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Optical Absorption and Photo-Luminescence Spectra
of Molecular van der Waals Systems: Frenkel Exciton
Resonance Effects

Alexander J. Fleming,* Jonathan N. Coleman, Werner J. Blau

Ssummary: Applying the principle of conservation of energy, the photo-absorption-
luminescence (p-a-l) cycle of resonant Frenkel excitons in aggregates is explained in
terms of the p-a-I cycles of isolated molecules. The method employed to measure the
Stokes shift of Frenkel Exciton Resonance (FER) systems, derived from our model, is
found to differ significantly from that employed currently. Our postulate, that the
aggregate v-e transition energy, in the frame of reference of a resonant exciton,
decreases as function of the localisation length of the exciton, is demonstrated by the
excellent agreement of the model with existing data. This has allowed the determi-
nation of the localisation length of resonant excitons from readily available spectra.
As the localisation length is a good indicator of the order of a system, this result will
be useful in molecular self-assembly (MSA) research. Results from the model suggest
that Frenkel exciton resonance is vibrationally modulated, and the collective exciton
eigenstate of a resonant Frenkel exciton can couple the v-e manifolds of 2N molecules
together via the electronic resonance interaction, even in the absence of direct
intermolecular vibrational coupling. In essence, we demonstrate that the photo-
physics of an exciton that is resonant over many molecules is fundamentally
determined by the photo-physics of the isolated molecule just as one would expect.

Introduction

Optical spectroscopy is a useful tool to
investigate molecular aggregation[l’zl and
other molecular phenomena. However, its
usefulness to date is limited because
experimental optical spectra are generally
incompatible with the photo-absorption-
luminescence (p-a-1) cycle described by the
Stokes model for isolated molecules.>*!
Comparing optical spectra of many similar
dye molecules’™ reveals variations that are
much better explained by the next step in
complexity: the molecular aggregate struc-
ture and Frenkel exciton resonance (FER).
Taking general examples of molecular
optical spectra in solution and solid state,
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we demonstrate that a conservation of
energy model, in the framework of dis-
order-limited FER, typical of van der Waals
aggregates, successfully explains observed
trends in molecular optical absorption and
photo-luminescence spectra as a function of
aggregate morphology order (such as the
variation of the vibrational-electronic (v-¢)
transition energy and the apparently small
Stokes shift). FER describes the process
whereby one excitation quantum!®”! is dis-
tributed over 2N molecules. The ideal condi-
tionsforFERarefoundwhereverthereexistsa
collection of identical molecules e.g. solution
orsolidstatesamples.Itshouldbenotedthatin
contrast to inorganic crystals, delocalisation
does not necessarily involve electron-
hole separation. No separation is required
for exciton resonance as only the energy of
the intra-molecular Frenkel exciton is reso-
nant.!%
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Theory

By applying the conservation of energy
principle, the relationship between the
energy losses of an exciton on an isolated
molecule, and the energy losses of a
resonant exciton on an aggregate, can be
determined, regardless of the exact under-
lying mechanisms involved. We demon-
strate that the total energy converted to
phonons by a resonant exciton is prede-
termined by the non-resonant case (includ-
ing some additional aggregation effects).
From this the p-a-l cycle for resonant
excitons is constructed, indicating that the
current method of measuring Es is incor-
rect, in that it significantly underestimates
its value. From the model, the observed
aggregate v-e transition energy is found to
vary as a function of (2N)'. Using
published spectra we then calculate 2N
for various aggregate systems. The good fit
of the model to published values of 2N and
the correlation between predictions of the
model and general trends observed indicate
the validity of our model.

