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Abstract: Photoexcitations in helical aggregates of a functionalized, chiral oligophenylenevinylene (MOPV)
are described going beyond the Born—Oppenheimer approximation, in the form of dressed (polaronic)
Frenkel excitons. This allows for accurate modeling of the experimentally observed wavelength dependence
of the circular polarization in fluorescence, which directly probes the non-adiabatic nature of the electron-
vibration (EV) coupling in this system. The fluorescence photon is emitted from a nuclear geometry
in which one MOPV and its two nearest neighbors have a nuclear equilibrium that differs appreciably
from the ground state due to the presence of the excited state. The absorption and emission band shape
and the circular dichroism are consistent with a coherence range of the emitting excitation of approximately
two neighboring molecules. Random fluctuations in the zero-order excited-state energy of the MOPVs
(disorder) limit the exciton delocalization and can be described by a Gaussian distribution of energies with
awidth 0 = 0.12 eV and a spatial correlation length kh ~ 5 molecules. We find that disorder and EV coupling
act synergistically in localizing the emitting exciton to a single MOPV in the aggregate with 95% probability.

I. Introduction m-stacked helical aggregates of substituted chiral oligophe-

The photophysical behavior of organic multi-chromophoric nylenes (MOPVn, see Figure 1), which form in low-temperature
systems, from artificial systems such as thin polymeric films Solution:~® The rungs of the helix are formed from two OPVn
used in field effect transistors and solar cells to biological chromophores quadruple hydrogen-bonded through triazine head
systems best exemplified by photosynthetic antennas, has bee§roups. Such well-defined supramolecular architectures, besides
the subject of numerous investigations. Whether considering P€ing of potential interest for applications in electronics and
energy or charge transport, all of these diverse systems share fhotonics, are ideal systems for testing theoretical models of
common feature that sets them apart from the typical inorganic €nergy transport. In addition to (unpolarized) absorption and
semiconductors: they are “soft” in the sense that transport is €mission, these systems are amenable to circular dichroism (CD)
accompanied by significant nuclear distortion induced by and circularly polarized luminescence (CPL) spectroscapies.
nonadiabatic electron-vibrational coupling. The resulting in- An interesting feature often observed for these aggregates is
crease in the effective mass (and reduction in the bandwidth ofthat the isolated constituent chromophoric molecules do not
the excitation) makes organic systems far more susceptible toshow any significant circular polarization, in contrast to the
the localizing effects of disorder. In our view, the major
challenge in properly understanding charge and energy transport (1) Schenning, A. P. H. J.; Jonkheijm, P.; Peeters, E.; Meijer, EJVAm.

Is li d led d di f th Chem. Soc2001, 123 409—416
in organic materials lies in a detailed understanding of the (2) jonkheijm, P.; Hoeben, F. J. M.; Kleppinger, R.; Van Herrikhuyzen, J.;

coupling between electronic excitations and the nuclear frame- chggnmg A.P.H.J.; Meier, E. W. Am. Chem. S02003 125,15941
work over which they travel. This requires a quantum mechan- (3) Hoeben, F. J. M.; Herz, L. M.; Daniel, C.; Jonkheijm, P.; Schenning, A. P.
ical ription, in nd th | B nheimer H J.; Silva, C.; Meskers S.C. J.; BeIJonne D,; Ph|ll|ps R. T.; Friend, R.
cal description, going beyond the usual Bex@ppenheime Meuer E. WAngew Chem., Int. ER004 43, 1976-1979.
approximation and experimental techniques that are sensitive (4) pr.ns P.; Senthilkumar, K; Grozema, F. C.; Jonkheijm, P.; Schenning, A.
to the nonadiabaticity in the electron-vibrational coupling. 5’82*'673_15’;@149“ E. W.; Siebbeles, L. D. A. Phys. Chem. 2005 109,

Very promising candidates for the study of soft excitations (5) Jeukens, C.; Jonkheijm, P.; Wijnen, F. J. P.; Gielen, J. C.; Christianen, P.

P i H ~ ; C. M.; Schenning, A. P. H. J.; Meijer, E. W.; Maan, J. £.Am. Chem.
in organic condensed phase materials are the well-characterized . ° 5005 127 8280-8281.

(6) Jonkheijm, P.; van der Schoot, P.; Schenning, A. P. H. J.; Meijer, E. W.

TTemple University. Science2006 313 80-83.
* Eindhoven University of Technology. (7) Circular Dichroism Principles and ApplicationsNakanishi, K., Berova,
8 University Mons-Hainaut. N., Woody, R. W., Eds.; Wiley-VCH: New York, 2000.
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accounted for by supplementing the vibronic basis set (aka single
particle basis set) with two-particle basis functions composed
of vibronic/vibrational pair$®1? Hence, optical excitations in
organic systems can be described as delocalized vibronic
excitations surrounded by vibrational or phonon clouds. The
vibronic component is the primary source of the unpolarized
absorption and CD spectra, whereas the vibronic/vibrational
pairs play an essential role in the emission process.

We have previously shown that the degree of circular
polarization gum = 2(I. — Ir)/(IL + Ir) with I &) being the
intensity of left (right) circular polarized luminescence) in the
sideband luminescence arises from two-particle excitafidns.
Hence gum(w) probes the size of the phonon cloud. A complete
analysis of the four observables allows one to construct in some
detail the fundamental optical excitations in MOPV4 helices,
which can be referred to as neutral polarons. The overall analysis
is general enough to treat other chiral condensed phase organic
systems, such as chiral polythiophene aggregates and even DNA.

Delocalization of the excitations over a large number of
molecules can give rise to unexpected phenomena such as
superradianc&,2°but delocalization is often strongly influenced
aggregate where circular differentials can be very |argd% 12 by the energetic disorder, i.e., the fact that not all chromophoric
This observation has been explained using the exciton chirality units have exactly the same excitation energy. In a previous
model. Here the circular polarization arises from delocalization work, we have investigated the dynamics of energy diffusion
of the optical excitation over two or more achiral chromophoric along MOPV4 chiral stacks via free excitons (uncoupled to
units which are held in a helical arrangement either by nuclear degrees of freedom) and found that the measured

Figure 1. Assembly of MOPV4 chiral aggregate through H-bonded dimer
intermediates.

supramolecular forces or by a scafféfdThe sensitivity of the
circular polarization for delocalization of the optical excitatton

emission depolarization can only be reproduced by accounting
for excitation delocalization among acceptor molecules, assum-

makes circular polarization measurements ideal for studying theing complete localization over a single donor chromophore after

behavior of excitations in multi-chromophoric systems.

