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This paper describes the absorbance properties of pigments in disordered films. The fluorescence quenching
of pigment systems at low concentrations are usually attributed to the presence of so-called statistical pairs.
We show that, if line broadening mechanisms are taken into account such as homogeneous and inhomogeneous
broadening and statistical distribution of distances between the pigments, the number of potential quenchers
decreases dramatically, because all of these effects lead to an increase of the dipole strength of the lowest
excitonic state of a dimer. We also show, on the basis of Monte Carlo calculations on assemblies of pigments,
that spectral effects beyond a general broadening of the spectrum will not be observed, even for concentrated

systems, where a larger number of these statistical pairs may assumed to be present.

1. Introduction Because the initial steps in photosynthesis, the harvesting of
light and the subsequent transfer of the excitation to a reaction
center, are extremely important in reaching its high overall
gfﬁciency, a thorough understanding of the underlying mech-
anisms would be very helpful in the construction of artificial
antenna systenfs.

In a recent paper, Kn®argued that on average a statistical

One of the interesting questions of photosynthesis is how
antenna systems are able to keep an excited state from degradin
or losing its energy by fluorescence, before the excitation is
delivered to the reaction center, where it can effectively be used
for initializing electron-transfer reactions.

In natural photosynthetic systems, the chromophores are . e
usually embedded in a protein. One of its effects is that the Pair has a smaller oscillator strength for the lowest excitonic

pigments are held in place at specific positions and orientations. fransition than for the highest, leading to a blue-shifted spectrum

The concentration of chromophores in such systems can be quitd®" & collection of statistical pairs. This is not observed; in
high. In LHCII, for instance, with 12 chlorophyll pigments in general, the absorption spectrum changes little even for relatively

a box of approximately 4 nm size, the average distance betweerf!gh concentrations, and if larger changes are observed, it is
the pigments ranges from 1 to 2 Anilhis amounts to a most Ilkely_ due to ground-state interaction effects at higher
concentration of<0.2 M, whereas concentration quenching in concentrations?
dye? and chlorophyll solutiorfs* starts to play an important role In this paper, we argue that the effect is even smaller than
at much smaller concentrations of 86-10-4 M. Nevertheless, Knox calculated, for two reasons: first the inclusion of
LHCII is capable of preserving the excited state on chlorophyll inhomogeneous broadening as diagonal disorder in the exciton
a for periods up to several nanosecoRds. Hamiltonian leads to an increase of the oscillator strength of
Embedding the pigments in a polymer matrix mimics the the lowest excitonic state, even for a completely dark state, and
protein pigment complexes. These systems can be used profitsecond taking a distribution of positions for the monomer
ably to study energy transféf,because the clustering behavior comprising a dimer also has a broadening effect. Together these
that chromophores such as chlorophylls or porphyrins often effects lead to a slightly broadened absorption spectrum and
display in water and organic solvents can be avoided. However, not to a blue-shifted spectrum.
matrixes such as poly(vinyl alcohol) do not influence the relative  Inclusion of a distribution of distances does, however, point
positions and orientations of the chromophores, whereas into a possible mechanism for fluorescent concentration quench-
photosynthesis, the proteins do. As a consequence, fluorescencing. On the basis of the nearest neighbor distribution function
quenching at higher concentrations cannot be avoided. derived by HertZ! we argue that around every pigment there
In these random systems, the mechanism of fluorescenceis likely to be at least one pigment pair of which the pigments
guenching remains fundamentally a mysté#yit is generally are closer than 1 nm within a sphere determined by thetéo
assumed that excitations are transferred to so-called “statisticalradiusRr. Such a dimer will not likely be a dimer in which the
pairs”, excitonically coupled dimers with random relative pigments have random orientations, because a more parallel
orientation, by a Fster transfer mechanism and that these configuration will be favored because of steric hindrance. For
dimers somehow avoid fluorescence and betcansfer of the chlorophylls, bacteriochlorophylls, and porphyrins, such parallel
excitation. relative orientations can easily lead to close lying charge transfer
(CT) states. Evidence for this can be found in large positive
*To whom correspondence should be addressed; E-mail: regien@ first-order contributions (red shifts) to the Stark spectrum of

““?-Xhﬁmﬁg:-umversn Waneninoes for instance the special pair in the reaction center or LH antenna
t Egma”; Zwan@chemy\,u_n?_ gen. systems2-14 Although CT states are usually slightly higher in
8 Vrije Universiteit. energy than the covalent states because of the “Coulomb
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z The Hamiltonian describing the single excitations of the
excitonically coupled dimer is given by the matrix
ﬁZ €, V
>9/i "= (v ez) 1)
I

