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Theoretical study of the effects of solvent environment on photophysical
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We use first-principles quantum-chemical approaches to study absorption and emission properties of
recently synthesized distyrylbenze(i2SB) derivative chromophores and their diméteo DSB
molecules linked through E2.2]paracyclophane moiety Several solvent models are applied to
model experimentally observed shifts and radiative lifetimes in Stokes nonpolar organic solvents
(tolueng and water. The molecular environment is simulated using the implicit solvation models, as
well as explicit water molecules and counterions. Calculations show that neither implicit nor explicit
solvent models are sufficient to reproduce experimental observations. The contact pair between the
chromophore and counterion, on the other hand, is able to reproduce the experimental data when a
partial screening effect of the solvent is taken into account. Based on our simulations we suggest
two mechanisms for the excited-state lifetime increase in aqueous solutions. These findings may
have a number of implications for organic light-emitting devices, electronic functionalities of
soluble polymers and molecular fluorescent labels, and their possible applications as biosensors and
charge/energy conduits in nanoassemblie2005 American Institute of Physics

[DOI: 10.1063/1.1878732

I. INTRODUCTION to study large PCP derivatives with extendedystems' It
was found that fluorescent properties of these derivatives,
unlike unsubstituted PCP, are strongly dependent on the na-

The interest in the molecules studied in this paper ist fthe | ‘ ited state. PCP derivati d related
twofold. First, [2.2]paracyclophane (PCP-based chro- ure ot the lowest exciied state. erivatives and refate

mophores can serve as a model of intermolecular Contac%omg_our:jds were SUszelCt 0(; etlhlarget_ nL:mtt)e(%_ (.)f Tu(kj)_sequent
and solid-state interactions in photoluminescent conductin 0(:1.r Agil'ni);[:%m?cfglaroanert'@gore ical studiesgluding
polymers, widely used in organic light-emitting devices. ! ! plical properties.

. . In particular, the recent experimental investiga?i@i
The PCP core holds twer-conjugated systems cofacially o o
(scheme 1 at a distance that is shorter than the van de#:>CP and distyrylbenzen€DSB) derivatives reports that

Waals distance, and thus provides strong through-space iffater—soluble ionically derivatized PCP chromophores

teractions between those systems which can strongly a1°feV tCPE\rN riind E”Ctp?mhs’?re ?ﬁihe?jﬁemblttrzggglzmt Snooll-
the photophysical properties of chromophores and serves a% OCt 2% n;is Sn rder ef mss %itsdngn ¢ lifetim a in
a conduit for delocalization of excitations between chains 220! -€., an order of magnitu ger fretmes

Second, water-soluble conjugated oligomers are promismg}queous solution compared to neutrally derivatized analogs
fluorescent labels for biomedical applicatic?nMoIecules

used for these applications should not be sensitive to envi- R R

ronmental perturbations and retain their emission properties
and high quantum yield. Detailed experimental studies ac-
companied by careful theoretical analysis can provide a valu-R
able insight into the nature of underlying fundamental pho-
tophysical processes and, ultimately, may help in designing
robust novel fluorescent labels.

The electronic structure of unsubstituted PCP was stud-
ied theoretically using semiempirical approaches by Canuto
and Zerner more than a decade iﬁey analyzed the ex-
cited states in terms of two weakly interactingsystems. SCHEME 1. Chromophores studied in this work: PCER=CH,CHs),

The time-dependent Hartree—Fock technique was then usé&§Pd(R=0CH,), PCPnt[R=(CH,)¢Br], PCPnw[R=(CHy)sNMej-Br],

PCPdt [R=0SiCH,),tBu], PCPdw [R=0(CH,),SC;-NBU;], DSBn (R
=CH,CH3), DSBd (R=OCH,), DSBnt [R=(CH,)sBr], DSBnw [R
JAuthor to whom correspondence should be addressed. Electronic maik (CHy)gNMej3-Br], DSBdt [R=OS(CHj),tBu], and DSBdw [R
amasunov@t12.lanl.gov =0(CH,)4SG;-NBy;].
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(PCPnt and PCPyin toluene solution. Side-chain function- of an expansion into single-particle transitions. This ap-
ality was found to have no effect on the excited states of thgproach is particularly attractive for given molecules, since
core-conjugated system, since both ionic and neutral chroeach excited state in question can be well represented as a
mophores(PCPdw and PCPgthave practically indistin- transition between a single dominant pair of transition orbit-
guishable photophysical properties, for example, when disals (with 84% or more contribution Figures of transition
solved in the same solvefdimethyl sulfoxide(DMSO)]. In  orbitals were drawn using thexCRYSDEN graphical
the contrast, DSB monomer analogee scheme)ldisplay packagel.7
much less pronounced difference in aqueous versus nonpolar
solutions(~5 nm and 1 ns, respectivgly _1Il. RESULTS AND DISCUSSION

