acetonitrile. So, for A2TA, the quantum yield optimization at the semiempirical PM3 SCF level using the
was 8 =3) x 1073, i.e., about 4 times smaller than that for A2 gradient Polak Ribiere procedure.

in acetonitrile, and for S3 the quantum yield measured upon  The structures of the contact ion pairs, on the other hand,
excitation in the absorption region of the cation was only of were derived from a more complex procedure combining (i)
the order of 1x 107% i.e., more than 2 orders of magnitude exploration of the potential energy surface (PES) by classical
lower than that found for C2 in acetonitrile, and showed poor mglecular dynamics (MD) simulations and (i) local geometry

reproducibility from sample to sample. These observations gptimizations by both molecular mechanics (MM) and semiem-
suggest that the emission of S3 in toluene originates from pirical quantum mechanical calculations.

residual solvent-separated ion pairs, while contact ion pairs are
nonfluorescent, in analogy with S1 and S2.
To sum up, the formation of contact ion pairs has qualitatively

To be more precise, in step i, potential energy calculations
were carried out by the MM method using the HyperChem
MM + force field1” The atomic charges needed to evaluate the

different effects on the absorption properties of the investigated 1,y nged electrostatic interactions were obtained by PM3 SCF
salts, depending on whether the solvated anion and cation have.; | iations on the individual ions Using this MM/MM

superimposed absorptions in acetonitrile. While regular bands approach, we optimized first of all the geometries of the two

with shapes typical of cyanine dyes are observed in the latter go 5 a16 dyes and then those of a set of ion pairs corresponding
case, unusual spectra exhibiting a new intense band to the blugg, 5 hitrarily fixed arrangements of the subunits. Such geom-

OL the _norm‘_alll ICOI(I)r dband with se;]/eraldshoultz)ers a(;u_:l ‘1” etries were the starting structures of as many 5 ps real-time
absorption tail slowly decreasing to the red are obtained In the g, jations of the ion pair dynamics subjected to the MM

former case. The two conditions necessary for these Spectro,q fie|d, from which the main attractive regions of the PES
scopic peculiarities to show up, i.e., _contact lon pairing a“@' were singled out. In step ii, the geometries of the so localized
superimposed lowest-energy absorptions, suggest exciton 'n'configurations were optimized again at the MM/MMlevel
teraction between the two oppositely charged chromophores to_ 4 \vere finally refined by full optimization at the PM3 SCF
be operative in contact ion pairs (see section 3). As far as o q|.

fluorescence properties are concerned, on the other hand, the . . .
investigated salts are similar to each other: regular emission. 312 E!ect.ronlc Spectralhe optimized geometries of the
o . individual ionic dyes (C1, C2, Al, A1F, and A2) and of the
and excitation bands are observed in all cases, even though . .
. o . contact ion pairs (S1, S2, S3) were used to calculate the
weaker than in acetonitrile and, in the cases of S1, S2, and 83'electronic spectra in the isolated molecule approximation. In
attributable to residual solvent-separated ion pairs. A common P P '

peculiar characteristic of these contact ion pairs is that they areb Ot.h rigses.’ calculations were based o'n.the CS INDO Ham'l'
not fluorescent. tonian® which has proved to be an efficient tool for dealing

with spectroscopic and photochemical properties of large
conjugated systems such as the cyanine dyes under %tifdy.

. Standard delocalized CS INDO CI calculations were carried
The dyes A1TC, A2TA, S1, S2, and S3 were given to us by out for the individual ions as well as for the ion-pair systems.
Dr. Zh. A. Krasnaya (Moscow). The synthesis of A1TC and | short, we recall that the CS INDO method uses a basis set of

