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There is a growing interest in developing low-band gap conjugated polymers via synthesis of copolymers
containing alternating units of different sz-electron-donating/accepting capabilities. In this study, electronic
and optical properties of conjugated copolymers containing fluorene and thiophene/cyclopentadithiophene
derivatives are determined using density function theory and semiempirical ZINDO calculations. A remarkable
linear correlation is found between the amount of charge transfer between the donor—acceptor pair, the band
gap, the bandwidth, and the oscillator strength of Sy—S, electronic transition (ground state to first excited
state) of the copolymers. Strong s-electron withdrawing substituents, such as dicyanoethenyl and carbonyl
groups, on the thiophene moiety effectively reduce the band gap of the copolymers. However, the reduction
of band gap is frequently accompanied by a linear reduction in bandwidths and in the oscillator strength of
So—S; transition. For very strong sr-electron withdrawing thiophene derivatives, the occurrence of maximum
oscillator strength may even shift from S;—S; to So—S,>; (ground state to a higher excited state), giving a
blue shift in maxima absorption peak and a red shoulder in the UV—vis spectra as reported in recent
experimental measurements. Therefore, the achievement of low band gap for conjugated polymers with
alternating arrangement of s-electron-donating/accepting moieties may be achieved at a cost of lowering
electron mobility and optical efficiency and sometimes a blue-shift in the major optical (UV —vis) absorption.

1. Introduction

Conjugated polymers have attracted great interests for their
uses in photovoltaic cells, organic light-emitting diodes and
semiconductor layers in field effect transistors.!”® Compared
to silicon-based photovoltaic cells, organic photovoltaic cells
have the merits of plastics, such as, flexibility, simple and low
cost fabrication, and so forth. Low band gap conjugated
polymers have been a very vigorous research field for their
capability of harvesting more photons with long wavelengths
so that the power conversion efficiency of the corresponding
polymer solar cells could be improved. However, Scharber et
al.!% showed that in order to reach a 10% energy-conversion
efficiency in bulk heterojunction solar cells with [6,6]-phenyl-
C61-butyric acid methyl ester as electron acceptor, the photo-
active material should have a lowest unoccupied molecular
orbital (LUMO) no more than —3.9 eV and a band gap (Eg)
around 1.5 eV (1.2~1.8 eV). Near-zero band gap materials
would in fact result in a lower energy-conversion efficiency!'”
due to the reduction in open circuit voltage. It is therefore
desirable to understand whether conjugated polymers could
achieve the targeted LUMO and Eg to maximize the efficiency
of photovoltaic devices.
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Recently, thiophene-based conjugated polymers have received
a great deal of attention because of the possibility to make
synthetic materials with a very low band gap.''"!3 In addition,
it may be possible to tune and optimize the desired electronic
and optical properties of such polymers by selection of proper
functional groups attached to the main chain. Nevertheless, many
of the thiophene-based low band gap conjugated polymers
exhibited poor solubility in common organic solvents so that
further device fabrication and device performance were severely
limited. In order to enhance the solubility of the low band gap
polymers, fluorene units with long alkyl side chains have been
incorporated into the polymer backbone. It is been reported that
the fluorene-thiophene-based copolymers had relatively high
quantum yield'* and decent charge carrier mobility,'> which
enable them to serve as the photoactive material in photovoltaic
devices.!®16:17

In addition to the improvement in solubility, the fluorene-
thiophene-based copolymers resemble conjugated copolymers
with alternating electron-donating and accepting units. The D—A
molecular structure in the polymer backbone is well recognized
as an effective approach to reduce the band gap.'® The charge
transfer between electron-donor and electron-acceptor leads to
a mesomerism (D—A <> D™=A") so that double-bond character
between the units is increased. Generally, to achieve a small
band gap, the highest occupied molecular orbital (HOMO) levels
of strong donors and the LUMO levels of strong acceptors need
to be very close.!® Conjugated polymers synthesized by a weak
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donor and acceptor might not show the small band gap as
anticipated.?

Theoretical studies provide insights into these conjugated
polymers and have been making a great contribution to support
experimental results.”! 72> Comparing experimental results and
theoretical studies indicates that some density functional theory
calculations (DFT) consistently underestimate band gaps.?**
Nonetheless, Feng et al. successfully used DFT method with
Gaussian-type orbital to calculate theoretical band gaps and
obtained good agreement with experimental results for several
fluorene-based copolymers.?*~2® Salzner et al.?>*° designed
several donor—acceptor copolymer systems theoretically. By
analyzing energy level of molecular orbital, they concluded that
donor—acceptor copolymers do not always result in low band
gaps and wide bandwidth. Tachibana et al.?! investigated very
small band gap homopolymers of [1,2,5]thiadiazolo[3,4-
b]thieno[3,4-e]pyrazine, which has previously been predicted
to have a small band gap of 0.1 eV.

