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This paper reports optical absorption spectra of oxidized fluorene copolymers obtained by chemical oxidation
with Ce(IV) and by pulse radiolysis experiments in chlorinated solvents. Comparison of the results observed
by the two techniques is used to provide spectral data on the copolymer radical ions and information on
stability of the oxidized species. In addition, a detailed quantum chemical characterization is presented,
concerning the electronic and optical properties of three series of charged oligomers containing alternating
fluorene and phenylene or thienylene or benzothiadiazole units, respectively. The introduction of the comonomer
strongly influences the optical properties, leading to a red shift in the absorption spectra of the charged
oligomers. This shift is more pronounced in the case of fluorene benzothiadiazole anions due to the strong
electron-accepting character of the benzothiadiazole moieties. The charge distribution of the fluorene
benzothiadiazole anion is different from that corresponding to fluorene phenylene and fluorene thienylene
anions. The negative charge of the latter oligomers is evenly distributed over the fluorene units, while the
former oligomer localizes the negative charge on the benzothiadiazole units. The charge distribution correlates
with the optical absorption spectra. When the positive charge is localized on a different unit than the negative
charge, the cation and anion spectra are different. Similar spectra are obtained if both the positive and negative

charges are localized on the same unit.

1. Introduction
The development of tunable and flexible light-emitting diodes

(LEDs) from conjugated polymers has received considerable
attention in the last years. Fluorene oligomers and polymers

are highly fluorescent compounésyhich makes them suitable
for applications in LEDs. They have good stability due to the
rigidly planar biphenyl structure in the fluorene unit. The

introduction of substituents at the C-9 position makes fluorene
soluble, and thus easy to process from organic solvents. On

disadvantage, which limits the use of polyfluorenes in blue-
light-emitting diodes, is the difficulty to inject charges in these

materials. To improve the charge injection, different electron-
donating or accepting units have been incorporated into the
structure of polyfluorenes. In this way, the energies of the

highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) can be varied, making

it easier to inject charges. Using quantum chemical calculations,

Yang et aP have shown that the introduction of the electron-

donating 3,4-ethylenedioxythiophene units in the backbone
increases the HOMO energy, which greatly improves the hole

injection. Alternatively, the presence of 1,3,4-oxadiazole moi-
eties leads to a lowering of the LUMO level and thus to an
improvement of the electron-accepting properfies.
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Structural, electronic, and optical properties of fluorene
copolymers containing phenylefe® thienylene3>7-° and
benzothiadiazol~12 moieties have been investigated experi-
mentally and theoretically. Particular attention has been paid
to the application of these copolymers in LEDs. Derouillud
et al13 have shown that the electroluminescent properties can
be changed to a large extent by incorporating phenylene or
thienylene moieties in the fluorene backbone. The spectral
emission varies from blue to green or yellow, depending on
the composition of the copolymers. Beaupre et*ahave
synthesized a fluorerghiophene copolymer, which is promis-
ing for applications in orange and red-light-emitting diodes. A
bright red polymer light-emitting device was fabricated by Kim
et al1®> with blends of regioregular poly(3-hexylthiophene) and
poly (9,9-dioctylfluorene-co-benzothiadiazole) (F8BT) as the
emissive layer.

To improve the understanding of the experimental data,
guantum chemical calculations have been performed at different
levels of theory. Ab initio or density functional-based methods
have been used to calculate structural properties, ionization
potentials, electron affinities, energy gaps, and optical absorption
spectra of fluorene-based co-oligomér!2 No experimental
or theoretical work has been reported yet on optical absorption
of charged fluorene co-oligomers and copolymers. Therefore,
this study aims to investigate these properties for a better
understanding of the effect of introducing different moieties on
the fluorene backbone.

Chemical oxidation and reduction have been used to study
the charged species of a variety of conjugated polymers and
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FPn FTn mM) of the strong oxidant cerium(lV) ammonium nitrate in
acetonitrile (or CRCN for the near-infrared (IR) region). The
O O‘O O small amount of acetonitrile is not expected to change the
YR . s /R n properties of the oxidized species, and this has previously been
shown to be an excellent technique for the quantitative prepara-

F8BTn s tion of the radical cations in chlorocarbon solvents of a variety
O O LN of aromatic compound¥:3> UV —vis absorption spectra were

O . ' measured on solutions in 1 cm quartz cuvettes on Shimadzu
J N AR n UV-2100 or Ocean Optics spectrophotometers. For the near-

s IR region ¢ > 850 nm), a Cary 14 Olis modified spectrometer
Rl was used. However, these chemical oxidation studies permit

