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Abstract

Photoexcitation of conjugated poly-2,7-(9,9-dihexylfluorene) polyfluorenes with
naphthylimide (NI) and anthraquinone (AQ) electron-acceptor end traps produces excitons that
form charge transfer states at the end traps. Intramolecular singlet exciton transport to end traps
was examined by steady state fluorescence for polyfluorenes of 17 to 127 repeat units in
chloroform, dimethylformamide (DMF), tetrahydrofuran (THF), and p-xylene. End traps capture
excitons and form charge transfer (CT) states at all polymer lengths and in all solvents. The CT
nature of the end-trapped states is confirmed by their fluorescence spectra, solvent and trap
group dependence and DFT descriptions. Quantum yields of CT fluorescence are as large as
46%. This strong CT emission is understood in terms of intensity borrowing. Energies of the CT
states from onsets of the fluorescence spectra give the depths of the traps which vary with
solvent polarity. For NI end traps the trap depths are 0.06 (p-xylene), 0.13 (THF) and 0.19 eV
(CHCI3). For AQ, CT fluorescence could be observed only in p-xylene where the trap depth is
0.27 eV. Quantum yields, emission energies, charge transfer energies, solvent reorganization and
vibrational energies were calculated. Fluorescence measurements on chains >100 repeat units
indicate that end traps capture ~50% of the excitons, and that the exciton diffusion length Lp =34

nm, which is much larger than diffusion lengths reported in polymer films or than previously



known for diffusion along isolated chains. The efficiency of exciton capture depends on chain

length, but not on trap depth, solvent polarity or which trap group is present.
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Introduction

A principal problem in organic solar cells is transport of excitons to junctions where they
can split to form electrons and holes. The advent of bulk heterojunction (BHJ) cells addressed
this problem by creation of nano-domains of donor and acceptor material so only short exciton
diffusion lengths are necessary. * The BHJ concept is now almost universal, although it does
lead to other problems, especially in transport of electrons and holes, which limit efficiency of
organic photovoltaics (OPV). It is therefore reasonable to ask: Can there be alternatives to living
with short exciton diffusion lengths? The properties of conjugated chains suggest the possibility
of efficient transport over long distances; at least along single continuous chains. That possibility
was questioned by experiments with polyindenofluorene chains having perylenedimide caps®®
that found transport to be inherently slow. On the other hand, experiments in this laboratory
suggested faster transport,” but both results utilized relatively short chains. Healy® examined
steady state fluorescence quenching on polythiophene chains with fullerene end traps, finding a
diffusion length Lp=7 nm, which is similar to exciton diffusion lengths reported in polymer

films 4

which are in accord with theory.™

The present work examines charge transfer fluorescence and exciton movement in long
polyfluorene (pF) chains with naphthylimide (NI) and anthraquinone (AQ) acceptor trap groups
at the ends (Chart 1, Figure 1). Below we report exciton transfer to trap groups at the ends of
conjugated chains as a function of chain length, solvent, and end trap using steady state
fluorescence. Theoretical calculations were performed using linear response time-dependent
density functional theory (TDDFT) to gain insight into the nature of the charge transfer states

and the emission solvent dependence.
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Figure 1. Photoexcitation produces excitons that form a charge transfer (CT) state when they

reach end trap acceptors (A), and emit a photon when the CT exciton radiatively decays.

Results

Figure 2 and Tables 1-2 report measurements of fluorescence spectra and intensities after
380 nm photoexcitation of polyfluorenes without and with end traps. The 380 nm excitation light
is absorbed almost exclusively by the strong bands of pF chains to form excitons in the chains.
Results reported below measure resulting fluorescence and estimate the efficiency of exciton
transport to the trap groups as a function of chain length and the behavior of the excitons at the
traps. The 27 polymer fractions of different lengths and caps were measured initially in all four
solvents, and selected polymers were subsequently re-measured multiple times to obtain
reproducibility within 1-2%. In DMF poor solubility and evidence of interchain and/or intrachain
aggregation in both absorption and emission spectroscopy (Figures S1 and S2) includes smaller
absorption and emission intensities, long wavelength tails in the absorption spectra and long
wavelength contributions to the emission spectra. These made observations in DMF difficult to

interpret, so little will be reported about the DMF results. The energy of the pF chain excitons in



DMF, estimated as the energy of crossing of absorption and fluorescence spectra (Figure S3), is
lower than in other solvents, while the energy of the CT state appears to be higher,
approximately equaling the energy of the pF chain states. Fluorescence emission spectra of pF
chains without trap groups in THF, chloroform and p-xylene showed small, but repeatable
differences in intensity and energy shown in Table land Figure 2a. No differences were found
for uncapped pF fractions of different lengths. Fluorescence spectra of pFNI and pFAQ (both
abbreviated as pFA) show emissions from both the pF chain, referred to as “chain fluorescence,”
and new emissions that will be identified as charge transfer (CT) states at the end traps (Figure
2b). pF chain intensities in pFA are less than uncapped pF intensities due to exciton transport
and charge transfer to end traps (pF*A") that results in charge transfer fluorescence. As pFA
polymer length decreases, charge transfer fluorescence increases and pF chain fluorescence
decreases. In the longest end capped polymers, pFi117NI and pF127AQ, evidence of exciton
transport to end caps is observed, wherein pF chain fluorescence is half as intense as in uncapped
16-18.19-21

pF. Emissions from the locally excited states of naphthylimide and anthraquinone ;7 Care

not observed; only charge transfer state emissions occur at the end traps.

Table 1. Energy (eV) of maximum fluorescence emission intensity (Emax) and average energy of
charge transfer band origins (Eo). Emax(pF)- Eo(pFA) gives trap depths for pFNI of 0.06 (xyl),
0.13 (THF) and 0.19 (CHCI5) and 0.27 eV for pFAQ in xylene. E, for pF is the chain fluoresence

origin.