A2TA iS described in I'ef 20, and that Of S3 in ref 21. The hybnd AOs Of thegl 7T, andn [ype, derived from pure S|ater
resonant dyes S1 and S2 have been synthesized similarly toa0s by Del Re’s automatic proced@é* and makes the
the latter. C1l was obtaineq from Mc_srck. Acetonitrile (LAB-  resonance integraf3,, to depend on the “chemical” nature of
SCAN) was used as received, while toluene (Merck) was the interacting orbitals by the introduction of proper screening
dehydrated with activated molecular sieves. Absorption spectrafactors Koor Kom» Kz ©1C.). Moreover, the electron repulsion
were measured with a Perkin-Elmer Lambda 15 spectropho-integralsyg are evaluated according to one of the current
tometer. Fluorescence spectra were obtained from a Jobin YVon-spectroscopic” parametrizations (Ohnlllopman, Mataga
Spex Fluoromax 2 fluorometer and were corrected for the Nishimoto) and the corecore repulsionsE(ﬁg) are obtained
instrumental spectral sensitivity. Fluorescence quantum yields by a formula self-fitting the adopteghe functions. Finally the
were determined relative to cresyl violet perchlorate in methanol g calculations are completed by a proper Cl treatment, the
(7.5 x 107" mol L™%; @ = 0.67). extension of which has to be fixed with relation to the adopted
parametrization of,, andyag integrals as well as to the goal
set.

In the present work the orbital hybridization was performed

The theoretical study that follows aims at providing as starting from the Slater s and p valence set for both the first
consistent an explanation as possible of the peculiar absorption+ow atoms (2s and 2p) and the sulfur atom (3s and 3p) of the
emission properties of S1, S2, and S3 mixed dyes as havecationic cyanines (C1 and C2), the involvement of the sulfur
emerged from the spectroscopic investigation of the previous 3d orbitals being negligible a priori in view of the low valence
section. We will try, in particular, to find out the origin of the state of the S atom in such systems. The screening factors
most striking spectral modifications observed on changing from entering thes,, integrals were given the values,; = 1, Ky
acetonitrile to toluene solutions. To make the problem easier, = 0.65, k., = 0.50,kn, = 0.72,kq; = 0.60,k,n = 0.68% and
we assumed the spectroscopic properties in acetonitrile andyag integrals were calculated by the Matagdishimoto (MN)
toluene to be due only to the separated ions and the contact iorformulaZ2® All other parameters were given the same values as
pairs, respectively. Moreover, we neglected the observed slightin ref 9b. The CI treatments were limited to the singly excited

Experimental Section

3. Theoretical Study of Individual lonic Dyes and
Contact lon Pairs
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rings) and are predicted to give rise to the weak UV-absorption
regions with maxima at 4.17 and 3.77 eV, respectively (see also
ref 9b). On the contrary, the,SS, and $—S; transitions of

Al, A1F, and A2 have reverse chromopheresubstituent CT
character (the #1 and L+2 orbitals being localized on the
terminal groups). In A1 (A1F) such transitions are predicted to
have medium/low intensity and to lie right next to the-H
transition so that they should be hidden by the intense color
band. In A2 both §S, and $—S; transitions have low intensity

(f < 0.1), and according to the calculated relative energies, they
should lie under the tail to the blue of the color band.

Finally, the results of Tables 1 and 2 emphasize two good
general characteristics of the CS INDO SCI results concerning
the lowest wavelength transition. First of all, the reduction in
transition energy observed on passing from C1, Al to C2, A2
Figure 9. Bond lengths of dyes C1 and A1l obtained from full geometry (corresponding to the so-called 100 nm “vinylene shift” of

optimization with PM3 method. symmetrical polymethinékis well reproduced by calculations.
i . . . Second, C1 and Al, as well C2 and A2, are predicted to have
configurations (SCI). As previously pointed ddthe MN SCI almost equal transition energies in very good agreement with

version of the CS INDO method (witk,; = 0.5) can provide  ayperiment. The latter is quite an important result since it

fairly good excited-state descriptions at least as regards thergpresents a necessary condition in order that the peculiar
lowest lying excited singlet states of ther* type. Thus, the  gpectroscopic properties exhibited by the C1/A1 and C2/A2

adopted Cl and parametrization appear to be right for our .qniact ion pairs may be theoretically accounted for.

purpose, since the spectra under st_u_dy (Figures)2are 3.2.2. Structures and Electronic Spectra of S1, S2, and S3
essentially due to one-electron transitions from HOMOs to .o "5 i MD simulations and local geometry opti-

LUMOs of the involved ionic dyes. The SCI calculations were mizations according to the procedure outlined in section 3.1.1,

expanded on a limited, yet fairly large, basis of highest occupied | . . . .
. . . ed systematically to two types of stable ion-pair structures like
and lowest virtualr MOs. Precisely, the active-spageMOs those shown by way of example in Figure 10 for the pair S1.