The energieg; ande; are the excitation energies of pigment
1 and pigment 2, respectively, ands the excitonic interaction

Changes in the ground state energy and doubly excited state
y are neglected throughout this paper. This is justified becsuse
< €15 and such changes are second ordeVig . The
magnitude of the interaction depends on the transition dipole
Z moments and the distance between the pigments. We use the

Figure 1. Positions and orientations of the two transition dipole quantity
moments in the dimer frame.

j=v71

-2
6, H (2.2)

2
~ —1

penalty”, which has to be paid for putting an extra electron on Vo~ 5'0356%3 cm (2:3)
a pigmentl® in polar media, this is offset by the lowering in
energy such a system can get by means of its own reactionwith 4 in D andR in nm, to scale the interactions. For t@g
field.15720 These CT states are obviously dark, because they transition of chlorophyll for instance, the transition moment is
have no transition dipole moment to the ground state, and for approximately 5.6 D, so that at a distance of 1 nm, the
the same reason, they cannot transfer their energy to anotheinteraction energy, between two chlorophyll molecules is
chromophore by means of a'ister type transfer mechanism. approximately 160 crmt.
Hence, they can effectively quench the fluorescence of a The interaction can furthermore be modified by the relative
concentrated solution of pigments. dielectric constan¢, which for most systems is between 1 and

In this paper, we present a theoretical study of the absorption 2.
spectrum due to excitonic interactions between pigment mol- We can now express the interaction energy in terms of the
ecules located at random positions and with random orientation. angles defined in Figure 1:
In the first part of the paper, we will follow Knd&and consider
dimers only, but we do include inhomogeneous as well as V =V,[sin 6, sin, cos¢ — 2 cosl, cosd,] (2.4)
homogeneous broadening and allow for random positions as
well. We will give an analytic derivation of Knox’s result and For random systems, the angles 6-, and¢ and the distance
show that inclusion of the above broadening mechanisms R between the pigments are not fixed but can vary according
decrease the blue-shift effect alluded to above. We will also to a distribution functionN(R, 61, 62, ¢). Furthermore, the
show explicitly that even for a dimer with a dark low excitonic ~ excitation energies of the monomers are also subject to some
state diagonal disorder will make the lowest transition allowed. variation. For those parts of this paper where we take this

In the second part of the paper, we will consider the diagonal disorder into account, we will assume that these values
absorption spectrum that results if we take a large random can be taken from a Gaussian distribution around the unper-
collection of pigments. It can then be showed that only a general turbed valuee, with varianceo. Typical values fors at room
broadening of the absorption spectrum will be observed at highertemperature are between 100 and 300 &fif 8
concentrations but that even at moderate concentrations a large We are primarily interested in the absorption spectrum of
enough concentration of quenchers is present so that everythis dimer and the oscillator strength of the lowest excitonic
pigment is close enough to such a quencher to lose its energystate. Itis rather straightforward to diagonalize the Hamiltonian
by Farster transfer, rather than fluorescence. Observable effects(2.1) and to find the excitonic states and transition moments to
in the absorption spectrum only occur when the pigments get these state$. The eigenvalues are
so close that the assumption of random orientations is no longer

justified. e=iatotfla-of 0] (25)

2. Description of the System . . o
We can write the corresponding excitonic states as

The dimeric system consists of two two-level monomers, of
which we only consider the relative position and orientation of |+0= c|1[H 520 and |—O= —s|1[H c|20 (2.6)
the transition dipole moments. The vector connecting the ) o
positions of the transition dipoles is denoted®yand we define ~ Wherejidenotes the state where the excitation is on monomer
a dimer frame by letting the-axis point along theR direction. i and|+0denote the excitonic states.
Furthermore, we chose the dimer frame such that the transition The quantitiess andc can be found from
moment of pigment 1 is in th&z plane. The polar angle of
pigment 1 is given by, its azimuth is by definition zero, and s=
the polar angle and azimuth of the transition dipole of pigment 1+ t? 1+ 2
2 are given byd, and¢, respectively. The structure is displayed
in Figure 1. with