Xylene THF CHCl;  pype  Ecr (pPFAY)

pF? Emax 3.00 2.98 2.99

2.90
Eo 3.08 305 3.06
3.0
pFNI Emax 276 234 228 1.21
2.4
Eo 294 285 280 0.85
2.9
PFAQ®  Emax 2.41 n.o. n.o. 1.7



Eo 2.73 n.o. n.o. 1.40

%Fss °n.o. = not observed. © Energies in DMF may be suspect and are more uncertain due to
aggregration. d Energies of charge transfer (CT) bands for pFNI™ and pFAQ ™ anions reported by
Asaoka® in THF.
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Figure 2. Steady state fluorescence emission spectra. (a) pF chain fluorescence of uncapped pF
in THF (black solid), chloroform (green dotted), and xylene (blue dashed). Average pF peak
intensity in THF = 32.3 x 10° counts/s, chloroform = 27.4 x 10° counts/s, xylene = 24.2 x 10°

counts/s, DMF (not shown) = 0.75 x 10° counts/s. (b) pFNI emissions in THF. Note decrease in



pF chain intensity compared to uncapped pF in Fig. 2a. (c) pF22NI emission in xylene (blue
solid). pF chain contribution (blue dotted) subtracted to give solely (pF*NI") CT spectrum (blue
dashed). (d) CT fluorescence with pF chain contribution subtracted. (oF'NI") in xylene (blue
dashed), THF (black solid), chloroform (green dotted). (pF*AQ") in xylene (thick red solid).
(PF*AQ") CT fluorescence is negligible in THF and chloroform.

Table 2. Quantum yields, charge-transfer state energies, and reorganization energies of pFNI and
PFAQ?. The fraction of pF chain fluorescence, is the ratio of peak chain fluorescence from pFNI
or pFAQ to that in uncapped pF, (Fc)=lyea/lpr. Also reported are the chain fluorescence quantum
yield (¢c) per photon absorbed, charge transfer state (pF"A") quantum yield per photon absorbed
(dcT/hv), charge transfer state quantum yield per trapped exciton (dctext), Charge transfer state

energy (EqcT), solvent reorganization energy (As), and vibrational reorganization energy (Ay).

pFxNI - pFNI - pFigsNE pFoNE o pFNE pFiZNE pFNTE pFigsNE pFopAQ  pRgitAQ  pF17AQ
XYL XYL XYL THF THF THF CHCIl; CHCIl; XYL XYL XYL

F.? 028 043 056 025 040 049 020 053 025 049 058
dc 019 028 036 019 030 037 014 039 016 032 037
¢cr/hv* 046 030 024 039 031 024 032 020 012 008 0.07
dcr/exT* 0.64 052 055 052 051 048 040 042 016 016 0.16
Eoct 293 293 295 286 28 28 281 279 273 270 276

As 0.18 0.17 020 042 0.42 042 044 041 025 021 0.28
v 014 014 013 014 014 014 014 014 014 016 0.16

2 For short PFAQs in THF and CHCI; F, = 0.26, ¢cr/hv is <0.02 and ¢cr/exT is < 0.025. EcT could not be
determined for pFAQs in THF and CHCI; due to low signal to noise.

CT fluorescence is solvent dependent. In a given solvent the observed fluorescence
spectra were well described as sums of two contributions: pF chain fluorescence and charge
transfer (CT) fluorescence. CT fluorescence spectra were obtained in each solvent by subtracting
the pF chain contribution from the overlapping pF chain and CT spectra (Figure 2c and 2d). For
different chain lengths the shapes of the two spectra remained the same, only the relative
intensities changed. The chain and CT fluorescence intensities are plotted against chain length in
Figure 3, showing a decrease in pF chain emission intensity and increase in CT emission
intensity as chain length decreases. CT emissions have the highest quantum yields and highest
emission energies (are bluest) in xylene; pFNI CT emission energies shift red by 0.4 eV in THF,

and slightly further red in chloroform. pFAQ CT fluorescence is observed in xylene, but is



minimal in polar solvents. Evidence of pFAQ charge transfer is seen in the marked decrease in
pF chain fluorescence intensity compared to uncapped pF (Table 2). The reduced intensity of
pFAQ CT fluorescence compared to pFNI is not indicative of less charge transfer, but of
competing non-radiative decay pathways for the CT state. In DMF CT fluorescence is observed
for pFNI (Figure S2) at almost the same energy as in THF and chloroform.

The high energy onsets of the CT fluorescence mark the energies (origins), Eo c, of the
CT states relative to the ground states. These onsets may be estimated by inspection of the curves
in Figure 2. Improved estimates fit the CT fluorescence spectra using an expression® for the
Franck-Condon envelope, using an onset energy, Eo ct, and solvent and high-frequency
reorganization energies reported in Table 2. Table 1 also compares the origins and maxima of the
CT fluorescence bands with origins and maxima of CT absorption bands for anions of pFNI and
PFAQ reported in THF.%

Absolute quantum yields in selected short and long end-capped polyfluorenes for the pF

chain (¢c) and CT fluorescence per photon absorbed (¢ct/hu) and per trapped exciton (dctrext)

are reported in Table 2. Quantum yields were determined by integrating fluorescence spectra of
absorption-matched solutions, and correcting for refractive index differences between solvents.
A reported value for pF chain quantum efficiency (¢ = 0.64) was used as a standard to which
endcapped chains were compared. Charge transfer state (pF*A") quantum yields per photon
absorbed were calculated by Equation 1, where Fct = (area CT fluorescence spectrum in
solvent)/(area uncapped pF fluorescence spectrum in solvent), and ¢pr = (area uncapped pF
spectrum in solvent)/(area uncapped pF spectrum in xylene) * (nsmvem/nxwene)2 *0.64.
(dct/hv) = (Fer) (dpr) 1)

Quantum vyields of charge transfer state fluorescence per trapped exciton were calculated by
Equation 2, where Fext = Fc1/(1-F¢), where F. is the fraction of chain fluorescence in pFA
compared to pF, and (1-F) is the fraction of excitons that make it to an end trap.