(occupied + virtual) were 14-16 for the individual chro-
In the structures of tha type both the long axes and the

mophores and 2830 for the contact ion pairs.
molecular planes of the chromophores are almost parallel to

3.2. Results and Discussior8.2.1. Structures and Electronic ; c
Spectra of Indiidual Dyes From the full geometry optimization each other, whilé type structures are characterized by an almost

at the PM3 level, all the dyes under study (C1, C2, A1, A1F, perpendicular arrangement of the long axes and by appreciably
and A2) were found to be planar (except for the substituent nonparallel molecular planes. In the case of S1, MD simulations
groups Me and Et) and have all-trans configuration. As was Ied_toa andb type structures with about the same probat_)|I|ty,
expected for symmetrical cyanine dyes, the@bonds belong- while a type andb type structures were prevailingly obtained

ing to the central polymethine chain were found to have very for S2 and S3, respectively. The average distance betwAe(.an the
similar lengths. Such characteristics are illustrated in Figure 9 Molecular planes was found to be between 3.4 and 3.6 A in S1

where the calculated structures of C1 and Al are given as an@nd S2, and abou A'in S3.
example. Interestingly, the prediction of an equi-probable occurrence
Using the optimized geometries, the electronic spectra of the Of @ andb type arrangements in the S1 ion pair is in keeping
five dyes were then calculated by the CS INDO CI method. With the crystal structures of two polymorphs formed by the
The calculation results (energyE, oscillator strengtH, and 3,3-dimethylthiacarbocyanine (differing from C1 only for
excited-state nature) concerning the first three & transitions ~~ methyl instead of ethyl substitution) and an oxonol bearing the
of the cations (C1 and C2) and the anions (A1, A1F, and A2) same primary chromophore as AlAs a matter of fact, X-ray
are collected in Tables 1 and 2, respectively, together with the crystallography of the two polymorphs showed that the long
relevant spectral data obtained in acetonitrile solution. molecular axes of the ions were parallel in one case and nearly
First, it can be noted that the energy of the first electronic Orthogonal in the other, the closest interaction distances being
transition is systematically overestimated 59.4 eV. As has 3.3 and 3.2 A, respectively.
been shown in previous papers on electronic spectra and To gain an insight into the stabilities of the so determined
photoisomerism of strepto- and carbo-cyanines (C1 inclided) structures we estimated in each case the interion interaction
such general overestimation is due to limitation of the Cl to energy Eix) as the difference between the energy of the contact
singly excited configurations, even if the effect is mitigated by ion pair and that of the two ions infinitely far from each other.
the use of MN repulsion integrals. Apart from that, in all dyes The calculations were carried out at the PM3 level and
under study the color band is mainly attributable to the one- interaction energies ranging from —200 to —250 kJ mot?
electron excitation from the HOMO (H) to the LUMO (L) were found. Leaving out secondary effects due to the so-called
essentially localized on the respective (cyanine/oxonol) primary basis set superposition error (BSSEQualitatively speaking
chromophore (for an analysis of the MO basis set in terms of it is to be noted that the calculated interaction energies are over
relevant molecular subunits, see ref 9b). However, the behaviorfive times those recently reported for two dimeric forms of a
of the cations (Table 1) and that of the anions (Table 2) are neutral cyanine dye (merocyanined40 kJ mof?).1! Clearly,
rather different as far as origin and location of the immediately this result is in keeping with the stabilization energy of the
upper excited singlets are concerned. As a matter of fact, thesystems under study being primarily due to electrostatic
S—S; and $—S; transitions of C1 and C2 appear to have a interaction between the oppositely charged components. This
substituent— chromophore CT character (the starting-H was verified by calculating the chargeharge interaction energy
H—2 and H-3 orbitals being localized on the terminal benzene by the equation
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TABLE 2: Comparison between Calculated $—S, (n = 1, 2, 3) Transitions and Experimental Spectra of Al, A1F, and A2

CS INDO SCI experimental resudts
dye transition AE (eV) f major excited-state configurations AE (eV) 10 %max
Al S—S 2.69 1.322 [H,L] (83%)
S-S 2.85 0.101 [H,1-2] (81%) 2.25 1.7=1.0)
So—Ss 2.86 0.173 [H,+1] (79%)

AlF S—S 2.66 1.487 [H,L] (72%)
S-S 2.74 0.207 [H,+2] (69%) 2.18 1.6f(=1.0)
So—Ss 2.75 0.085 [H,+1] (92%)

A2 S—S 2.32 2.032 [H,L] (94%)
S—S 2.65 0.089 [H,+1] (89%) 1.90 1.81(=1.2)
So—Ss 2.82 0.040 [H,+2] (91%)

a|n acetonitrile. Estimated errors bnax andf: +15%.