Take two independent systems: system I
where one isolated molecule is in a solvent
bath and system A where one aggregate,
comprised of 2N molecules grouped
together (each identical to the molecule
in system 1), is in a solvent bath. For each
system, an idealised photo-luminescence
gedankenexperiment is set up where one
photon of a given energy is absorbed by the
system and the energy of the re-emitted
photon is measured. The difference in
energy between the absorbed and emitted
photons is equal to the total vibrational
relaxation (V-R) energy of the molecules in
a system, Eg (for this gedankenexperiment
molecule-solvent relaxation interactions
can be ignored). The absorption of one
photon of Awgpaps energy by system I
promotes an electron from the ¢; to ¢z*
molecular electronic state generating one
exciton on the isolated molecule (Figure
1b). In the new force-field, the excited
molecule then undergoes V-R, releasing
excess energy by emitting S4,, phonons of
hw,aps energy each during the change of the
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isolated molecule configuration from the
¢F* to ¢ state. The exciton then decays by
changing from the ¢ to ¢, state by
emitting a photon of Zwyy, energy. Again
in a new force-field, the molecule emits S;.
phonons of fw,, energy each during V-R
from the ¢, to ¢, state. The Stokes energy
balance equation for the p-a-1 cycle of an
isolated molecule is therefore

hwooapst — hawoorr
——

ElectronicEnergy

= Sapsthwpapst + Spihwprr 1

Vibrational-Electronic Energy

where the subscripts I represents isolated
molecules, Abs refers to absorption, L refers
to luminescence, p represents phonons, 0-0
is the phonon transition of an electronic
transition and the variable S is the Huang-
Rhys (H-R) parameter. The H-R para-
meter is a measure of the number of
phonons involved in the V-R of a mole-
cule."*""T ' With the general assumption that
both halves of the p-a-1 cycle are symme-
trical i.e. S;=Sapss = S1s, then for system I,
2S; phonons are emitted during V-R (an
example of an asymmetrical p-a-l cycle is
discussed later). E is therefore given by the
sum of the v-e relaxation terms for both
halves of the p-a-1 cycle[m E¢=Egaps +
Egy=2Siw,;. For system A on the other
hand, the absorption of a photon by the
aggregate leads to FER. Resonance will
only occur if each of the 2N molecules have
the same electronic transition energy Aw.
A good review of the physical principles of
FER can be found in references.!®® The
general equations, describing the electronic
transition energies of a 1-D resonant one-
exciton collective eigenstate, are given
by,lﬁl

+N
DI0s) == 4
Y

1 +N
b) ha)i = m%ha}nom + ,3 (2)
where |®,) are the symmetric and anti-

symmetric exciton eigenstates, |¢,) are the
basis eigenfunctions of the individual
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molecules, /iw.,. are the symmetric and anti-
symmetric eigenvalues, fiw, is the isolated
molecule electronic transition energy of the
n™ molecule and g is the resonant transfer
interaction energy. The one-exciton collec-
tive eigenstate in Equation 2a, is the result
of a normalised superposition of the
individual molecule basis states. In Equa-
tion 2b, the eigenvalues for the collective
exciton eigenstates are given. The aver-
aging of hiw,gp; leads to a process known as
exchange-narrowing!"?! that reduces the
observed variance in the electronic energy.
Variances of the resonance interaction
energy term pB in Equation 2b and
exchange-narrowing of B are not consid-
ered here because we are more concerned
with V-R. If the aggregate v-e transition
energy hw,, is different to the isolated
molecule v-e transition energy fiw,, the
Stokes energy equation of an aggregate in

terms of the experimental observables,
ignoring B in Eq. 2b, is given by

1 +N 1 +N
N ; hwooabst — N ; Awoorr

+N +N @A)
= Z}:VSAbsAha)pAhsA + Z];]SLAhprA
where all subscripts have their usual mean-
ing and A represents aggregates. In Equa-
tion 2a only the purely electronic energy is
normalised as the equation describes a one-
exciton state. The lack of a direct inter-
molecular vibrational coupling in van der
Waals systems results in no normalisation
of the overall vibrational energy. There-
fore, the electronic transition energy is
averaged while the v-e relaxation is
summed over the contributing molecules
(see Figure 1a). The ratio of the aggregate
to isolated Es, R, is included in the
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Figure 1.