In this study, electronic and optical properties of conjugated
copolymers comprised of alternating fluorene and thiophene/
cyclopentadithiophene derivatives were investigated theoretically
by using DFT and ZINDO calculations. By changing different
functional groups on thiophene and cyclopentadithiophene, we
further discuss substituent effect on fluorene-based copolymers
and donor—acceptor concept on band gaps engineering in
molecular design of low band gap conjugated polymers. By
analyzing fifteen fluorene-thiophene derivatives copolymers we
find that the band gap, the bandwidth, and the oscillator strength
of Sj—S; electronic transition (ground state to first excited state)
of the copolymer correlate almost linearly with the amount of
charge transfer between the donor—acceptor moieties. The
results presented here can serve as a useful guide to estimate
the optoelectronic properties of donor—acceptor alternating
copolymers.

2. Computational Details

All theoretical calculations in this study are carried out using
quantum mechanical package Gaussian 03.3? Equilibrium struc-
ture for each fluorene-based copolymer is determined using DFT
with the B3LYP functional and the 6-31G* basis set. It has
been shown that B3LYP/6-31G* gives decent ground state
structures of conjugated polymers.** The equilibrium geometry
is ensured to be in a minimal energy state by checking the
energy second derivatives (NIMAG = 0). All such calculations
were done for monomer ((F-X);) to tetramer ((F-X);) of
alternating fluorene and thiophene/cyclopentadithiophene de-
rivatives. Properties including HOMO/LUMO energies, vertical
ionization potentials (IP)/electron affinities (EA), and band gap
are derived through single point energy calculations performed
at B3LYP/6-314+G* level and are compared with experimental
results when available.* Note that the IP (and EA) is determined
from difference in the ground-state energy of the neutral and
ionized molecule using the geometry of the neutral molecule.?’
Optical transition properties such as the oscillator strength and
electronic transition energy were obtained from semiempirical
ZINDO? calculations and only singlet states were considered
in our calculations. The properties of a polymer ((F-X)..) were
determined by linear extrapolation of the property of corre-
sponding oligomers ((F-X); to (F-X),), that is, each property
was plotted against the inverse of the total number of rings on
the backbone and the intercept at origin (finite number of rings)
represents the property of a polymer with a degree of polym-
erization of infinity.
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Figure 1. Sketch of chemical structures of fluorene-thiophene/
cyclopentadithiophene-based copolymers studied in this work.

3. Results and Discussion

The chemical structures of 15 fluorene thiophene derivatives
based copolymers considered in this work are summarized in
Figure 1. For convenience, we classify the thiophene derivatives
into the following two categories: thiophene-based units and
cyclopentadithiophene-based units. The thiophene-based units
include thiophene (T), ethylenedioxythiophene (EDOT), thienopy-
razine (TP), thiadiazolothienopyrazine (TDTP), dithienopyrazine
(DTP), thianaphthene (TN), and thienothiadiazole (TTD). The
cyclopentadithiophene-based units include cyclopentadithiophene
(CDT), ethylenedioxycyclopentadithiophene (CED), propylene-
dioxycyclopentadithiophene (CPD), cyclopentadithiophenone
(CPO), dicyanomethylenecyclopentadithiophene (CDM), 4-(1,3-
dithiol-2-ylidene) cyclopentadithiophene (DYCDT), and 4-N-
methylpyridinium-cyclopentadithiophenes (PDCDT). In the
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TABLE 1: Properties of Monomers (X), Comonomers ((F-X);), and Copolymers ((F-X)..) from Quantum Mechanical

Calculations
X (F-X), (F-X).,
. BW of BW of

X  -Euwomo -Eiomo IP EA  mp  Ax Ly (A) P EA Ey(H-L)* E(ZIN)® VB CB
F 6.04 1.09 7.24 0.01 12.897 0.000 1.484 5.70[5.8]" 1.71[2.12]*  3.23[3.68*'] 3.19 [3.11**]° 1.56 1.17
TDTP 6.43 4.01 8.15 2.31 12.841 —0.056 1.460 5.35 3.82 0.76 2.40(0.39) 1.82 0.28
TTD 6.27 3.03 8.22 1.13 12.847 —0.050 1.456 5.12 3.07 1.18 0.68 1.94 0.61
TP 6.51 2.60 8.05 1.16 12.862 —0.035 1.464 533 [5.6]* 2.64[3.31]1¢ 1.78 [1.80]° 1.73 [1.82%]* 1.79 0.71
DTP 5.54 3.32 7.17 1.69 12.866 —0.031 1.459 492 3.24 0.92 0.65 1.45 0.38
TN 5.65 1.68 7.49 —0.06 12.879 —0.019 1467 5.25 1.95 2.38 2.07 1.78 0.96
T 6.62 0.63 8.64 —1.09 12.881 —0.016 1.468 547 [5.49]° 1.79 [2.84]* 2.66 [2.70]* 2.55 [2.5%]" 1.70 1.63
EDOT 5.80 0.04 7.69 —0.63 12913 0.017 1465 5.08[5.21]° 1.63 [2.83]¢ 2.47 [2.38] 2.41 [2.47%)° 1.68 1.85
CDM 6.31 3.70 7.32 2.74 12.857 —0.039 1.464 5.70 [6.14]* 3.44 [3.43]¢ 1.55[2.71]° 2.74(1.32) [2.56'¢] 1.49 0.17
DYCDT 5.33 1.92 6.83 0.53 12.877 —0.020 1.463 495 2.02 2.22 2.98(1.87) 1.37 0.63
CPO 6.01 2.86 7.21 1.65 12.876 —0.019 1.464 5.50 [5.47]* 2.71[3.36]¢ 2.05 [2.11]° 3.02(1.64) [2.59(1.91)'¢] 1.39 0.30
PDCDT 5.69 1.54 7.29 0.04 12.886 —0.011 1.464 5.80 2.05 2.39 2.22 1.44 1.48
CPD 5.50 1.55 6.48 0.66 12.887 —0.01 1.464  5.10 [5.35]* 1.99 [3.53]* 2.33[1.82]* 2.18 [2.30'°] 1.28 1.26
CED 5.51 1.60 6.52 0.67 12.891 —0.005 1.464 5.12[5.79]* 2.01 [3.49]* 2.32[2.30]* 2.18 [2.39'¢) 1.29 1.23
CDT 5.48 1.34 6.81 0.06 12.897 0.001 1464 5.08 [6.13]° 1.92 [3.57] 2.38 [2.56]* 2.21 [2.49'¢] 1.29 1.50

