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Energy Migration in Dye-Loaded Hexagonal Microporous Crystals
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Microporous materials containing linear channels running through hexagonal microcrystals allow the formation
of very concentrated monomeric and highly anisotropic oriented dye systems that support extremely fast
energy migration. Energy migration can be described as a homogeneous Markoffian random walk, in which
each energy transfer step is incoherent and occurs from a thermalized initial state. The dyes investigated
have an electronic transition dipole momeun}-—s, which coincides with their long axes. The individual
energy transfer steps calculated based on dipdiigole interactions occur with rate constants of up to 30
ps L. This fast energy migration cannot be described by a diffusive process immediately after irradiation but
becomes diffusive after several tenths of a picosecond. After this time a constant diffusion coefficamt

be defined with values of up to about 0.3%sn* for an optimized system based on, for example, cylindrical
zeolite L microcrystals and oxonine. A main part of this study refers to excitation trapping on the surface of
cylindrical microcrystals. We distinguish betwefeont trapping(traps positioned on the front of the cylinders),
front—back trapping(traps on the front and on the backpat trapping(traps on the coatixial trapping

(traps located in the central channel), gowint trapping(a single trap at the center of the front). In cylindrical
microcrystals with a size of 50 nm containing about 33 000 chromophores and complete coverage of the
outer surface by traps, a total trapping efficiency of 99.8% can be obtained. Thebemkt trapping efficiency

is 60.4% and the coat trapping efficiency is 39.4%. The front trapping efficiencies reach 99.0% if only the
front is covered by traps. In a microcrystal of 37 nm length, still containing 12 600 chromophores, point
trapping efficiencies of up to 93.0% have been calculated.

1. Introduction SCHEME 1: Schematic View of an Artificial Antenna

. (Dye Molecules Are Located at Sites Indicated by
The complexity and beauty of natural systems have encour- ectangles; The Rectangle Containing the Trap Is

aged chemists to study the structure and properties of organize haded)

media such as molecular crystals, liquid crystals, and related

regular arrangements and to mimic some of their functionalities. hV
Microporous structures containing atoms, clusters, molecules,
or complexes provide a source of new materials with challenging
properties. Especially appealing inorganic microporous frame-
works are zeolites because they possess a large variety of well-
defined internal structure such as uniform cages, cavities, or
channelg:? Chromophore-loaded zeolites have been investi-
gated for different purposes such as the generation of the second
harmonics, of frequency doubling, and of optical bistabilities
giving rise to persistent spectral hole burning. The role of

the zeolite framework is to act as a host for realizing the desired
geometrical properties and for stabilizing the incorporated
molecule€10 Incorporation of chromophores into the zeolites

can be achieved in different ways, d.epending on the substancege reaction center, where further steps of photosynthesis take
used and on the desired properties: from the gas phasby place. It has been reported that the anisotropic arrangement of

ion exchange if cations are involvéd,by crystallization ¢ 6r00hyil molecules is important for efficient energy migra-
inclusion? or by performing arin situ synthesis inside of the tion 15

zeolite cages: A schematic view of the antenna envisaged in this study i
One can speculate on using strongly luminescent dye . schematic view of the antenna envisage S study 1S
illustrated in Scheme 1. The monomeric dye molecules are

molecules organized by a well-chosen zeolite host to mimic ted b tanal The d lecule that has b
important properties of the natural antenna system of green represented by rectangies. 1he dye mojecule that has been
excited by absorbing an incident photon transfers electronic

lants, which consists of several hundred chlorophyll molecules ~™*. ™~ - .
b phy excitation to another one. After a series of such steps the

closely packed in a hydrophobic environment. The spectral lectroni itati hes the t hich h ictured
properties of the chlorophyll molecules and the small distances €'€ctronic excitation reaches tne trap, which we have picture
as a shaded rectangle. The energy migration is in competition

between them favor fast relocation of electronic excitation from D 27
with spontaneous emission, radiationless decay, and photo-

an excited species to an unexcited neighbor. Electronic excita- hemically induced d dai Very f oo

tion is transported very fast through the antenna until it reaches cN€Mically induced degra ation. Very fast energy migration
is therefore crucial if a trap should be reached before other
* Author to whom correspondence should be addressed. processes can take place. The energy quantum can be guided

€ Abstract published ilAdvance ACS Abstractdanuary 15, 1997. to the next reaction step once it has been captured by the trap.

pUR TR . e e I s e s s e
Y
AT N G e o s I s Wy A

S1089-5647(96)02776-9 CCC: $14.00 © 1997 American Chemical Society



Dye-Loaded Hexagonal Microporous Crystals J. Phys. Chem. B, Vol. 101, No. 8, 1997397

Figure 1. Structure of zeolite L and of dye molecules inside a channel and a space-filling model.

. . . «iyoTABLE 1: Lattice Constants a, b, and ¢ and Free Opening
These conditions impose not only spectroscopic but also deC|S|veDi ameters @ of Hexagonal and Orthorhombic Structures

geometrical constraints on the system. with Linear Channels (in A)3
Imaginative attempts different from ours have been presented

. . . e / a b c %]
in the literature to build an artificial antenna. Multinuclear
luminescent metal complexé&sl” multichromophore cyclodex- _ Hexagonal
.18 L . 19-22 - mazzite 18.4 7.6 7.4
trins,'® Langmuir-Blodgett films; and dyes in polymer AIPO.-5 13.4 8.4 73
matriceé_’3*25_ have bgen investigateq. Some sensitization pro-  zeglite L 18.4 75 71
cesses in silver halide photographic mateffalnd also the gmelinite 13.8 10 7
spectral sensitization of polycrystalline titanium dioxide films offretite 133 7.6 6.8
bear in some cases aspects of artificial antenna sysfeths. CoAPO-50 12.8 9 6.1
. cancrinite 12.8 51 5.9
By analogy with the natural antenna systems we deduce that Orthorhombi
i i i i i rthorhombic
:‘avtc;rettb(ljeincosndk:tlc;:s 1forr reallhzimk? arr1l efrf]ltcr|etintndefv:;iena?nllri APO.11 135 18.5 8.4 6.3/39
ustrate cheme L ar€ a high concentralion of MONOMerC 4 genite 18.1 20.5 7.5 7.0/8.5

dye molecules with a large Fster energy transfer radius, high _ ) ) o _

luminescence quantum yield, ideal geometrical arrangement of ~*Major and minor axis of the elliptic cross section.

the chromphores, and an optimal size of the device. Dyes atstudiest®> We show in Figue 1 a side view and a space-filling
high concentration usually have the tendency to form aggregatestop view of the zeolite L together with these dye molecules.