a) Illustration of how the localisation length 2N, for resonant excitons in real systems with fixed (top) and
variable (bottom) v-e relaxation energies, depends on how many molecules have the same transition energy.
Light grey arrows represent electronic transitions from the ¢, to ¢ states (absorption) and dark grey arrows
represent electronic transition from the ¢ to ¢, states (luminescence). Filled arrows represent transitions that
are in resonance. Notice how, for the system with variable v-e relaxation N, < Npps. b) Photo-absorption-
luminescence cycle of resonant Frenkel excitons showing how Es is related to the relaxation of the “crystal
shifted” isolated molecule energy levels (Ic). All symbols have their usual meaning. W is the ground state
Coulombic interaction or intermolecular ground state binding energy (tends to zero for non-polar molecules),
W' is the excited state-ground state interaction (can be positive or negative). For the electronic transitions in the
p-a-l cycle, + is the symmetric and — is the anti-symmetric electronic transition of an H-aggregate (opposite for
J-aggregates e.g. + transition is re-labelled — etc.). An illustration of the non-convoluted optical spectrum of
the p-a-l cycle is also given (from transition dipole interactions, the + transition will have most of the oscillator
strength). Experimentally, the spectrum is a superposition of the 4+ and — transition (I is illustrated but not
observed). Often, this superposition, and especially any significant inhomogeneous broadening, will make the v-
e peaks un-resolvable. For coincident J absorption and PL, Egapst = Egir = RS/iwp, = B. The effect of the resonance
range 2N on the potential barrier, 2S,fiw, 5, between relaxed and un-relaxed molecules that will influence exciton
migration is also shown.
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expression describing the conservation of
the fotal vibrational energy. This is con-
structed by equating the total V-R energy
of Equations 1 and 3, with the usual
assumption that the absorption and lumi-
nescence processes are symmetric,

RZS,ha)pl = 2N2$,4ha),,,4
o “4)
R—IZ;\L,)”’ = SAha)pA

This equation describes the inverse scale
relationship of the reorganisation energy
per molecule for each half of the p-a-1 cycle,
Sahw,,, with respect to the resonance range
2N (see Figure 1b). From the expression for
the V-R energy per molecule (Equation 4)
and using the ratio k = Sa/Sy, the energy per
phonon of system A with respect to system I
is

~k 2N ®)

This equation describes the v-e transi-
tion energy of the resonant exciton with
respect to the v-e transition energy of the
isolated molecule for N>1 where R/k is
the energy partitioning coefficient. If this is
the case then Equation 3 becomes:

1 +N 1 +N
) N Z hwooabst — N ; hwoort
4N
= 5 S M1 5,
or (6)
1 +N 1 +N
b) 55 Z haoabst =55 Z hoooLs

- R (Z SAhvlhprbsl + Z Sllhwpll)
N

Equations 6a and 6b describe the p-a-1
cycle of a collective one-dimensional exci-
ton eigenstate localised over 2N molecules,
in terms of the isolated molecule electronic
and v-e transition energies, by taking into
account changes to the e-p coupling and
other V-R processes via the ratios k and R.
By comparing the aggregate p-a-l cycle in
Equation 6b with that of the isolated
molecule in Equation 1, it is evident that
in both cases the total V-R of the exciton is
determined in some respect by Siw,; (to
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illustrate this, if a resonant exciton could be
re-localised onto just one molecule in an
aggregate one would expect 2N-1 molecules
to un-relax and 1 molecule to fully relax by
an amount equivalent, within a factor R, to
the isolated V-R). Therefore from Equa-
tion 6, with FER, the individual molecule
reorganisation energy Ssfiw,4, given by the
normalised v-e relaxation of the isolated
molecule, now scales inversely with 2N,
making the experimentally observed Eg
invariant with 2N. An ensemble of aggre-
gates with FER will therefore have a sharp
PL, as is observed.