2.7)
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4 1/3
€, — €+ 4/(e, — €)° + 4V R,= (3”(—1023) ~0.73M®  (2.16)

t= N (2.8) 47 6.025x 10

We can use this to estimate the number of quenchers in a given
solution. Let us assume that a pair of pigments can act as a
guencher when the distance is smaller than 1 nm. The probability
(2.9) of finding such a pair is given by

The transition moments to the excitonic states can then be
written as

py=cutsu, and g =—su, +ci,
1 _ —1/R23
The intensities of the transition are determined by the square j:) dRWR)=1-e (2.17)
of these quantities, under the assumption that the dimer can

occur in any orientation with equal probability. We can write  With Ro in nm. Together with eq 2.16, this means that for a
these intensities as molarity of 1072 approximately 2.5« 1073 pigment pairs are

found that are closer together than 1 nm.
Energy can be transferred at much lower concentrations, as

evidenced by depolarization measurements on pigments in films,
|_ = u’[1 — 2sccosh] (2.10) which show energy transfer at concentrations of 50107

M.67:23 This also defines a radiugr, related to the Fster
with 0, the angle between the original transition moments, given radius, of a sphere around an excited particle in which other
by cosf = cos8; cosO;, + sin 61 sin 6, cos¢. pigment particles must be found to transfer the energy to. It is

This gives us the spectrum for every possible orientation and obvious that at concentrations 3L@igher than these every

relative position of the pigments. To find the observed spectrum, excited pigment will at least have a few quenching pairs within

I, =u?1+ 2sccosH] and

we have to average this with the distribution functidi{®, 64, its Forster radius. Because these pairs only make a small
02, ¢) and the distributions of the pigment energies. We will contribution to the total number of pigments, it is not surprising
calculate the probability?(l, ») of finding an intensityl at that effects on the absorption spectrum are small.
frequencyw. This quantity can be found from the expression The inverse of the indefinite integr&(R) of W(R) is given
by

1 peo 1 1 2
P(l,v) =5/, dR [ dcosf,e [~ dcost, [~ x 3 1 \13

2 R= (ﬁ In——= F) (2.18)

dp N(R, 0, 0,, 9) [~ de; [ de, f(ey) f(ey)

_ _ _ _ This makes it simple to generate the distributi®R) from a

[0 =)ol =1.) +o(v =)ol = 1)] (2.11) distribution of uniform deviate$.2* We will use this in the
simulations in section 4.

The distributionf is given by The angular distributioMg(01, 62, ¢) is more complicated.

1 , In general, we can state that for lareall orientations are
f(e) = exp[—(e—eo)2 207 (2.12) possible, an assumption used by Khtxcalculate the spectra.
270° For shorter distances, it obviously depends on the shape of the

molecules what the preferred relative orientations are. For planar
Equation 2.11 forms the basis of all our calculations. The molecules like (bacterio)-chlorophylls and porphyrins, a shifted

absorption spectrum can be found as coplanar orientation (“slipped deck of cards”) appears to be
common’ This can be introduced as a restriction &n— 65,
ag=1,= f dl IP(l, v) (2.13) cf. Figure 1, which puts the transition dipoles in more or less

parallel planes.
Homogeneous broadening, the result of the finite lifetime of ~ In the next section, we first rederive Knox's result by an
each state, can be introduced in this description by replacing @nalytical procedure.
the 0(v — e4) functions by the desired line profile.

Distribution Functions. The distribution functions we will ~ 3- Spectral Profile of Statistical Pairs
use are all derived fromi(R, 01, 62, ¢). We first write it in the In this case, we make a number of additional assumptions.
form The excitation energies; of both pigments are equal .

Furthermore, the distance between the pigments is fixed at some
N(R, 04, 6, ¢) = W(R) NR(04, 0, ¢) (2.14) valueR, and for that value, all possible orientations are equally
probably. The distribution function for positions and angles then
whereW(R) dRis the probability density for finding the nearest becomes
neighbor betweerR and R + dR and Ng(61, 62, ¢) is the
probability density for finding a set of angle( 0, ¢), given N(R, 0,, 0,, ¢) = ié(R -R (3.1)
that the distance of the chromophoresRis 8w
An expression foM(R) was derived by Hert2-?2 and can

be written as Note, however, that there is no conceivable limit in which eq

2.15 reduces to a delta function, except for the “close packing”

