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1. Introduction

The quantum behaviour of extended aggregates of atomic and
molecular monomers, containing from just a few up to thousands
of sub-units, is attracting increasing attention in chemistry and
physics. Prominent examples are aggregates of large dye mole-
cules [1-3], chromophore assemblies describing the photosyn-
thetic unit [4,5] or assemblies of ultra-cold atoms [6-9]. Clearly,
since the interacting transition dipoles are three-dimensional
vectors (the interaction is of tensor form) and since the probing
light can be polarised, the precise geometry of the aggregate is of
crucial importance. These two effects, the relative orientation of
neighbouring dipoles and their orientation with respect to the
light polarisation, decide both the energy dependence of the
aggregate density of states and the distribution of oscillator
strength. These are the key elements in deciding the response of
the aggregate to incident light and how the electronic excitation
propagates subsequently. In the case of aggregates of large
molecules this has been appreciated for a very long time and
measured spectra have been used to help infer the usually
unknown geometry of the aggregate under observation. For
example, whether dye aggregates exhibit a J-band, an H-band,
or both, in absorption provides strong clues as to aggregate
geometry.

Recently two striking new effects of the influence of geometry
on spectral absorption have been observed. When pressure is
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applied to cylindrical aggregates of dye molecules, one observes
significant spectral shifts [10-12] which are interpreted [11,12] as
arising from a collapse of the cylinder cross-section from circular to
elliptical form. Similarly in spectral studies of the light-harvesting
complex [13-16], it has been shown that departures from a circular
arrangement lead to strong spectral changes and detailed compar-
ison with experiment allows one to predict one particular geome-
trical arrangement of the chromophores as most likely.

Several methods have been put forward to account for the
continuous broadening of observed spectra due to interaction with
vibrational and environment degrees of freedom. By far the most
popular method is to ignore intra-monomer vibrations and the
specific nature of external degrees of freedom coupling to the
exciton and simply to assume that the monomer transition energies
(diagonal disorder) and/or the inter-monomer electronic interaction
strengths (off-diagonal disorder) are randomly distributed according
to some prescription. In this model, transition energies with random
deviations from the mean act effectively as ‘impurities’ in the
aggregate leading to ‘Anderson’ localised states which are instru-
mental in inhibiting energy transfer, as seen for example in [17,18].

One of the main points to be emphasised below is that
geometrical conformation, even in a model of monomers with
identical transition energies, can lead to similar effects without
random disorder in the couplings. That is, abrupt local changes in
conformation, e.g. simple bending of a polymer chain, give rise to
changes in absorption spectra and occurrence of localised states.
This is in contrast to ‘Anderson’ localisation arising from statistical
fluctuations. We feel that insufficient attention has been accorded to
the strong spectral effect of such a simple ‘geometrical’ localisation.
Although ‘topological’ localisation has been well-studied in other
contexts, again it has been from a statistical point of view.
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Of course, the formation of localised states, splitting off from
delocalised band of states, due to isolated impurities is a well-
known phenomenon. It occurs not only in exciton bands but also
in conduction bands and phonon bands. However, in our case
there is no real impurity, just a change in interaction due to
changed geometry. As illustrative examples of this we will
consider the very simplest cases of a single bend in a linear chain
of monomers or an elliptical deformation of a circle.

Many related studies have been presented concentrating on
statistical distributions of ‘impurities’. Dynamical diagonal dis-
order (i.e. time-dependent fluctuations of monomer transition
energies) on circular aggregates has been studied by Bakalis et al.
[19] and by Wubs and Knoester [20]. Similarly Freiberg et al. [21]
studied disorder in the LH1 and LH2 photosynthetic aggregates
and Barvik et al. [22] calculated lineshapes for rings of BChl
monomers including statistical disorder in transition energies and
coupling strengths but only for dichotomic disorder and for
averaged nearest-neighbour coupling. In a further advance, Fidder
et al. [23], the effect of off-diagonal disorder in coupling strengths
was included via a statistical distribution of inter-monomer
spacings. Wu and Small [24] also considered both diagonal and
off-diagonal statistical disorder on circular aggregates with refer-
ence to the LH2 photosynthetic complex. The question of the
influence of elliptical deformation of circular structures encoun-
tered in LH2 photosynthesis was considered by Matsushita et al.
[25] for purely electronic transitions and with inclusion of
statistical broadening by Warns et al. [26].