Illustrated in Figure 1b is the p-a-1 cycle
of a resonant exciton constructed from
Equation 6. With charge sharing unfavour-
able, the electronic transition energies of
the collective eigenstates are not perma-
nent energy levels of the system, but
momentary levels arising from nearest-
neighbour transition dipole interactions
during photon absorption and emission.
Evident in Figure 1b is the absorption and
PL mirror-symmetry of the symmetric and
anti-symmetric transitions that often causes
aggregate spectra to be mistaken for
isolated molecular spectra. Typically, when
the absorption symmetric transition is
coincident in energy with the PL symmetric
transition (anti-symmetric transition for H-
aggregates), Eg is incorrectly measured as
zero. The lack of a significant solvent
relaxation of non-polar aggregated mole-
cules and the mistaken belief that the e-p
coupling decreases because the aggregate is
a rigid system, akin to inorganic crystals,
has fuelled this incorrect idea. For large
aggregates, the vast majority of molecules
do not lie on the surface, hence the
negligible solvent relaxation.®! From our
model and Figure 1b, coincident absorption
and PL can only occur when Eg.,r=
Erir=pB, where Eg,,r and Eg;; are the
total v-e relaxation summed over 2N for the
absorption and luminescence respectively
(i.e. Es= Egapsr+ Errr). Therefore,

2NSahw,s = B (7)

This is often termed J-resonance, how-
ever from Figure 1b it is clear that this
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condition only arises when the crystal
shifted isolated molecular electronic states
vibrationally relax by an amount equal to .
The condition of J-resonance can be used to
calculate 2N from Equation 7. For J-
resonance 2N = p/(Sahw,s) or using the
relationship S=g? where g is the e-p
coupling, 2N = B/(gs*hw,s). This is very
similar to a qualitative function'*f used
to describe the v-e properties of resonant
excitons f=p/gshw,s (derived from the
ratio B/gs where B is in units of Awps).
Our equation is quantitative and has similar
limits. If B is very small, the molecules in an
aggregate are essentially electronically
uncoupled, therefore the vibrational prop-
erties of the exciton are those of the isolated
molecule. If B is very large, compared to
gAzha)pA, the v-e structure of resonant
excitons digresses from that of the isolated
molecule. Our model arrives at the same
conclusions in a quantitative manner that
matches data from the whole spectrum of
FER ranges of different molecular van der
Waals systems. Therefore a notable result
of this model is that for any given g the FER
range can assume any value, not only in the
case of J-vibrationally assisted resonance
(N.B. FER is disorder-limited).

A significant outcome of the model and
the p-a-l cycle in Figure 1b is that the
method of measuring Eg of an isolated
molecule™! is not correct for aggregates
per se. In optical spectra of aggregates, both
the symmetric and anti-symmetric transi-
tion peaks must be considered and typically
both are observable (for polar molecules
the permanent dipole-permanent dipole
interaction tends to favour one of the
transitions). Measuring from the lowest
energy absorption peak to the highest
energy luminescence peak is incorrect as
this ignores the symmetric/anti-symmetric
transition of H/J aggregates respectively
(see Figure 1b). It creates the false
impression that Eg has reduced practically
to zero upon aggregation and incorrectly
suggests that Eg of the symmetric and anti-
symmetric transitions differ by an amount
2B. There is no reason why a dimer should
have zero V-R, when as a monomer it
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significantly relaxes with an appreciable Eg.
Our model indicates that experimentally,
Eg should be taken as the difference
between the average of the symmetric
and anti-symmetric absorption transitions
and the average energy of the symmetric
and anti-symmetric emissive transitions. In
this framework, transitions of both symme-
tries have the same total reorganisation
energy (and hence Eg) determined by the
underlying relaxation of the isolated mole-
cule energy levels (Figure 1b). Experimen-
tally hiw,a = hw,; is generally not observed
(except, as we will show, for systems with
2N ~2 molecules). For large FER range
systems, the v-e peaks seem to disappear.
From the gedankenexperiment, either S or
hw,, must decrease with respect to the
isolated molecule if resonance is to satisfy
the conservation of energy principle. A
reduction in S would lead to a decrease of
the V-R per molecule, although it does
imply that aggregation makes the system
more rigid. With FER this is unlikely to be
the case. FER is a dipole-dipole interaction
that can occur between molecules that are
physically not in contact with each other.
Instead, it appears that S increases slightly
from nearest-neighbour interactions.[!
Therefore to conserve energy fiwps < hiw,,.
The conclusion that although the observed
hw,, varies inversely with 2N, the resonant
exciton total V-R, Eg, is fundamentally
determined by S/iw,;.