geometric relaxatioR! Here, we aim at quantifying further the

A proper accounting of the four photophysical observables nature of the absorbing and emitting excitons. A proper
under study here, absorption band shape, emission band shap&haracterization requires not only the extent (and shape) of the
and circular polarization in absorption and emission, provides nuclear distortion field accompanying the polaron but also its
a strict test for any quantum mechanical model for photoexci- coherence range. Both parameters are affected by disorder,
tations in molecular aggregates. In the present case, we subjecpresenting a rather formidable challenge in formulating a valid
the Holstein Hamiltonian with site-correlated disorder, recently theoretical description. However, in recent years, numerical
introduced to successfully interpret absorption and emission in procedures for the analysis of the Holstein Hamiltonian with
P3HT thin films!® to the task of describing the nature of the disorder have been developed and applied to herringbone
optical excitations in MOPV4 helical aggregates. For weakly assemblies of conjugated oligom€r®as well as linear-stacks
coupled chromophores, such excitations are essentially vibronicof polythiophened® In the present paper, we utilize these
excitons in which an electronic excitation on a given molecule methods to extend our work on chiral aggregtteés include
relaxes along a given nuclear coordinate. For MOPV4 (as well the effects of a Gaussian distribution of correlated site disorder.
as most conjugated molecules), the nuclear coordinate corre-
sponds to the strongly coupled intramolecular ring-breathing/ !l- The Disordered Holstein Model
vinyl stretching mode with frequeney1400 cnv™. Thismode 5 aquilibrium aggregate structure for MOPV4 shown in
forms clear V"_Om”'c progressions in the gbsorptlon and emission Figure 1 is based on molecular mechanics calculations using
spectra of single molecules_ in solution. Moreover, in an o Dreiding force field#® The angle¢ between neighboring
aggregate, even the surrounding molecules will relax or “bend” superimposed chromophores is of the order 6f Simulations
in response to the vibronic excitation. Such processes are ¢ energy transfer along the stagksshow that excellent
agreement with experiment is obtained for angles in the range
6—12°. According to the force field calculations, the intermo-

(8) Langeveld-Voss, B. M. W.; Janssen, R. A. J.; Christiaans, M. P. T.; Meskers,
S. C. J.; Dekkers, H. P. J. M.; Meijer, E. . Am. Chem. S0d996 118
4908-49009.

(9) Peeters, E.; Ramos, A. M.; Meskers, S. C. J.; Janssen, R.JAChem.

Phys 200Q 112,9445-9454.

(10) Wang, M. M.; Silva, G. L.; Armitage, B. Al. Am. Chem. So@00Q 122,
9977-9986.

(11) DeRossi, U.; Dane, S.; Meskers, S. C. J.; Dekkers, H. P. J.Avigew.
Chem., Int. Ed1996 35, 760-763.

(12) Spitz, C.; Dane, S.; Ouart, A.; Abraham, H. W. Phys. ChenB. 2000
104, 8664-8669.

(13) Harada, N.; Nakanishi, kCircular Dichroic SpectroscopyOxford: New
York, 1983.

(14) Didraga, C.; Knoester, J. Chem. Phys2004 121, 10687-10698.

(15) Spano, F. CJ. Chem. Phys2005 122 234701/%15; erratun2007, 126,
159901.

(16) Philpott, M. R.J. Chem. Phys1971, 55, 2039-2054.

(17) Spano, F. CJ. Chem. Phys2002 116, 5877-5891.

(18) Spano, F. C.; Zhao, Z.; Meskers, S. C1.Jhem. Phy2004 120, 10594~
10604.

(19) Spano, F. CChem. Phys. Let200Q 331, 7—13.

(20) Meinardi, F.; Cerminara, M.; Sassella, A.; Bonifacio, R.; TubinoPRys.
Rev. Lett 2003 91, 247401-247404.

(21) Beljonne, D.; Hennebicq, E.; Daniel, C.; Herz, L. M.; Silva, C.; Scholes,
G. D.; Hoeben, F. J. M.; Jonkheijm, P.; Schenning, A. P. H. J.; Meskers,
S. C. J.; Phillips, R. T.; Friend, R. H.; Meijer, E. W. Phys. ChemB
2005 109 10594-10604.

(22) Spano, F. CAnn. Re. Phys. Chem2006 57, 217-243.
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lecular separation between adjacent H-bonded dimers along thehe linear EV coupling approximation in the manner of
stacks is 3.75 A. Holsteirt® and is responsible for the formation of polaronic

For the aggregates considered here, the exciton couplipg, ~ €Xcitons.
between moleculm andn, is evaluated by combining a coupled ~ We are now prepared to write down the aggregate Hamilto-
cluster single and double (CCSD) approach to the INDO hian including site energy disorder and EV coupling involving
Hamiltonian on the basis of model geometric structures, seethe effective high-frequency intramolecular vibration with
ref 21. Transition charge densities are calculated for each frequencymo= 1400 cni®. Written in a representation of one-
chromophorem andn (in the gas phase), and the interaction €Xxcitons,H readst®
Jmnis evaluated via a Coulombic sum. The screening influence
of intervening molecules, either MOPV or solvent, between H = g Z bb, + wyh z (b} +by) In><n|
andn is neglected. As an illustration, the INDO/CCSD nearest n n
neighbor interactions amount t00.057 [0.046] eV between  + z 2 Gont Ay IM>< 0| + D + wy_o + A0, (1)
superimposed molecules for & 612°] rotation and only m
~—0.0087 eV between chromophores belonging to the same ) . o
H-bonded dimer. Hence, the intrastrand interactions are muchWherefi = 1 is taken. The first term represents the vibrational

larger than those between strands, suggesting an effective singl&"€'9Y due to the high-frequency_ que, vyhereas the second
strand approximation, as will be described below. term represents the linear EV coupling involving the same mode.