This paper is aimed to elucidate electronic mechanisms
leading to these differences. We employ first-principlesA. Molecular structures in vacuum

guantum-chemical calculations and different theoretical pq e pointed out previoushy, even the most accurate
models accounting for solvent environment, and report bothyectronic structure method will fail if used with an inaccu-

successes and failures. rate molecular geometry. Therefore, we need to select a
theory level, both feasible for routine geometry optimiza-
Il. COMPUTATIONAL DETAILS tions, and reliable enough to accurately reproduce the details

of the molecular geometry. Two geometric parameters are

All quantum-chemical calculations were performed us-especially important for the electronic properties of conju-
ing the GAUSSIAN03 suite” This package implements a non- gated molecules: planarity which can be defined as dihedral
equilibrium integral equation formalism pOIarizable con- ang|e a|0ng the backbone, and bond |ength a|tern@m'
tinuum model (IEFPCM),*® which we utilized in our o the difference in length between the single and double
simulations. Saturated molecular side-chains were truncategbnds,r(C—C)—r(C=C)]. The molecular planarity for stil-
(PCPn, PCPd, DSBn, and DSBd, see schemead they do pene derivatives was a matter of controversy in the past three
not participate in the conjugated electronic system. Expliciigecaded?*® Apparently, it is determined by the balance of
water molecules and counterions were added in some calcyyo opposite trends. Conjugation of the system leads to
lations, as described in Sec. lIl. Ground-state optimized gep|anarization of the molecule, while steric repulsion between
ometries have been obtained using the Hartree—KbiY  the ethylenic and thertho-hydrogen atoms of the phenyl
theory level combined with the Slater-type orbitals with threeyings is responsible for the twist along the single bond.
GaussiangSTO-3Q basis set. For ground-state geometries,  Experimentally, trans-stilbene appears to have a large
we previously found that HF method is superior to the(32°) torsion angle in the gas phafeand is considerably
density-functional theoryDFT) approach based on the hy- more planar(5°) in the crystaf® However, various factors,
brid Becke 3 Lee—Yang—Pa(B3LYP) functional by repro-  sych as ambiguity in averaging over motions with the large
ducing accurately the bond length alternation parameters iamplitude in the gas phase, dynamic disordpedaling
similar conjugated systems when compared to available exnotior??) in crystals, and effects of crystalline environment,
perimental structureSThe molecular geometries of the low- complicate the comparison with theoretical values. Indirect
est eXCited states were Optimized at the Conﬁguration interexperimenta| evidence for p|anarity of the free St”bene mo'_
action singlegCIS) / STO-3G theory level. Time-dependent ecyles in solution is obtained from the fact that simulated
DFT (TD-B3LYP) optimizations for the large conjugated spectra(both vibrational? and electronit)) fit much better
molecules were recently found to be unstable and often conte experimental data with the assumption of molecular pla-
verging to unphysical charge-transfer states with vanishingarity. Studies of the fine rotational structure of the electronic
oscillator strength%? The excited-state electronic structures spectra in a collision-free environment in a molecular beam

were calculated using the time-dependent OFD-B3LYP)  jngicate that stilbene is planar in both the ground and first
approach? which was found to be accurate for excited stateSexcited state&’
in conjugated molecule$,and, in particular, for both linear Theoretical results for stilbene geometry optimizations
and nonlinear spectra in centrosymmetrically substitutedyere recently reviewed in Ref. 14. Aimost all semiempirical
chromophore$** At the excited-state optimal geometry, andab initio methods predict the planar geometry of stilbene
transition frequencieélgg and dip0|95/*é,2 corresponding to  (C,,) to be a saddle point, while the absolute minimum is
the vertical fluorescence process were used to calculate thﬂbnplanar(cz). In contrast, DFT methods predict the abso-
approximate radiative lifetime, as'® (cgs unitg lute minimum to be planar. In general, many gradient-
corrected and hybrid density functionals show very good ac-
1) curacy for small molecular systems. It is also known that the
performances of the same functionals are of a lower level in
wherefifi is the Plank’s constant, is the speed of light, and large conjugated systems, but this defect becomes evident in
n is the refractive index. going towards the limit of an infinite system. Many function-
To analyze the nature of the excited states involved imals such as local-density approximatigpDA) and even
the photophysical processes we further used the natural tragradient-corrected versions lead to unphysical behavior of
sition orbitals(NTOs) for excited state&® derived from the some observables. For example, they do not reproduce exci-
calculated transition densities. This analysis offers the mosbnic effects. Mixed hybrid methods partially correct these
compact representation of a given transition density in termsleficiencie$* Even though, hybrid B3LYP functional is