Figure 1. Chemical structure of the fluorene-based co-oligomers the observation of the radical cations only for a few seconds
studied 6 is the number of repeat units). after they have been formed, and during this time they may

undergo secondary reactions. We have, therefore, also used pulse

oligomerst®—21 One-electron oxidized (radical cation) or reduced radiolysis technique to prepare and investigate the cations of
(radical anion) species are produced initially. However, it has fluorene copolymers in carbon tetrachloride solutions. The pulse
been shown that multistep oxidation and reduction reactions canradiolysis experiments were carried out at the Free Radical
occurz2-24in addition, the initial product can undergo degrada- Research Facility, Daresbury, UK. High-energy electron pulses
tion processé8 27 such that the first species detected by with duration of 200 ns up to 2s were sent from a 12 MeV
conventional techniques may not be the one-electron oxidizedlinear accelerator to the copolymer solutions. The copolymer
or reduced charge carrier species. In contrast, pulse radiolysissolutions were placed in a 2.5 cm optical path length quartz
has been shown to be an excellent technique for characterizingcuvette attached to a flow system. All solutions were bubbled
the initially formed charge carriers produced on one-electron with argon for about 30 min before experiments. The experi-
oxidation or reductiot®2® Comparison of behavior of the = mental setup and radiation chemistry of these solvents has been
species prepared by the two techniques provides valuabledescribed in detail elsewhete.
information on their reactivity, which may be relevant to what From the chemical oxidation experiments, the molar absorp-
happens in devices, and, in particular, to their long-term stability. tion coefficients for the oxidized species were calculated from

The present work involves experimental and theoretical the slope of the plot of the copolymer absorption values (at the
studies of the optical properties of charged fluorene-based maximum wavelength of absorption corrected for the baseline)
alternating copolymers and co-oligomers. The optical spectra versus the Ce(lV) concentration values, assuming 100% ef-
of cations of poly[2,7-(9,9-bis(Zthylhexyl)fluorenejlt-1,4- ficiency in the oxidation process. The limitations of this
phenylene] (PFP), poly[2,7-(9,9-bis{€thylhexyl)fluorenelt- assumption will be discussed in Results and Discussion. In pulse
2,5-thiophene] (PFT) and poly(9,9-dioctylfluorene-co-benzo- radiolysis experiments, molar absorption coefficients were
thiadiazole) (F8BT) were obtained by using chemical oxidation determined as functions of dose from the initial absorbance using
and pulse radiolysis techniques. To examine to what extent thetri(p-tolyl)amine (10 mM) in carbon tetrachloride as dosiméter.
nature of charges in fluorene co-oligomers is influenced by
adding electron-donating or accepting units to the backbone, 3. Computational Methodology
the absorption spectra of charged fluorene phenylene (FPn), the geometries of the three different series of fluorene
qu_orene thienylene (FTn), a_nd quorene_ benzoth|ad|azolg (F8BTn) oligomers were optimized using the Amsterdam density func-
oligomers have t_ween studied theorgtlca_lly. The chemical struc-tional theory programd’ The geometry optimizations were
tures of these oligomers are given in Figure 1. The results are yerformed using the local density approximation with exchange
compared with the absorption spectra of the corresponding anq correlation functionals based on Voskilk —Nusair
charged fluorene (Fn) oligomet$.The spectra of charged 5 ametrization of electron gas datahe generalized gradient
fluorene-baseo_l co-oligomers also provide valuablt_a mformatl_on approximatioR? corrections by Beck& (exchange) and Per-
a!oout the spatial extent .of gharges along the chain. A _detalleddev\ﬂl (correlation) were included. For optimizing the geom-
d|scu§S|0n about the distribution of an excess positive aqd etries, a doublé plus polarization basis set was used.
negative charge along the fluorene-based co-oligomers chains rq glectronic absorption spectra of the charged fluorene
is presented. The opto-electronic properties of the fluorene-based,jjgomers were calculated with time-dependent density func-
co-ollgqmers are studied as a function of chain Iepgth. This tional theory (TDDFTY243 as implemented in the Q-Chem
makes it possible to extrapolate the data from co-ollgomers to program?* The excitation energies were computed using a
copolymers and to compare the theoretical results with the ¢, relation consistefftpolarized valence double zeta basis set.
experimental data. The Becke (exchange) and the Legéang—Parr (correlatiorff

functional (BLYP) was used.

2. Experimental Details The distribution of an excess positive and negative charge
was calculated using density functional theory (DFT). The
charge distribution was obtained from a Mulliken population
analysis performed on the same charge density used to calculate
the absorption spectra.

Details of the synthesis and photophysical properties of the
three copolymers used in this study have been given else-
where31=33 These are all alternating copolymers, and details
on molecular weights and polydispersities are given in ref 33.
The fluorene copolymers were dissolved in carbon tetrachloride
(with concentrations less than 10M in terms of repeat unit).
Two technigues were tested to prepare the one-electron oxidized 4.1. Experimental Optical Absorption Spectra of One-
species. In the first, the copolymers in carbon tetrachloride Electron Oxidized SpeciesAs indicated in the experimental
solution were subjected to chemical oxidation, adding small section, copolymer radical cations were prepared initially by
quantities (ca 1% by volume) of a concentrated solution (50 chemical oxidation, using cerium(lV) ammonium nitrate as one-

4. Results and Discussion
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TABLE 1: Absorption Maxima and Molar Absorption Coefficients of the One-Electron Oxidized Copolymers Determined

from Pulse Radiolysis and Chemical Oxidatiof

pulse radiolysis

chemical oxidation

Amax € k Amax € k
copolymer (nmy (M~tcm™ (s™ (nmp (M~tcm™) M1sh
PFP 540 (2.30) 2600 1.80 10° 480 (2.58) 555 see text discussion
PFT 680 (1.82) 5130 3.99 10° 620 (2.00) 255 36.3
F8BT 510 (2.43) 2460 7.10 10° 680 (1.82) 510 9.1
720 (1.72) 1090 6.8% 10°

a2 The rate constants for the kinetics of the decay of the radical cations determined from pulse radiolysis and obtained from chemical oxidation

experiments are also presentéd¥alues in eV given in brackets.