which in general show very fast radiationless detayn natural While the dye molecules can penetrate the channels, formation
antenna systems the formation of aggregates is prevented byof dimers inside of them is not possible. The normalized
fencing the chlorophylls in polypeptide cag¥s.A similar absorption and emission spectra of pyronine and oxonine in

approach is possible by enclosing dyes inside a microporouszeolite L are given in Figure 2. The spectral overlap between
material and by choosing conditions such that the volume of the absorption and the emission spectra of both dyes, which
the cages and channels is only able to uptake monomers butear very high luminescence quantum yields, is indicated by
not aggregates. Materials bearing linear channels runningthe shaded regions. We should add that zeolite L microcrystals
through microcrystals allow the formation of highly anisotropic with sizes ranging from 20 nm to aboutidn, with cylinder

dye assemblies. Examples of zeolites bearing such channelsmorphology and varying length to diameter ratios ranging from
large enough to uptake organic dye molecules, which are a disk to a cigar-like shape, have been recently prepZré&d.
especially attractive for this aim, are reported in Tabfe A. In the present work, energy migration among dye molecules
few cases based on zeolite L as a host and the cationic dyearranged anisotropically inside such microporous materials is
molecules pyronine and oxonine as chromophores have beerstudied theoretically. Energy migration in one-dimensicfal,
investigated experimentally to some extent for this purgdse. two-dimensionaf>-37 and in three-dimensional systet#$? has
Thionine was found to be a good candidate for studying space-been treated analytically for ordered and disordered systems.
filling properties and isothermal ion exchange relevant in these We prefer a numerical treatement of energy migration on the
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unit cell. As an example, pyronine and oxonine (lengtii5
A) in zeolite L (c| = 7.5 A) require two primitive unit cells
Oxonine per molecule; therefora is equal to 2. The sites form a new
Bravais lattice with the primitive vectors, b, anduc.

(b) Two types of sites exist. The first one can be occupied
with dye molecules and is marked with small letters. The
second type, marked with capital letters, is reserved for traps.
Per microcrystal, the number of sites available for dye molecules
is imax and the number of sites available for traps$ig. Both
~. types of sites have the same geometrical properties. All dye
== molecules in sitesare assumed to be identical. This is achieved
by averaging over the thermal distribution. The same is valid
24000 20000 16000 for traps'

1 (c) Only dye molecules with a large electronic transition
Figure 2. Absorption (solid) and corrected emission (dotted) spectra dipole momenkis,—s, are taken into account. This means that

of Py—L and Ox-L zeolites suspended in water. The exchange degree the § o SO transition is ofz* == x type. It is 'assumed that'
0 of both samples was 0.004. The maxima of all spectra were adjustedthe radiationless energy transfer between excited and unexcited

to equal height. The spectral overlap of the two dyes is marked as graymolecules can be described by the dipedipole mechanism,
area. the so-called Fister mechanisrftt

(d) The dye molecules are chosen such that their long axis
coincides with the channel axés Hence, their short axes can
occupy all directions perpendicular © We discuss cases
where the relevant electronic transition dipole moment of the
dye molecules coincides with their long axes. Therefore, both
absorbed and emitted photons flow perpendicular tactagis
of the microcrystals.

(e) Each site is occupied with the same probabilipy by a
dye molecule. The occupation probability is equal to the
ratio between the occupied and the total number of sites. In
cases where cationic dye molecules are intercalated by ion
exchangep; is proportional to the exchange degfevhich is
defined as the ratio of dye molecules and exchangeable cations.
[K*]z is the number of exchangeable cations per unit cell, and
the relation between the exchange dediesmd the occupation
probability p; is given by®

1
Pyronine ‘l
]
1
]

0.5

absorption, emission (a.u.)

wavenumbers / cm

SCHEME 2: Schematic View of Some Channels in a
Hexagonal Zeolite Microcrystal

_ +
basis of stochastic processes in which each energy transfer step pi = UK 10 (1)

is incoherent and occurs from a thermalized initial statdhis
leads to remarkable insight into the processes occurring in the
system. Special attention has been paid to the description of
the probability that an electronic excitation initially being at a P
chromophore inside of the cylindrical microcrystal reaches traps ; |
positioned at a specific place on the outer surface.

The occupation probabilitg, of sitesl is treated in an analogous
(f) Each site of a given microcrystal has the same probability
of being occupied by an electronically excited molecule,
immediately after irradiation with a Dirac pulse. The excitation
probability P; of sitei is theith element of a vectoP, which
we call excitation distribution among the sites. We restrict the
discussion to the low-intensity case in which at maximum one
2.1. Basic Assumptions.We describe the antenna properties dye molecule per microcrystal is in an electronically excited
of a system consisting of dye molecules in hexagonally arrangedstate. This means that intensity dependent processes such as,
linear channels. Materials providing such channels are reportedfor example, stimulated emission do not occur.
in Table 1. We investigate a cylindrical shape as illustrated in  (g) We do not consider radiationless decay pathways of the
Scheme 2, where some channels and the coordinate system arexcited dye molecules. This would be easy to include, but we
indicated. The primitive vectot corresponds to the channel are interested in dye molecules with a luminescence quantum
axis, while the primitive vectora andb are perpendicular to  vyield of 1 or close to 1. Pyronine and oxonine are examples
it, enclosing an angle of 80 The channels run parallel to the  which fulfill this condition well3! Self-absorption and reemis-
central axis of the cylinde® The length and radius of the  sion processes are of minor importance for the experimental
cylinder arelcy andry, respectively. The theory reported is conditions envisaged. They are therefore not discussed.
based on a few assumptions that are supported by experiments 2.2. Coordinates of the Sites.As mentioned before, the
carried out on cationic dye molecules in zeolité33! The sites form a Bravais lattice, where the positienof a sitei is
description of the processes is simplified by referring to a large expressed by the primitive vectaasb, anduc of the hexagonall
number of microcrystals with a narrow distribution of size and lattice and the integens,®, n,®, andnc®.
shape. _ _ _
(a) The dye molecules are positioned at sites fixed along the R, = na(')a + nb(')b + nc('>uc (2)
linear channels. The sites do not overlap. The length of a site
is equal to an integral numbertimes the length o€, so that Sites with equah; belong to slabs cut perpendicular to the
one dye molecule fits into one site. The numbeatepends on axis. This is illustrated in Figure 3. The first slab= 0 is
the size of the dye molecules and on the length of the primitive situated on the front and the last skab= n,"®*on the back of

2. Description of the System
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Figure 3. Geometrical arrangement of the antenna.
marked by rectangles. (Top) Definition of the distanBgsrj andz;
between sites andj. (Left) Cut through the center of the cylindrical
microcrystal along andc. The sites of the shaded area belong to one
slab. (Right) Cut vertical t@. The channels indicated by circles are

arranged in rings around the central channel because of the hexagon

symmetry.

the cylinder. The total number of slabg"® depends on the
lengthley of the cylindrical microcrystal.