1_ 4 03 s
o ﬁC3(ﬂ2+2) ge Mge
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TABLE I. Energies(kcal/mo) for the three points ofrans-stilbene poten-  TABLE II. Bond lengths and bond length alternation paramé@&iA, A) in

tial energy-surface relative to the planar structure: twisted27°), transi- the central bridge of the stilbene.
tion state to the rotation of one phenyl groGg and second-order saddle
point for the simultaneous rotation of both phenyl grodps. Theory level Symm R(C=C) r(C-0 BLA
C, C. Can, AM1 C, 1.343 1.453 0.110
PM3 Con 1.342 1.457 0.115
HF/STO-3G 0.85 4.48 8.52 HF/STO-3G Con 1.322 1.494 0.172
HF/6-31G -0.17 3.15 771 HF/6-31G Con 1.332 1.475 0.143
HF/6-31G’ -0.36 2.79 6.63 HF/6-31G C, 1.332 1.475  0.143
B3LYP/STO-31G 1.54 6.07 11.38 HE/VZP? Con 1.332 1.479 0.147
B3LYP/6-31G 1.10 5.33 9.89 CASSCK12:10/VZP? Cop 1.351 1.479 0.128
BenchmarR 0.24 4.39 9.35 HF/6-31G™" C, 1.327 1.478 0.151
*Reference 18. MP2/6-31G" C, 1.351 1.464 0.113
CCD/6-31G C, 1.345 1.476 0.131
B3LYP/6-31G Con 1.357 1.458 0.101
known to overdelocalize electrons—a feature inherited from B3LYP/6-31G™" Can 1.348 1.466 0.118
the free-electron gas model.Specifically, it significantly B3LYP/cc-pVTZ Con 1.342 1463 0.121
overestimates rotation barriers around single bdfdmd B3LYP/cc-pVTZ C 1.341 1.465 0124
X-ray® G 1.326 1.471 0.145

underestimates BLA valué$.B3LYP planarity predictions, GED'
therefore, should be taken somewhat skeptically. The results
may improve when a portion of HF exchange in the hybridZEf}giz‘éi ig-
functional increases. One should note that the energy barri€geference 21.
to planarization of stilbene is predicted to be less tharfReference 19.
1 kcal/mol at all theory levels. Therefore, the relative stabil-
Ity of the planar versus n_onplgnar_ structures .S“" may beminimal basis set the planar structure is the most stable even
reversed after the zero-point vibration energy is taken into

. L at the HF level.
account and/or the basis set is increased. Such a reversal was . .
Extrapolation of the bond length alternation parameter to

found, for instance, by Masunov and Dannenberg for th‘?he limit of the infinite basis set is unfeasible, but one can

8
urea moleculé. observe several trends from the calculated values, summa-

An extrapolation to the infinite basis set limit was re- ;o iy Taple II. At the HF/6-31G and HF/6-31Glevels
cently attempted by Kwasniewsét al.™ In their focal point both absolute bond lengths and BLA values are in closest

analysis they used the B3LYP/correlation consistent pOIaragreement with experiment, and they do not change signifi-
ized valence triple zetecc-pVTZ) optimized geometry for  canty when the basis set size is increased. At the MP2/6-
the minimum(planar structurg saddle points to the rotation 31@* |evel the BLA is decreased by 0.04 A, but half of this
of one and both phenyl groups, and artificially twist€gl  gecrease is lost when higher-order electron correlations are
structures as an estimate for the nonplanar geometry. Alzken into account at both CCSD and complete active space
though the planar geometry was found unstable at the Hkglf-consistent field CASSCH levels. At the B3LYP/6-
limit, account for electron correlation with the Mgller— 31G™* |evel the BLA is very similar to the values obtained
Plesset second-order perturbation the@P2) and coupled  from the MP2, and it somewhat increases with the size of the
clusters singles and doubles with triple corrections methogasis set. One may conclude that both DFT and MP2 over-
[CCSOT)] makes it an absolute minimum. This suggestsdelocalize double bonds in stilbene and the BLA tends to
that after the large basis set is used and electronic correlatig@turn to its HF value as the basis set size and the order of
is accounted for, the stilbene molecule is, in fact, planarelectron correlation are increased. This observation supports
Unfortunately, at this level of theory direct geometry optimi- the use of the HF method for geometry optimizations.

zation is not feasible. Even though the focal point analysis The lowest singlet excited stat&,;) of stilbene is ex-
study does not provide direct evidence, it presents the best

ab initio results to date, and provides three benchmark point§ABLE "
on the transstilbene ground-state potential-energy surfacecy s,
which allow us to select appropriate theory level. We tested