Note that, in contrast to ref 21 where coupling to a soft b, (bn) is the creation (destruction) operator for vibrational

libration mode was inferred to rationalize the large Stokes shift quallnta |W'th_'|_nh the harnl”norllc g_routn(;l Stite _ngple?r ptcl)qtetnttllqal on
observed for dissolved molecules, an almost perfect quantitativemglggﬂlzném ?S p:ILGCS:;JgITICSXZg d tc’) I?htlac?ir(:f o e'tical(le
agreement to the measured optical properties of the aggregategnowed state, whereas all Zther molecules remairFl) in t)r:eir
is obtained here while only retaining an effective high-frequency electronic gro,und states. The HuarRhys (HR) factorA?
mode. This can be explained by the fact that the conjugated ’

- . - measures the shift in the equilibrium positions of the ground
backbones significantly planarize when they are incorporated : : .
in the helical stacks. and excited-state nuclear potentials. In what follows, we utilize

n . . L an HR factor ofi? = 1.2, a value which, in conjunction with
In addition to electronic coupling, there is significant electron- o upic frequency dependence in the emission rate, yields
vibrational (EV) coupling within each helical stack due to the roughly equal singie molecule—@ and 0-1 emission peak
impact of various types of molecular motion on the excitonic intensities, as is found for OPV4 molecules in soluidiThe
couplings and site energies. To account for such effects, we

) : excitonic coupling is mediated by, contained in the double
treat EV coupling on two levels. At the most approximate level, ¢, mmation term in eq 1. This term also contains the configu-

we treat the conglomerate of acoustic and optical lattice mOdesration-dependent transition frequency offset forrittemolecule,
with relatively low frequencies in the manner described by An, relative to wo_o+D, where wo_o is the gas-phase-@
Schreiber and Toyazav#aHere the overall effect of such lattice tra’nsition frequency an® is the gas-to-crystal shift induced
modes is to induce spatial and temporal fluctuations in the on- by aggregation. Finally, in all that follows we utilize open

site excitation energy around the rigid lattice value. Under the boundary conditionsH in eq 1 is referred to here on as the
adiabatic approximation, valid when the phonon energy is much yisordered Holstein (DH) Hamiltonian.

less than the exciton bandwidth, the lattice coordinates are |, this work, we utilize the two-particle approximation in
considered fixed during optical absorption or emission, resulting yenresenting eigenstates of the DH Hamiltonian. Tt
in & Gaussian distribution of spatially correlated site energies. gy cjtonic wave function is therefore expandedas
Although spatial correlation was neglected by Schreiber and
Toyozawa, we include it here within the model introduced by o (@,  ~ o
Knapp?® The variance of the site-energy distribution as well > = Z Cop MU=+ Z Z Cnf';(”')l’
as the spatial correlation length are model parameters, which e
generally depend on temperature as well as the average phonofrne first term in eq 2 represents a delocalized vibronic
frequency and EV coupling constant. Alternatively, the distribu- excitation. The statén,7> consists of a vibronically excited
tion of site energies can arise from static point and structural cpromophore at site with # excited-state quanta in the (shifted)
defects. In this case, the distribution parameters do not dependeycited-state nuclear potential (see Figure 2). Because all other
on temperature. In this work, we do not distinguish between pjecules are electronically and vibrationally unexcited, the state
the two origins. In,o> is also referred to as a single-particle state. The second
A more accurate treatment of EV coupling is reserved for term in eq 2 represents a delocalized vibronic/vibratiquaat
the high-energy intramolecular symmetric stretching/breathing excitation. In addition to the vibronic excitation atthe two-
vibrational mode at-1400 cn!, common to many molecules  particle state|n,7;n',v'> , includes a vibrational excitation at
with extended w-conjugation. This mode causes a pro- n' with v’ quanta in the ground state potential as demonstrated
nounced vibrational progression in both the absorption and
emission spectra of oligo-pheneylene vinylene molecules in (26
solution?2627In this work, the 1400 cmt mode is treated within (27

NN "> (2)

nyv n,v

) Gierschner, J.; Mack, H.-G.; Luer, L.; Oelkrug, D.Chem. Phys2002
116, 8596-8609.

) Narwark, O.; Meskers, S. C. J.; Peetz, R.; Thorn-Csanyi, EssIBa H.

Chem. Phys2003 294, 1-15.

)

)

(28) Holstein, T.Ann. Phys1959 8, 325-342.

(23) Mayo, S. L.; Olafson, B. D.; Goddard, W.. A. Phys. Chem199Q 94, (29) Cornil, J.; Beljonne, D.; Heller, C. M.; Campbell, I. H.; Laurich, B. K.;
8897-8909. Smith, D. L.; Bradley, D. D. C.; Mlen, K.; Bredas, J. L.Chem. Phys.

(24) Schreiber, M.; Toyozawa, Y. Phys. Soc. Jpri982 51, 1528-1536. Lett. 1997 278 139-145.

(25) Knapp, E. WChem. Phys1984 85, 73—82. (30) Spano, F. CJ. Chem. Phys2002 116, 5877-5891.
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Figure 3. Effective excitonic couplingslmm+s from eq 3 as a function of

interchomophore distancs, for several pitch angles.

n-1 n + .
, m ! o _also used®® = . A plot of Jn, vs the inter-choromophore
Figure 2. Examples of the fundamental excitations in ordered organic

assemblies. The vibronic (single-particle) excitatiomi& = 1> while the separation is shown in Figure 3 for several pitch angles.
vibronic/vibrational pair (two-particle state) j8,0 = 1;n+ 1p = 2>. The SSA treats the MOPV4 helix as an effecthireglestrand

) o ) ) of N chromophoric units with interactiord,, from eq 3 between
schematically in Figure 2. One can also include three- and hlgherIocal excited stategm> and |n> (dropping the symmetry

_partlclg .St?lt.ei;l howevert, tr_urlcr:‘atl_ngt; at th:. t\{vo-pamlgle 'e"e.' as notation). Eigenstates and energies are computed from the
e e e ot egime Hamitoian n o0 1 n 3 epresencaion of & 2 uig e
pprop ! 9Y: molecular parametersf, A?) as discussed previously for each

: : . ) .
wo, the vibronic relaxation energy’wo, and the (free) exciton chromophoric unit. The SSA becomes exact as the interactions

Zigi?xdtt)g'r:/(\j/;/v%rti\f\l/" igi?gi?:é?r; sglsgrr;lttiléi%g;t\e/vg:r? the between molecules in strandsindB, which are relatively weak
c in MOPV4 helices, approach zero. For MOPV4, we have

highest and lowest energy excitons in the absence of disorder " . . .
and exciton-vibrational coupling. For example, in a long linear confirmed the validity of the SSA by calculating the absorption

aggregate with nearest-neighbor couplidg) only, W = 4J. and emission s_pectrum for a complete aggregate consist_ing of
In the present case, where extended interactions are retained,10 H-bonded dimersN(= 20 molgculgs) gnd for and eﬁeptlve
W is evaluated numerically from the DH Hamiltonian after @dgregate oN =10 chromophoric units, in both cases without
settingAn, A2, andwg to zero. d|sord9r. The spectra were in excellent agreement and virtually
In all calculations to follow, we also invoke an effective ~SUper-imposable.

single-strand approximation (SSA), which assumes that the Disorder can have a strong influence on the photophysical
transition energies of the two molecules in an H-bonded pair behavior of molecular aggregates. It may be taken into account
(dimer) are identical, although the transition energy of each by assuming a statistical distribution for the values of the
dimer may vary along the strand. Because the molecular interchormophoric couplingsl, off-diagonal disorder) and
transition dipole moments in the dimer are aligned only the in- for the site energies (diagonal disorder). Although off-diagonal

AA

phase electronic excitation on dimer disorder may be importait,we neglect it here for the sake of
simplicity and consider only diagonal disorder. We assume that
In"> = i{|nA> + |ng>} the site energies for the chromophores in the effective single

strand are distributed randomly, but with spatial correlation.