Comparisons to Experiment

To demonstrate changes in fiw,s, as a
function of N, the absorption/photo-lumi-
nescence-excitation (Abs/PLE) and photo-
luminescence (PL) spectra of three materi-
als, methyl-substituted ladder-type poly-
(para-phenyl) (mLPPP),['  alkyl-substi-
tuted hexa-peri-hexabenzocoronene[17’18]
(HBC-C8,2) and a Pseudo-Iso-Cyanine
dye analogue!'2!! (PICa) were analysed.
In Table 1, values of the experimental
observables obtained from the spectra and
an additional two molecules PICI*?!
(Pseudo-Iso-Cyanine) and TBDC?324
(another cyanine based dye) are given.
According to our model, when aggregation
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Table 1.

Name and structure of molecules studied are given. Values obtained from spectra in and the literature are in
normal type. For clarity, estimated values are given in italics, and values calculated or corrected are indicated.
FER localisation lengths, 2N, calculated from the model (see text) using values in the table, are as expected larger
for more ordered aggregates. This trend is confirmed by the decrease in FWHM. The fact that 3/Sxhw,, ~ 1for all
molecules suggests that FER is vibrationally modulated. Values of R/k are measured or extrapolated from J-
resonant conditions. FWHM® is the measured full-width-half-maximum of an individual v-e peak, whereas
FWHM? is taken from the overall spectral envelope. As described in the text, for large FER range systems FWHM

measurements are unreliable.

Aggregate Order

Cy; Isolated mLPPP Csa MSA TDBC
Eoe B
I
L. i qu
5 0.5 045 -0.5 - 0.5 023 0.25
hiedy [eV] .16 013 - 017" 0n.ie° 0.19°
8, z 0.45-0.5 14 P %] 0.39%calc) ~ 0.5
hit,, [eV] - 0.15 0.16%, 0.04" 0.01 001 <0.01
E=2N2S5hey, 0.16fcalc) 0.3¢calc) 0.64(calc) 0.22(ealc) 0.225fcalc) -
[eV]
Es (Meas.) 0.36 0.27 [IX:5) 0.22 0.225
[eV]
Rik - 2 2 1.34 1.52 -
B [eV] - 0.0% 0.135** 0.045™ 0.114 0.145 -
BIS heg - 1 0.84% 1127 1.34 1.52 -
FWHME [eV] ~ 02" ~0.] ~0,15™ ~p, 05" 0.05 0.05 .ol
FWHM"[eV] ~(.3M ~0.25 -0.3" 0,1 ~0.05 ~ 005 - 0.01
2N (Cale.) 1 ~2 R R - 29 -
A0(Corr.)
2N (Lit.) - - = 15-18 ~ 50 50
Reference [17 [16] [17n [23,24] [19-21] [22]
HBC-C2 Disordered HBC-CR, T Maoleculer Jeresomant, Jeresonant, very Jeresomant,
Monomer paolymer namowires in solution orderad mol. ordered mol. very ordered
C . species in aggregates in at 107" M that undergo ageregale in aggregate in solid mol. agg. at
-omment solution ot solid state an ordering process im solution at 107 M state 15K in an
107 M the phote-excited state ethylene/Glyc
ol glass

begins, system order will increase in many
cases. This initial ordering, increments the
FER range 2N from 1 to 2. The change,
from monomer to dimer, is exemplified by
exchange-narrowing of absorption and PL
peaks, and splitting of isolated absorption
and PL peaks into two peaks separated by
2B. From our model, changes to the v-e
transition energy can be very small if R/
k~2; even though an increase of Eg is
observed. For example, for mLPPP, R/k =2,
therefore from Equation 5, hwp, = hw,, for
2N=2. For 2N >2, the following changes
are expected: further exchange-narrowing
of absorption and PL peaks, a decrease of
hw,, and no further change to Es. There-
fore, the larger N (for N > 1), the narrower
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and closer the v-e peaks become without
any change to the aggregate Ej.