C, 1.33 1.48 0.15

Calculated and experimental torsional vibrational frequency

several computationally inexpensive theory levels, including Method Frequency
those using minimal STO-3G basis set. The minimal basis HE/STO-3G 15
set sometimes gives surprisingly good results for some mo- HE/6-31G 43
lecular properties due to compensation of errors of different B3LYP/STO-3G 21
types. This compensation, however, does not hold for many B3LYP/6-31G 12
other properties, and STO-3G calculations are not reliable Experiment,S* 9
without careful comparisons with higher accuracy ap- CIS/STO-3G 40
proaches and experiment. In the present cases the performed CIS/6-31G 19
checks(presented in Table) lshow that HF/STO-3G results ExperimentS,” 35

to be acceptable for this benchmark set. Incidentally, with théRreference 31.
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pected to have a quinoida| structure, which leads to p|a_:I'ABI_.E IV. Calculated(gas phas)eanq experimentaltoluene, Ref_.sab-
narization. There are several spectroscopic evidences Coﬁgrptlon wavelength, calculated oscillator strengtlfis,, and experimental
_— . . .. lative int it

firming the planar structure d$;, which is more rigid than relative Intensitle

the ground-statéS,) structure. In particular, while the elec- State Ao M (€V)

h R i .. K Nexp nm (eV) fealc
tronic absorption spectrum of stilbene has a distinguishable
vibronic structure at low temperatures only, the emission PSBn S 351(3.33 361(3.43 1.87
spectra retain a vibronic structure even at the room PCPn S 418(2.99 397(2.97 0.63
temperaturé’ The rotational spectrum analysis results in a > 403(3.09 0.04
. . . 23 S 372(3.33 e 0.26
conclusion of planarity for the excited-stedeas well™ The 5 345 (3.59 343(3.62 156
relative rigidity of the _eXC|ted_ sta’ge is reflected in a higher qg4 s, 358 (3.46 361(3.43 168
frgquency of_ the torsional vibrational que at ttrans- PCPd s 426(2.91) 397(3.12 0.54
st|lber31f excited staté35 cmit vs 9 cmi! in the ground S 410(3.02 0.03
statg.”” As one can see from Table lll, both ground- and S, 383(3.23 0.24
excited-state torsional vibrational frequencies are reproduced S, 353(3.51) 338(3.67) 1.57

well with the minimal basis set again. BLA parameter in the
excited state changes si¢#0.042 A at the CASSQE2:10/

VZP leve). This effect is qualitatively reproduced at the CIS/ jjator strength. It has essentially a highest occupied mo-

STO-3G level as wel(BLA=-0.007 A. lecular orbital(HOMO) to lowest occupied molecular orbital
After we established that the HF/STO-3G and CIS/(LymO) character, which means that the particle/hole NTO
STO-3G theory levels for ground and excited states, réspegsair is heavily dominated by HOMO/LUMO pair. In this
tively, are sufficient to reproduce important geometric pa-case. HOMO describes the distribution of double bonds in a
rameters in the stilbene, they were applied for the geometry|assical Lewis structure, and LUMO corresponds to a
optimization of the molecules under study in the grot®&J  quinoid distribution of double bonds. The amplitudes of
and first singlet excited stat€S,). The conformation of PCP | yMO are somewhat larger for the central phenyl ring at-
molecules was taken from the crystal structures of analogg,ms; than for the terminal ones. This effect can be described
although qualitative comparison of bond lengths and BLAgg partial charge transfer to the central phenyl ring upon
values are not possible due to static disor@tfferent enan- oy citation.
tiomers, occupying the same positions in the crystdiThe Four frontier orbitals of PCPn can be described as sym-
geometry was optimized assuming the highest possible sympetric and antisymmetric linear combinations of these
metry (Cz,, for DSB andD for PCB), lower symmetry(C;  monomer HOMOs and LUMOs. They give rise to the first
and C; for DSB andC, for PCB, and with no symmetry foyr excited states of PCPn; the corresponding NTOs are
constraints. H|ghly symmetric structures were found to b&hown in Fig. 1. StateS, and S, (symmetric to symmetric
the energy minima for all ground states and for the excitedyng antisymmetric to antisymmetric combinations, respec-
states of DSBn and DSB(, was found more stable for the {jyely) have the largest oscillator strengtigs.and S, states
excited states of both PCRby 18.8 kcal/mol and PCPd  5:quire some oscillator strength as well due to considerable
(by 6.2 kcal/mal. The BLA was found to have different gieric distortions. Two monomer branches in PCP strongly
values in nonequivalent systems foS; of PCPd(0.173 and  jnteract via both dipolar and through space mechanfsfhs.
0.087 A), which are close t&, of DSBd(0.174 A andS of  \we note that the monomer particle orbitals have increased
DSBd(0.080 A)g respectively. Similar values were found for ampiitudes on the central phenyl rings due to the intramono-
S, of PCPn. This already indicates that the relaxation of theéner charge transfer upon excitation. This leads to a through
excited-states, in PCP molecules leads to localization of the space delocalization of the particle in the paracyclophane
excitation on one of3t3he monomer units. Similar effect wasygre (as seen in the symmetric combination of the particle
reported previously NTOs in Fig. 3. The observed energetic splitting between
excited states of PCPn strongly depends on the state transi-
tion dipoles and, thus, oscillator strengths. We observe sig-
nificant(~0.6 e\) splitting between strongly allowes, and
S, pair and less pronounce@d-0.25 eV} in S, and S; of
Excited states of DSB and PCP molecules were calcuPCPn. Compared t§, of DSBn, excited states of the dimer
lated at the TD-B3LYP/6-31G//HF/STO-3G levéh con- PCPn are redshifted which can be attributed to geometric
ventional quantum-chemical notation “single point// distortion, breaking symmetric split of the excited states in
optimization level). Table IV shows computed excitation the aggregate around midpofhSimilar trends are observed
energies of optically active transitions up to four lowest ex-in the DSBd/PCPd monomer/dimer péselected orbitals are
cited stategthese correspond to the vertical absorption val-shown in Fig. 2.
ues, and compares them to the available experimental data After the geometry of the excited state relaxes, the
taken at the absorption maxima. Overall calculations agreenonomer units are no longer symmetrically equivalent: both
well with experiment, given the uncertainty of the spectral-the hole and particle are localized mostly on one of them, in
broadening effects. The respective dominant pairs of NTOsgreement with the BLA values discussed above. Changes in
(Ref. 16 for these states are shown in Fig. 1. As expectedthe electronic structure of the excited state upon localization
DSBn has the only one excited-st&@gwith appreciable os- are reflected in the transition orbitals shown in Fig. 2. While