Figure 10. Parallel &) and orthogonalk)) type arrangements for S1 contact ion pair (the atoms of the anion are in black). The bottom and top
representations emphasize the orientations of the long molecular axes and those of the molecular planes, respectively.

0,0 teristics as the H orbital of the isolated anion. The H(x)
Eicnht = Z Z @) orbital on the other hand, is localized on the cation and cor-
fee &r R responds to the H orbital of the isolated cation. In like manner,

the two lowest unoccupied* MOs, L and L+1, are localized

on the cation and the anion, respectively, and correspond to
the L orbitals of the two isolated species. According to this
classification, the four ion-pair orbitalsHL, H, L, L+1 will

be hereafter named C, A, C*, and A*. These characteristics of
the CS INDO MOs are, qualitatively speaking, independent of
the semiempirical all valence electron Hamiltonian and are
shared, in particular, by the MOs of the ZINDO/S met#od
which, like CS INDO, is parametrized to give UV spectra. Now,
the ZINDO/S method (unlike CS INDO) is implemented in
HyperChem. This enabled us to exploit the HyperChem graphi-
¢ cal capabilities to obtain tridimensional representations of the

primary importance in the description of the visible absorption 10N-Pair MOs. Figure 11 shows as an example such representa-
regions where the alterations stressed in the experimental parfions for C, A, C*, and A* orbitals of the Sa type structure.
(section 2) occur. As will be shown, the essentials of these Using this four-orbital basis set, one can set up two locally
features can be accounted for in terms of one-electron excitationsexcited (LE) HOMO-LUMO configurations ([A,A*], [C,C*])

from the two highest occupied to the two lowest unoccupied and two CT ([A,C*], [C,A*]) configurations. The first CT
MOs. A general characteristic of the ion pair MOs is that they [A,C*] and the two LE singlet configurations play a leading
turn out to be localized either on the cation or on the anion, role in the interpretation of the emission and visible absorption
thus suggesting that no substantial interchromophore interactionsproperties, while the second high energy CT configuration
traceable to orbital overldp are operative in this case. In  [C,A*] is not of interest in that respect. Importantly, if the two
particular, in all cases considered, the highest occupied MO (H) LE configurations have almost the same energies, as happens
is axr orbital localized on the anion having the same charac- in S1 and S2 ion pairs, resonance interactions will occur leading

whereRs is the distance between the atanfof the cation)
and the atons (of the anion) andy. (gs) are the (PM3) net
atomic charges. According to the Claverie’s decomposition of
the overall interaction energ§,eq 1 can be seen as the first
term of a multipolar multicentric development of the total
electrostatic energyEf®). As expectedESh was found to
reproduce quite well the overally, the Eoy — Ein values
ranging from—10 to —50 kJ motL,

Let us now discuss the electronic spectra calculated by the
CS INDO SCI procedure (see section 3.1.2) using the above-
described ion pair structures. Preliminarily, we will analyze the
nature of the highest occupied and lowest unoccupied MOs o
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LUMO+1 (A%)

LUMO (C#)

HOMO (A)

HOMO-1 (C)

Figure 11. Display of the two highest occupied and two lowest
unoccupied MOs of S1 contact ion pair with parallelly arranged
components. The notations C (C*) and A (A*) refer to the localization
of the MOs on the cation and the anion, respectively.

to two exciton-like states:
W' = ci[AA*] +¢C,CY, (c;=¢)) (2
W' =cfAAY] —cjC,CH], (c{=C) 3)

According to the exciton theory for loosely bounded dintérs,
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on the size of the local transition dipole moments. In this case,
the transition from the ground state to the lower st@teis
forbidden while the transition to the upper stit€ is strongly
allowed, due to an out-of-phase and an in-phase transition di-
pole interaction, respectively. On the contrary, vanishing ex-
citon splitting and comparable intensities of the-8¥' and
So—1W" transitions should be expected to occur whithype
orthogonal arrangements. Of course, the above model does not
apply to the ion pair S3 where the two LE configurations have
markedly different energies.