max _
ng = llulc|

3)
The distance of a slabn; from the front side is equal ta.uc|.
The channels are characterized by the numhegayj; hence,
sites with the sameng,n,) values belong to the same channel.
n, andn, are both equal to zero for the central channel, which
coincides with the cylinder axis. The valuesmfandn, are
limited by the radius of the cylindey and range from-n,max

to n/max

max __ Feyi
nr |a| (4)
The distance between a channeh{,n,) and the central channel
is given byr = |naa + nyb|. Thus, the possible range of the
(na,np) is further limited by the conditionnaa + npb| < rey.
Because of the hexagonal symmetrgndb have equal lengths
and the angle betweerandb is 60°. The lengthr of the vector
nza + nyb is therefore calculated as follows:

r= |a|\/(na + n, cos 60§ + (n, sin 60f =

laly/n2 + ngn, + n.? (5)

The sites are

J. Phys. Chem. B, Vol. 101, No. 8, 1997399

each of these 6-rings, however, behave in the same way.
(m) , (m © p O™ 1 -1
™ n™ = (n,OnNT" with T= Lol ®

The probability for an energy transfer between two sitaad
j strongly depends on the vect®y which is characterized by

R; =" = nMa+ 0" = nMb + (0 - nPuc ()

Ry = Vrij2+zij2 (8)

wherez; andr; are the distances between the slabs and the
channels to which the two sites belong. They correspond to
the distances between the sites along and perpendiculgr to
respectively. The vectoiR;, z;, andrj are indicated in Figure

3.

r =

aly (0" =197+ (0" —n, ), ~n9) + (n, —n0y
9
(10)

z; = ulc|(n” — n)

2.3. Faster's Theory of Energy Transfer. According to

Forster? the rate constar; for energy transfer from an excited

ye molecule on siteto an unexcited one on sij@lepends on

he fluorescence quantum yief® of the donor in the absence
of acceptors and on its natural lifetimag on the refractive index
n of the medium, on the geometrical factdy;, which will be
derived below, on the spectral overldpof the donor emission
and the acceptor absorption spectra, and on the occupation
probabilitiesp; andp; of the respective sitedN, is the Avogadro
number.

_9000(In 10)®;

= — (11)
' 128°N,n* T

G;jJ;pib;

The rate constark; for energy transfer from siteto sitel is
analogously calculated by replacipgoy Py andJ; by J;. The
spectral overlagj is equal to the integral of the corrected and
normalized fluorescence intensityv) of the donor multiplied
by the extinction coefficientj(v) of the acceptor:

5= fy e 100 (12)

All J; are equal, because all dye molecules are identical. The
spectral overlag; between donors and traps is calculated in
the same way. The traps are assumed to have the same spectral
properties, and hence al} have the same numerical values.
Furthermore thep and p, are constant for all sitesand I,
respectively. The energy transfer rate constéptsetween all
site pairsij are proportional to the product pf? andJ;. The
rate constantk; for transitions from any siteto any sitel are
proportional to the product gfip; and Jy.

Rings consisting of six channels can be formed, due to the

hexagonal symmetry, as illustrated in Figure 3. The six channels ki O piZJij
all have the same distance from the center (0,0). Each ring is
represented by the channel®,n,©) with n{® > 0, n,©@ = 0. ki O pipJdy (13)

The remaining five channels{™,n,™) are found by applying

the transformatio to (N,©,ny@) mtimes m=1, 2, ..., 5).T Supposing there are two systems, the first one determined by
corresponds to a rotation of 80 In some cases two, three or p®» and J;®, the second one bp®@ and J;®. Thus, the
four 6-rings are located on the same circle but displaced by a following relations hold betweely® andk;® and betweeik )
certain angle, due to the hexagonal symmetry. The tubes ofandk;®:



1400 J. Phys. Chem. B, Vol. 101, No. 8, 1997

@y23 @
k@ = .@M
) ]
(pi(l))z‘]ij(l)
2,@3 @
PRy
(@) — g @ P
T =H pMp 3, ® (14)

The geometrical factoG; takes care of the influence of the
geometrical arrangement of a donoand an acceptoy. It
depends on the distand®; and on«;j, which describes the
relative orientation in space of the transition dipole moments
(us—sp)i and fus,—s,); of the donori and of the acceptoy,
respectively.

G = (15)

e Z/Rije

kij depends on the anglés 6;, and¢; between the electronic
transitions dipole moments, which are defined in Scheme 3.

K = sin g, sing, cos¢; — 2 cosv; cosk), (16)

The geometrical constraints imposed on the system lead to a

simplification of eq 16 since all transition dipole moments are
parallel to thec axis, and hence, we can wrie= 6; = 6; and

¢ij = 0. The angle®); depend on both distance;, and ;.
They can be expressed as

sin 0; = rij/Rij

cost; = z/R; a7)
The angled; is zero for transitions along and it is equal to
/2 for transitions alongr. This leads to the following
expression for the orientation factey:

2 2
g~ — 22“-

R;
The geometrical situation and the angular dependengé af
calculated from eq 18 and for isotropic conditions, are illustrated
in Scheme 4. The value af for energy transfer along the

Gfeller and Calzaferri

SCHEME 3: Angles 6;, 6;, and ¢;, Describing the
Relative Orientation of the Transition Dipole Moment
Hs—s, between Two Dye Molecules Such as Pyronine (Y
= 0, X = CH) and Oxonine (Y =0, X =N)

(Hsﬁ—so)j

(HSIeSO)i

) @\XM (s es,)

SCHEME 4: (Top) Angles 6; and 6; between the
Transition Dipole Moments of Dye Molecules at Sites in
Linear Channels; (Bottom) Angular Dependence of the
Orientation Factor k2 under Anisotropic (Solid) and
under Isotropic Conditions (Dotted)

(HSIESO)J‘

eq 11. ke is the rate constant for fluorescence. Thus, the rate
constantk; for the depopulation is given by

K=kt S+ 3Ky

)=

(21)

axis is 4 times |al’ger than for energy transfer perpendicular to We define the energy migration rate Consthﬁtas the sum of

it, and it is 6 times larger than under isotropic conditions, for
which one finds«? = 0.66.

The geometrical factoB; can be expressed as a function of
the distances; andz; by inserting eqs 8 and 18 into eq 15:

rijz _ 22“2

i = (19)
1 (rijz + Zij2)5

2.4. Energy Migration. Immediately after irradiation &t
= 0 all sitesi have the same excitation probabily(0), while
the traps are unoccupied(0) = 0. These probabilities,

however, change with time because of energy migration and

trapping. The excitation probabilitii(t) is governed by the
following master equation:

dP(t)

e szj(t)kji — Pk (20)

The sites are populated by energy transfer starting from any
other sitej; the corresponding rate constants kre They are

the individual rate constant;. The energy migration rate
constant indicates how fast siteis depopulated by energy
transfer to any other sije From this, it depends on the position
of the sitei, of course. To determine the energy migration rate
constant, we choose a sitén the center of the microcrystal.

kiE: zkij

=l

(22)

The traps are considered a sink for the electronic excitation.
This can be expressed as follows:

dPy(t)
T = Zkﬂ Pi(t)

Thus, the time development of the excitation probabilifigg
and Py(t) is determined by eqs 20 and 23. This allows us to
write the excitation probabilities valid for tintet At as follows:

db;(t)
Pi(t + At) = Py(t) + TAI

(23)

(24)

depopulated by fluorescence and by energy transfer to all sites
j = i and to trapping sitek k; andk;; are the rate constants At is considered to be small enough so that higher order terms
for energy transfer from a siieo a sitej or I, respectively; see  can be neglected. Combining eqs 20 and 24 leads to the
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following homogeneous Markoff chain:

Pi(t+ At) = P(t) — P(OkAt + % P (Dk;At

Pﬁ+Ao=Rma—Kmy+ZHm@m (25)

J. Phys. Chem. B, Vol. 101, No. 8, 1997401

equal to the sum of the excitation probabilitRg). Pe{(t) tends
towards zero whem goes to infinity.

