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We simulate the nonradiative excitation energy transfer in an ensemble opyplgtylene vinylene) (PPV)
chains the configurations of which were calculated using a random growth algorithm. The polymers are viewed
as a series of phenylinyl oligomers of various lengths, separated from one another through conformational
defects. Initially excited chromophores, corresponding to short segments of PPV oligomers in the polymer,
transfer excitations nonradiatively to longer oligomers of lower electronic energy with transfer rates as described
by Farster theory. Transfer occurs in a short period of timé&Q ps) and within a small local area%2 A)

around the initially excited chromophore. We find in our simulations that the majority of the excitation gets
trapped in local minima corresponding to medium length oligomers (with six to eight phenyl rings) and does
not eventually find the global energy minimum. Excitation transfer dynamics are presented for PPV chains
inserted into mesoporous silica matrixes, which are believed to direct the excitation energy from the parts of
the chains outside the pores to those inside the pores. We show that this funneling is most efficient if the
chains outside the pores are close enough to the target chromophores inside the pores, within a distance
defined by an average transfer correlation length.

I. Introduction
e

One of the most interesting class of materials being developed Waxis
for light-emitting device; (LEDs) is organic-based. The main Figure 1. Transition dipole moment of PPV trimer (OPV3). A
feature of these organic molecules, whether monomeric or g.value of 13 was used in this study.
polymeric, is the presence of an extendedonjugation. The
primary excitations are predominantly associated withsthe  the discrete intensity levels in their time-dependent fluorescence
electron structure, the main spectral features arising from* of single-molecule spectroscopy of MEHPPV. Schwartz and
transitions. Though the light-emitting process can be explained co-worker§®have also shown radiationless excitation migration
simply as a vertical relaxation to the ground state, many spectralto be the main factor in their spectra of bulk MEIRPV using
data have shown a number of possible processes that can occudifferent spectroscopic methods.
between excitation and emission thus complicating the actual In a conjugated polymer such as PPV, it is energetically
explanation of the process of emission. These processes usuallyavorable for the dihedral angle between phenyl and vinyl groups
involve migration of the excited species to the lowest-energy to be close to Dto maximize conjugation. However, in the entire
state. Thus, as Kasha's rule statahge radiative transition to  polymer, it is statistically probable for some of these angles to
the ground state in a given spin manifold originates from the flip and thus break the conjugatidriThe dihedral angle does
lowest excited state. Energy migration from one chromophore not have to turn all the way ta/2 to break conjugation. In
to another can include nonradiative excitation transfer, which fact, Bredas et aP suggested a dihedral angle of°48s an
can occur between the femtosecond and tens of a picosecondicceptable cutoff for conjugation breaks. Instead of being an
range, and migration of bound electrohole pairs, which infinitely long conjugated system, PPV therefore can be regarded
usually occur at a slower rate in the range of hundreds of a as a chain of conjugated pheryinyl (Ph—V) oligomers of
picosecond. However, in most systems, the slowest of thesevarious lengths that act as both donor and acceptor chro-
migration processes is still at least 1 order of magnitude faster mophores in nonradiative excitation transfer. The energy band
than the natural radiative lifetime of a chromophore. All of these gaps of these oligomers are inversely proportional to the
competing migration processes therefore have a profound effectoligomer length E (1 1/n). The nonradiative excitation transfer
even in a simple steady-state emission spectrum of these organistarts from an initially excited high-energy short oligomer and

LED materials. transfers to lower-energy oligomers with longer oligomer
In the case of polyt-phenylene vinylene) (PPV) (trimer lengths, until the lowest-energy oligomer emits a red-shifted
shown in Figure 1) and its soluble derivative MERPV, photon.

nonradiative excitation transfer has been cited as one important The majority of the spectroscopic studies of PPV and its
process to interpret experimental results. Barbara ét%al.  derivatives involve the coiled chain in many different environ-
indicated that efficient radiationless electronic energy transfer ments, either in solutid?*? or in a solid matrix¢-4%1°all of
along the chain occurs prior to oxygen quenching to explain which invoke nonradiative excitation transfer to explain their
results. Aside from using these bulk PPV samples, a novel
T Part of the special issue “Donald J. Kouri Festschrift”. system was synthesized by Schwartz and co-wotRerhat
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transfer is incoherent, in which case a simple two-level system
approximation used in coherent states is not valid. This assumes
that the densities of vibrational states of both donor and acceptor
are important in incoherent transfer. And because the vibrational
relaxation is mainly due to the intrinsic characteristics of the
chromophore and not to coupling with its surrounding, this weak
coupling limit occurs in systems with homogeneously broadened
spectra. Frster's? theory for the rate of incoherent transfer
between two chromophores gives a set of equations describing
this process. It is strictly valid only for homogeneously
broadened specttd Semiempirical calculations by Karabunarl-
iev et all4 suggest this to be true for the case for PPV and its
oligomers.