) _ ) Following Knapp?® we assume a joint Gaussian distribution of
is optically allowed, where andng refer to local electronic  ansition frequency offsets:

excited states on moleculég andB;, (corresponding to strands

A andB, respectively, see Figure 1) within timh dimer. The N
out-of-phase combinations along the strand are optically dark P(Ay...Ay) = exd — z - (A—l) AA
and do not couple to the in-phase states. They are therefore (Zﬂ)N/z /deIA nf=12 mrm

neglected. Hence, under the SSA, each H-bonded dimer can be (4)
treated as a single chromophore, thereby doubling the maximum
aggregate length that can be analyzed numerically. The “effec-
tive” excitonic interaction between the chromophores and

mis then,<m" |H|n *> = J.,,, with

where A Ymnis the mrth element of the inverse covariance
matrix32 In linear aggregates with open boundary conditions,
elements of the covariance matrix are given by

J =4 )8 3
mn mn mn ©) (31) Jang, S.; Dempster, S. E.; Silbey, Rl.JPhys. Chem. B001, 105 6655—
6665

AA (A i i (32) Equétion 4 contains factors of 2 which were inadvertently omitted from
‘]mn (‘]mEri) are the INDO/CCSD computed interactions between the distribution function reported in ref 15, although the correct distribution

moleculesAn and A, (An andBy). In deriving eq 3, we have as shown in eq 4 was used throughout.

J. AM. CHEM. SOC. = VOL. 129, NO. 22, 2007 7047
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A= <AA> o= expl [n—mi/ly) (5)

Here, <...>¢ denotes a configurational average over random
transition-offset distributions angd measures the magnitude of
the disorder, through the single-site variam@® = <A2> c.
Note that our definition o is +/2 times that used by Knapgp.

In eq 5,lp is the spatial correlation length in dimensionless units
of lattice spacing. Alternatively, one can introduce the correla-
tion parameterj = exp(—1/p), which ranges from zero when
lo = 0 (no spatial correlation) to unity dsapproaches infinity.

In the former case = 0), the distribution (eq 4) reduces to
that used by Schreiber and Toyozaif#a,

expA, 7o)
Vo

and the transition frequency offsets for each chromophore are
chosen independently from a Gaussian distribution ) fiul-
width, 20. As 8 approaches unity all chromophores within a
given aggregate have identical offsets, the values of which are

N
n=1

P(A,,...Ay) = |‘| (6)

distributed over the aggregate ensemble according to a normaf

distribution (1£ width of 20). The distribution (eq 4) has

recently been used to successfully account for the emission line

shape inpoly(3-hexylthiophene) in ref 15.

Once the excitonic wave functiongp®> , and transition
frequenciesgp,, for a given configuration of offsets have been
evaluated numerically the absorptiof(w); emission,Sw);
absorption dissymmetrygap{w); and luminescence dissym-
metry, gum(w),” are readily evaluated by taking appropriate
configurational and thermal averages. Full expressions for all
spectral observables appear in the Supporting Information.

IIl. Absorption and Emission Spectra

Before considering the four spectral observables separately,

we present in Figure 4 an overview of the measured and
theoretical spectra. For the latter, the only adjustable parameter
are the pitch angle defining the helicity and the distribution
parameters,c and lp. To obtain optimal agreement with
experiment and o were varied to reproduce the absorption
peak position and width, respectively. Subsequent analysis of
the emission spectrum yielddgl Best fit values used in the
Figure arep = —14°, 0 = 0.12 eV andlp = 4.5 (6 = 0.8).
Here, the sign of is defined with respect to a left-handed helix
in keeping to the convention of ref 18. The negative value
therefore indicates a twist @§| in the right-hand helix as in
Figure 1. All four calculated spectra utilize the samgl§) and

¢. For a giveng, the choice of ¢, lo) is unique; no other
combination can simultaneously reproduce all four spectra with
the same accuracy.

. ()
= ®  diw) Exp
3 o S{m) Exp.
E
8
:
Z '\-"...
1.8 i 20 ) 22 24 26 28 ) 30 ) 32 34 ) 36
4
e g (@) Exp
z o g, (&) Exp.
E 24
¥
o
— 04 g,.(®)
£ o s
=
-4
L} T L T T

28
energy (eV)

Figure 4. (a) Experimental absorptiod\(w), and emission§w), spectra

of MOPV4 helices ([MOPV4]= 2 x 105 M) at 278 K with (b)

orresponding degrees of circular polarization in absorptigr and

uminescencegum. Also shown are the theoretical spectra (solid and dashed

curves) based on the disordered Holstein Hamiltonian (see text).

mismatch in the magnitudes gfpdw) andgum(w), can readily
be accounted for as described below.

Absorption. Figure 4a,b shows the measured absorption
spectrumA(w), using unpolarized light, along with the degree
of circular polarization in absorptiomgapdw) (= 2(AL — AR)/

(AL + Agr) with A r) being the absorbance for left (right)
circular polarized light). The absorption spectrum is rather broad
but with a pronounced shoulder labelég at approximately

2.6 eV.gapdw) has the classic bisignate form characteristic of
delocalized excitations. Agreement between theory and experi-
ment with regard to the sign adap{w) confirms the pre-
dominance of right-hand helices. Experiments have shown that

She absorption shoulder as well as the entire dissymmetry

spectrum grows in as the temperature is lowered to induce
aggregatiort:?

Figure 5 shows the calculatéf{w) and gap{w) for various
spatial correlation length&. Although our calculations employ
the more sophisticated two-particle approximation, the single
particle approximation (SPA) which utilizes only the first
(vibronic) term in eq 2 yields essentially the same spectra as in
Figure 5. This arises becaus®NV is sufficiently large (and the
spectra sufficiently broad) to obscure two-particle effééts.
Moreover, the vibronic/vibrational pair states (see Figure 2)
carry no oscillator strength from the vibrationless ground state.
Using the SPA we have confirmed thadth Aw) and gypdw)

The theoretical spectra in Figure 4 are based on aggregatesemain essentially unchangedncreases beyond 20. Hence,

containing N = 20 chromophores (H-bonded dimers);410
configurations of transition energy offsetas[ A,..., Ax], were
randomly generated according to the correlated distribution in
eq 4. Eigenstates and energies of the DH Hamiltonian in eq 1
were obtained numerically for each configuration using the SSA
and TPA approximations and subsequently inserted into the
spectral averages in eqs-S%4 (see Supporting Information).

the spectra in Figure 5 correspond as well to infinitely large
aggregates.