P =3 Pi()

lim

t—o0

Z#%ozo (33)

The Markoff chain that describes the trapping can be expressed

analogously by combining egs 23 and 24.

Pi(t+ At = Py(t) + ) Pi(Dk; At (26)

Starting from the excitation distributioR; at timet after the
irradiation, we calculat®;,; at any timet + At as follows.
M is the Markoff matrix with the following elements:

Priat=PrM (27)
M; =1 — kAt
M; = k;At
M; = kAt
M;=0
M,;=0
M, =1 (28)

The physical meaning of the matrix elements is easy to
understand.M; is the probability that the electronic excitation
remains at sité. M; is the probability for a jump from siteto
sitej. M is the probability for a jump from siteto sitel. The
probability for a jump starting at sitg M;; and My;, is zero.
The same fact is expressed by = 1. The dimension of the
square matriXxM equals the number of sites per microcrystal,
namely,imax+ Imax The excitation distributio®; valid aftern
time stepsAt following the irradiation at = 0 is calculated as
follows:

P,=PyM" with t=nAt (29)

2.5. Trapping Efficiencies. T(t) is the probability that the

electronic excitation has reached a trap during the time period

t after irradiation. Hence, it is equal to the sum of the excitation
probabilitiesP,(t) of all trapping sited at this time.

() = ZF\ (® (30)

The trapping rate @dt is given by the sum of energy transfer
rates from any sité to any sitel.

aT(n)
o Z ZPi(t)lm

The trapping efficiencyl., is equal to the sum of the excitation
probabilities of all trapping sited at infinite time after
irradiation.

(31)

T, = lim T(t) =

t—o0

lim > Py(0) (32)

The remaining excitatioP(t) corresponds to the probability
that the electronic excitation is still on any site Hence, it is

It is convenient to distinguish between different types of
trapping, which we name according to the position of the
traps: Front trapping T(t) refers to traps positioned only on
the front side of the cylindrical microcrystals. Thus, they are
found in the slatm; = 0. Front—back trapping Fg(t) refers to
traps on the front and to traps on the back positioned in the
slabn. = 0 andn; = n,"® respectively. Coat trapping E(t)
refers to traps positioned on the coat of the cylinder; this means
in the outermost channels having a distance to the central
channel betweennax — |a] andrmax. Axial trapping Ta(t) refers
to traps located in the central channel. Finafigjnt trapping
Te(t) refers to a single trap positioned at the center of the front
side. All these trapping types reflect symmetry aspects of the
cylinder investigated. Frontback trapping and front trapping
are governed by energy migration alooygvhile coat trapping
and axial trapping are governed by energy migration perpen-
dicular to it. Point trapping depends on both directions of energy
migration.

The fluorescence rate=ddt as a function of time is equal to
the fluorescence decay curve of the system. It is given by

drF(t)

o > Pilbke (34)

The fluorescence rate constdatis equal for all sites. The
integrated fluorescendg(t) is equal to the probability that the
electronic excitation has left the system by fluorescence at time
t after irradiation. It is thus equal to the probability that
electronic excitation is neither on a sit@or on a sitd, since
radiationless decay of the dye molecules is assumed to be
negligible.

FO=1- 3R~ ZP.(t) (35)
I
The fluorescence quantum yiefblr is simply
O.=1-T, (36)

2.6. Details of Calculation. Normally fluorescence and at
least one trapping type compete with each other. This means
that the competition between the different processes must be
considered. We continue as follows: In a first step the different
decay types are treated independently. The so obtained decay
functions areFS(t), TSeg(t), TSc(t), TSa(t), and TS«(t). In the
next step the competition between the different processes is
taken into account.

The independent processes are treated as follows.

Fluorescence.In the absence of trapping processes, loss of
electronic excitation is governed by the fluorescence rate
constant;, which is equal for all sites Hence, the probability
Pi(t) decreases exponentially, and the probabif§(t) that
electronic excitation has left the system by fluorescence is given

by

ﬁm=1—2a@€%=1—€% (37)
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Front—Back and Front Trapping.In these two types of  The energy transfer rate const&nt™ from channel i, n,©)
trapping whole slabs are reserved for traps. We mark them withto channel §,(™i,n,() is calculated as the sum of the rate
a capital letter as before. Slabs with dye molecules are markedconstants for energy transfer starting from the site in the middle
with a small letter. Calculation of these trapping types requires n. = n;"®2 of the channelr,®,n,¥) and ending at any site

only knowledge of the excitation distributid®z; alongc. The
excitation distributionPz contains the excitation probabilities
Pz(t) of the whole slabs, which is equal to the sum of the
occupation probabilities of all sitas® belonging to slalh. The
time evolution ofPzis based on energy migration aloagrhe
energy transfer rate consta; from slabi to slabj is described

by the sum of the rate constants for energy transfer starting from

site (0,0) in slali to any site fi,,ny) in slabj. This simplifies
the reasoning without loss of information.

K(Z (ny)

all (na% pairs

The rate constarkz for energy transfer from slaitto slabl is
calculated analogously, but based on the rate condtantShe
time evolution ofPz(t) and Pz(t) is calculated according to
egs 25 and 26, respectively.

Pz(t + At) = P;(t)(l — qujm) + Y Pa(hkz At (39)
] ]

kg, = (38)

Pz(t + At) = Pz(t) + ) Pz(tkz At (40)

The excitation distributiofz among the slabs is then calculated
according to (27), but here the mathdz is used instead of the
matrix M.

Pz = Pz (Mz)" with t=nAt (41)
The matrixMz has the same form &4, see eq 28, but the rate
constants; andk; are substituted bl¢z; andkz,, respectively.