R? , situation, in which case the other assumptions are hardly justified
W(R) = 4nR exp[-4/3aR%)] = 3—3e‘R3’R0 (2.15) and singling out a pair of pigments from the closely packed
Ry cluster to calculate the absorption spectrum of the complete

systems makes no sense. In other words, we do not expect the

wheren is the particle densityR, (in nm) is related to the absorption spectrum of the complete system to even remotely
molarity M of the pigment concentration by resemble the absorption spectrum of a collection of random
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pairs. The calculation is still useful, because it can provide us
with an estimate of the number of potential quenchers for this
situation.
In addition, eq 2.5 simplifies to
€, =€V (3.2)

andt, eq 2.8, becomes
(3.3)

Finally, Rin eq 2.4 has to be replaced By
The absorption intensities reduce to the following expressions:

|, =u’1+tcosf] and u’[1—tcosd] (3.4)
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Figure 2. Spectrum of an ensemble of statistical pairs. The properties
of the Qy transition of chlorophyll a pigments were used to model this

spectrum. The distance between the pigments is 1 nm, their transition
dipole moment 5.6 D, and the transition energy was taken to be 14 925

The intensities and excitation frequencies of course still dependcm™* (670 nm). The dashed spectrum is obtained by giving every

on all the angles involved in the problem.
Equation 2.11 also becomes simpler:

1 1 1 21
P(l, v) zﬁf_ldcoself_ld cosh, [ x
do [0(v — €,)0(l — 1) + (v —€_)o(1 —1.)] (3.5)
In the Appendix, we show that this integral can be evaluated

exactly and be expressed in an elliptic function. In the Appendix,
we also derive an analytical expression for the functi@n,

which is shown to be equal to
asinhv/3
243

for v — €l <V, (3.6)

1(v) =,uz %(U— € T (e +Vo—v)

and

(v—€)® — V2
3

v— €

@) =5 =)~ 1,

etVo—v

asinhv/3 — asinh
23

for Vg < |v — ¢y < 2V, (3.7)

In these expressions, the function asinh is the inverse hyperboli
sine.

In Figure 2, we show this spectrum for a pair of chlorophyll
a molecules at a distance Bf= 1 nm. It is identical to the one
calculated by Knokby Monte Carlo techniques.

The spectrum shown in Figure 2 is in fact built of stick
spectra. The effects of homogeneous broadening can be take
into account by dressing the sticks with a Gaussian, or
Lorentzian, line shape. In that case, we replace the téims
— €4) by the appropriate line shape function and subsequently
perform the integrations numerically. Homogeneous broadening
is related to the lifetime of the chromophores, which for
chlorophyll a in solution was measured to & ns, and the

C

n

realization a homogeneous width of 100 ¢m

transfer mechanism to a nearby statistical dimer. This cannot
be to the lower excitonic state of that dimer because that state
is supposed to be dark and thus cannot have a transition dipole
moment and can consequently not interact with the monomer.
The upper excitonic state of the dimer thus gets excited, within
a very short time loses some of its energy through interaction
with the surrounding medium, and reduces to the lower excitonic
state. If that state is indeed dark, fluorescence will be quenched.
Within this context, dark of course means that it will lose its
energy some other way, before it has a chance to fluoresce.
This is not easy to quantify on the basis of the above picture,
but let us assume all states in the lower 10% of the above
spectrum are sufficiently dark to act as quenching states. A
smaller number will certainly not give enough dimers with the
correct geometry in the near neighborhood of our excited
pigment, as our calculations of the previous section show.

What is not visible in the above spectrum is that it results
from pairs of lines and not from uncorrelated single lines.
Moreover, these lines are symmetrical with respect to the
unperturbed excitation energy. That means that the upper
excitonic state corresponding to a lower excitonic dark state
must occur at the very blue edge of the spectrum.

Apart from the distance and relative angles between pigments,
Forster transfer also depends on the overlap between the
emission spectrum of the donor and the absorption spectrum of
the acceptor. The emission spectrum of a pigment is usually to
the red of the absorption spectrum because of the Stokes shift,
but even if we assume that the Stokes shift is zero, the amount
of overlap between a line with width 100 cnat position 14925
cm! and a similar line at 15200 cm is negligible: for
Gaussian lines the overlap factor is 0.02.

As a consequence, we may state that even if the lower
excitonic state of a statistical dimer can be considered dark an
excited monomer has no possible mechanism to transfer its
energy to the higher excitonic state of that same dimer.