The strong influence of the vibrational relaxation of the
system implies that upon photoexcitation, a chromophore rapidly
and irreversibly disperses the excess electron energy to its
vibrational states. This red-shifted state acts as the excitation

A
Figure 2. Calculated model of MEHPPV embedded into channels  donor to other chromophores resulting in a red-shifted emission
of oriented, hexagonal mesoporous silica glass synthesized by Schwartzspectrum_ In terms of OPVs, an oligomer can act as a donor

and et aP°Energy migrates from high-energy randomly oriented short . .
oligomers outside the channels into the low-energy long oligomers that only to other oligomers with the same or lower energy than

are aligned inside the channels. This system allows the energy to beltSelf, thatis, oligomers of the same or greater number of phenyl
directed into a specific region. In calculating the anisotropy of the rNgs.

model, we find that most of the excitation stays outside the channels Forster’s theory is a point-dipole approximation, in which
(dashed circles) and only a few are able to migrate into the channelsthe only spatial parameters are the relative orientation of the
(solid circle). chromophores and the distance between their midpoints. A more

. . . detailed calculation of the transfer rate is the distributed
g}lgrll\t/:c? ﬁgsé\nsonoazl MeEsi')_ Popr(\)/use gﬁf; dﬁa\dsslr:s s(r:lga\ll\?nngtl;eor;atimon()pme method: where the fotal coupling between the two

ed, hexag P 9 : chromophores is estimated as the sum over atomic transition
cally in Figure 2. One expects that the polymer outside the

. ) . charges and is therefore more sensitive to the particular shapes
channel is composed of short randomly oriented oligomers that .

; o .~ .~ of both donor and acceptor. The difference between the two
have a high excitation energy. On the other hand, the inside

methods will be discussed in another pal§drhe rate of Fester

segments oriented along the direction of the porous glass musttransfer from chromophorie(donor) toj (acceptor) is given by
be composed of longer oligomer segments that have a Iower,[he equatiol

excitation energy. Excitation energy migration is expected to
proceed from the randomly oriented oligomers outside the 3 .1(R,
channels into the lower-energy oligomer segments inside the kii =2,2= (_) (1)
channels. This system allows the energy to be directed into a 2" 1\

specific region and serves as a model of light-harvesting ) o
systems. The distance between the donor and the acceptyr g is the

In this paper, we simulate the nonradiative excitation transfer natural lifetime (spontaneous emission rate) of the donor and
in PPV with a point-dipole approximation. First, a brief Can be calculated using
summary of Feoster theory is presented explaining the nature 3
and mechanics of nonradiative excitation transfer. This energy- 1_ o e | X )

transfer process is then calculated in single chains of PPV. The Ty B 3’r103n60
method of obtaining the parameters needed for this calculation

has been reportéd' and is summarized in the next section. \herexCis the transition dipole moment of the chromophore
This section also includes a brief description of the polymer  ca|culated for vertical §o S, transitions obtained by the AM1-
mesoporous silica experiments of Schwartz and co-wotkers | model!® From this equation, we can conclude that the
and our simulations to model their experiments. We end the radiative lifetime of the different oligomers decreases with
methodology section by discussing time-dependent fluorescencencreasing oligomer sizebecause the dipole factor is directly
anisotropy, which can measure the extent of energy transfer.proportional to the oligomer siza? is the dipole coupling
The next section presents and discusses the results of oulprientation factor, which is given by
calculations, and in the last section, we present our conclusions.
2 2
II. Methodology K=l = SRR 3)
A. Nonradiative Energy Transfer. Nonradiative excitation wherer; (r;) is the unit vector of the donor (acceptor) aRds
transfer from a donor chromophore to an acceptor can be the unit vector between the midpoints of the donor and acceptor.
mediated through dipotedipole interaction. This process, The average of this factor for a set of randomly oriented
although intrinsically radiationless, can be formally viewed as chromophores i€/s. In this study, the value of this factor is
the combined donor emission and simultaneous acceptorexplicitly calculated for every combination of donor and
absorption. In the strong coupling limit or the coherent transfer acceptor chromophores in an ensemble of PPV chains.
case, excitation energy transfer is faster than intermolecular and The Faster distanceRy, is the distance at which the rate of
intramolecular relaxation of both donor and acceptor. On the transfer from the donor to the acceptor is equal to the decay
other hand, if energy transfer is strongly affected by the rate of the donor in the absence of acceptors. ThestEp
vibrational relaxations of the system, coupling is weak and distance is proportional to the amount of overlap between the
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donor emission spectrum and the acceptor absorption spectrumconnected by one single bond but separated by a dihedral angle

It can be expanded in various forms, one of which being

o5l poo . dv
RS=5.86x 10 2= [ F(9)e(¥) —
0 n4ﬁ) 7

(4)

close to 90, other through-bond excitation transfer mechanisms
aside from Foster transfer can occur. As far as we know, only

Schwart2? has reported an estimated rate of through-bond
transfer at~250 ps. This transfer occurs when the dihedral angle
between previously unconjugated adjacent phenyl and vinyl

1o is the quantum yield of the donor luminescence, taken as groups turns to achieve conjugation. Such motions in the

0.2711° andn is the refractive index of the solvent, taken as
unity. F(v) is the normalized emission spectrum of the donor,
ande(v) is the molar extinction coefficient of the acceptor. In
this study, we usemax = 10* M~ cm~1, which is in the range
of spin- and orbitally allowed transitions (A& emax < 10P).20

polymer case are relatively slow because the twists and turns
of one group involves pulling the rest of the chain attached to
it.