As before Mz; andMz; are equal to 0 anl¥lz, equals 1. The
dimension of the square matriz is nJ"® + 1, which is the

number of slabs per microcrystal. The traps are situated in slab
0 for front trapping, as mentioned before. The independent front

trapping functioriTS(t) is thus equal to the excitation probability

Pz(t). For front-back trapping, traps are located in the slabs

0 and ndma  TSgg(t) is therefore equal to the sum of the
excitation probabilities in both slabs at tinhe

ToH(t) = Pz(t)

Ts() = P2(t) + P2 palt) (42)
Coat Trapping and Axial Trappingln these types of trapping
the traps are arranged in rindgs Their treatment requires
knowledge of the radial excitation distributioRr.. The
excitation probabilitiesri(t) of the ringsi, reserved for dye
molecules, andPr, (t) of the ringsl, reserved for traps, are the

elements of the radial excitation distribution. One ring consists

of six channels, all having the same distama® the central
channel, as illustrated in Figure 3. Thu&;(t) is the sum of

the occupation probabilities of all sites belonging to the channels

(N ™M) (m =0, 1, ..., 5) of ringi. The energy transfer
rate constankr; from ringi to ringj is equal to the sum of the
rate constants of energy transfer from the channg®i(n,©)
belonging to ringi to the channelsng™i,n,(Mi) of ring j; see

eq 6.
5
kry = Zkfn(m) (43)
m=

in the channel ri;™i, ny(M).

krij(m) = Zk(z(nJrij(m))
Ne

z(n) = udn, — n,"*72] (44)

rij™ is the distance between these two channels:

™ =

V0@ = 1 M2 4 (1, OF @iy OF (Ml 4y OF _ (miy2
(45)

The distances;™ are the same whehandj are exchanged
with each other. This means thag is equal tokrj. The energy
transfer rate constarkr; from ringi to ring | is calculated
analogously. The time evolution &fri(t) can be expressed in
the same way aB3(t), according to eq 25.

Pr(t+ At) = Pri(t)(l - ZkrijAt) + Y PriokrAt (46)
J J

Pri(t+ At) = Pr(t) +  Pr(Dkr At (47)

The radial excitation distributioRr; is calculated likePz, see
egs 39, 40, and 41, by using the matkix . The elements of
Mr correspond to those of eq 28, but the rate constgnasd
ki are exchanged blgr; andkr;, respectively.
Pr,=Prgy(Mr)" with t=nAt (48)

The dimension oMr is equal to the number of rings in the
cylinder. The coat trapping functiofPc(t) is equal to the sum
of the occupation probabilitieRr,(t) of all rings having a radius
r between i(max — |a]) andrmax

rmax

z Pri(t)

ri=rma—ia|

To(t) = (49)

The axial trapping functiorS,(t) is equal to the occupation
probability Pro(t) of the central channel:
ToA(t) = Pro(t) (50)

Point Trapping. To reach the trap at the center of the front
of the microcrystal, the electronic excitation has to reach both
the axis and the front of the cylinder. Thus, point trappifigt)
is the product of axial trappin@Sa(t) and front trappingSg(t).

ToH(t) = T5A() ToK() (51)

This concludes the calculation of the independent trapping

functions, and we now consider the competition between the
different trapping types and fluorescence. Supposing thatin a
system the whole outer surface of the cylinders is covered by
traps. The electronic excitation has three different pathways

to leave the system, namely, frefitack trapping, coat trapping,

and fluorescence. These decay pathways are governed by

different properties of the system. Freriiack trapping is
connected withPz and coat trapping is connected wih, while
fluorescence is independent of the excitation distribuffon
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However, the rates of all decays are proportional to the An,
remaining excitationP®°(t); see egs 31 and 34. For the 0 — 1 2 3
independent processes, the remaining excita@it) is only 0 !:!::21 156 I 2.44 | 0.214 {
determined by them. For frorback trapping TS=c(t), this is A
written as an example: l 4

PO = 1 — TS..(1) (52) 1| 15 L0097 | 0326 | 0.083 |
When the decays are in competition with each other, the V3 [ 0.425 | 0.048 | 0.011 | 0.016 |

remaining excitationP™Y(t), is determined by the sum of them:
2 [ 0018 [ 0037 [ 0002 | 0007 |

P(t) = 1 — Teg(t) — Te() — F() (53)
30
This is included in the following equations to calculate the K/ ps
different trapping and fluorescence rates. '
20
dTeg(t) _ 1 — Teg(t) — Te(t) — F(D) aT4(1)
dt 1— T4t dt 10
dTe(t) _ 1= Teg(t) — Te(®) — F() dTc() .
dt 1-T5.(t) dt 0

_ _ _ S Figure 4. Calculated rate constants for different situations. (Top)
dF(t) _ 1— Teg(t) — Te(t) — F(O) dF (®) (54) Energy transfer rate constarkg in units of 10 s™2, for jumps from
dt 1— Fs(t) dt the shaded sité to neighbor siteg for pp = 0.25 andJ; = 1.05 x
10713 cm® ML, (Bottom) Depopulation rate constakt/ps of a sitel

The trapping functiondes(t), Tc(t), and F(t) are determined as?fun?ﬂon of the occupation pro?fbilﬂb’forfu =4.4x108cm?
numerically as follows: M~1 (solid) and forJ; = 1.05 x 1073 cm?® M~ (dashed).

dF(t) example toJj = 4.4 x 107 cm® M1, which is valid for
F(t+ At) = F(t) + d—At oxonine in zeolite L, or tgy = 1, valid for zeolites completely
L filled by dye molecules. The spectral overldp and the
occupation probabilityp, are set equal ta); and p. The
dTc(® lumi lifetime; is ch to be 3.2 hich -
To(t + At) = Tg(t) + At uminescence lifetime; is chosen to be 3.2 ns, which corre
d sponds to pyronine in zeolite 1.
ATt A 0.1 um large microcrystal contains about 750 parallel
Teg(t + At) = Teg(t) + re )At (55) channels. Since one ring contains six channels, their number

dt is about 125. Each channel consists of 134 unit cells. Dye
. - . . L molecules with a size similar to pyronine and oxonine occupy
The starting point is at time= 0, where electronic excitation .5 unit cells (= 2). This means that up to 67 dye molecules

is homogenously distributed on sitésand all the functions g4 space in one channel. The number of slabs is also given
Tra(0), Te(0), andF(0) are zero. Inthe same way, other systems by this number. The total number of dye molecules can be
are calculated where other types of trapping are in competition 55t 50 000 for a microcrystal of this size.
with fluqrescence. Competlltlon .between wo dn‘ferent ypes s important to first get an impression of the rate of energy
of trapping can be treated with this method if the trapping rates ;g ation in such a system. We report in Figure 4 two kinds
are based on excitation distributions along different directions. ¢ “information namely, in the upper part individual rate
The mdt_a_pendent trapping functlon_s cannot be used to 'nveSt'gateconstantslqj from the starting site, which is shaded, to a
competition between axial trapping and coat "apP'”g’ as an representative selection of neighbor sites and in the lower part
example because both rates are based on the radial excitationy,o energy migration rate constakE as a function of the
distributionPr. _ occupation probability;. Energy transfer to the neighbor along
In the next section we evaluate numerically energy transfer o channel axes is by far the most probable event. With
rate constants, energy migration, and the trapping behavior forincreasing distancg the individual rate constankg for energy

different situations. transfer decrease strongly. The reason for this is the pronounced
distance dependence of dipeldipole interactions; see eqs 11
and 15. Energy transfer to the nearest-neighbor sites perpen-
We now apply the theory developed in the previous section dicular to the channel axes is much less probable than along
to specific problems that have been found to be relevant in the channel axes. This difference is due to the orientation factor
experimental studies of dye molecules in zeolite L. It therefore «2, which is very different for these two transitions, as shown
makes sense to refer to the geometrical constraints imposed byin Scheme 4, and to the slightly larger distance. Due to the
the structure of this zeolite. If not otherwise stated, the angular dependence ef, the rate constant for the transition
calculations are based on the following conditions: the micro- along the vector4ns;Ang) = (1,1) is much smaller than that
crystals have equal length and diametky = 2r¢y). The along the vectorAn,,Ane) = (1,2), although the former vector
spectral overlag; is 1.05x 10-13cm® M1, which corresponds  is shorter than the latter. All rate constakjsare proportional
to pyronine in zeolite L. The occupation probabilfy(see eq to the square of the occupation probabifityand to the spectral
1) is set equal to 0.25. Using eq 14, it is possible to convert overlapJ;, as stated above. The ratio between the different
the so obtained rate constants to any other s& air p;, for rate constants is therefore not affected by these parameters, and