B. The nature of absorbing and emitting excited
states
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State Hole Particle

DSBd | el T—
B e D & S I -
Si{g) w\k Vi e v .

99%
PCPd

Si(g)
96%

PCPd

S2(g)
34%

PCPd

S3(g)
84%

PCPd

Sa(g)
94%

FIG. 1. (Color Natural transition orbitals of DSBn and PCPn in the groufg)- state geometry. The percentage indicates a fraction of the NTO pair
contribution to a given electronic excitation.

State Hole Particle
DSBd
S1(g)
100%
DSBd
Si(e)
100%
PCPd
S1(g)
95%

PCPd

S1(e)
96%

FIG. 2. (Color) Natural transition orbitals for the first excited state of DSBd and PCPd in the gi@yradid excited{e) state geometries.
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TABLE V. Calculated(gas phaseand experimentaftoluene, Ref. 8fluo-
rescence wavelengthsand radiative lifetimes-.

Acaic (NM) (€V) )\exp (nm) (eV) Tealc (NS) Texp (ny

DSBn 428(2.90 390(3.18 1.0 1.3
PCPn 494(2.5)) 454(2.73 3.3 2.9
DSBd 434(2.86 391(3.17) 1.1 1.1
PCPd 493252 454(2.73 3.7 3.9

neither particle nor hole orbitals of DSB change significantly

upon relaxation(apart from the arbitrary sign of the wave

function), both hole and especially particle of PCP essen-

tially localize on the bottom monomer. Such localization of

the excitation on one of the disjoint-conjugated fragments

was previously reported in the theoretical stutfiemnd de-

FeCt(_ad eXpenmemalR;‘ Comparison of th_e transition orbitals FIG. 3. (Color) Stabilization of PCPd in the twisted conformation by two

in Figs. 1 and 2 demonstrates that whitetametoxy sub-  explicit water moleculegH bonds are shown in blie

stituents somewhat increase involvement of plaea-carbon

atom of the terminal phenyl group in both particle and hole ] .

orbitals (inductive effec}, lone pairs of the oxygen atoms do €ncouraging results when describing solven.t effects on the

not play any appreciable rol@o m-resonance effegt absorption spelctra&\_)(gf small pol§7r moleculpgridazine, py-
The excitation energies and radiative lifetimes calculatedimidine, pyra§|ne°’, s-tetrazine}’ and formaldehyd®). In

at the optimized geometry of the first excited state are re@Protic (especially, weakly polarsolvents the PCM overes-

ported in Table V. One can see that the calculated and efimates solvatochromic shifts from 30% to 300%. In water

perimental transition energies agree within 0.3 eV for botth€ PCM alone recovers 30%-50% of the experimental gas/

the absorption and emission processes, which is typical fofater shifts, and additional explicit water molecules forming
TDDFT. The radiative lifetimes for all molecules are in ex- H bonds with the soluteat least one for each lone privere
cellent agreement with experiment. found necessary to recover the r&sin contrast, for acrolein