electron oxidant. Figure 2 shows the absorption spectra of theobserved. At low Ce(IV) concentration (4.95 10~* M), the

species observed upon chemical oxidation of carbon tetrachlo-

ride solutions of the three fluorene copolymers upon increasing
the Ce(IV) concentration. These all show a visible absorption
band in the 506700 nm region, accompanied by a longer
wavelength feature. For example, oxidation of the fluorene
phenylene copolymer (PFP) with Ce(IV) induces an absorption
band at 480 nm through the proposed reaction

Ce(IV) + PFP— Ce(lll) + PFP" (1)

decay was pseudo-first-order with the rate constant2.90 x
1073s1 Increase of the Ce(IV) concentration leads to a change
of the kinetics, such that at [Ce(IV)}¥ 1.22 x 1072 M, the
decay could be fitted by a double exponential with fitting
constantk; = 7.23x 103stand k =294 x 104 s™%
One-electron oxidation of the polymers may be accompanied
by side reactions, such as chain scission, leading to polymer
degradatior?>27 In some cases, it is difficult to distinguish
between the absorption spectrum of the initial positive charge
carrier and of a side product. We have therefore carried out

This absorption becomes more intense upon increasing thepulse radiolysis experiments, which allow direct observation of

amount of Ce(IV). Good evidence for one-electron oxidation

the initially formed positive charge carrier (radical cation).

by this species has previously been presented for a number ofRadiolysis of chlorinated aliphatic solvents is known to quan-

systems, including aromatic amin®s® and the absorption is

titatively produce solvent radical cations, and using pulse

tentatively assigned to the one-electron oxidized species (positiveradiolysis under these conditions, the copolymer radical cations

charge). In support of this, the positively charged species is
expected to show two absorption bartdghe long wavelength
feature may be attributed to the lowest energy transition of this
species. The replacement of the phenyl ring with a thiophene
ring or with a benzothiadiazole unit leads to a considerable red
shift of the absorption maximum to 620 and 680 nm, respec-
tively. Molar absorption coefficients of the oxidized species of

(S") are selectively generatéi3*36according to the reaction
scheme (given for carbon tetrachloride):
2CCl,— CCl,;”" +"CCl, + CI~ (3)

cc, +s—ccl,+s* (4)

the three copolymers investigated in carbon tetrachloride haveThe optical absorption spectra of copolymer cations obtained
been calculated as described in Section 2, and their values andy pulse radiolysis are presented in Figure 3, while spectral
absorption maxima are listed in Table 1. It should be noted that data of the species produced on pulse radiolysis and chemical

although plots of absorption against [Ce(IV)] are relatively linear
at low oxidant concentrations, they tend to plateau at higher
values, possibly due to the fact that the copolymers have
achieved their highest oxidation level.

For the PFT and F8BT copolymers, the oxidized species
decay over several minutes, following pseudo-first-order kinet-
ics. The decay of the PFT cation is shown in the Supporting
Information (Figure Sla). The exponential fit of the decay of
this transient gives a lifetime of 35.28 s for an added Ce(1V)
concentration of 0.74 mM. This corresponds to pseudo-first-
order rate constankg,g of 2.84 x 1072 s71. The pseudo-first-
order rate constant&dyg increase as a function of the added
Ce(IV) concentration (see Supporting Information, Figure 1b).
However, according to reaction 1, all the Ce(lV) has been

oxidation are compared in Table 1.

Clear differences are seen in the spectral behavior of the
species formed by pulse radiolysis and chemical oxidation. For
all three copolymers, the visible absorption band seen in pulse
radiolysis is red-shifted by 0-10.3 eV relative to that seen by
chemical oxidation. In addition, the molar absorption coefficients
obtained by pulse radiolysis are at least five times greater than
those obtained by chemical oxidation. Two factors may be
responsible for this. Under the conditions of the pulse radiolysis
experiments, the concentrations of solvent radical cation pro-
duced are lower than those of the copolymers, such that each
polymer chain can only contain at most one positive charge. In
contrast, from the concentrations (in mg/mL) and the average
molecular weights of the copolymettheir molar concentra-

quantitatively converted to Ce(lll). The trend, therefore, indicates tions are estimated to be less than@® (based on the polymer
some more complex decay sequence, possible involving multiple chain), which is considerably lower than the Ce(IV) concentra-
charges on the chain. An empirical fit of the overall kinetic tion. Under these conditions, it is possible to have more than
behavior of PFT and F8BT was made to the second-order rateone positive charge on each copolymer chain, either as doubly
law charged species (bipolaron) or as more than one relatively
localized singly charged species on each polymer chain. These
situations lead to different spectral signatures with the bipolarons
predicted to give a single absorption band, while as indicated
above single charges show two sub-band gap transitidhisise
radiolysis of fluorene polymers using time-resolved microwave
second-order rate constant obtained from a pldi,gfagainst conductivity detection has shown that positive charges on
Ce(IV) concentration. Values df for the two copolymers are  fluorene-based polymers have very high mobittyand if two
given in Table 1. For PFP, a somewhat different behavior was charges are formed on the same chain by oxidation with