We propose a simple model that can relate the rate of
excitation transfer between two chemically connected chro-

For comparison, we also calculated the excitation transfer usingmophores to the dihedral angle. The equation for the model is

the end points of this extinction coefficient range. We are not
aware of any study that reports the exact molar extinction
coefficient for PPV or any of its oligomers. One might think

that a random choice of a parameter value within a range of 2

orders of magnitude may be totally arbitrary. Indeed, as will

1 . .
a)(Oij) = ms(ZB co$ 0"« +0.1), i=j+£1,
40° < 6, < 140 (6)

be shown in the results, the exact extent of excitation transfer The rate of 4x 103 pstis tuned by a simple switching factor

is highly dependent on the parameters for the calculations.

(expression inside the parenthesis), which is a function of the

However, it will also be shown that an estimate of this parameter dihedral angleg;. The limits of the switching factor are 1.57

is sufficient to elucidate the essential properties of excitation
transfer.

The chromophores in PPV chains are the PV oligomers
(OPV) of various lengths, which are separated by conjugation
breaks within the chain, and differeRg values can be derived
for every combination of donor and acceptor oligomer lengths
allowing us to generate a catalog of rBr radii between
different chromophore pairs. However, to achieve spectral
overlap and Frster transfer, the acceptor should at least be of
the same oligomer length as the donor. We assume tfiatat

for 40° and 0.1 for 96. The closer the angle is to the4€utoff 2

the faster it can turn and establish conjugation between the two
chromophores as represented by increase of the average rate
by a factor of 1.57. Phenyl or vinyl groups separated from an
adjacent oligomer by a dihedral angle of°%eed more time

to switch back to an angle close t® &nd achiver-overlap, as
represented by decrease of the average rate by a factor of 0.1.
This switching factor has the same functional form as the one
computed by Grozema et & ,who studied the effect of
torsional disorder in charge transfer between two conjugated

300 K reverse energy transfer does not occur when the acceptotinits the configuration of which is separated by a torsion around

is shorter than the donor, in which case Bevalues are equal
to 0.

Brédas and co-workets?2characterized the absorption and
emission spectra of PV oligomers containing from two to five

the o-bond. For comparison, we also calculated the excitation
transfer neglecting this intrachain transport model.

C. Polymer Configuration. The equations that describe the
nonradiative excitation transfer due to dipelipole coupling

phenyl rings. The total absorption (emission) spectrum can be are highly dependent on the configuration of the system. The
written as a sum of the spectra from the lowest vibrational state rate of transfer is dependent on the distance and the relative
of the chromophore in the ground (excited) state to the various Orientation between the two interacting chromophores. The
vibrational levels of the excited (ground) state. The relative FOrster distanceds,, are dependent on the oligomer lengths of

intensities of these transitions are given by a Poisson distribution.the donors and acceptors, which are also determined by the
The functional form of both absorption and emission (A/E) configuration of the system. Though general distributions can

spectra is given by

fae() = i

wherehw is the vibronic energy level difference (0.15 eW;)(
for absorption and ) for emission) andl" is the spectral
broadeningEask is the transition energy for absorption/emission,
which is inversely proportional to the length of the oligomer
(E O 1/n). v is the vibrational level in the excited (ground) state,
and S is the Huang-Rhys factor, which governs the relative
intensities of the vibronic features in the absorption (emission)
spectra. The values &f andEa/e for oligomers containing two
to five phenyl rings were taken from Btas and co-worker&;??
while those for longer oligomers were extrapolated from these
values.

B. Intrachain Transport. Incoherent through-space ster

exp ° S

n!

r

(5)
(Epg & Mo — 7)2 + T2

be assigned to these variables, a more precise parametrization
of polymer configuration can help us better understand the
details of the migration. This necessitates the use of actual
configurations of polymers.