Here we seek to include vibronic coupling more directly than
in the statistical models, which essentially ignore internal vibra-
tional structure. Even though one is dealing with large organic
molecules, in statistical models they are treated as structureless
entities characterised only by a given electronic transition energy.
As in our previous work on spectra and energy transfer [27-29],
we consider first the purely electronic model of identical coupled
monomers and then the realistic case of broad structured spectra
arising from interaction with both intra-molecular vibrational
modes and with external vibrational modes of the environment.
We use the ‘coherent exciton scattering’ (CES) approximation
generalised to be applicable to aggregates of arbitrary size and
geometry. This approach can also take the influence of disorder
and temperature implicitly into account [30]. In a previous
publication [31] we have tested the CES approximation by
diagonalising Hamiltonians of the type considered here. For red-
shifted (J-band) aggregate spectra the CES calculation gives very
good agreement with exact results for all coupling strengths
between monomers. For blue shifts (H-band spectra) it gives
good agreement for weak and strong coupling. Only in the
intermediate coupling case the agreement is not so good,
although the main qualitative features of the full diagonalised
results are still obtained. This theoretical study has been per-
formed for the extreme case of a single vibrational mode.
Comparison to experiment (where the vibrations form a conti-
nuum) has shown that in such realistic situations the CES
approximation is able to reproduce the J-band [32] and also the
H-band [27] in the intermediate coupling regime with remarkable
accuracy.

Without the influence of vibrations, the overall spectral
structure is decided by the density and oscillator strength
distribution of electronic transitions. Hence, we will show how
the geometry of transition dipole orientation and isolated geome-
trical irregularities can seriously influence the purely electronic
spectrum of molecular aggregates. In particular we point out that
the orientation of transition dipoles plays a decisive role in
deciding the characteristics of absorption spectra. Also, depending
on the orientation, sudden changes in conformation due to bends
or kinks in regular structures lead to local changes in off-diagonal

coupling and thus to localisation of wave-functions on these sites.
In some cases, these localised states can still be prominent in the
spectrum when vibrational structure is taken into account explicitly.

The plan of the paper is as follows. In Section 2 we derive
expressions for the aggregate absorption spectrum for the purely
electronic case and when coupling to vibrations are included. The
simplest case of a bent linear chain is considered in Section 3 and
that of a circle deformed into an ellipse in Section 4 before
conclusions are discussed in Section 5.

2. The aggregate spectrum
2.1. The purely electronic case

The purely electronic model in which the inter-monomer
interaction is taken to be that of point dipoles located on each
of N monomers is particularly simple. The total aggregate Hamil-
tonian is H=Hy+V, where Hy is the sum of N identical monomer
electronic Hamiltonians and V is the dipole-dipole coupling
operator. First the Hamiltonian is expressed in the localised basis
of aggregate states,

1> =gy > [] 165> M
m#n

where |¢;] > is the excited electronic state and |¢% ) the ground

electronic state of monomer n. In this basis the Hamiltonian

reads,

H:ZSn|7Tn><nn|+ZVnm|nn><nm‘v 2)
n nm
where ¢, is the transition energy of monomer n and the aggregate
ground state energy is taken to be zero. This is the starting point
for statistical models in which ¢, and V,, are considered
randomly distributed to include vibrational and other broadening
phenomenologically. Here, starting first with the purely electronic
problem for identical monomers, we take all ¢, to be the same
and the V,,, to be determined from the dipole-dipole interaction

— ﬁnﬁm _3 ﬁn'xﬂm ﬁm'xﬂm (3)
X Xom|® ’
where ji,, is the transition dipole on monomer n and Xnm is the
vector separation of monomers n and m.
Below the absorption spectrum is expressed in terms of the
energy-dependent Green function defined by the aggregate
Hamiltonian as