I =KCe(IV)][X] = kypdX] @)

where [Ce(IV)] is the added cerium(IV) concentration, [X]
represents the oxidized polymer species, kiglthe apparent
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Wavelength (nm) Figure 3. Optical absorption spectra of fluorene copolymer cations in
0.8 solution obtained by pulse radiolysis (dots) compared with their optical
— PFT absorption spectra obtained by chemical oxidation (line) (a) PFP, (b)
= i;mmgm PFT, and (c) F8BT. Values calculated in this paper by TDDFT for the
—— 7.39e-4 M Ce(IV) RC2 band of the trimer are indicated by the arrows.
9.80e-4 M Ce(IV)
—— 1.22-3 M Ce(IV) N . _ . .
- -~ 1.46e-3 M Ce(IV) are significantly blue-shifted relative to the oligomers with a
Q single charge on the same chain. Janssen and co-wétkers
g showed that after the addition of one equivalent of oxidizing
] species to a dodecathiophene the absorbance of the neutral
g oligomer decreases only to half the original intensity while that
of the oxidized form does not increase as rapidly as in the zone
below the 1:1 mole ratio of oxidant to oligomer. The fact that
the molar absorption coefficients of the species formed by
chemical oxidation in our systems are lower than those formed
0.0 i I i I " by pulse radiolysis may have a similar origin and may be
S00 600 700 800 900 1000 associated with a limit to the number of charged species that
Wavelenath (nm) can be placed on each polymer chain. An alternative explanation
for the spectra of the chemically oxidized oligomers is that they
1.4¢ — F8BT may result from degradation products of the initially formed
: e figgjmg:ga species. In addition, studies in progress show that upon
e 7.398-4 M Ce(IV) oxidation, fluorene-based systems may undergo chemical deg-
M radation via bond cleavage. This may lead to a decrease of the
RN 1.466-3 M Ca(lV) ! conjugation length, and to the observed blue shift in absorption.
8 N
S o w”h.* Formation of such defects may have implications on the long-
% e term stability of devices containing these polymers.
a8 . In contrast, the species produced on pulse radiolysis in carbon
< tetrachloride can be identified with the initial one-electron
positive charge carrier and used for comparison with the
Ces theoretical calculations of the spectra.
—————— N 4.2. Computational Results.To gain more insight in the
: . . i . . nature of positive charges on fluorene copolymers and to
0 500 600 700 800 900 1000 understand the changes in optical absorption spectra when

Wavelength (nm) different moieties are introduced in the fluorene backbone, a

. . . . o DFT study of the charged fluorene co-oligomers has been
Figure 2. Optical absorption spectra obtained upon oxidation of PFP . S0
(8.62 x 10°5 M), PFT (5.99x 10-5 M), and F8BT (7.66x 105 M) performed. Geometry deformations, distributions of excess

fluorene copolymers in carbon tetrachloride solution by various POsitive and negative charges, and optical absorption spectra
additions of cerium(IV) ammonium nitrate (in acetonitrile). The data Were calculated for the cations and anions of the following series
have been offset vertically to facilitate comparison (concentrations in of fluorene-based co-oligomers: FPn, FTn, and F8BTn. In the
terms of repeat units). calculations, the substituents at the fluorene 9-position were
taken to be hydrogen. This approximation simplifies the
Ce(1V), these may combine rapidly to form bipolarons. How- calculation without affecting the accuracy. All calculations were
ever, the observation of two bands upon oxidation of the performed on symmetric oligomers. The shortest oligomer of
copolymers by Ce(1V) (Figure 2) suggests that singly oxidized each series contains one fluorene unit functionalized with two
species may be formed. However, the fact that these are blue-phenylene, thienylene, and benzothiadiazole units, respectively.
shifted relative to the absorptions seen in the pulse radiolysis 4.2.1. Geometry Deformations and Charge Distributions
experiments may be a consequence of there being more tharalong Chains of Fluorene-Based Oligomeiide distribution
one polaron on each polymer chain in the chemical oxidation of excess positive and negative charge along chains of fluorene-
experiments. In support of this, the absorption spectra of based oligomers will be discussed in terms of fluorene
dodecathiophenéswith two positive charges on the same chain units (containing 13 C-atoms), phenylene units (containing
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Figure 4. Distribution of an excess positive and negative charge in Figure 5. Distribution of an excess positive and negative charge in
the FP4 oligomer. Fluorene units are indicated as f, while phenylene the FT4 oligomer. Fluorene units are indicated as f, while thienylene
units are indicated as p. units are indicated as t.