The PLE and PL spectra of HBC-C8,2
isolated molecules obtained at 107" M in
toluene are typical of molecular monomer
species (including those of TBDC and PIC).
These are characterised by inhomogen-
eously broadened peaks, with S;~0.5, a
large 7w, (compared to higher concentra-
tion aggregated species) and hence an
appreciable Es. As the concentration of
HBC-C8,2 molecules is increased from
107'* M to 10" M, FER leads to splitting
of isolated absorption and PL peaks into
two peaks separated by 28, and consider-
able exchange-narrowing of all v-e peaks.
The e-p coupling also increases to S4 ~ 1.
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As predicted by the model in Equation 5,
and particularly noticeable in the PL, is
the decrease of hwy,, with respect to hw,,
(the same applies to TBDC and PIC).
These typical characteristics, together with
the mirror-symmetry of the absorption and
PL spectra as predicted in Figure 1b,
indicate that the species observed are
aggregates.

In Table 1, values of the ratio f/Sihiw,,
are given for each molecule. The fact that
for all the materials this ratio is ~1 suggests
that FER is modulated by the vibrational
frequency hw, and e-p coupling of the
molecule, in all systems. This is likely to be
a characteristic of van der Waals systems in
general, perhaps due to the lack of strong
intermolecular vibrational modes and weak
charge sharing not enabling a faster exciton
transfer and hence limiting . This makes
sense when one considers that the mole-
cular electronic energy levels, and thus
hwgp,;,, are modulated by the nuclear
motion via the e-p coupling. From the
spectra in references,”'?* PICa and
TBDC are J-resonant resonant systems. J-
resonance occurs when Egapst =2N-
NSahwpp = B=RS shwpi/k. Therefore, the
resonant exciton is undergoing the usual v-e
relaxation associated with an exciton on an
isolated molecule; with the exception that g;
increases to g4 and other relaxation pro-
cesses may make R > 1. This demonstrates
how the optical properties of an aggregate
are fundamentally determined by the
optical properties of the isolated molecule.
Values of R/k measured (and calculated
where possible from J-resonance condi-
tions) are given in Table 1. Values of R/k are
much greater than 1 for non J-resonant
systems such as mLPPP and HBC-CS,2.
This is probably related to secondary
effects of FER coupling other intra-mole-
cular v-e relaxation modes to the resonant
exciton or to a difference between the sharp
boundary FER distribution range used in
this model and a more realistic smooth
distribution. For polar molecules espe-
cially, R/k will be larger than unity due to
solvent relaxation interactions contributing
to R and not k.
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The FER range, 2N, calculated for each
molecule from either measured values of E
(Esa =2N2Sshw,s) or measured S values
using Equation 7, are compared to values of
2N published in the literature. PICa, PIC
and TBDC are small polar molecules that
form ordered aggregates that are well
known for their large FER ranges. Poly-
mers, on the other hand, although known to
form small aggregates in most solutions
have tended to be disregarded for FER,
with some exceptions.[zs’%] Our model
indicates that mLPPP, with optical spectra
typical of polymers is in fact forming large
aggregates with FER ranges, limited by
disorder, to approximately an effective
dimer, 2N=2. This is a plausible FER
range for polymer systems, which usually
have many degrees of conformational
freedom. If, in general, polymers form
highly disordered aggregates with FER
ranges 2N ~ 2, then the frequently observed
variation of the relative peak intensities of
the fine structure in optical spectra,['®?*! of
different samples of the same molecule
(without a large variation of /w),,), can be
explained. It is plausible that morphological
differences, between samples, could give
rise to variations of the relative oscillator
strengths of the symmetric and anti-sym-
metric transitions of aggregates (and their
respective v-e progressions). Even if the
variance of Awyy, is small, the FER range
can be disorder-limited by variations in S,
deriving from the angular dependence of g
with the alignment of the interacting
molecular electronic transition dipoles.
Typically, a variance in the FWHM of
peaks in the absorption or PL is observed
experimentally. The general trend in the PL
is that the lower the peak energy, the
broader the FWHM (the opposite for the
absorption). The superposition of the v-e
peak progressions of the two electronic
transitions, implied by this model, will give
rise to observed trend (see Figure 1b). This
is frequently observed experimentally.
HBC-C8,2 is a planar aromatic molecule
which forms 1-D molecular nanowires in
solution."” HBC-C8,2 molecular aggre-
gates therefore have a larger 2N than
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mLPPP, but differ from the others in that
they have a calculated localisation length of
2 molecules and a delocalisation length
(here, the FER range during PL) of 8
molecules (see Table 1, hwpapsa > Fw,r).
This suggests an ordering process of the
HBC-C8,2 molecules during the p-a-l cycle.
Finally values of 2N in Table 1, calculated
from the model for TBDC, PICa and PIC
(all studied extensively for their FER), are
very close to accepted values published in
the literature.””] Therefore, overall, the
progression of the optical spectra with res-
pect to 2N calculated from the model,
compares very favourably with published
values of 2N and the expected general
trends.