It is not immediately obvious that there could be no quenching
dimers with small exciton splitting, but a moments reflection

width of the phonon wing, which is the main contribution. We shows that the spectrum in Figure 2 gives also the correlation
estimate the homogeneous line width to be 100%rat room between lower state dipole moment and excitonic splitting: the
temperature. This has important consequences for a possibldower half of the spectrum is the lower state dipole moment
quenching mechanism based on these statistical pairs. Thesquared and the distance to the center of the spectrum just half
dashed spectrum in Figure 2 shows the homogeneously broadthe excitonic splitting, so small transition dipoles correlate
ened spectrum of statistical pairs. directly with large exciton splitting.

Quenching is supposed to take place by the following  Often dimers have a spectrum that is red-shifted compared
mechanism: an excited monomer loses its energy by thetdfo ~ to the monomer spectra, which would of course be helpful for
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energy transfer from monomers, because it increases the overla _1- o [ 2 2
between monomer emission and highest excitonic state absorpﬁ)(l}) - 2“ expl—(eo — v+ o +V )/02] x

tion, but on the other hand, the red shift can be taken as

indicative for the coupling with a CT staf&;2” so that those

dimers which do get a considerable overlap are also those with

the most charge-transfer character.
A possible way out of this dilemma is the introduction of

(1 NI cose) + %ﬂzexp[—(eo —v—
%+ V2

Vo + Ao (1 S -

= 2cos@) 4.7)
+V

inhomogeneous broadening mechanisms: inhomogeneous broad-

ening is usually much larger than homogeneous broadening and

In Figure 3, we have plotted the spectrum resulting from eq

could easily give us monomers which spectra overlap with upper 4.6 as well as from (4.7) for an inhomogeneous broadening of

excitonic states, but we will show in the next section that

100 cnT. We took the special case where the transition dipoles

inhomogeneous broadening also has the effect of increasingare in the same direction and perpendicular to the vector

lower excitonic state dipole strengths.

4. Inhomogeneous Broadening Effects

The starting point is again eq 2.11, but now we concentrate
first on the integrals over the distribution functiofte). For a
given set of angles and positions, the intenKi#y can be written
as

I(v) = %fj; de, f:o de, f(ey) f(e,) [1.0(v — €,) +
I_0(v—€.)] (4.2)

We introduce the following notatiof?:

A= %|€2 —€| and X= %|€2 + ¢ (4.2)
The new transition dipoles can then be written as
I, = u? 11Lc039] (4.3)
N
and the corresponding energies are
e, =S+ VA + V2 (4.4)

Furthermore a straightforward calculation gives the distribution
of X andA as

PE, A) = 7

exp[—(e, — 2)%0”] exp(—A%o®)  (4.5)

The introduction of this result in eq 4.1 and subsequently
performance of the integration &f gives

2
I(0) =——=/" dA e " |exp[—(c, — v+
2V no?
VA? + VA7 (1 PR cos@) + exp[—(e;, — v —
VA + VP
JAZ + V) (1 S cose) (4.6)
VA? + V2

For A = 0, we recover the stick spectrum; for not too large
values ofA, we can approximate the integral by

connecting them, so that for the unperturbed system, the lower
excitonic state is completely dark. We note that the spectrum
can be reasonably well approximated by eq 4.7, that the exciton
splitting is not equal to ¥ but to 2¢2 + V32, which differs
substantially from ¥, and finally that the lowest excitonic state
acquired a considerable amount of dipole strength. Realistic
values ofo are often higher. Fos = 200 cnt?, we find that

the lower excitonic state caries about 10% of the total oscillator
strength. The effect of exchange narrowing that inhomogeneous
broadening by diagonal disorder also shows is for a dimer not
of great relevance.

In Figure 4, we show the spectrum resulting from averaging
expression (4.6) over all possible orientations of the transition
dipoles. As in Figure 2, the distance between the pigments is
taken to be fixed at 1 nm. We note that in this case the diagonal
disorder also has as one of its main effects a considerable
increase in the intensity of the lower excitonic state.

Thus, we may state that although the introduction of diagonal
disorder undoubtedly will increase the possibility of energy
transfer from a monomeric pigment to the higher excitonic state
of a quenching statistical dimer a side effect is, however, that
the quenching properties of such a dimer are decreased.