The calculated spectra in Figure 5a very weakly depend on
lo; all are in excellent agreement with experiment up-8.1
eV, fully capturing the relative intensity and peak position of
the A; shoulder. The disagreement in the higher energy region
is due to additional excited states not included in the theory.

The discrepancies in the experimental/theoretical agreement inThe weakly dependence arises becausis of the order oW

Figure 4, such as the small relative shiftSw) and the slight
7048 J. AM. CHEM. SOC. ® VOL. 129, NO. 22, 2007

(= 0.15 eV) placing MOPYS aggregates well beyond the
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Figure 5. Experimental absorption (a) and absorption dissymmetry (b) vs
energy atT = 278 K (black dots). Also shown are the calculated spectra
for N = 20 aggregates and several spatial correlation lengths. The free
exciton bandwidth is 0.15 eV, slightly larger than the disorder wigth

0.12 eV. The dashed curve in (b) corresponds to the truncated excitonic

potential (see text). independenbf the transition dipole moment and path length.
By definition, gaps represents the net degree of circular polariza-
tion normalized to the total absorption (see Supporting Informa-

The structure of the absorption spectrum is characteristic of 1oN)- Figures 4b and 5b show that the calculatgg (@)
strong excitor-phonon coupling in linear aggregatésHere, reproduces the experimental line shape but is reduced in
excited states are grouped into vibronic bands, starting with the Magnitude by about 30%. Consistent with earlier analysis,
lowest? = 0 band comprised mainly of single-particle states, Jabs (@) is far more sensitive to extended interactions than
In,7 = 0 > , whose delocalization is controlled by the ratio of absorption. A strong possibility for the 30% disparity is an
the disorder width,s, to the 7 = 0 vibronic bandwidth, overestimation of the extended excitonic interactidns due
W exp(—A9). The A; shoulder arises from such states and to our neglect of dielectric screening effects. To demonstrate
correlates to the-80 transition in the single molecule spectrum this we have recalculatedans after truncating the excitonic
when the excitonic couplings vanish. It was previously shown couplings beyond theixth nearest neighbor; i.el, ms Was
that the intensity ofA; relative to the main absorption peak set to zero fors > 6. The truncation has a negligible effect
diminishes with increasing exciton bandwidftv’making the  on the absorption spectrum, producing a minute red-shift of
relative A; peak intensity a useful measure of the electronic |ess than 0.005 eV, almost imperceptible on the scale of
coupling. This was strictly shown for the case of achiral Figure 5a. By comparison, the changegigsis far greater. The
aggregates bu_t remains valid _fo_r chiral aggrega?es as well, 8Syashed curve in Figure 5b shovgssdw) for the truncated
we will show in greater detail in a future publication. The potential. The increase ifgad in the A, region is quite

bisignate form ofgaps in Figure 5b also reflects excitonic . . . .
. ; o . substantial and results in a vastly improved agreement with
coupling and provides an additional check on the exciton experiment

bandwidth.
The sensitivity of the absorption spectra to the pitch angle, Emission.As depicted in Figure 4a, in contrast to absorption
¢, is shown in Figure 6. Increasing the pitch angle decreasesthe vibronic progression is more clearly resolved in emission,
the overlap between neighboring molecules and hence reducesnaking it tempting to describe emission using a smaller disorder
the exciton bandwidth\v. We find that forp = —8,—14, and  width, 0. Aggregation effects in emission include a reduction
—20°, the respective values &% are 0.21, 0.15, and 0.11 eV. in the relative 6-0 peak intensity (compared to the—Q

Figure 6. Calculated absorption (a) and absorption dissymmetry (b) vs
energy forN = 20 aggregates and for several values of aggregate pitch
angle,¢. In addition,lp = f = 0 ando = 0.12 eV. Also shown are the
experimental data a = 278 K.

motional narrowing regime, where the absorption spectral width
narrows with decreasing.?®

Hence, thep = —8° spectrum is shifted furthest to the blue, intensity) by about a factor of 2 compared to the single molecule
true for¢ = —20°. polarization dissymmetry is entirely aggregation-induced; the

The calculated absorption spectra in Figures 5a and 6a were
normalized so that the peak height coincides with experiment.
This can be rationalized as a fitting procedure for the magnitude
of the transition dipole moment or optical path length. However,
this is not possible fogaps (@), which is an intensive quantity

measuredy,m(w) becomes negligibly small in hydrogen bonding
solvents in which MOPV4 does not form aggregates (See
Supporting Information). The measurddum| (Figure 4b)
gradually increases with energy through the sideband transitions,
with a far more rapid rise in the vicinity of the highest-energy
(33) Spano, F. CChem. Phys2006 325 22—35. 0—0 transition. Such behavior is characteristic of other small
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molecular and polymeric organic systefis®¢ In what follows,

we show that all of the aforementioned properties are consistent
with vibrationally dressed excitons extending over several
molecules.

The numerically calculated emission observables for several
lo are shown in Figures 7 and 8. The disorder widthks 0.12
eV, isidenticalto that used in modeling absorption in Figures
4 and 5. The calculated emission is comprised of a superposition
of emission from all aggregates in the ensemhblad from a
Boltzmann distribution of emitting states withirk® of the
exciton band bottom for each aggregate, Wit 278 K taken
to coincide with experiment. (We verified that states beyond
4KT of the band bottom contribute negligibly to emission.) The
emitting distribution assumes rapid intraband relaxation on a
time scale shorter than the emission lifetime.

In contrast to absorption, which is determined almost entirely
from the vibronic exciton component of the various excited
states, emission also contains significant contributions from the
vibronic/vibrational pair states. In refs 37 and 38 it was shown
that one- and two-particle interferences lead to profound
reductions in the sideband emission intensities, consistent with

aggregation-induced fluorescence quenching. In the presean

example ¢ = 0.12 eV,lg = 4.5), our calculations show an
increase by about a factor of 2 in the-0 peak intensity when
the vibronic/vibrational states in eq 2 are omitted-i.e. under the
SPA. (We note that the-80 peak is unique in that it depends,
as does absorption, only on single-particle coefficients.) The
CPL dissymmetry presents a more dramatic example of the
importance of the vibronic/vibrational pair states. Here, the
dissymmetrygum, of the emission side-bands is rigorously zero
if only single-particle coefficients are retain€dThus, gum
directly probes the extent of the nuclear distortion field, as we
show in greater detail below.