@ Experimental data shown in [] are determined from CV measurements using the empirical relationship proposed by de Leeuw et al.:*
Ip(HOMO) — (Eonset, ox + 4.39) (eV), Ea(LUMO) — (Eonset, red + 4.39) (eV). ” Experimental data shown in [] are determined from
UV—vis measurements. In the experiment, electrochemical gaps were approximated by the difference of HOMO (or IP) and LUMO (or EA)
energy in CV measurements. Optical energy gaps for F-T, F-EDOT, F-TP were estimated from the absorption onset of UV—vis spectra. The
intersection point of UV —vis spectra and fluorescence was used as optical gap for F-CDT, F-CED, F-CPD, F-CPO, and F-CDM.

following discussions, these units are denoted as X and fluorene
is denoted as F. (F-X); is referred to as the repeat unit or
comonomer, (F-X), represents the oligomer with a degree of
polymerization of n, while (F-X).. represents the conjugated
copolymer with a degree of polymerization of infinity.

3.1. Measures for z-Electron Donating/Accepting Capa-
bility. 3.1.1. Charge Transfer between Donor—Acceptor Moi-
eties. The strength of ;-electron-donating (or accepting) in a
(F-X).. copolymer can be measured by the excess of ;r-electrons
(Am) in fluorene of a (F-X); molecule from that in a (F-F),
molecule

(FX);

A = (@50 — 750 ()

where 7. is total number of sz-electrons (obtained by Mulliken
population analysis®*®) in orbital perpendicular to the plane of
the fluorene unit (i.e., from all the 13 carbon atoms). We use
the excess of m-electrons (Asr) on the fluorene unit as a measure
for the relative electron-donating/withdrawing strength between
F and X. A large negative value of A would indicate a strong
m-electron-donating power of X relative to F, and vice versa.

From the results listed in Table 1 (7th column), thiophene
derivatives having pyrazine-fused rings as substituent are
classified as s-electron-accepting units while connected with
fluorene.>” Comparing Az for F-T comonomers (including (F-
T),, (F-EDOT),, (F-TP),, (F-TDTP),, (F-DTP),, (F-TN),;, (F-
TTD),;), we find that pyrazine-containing substituents on
thiophene (TDTP, TP, DTP) lead to larger values in Azr when
compared to benzene substituents (TN). Nonetheless, TN is
slightly stronger in m-electron withdrawing compared with T
due to increased quinoid properties by the additional fused ring.
The only case of increasing s-electrons on fluorene, that is, F
as a sr-electron-accepting unit is the combination of F and EDOT
due to donation of ;-electrons from two electron-rich oxygen
atoms on EDOT.

On the other hand, the Az on fluorene of F-CDT series
comonomers (including (F-CDT),, (F-CED);, (F-CPD),, (F-
CPO),, (F-CDM),, (F-DYCDT),, (F-PDCDT),) increase in the
following order: F-CDM < F-DYCDT < F-CPO < F-PDCDT <
F-CPD < F-CED < F-CDT. CDM with substituent of dicyano-

ethenyl on CDT is the strongest sr-electrons withdrawing group
among the all cyclopentadithiophene derivatives, causing the
least amount of Ast on fluorene.

It is worth noting that although both EDOT and CED/CPD
have electron-donating ethylenedioxy linked to the backbone,
EDOT appears to be a ;r-electron-donor while CED behaves as
a m-electron-acceptor. This is because that the oxygen atoms
of ethylenedioxy are almost on the same plane as the backbone
in EDOT. The increasing of coplanarity between lone pairs of
oxygen atoms (on ethylenedioxy group) and the backbone would
enhance the delocalization of sr-electrons from ethylenedioxy
to thiophene and then to fluorene. Unlike EDOT, the oxygen
atoms on ethylenedioxy in CED are perpendicular to the
coplanar atoms of backbone. The weak interactions between
m-electrons of oxygen and the backbone make CED unfavorable
to donate st-electrons and become a sr-electron-acceptor in (F-
CED).