A deviation from this very simple three-configuration model
came from the fact that other anion LE configurations, precisely
[A,A* +1] and [A,A*+2], were theoretically predicted to lie at
rather low energies so that they might mix wiff’ exciton
states. This happened in particular, in #héype structure of
S1, that will require a little more sophisticated interpretation
(see below).

Bearing in mind the above considerations, let us discuss the
CS INDO SCI calculation results reported in Tables53
concerning transition energyAE), oscillator strengthf}, and
nature of the first five singletsinglet electronic transitions of
S1, S2, and S3 with both and b type structures. All the
calculated spectra are characterized by the presence of a
forbidden CT state at very low energy due to the one electron
excitation from the HOMO, localized on the anion, to the
LUMO, localized on the cation. Interestingly, this common
feature is in agreement with the emission spectra in toluene
solution (section 2.3), from which clearly emerged that all three
contact ion pairs are not fluorescent. Such a fluorescence
qguenching is a well-known phenomenon occurring whenever
m-electron-donating and-electron-accepting units are put next
to each other in a supramolecular architecture so as to give rise
to low energy CT excited staté%.34 In refs 32-34, where the
individual components of the supramolecular system (rotaxanes,
catenanes) absorb in the UV region, the formation of CT excited
states was also stressed by the appearance of broad and weak
bands in the visible region. In our special supramolecular
systems, whose individual components absorb in the visible
region, the CT bands are not surprisingly predicted to appear
in the near-infrared region (Tables—38). This prediction,
however, could not be verified experimentally: no absorption
band was positively observed to come out of the baseline noise,
likely because of the combined low transition probability and
low ion-pair solubility in toluene. In any case, apart from a
general spectral shift, the photophysical behavior of the mixed
dyes under study is the same as that described in ref882
for the noncovalently bonded components of rotaxanes and
catenanes.

As was to be expected, the calculation results concerning the
upper excited states were found to be significantly dependent
on the characteristics (resonant or nonresonant) of the two
components as well as on their spatial arrangenzentt f type).
First, let us consider the resonant ion pairs (S1 and S2),
beginning from the S2 spectrum whose theoretical description
(Table 4) fits the simple exciton model quite well. In fact, Table
4 shows that the calculated spectra of bethand b type
structures of S2 are dominated by the presence of the two
exciton states' andW") generated by the resonance interac-
tion of [C,C*] and [A,A*] configurations. As expected, the
type structure is characterized by a very large exciton splitting
(0.59 eV) which is reduced to less than a half in theéype
structure. Moreover, in thea type structure, the &9

a type parallel arrangements of the two chromophores are transition has forbidden charactér<{ 0.1) while the $—¥""
expected to give rise to substantial exciton splittings depending transition is most intensd & 5, i.e., about twice the average



4608 J. Phys. Chem. A, Vol. 105, No. 19, 2001 Baraldi et al.

TABLE 3: Calculated So—S, Spectra of Both Parallel (a Type) and Orthogonal (b Type) Arrangements of the S1 lon Pair

structure transition AE (eV) f major excited-state configurations assignment
atype S 1.09 0.000 [A,C] (~100%) cT
S-S 2.54 0.076 [C.4 (56%), [A,A'] (38%) W
S 2.89 1.387 [AA+1] (25%), [A,A+2] (30%), LE (+0¥")
[C,CT(21%), [A,A'] (17%)
S-S 2.94 0.341 [A,A+1] (32%), [A,A+2] (55%) LE
S-S 2.97 1.531 [C,g (16%), [A,A] (37%), W'+ (SLE)
[AA™+1] (34%)
b type S-S 1.25 0.000 [A,C] (~100%) CT
S-S 2.57 1.707 [C.G (58%), [A,A] (36%) N
S-S 2.73 1.365 [C.4 (30%), [A,A'] (54%) pr
S-S 2.94 0.277 [AA+1] (79%) LE
S-S 3.01 0.696 [A,A+2] (75%) LE
TABLE 4: Calculated So—S, Spectra of Both Parallel (a are appreciably different, so that the original “degeneracy” of
Type) and Orthogonal (b Type) Arrangements of the S2 lon the cation and anion HL excitations (Tables 1 and 2) is
Pair removed in the associated form where the [C,C*] configuration
AE major excited-state lies at higher energy than the [A,A*] configuration. Something
structure transition(eV)  f configurations  assignment  gimilar occurs also for the parallel type arrangement. In this
atype S-S 1.56 0.004 [A,C] (99%) CT case, however, the origin shifts are both small with respect to
S—S:  2.25 0.065 [C,((36%), [AAT] W the exciton coupling term and hence both energies and composi-
(57%) . tions of the state¥’ andW" conform better to the elementary
2:334 g:gg 8:8‘21'8 %ﬁﬁig Eg;"g' ::E version of _the exciton model. Last, accor_ding to Table 4 the
S-S 2.84 5.143 [C,q] (55%), [AA'] pr anion localized [A,A*1] and [A,A*+2] configurations should
(38%) play a negligible role in the visible absorption region indepen-
btype S-S 1.36 0.000 [A,C](~100%) ) CT dently of the ion pair structure.
S—% 259 1.344 [C'qo(ZS%)' [AAT v The results of Table 3, concerning the spectrum of S1, present
S-S 2.83 2.914 [C(7C§ (/;)1%), AA] W some specific diﬁerences with respect to those of Table 4 as
(23%) far as the characteristics of tH¢ andW" states are concerned.
S—Ss  3.15 0.151 [AA+2] (74%) LE First of all, due to interaction with the [A,At1] and [A,A*+2]
S-S 3.19 0.175 [AA+1] (73%) LE configurations, the higher energy exciton st8tg splits into