We’ calculated the energy accessible configurations of PPV
using a random growth algorithm, which assumes that the
configuration of a part of a polymer (a few monomers length)
can be sampled from the configuration of an OPV trimer. The
configuration of the trimer was taken as a Boltzmann-weighted
probability calculated from the energy surface of the tridder.
The results of these studies showed that the oligomer (conjuga-
tion) length distributions are not Gaussi&#P but exhibit an
exponential distribution, which is more consistent with experi-
ment?6-27 Several (11) polymer samples with 1000-Rhrepeat
units with an average of 10% cis-defect density were calculated
using this algorithm. Each chain was separated into different
oligomer units, each unit being a group of consecutive phenyl
and vinyl groups that are conjugated to each other and are

transfer can be very fast, depending on the distances betweerdemarked from neighboring conjugation segments by conjuga-
chromophores. An interchromophore distance that is half the tion breaks defined by a dihedral angle of 48s suggested by
Forster radius can have a transfer rate 2 orders of magnitudeBrédas et af to be an acceptable cutoff for conjugation breaks.

greater than the natural lifetime of the donor, which is on the

The lengths of these oligomer units and their relative orientation

order of less than 10 ps. In the case of two chromophores and distances were calculated from each sample. These param-



Excitation Transfer in PPV J. Phys. Chem. A, Vol. 107, No. 37, 2008095

TABLE 1: Fo'rster Distances (A) between PhV Oligomers

ng2 2 3 4 5 6 7 8 9 10 11 12 13 14 =15
2 24.8
3 34.7 27.9
4 34.5 35.3 29.6
5 33.7 37.6 34.0 30.8
6 32.2 39.0 37.7 35.9 315
7 31.4 39.4 39.4 38.1 34.7 32.1
8 30.7 39.4 40.3 39.5 37.0 34.6 32.6
9 30.2 39.4 40.8 40.5 38.4 36.5 34.6 33.0

10 29.7 39.3 41.2 411 39.5 37.9 36.2 34.6 33.3
11 39.4 39.2 41.5 41.6 40.2 38.9 37.4 36.0 34.7 335
12 29.1 39.0 41.6 41.9 40.9 39.7 38.4 37.0 35.8 34.7 33.7
13 28.9 38.9 41.7 42.1 41.4 40.3 39.2 37.9 36.7 35.7 34.8 33.9
14 28.7 38.8 41.8 42.3 41.8 40.8 39.8 38.6 37.5 36.5 35.6 34.8 34.1
=15 28.5 38.6 41.8 42.4 42.1 41.2 40.3 39.2 38.1 37.2 36.3 35.6 34.9 34.2

aNumber of phenyl rings in the oligomer.

eters in turn were used to calculate the different rates of E. Dynamics of Excitation Transfer. We can assume that
excitation transfer between the chromophores in the polymer the excitation migration in this multichromophoric system can

samples. be described by the Pauli master equation,
Using this same algorithm, we also calculated sample
configurations of PPV in mesoporous silica similar to the dP;
experimental system described by Schwartz and co-wdtkers o Z[wu P — w; Pl (7)
]

as shown in Figure 2. The mesoporous matrix was represented

as cylindrical wells, one end of each well opening to a flat . ) o
surface. Each sample system consisted of three wells, 12 A inWherewj is the Fuster excitation energy transfer rate between
radius, the centers of each well being 34 A apart and one ppywo chrompphores as described n the previous sgcuorPand
chain being inserted in each well. A short-range repulsive force () iS the time-dependent probability of an excitation residing
between the polymers and the walls of the well and the flat n chromoph_ore._ In molecular systems in which the dipoie
surface was also included. Each polymer consisted of 160/°h  diPole coupling is at least on the order of magnitude of the
monomers with at least 50 monomers inside the well. Finally, hompgeneous [|ne W'd_th’ the dynamlps c,’f excitation transfer
an average of five cis defects were introduced in the parts of "€duires a density n;atrlx approach tak|n94|nto account coherent
the chain outside the tube to allow the chain to turn and coil XCitonic dynamics? Karabunarliev et al* have shown that
onto itself and entangle with the neighboring chains. the features in the electronic spectra.of PPV oligomers are pri-
D. Model Parameters.Using eq 2, we calculated the values mar!ly due to homogeneous broa}denmg. And becﬁuse the ellec-
for the natural lifetime of the oligomers. These vary with chain tronic spectra of PPV and the_ollg_omers are pract|cal_ly equiv-
length and range from 300 to 612 ps. This is in general a!ent, ho_mogeneou_s broadening 'S.Of greater ma_gnltude _than
agreement with the PPV photoluminescence lifetime of 320 ps dipole—dipole coupling and the Pauli master equation solution
as measured by Greenham ef%The dipole moments were is sufficient. The master equation has also been used in other
calculated using AM1 with configuration interaction (Cl), which sysotems ;’UCh ashmult!por_phyrltr;]functlg ngll'_?d ;je_ndrarﬁ%rt%;.
accurately predicts the spectra of oligom&r3he values for ne chromopnhore IS given the probability o RE1a .
the 0-0 emission and absorption energies, the HusRbys = 0, while the rest of tht.a.chro.mophore§ have zero probability
factors for OPVs with two to five phenyl rings, and the (Pi = 0). The probability ati then migrates to the other
broadening factor§' for both absorption and emission spectra chromqphores as th(_a master equation is integrated through time.
were taken from Brdas and co-workets?? The values for Each trimer (OPV3) in the polymer sample was selected in each
hexamers and longer oligomers were extrapolated from these'ntegrzf[;.(t)n run an tne f't?]'t'alrlly eXCAtEd qh:(r)]moplrlore. The
values using the fact that the absorption and emission energiespro ability curves ot all of the chromphores in the polymer were

and the HuangRhys factors are inversely proportional to the ghen usedd_ t?hgene[ate ;he Epectroscoplc propelrues tlhalt ?r(;:\
number of phenyl rings. iscussed in the next section. For comparison, we also calculate