3.1.2. Ionization Potential, Electron Affinity, and Molecular
Orbital Energy. The IP and EA of an atom or a molecule are
the energy needed to remove or gain an electron and therefore
can be regarded as the molecule’s ability for donating and
accepting electrons. X in a (F-X); comonomer has a high EA
(easily gain an electron from donor) and high IP (hardly lose
an electron to donor) is recognized as an acceptor. IP and EA
are sometimes approximated as the negative of HOMO and
LUMO energy, respectively. Table 1 (columns 2 to 5) shows
the DFT energy levels compared with IPs and EAs for different
X. It can be seen that most HOMO energies vary in the range
of —5.5 to approximately —6.5 eV, while LUMO energies vary
significantly (from —0.04 to —4.01 eV). As shown in Figure 2,
we find a linear relationship between the direct calculated
vertical IPs and the HOMO energies calculated from DFT (with
a correlation coefficient 7 = 0.82) and between the direct
calculated vertical EA with the DFT LUMO energies (12 =
0.91). Such a linear correlation has also been reported previ-
ously.*®

The energy levels for F and X are illustrated in Figure 3.
The difference between LUMO of F and LUMO of X increased
when X has strong s-electron withdrawing substituents of
pyrazine derivatives (TDTP, DTP, TP), and of dicyanoethenyl
(CDM) and carbonyl (CPO) groups. Meanwhile, the LUMO+1
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Figure 2. Plot of (a) HOMO energy level versus ionization potential

(b) LUMO energy level versus electron affinity of different monomers
from DFT calculations at B3LYP/6-31+G* level.

level of X become closer to the LUMO of fluorene, implying
that the interactions between LUMO+1 of X with LUMO of F
are strong. On the other hand, weak s-electron-donating or
withdrawing substituents on X have little influence on the energy
levels of LUMO orbital of X. For example, LUMO of TN is
close to that of T.

For all X studied in this paper, the energy levels of HOMO
vary within a small range of 1 eV; thus, the band gap of the
comonomer F-X is mainly determined by the LUMO levels of
X, as shown in Figure 4. Therefore, we may define ALUMO
to be another measure for the m-electron-donating power
compared to fluorene, that is

ALUMO = (E)L(UMO - EEUMO) @)

where Efumo and Efumo represent the energy level of LUMO
of F and of X, respectively. The more negative value of
ALUMO represents that the moiety X has a higher ability to
accept sr-electron from fluorene.

As shown in Figure 5, there is a good linear correlation
between Axr (listed in Table 1) and ALUMO for comonomers
(F-X); with ¥» = 0.79. The comonomers at the bottom-right
side with higher ALUMO generally correspond to more negative
values of A, indicating X in F-X are strong m-electron
acceptors.
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Figure 4. Schematic diagram showing the variation of the LUMO
energy level of a comonomer F-X by varying substituents on thiophene
derivative.

3.1.3. Bond Length between Fluorene and Thiophene
Derivatives. The bond length (Lg) between F and X (either a
strong s-electron-donor or a strong sr-electron-acceptor) in a
(F-X), comonomer is reduced, indicating an enhancement of
double-bond character due to their increasing s-electron delo-
calization.* In our calculated results (Table 1, eighth column),
Ly of F-F shows a largest length of 1.484 A. The Ly of
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defined in eq 2) in comonomers (F-X);.

comonomers is reduced by about 0.02 A. The order of Ly of
F-T series comonomers is F-DTP ~ F-TTD < F-TDTP < F-TP
< F-EDOT < F-TN < F-T. The results indicate that the presence
of strong st-electron-withdrawing groups on thiophene increases
the quinoid characters, induced by intramolecular charge transfer
between F and X. On the other hand, for F-X comonomers with
X being cyclopentadithiophene, the change of substituents on
cyclopentadithiophene does not significantly influence the Lg.
This might suggest that the delocalization of si-electrons between
F and cyclopentadithiophene derivatives is poorer than that
between F and thiophene derivatives.

3.2. Electronic States and Optical Transitions. 3.2.1. Elec-
tron Excitation Energies and HOMO—LUMO Band Gaps. The
energetic properties such as HOMO—LUMO gaps and electron
transition energies should vary with the chain length of the
polymer. It is found that these properties of a certain oligomer
(F-X), showed linear relations against the inverse of the total
number of rings of the oligomer (two rings in a fluorene or a
cyclopentadithiophene unit, one ring in a thiophene unit). As a
reference, we determine the properties of polymers with an
infinite chain length by linearly extrapolation to infinite rings
(as shown in Figure 6).