6 C-atoms), thienylene units (containing 4 C-atoms and one chain is similar to that of the negative charge. The charge is
S-atom), and benzothidiazole units (with 6 C-atoms, 2 N-atoms delocalized along the entire chain, with the fluorene units
and one S-atom). The distribution of an excess positive or carrying a higher amount of charge than the thienylene units.
negative charge was calculated as the difference between thaVhen considering the positive charge per ring for the fluorene
charges of the atoms in the cations or anions and in the neutraland thienylene units, it is found that the charge is delocalized
molecules. The DFT results are described in detail below for over these rings, as was also found for FP4. It is seen in Figure
the three series of oligomers with varying chain length. 5 that the amount of charge on a fluorene unit is about twice
FPn Oligomers The geometries of FPn oligomers were that on a thiophene unit. Hence, the amount of charge per ring
optimized as described in Section 3. Both neutral and chargedis similar, which indicates an even distribution of the charge.
FPn have a nonplanar structure. For example, the dihedral angleThis effect is also found for FTn anions. The even distribution
between the fluorene and phenylene units is 424 neutral of the charge over the co-oligomer chains reflects the fact that
FP3. In case of the FP3 cation and anion, the interunit angle the charge does not induce a local geometrical deformation;
becomes smaller: 36.3and 31.2, respectively. In Figure 4, polaron formation does not occur according to the DFT
the calculated distribution of an excess positive and negative calculations.
charge is presented for the FPn tetramer. Similar results were F8BTn OligomersThe DFT geometry optimization shows
found for the FPn oligomers with other chain lengths. The that the interunit angle for the F8BT1 oligomer in its neutral
phenylene units carry a similar amount of charge, which is lower state is 45.5 the cation has an interunit angle of 35.@nhile
than the charge on the fluorene units. The higher amount of the angle for the F8BT1 anion is 42.9his is in contrast with
positive charge on the fluorene unit coincides with the lower the FPn and FTn oligomers in which the interunit angle
ionization potential of this unit (7.91 &¥) in comparison with corresponding to the cation is larger than the angle for the anion.
that of the phenylene units (9.24 ¥}/ The DFT results suggest When the thienylene or phenylene units are replaced with
that both the excess positive and negative charges are evenljpenzothiadiazole units, the charge distribution of an excess
distributed along the chains. Taking into consideration that one positive charge is quite different from the charge distribution
fluorene unit consists of two phenylene units, it is found that of an excess negative charge. This is because of the strong
the positive and negative charges are equally distributed overelectron-accepting character of the benzothiadiazole unit. The
the FPn chains, indicating a complete delocalization of the DFT charge distribution of the positively charged F8BTn
charge. This is similar to previous results on phenylene- tetramer shows that the fluorene units carry a higher amount of
vinylené1-52 and fluorené® oligomers. charge than the benzothiadiazole units (see the first graph of
FTn Oligomers. DFT geometry optimization leads to a smaller Figure 6). About 58% of the positive charge is distributed over
value for the inter-unit angle of FTn oligomers than for FPn the fluorene units, while the benzothiadiazole units carry 42%.
oligomers. For FT3 neutral, cation, and anion, the angles areln contrast, for the F8BT4 anion the highest amount of charge
27.2, 23.7, and 20.3, respectively. As found for FPn s present on the benzothiadiazole units (70%) (see the second
oligomers, the interunit angle decreases slightly upon introduc- graph of Figure 6). Moreover, the excess negative charge is
tion of a charge. The distribution of an excess charge on a FT4 not uniformly distributed over the benzothiadiazole units, but
oligomer (Figure 5) is similar to that for FP4 (see Figure 4). the charge has a tendency to localize toward the edges of the
Interestingly, the distribution of a positive charge along the FT4 tetramer.
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Figure 6. Distribution of an excess positive and negative charge in

the F8BT4 oligomer. Fluorene units are indicated as f, while ben-
zothiadiazole units are indicated as bta.

f bta f bta

TABLE 2: Calculated Transition Energies, Oscillator
Strengths, and Relative Contribution from Excited-State
Configuration for Cations of FPn Oligomers (Only the
Transitions with an Oscillator Strength Higher than 0.1 Are
Given)

energy oscillator relative contribution

oligomer band (eV) strength of excited-state configuration
FP1 RC1 1.22 0.42 0.98 (H P1)
RC2 294 0.71 0.91 (P+ P2)
FP2 RC1 0.71 0.85 1.13 (H P1)
RC2 2.48 0.79 0.92 (Pt P2)
FP3 RC1 0.6 0.99 1.25 (H P1)
RC2 2.38 0.67 0.94 (P+ P2)
FP4 RC1 0.33 1.04 1.37 (H P1)
FP5 RC1 0.25 0.98 1.51 (HP1)

4.2.2. Calculated Optical Absorption Spectra of Charged
Fluorene-Based Oligomer@ptical absorption spectra have been
calculated for the three series of oligomers using TDDFT.

FPn Oligomers. The calculated transition energies for FPn
cations are presented in Table 2 together with the oscillator
strength and the composition of the excited states. In Figure
7a, the absorption maxima of FPn cations are shown as a
function of chain length. The maximum of absorption decreases
with increasing chain length, indicating delocalization of the
positive charge along the chain. A similar monotonous decrease
of the transition energies with increasing chain length was
previously found from TDDFT calculations on phenylene-
vinylené-52 and fluorené® cations.

The energy of the RCL1 transition decreases from 1.22 eV
for the FP1 cation to a value of 0.46 eV for the FP3 cation,
while the RC2 transition energy shifts from 2.94 to 2.38 eV.
This indicates that the low-energy RC1 band is more sensitive
to chain length than the RC2 band. According to the TDDFT
calculations the RCL1 transition is most intense (has the highest
oscillator strength) except for the shortest oligomer (FP1 cation).