(dcTrext) = (Fext) () 2)

Charge transfer fluorescence quantum yields per trapped exciton (dcrext) for a given
solvent and end trap do not change much with polymer length, but are about 15% higher in
xylene than in THF and 40% higher in xylene than in chloroform and increase with increasing
energy of the CT state (Figure S4). Regardless of the nature of the end trap or solvent, chain



fluorescence quantum yields (¢c) per photon absorbed are 1.9 — 2.8 times larger in the longest

pFA compared to the shortest, and charge transfer state (pF*A") quantum yields per photon

absorbed (¢c1/hv) are 1.6 to 1.9 times higher in short versus long polymers (Figure 4). However,

charge transfer state (pF*A") quantum yields per photon absorbed (dct/hv) and per trapped

exciton (dcrext) are about three times higher for pFNI than pFAQ.
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Figure 3. Separation of pF chain fluorescence from pF* and charge transfer (pF*A)
fluorescence peak intensity plotted versus average polymer length for pFNI and pFAQ in xylene,
THF, and chloroform.
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Figure 4. Charge transfer state (0F*A") quantum yields per photon absorbed (¢ct/hv) plotted as
a function of polymer length. Uncertainties 1-2%.

Density Functional Theory. To gain further insight into the spectra, we carried out

26,25,27 in

calculations using linear response time-dependent density functional theory (TDDFT)
conjunction with a polarizable continuum model (PCM) for solvation®, as implemented in the
Gaussian 09 software package®. Our model compounds are made up of a fluorene trimer with
one end capped by an either NI or AQ group; no chain-length dependence was studied. Rather
our goals are to provide some understanding of the fluorescence states and solvent dependence of

the emission.

A first goal was to determine whether a computational description also finds that the long
wavelength fluorescence in pFNI and pFAQ is from the end traps. Does it predict that the
charge-transfer state lies lower than the excited states in pF with significant oscillator strength?

30,31

To accomplish this, we used recently developed long-range corrected (LC) functionals®™ " which

are shown to be critical in correcting the error in conventional exchange-correlation functionals

that leads to underestimation of the charge-transfer state energy.*?>%.

Table 3 presents the
results from the LC-oPBE functional that we recently found successful for polaron description in
polyfluorenes in solution.®* It shows that the first excitation in FsNI (FsAQ) has a lower energy
than that in F3 or NI (AQ), suggesting it is charge transfer transition. Furthermore, it has
significant oscillator strength that would allow fluorescence. We have carried out the same
calculations with a different LC functional, CAM-B3LYP* , and reached the same conclusion,

even though the computed excitation energies and oscillator strengths differ. However, because



excited state geometry optimization with LC functionals is currently not implemented, we are not
able to study the emission with these functionals, but we do not expect that the charge transfer

transition will go above local transitions at its optimized geometry.

Table 3: TDDFT energies in eV and oscillator strengths (in parentheses) of the first three transitions for F3NI
and F3;AQ, as well as for F;, NI and AQ, all in the solvent THF. TDDFT calculations are performed at the
geometry optimized in the ground state with the same functional, i.e LC-oPBE with ©=0.1 bohr™. All
calculations use the standard basis set 6-31G(d) and the PCM solvation with THF being the solvent.

FaNI FsAQ Fs NI AQ
2.791 2.447 3.343 3.142 2.495
(0.9676) (0.2526) (2.5641) (0.0001) (0.0000)
3.127 2.507 3.910 3.466 2.770
(0.0048) (0.1026) (0.0168) (0.2122) (0.0000)
3.330 2.764 4135 3.660 3.303
(1.5712) (0.0003) (0.0000) (0.0000) (0.0000)

The fact that the charge transfer transition is indeed the lowest-lying transition in F3NI and
F3AQ also means that the underestimation errors for charge transfer states in conventional
functionals become insignificant to a qualitatively correct description of these states. Therefore,
we used B3LYP to probe the solvent-dependence of the emission energy, with the main purpose
of identifying the trend. Following the well-described procedure for such studies from Gaussian
manual®®, we were able to do TDDFT geometry optimization with equilibrium, linear-response
solvation.®*’ It gives us the minimum energy point on the charge-transfer state potential energy
surface in the solvent reaction field that corresponds to the ground state charge distribution.
Comparing the charge transfer transition energy at this point in Table 4, a clear, albeit rather
small, red shift is seen for the transition energy when the solvent changes from p-xylene to THF.
More drastic solvent dependence of the emission energy, which was seen experimentally, can be

3839 a5 also described in

expected with a state-specific equilibrium solvation of the excited state
the manual.?® These calculations, however, could not converge for the charge transfer states that
we are interested in. The equilibrium solvation effects of charge transfer states can also be
probed by combining constrained DFT*® and PCM.** Here we attempt a different strategy™ in
which the lowest triplet state, as calculated by unrestricted DFT, is used to approximate the
charge distribution of the charge transfer state and hence, the equilibrium solvation effects. The
Mulliken charge of the acceptor group in the triplet state (Table 4) indicates that such an

approximation works better for F3AQ than for F3NI, as could be anticipated from the greater CT

10



character of the pFAQ triplet.** The equilibrium solvation effect in FsAQ triplet is also stronger
than in F3NI triplet and agrees better with the experimentally observed shift of the emission

energy.

Table 4: TDDFT (B3LYP/6-31G*) energies in eV of the first transition for F;NI and F;AQ in the solvents
THF and p-xylene. Geometries are optimized using TDDFT and linear-response solvation for the singlet
excited states. Triplet energies are calculated with unrestricted DFT and reported relative to the singlet
ground state at the same TDDFT optimized geometries. The numbers in parentheses are the Mulliken charge
on the acceptor group (NI or AQ). The experimental shift is reported as the energy of maximum
fluorescence emission intensity.

FsNI F3AQ FsNI triplet F3AQ triplet
THF 2.209 1.747 2.029 (-0.33) 1.834 (-0.77)
p-xylene 2.267 1.790 2.102 (-0.22) 2.115 (-0.56)
Shift 0.058 0.057 0.073 0.281
Expt. shift | 0.42 no no no

Intensity borrowing The intensity of charge transfer fluorescence may be understood through
the interaction of the charge transfer state and the fluorescent local excited state of the pF chain.