Given the 6-0 emission and absorption energies and the the excitation probabilities using tetramers (OPV4) as the

Huang-Rhys and broadening factors, one can calculate the |n|gall_l3_/_ excged ch(;omolgrores. Ani The i
absorption and emission spectra of the different oligomers as ’ (ljmet- ﬂepen ent uoreszf[ence ntSOtI’Opy.t ef t”ﬂe'_
described by eq 5. These in turn were used to calculate the ependent Tluorescence aniso ropit), from a set of chro
Forster distances using eq 4. Depending on the oligomer IengthsmOphores is defined by

of the donor and acceptor, these distances ranged from 24.8 to L® = 1(0)

42.4 A, the average being 36.7 A. These are listed in Table 1. t)=—r T~ (8)

If we assume that the absorption and emission spectra of (1) + 215(1)

oligomers with 15 or more phenyl rings are practically equal,

the Faoster distances involving these chromophores are takenwherel)(t) is the intensity of the fluorescence signal parallel to
to be equal to those of OPV-15. Finally, because we assumethe incident polarized radiation ahd(t) is the intensity of the
that excitation transfer goes only from one oligomer to another signal perpendicular to the incident polarized radiation. In a
of the same or greater number of phenyl rings, thesteo system in which all of the chromophores remain parallel to each
distance and hence the transfer rate for longer to shorterother and to the incident beam, as in a system of chromophores
oligomers are equal to zero. embedded in a crystal, most of the fluorescence signal would
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be parallel to the incident signal. Consequently, there will be
no loss of anisotropy, andt) would remain relatively flat.
However if excitation transfer occurs in a system with randomly
oriented chromophores, the memory of the orientation of the
original signal is lost as the excitation is transferred from one
chromophore to another. The intensities of the parallel and
perpendicular signals become equdt) approaches zero as
anisotropy decays.

As shown in Figure 1, the orientation of the transition dipole
moment of an oligomer is not parallel to its long axis but is
rotated with a certain angkfrom this direction. Hayes et &t.

probability

0.8

0.6

0.4

0.2

Claudio and Bittner

have given a value of 21 Heeger et at? estimated a much
smaller value €5°), while Spané&*3°> used semiempirical
calculations to determine an angle &f & this study, we used
an angle of 15 which is the estimated value that causes the 0 50
drop in anisotropy at = 0. On the average, this has an effect
of further randomizing the orientation of the excitation signals Figure 3. Excitation populations of oligomers with varying lengths
(1(t)) and therefore lowering the anisotropy spectrum. (three to eight phenyl rings) with trimers as the initially excited
Simulated anisotropy decays of PPV were compared to the Chromophores. The numbers indicate length of the oligomer (number
experimental results reported by Schwartz and co-wotkers of phenyl rings). Much of the excitation transfer is completed within
for both bulk MEH-PPV and polymermesoporous silica
systems. In the single-chain case, a random axis was assigned
as the parallel polarization axis. But in the PPV/mesoporous .
silica case, the parallel polarization axis was defined by the axis ..
of the silica channels. .

O3 AN

100 150

time (ps)

200 250

I1l. Results and Discussion - f

A. Time and Length Scales for Energy Transfer in Bulk
PPV. Time-dependent red shift has been observed in electrolu-
minescent devices such as PPV. Kersting &t abcorded the
highest points of the fluorescence spectra of PPV taken at
various times after excitation and showed a fast red shift in the e . -
fluorescence spectra of the polymer from 0.1 to 10 ps after
excitation and a slow red shift between 10 and 100 ps. No further
red shift was detected after 100 ps. However, given the same
procedure but using the trimer (OPV3), they observed no red
shift, indicating that the mechanism that causes the red shift in
the polymer is not present in the trimer. Given that electronic R
excitation transfer occurs in both samples, it is only in the PPV A
case that excitation is transferred from one chromophore to Figure 4. Distribution of distances between an initially excited
another of lower energy because of the presence of an ensemblehromophore and the farthest chromophore that the excitation reaches.
of oligomer lengths with varying excitation energies. Although The average distance is 51.73 A. The solid line is the average of the
the trimer can transfer its electronic excitation to other trimers, calculated points.