J. Phys. Chem. C, Vol. 111, No. 15, 2006817

3.5
@) ® FPn cations
30F o O FPn anions
O
— 2.5 .
> o &
L 20}
B
5 1.5+
c 0]
w 10+
o
0.5 o
C
0.0 | 1 l ] | T
1 2 3 4 5 6
Number of repeat units
3.5
() ® FTn cations
3.0 O FTn anions
/>\ 2.5 — C]
L o0k ®
> ] [m]
2 7 .
@
w0
-
0.5 @ - 5
0.0 | | | | | |
1 2 3 4 5 6
Number of repeat units
3.5
® F8BTn cations
3.0~ © O F8BTn anions
o 25+
3 e
= 20 o
c) [ ]
o 1.5F
c
Woqob e
L]
050
m] E] . .
0.0 | | | | | |
1 2 3 4 5 6

Number of repeat units

Figure 7. Chain-length dependence of the transition energies for cations
and anions of FPn, FTn, and F8BTn oligomers.
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Figure 8. Molecular orbital model for (a) cations and (b) anions for
fluorene-based oligomers. The electronic transitions are also represented.

The optical absorption spectra of FPn cations can be discusseda. This model considers that removal of an electron introduces

using a molecular orbital model, shown schematically in Figure

additional transitions with lower energy than the one of the
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TABLE 3: Calculated Transition Energies, Oscillator TABLE 4: Calculated Transition Energies, Oscillator
Strengths, and Relative Contribution from Excited-State Strengths, and Relative Contribution from Excited-State
Configuration for Anions of FPn Oligomers (Only the Configuration for Cations of FTn Oligomers (Only the
Transitions with an Oscillator Strength Higher than 0.1 Are Transitions with an Oscillator Strength Higher than 0.1 Are
Given) Given)
energy oscillator relative contribution energy oscillator relative contribution
oligomer band (eV) strength of excited-state configuration oligomer band (eV) strength of excited-state configuration
FP1 RA1 1.24 0.46 0.98 (P2 L) FT1 RC1 1.22 0.37 0.99 (K- P1)
RA2 2.74 0.80 —0.89 (P1— P2) RC2 256 0.91 0.94 (P* P2)
FP2 RA1 0.75 0.96 1.09 (P2 L) FT2 RC1 0.74 0.83 0.62 (H-P1)
RA2 2.35 0.99 0.97 (P P2) RC2 2.06 0.85 0.92 (P+ P2)
FP3 RA1 0.0 1.16 —1.20 (P2— L) FT3 RC1 052 1.16 1.18 (H- P1)
RA2 227 0.81 0.96 (P% P2) RC2 1.88 0.85 0.90 (P%+ P2)
FP4 RA1 0.36 1.21 1.32 (P2 L) FT4 RC1 0.39 1.33 1.28 (H- P1)
FP5 RA1 0.26 1.13 1.45 (P2 L) FT5 RC1 0.33 1.73 —1.35 (H—P1)
FP6 RA1 0.22 1.28 1.51 (P2 L)

TABLE 5: Calculated Transition Energies, Oscillator

. .. Strengths, and Relative Contribution from Excited-State
neutral compound. Because the molecular orbital model is Configuration for Anions of FTn Oligomers (Only the

derived from the polaron mod&,the energy levels between  Transitions with an Oscillator Strength Higher than 0.1 Are
additional transitions will be named after the polaronic levels, Given)

P1 and P2. According to this model, in FPn cations the P1 level energy oscillator relative contribution

is singly occupied, while P2 represents the lowest unoccupied oligomer band (eV)  strength of excited-state configuration
molecular orbital. The highest doubly occupied molecular orbital ~ F11 ra1 121 035 0.98 (P2-L)

is indicated as H, while the second empty level for cations is RA2 2.49 0.63 0.79 (P P2)+ 0.54 (P2~ L+6)
denoted as L (see Figure 8a). In the last column of Table 2, the FT2 FFfﬁzl 3-522 f-g? é-gg (Fl?i IF-))2
relatwe_contrlbutlons_ of excited-state conflgurap_ons are pre- o 001 053 117 —115 (éz—— L))

sented in terms of thls model. The Iowgst transition (R_Cl) of RA2 1.81 101 0.94 (P+- P2)

FPn cations is dominated by the configuration in which an  F14 RA1 039 1.34 1.25 (P2 L)

electron from the highest doubly occupied molecular orbital is RA2 177 0091 0.95 (P+ P2)

excited to the singly occupied molecular orbital (H P1). FT5 RAl 033 166 -1.32(P2—-L)

Experimentally, it was not possible to see the lowest energy FT6  RAL 028 183 1.39 (P2 L)

transition of the copolymer cations in the pulse radiolysis TABLE 6: Calculated Transition Energies, Oscillator
measurements due to lack of suitable detectors for the near-IRStrengths, and Relative Contribution from Excited-State
region. However, evidence of its presence comes from the Configuration for Cations of F8BTn Oligomers (Only the
chemical oxidation studies. The second RC2 transition corre- Lransitions with an Oscillator Strength Higher than 0.1 Are