the PCM quantitatively describes the blue and redshifts in
n-7 andw-7 excitations, but the addition of explicit water
molecules leads to overestimation of these sAffGor non-
polar solutes there is also only qualitative agreement
The polarizable continuum mod€&éPCM) of solvation is  (0.13 eV versus an experimental gas/heptane shit of 0.19 eV
an extension of solvent reaction field models, introduced byor stilbene?* and 0.18 versus an experimental penthane/
Born, Kirkwood, and Onsager for the charge distributions inmethanol shift of 0.48 eV for methylcyclopropéfe Simu-
a spherical cavity surrounded by a dielectric meditiihe  lations of solvent effects on the fluorescence spectra are
PCM uses a more realistic shape of the cavity, simulates thgcarce, but the available data indicate that PCM is qualita-
dielectric response with discrete charges on the cavity sutively correct?4
face, and includes nonpolar contributions to the solvation  Dipolar molecules are known to generate a strong reac-
free energy in addition to the electrostatic component. Varition field, and thus the solvent strongly affects their geometry
ous formalisms of PCM have appeared in the literature. Thepnd BLA values”® The nonpolar molecules studied here have
differ in the implementation details, but typically give simi- vanishing dipole moment in the ground sté&deie to symme-
lar results for neutral molecules. Most of their differencestry) and, therefore, they are neither expected to generate a
can be attributed to the empirical parameters ugtdmic  strong solvent response, nor demonstrate large geometric re-
van der Waals radii, etc.We used integral equation formal- laxation in a polar solution. Indeed, ground state of PCPd has
ism (IEF), which was developed within two alternative a vanishing dipole moment by symmetry, and optimization in
formulations:®*® These formulations were shown to be water using the PCM model yields a structure that is only
equivalent® and only the first one is implemented in the 0.4 kcal/mol lower in energy, and 0.001 A different in BLA
GAUSSIAN03 code’® When applied to electronic transitions, value. In the excited-state geometry the symmetry is lost, but
the dielectric response is sometimes separated intg¢eflest-  the dipole moments are rather sméll.2 D in the excited
tronic), and slow(orientational components with different state, and 0.8 D in the ground sta#ed directed perpendicu-
dielectric constantgnonequilibrium PCM. Here we use lar to the monomer planes. The change in the BLA value for
nonequilibrium PCM which is introducédin GaussiaN03  the excited monomer is somewhat larg@ro05 A), but the
(Ref. 9 and was reported to increase the solvent effect on theelaxation in the total energy remains almost the same. Not
absorption spectra by 8%—10% compared to the single- surprisingly, the absorption spectra calculated for the DSBd
component model. and PCPd molecules with the PCM model demonstrate neg-
Even though the quality of PCM for simulation of sol- ligible shifts relative to the vacuum values. The emission
vent effects on NMR, IR, and Raman properties has beespectra were calculated in the relaxed geometries of the first
established, this method has demonstrated only moderatexcited state with the equilibrium PCRlivhere both compo-

C. Polarizable continuum model and complexes
with explicit solvent molecules
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State Hole Particle
DSEd
(&), $1

100%
DSEd-ci

(&), 51
100%

PCPd

(2), %
95%

PCPd-a1

(2), %
100%

PCPd
(e), 51
6%

PCPd-ci
(e), 51
100%

FIG. 4. (Color Natural transition orbitals for the first excited state of DSBd and PCPd in the gr@pirmahd excited{e) state geometries in vacuum and with
counterion at the equilibrium distance.

nents of the reaction field are generated by the charge distrfor the first excited state. In this complex two water mol-
bution in this excited stajeThey demonstrate larger toluene/ ecules each form two H-bonded bridges between the meth-
water shifts(~35 nm), closer to the experiment. However, a oxy sidechains of the different monomers. These bridges are
20% decrease in the lifetime is in clear discrepancy withstrong enough to stabilize the monomers in the twisted con-
experiment. Similar trend@maller in valueswere obtained formation. In the ground state the H-bonding stabilization is
for the PCPn molecule. 5 kcal/mol at the HF/STO-3G levéVs. 8 kcal/mol for the

In order to overcome the limitations of the polarizable similar bridges linking methoxy side chains in the planar
continuum model, we built several complexes of PCPd withconformation. The twist of the phenyl groups disrupts
explicit solvent molecules. Out of several complexes studiedgonjugation and leads to the decrease of the transition dipole
only one of them(Fig. 3 had a significantly longer lifetime moment and, subsequently, considerably increases the radia-
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TABLE VI. Calculated(counterion complex vs gas phasad experimentgwater vs toluene, Ref.)&hifts in
absorption(Abs.) and photolumenescerfEL) wavelengths. and respective differences in radiative lifetimes

PL PL Abs. Abs.
ANcac (nm) ANeyp (NM) ATeao NS ATgp NS Algge (NM) ANeyp (NM)