Values calculated for 2N can be com-
pared with a variable that is independent
from this model, such as the change in
FWHM resulting from exchange-narrowing
(for identical aggregate FER systems the
smaller the FWHM the larger 2N). In Table
1, the trend is that the electronic variance of
a single v-e peak (FWHM®) decreases with
decreasing 7iw,,. This confirms the assump-
tion that hw,, scales inversely with 2N.
However, care must be taken when esti-
mating the FWHM, because an ensemble of
aggregates can have variances in the
aggregate morphology?! that will lead to
additional broadening (this is generally
more pronounced in disordered systems
such polymers). With an increase of 2N >2
the v-e transition energy is observed to
decrease more rapidly than the FWHM of
each v-e peak. For instance with PIC
analogue aggregates this leads to over-
lapping v-e peaks, making the v-e features
less prominent in the spectra. If this is the
case, then for systems such as PIC analogue
aggregates, the most dominant factor in the
overall FWHM of the main absorption or
PL peak is roughly Aw,, and not the
variance in electronic transition energy.
This would explain why localisation lengths
calculated using FWHMs generally give
huge overestimates, even though in princi-
ple it should work very well. For PIC
aggregates, Nioc (2N in this letter) is hugely
overestimated!?®??! as 1600 molecules com-
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pared to its accepted[30’3]] value of 50
molecules (from more reliable spontaneous
emission rates). The former value is
determined from exchange-narrowing: in
the weak disorder regime NIOC*N(CTI/O'A)Z
where o is the observed FWHM. If the
value Njy.-=1600 was calculated from
FWHM, of which the main contributor
was fiw,, and not the variance in electronic
energy, then by comparing this expression
to our postulate fw,, ~ (hw,/2N), the true
value of the localisation length can be
extracted 2N ~ (hwplhwpp) ~ (oioy) ~
\/Nloc». Therefore, the corrected localisa-
tion length for PIC, using our model, is
2N ~40 molecules; which is very close to
the accepted value of 50. This confirms
the assumption that overall the PL peaks
of PIC and HBC-C82 MSA are similar,
in that they are both are composed of
several closely energetically spaced v-e
peaks. This agrees with our conservation
of energy argument that the observed
aggregate v-e transition energy must
decrease as a function of 2N for van der
Waals systems.

Physically speaking, hw,s <hw, may
arise during the process of exciton reso-
nance due to a preference of the resonant
exciton to couple to lower energy intra-
molecular vibrational modes. From Equa-
tion 4, the total reorganisation energy of the
exciton is partitioned over 2N molecules.
As illustrated in the gedankenexperiment,
there are two choices to conserve energy,
reduce S or reduce fw,. In this model,
Equation 5 suggests that a resonant exciton
can couple to a continuum of vibrational
energies fw,,. However, in reality a
molecule will have discreet intramolecular
vibrational modes as observed in IR
spectra. An exciton therefore has two
choices to conserve energy; it can either
emit high-energy phonons with very little
probability (fiw,4 ~ hw,; and Sy < S)), or, it
can emit low energy phonons with a high
probability (fiw,s < hw,r and S, > S;). The
latter case is more favourable entropically
speaking, and it correlates with our obser-
vations that the observed aggregate v-e
transition energy decreases as a function of
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(2N)~'. This agrees with the observed
enhancement of low energy vibrational
modes of FER systems compared to non-
FER systems.m] In this framework, the
discreetness of the intra-molecular vibra-
tional modes available to the resonant exci-
ton may explain the variance in R/k
observed.