G(E) = (E-H+i5)7!,

Vnm

6=0,. 4

Similarly, for the non-interacting monomers we have,

g(E) = (E-Ho+i6)"!. 5)

The two Green operators are connected by the equation,

G(E) = g(E) +&(E)VG(E). (6)

In the localised electronic basis this equation reads

Grm = 8nOnm+8n »_Van Gum. (7)
—

As alternative,which as we will see exhibits geometric effects
more clearly, we transform to the delocalised exciton basis,

|k>=zalm|ﬂ7n>, k=1...N, ®)

where the coefficients ay, are determined by diagonalising the
aggregate Hamiltonian H. Note that in this paper we use exclu-
sively the subscripts n,m to denote the ‘site’ basis and the
subscripts k,k' to denote the exciton basis. In the exciton basis
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one readily sees that the Hamiltonian has matrix element
CkHIK > = (64 C)dp s )]
where

Ce= Zvnmanka;k- (10)
nm

In the purely electronic, one-level model one has the simple
form gu(E)=(E—e,+15,)"!. Hence, for identical monomers,
Eq. (7) simplifies since g,=g is independent of n, i.e.,

Gnm = &nm +gZVnn’Gn’m- (an
=
When transformed to the exciton basis this equation reads,
G = 80y +8Ck G - (12)
or,
g
Gy = =0+ 13
K= T gC,) Ok (13)
Since g(E) = (E—&+i6.)" !, from Eq. (13) one has
1
Gkk’ (E)= mékkv (14)

as must be since H, and therefore G, is diagonal in the exciton
basis with eigenenergies ¢+ C,. Although trivial in this case, the
above formula (13) will be useful when vibrations are included.
The shape of the absorption spectrum is given by —Im A(E) where
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the spectral function A(E) is [28,33,34],
AE) = (€.fiy)(Em-€)Gum(E),

nm

(15)

where [i,, is the transition dipole on monomer n and € is the light
polarization vector. Transformed to the diagonal exciton repre-
sentation, this equation becomes,

AB) = SI@ PG (E) = SIE fi P S
k k

(1-gEC’

where the effective transition dipole in exciton state k is given by
Hy=>",H,0,. This equation makes clear how the geometry
influences the absorption spectrum via both i, and in the
interaction C,. Clearly, if the intra-monomer interaction is
switched off, then the monomer spectral function is

(16)

M(E) = <Z|(é.ﬁn)|2>g(5) 7)
n

or, equivalently, in the exciton basis,

M(E) = <Z|(€.ﬁk>2>g<5). (18)
k

2.2. Inclusion of vibronic coupling

To calculate realistic spectra one must include the broadening
due to coupling to vibrational degrees of freedom. This requires
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Fig. 1. The energy eigenvalues (left column) and electronic spectra (middle column) for a linear chain of monomers with /it =(0,0,1) and bend angle ¢ =0°,120°,135° in (a),
(b), (c) respectively. The vibronic CES spectra (right column) are calculated with V=150 cm~! (red dotted), V=300 cm~"' (green dash-dotted) and V=450 cm~! (blue
dashed). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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inclusion of these degrees of freedom in the definition of the non-
dipole coupled monomer Hamiltonian Ho. When this is done, the
Green operators g(E) and G(E) become dependent on these
degrees of freedom. Then the spectral function (15) must be
generalised to [28,34,35]

AE)=> (€1 (fln-€) Gun(E) ), (19)
nm

where < ...)» denotes an integration over the full vibrational

ground state of the aggregate. Note however, that Eq. (16) cannot

be so simply generalised since G is no longer diagonal in the pure

exciton basis. Nevertheless, we can still transform to this basis,

when Eq. (16) is replaced by

AE) =" (€.fiy)-(Ji € { Gy (E) ). (20)
kk'