These two states together with the ground state form a three-state model that was originated in

1* and later extended by Bixon et al. ** Our zeroth order

the theoretical treatment of Murrel
electronic states are [pFA), |[pF*A) and |pF*A"). Their energies are 0, E; and E, respectively.
The small electronic coupling between [pF*A’) and the other two states are V and V*,

respectively. Therefore, the ground state and the charge transfer state become, to the first order,
IGS) = |pFA) + V/Eq [pF*AY
ICT) = |pF*A) - VIE«t [pFA) + V*/(E1-Ecr) [PF*A) .
The transition dipole moment between these two states is then, again to the first order,
u= o+ VIE; Ap + V*I(E1-Eg) p* (3)

where Ly is the transition dipole moment between |pFA) and |pF*A"), Ap is the difference
between the permanent dipole moments of |pF*A") and |pFA), and p* is the transition dipole
moment between |pFA) and [pF*A). o depends on overlap between the initial and final states
and is usually small for CT transitions. In the present case TDDFT calculations indicate that the

CT states are principally (90%) composed of configurations consisting of the HOMO and

11



LUMO shown in Figure 5. The small overlap between these orbitals will make p small. When
E.: is much larger than V, the second term is also small. In eq 3 the third term, which can be
viewed as charge transfer state borrowing the intensity from local excited state, depends
critically on the energy gap between the local excited state and the charge transfer state. The
theory of intensity borrowing therefore predicts that radiative rates for fluorescence from the CT
states will decrease as the energy of the CT state decreases. It explains why charge transfer
fluorescence increases with lower solvent polarity because of the raised charge transfer state
energy of pFA. The difference between pFNI and pFAQ may also be attributed to the fact that
the former has a higher E, assuming similar coupling strengths.

FNI F,AQ

oo ggpgegettes:  SDIDgRRAMED e
o Telirieeetob@e  THHINERP

Figure 5 Orbitals that are mainly responsible for the charge transfer transition in FsNI and FzAQ, plotted at the
TDDFT (B3LYP/6-31G*) optimized geometries in linear-response PCM solvation. The solvent is THF; other
solvents are not expected to change the picture much.

Discussion

Natures and Energies of Charge Transfer States. Figure 6 summarizes energetics for
the fluorescent states in the chains and at the end traps. These data show that NI end groups form
traps for excitons with depths of 0.14 eV in p-xylene and 0.25 eV in THF. The AQ group
provides a 0.35 eV trap in xylene; in THF and chloroform it is deeper, but no clear CT
fluorescence spectrum was observed so the depth could not be determined. The difference with
solvent polarity and the deeper trapping by AQ vs. NI both point to the CT nature of the end
trapped exciton states. The broad, featureless fluorescence spectra in Figure 2 are typical of CT
transitions. Figure 6 also shows that the energies of the end trapped excitons are below those of

local excited states of NI and AQ, further supporting their CT character. Finally the CT nature
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of the end trapped states is confirmed by the TDDFT calculations in Table 3 and the orbitals

involved in Figure 5.

INT* 347
IpF* 3.08 Lao* 204
L(pF*NI)* 2.94 AQT =2
. {(pF*NI)*2.83
'(pFTAQ)72.73
(pF*+pFNI)™* 2.49
3 k944 electrochemical
pI" 2247 5 pAQ* 2,19
3pENT* 2-18° 1(pF*+pFAQ)* 2.10
THF +
XYL THF/CHCl; Bu,NBF,
non-polar polar g

Figure 6. Energies (eV) of charge transfer band origins (Eo) in xylene (blue), THF and
chloroform (green), compared to triplet energies ? from Sreearunothai*® and the energies of
separate pF** and pFA™ from sums of redox potentials under electrochemical conditions

(yellow) given in Table 5, from Asaoka.*?

Electrochemical measurements® provide redox potentials for formation of pF*®, pFNI™®,

and pFAQ™. Differences (eq 4) reported in Table 5 give free energies changes to form pF™* and
PENI™® or pF™®, pFAQ™®.

AGcs(0) = + E°(pF™) - E°%(pFNI?") or AQ (4)

These free energy changes are lower than the energies of CT states for pFNI in THF and
chloroform. The separated ions measured electrochemically are expected to be stabilized due to
the presence of 0.1 M electrolyte. On the other hand they are expected to be destabilized because
sums of electrochemical potentials refer to making ion-pairs at infinite distance. This comparison
suggests that the stabilization of ions by the electrolyte is the stronger effect, but it may also
indicate that in intimate ion pairs like pF*NI™ with partly or nearly overlapping charge
distributions both ions lose solvation energy and may encounter some kind of electronic

destabilization in addition to the large Coulomb attraction between pF* and NI
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Table 5. Estimated energy of charge transfer bands from electrochemical potentials. (E° vs
FC+/0)

EO(pFAO/-)a EO(pF+/0)_ EO(pFAO/-)

pFENI -1.831 2.491°

pFAQ  -1.437 2.097°

2 Redox potentials vs. Fc¢™ in THF + 0.1 M Bu;NBF;,
EO(pF+/O)= +0.66 2

Comparison to other CT states. Results presented here show behavior that contrasts
with those of Neuteboom et al.*® who studied PFP, in which a single fluorene is capped by
aperylene bisimide on both ends (PFP) (Chart 2). In PFP the locally excited state of the perylene
bisimide (PERY) end trap is always the emitting state. The present molecules are similar in that
CT states lie below a strongly emitting local excited state, pF in the present molecules and PERY
in those of Neuteboom. The two cases are different in that in all solvents: Neuteboom sees no CT
fluorescence, but finds the CT state to be below the local excited state of PERY™ based on a
decrease of PERY fluorescence as evidence of CT formation. With PFP* and PERY* very close
in energy (PFP* ~ 0.01eV lower) and below the local excited states, one would expect charge
transfer states to form, but the absence of a CT fluorescence band leads to the conclusion that
quenching of PERY fluorescence results from rapid intramolecular electron transfer from
fluorene to PERY. The highly solvent dependent rates range from ~50ps in THF to 7 ns in
toluene. Plausible reasons for the absence of charge transfer state fluorescence are that the CT
band, if formed, could be outside the scanned wavelength region, or it may have very low
intensity, possibly due to rapid non-radiative decay. Alternatively, the electronic coupling may
be weak between the fluorene and PERY units. The NI and AQ end groups are directly
conjugated to the pF chains, so V* in eq 3 is large. Eq 3 therefore predicts strong intensity
borrowing resulting in strong transition moments for radiative decay of the CT states of pFNI
and pFAQ. In PFP the fluorene is bonded to PERY at the diimide nitrogen without direct
conjugation. V* is therefore much weaker in PFP, so eq 3 predicts much less intensity borrowing
and slow radiative decay. V* may be weakened further by the likelihood of a large dihedral angle
between fluorene and PERY: a twisted conformation is supported by their UV-vis absorption
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spectra. The pFNIs in our study have stronger electronic coupling through conjugated bonds
between the pF chain and the NI end cap, and the linkage at the NI aromatic ring rather than at
the PERY saturated nitrogen bonds enables more overlap between the NI and pF subunits.
Their system also differs from ours in that the PFP “chain” is very short; just one fluorene.
Therefore, there is no need for transport. This distinction suggests evidence of delocalization of
the positive charge in our molecules over several pF repeat units in the CT state. There is less