two nearby componentsAE ~ 0.08 eV) giving rise to
TABLE 5: Calculated So—S, Spectra of Both Parallel (a y P E )_giving

Type) and Orthogonal (b Type) Arrangements of the S3 lon transitions. of co_mparabl_e high mftgnsﬂm.%{—&:,, SO_.S5)' .
Pair Moreover, an anion localized transition of moderate intensity

(S9—S4) appears between the twg-SS5; and $—Ss transitions.

structure transition(é\li) f mijc?r:f?g;ucrliic(j)r?;ate assignment Thus, in practice_ th_e overall intensity of Fhe—S‘I’” transitio_n_
turns out to be distributed on three very little spaced transitions,
atype S%:gz 2'2‘? 8'gg% %’ég((;lloj)?(y["& A g{LE) so despite the apparent complexity the calculated spectrum is
' ' (22%) o similar to that obtained for tha type structure of S2. As for
S—S:  2.82 3.135 [C, (22%), [AA]  W'(LE) theb type structure, th&' andW" characteristics (little energy
(66%) splitting, comparable intensities of the-SW' and $—W"
S—S:  2.97 0.097 [AA+1](84%) LE transitions, similar contributions of the [A,A*] and [C,C*|
b type 2:2 i-gg 8-88‘11 %ﬁyéﬁs]g%)%) (L:E configurations tow' and " wave functions)”confo'rm to the
S-S, 246 1.495 [C',q (86%) LE exciton model for orthogor_lally oriented transition dipoles better
S-S 2.64 1.437 [AA](86%) LE than doW' andW" states inb type structure of S2 (Table 4).
S-S 2.85 0.230 [AA+1] (87%) LE Among other things, in this case the state splitting is almost
S—Ss 2.93 0.220 [AA+2] (89%) LE symmetrical with respect to the mean-H transition energies

of the individual components (Tables 1 and 2), thus suggesting

oscillator strength of the S, transitions of the component ~ Negligible origin shifts.

ions). In the pseudo orthogonhltype structure, on the other Finally, let us examine the contact ion pair S3 (Table 5).
hand, the overall intensity is found to be distributed on both Briefly, due to the rather different HL transition energies of
the —1¥' and $—1¥" transitions, the oscillator strength of  the individual components (C2 and A1F) exciton coupling plays
the first one being about a half that of the second one. As for @ minor role. This is especially true for thetype structure

b type structure of S2, it is also to be noted that (i) both exciton where the states,%nd S are well represented by the [C,C*]
statesP’ andW" are above the.H—L) states of the individual ~ and [A,A*] configurations, respectively, and the-S5, and
dyes (see Table 4 and Tables 1 and 2) and (i) the weights of So—Ss transitions have energies and intensities fairly close to
the two locally excited H-L configurations are quite different,  those of the S, transitions of the separated chromophores
[A,A*] and [C,C*] being predominant il andW¥", respec- (Tables 1 and 2). A certain exciton coupling, however, occurs
tively. Point i can be explained within the exciton theory. In in the a type arrangement. This is evidenced by an increased
fact, it is attributable to the fact that in this case the energies of spacing of the §(mainly [C,C*]) and S (mainly [A,A*]) states

the local excitations in the contact ion pair are higher than the with respect to that of the individuah States (Tables 1 and 2)
excitation energies of the isolated components and that thisand by an appreciable growth of thg-S5; transition intensity
origin shift is on the average larger than the exciton coupling at the expense of that of the-SS; transition.