Similarly in this basis, Eq. (6) becomes
(G > = <8 > + (VG > 21

In general this equation cannot be simplified further. To proceed,
two strategies are possible. One is to work fully numerically and
simply expand the Hilbert space to a basis which is not purely
electronic but which includes all vibronic degrees of freedom.
Then the Hamiltonian and G(E) again are diagonalised in this
expanded basis. In view of the explosion in the number of
vibronic basis states however, this strategy is only possible for
very small aggregates and only a few vibrational modes
[31,36-42]. Alternatively one can seek approximations. In pre-
vious work we have shown that the ‘coherent exciton scattering’
(CES) approximation gives a good reproduction of experimental
aggregate spectra [27,28,32,35] and agrees with exact diagonali-
sation results for a variety of examples [30,31]. In this approx-
imation, the operator g in the second term on the right-hand side
of Eq. (21) is replaced by its ground-state vibrational average
<{g>.Then, if again we assume that (g, ) is independent of n due
to identity of the monomers, it is easy to show that Eq. (21)
reduces to,

(G > = {80 +<&>C{ Gy > (22)
with G, given by Eq. (10). Then one has again the simple result,
<&
G > = 2— 0w 23
w2 =T gy an *3)
and

(8B
__ 8By 24
A—<gE)>C)’ @4

which are identical to the purely electronic case Eqs. (13) and (16)
except that g is replaced by its vibronic counterpart {g).
Similarly, the spectrum of non-interacting monomers is given
by Eq. (17) with g replaced by <(g)>. This has the important
consequence that all monomer and aggregate spectra are broa-
dened due to simultaneous vibrational excitation and environ-
ment coupling. The input to the CES spectral calculation is the
complex function <{g(E)> which we will take to be of such a form
as to reproduce typical experimental monomer spectra composed
of several, continuously broadened peaks as shown in Fig. 1 right
column, black curve.

AE) =D IE. )P
k

3. The bent linear chain

First of all we consider a rigid linear chain of equally spaced
identical monomers. A bend is introduced at one monomer (we
take number 12) to give a V-shaped chain in which the two half-
chains are at a mutual angle @ (see the insets in Fig. 1, where we
have taken N=19 monomers and located the bend on monomer

12). Sequences of such bent chain segments are a good model for
certain types of conjugated polymers, as studied for example in
Ref. [43]. Although we consider interactions between all mono-
mers on the chain, it is clear that the interactions between the
monomer at the vertex and its nearest-neighbours will suffer the
largest change upon bending. Indeed we will find that this simple
symmetry-breaking causes the appearance of localised states
centred around the vertex. The linear case ¢ =0 is shown in
Fig. 1(a). Here the dipoles have been taken to be aligned
perpendicular to the chain. The nearest-neighbour interaction
from Eq. (3) for this geometry will be taken as the unit of energy
in all cases. Restricting to nearest-neighbours alone, in this unit
the exciton band would occupy the domain —2 to +2. Including
all couplings shifts the band slightly, as seen in Fig. 1(a) and
discussed e.g. in [23].

For each geometry we calculate the excitonic eigenvalues and
eigenvectors (wave-functions) by direct numerical diagonalisation
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Fig. 2. Wavefunctions, left column, and modulus squared, right column, of a bent
linear chain with @ =135° as a function of monomer number. The energy of the
states is increasing from bottom to top.
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and in the first and second columns of Fig. 1 we present the
energy eigenvalues and oscillator strength ‘stick’ spectra, respec-
tively. Here and in subsequent figures showing spectra, the
undistorted nearest-neighbour value of V;,, 1 in Eq. (10), which
we call the coupling strength V, is taken as the energy unit for the
stick spectra in the second column. Note also that we have
normalised the oscillator strengths to sum to unity in each case.
Only in assembling the CES vibronic spectrum shown in the third
column do we need absolute values. Here we have taken as
typical monomer spectrum that of pinacyanol, stretching from
roughly 17000 to 20000cm~' and calculated the aggregate
spectra using Eq. (24). Then the couplings C, must also be
absolute, which is achieved by fixing V. The realistic size of this
is determined by the width 422000cm~' of the monomer
spectrum. In Fig. 1 and in subsequent figures we plot the
continuous vibronic spectra in absolute energy units of cm~.