Let us first consider the emission spectrugip). One of
the more remarkable features in Figure 7 is the relative reduction
of the 0-0 intensity peak with increasing spatial correlation.
This is clearly seen in the spectra of Figure 7b, which are
normalized to the peak intensities, and is quantified by the ratio
of the 0-0 to 0—1 peak intensities,

Sw=0"")

Sw ="

For an isolated chromophor&; reduces ts = (1%,%)~1 using
FC factors for displaced harmonic oscillators. Hdieis the
0—1 emission frequency normalized by the-® emission
frequency. Wherl?2 = 1.2 andf;® ~ 0.8, as is appropriate for
OPV4 chromophoresik takes the value of 1.04. By contrast,
the measured and theoretical valuesSaffrom Figure 7 are
substantially smaller than unity, with the experimental value
approximately 0.65. This discrepancy is due entirely to the
effects of aggregation, as we show below.

Figure 7b shows hov diminishes with increasing spatial
correlation afT= 278 K. A far more dramatic demise with

K= @)

(34) Meskers, S. C. J.; Peeters, E.; Langeveld-Voss, B. M. W.; Janssen, R. A.
J. Adv. Mat. 200Q 12, 589-594.

(35) Langeveld-Voss, B. M. W.; Janssen, R. A. J.; Meijer, EJWMol. Struct
200Q 521, 285-301.

(36) Langeveld-Voss, B. M. W.; Beljonne, D.; Shuai, Z.; Janssen, R. A. J.;
Meskers, S. C. J.; Meijer, E. W.; Bias, J. LAdv. Mater.1998 10, 1343~
1348.

(37) Spano, F. CJ. Chem. Phys2003 118 981-994.

(38) Spano, F. CJ. Chem. Phys2001, 114, 5376-5390.
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Figure 8. Experimental CPL dissymmetry as a function of photon energy
at T = 278 K (solid dots). Also shown are the calculated dissymmetry
spectra folN = 20 helices withp = —14° ando = 0.12 eV and for several
spatial correlation lengths. The dashed curve corresponds to the truncated
excitonic potential (see text).
occurs at lower temperatures as indicated in Table 1. Table 1
also shows thatSz diminishes with decreasing and/or
increasing lp becoming essentially zero for homogeneous
aggregatesa — 0 or l|p — ) at low temperature. In general,
the relative 6-0 intensity increases with increasirigtra-
aggregatedisorder and also with increasing temperature (dy-
namic disorder).

Although the results in the Table applied to aggregates with
N 20 chromophores, our calculations show ti&t is
practically constant froniN = 4 to 20. We conclude thaz
remains a useful measure @f, (o) independent of.

The strong dependence &t on (o, lg) reflects the coherent
nature of the emitting exciton(s). For achiral aggregages-(
0) without any static or dynamic disordes=€ 0, T= 0 K)—so
that the emitting exciton is delocalized over thieoleaggregate-
the 0-0 peak (and therefor&g) vanishes rigorously due to
symmetry!314 This is the case of an ideal H-aggregate where
the exciton wavefunction at the bottom of the band is odd with
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Table 1. Ratio of the Calculated 0—0 and 0—1 Vibronic Band
Intensities in the Luminescence Spectrum of the MOPV4
Aggregate (Sgr), as a Function of the Disorder Parameter (o) and
the Disorder Correlation Length (/)

b (B) o(eV) Sqat T=0K Sqat T=278K
100 (0.99) 0.12 ~0 0.40
4.5(0.8) 0.12 0.40 0.56

0(0) 0.12 0.65 0.75
4.5(0.8) 0.06 0.22 0.41
4.5(0.8) 0.012 0.014 0.41

respect to a reflection through the plane bisecting the aggregate
For aggregates with periodic boundary conditions the same

conclusion is arrived at by appealing to the familisk = 0
selection rule for optical transitions. The selection rule is violated
in 0—0 emission since the bandbottom exciton kas s while

the ground state carries no momentum. This contrasts the cas

for the replica (6-1, 0-2,...) transitions, which are able to
maintain momentum conservation by terminating on electronic

ground states with one or more phonons of the appropriate wave

vector(s)¥” Hence, in ideal achiral H-aggregates with no disorder
only sideband emission remains.

Introducing disorder in achiral H-aggregates breaks the
symmetry and allows-80 emission. Hence, the-® intensity
increases with increasing and/or decreasinty.'>3° Interest-
ingly, even in the presence of strong disorderf W), Sk can
become small as long as the spatial correlation lethgtiemains
large. This is most dramatically demonstrated in the limit of
maximum correlationf = 1 or lp = ) where the coherence
range once again covers the entire aggregate. In this so-calle
long-range inhomogeneous broadening limit, th&0ntensity
vanishes, independent of the magnitudesof

Figure 7 and Table 1 show that a qualitatively similar
dependence di on disorder exists for chiral aggregates. The
lowest energy exciton in helical aggregates with periodic
boundary conditions, an integral number of full turns and with
no disorder is rigorously optically dafk so that no 6-0

emission can occur. Table 1 shows that the same is essentiall)}
true in helical aggregates with open boundary conditions and

vanishing intra-aggregate disorder (see= 0, andl, = 100

entry). As in the achiral case, increasing disorder breaks the

symmetry, leading to increased-0 emission (an&g). Because
the exciton coherence range, denoted\as, decreases with
increasing intra-aggregate disord&g, depends oo, in an
inverse manneiSg therefore provides a measureNg, as well
as the spatial correlation lengdih Furthermore, the increase of

analysis ¢ = 0.12 eV), the emission line width provides yet
another check on the spatial correlation lenigtin Figure 7,
the line width agrees with experiment whigrr 4.5 (5 = 0.8),
consistent with our previous estimates baSedHowever, the
calculated spectrum is slightly blue-shifted by0.04 eV
compared to the experimental spectrum.

The calculated line narrowing &sapproaches zero in Figure
7 is qualitatively similar to Knapp’s enhancement of motional
narrowing as spatial correlation vanisi#esut arises from a
distinctly different physical mechanism becaus®Vis too large
to support motional narrowing regime. Instead, the emission
narrowing and red-shifting with decreasihgare both due to
the enhanced ability of excitons to find deep traps as site
energies become uncorrelated, consistent with our assumption
that emission is rapidly equilibrated to the exciton band-bottom.

As we show in a follow-up publication the distribution of such

low-energy traps is generally narrower than Because finding
low-energy traps is more probable in larger aggregates, we also
expect both the spectral narrowing and red-shifting to increase
with N, and indeed, we have confirmed this numerically.