term (for a detailed discussion, see ref 11). Point ii, on the other  Now, we need only try to explain the alterations of the visible
hand, indicates that the origin shifts of the two local excitations absorption spectra of S1, S2, and S3, associated with changing
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from acetonitrile to toluene solution (Figures-3), in terms of dyes in low polarity solvents are traceable to extensive formation
the theoretical descriptions provided by Tables 1 and 2 and of contact ion pairs. The most peculiar alterations, occurring
Tables 3-5 for the individual components and the contact ion when the two dyes have superimposed color bands (resonant
pairs, respectively. Briefly, we recall that in the dissociating ion pairs), derive from more or less strong exciton coupling
solvent (acetonitrile) the visible spectra of S1 and S2 consist involving the one-electron HL transitions localized on the two

of a single intense band due to the superimposed color bandspaired chromophores. In all contact ion pairs the fluorescence
of the component dyes, while that of S3 exhibits two distinct of the separate components is efficiently quenched by the
bands: a band at 568 nm due to A1F and another more intensegpresence of a lowest lying anioft cation CT excited state.

band at 648 nm due to C2 (Figure 2). All of these bands were

clearly assigned to the HL excitations localized on the 4. Summary and Conclusions

component dyes (Tables 1 and 2, section 3.1.1). In the nonpolar ithi i d . h .
associating solvent (toluene) the visible spectra of the three ithin @ general interest toward aggregation phenomena in

mixed dyes undergo more or less dramatic changes ranging fromPOlymethine dyes (cyanineg, oxonals, merocyanines) anq thgir
appearance of new bands in S1 and S2 to alteration of theef.fec'[S on the spectrqscopm and photophysical 'propertles, n
relative intensities in S3 (Figures 3 and 4). In the case of S1, this wo_rk we (_jealt W'th the_ St.UdyZ both experlmental_ and
the spectrum in toluene exhibits two rather broad bands of theor_eucal, of lon-pair association in low polarity med_|a Of.
similar intensities with maxima at 566 nm (near the absorption cyanme-oanol mixed dye§. Startmg from spectroscopic evi-
maxima of the individual dyes) and 527 nm (new band). The dence previously reported in the literature, we reappraised the

calculation (Table 3) does not allow a clear-cut explanation of subject in order to search Into the theoretical aspects of the
such observations in term of only tiaetype or theb type S1 observed phenomena. For this purpose, we built three model

structure. As a matter of fact, the comparable intensity of the Tr']).(ed dg/ es codmt?]llnl(;l_g, t\évo by t.WOz t(v:vlo vn:jylcc:)gous gﬁnmes
bands indicates a substantial involvement oftiltgpe structure, (thiacarbo- an ladicarbocyanine, an ) an 0 cor-

h iabl : f th ; h responding oxonols (A1/A1F, A2) in such a way as to obtain
but the appreciable separation of the maxima and the bandtwo systems (S1, CIAL, and S2, C2A2) whose compo-

broadness suggest that significant percent of parallelly arrangedﬂerlts have almost superimposed color bands and a system
[ irs shoul | in keepi ith th Its of . :
lon pairs should be also present in keeping with the results o (S3: C2-A1F) whose components absorb in quite far spectral

the MD simulation. Further contribution at the longest wave- caions. Absorption and emission properties of these svstems
length band may come from the presence of solvent-separateJ 9 : p n prop yste
as well as of salts formed by the individual chromophores with

ion pairs and/or solvated ions evidenced by the fluorescence . ) . . L
colorless counterions were investigated both in acetonitrile and

emission and excitation spectra (Figure 6). ) o . .
i ) in toluene solution in order to analyze the effects of ion-pair
As for S2, the spectrum in toluene solution presents a new 4qqqciation. In the low-polarity solvent, where contact ion