For the straight chain, shown in the top row of Fig. 1(a), the
results are well-known. The energy spectrum is a smooth function
of k and one level at the band edge (a blue-shifted so-called H-band
in this geometry) carries almost all the oscillator strength. Inspec-
tion of the wave-functions (not shown) shows that all levels are
delocalised over the whole chain. In the right column we show the
CES spectrum for the monomer and for weak (V=150cm™!),
intermediate (V=300cm™!) and strong (V=450 cm™!) coupling.
As the coupling strength increases, the monomer spectrum meta-
morphoses into a typical, relatively broad blue-shifted H-band. Note
that the distinction weak/intermediate/strong is not based on the
Simpson-Peterson criterion [44] but is just introduced to denote the
relative strengths of the couplings.

We take the bent chain to lie in the (x,y) plane. Calculations for
finite @ show little change both in the pure electronic and the
vibronic spectrum so long as @ < 90°. However, for obtuse angles
there begin changes in the spectrum, as shown in Fig. 1(b) for
@ = 120°. Here the highest level carrying most oscillator strength
has begun to separate from the rest of the exciton band levels.
This is seen very clearly in Fig. 1(c) for @ = 135°. Now two levels,
one above and one below the band, have split off. An inspection of
the wave-functions (Fig. 2) allows a simple explanation in that the
two levels which split off are strongly localised on only two
monomers. This is our first example of ‘geometrical’ localisation.

The sharp bend in the chain gives a strong interaction between
the two monomers adjacent to the vertex monomer. This leads
effectively to the formation of an isolated dimer ‘impurity’
between these two monomers. The pair of states split off from
the band in Fig. 1(c) is just the symmetric ‘+’ and antisymmetric
‘—’ states of this dimer whose wave-functions are localised on
just these two monomers, see the lowest and highest energy
states of Fig. 2. For this dipole orientation, only the high-energy
symmetric state carries oscillator strength, as seen in Fig. 1(c). The
actual vertex monomer has now become effectively isolated from
the rest of the chain and leads to a further state localised on just
this monomer. However this state sits in the middle of the band
(state number 8) and carries little oscillator strength. All other
states are delocalised but, since the chain now consists of two
halves, they are predominantly confined to one or other half of
the chain, as shown clearly in Fig. 2. Apart from the highest
energy dimer ‘+’ state the delocalised in-phase second and third
states from the top of the band are the only ones to carry
oscillator strength, as seen in the middle column of Fig. 1(b).
Inclusion of vibrations, right column of Fig. 1(c) shows the
expected formation of an H-band for weak and intermediate
coupling, but for strong coupling the isolated, dimer peak gives
rise to a more pronounced shoulder on the spectrum. Note
however, that due to the inclusion of vibrations the highest
electronic absorption peak is now accompanied by a complicated
vibrational structure. This in turn makes it difficult to distinguish
electronic and vibrational contributions from measured spectra,
similar to the situation in dimers [45,46].

To illustrate the spectral changes resulting from relatively
simple changes in dipole orientation, we now consider a bend
in which the dipoles are still perpendicular to the chain axis but
now lie in the plane of the V-shaped bent chain, not perpendicular
to it as above. The first case we consider is where the dipoles have
u perpendicular to the chain but with equal components in- and
out-of-plane, shown in Fig. 3(a) for & =135°. Of course the
straight chain spectrum is again that of Fig. 1(a) and as the chain
is bent, up to @ ~ 120°, the situation is roughly as in Fig. 1(b) with
the formation of a broad H-band for strong coupling. These
absorbing states are delocalised. However, for & =135° the
split-off dimer localised states again become evident above and
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Fig. 3. Eigenvalues and spectra as in Fig. 1 for a bent chain with @ = 135° and dipoles with orientation: (a) it = (0,1,1)/+/2 and (b) t = (1,0,0). In the right column the CES
spectra are for the same values V of the coupling as in Fig. 1.
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below the band, but now both symmetric and antisymmetric
localised states carry oscillator strength. Then as shown in Fig. 1,
for @ =135° sharp peaks appear both above and below the
exciton band. In fact the sharp peak below the band (appearing
for strong coupling) is reminiscent of a collective fully delocalised
J-band exciton state but we emphasise that it is of completely
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different character in that its wave-function is localised on just
the two monomers adjacent to the vertex.