3. Results and Discussion
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Figure 5. Calculated rate constants faf = 1.05 x 1073 cm® M~?
andp; = 0.25.Ar is the distance between the channels in units of the

shortest distance aminc numbers the slabs with respect to the initial 01 5 p 01
one. (Top) Rate constarikg; for energy transfer from the shaded slab B
to the neighbor slaljs (Bottom) Rate constants;; for energy transfer 002 1 An -0.0011

[

from the shaded channel to the neighbor chanjpels
Figure 6. Transport of the electronic excitation along the channel axis

; . of a microcrystal consisting of 71 slabs in the absence of fluorescence
any sum of rate constankg shows the same proportionalities. and traps. (Top) Excitation distributioRz at 0 (line), 10 (solid), 80

The energy migration rate constalt is given by a sum of 4504y 650 (dashed), and 5200 ps (dadht) after irradiation in the
rate constantk;; see eq 22. Its proportionality {* and toJ; absence of any traps and fluorescence. The electronic excitation is
is documented in the lower part of Figure 4. It is remarkable initially located in slab 35. (Bottom) Comparison between the calculated
that the calculated energy migration rate constants reach valuesxcitation distributiorPz (solid) with a Gaussian distribution (dotted)

of up to 30 psi. For comparison, in the antenna system of the 1 ps (left) and 40 ps (right) after irradiation of sitewhich is located
green photosynthetic bacteriu@hloroflexus aurantiacugnergy " slabAnc = 0. The differences between the and the Gaussian are
migration constants of about 0.2 Bshave been reported.In plotted below the corresponding distributions.

our system values of this order are possible already for relatively tion of this process. The excitation distribution after 10, 80,
low occupation probabilities. 650, and 5200 ps is illustrated in Figure 6 (top). At time O,
Energy migration along the channel axes is based on energyimmediately after irradiation, the excitation distributia is
transfer _betweer_1 _slabs, and analogously, energy migrationgjven by PZn—35(0) = 1 andPzp.-35(0) = 0. Due to energy
perpendicular to itis based on energy transfer from one channelmjgration the excitation distributioRz becomes broader with
to another. The rate constants for transitions between slabs andime. In Figure 6 (bottom) the excitation distributioifz
channelskz; andkr;©), have been calculated using egs 38 and calculated for 1 and 40 ps after irradiation are compared with
44 and are reported in Figure 5. These rate constants arey GaussiarG(j,t). This function would correspond to the time
determined by the distance between the slabs and the channelssyolution ofPz if the displacement of the electronic excitation
respectively. Henceg; is equal tokz;, and rate constants from  could be described by diffusion with a diffusion coefficiént®
the shaded channel to all channels sitting on a circle around it
are equal. Energy transfer to the neighbor slab is about 18 times G _ 1 _oupt
(Z) = ——=e " (56)
more probable than to any other slabs. Moreover, the rate J VazDt
constant for transitions between neighbor slabs is close to that
for transitions between neighbor sites inside one channel. Thislt is not possible to describ®z for example, 1 ps after
means that energy migration along the channel axes runsirradiation by a Gaussian. We have to wait at least 40 ps before
predominantly inside the same channel simply from one site to such a description becomes sufficiently precise. The reason
its neighbor. We observe a similar behavior for energy for this is the following: In a diffusion process only a movement
migration perpendicular to the channel axes, where energyover an infinitesimally short distance is possible during an
migration runs predominantly between nearest-neighbor sitesinfinitesimally short time interval. In energy migration, how-
of the same slab. Comparison of the rate constants for theever, the electronic excitation is allowed to jump over a
transition between neighbor slabs and nearest-neighbor channelgelatively long distance during an infinitesimally short time
shows that energy migration along the channel axes is muchinterval. After enough time has elapsed this averages out so
faster than perpendicular to it. that the excitation distributioriPz can be represented by a
Energy migration causes a displacement of an electronic GaussianG(j,t) so that a constant diffusion coefficieBt can
excitation inside a microcrystal. In Figure 6 we show the time be defined. Diffusion coefficients of up to about 0.3%sn!
evolution of the excitation distributioRz in a row of 71 slabs have been calculated at maximum loading with, for example,
when at timet = 0 only the slabif. = 35) in the center of this ~ oxonine. This is 100 times more than in photosynthetic antenna
row carries an electronically excited dye molecule. Fluores- systems, where diffusion coefficients on the order of 203
cence and trapping have been excluded to simplify the descrip-to 4 x 1073 cn? s! have been reported. The diffusion
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Figure 7. Excitation distributionPz along the channel axis of a Fy UL
microcrystal consisting of 71 slabs under the condition of equal g
excitation probability att = O for all slabs in the absence of é 0.2 - R
fluorescence. Traps are positioned on the front of the cylinder, that °
means in slab 0. Calculations have been carried out at 10 (solid), 80 0 ;
(dotted), 650 (dashed), and 5200 ps (dadbt) after irradiation. o '1 '2
TABLE 2: Diffusion Coefficients time / ns
- - Figure 8. Competition between front trappinge(t) (solid), coat
.. 1 ' 1
Jifem® M P Dicr? s trappingTc(t) (dashed), and fluorescenEé) (dotted) in a cylinder of
1.05x 10713 0.25 4.357x 1073 100 nm length and diameter wigh= 0.25 andJ; = 1.05x 1073 cm?
1.00 6.971x 1072 M~1, for parallel and for isotropic orientation of the chromophores.
44x 1078 0.25 1.826x 1072 (Top) Parallel orientation of transition dipole moments. (Bottom)
1.00 2.921x 107! Random (isotropic) orientation of the transition dipole moments.