The calculated band gaps are compared to experimental ones
as shown in Table 1 (columns 11 and 12). In general, the
calculated band gaps are in good agreement with experimental
data. Note that the calculations were done for oligomers in the
gas phase, while experiments were performed for polymers in
dilute solutions. The good agreement between our calculation
and experiment could be a result of error cancellation or an
indication that the solvent has little impact on the electronic
properties of the systems studied here. The discrepancies
between experimental band gaps from cyclic voltammetry (CV)
measurements and HOMO—LUMO gap from DFT calculation
(Eg(H-L)) of (F-X).. with X = F, T, TP, and EDOT, are 0.45,
0.04, 0.02, and 0.09 eV, respectively; meanwhile, the discrep-
ancies between experimental band gaps from UV—vis measure-
ments and the major optical absorption from ZINDO calcula-
tions (E(ZIN)) are 0.08, 0.05, 0.05, and 0.06 V. In the cases
of copolymers (F-X).. with X as cyclopentadithiophene deriva-
tives, the discrepancies between experimental band gaps of
copolymers (F-X).. with X = CDT, CED, CPD, CPO, and CDM
and E,(H-L) of those copolymers are 0.11, 0.07, 0.03, 0.54,
and 1.01 eV, respectively, while the errors for E,(ZIN) are 0.28,
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Figure 6. Variation of DFT calculated HOMO—LUMO gaps with the

inverse chain length (indicated by the number of rings n) of oligomers
(F_X)n-

0.21, 0.12, 0.43, and 0.18 eV. Except for CDM and CPO, both
DFT method and ZINDO semiempirical method are in good
agreement with the experimental band gaps. The much larger
discrepancies between E,(UV—vis) and E,(ZIN) for CDM and
CPO result from the stronger optical absorption from Si—S,5
electronic transitions, which will be detailed in a later section.

Figure 7 shows the comparison of calculated gaps and
available experimental data as functions of ALUMO. It is seen
that optical transition gap determined from ZINDO calculations,
EG(ZIN), are consistently lower than the HOMO—LUMO energy
gap, E,(H-L) by less than 0.5 eV. Large discrepancies between
E,(ZIN) with E,(H-L) occur while X is thiophene derivative
with strong sr-electron withdrawing substituent. For F-T series
copolymers, F-TDTP with the largest ALUMO results in the
largest discrepancies between Ey(ZIN) and E,(H-L). For F-CDT
series copolymers, similarly results are also observed for
F-DYCDT, F-CPO, and F-CDM.

The optical transition gap E,(ZIN) is determined as a linear
combination of several ground-state and excited configurations.
Therefore, only for the Sy—S; transition with the largest
oscillator strength can the HOMO—LUMO gap be regarded as
a rough approximation to electron transition energy. For the
case where S¢—S; electronic transition is not the main transition,
an obvious deviation would be observed between HOMO—LUMO
and optical transition gaps.

3.2.2. Electronic Transition Properties (Detailed ZINDO
Analysis). The detailed electronic transitions, including excita-
tion energies, oscillator strength, and configurations for the main
and the S;—S; electronic transitions of (F-X),, are presented in
Table 2. The calculated excitation energies with the largest
oscillator strength are compared to the maximum absorption in
UV—vis spectrum (denoted as A, hereafter).*> The configura-
tions for Sy—S; electronic transition are given (underlined) if
it does not correspond to the largest oscillator strength (shown
in bold type). It can be seen that for (F-F)4, (F-T)4, (F-TTD),,
(F-TD)4, (F-TN), [F-T series conjugated copolymers], (F-CDT)y,
(F-CED), and (F-CED), [F-CDT series conjugated copolymers],
the So—S, electronic transition has the largest oscillator strength,
corresponding to absorption maxima in UV—vis spectra. The
detailed configurations for the transition also show that
HOMO—LUMO transition mainly dominates the transition.

For copolymers (F-X).. with X having a much stronger
m-electron withdrawing group (e.g., TDTP, CDM, CPO) or
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copolymers (F-X)... (a) F-T-based conjugated copolymers. (b) F-CDT-
based conjugated copolymers.

donating group (e.g., EDOT), the oscillator strength for So—S;
electronic transition becomes smaller. For X containing a strong
m-electron withdrawing group, electronic transition from Sy to
a higher energy state becomes the major transition. The
detailed transition configurations for such a transition are no
longer dominated by HOMO—LUMO transition but by
HOMO—LUMO-+n transition. The energy level analysis in
Figure 5 shows that strong s-electron withdrawing groups
significantly lower the energy levels of LUMO, resulting in
weaker interactions between LUMO orbital of fluorene and
LUMO orbital of X. Stronger interactions between LUMO of
fluorene and LUMO-n of strong st-electron accepting X would
increase their contribution to electronic transition. Therefore
fluorene and strong acceptors such as CPO and CDM can result
in a small band gap and at the same time in a reduction of the
oscillator strength of So—S; electronic transition. These results
are in agreement with the blue shift in Ay, and a shoulder on
the red edge in experimental UV —vis absorption spectra.'®
3.2.3. Bandwidth and Frontier Orbital. Even though the
donor—acceptor concept is an effective strategy for designing
low band gap conjugated polymers, it has been cautioned that
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TABLE 2: Electronic Transition Data from ZINDO
Calculation for all Fluorene Based Conjugated Copolymers
(with a Degree of Polyrization of 4) at the B3LYP/6-31G*
Optimized Geometry*