Coulomb attraction in pFNI with the delocalized positive charge than in PFP.

Chart 2. Structure of PFP. 2,7-bis(N-(1-hexylheptyl)-3,4:9,10-perylene-bisimide-N’-yl))-9,9-

didodecylfluorene.

Transport to traps.

Data in Table 2 and Figure 3 show that chain length is the primary factor
determining how many excitons reach the end traps as measured by the fraction of chain
fluorescence, F.. Varying the solvent from xylene to THF and CHClj3, appears to have little
effect on F¢. Neither does the nature of the end trap (NI vs AQ), although all of the changes alter
the free energy change for the trapping process. Thus a first major finding is that exciton capture
appears to be controlled by the rate of transport along the chains, not by the actual trapping
process, which is likely to be diffusion-controlled, as suggested by Healy and coworkers® in their
thiophene fullerene molecules. Steady state fluorescence measurements on long chains
composed of >100 repeat units in the present pFs suggest that end traps still capture 40-50% of

excitons.
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Homogeneous Diffusion Model Fluorescence decays as e™; ' in pF polymers without traps, with
the lifetime of a pF exciton approximately kf =400 ps. In end-capped polymers there is an
additional decay that occurs if the exciton transports to the end trap group. Excitons in pF chains
form polarons reported to be 5 repeat units in length based on convergence of fluorescence
spectra of oligomers.** From evidence noted above we may expect that excitons diffusing in the
pF chains will be captured in every encounter with a trap group: capture will be diffusion-
controlled. Below the results will be used to examine this assumption. If excitons diffuse
randomly along pF chains with diffusion-controlled capture at the traps, decay by reaction with
the traps is expected’ to follow the known solution*"*® for diffusion with diffusion coefficient D
to the ends of rods of length L. Eq 5 gives the probability, P(t), that a randomly diffusion exciton
has survived capture by the traps.

» —(2n+1)% 72Dt
P(t): n=0 ( n )

()

Eq 5 describes a multiexponential decay in which 82% of the excitons decay by a single
exponential that may be called the principal exponential, kp, while the other 18% decay faster.
Integration of eq 5 over t would give the fraction of chain fluorescence, F, reported in Table 2.
Eq 5 will be used below to describe homogeneous diffusion, but we note that the rate of decay
might be approximated as a single exponential function with rate e If it behaves as one-
dimensional diffusion to the end traps, the decay is multi-exponential. For an exciton of length lcx
the principal exponential, kp, varies with the diffusion coefficient and the square of the length for
chains with traps at both ends:

kp=n’D/(L-lex)*  (6a) .
We refer to this as a “homogeneous diffusion model” because eq 5 assumes that diffusion occurs
with a diffusion constant, D, that is the same along the entire chain: the chain is homogeneous
without significant defects that can disturb the diffusive motion. For a point particle (exciton of
zero length) eq 6a becomes kp:nzD/(L)Z. Decay would be 4 times slower for chains with traps at
one end compared to two ends:

kpy=n’D/4(L-l,)  (6b)
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With the approximation of a single exponential rate to the traps, Kk, these relations along with the
known fluorescence lifetime of kf'=400 ps can be used to predict the integrated fraction of
excitons not captured, F. . While the integrated form of eq 5 will be used below, eq 7 gives a
simplified form of reasonable accuracy.

Fe=k¢/ (Kstkp) (7

Fc from integration of eq 5 can be compared to measured values of F. reported in Table 2.
A complication is that not all chains have the intended two trap groups. Recently the
completeness of end capping was determined by measurements of triplet capture in the pFNI and
PFAQ length fractions used here.*® The long lives of the triplets allowed them to move over the
entire length of the chains. NMR measurements compared to multiangle light scattering (MALS)
measurements were averaged over lengths giving a second measurement of Pc,,, Which was
accurate for shorter lengths (n<60 repeat units). Results of the two methods agreed to yield
Pcap,= 0.73£0.1 for pFNIs and 0.63+0.12 for pFAQ. Pcyy showed a small variations with length,
but these were within the uncertainties of the measurements. Here we will assume these values
do not depend on length. Assuming random capping (one end does not know about the other
during synthesis), the fractions of chains with two, one and zero trap groups are P,= Pcapz, Pi=
2Pcap (1-Peap) and Po= (1-Peap)’.