. oo . Given)
sponds mainly to excitation of an electron from the singly _ _ a—
occupied molecular orbital to the LUMO (P% P2). _ energy oscillator relative contribution
. .. . . . oligomer band (eV) strength of excited-state configuration
The optical transition energies obtained from calculations on

FPn anions are close to those for the cations, although the nature F8BT1 RRgzl 21322 g-;j 3-352 ((P";PPlz))

of the transitions is different. The maxima of the optical gpro RC1 066 0.81 110 (H- P1)
absorptiqn shift as a function of chain lengths as shq\{vn in Table RC2 1.73 0.41 0.89 (P% P2)

3 and Figure 7a. The energy of the lowest transition (RA1) F8BT3 RC1 0.46 1.02 1.20 (H- P1)
decreases from 1.24 eV for the FP1 anion to 0.50 eV for the F8BT4 RC1 0.31 0.91 1.37 (HP1)

FP3 anion. This shift of the RA1 transition energy with chain F8BT5 RC1 ~ 0.26 111 1.45 (A P1)

length is larger than for the RA2 transition (see Table 3). The

red shift of the RAL1 transition continues up to the longest co-  FTn Oligomers. The results obtained for FTn oligomers are
oligomer considered. Hence, according to the TDDFT calcula- similar to those obtained for FPn oligomers. Both cations and
tions the energy of the RAL1 transition is a sensitive probe to anjons of the FTn oligomers exhibit two absorption bands,
the delocalization of the Charge. The Optical absorption transi- whose energies decrease with increasing chain |ength The
tions of phenylene fluorene anions are explained using the yalues of the absorption maxima are shown in Tables 4 and 5
molecular orbital model illustrated in Figure 8b. According 1o and in Figure 7b. The RC1 and RC2 transition energies shift
the TDDFT results, the low-energy band (RA1) in the optical by a close to equal amount on going from the FT1 to FT3,
absorption spectra of FPn anions is due to an excitation of andespite the different nature of these transitions. The RC1
electron from the singly occupied molecular orbital (P2) to the transition is mainly due to an H- P1 excitation, while RC2 is
LUMO (L): (P2 — L). The second transition in the spectra dominated by a P+ P2 excitation. The absorption features
from Table 3 corresponds mainly to a transition of an electron for FTn anions are very similar to those for the corresponding
from the highest doubly occupied molecular orbital (P1) to the cations. However, the nature of the optical transitions for the
singly occupied molecular orbital (P2): (P+ P2). The  anions is different from that for cations. For anions, the low-
composition of excited states of FPn anions and cations is very energy transition (RA1) is dominated by a P2L excitation,
similar to those calculated for charged phenylenevinyfetfe  while the high-energy transition (RA2) corresponds to aP1
and fluorene oligomer¥. P2 excitation.

The RC2 and RA2 transitions could not be calculated for  F8BTn Oligomers. The absorption maxima of F8BTn cations
FPn (n> 3) because of the limited computer memory available. and anions are presented in Tables 6 and 7, respectively, and
The similarity between the results obtained for FPn cations and in Figure 7c. For the F8BT1 cation, the low-energy band (RC1)
anions is reflected both in the optical absorption spectra and inis at 1.02 eV, while the F8BT1 anion absorbs at 0.54 eV (RA1).
the charge distribution. The energy difference of approximately 0.5 eV between RAL



Opto-Electronic Properties of Fluorene-Based Derivatives J. Phys. Chem. C, Vol. 111, No. 15, 2006819

TABLE 7: Calculated Transition Energies, Oscillator 3.5
Strengths, and Relative Contribution from Excited-State e PFP
Configuration for Anions of F8BTn Oligomers (Only the P
Transitions with an Oscillator Strength Higher than 0.1 Are .01
Given)

energy oscillator relative contribution T 25F
oligomer band (eV) strength of excited-state configuration >
F8BT1 RAl1 0.54 0.18 1.35 (P2 L) E 2.0r

RA2 219 0.12  0.83 (P+ P2)
F8BT2 RA1 0.38 0.34 143 (P2L)

RA2 1.93 0.14  0.64 (P+ P2)+ 0.56 (P1—L+1) .57
F8BT3 RA1l 0.26 040 157 (P2L)

'I'O 1 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0 1.2

and RC1 as found for F8BT1 was not observed for the other
fluorene series. This energy difference between the F8BT1 1in

cation and anion absorption can be correlated with the very Figure 9. RC2 transition energies plotted against the inverse chain
different charge distribution for the anion and cation, as 'éngth for FPn, FTn, and F8BTn. The extrapolation of the linear fit
discussed in Section 4.2. It was shown that for F8BTn cations 9'V€S the RC2 transition energy for an infinite chain (the corresponding
the charge is localized on the fluorene units, while for F8BTn copolymer).

anions most of the charge is distributed over the benzothiadia-
zole units. This is reflected in different values of the absorption

energy of the F8BTn cations and anions. This is in contrast It is interesting that the calculated values for the RC2 band of

ng ch: ;enséjlasefoetjtnifgagrpgsar;?e':g;g'ggéngrs tlr:] which the . tthe trimers are very close to those observed by pulse radiolysis,
pOsItiv gativ arg i 1zed on ne same unityq ;i jgicated by the arrows in Figure 3, supporting a model of
(fluorene), leading to a similar cation and anion spectra. The