This similarity of spectral appearance of localised and deloca-
lised states is also seen when we consider a linear aggregate
showing a J-band and not an H-band as in Fig. 1. This is the case
when the monomer transition dipoles are all aligned initially
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parallel to the straight chain as shown in Fig. 3(b). The electronic
spectrum is dominated by the lowest energy level where all
dipoles are in phase. In the vibronic spectrum of the straight chain
(not shown) a clear J-band based on this state forms as the
coupling strength increases. Again, for bend angles up to ~ 120°
we find similar spectra to zero degrees, i.e. this single peak
dominates. However, at larger angles (the case @ = 135° is shown
in Fig. 3(b) as example), again localized dimer states appear above
and below the band but now the absorbing ‘+’ state is located
below the band. Also, since the strong vertex interaction effec-
tively splits the chain into two linear segments, examination of
the wave-function shows that the J-band is due to two collective
states (the second and third states) in the stick spectrum of
Fig. 3(b) again each largely confined to a separate half of the
chain. This gives a J-band in strong coupling. On the low energy
side of these two peaks appears the localised symmetric dimer
state. Note that in the vibronic spectrum of Fig. 3(b) these
features are only evident when the coupling is strong enough to
move their energies below the region of monomer absorption,
when the localized state appears as a low-energy shoulder on the
J-band.

The message of the preceding section is that even in the very
simple case of a single fold in a linear chain new spectral features
appear which depend crucially on dipole orientation and which
make interpretation of spectral features in terms of localised and
delocalised states difficult. This will be more so in the case of the
complicated geometries occurring in practical cases in biological
aggregates for example.

4. Circular and elliptical geometries

Here we will emphasise the effects of dipole orientation. The
first aim is to show that even in completely symmetric geome-
tries, a changing dipole orientation can affect the monomer
interactions dramatically and lead to corresponding dramatic
changes in the energy location of eigenstates and their light
absorbing and emitting properties. This also will show that in
general it is absolutely necessary to take all interactions into

account: in some cases the much-used nearest-neighbour approx-
imation fails completely.

The simplest non-linear geometry (but which is practically
important in photosynthesis) is a circular arrangement of dipoles.
As additional simplification, first we consider equal spacing of
dipoles all lying in the plane of the circle. Then we examine the
energy and absorption spectrum as a function of the angle ¢ of
the dipole w.r.t. the tangent to the circle, i.e. ¢ =0° is tangential
and ¢ =90° is radial. The results are shown in Fig. 4. Each pair of
figures is for a different ¢ orientation and shows in the left
column the geometry and the exciton energy) level distribution
(w.r.t. ¢ = 0) between the lower and upper band edges. In the right
column the corresponding absorption stick spectrum is shown.
The results can be understood analytically from the solution using
nearest-neighbour coupling only. In this geometry the exciton
states are all delocalised over the whole ring and the eigenener-
gies are (for N even)

N/2 ‘
Ex=2 Z cos (km)Vy1+(=1YVnj2i11, (25)
n=2
. 2. .
with I<=W], j=0,1...N-1. 26)

As seen from Fig. 4(a) for ¢ =0° the levels are doubly
degenerate apart from the extreme j=0 (all monomers in phase)
and j=N/2 (successive monomers out of phase) levels which lie at
the bottom and top of the band, respectively. Only the two
degenerate levels j=1 and j=N-1 carry oscillator strength. In
particular the lowest j=0 level in Fig. 4(a) is forbidden. Clearly the
presence of this dark state below the strongly absorbing J-band
states is important for the fluorescence properties of aggregates
with this geometry. For ¢ =90° the energy level ordering is
simply reversed and the absorbing states form an H-band with
the dark j=0 state lying above them in energy.