We follow Healy?® in integrating diffusion equations over distributions of lengths in each
polymer fraction. Figure 7a) shows a fit of F; with length in pFNI, with F; determined by
integration of eq 5 in which each data point is averaged over the distribution of lengths in that
polymer fraction using the distributions from MALS given in Figure 7b). The weight fraction
distribution is used as longer chains have a higher probability of absorbing a photon to form an
exciton. Using the measured Pcapzo.73,49 the fit describes the data well giving D=0.037 £0.004
cm?/s, where uncertainties are from fits. The fit results are given as points that compare well to
the measurements. The dashed line in Figure 7a) shows a similar fit without averaging over
distributions of length. For each of the nine points the length L in eq 5 is set to the average length
for that polymer fraction. The resulting dashed line gives a poor description of the data,
highlighting the need to consider the polymer length distributions. Figure S5 shows similar fits
for a range of values for completeness of capping, Pcap. These fits, which do not take length
distributions into account, give reasonable descriptions only with P¢,=0.5-0.6, which is far lower

than the previously reported value. They give somewhat larger values of the diffusion
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coefficient, D=0.099 cm?/s and 0.04 cm?/s. The value D=0.037 cm?/s from the fit with

distributions is considered much more reliable.
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Figure 7. Chain fluorescence fits for pFNI in THF using the one-dimensional homogeneous
diffusion model of eq 5. a) Chain fractions F. with fit points (0) obtained by integrating eq 5 over
the length distributions shown in b). An alternative fit assumes that each polymer fraction is
monodisperse with a length =<n>. Both fits use an end capping probability, Pc.,=0.73. The

superior fit with averaging over length distributions, gave a diffusion coefficient D=0.037 cm?s.

Data and fits for the pFNIs similar to those in Figure 7a) in three different solvents
(Figure S6) give diffusion coefficients, D=0.025 (xylene), 0.037 (THF) and 0.025 cm?/s
(CHCIs). The average over the three solvents is 0.029 cm?/s. In fluorene oligomers with Cgo end

traps Shibano found D=5.9-8.5 x 10" cm?/s, about four times smaller. From D=0.029 cm?/s and
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1=400ps the diffusion length, LD:(Dr)1’2:34 nm can be estimated. While THF and chloroform
are moderately polar liquids, p-xylene in nearly nonpolar. Additional differences are that p-
xylene has conjugated 7 orbitals while the other two do not, and is a somewhat poorer solvent.
An important aspect of the present results is that the exciton transport does not seem to be
influenced by changes in the polarity the medium or whether it contains saturated or = bonds.
While it is conceivable that effects of these different properties might partly cancel, the similarity
of results in the three solvents implies that exciton transport is nearly independent of these
properties.

While the homogeneous diffusion model described appears to explain measurements of
exciton capture here and those by fullerene traps on polythiophene chains,® other types of
measurement of excitons in polymer chains are often interpreted by assuming that the chains are
not homogeneous but are divided into segments.>®°%** A very simple model based on this idea is
shown schematically in Figure 8. In this simple model excitons diffuse freely until they
encounter some kind of defect. Near each end trap the excitons can diffuse to reach the trap from
an average distance covering np repeat units. Excitons farther than np units from a trap are

sufficiently slowed that they do not reach the trap within their lifetime.

Np OF Nger
«—>
@
| n |
Np Np
—> «—>
o | o
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Figure 8. A polymer chain with a length of n repeat units having either one or two end traps np
is the diffusion length of an exciton within its lifetime. Alternatively, for discussion of a model

of defects, that length is nger, the distance in repeat units to the defect closest to the trap.

If only excitons near to trap groups are captured, as suggested in Figure 8, then the
fraction giving chain fluorescence, is Fc=(n-2np)/n for doubly-capped chains and F.=(n-np)/n for
singly-capped chains. At the simplest level the diffusion length, np repeat units, is the same for
every chain. Fits of the observed chain fluorescence intensities to this description (not shown)

are not good and display discontinuities inherent in this somewhat artificial model. This model,
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an alternative to that of homogeneous diffusion, assumes that capture occurs only near the traps.
This behavior could arise if exciton capture involved direct exciton transfer to the traps, without
transport, such as by long-distance Forster transfer. But the large values of np, 26-106 repeat
units (22-88 nm), are too large for such direct transfer.

The picture in Figure 8 also defines a type of diffusional capture length n; in repeat units
derived from the fractions of chain fluorescence in a chain of length n units as n.=n(1-
FC)/(2Pcap2+2Pcap(1- Pcap)) and 1:=0.83n for pF chains. Figure 9 plots the capture lengths (per trap
group) defined in this way for data in pFNI and pFAQ chains. These capture lengths are small
for shorter chains, being confined by chain lengths. For longer chains they approach the diffusion

length, Lp=34 nm estimated above.

pFNI THF
pFNI XYL
pFNI CLF
pFAQ XYL
pFAQ THF
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oHl ] | ; | I l ; !
20 40 60 80 100 120
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Figure 9. Diffusional capture lengths I. vs chain length for pFNI and pFAQ, each in three

solvents, THF, p-xylene and chloroform..

Figure 8 can also describe a model based on defects. The simplest such model assumes
that exciton diffusion occurs readily along the chain, but is halted by a defect. With this
assumption, the traps capture excitons formed in the segments of length nges near the traps, but
excitons formed at longer lengths can not be captured. nges is therefore the distance from the trap
to the nearest defect. nger is Not constant. It is different for each chain determined by probability.

Assuming that the defects are randomly placed with an average density pq (and average spacing
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of pg ") then the probability that the defect nearest to a trap is located 1 repeat units from the trap
is P(n)=pa (1- po)"*. Then for chains with k=1 or 2 end trap groups, the surviving chain

fluorescence is

Fo=> P(f7)[n_m7+ﬂ a ] 8).

T n n k,+n

In eq 8 k=1 for a singly capped chain; the n- 1 units farther than the defect fluoresce normally
and the 1 units near the trap group are quenched by the factor k¢/( ks + k). The principal
exponential, Ky, is related to the exciton diffusion coefficient, D, by eq 6b, to describe diffusion
in a segment with a trap group at one end and a reflecting defect at the other. For a doubly
capped chain, k=2, eq 8 approximates 1 + 12=21. This will underestimate exciton capture
because for different lengths to the first defect (n1 # 12) there could be more capture.