the energy of excitation is maintained at the same level. Thus distance/[dL}is 51.73 A, the distribution peaking efax ~ 47
the red shift is observed only in the PPV and not in the OPV3. A although correlation lengths are possible even up to 120 A.
Figure 3 shows the excitation probabilities of the oligomers This correlation average is not significantly greater than the
with varying lengths (three to eight phenyl rings) present in calculated Fester distancesdR0= 36.7 A). Using the same
the PPV chains. At = 0, we excite the trimers in the system 10% population criteria, we can estimate that the average
and monitor the evolution of the excitation to oligomers of number of chromophores involved in the transfer given excita-
various lengths. No significant population can be seen for tion of one trimer is 3.6 (this includes the initially excited
oligomers with more than eight phenyl rings. Because emission chromophore). Thus on average the excitation finds its energy
at specific times comes from the ensemble of oligomers, the minima in approximately three jumps within a short average
increase in population in longer oligomers with lower emission distance of 51.73 A. For the systems considered, there is a large
energies can account for the red shift observed. The time scaleslisparity between the hopping correlation length and the average
are also consistent with experiment because the populations ofradius of gyration of 183 A (for polymers with 1000 PK
the longer oligomers do not significantly change after 50 ps. monomers and 100 cis defectapdicating that the excitation
Though the initial decay of the trimer is fast, the decay is much does not travel through most of the polymer but only within a
slower after~20 ps because trimers can act both as donors andvolume close to the initially excited chromophore. For the
acceptors for each other, causing an “equilibrium” between systems at hand, the global energy minimum coincides with
them. This slows down the rates of transfer to other oligomers. the longest oligomer segment, which can have 10 or more
Figure 4 shows the distribution of the distances between the phenyl rings. However, Figure 3 shows that there is very small
midpoints of the initially excited chromophore (trimers) and the population for oligomers with eight phenyl rings or more.
farthest acceptor chromophore that the excitation reaches,Contrary to the assumption that excitation always migrates to
assuming at least a 10% population of the acceptor. The averagehe lowest-energy state within a density of states, the excitation

rel. probability

20 40 60 80 100 120 140
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0.4y
0.35 < 0.25% CB
0 0.25 % THF
03 == calc OPV3
’ — calc OPV4

r(f)

r(1)

0 50 100 150 200 5
. C10°
time (ps)
Figure 5. Ultrafast stimulated emission anisotropy of MERPV . . ‘ . . . .
reported by Schwartz and et %P and the calculated anisotropy of 2550 75 100 125 150 175 200

PPV usingemax = 10* M~tcm™L. The two different solution environ- time (ps)

ments are chlorobenzene)(and THF (), both at concentrations of  Figure 6. Calculated anisotropy of an ensemble of PPV chains using
25% (w/v). The dashed line (calc OPV3) is the calculated anisotropy different extinction coefficientsefa).

of PPV with trimers as the initially excited chromophores, while the

solid line (calc OPV 4) is for the anisotropy with tetramers as initially TABLE 2: Excitation Transfer Averages Using Various
excited chromophores. Parameterg

can .be trapped in. a nearby local minimgm, Whi.Ch can be run (Mjmgrxn,l) ratioR, avgRo a\lxgncgci[gca([g;lon of ‘C"‘r\]’%nmlgn;gg;és
relatively short conjugated segments with five to eight phenyl
rings. | 10‘31 0.6813 24.99 34.08 2.92
B. Time-Dependent Fluorescence Anisotropy of PPV I igs 1:278 %3’_2? %g% ?:1'.%
Chains. Figure 5 shows the experimental stimulated emission . L . .
anisovopy profes o single MEHPRY chains using two - LT e Loes oo it St ompiameenes,
different _solvents. Schwartz and Cq'wor%a\/e argued that to which the exci);ation is transfe?reﬁNumber of chromophoreps
gggregatlon takes place more readily in chlorobenzene (CB) thanino\ved in the excitation transfer process including the initially excited
in tetrahydrofuran (THF). With the chromophores closer to each chromophore.
other, excitation transfer to randomly oriented chromophores
occurs more readily in CB than in THF. This accounts for the (Figure 5) already show a difference between their transient
greater drop and lower equilibrium anisotropy of MERPV anisotropy. Other aggregated systems of PPV with a small
in CB as compared to that in a THF solution. amount of quencher roughly equivalent to one quencher
Figure 5 also shows the simulated anisotropy of isolated PPV molecule per PPV chain of 1000 monon##& exhibited a 95%
chains. The dashed line is the anisotropy that we obtain if the efficiency in quenching the emission spectrum of the polymer.
trimers are the initially excited chromophores (OPV3 case), This can suggest that the excitation transfers throughout the
while the solid line is for the case in which tetramers are the entire polymer to reach the quenching cite. Such a high
initially excited chromophores (OPV4 case). The calculated quenching efficiency will not be reflected in our model because
anisotropy generally follows the experimental trend in that as we use a polymer configuration calculation that does not include
the excitation transfers from one oligomer to another, the interatomic forces of attraction that cause the polymer to
memory of the orientation of the initially excited chromophores aggregaté.Clearly, systematic improvements in the polymer
is lost. configuration model and in the use of the point-dipole ap-
The difference between the OPV3 and OPV4 cases can beproximation would easily shift the calculated anisotropy and
rationalized in the following manner. A donor can transfer increase the correlation lengtfiil] However, our goal of this
excitation only if the acceptor is of the same or lower energy report is to investigate nonradiative excitation transfer as
of excitation. Trimers transfer their excitation to other trimers, described by Faster theory. And we find our simulations to be
tetramers, and longer oligomers. An initially excited tetramer, in at least qualitative agreement with experimental data. This
however, cannot transfer its excitation to trimers and has fewer general agreement is sufficient in supporting the argument that
candidate acceptor sites therefore lessening the extent ofnonradiative energy transfer is fast, occurs in a local area, and
randomization of the orientation of excitation. Consequently, finds a local minimum.
the anisotropy does not relax to the lower and more randomized C. Sensitivity to Parametrization. Clearly we have made
level as in the OPV3 case. numerous assumptions, particularly in the parametrization of
Although the general trend of the calculated anisotropy the Faster transfer rates. The simple parameter with the most
follows the experimental data, the plots do not match up systematic uncertainty iemax As mentioned above, this can
perfectly. Foster transfer rates are highly dependent on the range over 2 orders of magnitude, and we chose a somewhat
Forster distances, which have a contributionRaf to the rate. moderate value of I@. Figure 6 shows the anisotropy plots of
An improvement to the point-dipole approximation can have a PPV using different values @f,ax and trimers as the initially
large effect on the dynamics of the excitation transfer. The sameexcited chromophores. The plot for B is the same as the OPV3
holds true for the calculation of the interchromophore distance plot in Figure 5. Table 2 gives a summary of the results for the
(01/R8). A small discrepancy between the polymer configura- change in Foster distance, average ister distance, average
tions of the model and actual experiment can easily affect the correlation distance, and average number of transfers as a
transfer rates. In fact, the MEHPPV samples in different  function ofemaxvalues. Because theé B&ber distance is directly
solvents, which cause different degrees of polymer aggregationproportional to the sixth root of the extinction coefficieiy(
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O emax’®), an increase immax increases the range of excitation a) 058
transfer and also increases the average number of jumps in
excitation transfer.