intense band at 598 nm and a very broad shoulder starting fromp,5iing s expected to occur, the absorption spectra of S1 and
the absorpt!on region of the color bar_ld in acetonltrlle (around g5 \were characterized by the appearance of a new intense band
650 n_m). With referencg to Table 4, this behavior can be clearly 5 the plue of the absorption region of the individual chro-
explained by a predominance of theype arrangement of the i onhores. In the latter region, the S1 spectrum exhibited a
two chromophores, as suggested by the MD simulations. In fact, second band of similar intensity while that of S2 presented only
in agreement with the experiment the calculated spectrum of 5 very broad shoulder. On the other hand, the absorption
the a type structure is characterized by a single most inteénse gpactrum of S3 in toluene differed from that in acetonitrile only
transition &—S), to the blue of the HL transitions of C2  for the relative intensities of the two distinct C2 and A1F
?”d A2 (Tables 1 and 2), associated with the upper exciton stateapsorption bands. As far as fluorescence properties are con-
. The Weak,tran5|t|ons from the ground state to the lower cered, in toluene solution the three investigated systems
exciton state"l” (S;) and to the § S, anion LE states may  gyhipited emissions much weaker than in acetonitrile attributable
reasonably account for the broad shoulder extending from 65015 residual solvent-separated ion pairs, while the contact ion
to over 700 nm. In this case too, emission and excitation spectrapairS were found to be nonfluorescent.

(Figure 6) indicate the presence of residual solvent separated g heoretical interpretation of this peculiar behavior was

ion pairs that can give rise to weak absorptions in this region. p,qeq on extensive calculations of structures and electronic
No appreciable involvement bftype ion pairs need be invoked  gpecira of individual chromophores and contact ion pairs. The
to explain the S2 spectrum in toluene. ion pair structures were determined combining MD calculations
Last, let us consider S3. Comparison between Figure 4, curvewith |ocal full geometry optimizations at the PM3 level. Such
b, and Figure 2, curve e, shows that changing from acetonitrile 3 procedure led two structures being localized of comparable
to toluene solution has no significant effect on the position of energies differing from one another by the arrangement (parallel
the two absorption maxima (except for a slightly increased or orthogonal) of the long molecular axes. The distance between
spacing) but causes a striking band intensity reversal. Althoughthe molecular planes ranged between-34 A for S1 and S2
MD simulations have privileged thie type structure, Table 5  gnd~4 A for S3.
shows that the observed intensity effects are explainable only The electronic spectra of these bichromophoric complexes
by a prevalence o& type arrangements enabling the [C,C*]  were calculated at the CS INDO SCI level. The localization of
and [A,A*] configurations to interact moderately. Such a the molecular orbitals on the chromophoric subunits enabled
contrast with the structural predictions may be explained by ys to interpret the calculation results in terms of local and
the fact that the calculated energy difference between the two charge-transfer excitations. In systems S1 and S2, where the
structure is so small~3 kcalmof?) that solvent effects  HOMO-LUMO excitations of the two ions have about the same
neglected in our MD investigation might upset the result. energies, we found large exciton effects, due to interaction of
To sum up, apart from a general overestimation of the excited- the H-L transitions localized on the two chromophoric units,
state energies for both individual ions and ion pairs, the above- which reproduced quite well the most striking alterations
discussed theoretical results demonstrate that the unusuabbserved on changing from the highly polar to the little polar
absorption and emission properties of cyanine-oxonol mixed solvent. Calculations suggested the prevalence of parallelly
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arranged ion pairs for the system S2, but comparably high 105 297. Baraldi, I.; Momicchioli, F.; Ponterini, G.; Vanossi, Bhem.

contributions from both parallel and orthogonal type structure

s Phys 1998 238 353; Adv. Quantum Cheml999 36, 121.

(11) Millié, P.; Momicchioli, F.; Vanossi, DJ. Phys. ChemB 2000

in the case of the S1 system. A moderate exciton effect due t044 9501
the presence of parallel type arrangements had also to be invoked (12) Ponterini, GChem. Phys1997, 216, 193.

to explain the intensity modifications characterizing the spectrum

(13) Tatikolov, A. S.; Ishchenko, A. A.; Ghelli, S.; Ponterini, & .Mol.

of S3 in toluene solution. Moreover, calculations showed that Struct 1998 471, 145.

the peculiar emission properties exhibited by the three mixed
dyes in low-polarity solvents are traceable to the charge-transfer

nature of the lowest excited singlet state in the threetact
ion pairs.
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