Figure 10 displays fits of the defect model to chain fractions for pFNI in THF. The fit

curve describes the data well within its noise.
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Figure 10. Fractions of chain fluorescence for pENI inTHF fit by the defect model (eq 8) with
averaging over distributions. The fits gave an average defect spacings of 75 repeat units.
Pcap=0.73 (pFNI) was fixed during the fit. The inset plots the probability, P(n)= pq (1- pa)". that
the closest defect is n repeat units from the trap for average defect spacings of 20, 30, 50 and 80

repeat units.
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The defect model fit in Figure 10 does not allow the exciton to move freely along the
entire chain. It gives average diffusional capture lengths, 1.=32, 27 and 26 nm from the fits to the
three data sets in Figures 10 and S6 for long polymer fractions. These are shorter than Lp =34
nm estimated from the diffusion coefficient obtained in the fits by homogeneous diffusion. These
capture lengths are shorter than the average defect spacings of 65, 49, and 46 repeat units, (or 54,
41 and 38 nm) because the distribution of probabilities of closest defects is skewed toward short
lengths as seen in the inset to Figure 10. In this defect description the capture length is
determined by the defect spacing; the fits are nearly independent of the diffusion coefficient over
a large range so D is not determined by the fits. The fits to eq 8 used D=0.02 cm?s. Slightly
better fits were found for larger diffusion coefficients, but we capped D to a value’ near to that
found for homogeneous diffusion.

The defect model used here describes the data reasonably well, as does the homogeneous
diffusion model. Other defect-based descriptions might as well. It gives diffusion lengths that are
roughly similar to those of the homogeneous diffusion model. The simple model of eq 8 assumes
the defects to be impermeable barriers. More sophisticated models could allow some
permeability or even include a range of barriers or alternatively shallow traps. The present data
with nine length fractions provides valuable tests, but could likely be fit by a range of models
and would not be likely to distinguish between them. At present the homogeneous diffusion
model, applied to take distributions of length into account, is the simplest of the models that
describe the data well.

Conclusions

Naphthylimide (NI) and anthraquinone (AQ) end traps directly conjugated to the ends of
polyfluorene chains serve as traps for excitons created by excitation of the chains in solution.
The trap depths ranging from 0.06 to >0.27 eV, vary with solvent polarity and trap group. End
trapped excitons often give strong CT fluorescence with CT states at energies that lie above
those of separated ions in electrochemical conditions. CT state quantum yields per trapped
exciton are as high as 64%, or 46% per absorbed photon. The very intense CT fluorescence is
understood in terms of intensity borrowing. CT fluorescence is less intense in polar solvents,

showing that non-radiative decay is favored as the energy of the polar CT excited state is

22



lowered in polar solvents. It also reflects less effective intensity borrowing in polar solvents
where the CT state lies farther below the pF chain excited state. The large shift in pFNI charge
transfer fluorescence energy as a function of solvent polarity (0.2eV) suggests a considerable
dipole moment in the CT excited state as compared to the pF excited state with its small solvent
effect energy shift (0.02eV). This results in weak CT fluorescence in polar solvents for (pF*AQ"
), which is expected to have lower energy than (pF'NI").

The probability of exciton capture by the end traps depends on chain length, but is
independent of 1) trap depth, 2) solvent polarity and 3) which trap group is used. These findings
point to diffusion-controlled capture of excitons by both trap groups, as might be expected
because the NI and AQ traps are intimately connected to the chains by conjugated links.
Diffusion-controlled capture means that properties of the chains, not the end traps, determine the
rates of exciton capture so the present results tell us that exciton transport along the chains is not
affected by the surrounding medium. The steady state fluorescence results reported here can be
modeled by homogeneous 1D diffusion along the chains to give an exciton diffusion length of 34
nm, or by a model based on occasional defects.

A goal of this work was to assess the potential of conjugated chains to act as “molecular
wires” that could act as antennae to funnel excitons to donor-acceptor junctions in OPV cells.
Such cells are typically 100-200 nm thick, so even if conjugated chains could be aligned to
transport excitons to junctions, the 34 nm diffusion length found here may not resoundingly
suggest that there are alternatives to living with the short exciton diffusion lengths reported in
films. But it is a substantial step in the right direction and a notable improvement on what is
known. The Lp=34 nm found here substantially exceeds diffusion lengths near 7 nm in polymer

9-14

films,”** also 7 nm for transport along polythiophene chains® and 20 nm found in crystalline

poly-(3-hexyl)thiophene (P3HT) domains.>® It may therefore be a record-setting diffusion length

for singlet exciton transport in organic polymers.

Experimental Section

Chemicals. Tetrahydrofuran, xylene, chloroform, dimethylformamide, and polystyrene

were used as received from Aldrich. The synthesis of pFa4 to pFi3s, pF21NI to pFi7NI, and
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PF17AQ to pF127AQ was described previously.?*3, pF, pFNI, and pFAQ with My=19+2 kD were
each separated into nine fractions by preparative gel permeation chromatography. Multi-angle
light scattering was used to determine the average polymer lengths within each fraction. The
average number of end caps per chain end was estimated by NMR to be, P¢3,=0.81+0.04 (pFNI)
and 0.74+0.07 (pFAQ) for fractions <40 units in length; accuracy is low for longer fractions.
Measurements of triplet capture suggest slightly smaller values Pc,,=0.74+0.04 (pFNI) and
0.63+0.06 (pFAQ).

Spectroscopy. pF, pFNI, and pFAQ solutions that gave UV-visible absorbencies of 0.05
were prepared in chloroform, dimethylformamide (DMF), tetrahydrofuran (THF), and xylene.
Concentrations were 107 to 10® M. Ultraviolet-visible absorption spectroscopy was performed at
room temperature from 200-600 nm on a Shimadzu 3600 spectrometer using 1.0 cm pathlength
quartz spectrophotometric cells. Ground state UV-visible absorption spectra for polymers of
length pFo4 to pFi3s, pF21NI to pF117NI, and pF17AQ to pF127AQ in chloroform,
dimethylformamide (DMF), tetrahydrofuran (THF), and xylene show absorption maxima at 387-
390 nm in THF and 384-390nm in chloroform (Table S1). DMF maxima are red shifted (398-
410nm) and broader (Figure S1); xylene maxima are blue shifted (381-387nm). Extinction
coefficients range from 1 x 10° to 4 x 10° M™lem™. Corrected steady state fluorescence emission
spectra were obtained from 380-700nm in 1.00 cm pathlength dry quartz cells on a Horiba Jobin-
Yvon Fluoromax 4 with excitation at 380nm and slit width of 1.0 nm. Spectral data were
processed using IGOR Pro (Wavemetrics).