DSBn-B(Hy)g 11 18 1.0 1.0 -20 -5
DSBd- NMé; 20 24 0.2 0.3 22 -5
PCPn - BfH,0)g 56 42 12.7 20.6 -7 -5
PCPn--Br(H,0)q4 41 42 7.9 20.6 -7 -5
PCPd- NMé 128 57 64.5 29.0 -7 -2
PCPd -~NMeZ 70 57 25.1 29.0 -8 -2

tive lifetime. A similar mechanism is even less possible forsimulations with explicit water moleculé8 which is much
PCPn, however, as it has no heteroatoms. Initial geometriamore computationally expensive. Instead, we optimized the
of its complexes with water were built in such a way thatchromophore-counterion paidenoted DSB - ci and PCP) ci
water molecules formed H bond€H---O and OH:- ), and then increased the ion-solute separation by(8ehoted
and n--- 7 donor-acceptor interactions. The excitation ener-DSB---ci and PCP--ci) to simulate the separation and par-
gies of these complexérot shown were found to be shifted tial screening effect by the solvent.
by less than 3 nm, an insignificant shift compared to the  The effect of the counterion on electronic structure is
toluene/water emission wavelength shifts €60 nm, ob- illustrated in Fig. 4. In the ground-state geometry of
served in experiment. Nevertheless, such observation of soBSBd- ci, the cation decreases the participation of the atomic
vent stabilization of conformationally distorted PCP mol- 7r orbitals of the central phenyl ring in the hole orbitaé-
ecules indicates possible existence of an ensemble of solupeilsion, and increases their participation in the particle or-
conformers at the room temperature. bital (attraction, so that the excitation acquires a character of
Overall we conclude that both implicit and explicit sol- charge transfer from the terminal to the central phenyl ring.
vent models fail to reproduce the correct trends, observed iSimilar trend is observed in the excited-state geoméiot
the photoluminescence spectra of PCP chromophores. shown. For PCPd- ci the effect is much more dramatic. Cat-
ion completely localizes the electron on the nearest monomer
branch, and the hole on the remote branch. Instead of being
delocalized between the monoméns the ground-state ge-
To understand the nature of the observed experimentallpmetry), or localized on one monomeéin the excited-state
large solvatochromic shifts, one should keep in mind that igeometry, the excitation almost entirely represents charge
order to make the chromophores soluble in a polar solventransfer from one monomer to another.
they had been derivatized with ionogenic side chains. Even The calculated electronic properties of complexes at sev-
though the ionic groups are far removed from theystems eral geometries are summarized in Table VI. As one can see,
and their charge is largely screened out by the solvent, courdoth solvatochromic shifts of photoluminescence and in-
terions are present in the solvation shells and may form botbrease in the excited-state lifetimes can be well described by
contact- and solvent-separated complexes with chrothe chromophore-ion pair. Addition of B#,0); ion to
mophores. DSBn nearly doubles the radiative lifetime and redshifts the
To simulate this possibility, one counteri@dMe; in the  photoluminescence maximum by 10 nm in excellent agree-
case of DSBd and PCPd, and(BrO); in the case of DSBn ment with experiment. Blueshift of the absorption maximum
and PCPhwas placed on the twofold axis of the molecule is considerably overestimated. This may indicate that in the
approaching the central ring cofacially. This lowered theground-state DSBn, ion pair is more spatially separated, so
symmetry fromD, to C, in the ground state of PCP mol- that the electrostatic field of the ion is largely screened off by
ecules and made the monomers nonequivalent, similar to thi@e solvent environment. The approach of the ion to the chro-
excited-state geometry. The complex of the solute with twamophore molecule in the excited state is likely to be due to
ions on the opposite sides of molecule, which would retairthe relatively high polarizability of the chromophore mol-
D, symmetry, seems to be improbable and its simulation wascule in the excited state, which increases charge-induced
not attempted. Such a complex is presumed to be unstabldipole attraction. In the case of DSBd- NjMeomplex, the
unlike solvent-separated complex between ions in agueouspposite charge of the ion increases the partial charge trans-
solutions?® The main stabilizing factor in the solvent- fer to the central phenyl ring in the excited state. As a result,
separated like-charged ion pair is the existence of the bridghe redshift instead of the blueshift of the absorption maxi-
ing water molecules. Such bridges cannot form when thenum is predicted.
space between ions is occupied by the hydrophobic solute. Similar redshifts of the photoluminescence maxima and
Therefore, repulsion between the like-charged ions is exincrease in the radiative lifetimes are observed in the equi-
pected to be strong in aqueous solution. librium structure of PCPn-BIH,O); complex, but the mag-
While optimization in vacuum may describe the solutenitude of both effects is 5-20 times stronger. Such a dramatic
molecule relatively well, the complex between the chro-effect of the counterion on the radiative lifetime of PCP chro-
mophore and the ion would require molecular-dynamicsmophores compared to that of DSB monomers can be under-