Let us now turn our attention to the final observabjg.
The increase ofgum(w)| with @, and especially the rapid rise

in the vicinity of the emission origin, quantified here by the
ratio

glum(w = w070)

glum(w = wO— 1)

Gr (8)

Jvas originally accounted for qualitatively in ref 18, where it

was shown that the-00 dissymmetry behaves quite differently
than the replicas. The situation is analogous to the unique linear
polarization of the 60 emission found in herringbone ag-
gregates of conjugated achiral oligomérs-3” and under-
scores how aggregation affects the emission origin in a
manner quite distinct from the replicas. For example, th€ 0
intensity is sourced entirely by the vibronic exciton portion of

also contain significant vibronic/vibrational contributions. The
unigueness of the-80 dissymmetry is most pronounced in
homogeneousy(= 0) aggregates with weak excitonic coupling
(W < A2w0) at low temperaturé® The dissymmetry is uniform
over each narrow, well resolved vibronic peak, taking on the
value

O—ur __
Qum =

Rm 1% 9

Sk with temperature can be viewed as an inverse dependenceor the 0-u« peak, whereRC, * is the rotational strength and

on the thermal coherence numi&iVhenkT > W, S tends
to the single molecule value. Figure 7 shows thal at 278
K, the value oflp which best agrees with experiment is
approximately 2-4 molecules § = 0.6—0.8).
In addition to the relative line intensities, the emission line

widths and peak positions also depend on spatial correlation.

1°~* is the unpolarized emission line strength (see Supporting
Information). Using the physically relevant parameter set for
MOPV4 aggregatesit = 1.2,¢ = —14°, andW = wq) gives
Gr= g0, J0g0+ A~ —200 for an homogeneous aggregate with
= 20 molecules. The experimental enhancement observed in
Figure 8 is 2 orders of magnitude smaller and of opposite sign.

As Figure 7 shows, the vibronic peaks broaden by approximately However, when disorder, nonzefoand extended interactions

a factor of 2 and shift to the blue by0.12 eV as the correlation
lengthlp increases from 0 to 100. For largie(>100), the full

width at (1€) tends toward @ = 0.24 eV and the vibronic lines
are barely resolvable. Becausss fixed from the absorption

(39) Meskers, S. C. J.; Janssen, R. A. J.; Haverkort, J. E. M.; Wolter, J. H.
Chem. Phys200Q 260, 415-439.
(40) Spano, F. CJ. Chem. Phys2004 120, 7643-7658.

are fully incorporated, the calculated dissymmetry, as displayed
in Figure 7, reproduces the experimental line shape quite well,
capturing the steady increase|gfim(w)| with w as well as the
modest surgeGgr ~ 2) in the vicinity of the 6-0 emission.
The reduction ofGg| from the disorder-free value is primarily

a result of increased localization of the emitting exciton as we
will show in a future publication.
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Figure 9. Nuclear distortion field calculated for the emitting exciton in a AT
MOPV4 helix containingN = 20 chromophore units with = —(1.2)2 ¢ ,g'iO_D---—.—l-l-—o-azg\ : jﬂa=o+u+-
= —14° ando = 0.12 eV. Three spatial correlation lengths are shown, ) 1
10=0 (red triangles)lo=4.5 (blue squares) arig= (black circles). V-02{-—e—c=012eV
& o=006eV
The magnitude of the calculatédum(w)| also agrees well 04{—8—c=0012eV
with experiment, and is only about 2@0% smaller than the L L S S R S B S
. -0 8 6 4 2 0 2 4 6 8 10
measured values over the entire spectral range. As was the case s

for gandw), we attribute the slight disparity to the neglect of Figure 10. Exciton coherence function for the emitting exciton in an
dielectric screening. To test our idea, we also show in Figure 8 aggregate containing 20 molecules. In @)+ 0.12 eV is held constant as

Jun(w) corresponding to the truncated excitonic potential in [0S varied, whereas in (bl = 4.5 (5 = 0.8) is held constant whereas
which all interactions)y, m+s for s > 6 are set to zero. As in '

the case oBandw), the magnitude of the response increases 10 excitations because all excited eigenstates (with zero, one,...
the point wherggum(w) is in excellent agreement with experi-  quanta) are centered about the shifted nuclear potentiallby
ment. Although not shown, the effect of truncation $) is (A negative value foil corresponds to aincreasein the nuclear
negligible by comparison. In a future paper we will present a coordinate relative to the minimum in the ground state potential).
detailed account of the polarization dissymmetry including an The shift in the nuclear coordinate in proper units of distance

expression for the dependence on extended interactions. is determined fromAR = — 1 m wherek, is the
Figure 8 further shows thafum is mainly sensitive to spatial . ature of the harmonic potential. ’

correlation only in the 80 spectral region, with the valug= For an H-aggregate in the weak to intermediate excitonic

4_5_ reproducing the valueGk ~ 2) observed in _experimen_t. coupling regime, the low-energy polarons are characterized by
Gr like S is therefore a useful measure of spatial correlation. ID@(0)[ <], i.e., the centrally excited chromophore is almost

This property can be traced back to the homogeneous limit, 1, shifted, but neighboring molecules, although not electroni-

where the replica dissymmetri%" (1 =1), areindependent ¢4y excited, are nevertheless displaced along the nuclear
of size,N, in marked contrast tg,,,,. The decrease iGg with coordinate to a degree which decreases With’

disorder is associated with a reduction of the coherence range Figyre 9 shows the spatial dependence of the distortion field
of the exciton. In the next Section, we determine the extent of t5; the emitting exciton in MOPV4 aggregates averaged over

this localization. 1000 configurations of site disorder usidg= —+/1.2 and
I\V. Excited State Characterization varying degrees of spatial correlation. The Figure shows that

the vibronically excited chromophore € 0) undergoes a shift

in its geometry which is almost as large as in an isolated, excited
MOPV molecule. In the aggregate, the nuclear distortion spreads
out so that the neighboring molecules with= 1 undergo small
displacements, even though they formally do not carry the
electronic excitation at the moment under evaluation. The
distortions at|r| = 1 reflect the contribution of the vibronic/
vibrational pairs states to the exciton (see Figure 2) and in a
time dependent picture, these distortions result from the presence
of the excitation at the neighbor molecules with= 1 a few
moments earlier. This illustrates the inseparability of the nuclear
and electronic motion. The distortion of the neighbor molecules
with [r| = 2 are even smaller than f¢r] = 1. Curiously, when

| = o0, the small distortion fofr| = 2 is in a direction opposite
and measures the dimensionless deviation of the vibrationalto that of the isolated excited molecule, indicating a very
coordinate (relative to the ground state minimum) in a chro- intricate dynamical behavior of the exciton that needs to be
mophore r lattice spacings from the vibronically excited analyzed further.

chromophore-see Figure 9. In an isolated molecule, for Whenlp = 4.5, the spatial correlation that best describes
example, the deviation iD®(0) = — 1 for all vibronic MOPV4 aggregates, the extent of the nuclear distortion sur-

On the basis of the excellent agreement obtained for the four
photophysical observables in the previous section, we can now
describe with some confidence the nature of the (neutral) optical
excitations in MOPV4 helices. In this section, such excitations
are characterized in two ways: (i) the spatial extent of the
nuclear distortion field-or phonon cloud-surrounding the elec-
tronic excitation, and (ii) the coherence range of the composite
exciton, which can also be referred to as a neutral polaron.