Although the spectral effects of excitonic coupling on the
systems studied so far are quite distinctive, ranging from
observable excitonic splitting, as in figures 3, and 4 to
enhancement of the red side of the spectrum for higher values
of (in)homogeneous broadening, we do not expect to observe
those effects in real systems. After all, the proportion of
statistical pairs is small to begin with compared to the total
number of absorbers, at least at low concentration, and
furthermore, the distribution of distances also obscures the effect.
Of course, when the concentration gets higher, the number of
statistical pairs increases, but interaction with other pigments
then also starts to play a role, because the likelihood of finding
a trimer with relative distances smaller than 1 nm then also
becomes appreciable. In the final section, we show some
calculations of spectra of more concentrated systems by taking
all interactions into account, here we show that even for ordered
pairs with a distance distribution the specific spectral effects
are diminished. To that end, we take the configuration described
in the caption of Figure 3, but we vary the distance according
to the Hertz distribution, eq 2.18.

The most probable distance for a given particle density is

R= (2/3)*R, ~ 0.87R, (4.8)
and we choose the values for the simulation such that this
distance is 1 nm. This accounts for the variance still found in
statistical pairs within quenching distance of an excited mono-
mer.

We note that this differs very little from the average distance
for a given density, which can be written as
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Figure 3. Disordered dimer spectrum calculated from eq 4.6 (solid Figure 5. Spectrum of a statistical pair with fixed parallel orientation
line), and approximation eq 4.7 (dots). Parameters were chosen asput positions distributed according to the Hertz distribution, eq 2.15.
follows: 6, = 6, = n/2,¢ = 0,4 = 5.6 D,R= 1 nm, ando = 100 The most probable distance is chosen as 1 nm, and homogeneous (100
cm™*. The geometry of the dimer gives a lower excitonic state with no  ¢cm2) and inhomogeneous (200 ci) broadening are included. Also
dipole strength in the absence of disorder. The full-width at half shown (dotted) is the spectrum of a collection of monomers with the

maximum (fwhm) of the monomer spectrum is 2.858 236 cnt™. same values of homogeneous and inhomogeneous broadening param-
eters.
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Figure 4. Inhomogeneously broadened spectrum of a statistical pair R (nm)

of chromophores. For the solid line, we used an inhomogeneous line Figure 6. Normalized nearest neighbor distribution for randomly placed

width of 100 cnt?; for the dotted line, 200 cnt was used. The latter  particles in a box. Also shown (dotted) is the Hertz distribution, eq

is a more realistic value. 2.15, forRy =1.15 nm. The thin solid line is the probability of finding
a third pigment at distancR from the center of a nearest neighbor

RO= Ry [ X = ROI“(%) ~08R, (49)  Par
5. Spectral Effects

In Figure 5, we show the spectrum resu|ting from a simulation From the results of the previous section, it could be concluded
where the distance was varied in accordance with the Hertz that the spectral effects of the presence of statistical pairs is

distribution, and where, in addition, we assumed a homogeneousconsiderable. In all cases studied, the spectrum is asymmetric
line width of 100 cn® and an inhomogeneous width of 200 and there is a considerable blue shift, even if homogeneous and

cm L. Also included is the spectrum of a monomeric pigment inhomogeneous broadening are included and if the distance

with the same broadening parameters. The dimer spectrum ha Istribution is taken Into account. Howevgr, we also show_ed
become almost symmetrical and compared with the monomer hat the number of statistical pairs present in low concentration

. . . ._ solution may be large enough to act as potential quenchers if
spectrum is shifted toward the blue and slightly broader. Again an additional dark state is assumed, but the overwhelming

there is considerable dipole strength at the red end of the majority of pigments will still occur in monomeric form and
spectrum. dominate the absorption spectrum.

In a subsequent pap&rwe analyze spectra of erythrosin B The spectrum displayed in Figure 5 could be interpreted as
in PVA film at varying concentrations, where apart from the absorption spectrum of a collection of statistical pairs with
broadening a small blue shift can be observed at higher preferred orientation. The spectral effects shown there, a blue

concentrations and which can therefore be attributed to the effectShift, and extra broadening because of variations in relative
described here, although formation of oligomers can also positions could be observed for higher concentrations. However,
for an average distance of 1 nm, the overall concentration is