(a) F-T Conjugated Copolymers
ZINDO

electronic  band
copolymers transition gaps F

(F-F), S—S; 333 597 HOMO—LUMO(0.43)
HOMO-1—LUMO+1(0.31)
S¢S, 345 046 HOMO—LUMO-1(0.34)
HOMO-1—LUMO(0.33)
(F-T)s Si—S; 2.83 4.0 HOMO—LUMO(0.49)
HOMO-1—LUMO+1(0.32)
S¢—S; 324 022 HOMO—LUMO+1(0.36)
HOMO-2—LUMO(0.34)
(F-TTD), S—S; 085 174 HOMO—LUMO(0.50)
HOMO-1—LUMO+1(0.30)
S¢—S;; 271 0.82 HOMO—LUMO+4(0.37)
HOMO-1—LUMO(0.22)
(F-TB), Sy—S; 226 270 HOMO—LUMO(0.47)
HOMO-1—LUMO+1(0.32)
S¢—S, 241 043 HOMO—LUMO+1(0.37)
HOMO-1—LUMO(0.37)
(F-EDOT), Si—S; 290 220 HOMO—LUMO-1(0.39)
HOMO-1—LUMO(0.38)
S¢S, 2.69 2.00 HOMO—LUMO(0.50)
HOMO-1—LUMO+1(0.32)
(F-TP), Si—S; 198 119 HOMO—LUMO-1(0.38)
HOMO-1—LUMO(0.36)
S¢—S;,  1.83 1.18 HOMO—LUMO(0.49)
HOMO-1—LUMO+1(0.32)
(F-DTP), Se—S; 090 0.77 HOMO—LUMO+1(0.38)
HOMO-1—LUMO(0.36)
S¢—S;, 076 0.65 HOMO—LUMO(0.48)
HOMO-1—LUMO71(0.30)
(F-TDTP), So—Sis  2.50 1.00 HOMO-1I—LUMO+4(0.25)
HOMO—LUMO+6(0.20)
Si—S, 0.3 038 HOMO—LUMO(0.47)
HOMO-1—LUMOT1(0.29)

(b) F-CDT Conjugated Copolymers

configurations

(F-CDT)  Sy—S; 237 470 HOMO—LUMO(0.44)
HOMO-1—LUMO+1(0.31)

Sy—Ss 280 039 HOMO-3—LUMO+3(0.29)
HOMO-3—LUMO+1(0.25)

(F-CED), Sy—S, 232 436 HOMO—LUMO(0.44)
HOMO-1—LUMO+1(0.31)

Sy—Ss 367 049 HOMO—LUMO+7(0.22)
HOMO-1—LUMO+6(0.18)

(F-CPD), Sy—S; 232 434 HOMO—LUMO(0.44)
HOMO-1—LUMO+1(0.32)

Sg—Ss 367 050 HOMO—LUMO+7(0.22)
HOMO-1—LUMO+6(0.19)

(F-PDCDT);  Sy—S; 237 434 HOMO—LUMO(0.44)
HOMO-1—LUMO+1(0.31)

Sg—S4 279 038 HOMO-3—LUMO+7(0.22)
HOMO-1—LUMO+6(0.19)

(F-CPO),’ Si—Se 3.09 3.83 HOMO—LUMO-+6(0.37)
HOMO-1—-LUMO+5(0.22)

Sy, 171  1.32 HOMO—LUMO(0.39)
HOMO-1—LUMO+1(0.28)

(F-CDM){”  Sy—Ss 288 471 HOMO—LUMO4(0.39)
HOMO-1—LUMO+5(0.22)

Si—S, 139 0.7 HOMO—LUMO(0.34)
HOMO-2—LUMO+2(0.32)

(F-DYCDT);  So—Ss 3.08 279 HOMO—LUMO-6(0.32)
HOMO—1—LUMO+5(0.20)

Si—S, 1.95 220 HOMO—LUMO(0.42)

HOMO-1—LUMO+1(0.32)

“The electronic transitions corresponding to the largest oscillator
strength are shown in bold type. The ground-to-first-excited-state
(S¢—S;) transitions are underlined. ®The values for F-CDM,
F-CPO, and F-CPD were reported previously in ref 16.

donor—acceptor concept might result in a narrowed bandwidth
of the valence and conduction bands due to weak interactions
between HOMO and LUMO energy levels for conjugated
copolymers based on thiophene derivatives.*® The narrow
bandwidth of conduction and valence bands would result in a
lowered carrier mobility in both bands.?


http://pubs.acs.org/action/showImage?doi=10.1021/jp9018603&iName=master.img-006.png&w=219&h=425

Downloaded by NATIONAL TAIWAN UNIV on July 12, 2009
Published on May 27, 2009 on http://pubs.acs.org | doi: 10.1021/jp9018603

8274 J. Phys. Chem. B, Vol. 113, No. 24, 2009

u.
(a)
A |:|
2 a7 1.85
[] 1.63
3
: O [] oz
; 0.38 0.61
? 4 O
0.28
-5
6
1.45 1.68
-7 [1.56 1.82 194 1.79 1.70
- 1.45
F TOTPDTP TID TP TN T EDOT
X
0
(b)
A |:|
1147
0.83 1.93  1.96 i 1.50
-3 D
0.30
O
B—4 047
% I:I
-6 H
1.37 1.29 1.28 1.29
1.44
1.39
-7 188 T
8
F CDM CPO DYCDT CED CPD PDCDT COT
A4

Figure 8. Valence and conduction bands of different copolymers (F-
X).. from DFT calculations. (a) F-T-based conjugated copolymers. (b)
F-CDT-based conjugated copolymers.