coefficient corresponds to a mean energy transfer rate constant
along the cylinder axes and is thus an average of the ratewhich only the front is covered by traps. Here, the competing
constantskj. Hence, it is proportional taJ and p2. The reactions are front trapping and fluorescence. In the third one,
migration lengthlmig corresponds to the mean distance that an the efficiency of one single trap positioned in the center of the
electronic excitation can travel during the natural lifetime front is investigated, which is competing with fluorescence. This
see eq 56. efficiency is compared with efficiencies of single traps posi-
tioned at an arbitrary position either on the front or on the coat
linig = \/ﬁ (57) of the cylinder.
The trapping functionsTeg(t), Tc(t), and F(t) of the first
Imig is related to the square root of the diffusion coefficiént system have been calculated for the usual conditions and are
This means that it is proportional fpand to the square root of  plotted in Figure 8. In the upper part, the transition dipoles of
Ji: all dye molecules have been assumed to be parallel, while in
the lower part isotropic orientation has been applied. Under
Imig Up the anisotropic conditions, traps on the front or the back gain
electronic excitation faster than traps on the coat. Frbatk
trapping is therefore more efficient than coat trapping, while
fluorescence is the least efficient process. Under isotropic
conditions, however, fluorescence is the most efficient process,
coat trapping is only slightly affected by this change of
corresponding migration lengthsig for different valuesp; of conditions, and frortback trapping is the least efficient process.
J;j are given in Table 2. To explain these results qualitatively, let us consider the mean
The influence of trapping on the excitation distribution in distance that excitation has to pass to reach its nearest trap. We
the absence of fluorescence is illustrated in Figure 7 for a row call it the trapping distance. As for fronback trapping, the
of 71 slabs, where the first one, slab 0, is occupied by traps. distances between slaband their nearest trapping slabange
Immediately after irradiation all slabs have the same excitation from 0 tol.,/2. All these distances have the same weight. From
probability Pz,. The excitation distributiorPz is depicted in this, the trapping distance for frorback trapping idcy/4. For
Figure 7 at 10, 80, 650, and 5200 ps after irradiation. The slabscoat trapping, distances range from Ortp. Since there are
i near the trapping slab 0 very quickly lose electronic excitation, much more channels close to the periphery, the small distances
because only one or only a few energy transfer steps are requirechave a larger weight. We get a trapping distance,@8, which
to reach the traps. The trapping rat&dt is proportional to corresponds th,/6, if Iy = 2rey. Hence, the trapping distance
the gradient ofPz at the position of the traps. Hencel/dt for front—back trapping is 1.5 times larger than for coat trapping.
depends not only on the remaining excitatifi(t) but also on Front—back trapping, however, is more efficient than coat
the excitation distributionP. This is in contrast to the  trapping under anisotropic conditions, because energy migration
fluorescence rateRidt, which depends only oR'°{t). along the channel axes is much faster than perpendicular to it;
The independent front trapping functidfi=(t) has been cal-  see Figure 5. Energy migration is so fast that the electronic
culated for similar systems as above and also the other inde-excitation reaches a trap in a time shorter thanHence, the
pendent trapping functions, e.§Sk(t) and TS¢(t), have been losses by fluorescence are low. Under isotropic conditions the
evaluated. More interesting are the results for systems in whichangular dependence supporting energy migration along the
different types of trapping and fluorescence are in competition channel axes is no longer valid and the influence of the different
with each other. The systems under investigation differ by the trapping distances increases. This means that in this case coat
position of the traps on the outer surface. In the first one the trapping is much more efficient than front trapping. The larger
whole surface of a cylinder is covered by traps; hence front losses by fluorescence indicate that energy migration is slower
back trapping, coat trapping, and fluorescence are in competitionthan under anisotropic conditions. Coat and frelmck trap-
with each other. The second one consists of microcrystals, in ping efficiencies and the fluorescence quantum vyield for

lmig ) 4/ Jj (58)

D is proportional tor; "%, like the rate constarl; (see eq 11);
hencelnyg is independent ofri. Diffusion coefficients and
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TABLE 3: Coat and Front —Back Trapping Efficiencies and Fluorescence Quantum Yield for Different Spectral Overlaps,
Occupation Probability, and Length of the Cylinder2

Jij =1 x 100%cm? M_l, Pi= 0.25 Jij =4.4x 100%cm? M_l, P= 1
ley/nm Tege Tew D T Tew Dr
Feyy=53 NM

50 0.677 0.188 0.134 0.757 0.204 0.038
100 0.43 0.302 0.268 0.544 0.367 0.089
150 0.297 0.359 0.344 0.398 0.475 0.127
200 0.218 0.393 0.389 0.3 0.547 0.153
250 0.174 0.412 0.414 0.242 0.59 0.138

Icyl = 2I'cyl

37 0.566 0.37 0.064 0.606 0.393 0.001

51 0.539 0.357 0.105 0.604 0.394 0.002

74 0.495 0.338 0.168 0.6 0.397 0.003
106 0.403 0.313 0.283 0.571 0.422 0.007

Isotropic Arrangement of the Dye Molecules

106 0.115 0.383 0.502

aFor comparison, the trapping efficiencies and the fluorescence quantum yield are given for isotropic arrangement of the dye molecules.

14 A TABLE 4: Front Trapping Efficiency for Different Cylinder
Length

Tre
Jij =1x10Bcm M1 Jij =44x 10B8cm M2
ley/nm pi=0.25 p=1 pi=0.25 p=1
50 0.622 0.961 0.861 0.99
100 0.348 0.872 0.641 0.964
150 0.227 0.769 0.475 0.929

200 0.171 0.687 0.377 0.896
250 0.137 0.619 0.311 0.863

efficiency

increasingdlcy. The ratio between the efficiencies of coat and
front—back trapping depends only on geometrical constraints
and is independent qf; or Jj.
Trapping efficiencies close to 1 are possible in our system.
The size of the microcrystals allowing so high efficiencies
T T T T T depends orp; or J;, of course. Under usual conditions, the
microcrystals should not be longer than 50 nm. Under the faster
ey / nm ley / nm conditions, however, microcrystals with a length of up to 250
Figure 9. Efficiencies of front-back trappingTese (solid), coat nm and a diameter of up to 100 nm still provide very high
trappingTc. (dotted), and fluorescence (dashed) as a function of the trapping efficiencies. Disklike structures are more favorable
length of the cylinder for two different geometries. (Laf) = 0.9y than cigar-like structures. High trapping efficiencies have been
(Right) (cyy = 100 nm). The resuIE shownlin the upper cases have gpgerved experimentalfy.
gffﬁecgé%ﬁeﬁi:&”:— éll.fixl(lr% Cr‘;ﬁ”ﬁM'\fll' bip;_19'25 and those In the second system, only the front of a cylindrical
microcrystal is covered with traps. To obtain such a system,
microcrystals have to be arranged on a plain substrate surface,
anisotropic and isotropic arrangement of the dye molecules areall standing with the front side on it. Front trapping efficiency
given in Table 3. Tk corresponds to the probability that the energy of a photon
The efficiencies of frontback and coat trapping and the absorbed in the microcrystal reaches the substrate surface to
fluorescence quantum yield have been studied as a function ofcause a designed reaction there. The influencel,qdi, and
the microcrystals’ size and shape for two different setgof  the lengthlcy, of the microcrystals on this efficiency have been
andJj. The results are documented in Figure 9 and Table 3. calculated and are given in Figure 10 and Table 4. Energy
In the upper part of Figure 9, the calculations have been migration perpendicular to the channel axes is not relevant
performed under the usual conditions, and in the lower part for because no traps are positioned on the coat. Thus, the diameter
p=1and); =4.4x 10 ¥%cm®*M~1. Onthe left side of Figure  of the microcrystal plays no role.
9, the size of the microcrystals has been varigd € 2rcy), This study enables us to find systems with front trapping
and on the right side onli, has been varied, while, was efficiencies above a certain limit. Let us give two examples:
kept constantr¢,s = 53 nm). The fluorescence quantum yield Front trapping efficiencies close to 1 are possible in micro-
increases with increasing size of the cylinders due to the crystals withlc,y = 50 nm, completely filled with dye molecules
increasing trapping distance. This effect is less pronounced (pi = 1) having a spectral overlap of more tharx110713 cm?
under the faster conditions, where the fluorescence quantumM~1. Efficiencies of more than 0.85 are supported in cylinders
yield remains close to zero, even in microcrystals wWithof of up to 250 nm length, completely filled with dye molecules
up to 250 nm andy; of up to 100 nm. Increasinigy provides having a spectral overlap of 4 10713 cm® M1 Other
larger differences between the trapping distances for front conditions are easily deduced using Figure 10. We distinguish
back trapping than for coat trapping, flefi = 2r¢y as well as between systems where the migration lenlgh of electronic
for constantrey. This means that the front trapping efficiency excitation is longer and systems where it is shorter thano
decreases and the coat trapping efficiency increases withexplain qualitatively the dependencesief,.. Migration lengths