As ¢ increases from zero to approach the ‘magic’ angle of ~ 54°
around which nearest-neighbour coupling vanishes, the major
spectral change is that the lowest non-degenerate j=0 dark level
moves up in energy. In Fig. 4(b, first column) for ¢ =48° it is state
number 3 and for Fig. 4(c) ¢ =53° one sees this non-degenerate
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level as state number 9. Note that in this region the nearest-
neighbour interaction goes through zero and the higher-order
interactions take over. By ¢ =54° the j=0 level has reached the
top of the band (Fig. 4(d)) and is being followed by the allowed
levels which are now located in the centre of the extremely narrow
band. This band reversal is extraordinarily sensitive to orientation
and already by ¢ = 55° (Fig. 4(e)) the H-band configuration has been
reached and there is little qualitative change up to the case ¢ = 90°
of Fig. 4(f). We do not show the broadened CES spectra but it is clear
that they change from sharp, fully delocalised J-band character for
tangential orientation, through almost unchanged monomer char-
acter around 54° orientation to H-band character for radially
oriented dipoles.

Having illustrated the extreme sensitivity of spectra to dipole
orientation on a perfectly symmetric circular structure, we
examine next the effect of symmetry-breaking by deforming the
circle successively into an ellipse of increasing eccentricity. Rather
than eccentricity, we will use the simpler ‘flattening factor’

A. Eisfeld et al. / Journal of Luminescence 131 (2011) 2555-2564

f=1—(b/a), where b and a are the minor and major axes of the
ellipse, respectively. Hence, f=0 for a circle and f=1 when the
circle is squashed flat. We consider two dipole arrangements on
the circle, the first of which is relatively insensitive to deforma-
tion, the second of which shows strong sensitivity.

The first geometry is the tangential arrangement of Fig. 4(a),
shown again in Fig. 5(a). In the right-hand column we now show
the CES vibronic spectra. For a circle, the spectrum shows the
characteristic J-band structure for strong coupling. In fact as the
circle is squashed into an ellipse there is almost no perceptible
change in the CES spectrum. Therefore, in Fig. 5(b) we show only
the rather extreme case f=0.7, where the similarity to the circular
case is confirmed. The reason for this can be explained by
examination of the exciton wave-functions (not shown). As the
ellipse is deformed, states localised at the corners of the ellipse
are formed but they remain in the middle of the exciton band and
do not absorb appreciably. The two long segments of the ellipse
become more and more like two linear chains. In this orientation,
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these have the same ]-band absorption characteristics as the
circle. The small changes that do occur are washed out in the
CES spectrum, so that the right-hand columns of Fig. 5(a) and
(b) show spectra which are quite similar.

As an arrangement which is extremely sensitive to symmetry-
breaking we choose the case of in-plane dipoles with ¢ =54°
orientation of Fig. 4(d). This is reproduced as Fig. 6(a). Here the
nearest-neighbour coupling is essentially zero. One notes the two
allowed levels sitting in the middle of a narrow band with the
non-absorbing j=0 level split off at the top of the band. The CES
aggregate spectrum (right column) is then almost the same as the
monomer spectrum.

As the circle is flattened, spectacular changes occur as the
nearest-neighbour coupling switches on. Already for f=0.2,
Fig. 6(b), the two degenerate allowed levels have split to be the
bottom and, apart from j=0, top levels of the band. These states
are still fully delocalised on the ellipse. However, as flattening
progresses Fig. 6(b) and (c), three new features arise. Firstly, the
allowed levels acquire a degenerate partner and become the
lowest and highest energy levels. Secondly, they become localised
at the corners of the ellipse. Inspection of the wave-functions
shows that, as in the linear case, they are nothing other than the
‘+’and ‘-’ dimer levels, now doubly degenerate and both dipole-
allowed because of the orientation. The rest of the ellipse behaves
as two linear segments so that the third feature to appear is a
central exciton band with a new, fully delocalised J-band state at
its lower edge and a weak H-band absorption at the upper edge.
These features of dimer-pair formation and the splitting off of
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localised states to leave a central band are seen clearly in the first
and second columns of Fig. 6(d). The CES spectrum in the third
column shows, in strong coupling, an apparent double ]J-band
structure and a broad blue-shifted H-band. However, we empha-
sise the completely different characters of the two apparently
similar J-bands. The lower is a localised state due to geometric
disorder, the other is a delocalised exciton state. Comparison of
the CES spectra of Figs. 6¢ and 5b, both for f=0.7, emphasises the
strong changes that can occur simply due to dipole orientation.