Figure 5 shows that usingmax = 10* is a good estimate 0.54
because its anisotropy is close to experimental data. However,
the averages for the correlation distance and number of transfers
for emax = 1CP are not significantly greater than those fax § 0.5
= 10% In fact, the average correlation distance is still within
the radius of gyration of the polymer. The large range of values g
for the parameters does not alter the conclusion that excitation 0.46 8
transfer in PPV does not travel through most of the polymer
but only to a relative minimum close to the initially excited

00¢ MEH-PPV in matrix
— - average exp.
— calc. ensemble

Chromophore' 0‘42.:':.:.:'..:.:.
D. Intrachain Transfer Model. We also calculated the 50 100 150 200 250 300 350 400

excitation transfer dynamics neglecting the intrachain transport time (ps)

model proposed in section 2B. There was no observable

. . . . b) 0.7

difference in results whether or not this factor was included.

This is because excitation transfer via dipsetiépole coupling

is much faster than the proposed intrachain transfer lifetime of
250 ps. Assuming this lifetime is realistic, its effects are
therefore not relevant in this study given the time scale
difference. However, it is also possible that the actual intrachain
transfer rate is much faster than proposed, and this issue of
determining this rate deserves greater study.

E. Anisotropy of PPV—Mesoporous Silica CompositesThe
ultrafast stimulated emission anisotropy of MEHRPV in
mesoporous silica glass, shown in Figure 7a with the data points
(circles, squares, and diamonds) and their average (dashed line),
shows a fast initial decrease followed by a gradual increase in
anisotropy. The gain in anisotropy shows the funneling of
excitation from the randomly oriented oligomers outside the
channels to the oligomers aligned inside the channels. Figure 2Figure 7. Ultrafast stimulated emission anisotropy (a) of MERPV
shows an example of the calculated PPV chains in the in mesoporous silica glass with excitation pulse parallel to the pore

i ite. Th . d circles h direction. The points are the experimental dafa ©, and¢),*°and
MEesoporous silica COmposite. 1he SUPErimposed CIrcles NavV&ne gashed line represents the average of these data. The solid line

radii roughly corresponding to the average correlation length represents the calculated anisotropy of the ensemble of calculatedl PPV
(51.73 A) for excitation transfer for bulk PPV computed above. mesoporous silica configurations. Panel b shows the calculated ani-
Only a few initially excited chromophores can transfer to a sotropy of the four samples of the calculated PRivesoporous silica
nearby chromophore inside the channel (solid circle). Most of configurations. The anisotropy of the sample with the loAendB

the chromophores outside the channels can only reach otheParameters (sample I) follows the trend found in experiment.
chromophores outside the channels (dashed circles). Because

the majority of the chains lie outside the radius of the pore, the TABLE 3: A and B Parameters of Four Samples of

total anisotropy of an ensemble of random PR¥esoporous  Calculated PPV—Mesoporous Silica Configurations