Figure 8 shows that the extrapolated valence and conduction
bands of (F-X).. copolymers. To remove the bias resulting from
the difference in the size of the copolymers, bandwidths for
F-T series copolymer (F-T, F-EDOT, F-TP) are multiplied by
3/2 and bandwidths for F-CDT series copolymers (CDT, CED,
CPD, CPO, CDM) are multiplied by 2.%° It can be seen that the
bandwidths of both bands are mainly determined by the
discrepancies between HOMO/LUMO levels of F and those of
X. Large difference between energy levels would weaken the
interactions between the corresponding orbital. In Figure 8 the
bandwidth of valence band is similar for each (F-X).. copolymers
because there is no significant difference between HOMO
energy level of F and that of X. When X is a strong sr-electron
acceptor, a narrow bandwidth of conduction band of (F-X)..
copolymers is observed. For F-CDT series copolymers, the
bandwidth of conduction band for (F-CDM).., (F-CPO).., and
(F-DYCDT).. are 0.17, 0.30, and 0.63 eV, respectively (Table
1, column 14). On the other hand, for F-T series copolymers
the bandwidths are 0.28, 0.61, 0.71, and 0.38 eV for (F-TDTP)..,
(F-TTD).., (F-TP).., (F-DTP).., respectively. These narrow
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Figure 9. Correlation between the bandwidth of the conduction band
of copolymers (F-X).. and the difference between LUMO of F and
LUMO of X (ALUMO, defined in eq 2).

conduction bands are attributed to the low LUMO level of strong
m-electron acceptors. Conjugated copolymers of fluorene with
weaker sr-electron acceptors or s-electron donors would have
a wider conduction band, due to the similarity in EA (or LUMO)
between fluorene and X. As a result, there exists a remarkable
correlation between the conduction bandwidth and the energy
differences in LUMO as shown in Figure 9.

These results can be further confirmed by the calculated
frontier molecular orbital shown in Figure 10. Frontier orbital
of HOMO spreads over the whole backbone for fluorene
homopolymer (F-F), and all (F-X), copolymer, demonstrating
that strong interactions between HOMO energy levels of F and
that of X. The electron density distribution of HOMO orbital
also displays bonding character (rather than a node in the
electron wave function) between the bridging carbon atom and
its conjoint atom of intraring.

The LUMO orbital of (F-F),, (F-T),, (F-EDOT),, (F-CDT),,
(F-CED),, and (F-CPD), have similar shapes of bonding
character between two linking carbon atoms of inter-ring. This
is because fluorene, thiophene, and cyclopentadithiophene have
similar energy levels of their LUMO orbital. The additional
fused rings such as ethylenedioxy and propylenedioxy in CED
and CPD only slightly change the LUMO energy level in
comparison with CDT. The coplanarity of these copolymers at
excited state is better than that at ground state due to the bonding
character between F and X. Upon photoexcitation, the aromatic
like structure will deform to a quinoidlike structure.”’

Comparatively, for F-X copolymers with X as a strong
m-electron acceptor, such as TP, CDM, CPO, and TDTP, the
LUMO orbital almost locates on X, inconsistent with the large
difference between the LUMO energy levels of F and X. The
much weaker interactions between the energy levels of LUMO
orbital, therefore, reduce the oscillator strength for Sy—S;
transition.

Since the interaction between energy levels are significantly
influenced by the difference of energy levels, we use the absolute
value of ALUMO, denoted by IALUMOI, as an indication of
the strength of interactions between LUMO level of F and
LUMO of X. Figure 11 shows there exists a remarkable
correlation between IALUMOI and oscillator strength of So—S;
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transition. The copolymers with a larger IALUMOI show smaller
oscillator strength of S¢—S; transition. In other words, too large
discrepancies between HOMO/LUMO energy levels of donor
and those of acceptor will result in a weak adsorption for Sj—S;
transition. When F and X have similar HOMO/LUMO energy
levels, the F-X copolymers will have a large oscillator strength
for S;—S, transition, however, at a cost of the scarification of
low-band gap.

4. Conclusion

In summary, our calculation results show that low-band gap
conjugated polymers can be obtained via donor—acceptor
conjugation of alternating fluorene and thiophene/cyclopenta-
dithiophene derivatives. Copolymers of fluorene and thiophene/
cyclopentadithiophene derivatives with strong 7z-electrons with-
drawing substituents such as CPO, CDM, and TDTP exhibit
significantly reduced band gap of 2.05, 1.55, and 0.76 eV,
respectively. However, increasing the sr-electron withdrawing
ability in thiophene/cyclopentadithiophene derivatives could lead
to a higher energy gap in optical transition and a narrower
bandwidth that could lead to the reduction of the efficiency of
a photovoltaic device.

Theoretical analysis on ZINDO-based calculations suggests
that larger differences between HOMO/LUMO energy levels
of donor and those of acceptor would reduce the oscillator
strength of Sy—S; electronic transition. Furthermore, the
electronic transition from the ground state (Sy) to a higher
excited state (S,, n > 1) might dominate the total transition.
The theoretical observations are consistent with the blue shift
in the absorption maxima in UV —vis spectra observed experi-
mentally from F-CPO and F-CDM copolymers. Therefore,
acceptors with too strong s-electron withdrawing/donating
capability might not be good candidates for fluorene-based D—A
conjugated copolymers. In addition, the large difference between
HOMO/LUMO energy levels also results in narrow bandwidth
of conduction bands, thus reducing the charge carrier mobility
of these polymers.