As a last example we consider out-of-plane orientation of the
dipoles, with a z-axis perpendicular to the elliptical plane. We
take all three (x,y,z) dipole components to be equal corresponding
to ¢ =45° and polar angle 0 = 55°. From Fig. 7(a) one sees that the
circular geometry energy-level distribution (first column) is
similar to the ¢ =54° case of Fig. 6(a), but the stick spectrum of
the second column is quite different. Now the two j=1 absorbing
levels with polarisation in the plane appear at the high-energy
H-band side. In addition, the fully symmetric, fully delocalised
j=0 level now carries oscillator strength polarised perpendicular
to the plane.

Upon flattening to an ellipse, the changes mirror those of
Fig. 6, except that the j=0 level maintains its dipole-allowed
absorption throughout, since there are no changes in geometry in
the perpendicular direction. For f=0.4 the j=1 levels have
acquired degenerate partners and separated, as states localised
at the ellipse edges, from the bottom and top of the band of
remaining levels. Of these levels, the lowest is again a delocalised
exciton state carrying most of the oscillator strength and the
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highest levels now carry oscillator strength mostly polarised in
the perpendicular direction. The result for the strong-coupling
vibronic spectrum (Fig. 7(c), right column) shows again a J-band
structure but now with a very pronounced blue-shifted H-band
apparent.

5. Relevance for experiments

This study was motivated by observations of strong spectral
changes accompanying pressure change giving rise to a presumed
flattening of cylindrical aggregates composed of different sub-
stituents of 5,5',6,6'-tetrachlorobenzimidacarbocyanine (TDBC)
dyes [11,12]. The following characteristics under increasing pres-
sure were noted;

(a) the non-aggregated monomer Stokes’ shift increases linearly
with pressure.

(b) Unlike other studies on cyanine dyes [10] and porphyrins
[47], the red shift of the J-band of the aggregate is not
monotonically linear due to compression of the inter-mono-
mer distance. Rather a linear shift is followed by saturation as
pressure increases.

(c) Nevertheless the aggregate Stokes’ shift does increase mono-
tonically with pressure.

(d) As pressure increases a new absorption band arises as a
shoulder on the spectrum at the low-energy side of the
J-band.

Spitz and Daehne [12] suggested that these changes arise from
a collapse of the cylinder at a given pressure and formation of a
localised state at the ‘kink’ in the now almost elliptical cross-
section. The localisation of excitation on just two monomers
implies that the Stokes’ shift behaves in the same way as for
the monomers (J-band emission shows a small Stokes’ shift) and
also can account for the new band emerging below the J-band.
Unfortunately, due to the lack of knowledge of the precise
geometry and particularly dipole orientation in such aggregates,
we do not consider it realistic to present our detailed calculations
showing these characteristics. Suffice it to say that the calculated
spectra of elliptical conformations such as shown in Fig. 6(c) and
(d) where a dipole-allowed localised state arises below the J-band
level do lend qualitative support to the interpretation of Spitz and
Daehne.

6. Conclusions

We have examined the influence of dipolar orientation and
symmetry-breaking on the energy and light absorption spectra of
very simple linear and circular aggregates of identical monomers.
The major features to appear are a strong dependence of absorp-
tion characteristics on orientation and the isolation of states
localised around bends in regular structures. In many cases these
localised states are split off from the top and bottom of the
exciton band and may carry significant oscillator strength. Clearly
the presence of such states, either dark or absorbing, below the
exciton band edge can seriously affect the fluorescence properties
and Stokes shift of the aggregate. The flattening of a circle also

leads to the formation of localised states around the ellipse
extremities. Depending upon dipole orientation these can lead
to considerable broadening and blue shift of the spectrum. The
results shown are admittedly model calculations, although we
feel that the inclusion of vibrations in the CES approximation is
realistic since in previous work we have obtained very good
agreement with experiment. The aim of this study has been to
draw attention to the localisation occurring due to very simple
geometrical deformation of symmetric aggregates and to point
out that this localisation can lead to new spectral structures.
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