Computations. Gaussian 09%° was employed to perform calculations using linear

response time-dependent density functional theory (TDDFT) 2%#’

in conjunction with the
polarizable continuum model (PCM) for solvation.”® The model compounds were fluorene

trimers with one end capped by either an NI or AQ group.
Supporting Information Available: UV-visible absorption data, absorption and fluorescence
spectra in DMF, chain fluorescence fits using one-dimensional diffusion models. This material is

available free of charge via the Internet at http://pubs.acs.org.
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Supporting Information for: Charge Transfer Fluorescence and 34 nm Exciton Diffusion

Length in Polymers with Electron Acceptor End Traps

Lori Zaikowski,»*" Gina Mauro,*? Matthew Bird,? Brianne Karten®, Sadayuki Asaoka®", Qin
Wu?, Andrew R. Cook,”and John R. Miller?”

Table S1. Wavelengths of maximum UV-vis absorption for pF,, pF,NI, and pF,AQ in xylene
(XYL), chloroform (CHCIs), tetrahydrofuran (THF), and dimethylformamide (DMF). n =
average number of repeat units for each fraction separated by preparatory gel permeation
chromatography.

Polymer XYL (hm) CHCI; (nm) THF (nm) DMF (nm)
pFa4 381 384 388 390
PFas 384 388 388 395
PF3o 384 388 389 399
PF32-pFas 385 388 389 400
PFss5 385 389 390 400
PFs7-pFes 386 389 390 402
PFi3s 387 390 390 402
pFNI3; 386 388 388 395
PFNI22-pFso 386 389 390 396-402
PFNI71-pFNI 117 387 389 390 402
PFAQ;7 385 384 387 390
PFAQ20 385 385 388 393
PFAQ24 385 388 389 394
PFAQ26-pFAQ2s 386 388 389 399
PFAQ39-pPFAQs, 386 389 390 400
pPFAQs; 387 389 390 402
PFAQ127 386 390 390 402
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Figure S1. Steady state UV-vis absorption spectra for pFas, pF22NI, and pF,4AQ in THF,
xylene, and DMF in 1 cm pathlength quartz cells. 3 x 107 M concentration based on sample mass
and MALS average mw. Chloroform spectra, not shown; are almost identical to THF spectra.
Note intensity differences among pF, pFNI, and pFAQ spectra in a given solvent. The absorption
(and emission) blue shift in xylene is likely due to an increased dihedral angle between
monomers, causing reduced pi overlap and a shorter effective conjugation length.* In DMF the
absorption peak shifted red and broadens, which could signal longer conjugation length and more
planarity between monomers. Samples in DMF have lower absorption at a given concentration
than THF or xylene samples, and lower fluorescence than THF or xylene samples with the same
absorption at the excitation wavelength, indicating inter- or intra-chain aggregation.**
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Figure S2. Steady state fluorescence of pF, pFNI, and pFAQ in DMF. Note pF intensity is 30-
40 times smaller in DMF than in xylene, chloroform or THF. In pFxNI, pF chain intensity is
zero and only (pF*NI") charge transfer fluorescence is observed. In pFasNI, (pF'NI") charge
transfer fluorescence intensity is ~37 times smaller in DMF than in THF. pFAQ shows little pF
chain fluorescence and no charge transfer fluorescence. The fit (black dashed line) for pF,sNI in
DMF gave Eqct = 2.85, As = 0.38 eV, and A, = 0.14 eV using eq S1.

Equation S1* describes the contour of a charge transfer band

=1, (4;mskBT)‘% i(e'g %Jexp{-[(/ls +AG° +whv)? 744k, T (S1)
w=0 -
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Figure S3a. Absorption and fluorescence intensity of pF,g in DMF.
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Figure S3b). Fluorescence intensity of pFi17 in p-xylene and DMF. The intensity in DMF was

multiplied by 3.4.
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Figure S4. Average charge transfer state quantum yields per trapped exciton (dcr/ext) plotted as
a function of charge transfer state energy (EocT).
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Figure S5. The observed fraction of chain fluorescence, F¢, with fits to the homogeneous
diffusion model (eqs 5-6) for pFA in xylene, THF, and chloroform with varying capping
fractions. These fits like that if Figure 7a) use the average lengths of each polymer fraction, not
taking into account the distribution of lengths in each polymer fraction. Pcy, is the probability
that a chain end has a trap group.




Table S2. Diffusion lengths (np) for pFNI and pFAQ in xylene, THF, and chloroform.
np = (nD1)"2, where D is the diffusion coefficient determined from the one-dimensional

diffusion model, and < is the lifetime of an exciton.

Pap PFNIXYL pFNITHF pFNICHCl; pFAQ XYL pFAQ THF pFAQ CHCl,

1.0 21.6 26.1 20.7 13.7 24.2 20.9
0.9 254 311 245 16.2 28.4 25.0
0.8 31.2 38.2 29.9 20.0 35.0 31.1
0.7 40.2 49.9 38.6 26.5 45.9 40.7
0.6 55.9 70.9 53.8 38.5 65.0 S1.7
0.5 85.2 111.4 83.3 62.9 97.5 87.1

Table S3. Ex(30)/(kcal*mol™) values, dipole moments (), dielectric constants (¢), and polarity
indices for xylene, THF, and chloroform.

Xylene THF CHClI3

Er(30)/(kca*mol™)  33.1 37.4 39.1

u (debyes) 0 1.63 1.08
& 22 75 45
Polarity index ? ~25 40 41

2 http://www.chemical-ecology.net/java/solvents.htm
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Figure S6. Fits of the intensity of chain fluorescence plotted as a fraction, F, of the
fluorescence vs. the average length in repeat units for the nine length fractions of pFNI. The
three panels show data in three solvents. The fits to a model of homogeneous diffusion (eq 5)

include averaging over the distribution of lengths for each polymer fraction as in Figure 7Db).
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Figure S7. Diffusion lengths in repeat units, np, deduced from fits using the defect model (eq 8)
plotted vs. the lengths of the chains.
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