D. Complexes with counterions
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stood using transition orbitals. The approaching ion signifition of hydrogen bonds. Thus, neither polarizable continuum
cantly increases the charge-transfer character of thmodel nor explicit water molecules are able to account for
excitation (from one monomer unit to anotherin the  experimentally observed behavior.
charge-transfer state overlap between hole and particle orbit- A possible scenario, which enables us to reproduce
als is small, so that the transition dipole decreases and thdosely the experimental data, is the formation of a complex
lifetime dramatically increases in agreement with experi-between the chromophore and counterion in a polar solvent.
ment. In the case of the PCPd - NMsmplex the magnitude Excited state in these complexes can be described as ion-
of the calculated counterion effects significantly increasesinduced charge transfer. Based on our simulations, the
while experimental values increase only slightly. This ismechanism of the increase in radiative lifetimes of the emit-
likely due to the truncation of the aliphatic chains when theting excited state can be described as follows. In nonpolar
NBuj, ions present in the experiment are replaced with thesolvent, the excitatiortboth the hole and the partiglés lo-
model NM€. As a result, optimal chromophore-ion distance calized on the same branch of PCP chromophore. Increased
is artificially shortened, and enlarged chromophore-ion sepgsolarizability of the chromophore in the excited state attracts
ration (2 A versus equilibriumwas found to be a sufficient the nearby ion by charge-induced dipole interaction. The ap-
compensation. proaching ion then localizes the hole and the particle on the
When the PCM was applied to the counterion com-different branches of PCP chromophore, thus decreasing the
plexes, the excitation energies and oscillator strengths of theverlap between them, and, therefore, the transition dipole.
PCP molecules and the corresponding PCP-ci complexda turn this leads to a dramatic increase of the fluorescence
showed very little differencegiot shown. This may be due lifetimes® A similar unusually large Stokes shift and fivefold
to the fact that the solvent around the ion is much moreancrease in the lifetime were recently reported for tetracy-
structured than the bulk solvent, and the polarizable coneline forming complexes with divalent catiofs.
tinuum model using the bulk dielectric constant fails to re-  In the solvents of weaker polarifguch as dimethyl for-
produce this effect. mamide (DMF)], counterions are expected to form contact
ion pairs with the charged side chains, rather than with po-
larizable yet neutral PCP core. The contribution of the ion-
induced charge-transfer state will consequently diminish.
Therefore, excited-state lifetime in less polar solvents will be

The present theoretical study investigates the absorptionmilar to that of the geutrgl derivative, which was indeed
and fluorescent properties of PCP-based chromophoréServed in experimeritAn increase in the radius of coun-
shown in scheme 1 in the solvent environment. We use coni€"0n by exchange or complexatidfor instance, with the
putationally inexpensiveb initio approaches to obtain the CroWn ethershould lead to a similar result. This can be used
geometry of the ground and excited stat§/STO-3G and @S @n experimental verification of the proposed mechanism.
CIS/STO-3G theory levels, respectivend show that these The mechanisms described above may have implications
methods reproduce important geometric features of similaPn the photophysics of organic molecules and polymers used
m-conjugated molecular systems with acceptable accuracif! ©rganic light-emitting devices and nanoassemblies, as well
The time-dependent density-functional theofat TD- as soluble conducting polymers used as biosensors. Based on

B3LYP/6-31G level is utilized next to describe excitation t€S€ mechanisms, fluorescent signal from long-lived inter-
energies and radiative lifetimes for transition states. ComMolecular charge-transfer state should decrease if counteri-
parison of the groundéabsorptiop and excited{emission NS of Iarggr size are used, and increase with ionic strength
state geometries and correspondent natural transition orbita the solution. To reduce unspecific wavelength dependence
of isolated moleculed vacuoreveals that the emitting state ©f the biosensor on the polarity of environment, the face of
is essentially localized on a single monomer branch, wherea®-€l€ctron system should be stericaly protected from the ap-
the absorbing state remains always delocalized. proaching ions. » _

To understand possible mechanisms for the strong shifts /N ©rganic light-emitting device€OLEDs), for example,
in the experimentally observed emission maxima and radia@ thin LiF layer was found to improve the efficiency of elec-
tive lifetimes in polar versus nonpolar solvents, several solifo" injection from aluminum catode into organic layer of
vent models have been tested. Polarizable continuum mod8fS-(8-hydroxyquinoling aluminum(Alq).™ Several mecha-
is able to reproduce both small solvatochromic wavelengtl{!iSms of this improvement have been proposed, including
shifts in the absorption spectra, and larger shifts in the fluoformation of ion pairs between Liand Alg anion radicalé]

rescence spectra. However, decrease in the radiative lifetinfi’d charge-transfer complexes between fluoride anion and

49 . .
predicted by PCM disagrees with experiment. The theoreticefld- The results of our work suggest that either ion can

modeling with explicit solvent shows that water molecules'nduce intermolecular charge-transfer complex in a stack of
can stabilize the terminal phenyl groups of PCPd in thdWo or moremr-conjugated molecules. This indicates the im-
twisted conformation Fig. 3 by forming hydrogen-bonded portance c_)f molecular packing and ion intercalation in
bridges between polar substituents on the different monomdPLED design.

branches. However, it leads to the blue solvatochromic shif

for PCPd molecules, in contrast to experiment ﬁndings.}M:KNOWLEDGMENTS
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