; o . relatively localized charged species. An additional source of
energy difference between the transitions for F8BTn cations and localization leading to deviation from a linear behavior can be

anions decreases with increasing chain length. This is explainedth R :
. ; e self-localization of the charge leading to a polaron.
by the fact that the amount of negative charge localized on 9 9 P

benzothiadiazole units decreases with increasing chain length,
from 80% for the F8BT1 anion to 68% for the F8BT5 anion,
while the amount of positive charge on the benzothiadiazole In this paper, we describe a combined experimental and
units is close to constant (58%) for all chain lengths. theoretical study of structural and opto-electronic properties of
The optical absorption spectra of charged fluorenes have beercharged fluorene-based oligomers and polymers. Radical cations
calculated previously using TDDF¥. The comparison of  of fluorene copolymers were produced by chemical oxidation
fluorene spectra with the present calculations leads to the with Ce(lV) and by pulse radiolysis. Differences in both spectral
conclusion that the absorption maxima for the fluorene co- and kinetic behavior were observed. It is believed that the
oligomers are red-shifted. species observed in the chemical oxidation experiments cor-
In Figure 9, the high-energy band (RC2) of cations of FPn, respond to products formed following decay of the initial one-
FTn, and F8BTn co-oligomers is plotted as a function of the electron oxidized charged species. However, the introduction
reciprocal value of the number of repeat units. Linear extrapola- of different moieties to the fluorene backbone was found to have
tion of the calculated data on co-oligomers gives absorption & large effect on the optical absorption spectra of the copolymer
energies for the radical cations of PFP, PFT, and F8BT cations.
copolymers at 2.08 eV (600 nm), 1.55 eV (800 nm), and 1.24 DFT calculations on the geometry optimization of charged
eV (1000 nm), respectively. As discussed in Section 4.1 and oligomers show nonplanar structures. An analysis of the charge
presented in Table 1, the energies measured in the chemicaHistribution along the fluorene-based oligomer chains show that
oxidation experiments for the PFP, PFT, and F8BT copolymers for FPn and FTn the charge is evenly distributed over the
are 2.58 eV(480 nm), 2.00 eV (620 nm), and 1.82 eV (680 nm). fluorene units. Similar behavior has been found for F8BTn
The results of the pulse radiolysis experiments are 2.30 eV (540cations. In contrast, the excess negative charge of F8BTn
nm) for the PFP radical cation, 1.82 eV (680 nm) for the PFT oligomers is localized on the benzothiadiazole units with higher
radical cation, and 1.72 eV (720 nm) for the F8BT radical cation. amounts on the edges of the chain. This is explained by the
Comparison of the extrapolated values with those determined electron-accepting character of the benzothiadiazole moieties.
by chemical oxidation and pulse radiolysis shows that the  TDDFT calculations of the cation and anion optical absorption
calculated transition energies are closest to those found in thespectra show a monotonous decrease of the low-energy band
pulse radiolysis experiments (only the F8BT cation has the with increasing chain length. This indicates the delocalization
absorption maximum approximately 280 nm lower than found of charge along the chains. RA1 absorption band of F8BTn
in the pulse radiolysis experiments). anions has a lower energy than the RC1 band of F8BTn cations.
The linear extrapolation of the calculated data yields transition This correlates with the different distribution of the charge in
energies that are lower than the experimental data for the F8BTn anions and cations. When the positive and negative
copolymers. The difference between the extrapolated results andcharges are localized on different units (as in F8BTn cations
the pulse radiolysis data reflects the approximate nature of theand anions) the optical absorption spectra are different. If
assumed linear dependence of the absorption energy on thecharges are localized on the same units (fluorene units in the
reciprocal of the number of repeat units. Considerable deviationscase of FPn and FTn cations and anions) similar absorption
from such a linear dependence can be expected if the charge ispectra are obtained.
not fully delocalized along the chain. Such (partial) localization ~ The absorption maxima calculated for cations of the fluorene
of the charge can occur because of structural disorder. For theco-oligomers are red-shifted compared with those for oligomers
copolymers studied here, there is expected to be substantialcontaining fluorene units only.

disorder in the rotation angles between neighboring units
because the rotation potential is expected to be relatively?fow.

5. Conclusions
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Data of the absorption maxima of the positively charged

Fratiloiu et al.

(17) Deussen, M.; Bassler, i&hem. Phys1992 164, 247.

fluorene-based oligomers have been extended to data on__(18) Sakamoto, A Furukawa, Y.; Tasumi, M. Phys. Chem1994

polymers. The extrapolation of high-energy data of the oligomers ™™

indicates the following absorption maxima: 2.08 eV (600 nm),
1.55 eV (800 nm), and 1.24 eV (1000 nm) for PFP, PFT, and

F8BT, respectively, which are in reasonable agreement with the
values from pulse radiolysis experiments. A better agreement 18

is observed with calculations for the trimers, suggesting that
the charges are not completely delocalized.

TDDFT calculations give also indications about the energy
levels in between which the electronic transitions take place.
In this context, TDDFT predicts that the RC1 transition is
dominated by an excitation of an electron fromHP1, RC2
corresponds to a P+ P2 excitation, RA1 to P2> L, and RA2
to P1— P2, in agreement with previous results found for
different-charged oligomers.
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