(1)

50 100 150 200 250 300 350 400
time (ps)

silica configurations (solid line in Figure 7a) would therefore sample AR) B(A)
be similar to the anisotropy of the ensemble of polymer chains | 62.27 64.35
(Figure 5). _ _ o I 57.89 76.49
An analysis of the anisotropies of individual samples, n 70.37 73.53
however, shows a different picture. Here we use two principal v 79.71 72.66

gyration radii to analyze the space taken up by the PPV chains
outside the channels. The first corresponds to the radius of

gyration for the polymer projected into thg-plane, and bothr; and c use all three Xy2 coordinates. This is the
radius of gyration of the polymers outside the channels. These
1N 12 two principal radii can give us an estimate of the proximity of
A=|— Z(ri — CTRY 9 the polymers outside the channels to those inside the channels.
N Because the average correlation length of excitation transfer,

[dC] is relatively short, a system in which the polymers are

. . . compact (lowB value, orld~ B) and are close to the channels
coordinates only, CTR is they coordinates of the center of g, 'A value, orf@~ A) can allow the transfer of excitation
the three channels, and is the total number of atoms. This from outside to inside the channels.

Vﬁlur:ang:ve?r#s an eﬁgmﬁtﬁ iOf Tcrwx:jiclosie the chains are to the Figure 7b shows the anisotropies of four PPvlesoporous
channels. The second principal radius 1S silica samples with varying andB values listed in Table 3. A
] 2 graphical representation of their relative sizes is shown in Figure

wherer; is the position of the carbon atoms using thandy

(10) 8. The anisotropies of samples Il Ill, and IV are similar to bulk
anisotropy. In these cases, at least one parameter has a large
value, indicating that most of the chains outside the channels

wherec is the center of mass of the polymergtside the tube are not close enough to the channels to promote energy transfer

1N )
BZN (ri—C)
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set of parameters and configuration models could replicate
experimental data more exactly, the parameters we have used
were sufficient to give an insight on the nature of nonradiative
excitation transfer.

We have confirmed that ‘Fster transfer is a fast process.
We have also shown that the average correlation length of the
transfer is fairly small, not significantly larger than thérger
distance, and that on the average only a few chromophores are
actually involved in the transfer process for every initially
excited chromophore. The excitation does not travel throughout
the entire polymer to find the global minimum. Instead, within
a short period of time and distance, it easily gets trapped in a
local minimum because the global minimum may be out of the
Forster transfer range. Assuming thatrer transfer is the only
major interchromophore excitation transfer mechanism within
the first few picoseconds, the radiative transition to the ground

. . . . .. state originates from the relative minimum found in the local
Figure 8. Density of polymer chains outside the mesoporous silica o . . .
channels. Only sample 1 has loA and B values, having outside ~ /€2 of the initially excited chromophore. This is no'.[ consistent
polymers densely packed close to the channels, thus making theWith the random walk down the density of states, which assumes
excitation transfer to polymers in the channels possible. The other the transfer of population from the high-energy short oligomers
samples have at least oAeor B value that is large, and the polymers  to the lowest-energy states within the total density of states.
outside are too far from the channels to allow an efficient excitation  The short correlation distance of excitation transfer also has
transfer to the polymers inside. consequences in the design of energy funneling devices. To
achieve a more efficient MEHPPV—mesoporous silica device,
the polymers outside the channels have to be made more
compact and clumped close to the targeted system of transfer.
One way to achieve this is to use a solvent that promotes
Oaggregation of the polymer chains.

The fast transfer time of<50 ps means that excitation
The anisotropy of sample | (Figure 7b) has a similar trend to transfers to a local minimum pefore molecular motigns si.gnifi-
the experimental anisotropy (Figure 7a). After an initial decrease cantly Changg the conflguratlon c.)f the system. Th's vaﬁdates

the assumption of using a static polymer configuration to

in anisotropy, there is a net gain in anisotropy. Because the . .
polymers outside the channels are compact and close to thecalculate the dynamics of the transfer. This also has conse-

center, there is a greater probability that the initially excited quences in future studies of other forms of energy transfer such

. as charge transfer or exciton migration. Because these are slower
chromophores outside the channels would be close enough to 9 9

facilitate excitation transfer to those in the channels and thus Eﬂzns; (:tsi,:]er tggffgfr’tﬁ::eiuzgf ar?:rll]g]n?e?: ES:L Tr:g'l:n?] ?r?e
produce a net rise in anisotropy. gp P . 9

The anistropy of ample 15 ot ofthe same scale as th 0% ©XCSIon energies used re for e Mgh eneroy shot
one obtained from experiment (dashed line, Figure 7a). One arg the Ioéal minima com ogezl of medium to lon I:())Ii omers
way to “fit the theory to experiment” is to weight our sample P 9 olig ’

by a 70/30 mix of the anisotropies of samples | and Il. One Acknowledgment. We are grateful to Prof. Benjamin
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