. L approximately 0.6 M, and consequently, a larger number of
_The monomer spectrum displayed in Figure 5 was found by pigments can be found in the immediate proximity of a statistical
direct convolution of the Gaussian corresponding to the gimer, thus rendering the statistical pair picture incomplete. In
homogeneous broadening, and the Gaussian distribution offact, on average, a third neighbor will be found at a distance of
excitation energies. The result of this convolution is a Gaussian /2 ~ 1.4 times the nearest neighbor distance (cf. Figure 6),
with width (0 + ow?)*%, where o is the variance of the  which means that for a random system at a density such that
homogeneous Gaussian. The dimer spectrum is broader, eveithe average distance is 1 nm the interaction strength with the
though there is a small exchange narrowing effect because ofnext nearest neighbor, which is about 40% that of the nearest
the distributed positions. neighbor interaction, cannot be neglected. We could of course

contribute significantly.
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Figure 7. Absorption spectra for randomly distributed particles in a Figure 8. Absorption spectra for a random collection of pigments.
box. The particle density is 0.16 nf) corresponding to a 0.27 M The dotted spectrum is the same as the one displayed in the previous
solution. Transition moments and excitation energies are like those in figure without inhomogeneous broadening. For the solid line spectrum,
the other simulations. The thin solid curve is for an inhomogeneous the additional assumption was made that pigments closer than 1 nm
broadening of zero, whereas the thick solid line has an inhomogeneoushave parallel transition dipole moments. There is an extremely slight
broadening of 100 cnit. The spectra were calculated with a small decrease on the red side of the spectrum and a corresponding slight
homogeneous broadening, 10 dmto speed up convergence. increase on the blue side, in accordance with earlier results on statistical
pairs.

consider trimers or tetramers, but that is hardly useful. It cannot
be expected that they have a lowest excitonic state that is dark,of the previous sections, a blue-shifted spectrum or enhancement
and the ground state interaction will make it very unlikely that of the blue side of the spectrum occurs for dimers with a

these oligomers are statistical in nature. preferred parallel orientation of the dipole moments or statistical
In this section, we show some results that could be found if pairs, where the contribution of blue-shifted spectra is still
systems were indeed completely random. predominant over the red-shifted spectra. A direct calculation

The simulations were done on 20 randomly positioned and shows that even for the relatively high concentrations considered
oriented pigments in a cubic box of length 5 nm. The value of here the number of pairs of pigments closer than 1.5 nm (for
Ro for this setup if 1.15 nm, so that the average distance and |arger distances, the excitonic interaction becomes too small to
the most probable distance between nearest neighbetd is  give appreciable effects) still does not exceed more than 10%
nm. In Figure 6, we show the nearest neighbor distribution of the total number of pairs. Even if we use maximal enhance-

function for this situation. It differs slightly from the Hertz  ment of these pairs by choosing them to have parallel transition
distribution, because of boundary effects: for particles near a moment, the contribution is negligible.

wall, there are fewer neighbors. The figure shows that this does
not have appreciable effects on the most probable nearest )
neighbor position. Obviously, this could be improved using 6- Conclusions

eriodic boundary conditions, but for our purposes, that is hardl . . . . .
\?vorthwhile. y purp y The aim of this paper is twofold: to give an estimate of the

For a large number of realizationsl & 10%), we calculated number of potential quenchers in the neighborhood of an excited

the average absorption spectrum of such a system by calculating?romophore and to show what the spectral effects of those
all excitonic interaction energies; (cf. eq 2.2), diagionalizing ~ duénchers are on the observed absorption spectrum.
the resulting Hamiltonian, and subsequently finding all excitonic ~ Although a perfectly ordered dimer with a dark lower
states and their transition dipole moments. The result is displayedexcitonic state could potentially act as a quencher, we have
in Figure 7 for zero inhomogeneous broadening and for an shown, on the basis of the Hertz distribution, that such pairs
inhomogeneous broadening of 100 ¢mWe note that for zero  are far to few in number if homogeneous and inhomogeneous
inhomogeneous broadening there appears to be a large monobroadening are taken into account or (restricted) distributions
meric component to the spectrum, as evidenced by the sharpover the relative orientations and distances. For higher concen-
peak at the unperturbed transition frequency. There is no visible trations, where the number of potential quenchers increases, the
evidence for an enhancement at the blue side of the spectruminteraction with other nearby pigments starts to play a role, and
because of the presence of statistical pairs. the probability of finding a lowest excitonic dark state again