The nuclear displacement field corresponding to ttih
excited stateyp®, is 37

D) = <y In><nlb,. }1yp@>  (10)
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rounding the vibronically excited molecule, is limited to nearest

|<Ct™) >.| > 001]<C™0)>/] (14)

neighbors where the nuclear displacement is approximately 2.5%

of the total single molecule vibronic shiftl(). The shift is due
to the vibronic/vibrational pair states present in the emitting
wave function (see eq 2when|r| = 1, the displacement is
dominated by the leading term

D) ~ Y e

nu;n+r,u=l' |I'| Z 1 (11)

nv

The very same two-particle coefficients in eq 11 give rise to
the sideband polarization dissymmetgy,, as shown in ref 18
(see eq 14b there). Hence, analysis qfn(w) using the
Hamiltonian in eq 1 allows one to identify the vibronic/
vibrational component of the emitting exciton. We can of course
analyze all of the excitons in a similar manner.

We next determine the coherent rardgy, of the emitting
exciton (polaron)— in other words the number of molecules
over which the center-of-mass of the neutral polaron is coher-
ently delocalized. To quantififcon, We first introduce the exciton
coherence function for theth exciton as

CUA9 = <v™IB By > (12)
n

whereB; is the local exciton creation operator, given By =
In;vac > < g;vac|. Here,|n;vac > represents the vibronic state
with molecule n excited electronically with all molecular
vibrations (on all sites) remaining in the vacuum stéggrvac

> is the electronic/vibrational ground state. Inserting the exciton
wave function (eq 2) into the coherence function (eq 12) gives

C9=3 > ci e

n 0,0

fT/OfT/’O (13)

wheref;, = <P|v'> is the vibrational overlap factor between
the vibrational state witly quanta in the shifted, excited-state
potential and the vibrational state withquanta in the ground
electronic potential. Equation 13 shows tié#9(s), like the G-0
emission intensity, is solely a function of single particle
coefficients. In fact, using eqs S6 (see Supporting Information)
and 13 shows the-00 intensity to be simply related to the
correlation function through?=0 = 4 CEm(s)cosgs).

Figure 10a shows the coherence function as a function of
separatiors for the lowest energy (emitting) exciton in a chiral
(¢ = —14°) aggregate witly = 0.12 eV and for several values

With this definition,Ncon tends to unity in the limit of complete
localization, where<CE™(s)>. becomes nonzero only at=

0. Figure 10a shows that whég= 100, Ncon is only 5. This
disparity betweery and Ncon arises becauscon depends on
both o andly. In the extreme example of very strong disorder,
(not shown) complete localizatiotN{, = 1) obtains forany b
aso /W approaches infinity. The value ofused in Figure 10a
is slightly less than the exciton bandwidti, but large enough
to makeNgon significantly less that. The effect of increasing

o while holdinglo constant is demonstrated in Figure 10b, which
shows N¢on diminishing with ¢. In conclusion, low-energy
excitons are coherently localized witkon < lo, with the exact
value of the coherence size dependingodW. In the case of
MOPV4 aggregates witlh = 4.5 (3 = 0.8), Figure 10a predicts
a coherence range of only-3.

V. Conclusions

On the basis of a detailed comparison of experimentally
measured circularly polarized absorption and emission spectra
with calculated spectra based on a Holstein Hamiltonian with
spatially correlated site disorder, we have determined that
emission in MOPV4 aggregates is mediated by small radius
vibrationally dressed excitons (neutral polarons) in which the
centrally vibronically excited chromophore is sandwiched
between two vibrationally excited neighbors. The center-of-mass
of the composite particle is coherently localized over oriy2
molecules due to the presence of significant disorder. These
results illustrate that a quantum mechanical description of
electronic excitations in complex molecular architectures, going
beyond the Bora-Oppenheimer approximation is now feasible.
Furthermore, we find that circular polarization is a sensitive
probe for delocalization of the excitation and nonadiabatic
effects in the electron-vibrational coupling in these chiral
systems. The combined theoretical and experimental results
indicate that the coherence range for the exchig, and the
decay length of the nuclear distortion fielfe™(r) are almost
the same, indicating that disorder and EV coupling act syner-
gistically in localizing the exciton to not more than essentially
two neighboring molecules, illustrating the intricate nature of
photoexcitations in these clusters.

Fluorescent molecular materials are utilized in light-emitting
diodes, and the relation between light emission properties and
molecular structure is a long-term goal of many research efforts.

of lp. The coherence function is averaged over several thousandOur results indicate that both the probability for photon emission
disorder configurations. The phase oscillations are characteristicand the spectral distribution of the emission (“color”) are

of a band bottom exciton in an ideal H-aggregate=0), which

is expected becausg| is small. In the limitlo = o, the absence

of intra-aggregate disorder leads to an extenkledr exciton
when periodic boundary conditions are invoked. However, all
calculations reported here utilize open boundary conditions. In
this case, the coherence rangelfor « extends over the entire
aggregate as shown in Figure 10 but diminishes Vgitldue to
end effects-similar to the wave functions in the particle-in-a-
box.

Figure 10a shows how the coherence $izg of the emitting
exciton increases with spatial correlation while remaining
substantially smaller thalg. Ncon is taken to be H- spayx with
Smax the maximum|s| for which

strongly affected by intermolecular interactions and can only
be understood in a proper way by considering toenbined
effect of disorder and EV coupling. Supramolecular systems of
s-conjugated molecules may also be applied as photonic wires
and light-harvesting arrays because of the possibility of one-
dimensional coherent energy transport over long distances. The
results presented here indicate that in the MOPV4 stacks the
emitting polarons are confined coherently to only a few repeat
units implying that energy transport is dominated by diffusion
of such polarons along the sta€k!:*2Longer range coherent

(41) Daniel, C.; Herz, L. M.; Silva, C.; Hoeben, F. J. M.; Jonkheijm, P.;
Schenning, A. P. H. J.; Meijer, E. WPhys Re. B 2003 68, 235212~
2352109.
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