Since the FER range is disorder limited,
the smaller the resonant exciton v-e transi-
tion energy the more ordered a system is.
Therefore, in terms of the ordered align-
ment of molecules in an aggregate the
following trend is observed: PIC > TBDC >
HBC-C82 >mLPPP. This demonstrates
that the differences in the v-e structure of
optical spectra of these materials arise from
differences in the ordering of their systems.
Our model also indicates why exciton
diffusion by hopping, typical of van der
Waals aggregates, is easier in systems where
the exciton is resonant over many mole-
cules e.g. in molecular crystals. From
Equation 5, the larger N, the smaller the
V-R of each individual molecule. This
decreases the potential energy barrier that
exists between a molecule outside the
resonance range and its neighbour mole-
cule that is part of the collective exciton
eigenstate (as shown in Figure 1b). Ther-
mally assisted hopping, which allows the
collective exciton eigenstate to diffuse
along an aggregate, is more probable as
the potential energy barrier height becomes
smaller. Another commonly observed
property of aggregates is the reduced PL
quantum yield (PLQY) compared to the
isolated molecule. In this model, the
distributed nature of the collective exciton
v-e relaxation, as exemplified by the sum
over 2N of the individual molecule reorga-
nisation energy in Equation 6, determines
that a resonant exciton probes many more
molecular vibrational manifolds than an
exciton of an isolated molecule. The
increased number of non-radiative path-
ways available to the collective exciton
eigenstate in an aggregate reduces the
PLQY . This quenching could be a result
of dephasing of vibrations in a collective
eigenstate, or the larger availability of pre-
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existing non-radiative pathways originating
from the individual molecule.

Conclusions

In this paper, we have shown that although
the conservation of energy principle cannot
reveal the detailed mechanisms involved
with FER, it can clarify how the V-R energy
of a resonant exciton is distributed over 2N
molecules. This approach successfully
describes the v-e properties of resonant
excitons, and now allows the determination
of localisation lengths of resonant Frenkel
excitons solely from absorption and PL
spectra of aggregates. For J-resonant sys-
tems, this has eliminated the need to carry
out challenging measurements of FWHMs
and spontaneous emission rates from iso-
lated molecules. In fact, solutions of non-
polar isolated molecules can be very
difficult to prepare, and as our model
suggests, many spectra published of non-
polar planar aromatic compounds are of
aggregates and not isolated molecules. The
reason might be that usually samples are
prepared for absorption measurements and
not PLE or PL, so the lowest concentration
explored is ~10~7 M, which is in general too
high." An outcome of the model is that
the p-a-l cycle for resonant excitons can
now be understood in terms of the v-e
relaxation of isolated molecules (the build-
ing blocks of the aggregate), thus allowing
Egs to be correctly measured. Finally, the
model also indicates that FER is perhaps
rate-limited or modulated by the e-p
coupling and vibrational frequency of the
isolated molecule. Interpreting all optical
spectra of polymers, small molecules, poly-
aromatic hydrocarbons and bio-molecular
assemblies in terms of an effective reso-
nance range will also enable a more
complete understanding of the photo-
physics of organic materials. In light of
the above, other measurements derived
from optical spectra may have to be
reviewed. For instance, measurements of
exciton binding energies calculated from
the band gap peak of the absorption and
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photocurrent spectra may, if mistaken for
the isolated molecule, give an overestimate.
The correct peak to measure from is in
fact the crystal shifted isolated molecule
transition energy.
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