It can be inferred from Figure 6 that roughly half of the decreases.
nearest neighbors at the given particle density are closer than 1
nm. To see if steric hindrance has observable effects on the
absorption spectrum, we also performed a simulation where all
particles closer than 1 nm are given the same orientation. The
results are displayed in Figure 8 for a homogeneously broadene
spectrum only. We used a small homogeneous broadening (1
cm~1), mainly to speed up the convergence of the Monte Carlo
calculation. Even for this small broadening, the enhancemen
on the blue side can hardly be noticed. Simulations with larger
homogeneous broadening or additional inhomogeneous broad-Appendix
ening do not show any difference with the spectra calculated
without taking steric hindrance into account. Derivation of eq 3.6.The starting point of the derivation is

These results can easily be understood on the basis of theexpression (3.5). To make the derivation more readable, we
particle distribution function. As can be inferred from the results introduce the following dimersionless variables:

Spectroscopically the presence of quenching pairs will not
be noticed, at least not in ordinary absorption spectroscopy. The
results of the previous section indicate that the absorption
pectrum of a collection of pigments will mainly just be
roadened at higher concentrations because of excitonic interac-
tions, and the characteristic blue shift of the statistical pairs
tcontributes insufficient to give an observable effect.
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e:t = VO =
£(sin 8, sin B, cos¢ — 2 cosH,cosb,) signV (A.1)

and
|
iy =f2 —1=+(sin6, sinH, cos¢ + cosé, cosh,) (A.2)

where we note thdey| < 2 and|i+| < 1. Introducingd; = Xx;,
then yields

e, = —e_ =4/1— x°/1— %°cosp — 2%, (A.3)

and

i, =—i_=41—x%/1—%°cosp+x% (A.4)
Equation 3.5 can then be rewritten as
P(i, ©) =th dp [T dx, [ dx, (3(e— )0 —
16mu’V,”° ot
i,)td(e—e)o(—i.) (A5)

where we also wrote = (v — €o)/Vp andi = 1/u? — 1.
Equation 2.13 can be expressed as

1) =2 di (i + PG, (A.6)

Integration overp is straightforward and gives

. 1 1 1
PG, e) = dx dx, x
(€ 8\71/12V0f_1 1 f—l 2

ofe — i+ 3x%) N
VA= XA = %D — (i — X
oe—1i—3x%y)

(A7)

VA=A = %D — (i +x)?
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To calculate the integrals in eq A.9, we rewrite the square root
in eq A.8 as a function off.

— A2 — (e — VD) — X220 2 /ai? + bi
JA—x)Ox2 - e —)) - x@ + ¢ «/a|+(ﬂ(§:)

with

a=-3x"—1, b=—6ex’+ 2e,
andc= —9x,* + 9x,> — € (A.11)

First we note that

atb+c=—[3x"F1+€°<0 (A.12)

This means that at the boundaries 1 the argument of the

square root in eq A.10 is negative for all valuesxef
Furthermoreb? — 4ac can be written as

b® — 4ac= —36x,% (x> — 1)(3° — €+ 1) (A.13)

It is easy to see that fge| < 1 this discriminant is larger than
zero for all values of O< x; < 1, whereas for < |g] < 2itis
only larger than zero in the intervad e {[(e? — 1)/3]*2 1}.
Equations A.12 and A.13 imply that the effective boundaries
of the integration over are{—b + [(b? — 4ac)]¥3 /2a.
Equation A.9 can now be written as

1 i+
D+ 10=———(dx, [di ——2 —
szvof S Vai + bi + ¢

The integration oveli can be performed and gives upon
introduction of the integration boundaries and some straight-
forward algebraic manipulations

(A.14)

i+1 _ 2e 1-e
=7 2 3/2 + 2 1/2
Jai?+bi+c (3x,°+ 1) (3% + l)(A

The remaining integral can be written as

S d
15)

where the values dfhave to be such that the arguments of the [+ 1[]= Zilefl dx (1 + 3X2)_3/2 +
square roots in these expressions are positive. Outside that range, UVt ¢

the result is zero. Note that both terms are in fact equal: a simple
change of variables, for instangg— —x; in the second term,

proves this. Subsequently, integrating oxggives
P(, e) =
1
VL= x2)(9% — (e — i) — x(2i + &)’
(A.8)

1 1
——— [ " dx
Zﬂyzvo‘/; '

again with the requirement that the argument of the square root®
is positive. This restricts the integration intervalkefor specific
values ofi ande. We also used that the integrand is symmetric

in X1.

%(1 —9 [T (1 +397 (a16)

with . = 0 if |g] < 1 anda = [(€2 — 1)/3]2if 1 < |e| < 2.
Both integrals are standaf®iand the result is given in the main
text as eqs 3.6 and 3.7.
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