efficiency
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TABLE 5: Point Trapping Efficiency for Different Cylinder Lengths and Comparison between the Efficiencies of a Single Trap
in the Center of the Front, at an Arbitrary Position on the Front and the Back, and at an Arbitrary Position on the Coat

Jij =1x108BcmM1?

Jij =44x 108 cm M1

Jj=1x108cm*M1, p=0.25

ley/nm pi=0.25 p=1 pi=0.25 pi =
Icyl = 2I’cy| TP'oo Tp,oo Tp,oo TPpo TFB,m Tc,oc
37 0.282 0.87 0.63 0.965 0.048 0.022
51 0.148 0.77 0.44 0.93 0.021 0.009
74 0.062 0.58 0.25 0.85 0.006 0.003
106 0.019 0.28 0.085 0.61 0.002 0.001
1 7 17..
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Figure 10. Influence of the length of the microcrystals, the occupation
probability, and the spectral overlap on the front trapping efficiency.
(Top) Te as a function ofy; for different spectral overlaps. The length
of the cylinder was 250 nmil; = 4.4 x 107 cm® M~! (solid), J; =

1 x 1078 cm® M1 (dotted),J; = 2.5 x 10 cm® M~? (dashed).
(Middle) Tr,, as a function of the length of the cylinder for two different
occupation probabilities and two spectral overlgps= 0.25: J; =1

x 1071 cm® M1 (solid) andJ; = 4.4 x 103 cm® M~ (dashed)p;
=1:J; =1 x 10 ¥ cm* M (dotted) and)j = 4.4 x 107 cm* M1
(dash-dot). (Bottom)Te. as a function of the spectral overldpfor

pi = 1 and three different lengths of the cylinddg; = 50 nm (solid),

leyy = 150 nm (dotted)|cyi = 250 nm (dashed).

Imig are given in Table 2. In the first group of systems,
increasingdcy causes a decrease Tf, due to larger trapping
distances. Decreasing, and J; both reduces the energy

o
w o
J

efficiency

I/ nm

Figure 11. Influence of the length of the microcrystals, of the
occupation probability, and of the spectral overlap on the point trapping
efficiency, and comparison of the point trapping, the front trapping,
and the coat trapping efficiencies. (Topy.. as a function oy for

two different occupation probabilities and two spectral overlgps:
0.25: Jj = 1 x 103 cm?® M1 (solid) andJ; = 4.4 x 100 cm? M1
(dashed)pi = 1: Jj = 1.05x 10" **cm® M~ (dotted) and); = 4.4 x
10718 cm® M~ (dash-dot). (Bottom) Tp., (solid), Tr. (dotted), and
Tce (dashed) as a function &f,. Trs andTc. have been calculated
by placing one trap at an arbitrary position on the front and the back
and at an arbitrary position on the coat, respectively.

other group of systems, the only electronic excitations that are
able to reach traps immediately after irradiation are those for
which the distance to the front is smaller tHag. The number
of slabs within this distance from the trapping slab remains
unaffected by a further increase k. The probability that
electronic excitation is initially positioned on these slabs,
however, decreases with increasifhg. Hence, the front
trapping efficiency is inversely proportional tg,. This can
be seen in Figure 10 (middle) for the systems vtk 0.25.
The number of such slabs, however, is determinekl,gyFront
trapping efficiency is therefore proportional pp and to the
square root of}j; see eq 58. This can be seen in Figure 10
(top) forJj < 4 x 103 cm* ML or for pi < 0.25 The shape
of the cylindrical microcrystals has no influence on the front
trapping efficiency. It is, however, easier to arrange disklike
microcrystals with the front on a surface than cigar-like ones.
The efficiency of a single trap on the surface of the
microcrystals is illustrated in Table 5 and Figure 11. In the
upper part of this figure, the trap is positioned at the center of
the front of the cylindrical microcrystals. This trapping type is
called point trapping. The dependence of point trapping
efficiency on the microcrystals’ size is calculated for different
sets ofJ; andp;. In the lower part of Figure 11 (bottom) point
trapping efficiency is compared with the efficiency of a single
trap at an arbitrary position either on the front or on the coat of
the cylinder. These efficiencies have been obtained by calculat-
ing front and coat trapping in competition with fluorescence,

migration rate constant so that electronic excitation needs morerespectively. Appropriate occupation probabilitgp®f sitesl

time to reach the traps. This causes a decrea3eof In the

have been used to allow only one trap per microcrystal. Hence,
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in contrast to the default conditions, here the occupation

probabilitiesp; andp; differ from each other. In microcrystals

with a length and a diameter of 37 nm the point trapping
efficiency is 0.28 under default conditions. Point trapping
efficiencies of up to 0.965, however, are possible in micro-

crystals of the same size at maximum loading with, for example,
oxonine. Although there exist about 12 600 chromophores in
such a microcrystal, electronic excitation is transferred with a

probability of nearly 1 to the single trap at the center of the

front. This result, however, points to the fact that even a small
amount of impurities acting as traps inside the microcrystal could

quench electronic excitation very efficiently. The mean ef-

ficiencies of single traps at arbitrary positions on either the front g

Gfeller and Calzaferri
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50 nm, completely filled with well chosen dye molecules and
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excitation reaches a trap with a probability of more than 99.8%.

A simplifying assumption made in this study is that the

individual energy transfer steps occur from thermalized states.
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