Acknowledgment. The author would like to thank the
financial support from Grant NSC 97-2221-E-002-085, 97-2218-
E-002-013, and 95-3114-P-002-003-MY3 by the National

Hung et al.

Science Council of Taiwan and computation resources from the
National Center for High-Performance Computing of Taiwan
and Computer and Information Networking Center of National
Taiwan University.

References and Notes

(1) Dhanabalan, A.; van Dongen, J. L. J.; van Duren, J. K. J.; Janssen,
H. M.; van Hal, P. A.; Janssen, R. A. J. sy 2001, 34, 2495.

(2) Dhanabalan, A.; van Duren, J. K. J.; van Hal, P. A.; van Dongen,
J. L. J.; Janssen, R. A. J. . 2001, 71, 255.

(3) Hadipour, A.; de Boer, B.; Wildeman, J.; Kooistra, F. B.; Hum-
melen, J. C.; Turbiez, M. G. R.; Wienk, M. M.; Janssen, R. A. J.; Blom,
P. W. M. p 2006, /6, 1897.

(4) Meng, H.; Tucker, D.; Chaffins, S.; Chen, Y. S.; Helgeson, R.;
Dunn, B.; Wudl, F. deimldaégs 2003, /5, 146.

(5) Sonmez, G.; Meng, H.; Wudl, F. iiasukbdaigy. 2004, /6, 574.

(6) Wienk, M. M.; Turbiez, M. G. R.; Struijk, M. P.; Fonrodona, M.;
Janssen, R. A. J. Appl. Phys. Lett. 2006, 88.

(7) Coppo, P.; Cupertino, D. C.; Yeates, S. G.; Turner, M. L. LAaier
Chew. 2002, 12, 2597.

() Ferraris, J. P.; Lambert, T. L. | . 1991
1268.

(9) Lambert, T. L.; Ferraris, J. P. _ 1991,
752.

(10) Scharber, M. C.; Wuhlbacher, D.; Koppe, M.; Denk, P.; Waldauf,
C.; Heeger, A. J.; Brabec, C. L. deliambdgigs 2006, /8, 789.

(11) Akoudad, S.; Roncali, J. st 1998, 2081.

(12) Tanaka, S.; Yamashita, Y. Sgieddgd 1997, 84, 229.

(13) Huang, H.; Pickup, P. G. iabsiebdsisy 1998, /0, 2212.

(14) Pei, J.; Yu, W. L.; Huang, W.; Heeger, A. J. Sinnnis. 2000,
1631.

(15) Sirringhaus, H.; Kawase, T.; Friend, R. H.; Shimoda, T.; Inbaseka-
ran, M.; Wu, W.; Woo, E. P. Sgiguce 2000, 290, 2123.

(16) Pal, B.; Yen, W. C.; Yang, J. S.; Chao, C. Y.; Hung, Y. C.; Lin,
S. T.; Chuang, C. H.; Chen, C. W.; Su, W. F. iy 2008, 4/,
6664.

(17) Pal, B.; Yen, W. C; Yang, J. S.; Su, W. F. ininsia 2007,
40, 8189.

(18) van Mullekom, H. A. M.; Vekemans, J.; Havinga, E. E.; Meijer,
E. V. N 2001, 32, 1.

(19) Havinga, E. E.; Tenhoeve, W.; Wynberg, H. Robiialisd 1992,
29, 119.

(20) Zhou, Z. H.; Maruyama. T.: Kanbara. T.: Ikeda. T.: Ichimura, K.;
Yamamoto, T.; Tokuda, K. . 1991, 1210.

(21) Facchetti, A.; Mushrush, M.; Katz, H. E.; Marks, T. J. detldaid
2003, 75, 33.

(22) Liu, X. M.; Lin, T. T.; Huang, J. C.; Hao, X. T.; Ong, K. S.; He,
C. B. oy 2005, 38, 4157.

(23) Clarke, T. M.; Gordon, K. C.; Officer, D. L.; Hall, S. B.; Collis,
G. E.; Burrell, A. K. 2003, 7107, 11505.

(24) Hutchison, G. R.; Zhao, Y. J.; Delley, B.; Freeman, A. J.; Ratner,
M. A.; Marks, T. J. Phys. Rev. B 2003, 68.

(25) Brocks, G.; Kelly, P. J.; Car, R. Suikeldgd 1993, 57, 4243.

(26) Yang, L.; Feng, J. K.; Liao, Y.; Ren, A. M. giimldgigs 2007, 29,
642.

(27) Yang, L.; Ren, A. M.; Feng, J. K.; Wang, J. F. jfiisialagiss. 2005,
70, 3009.

(28) Zhou, X.; Ren, A. M.; Feng, J. K. Raluuer 2004, 45, 7747.

(29) Salzner, U. il 2002, /06, 9214.

(30) Salzner, U.; Kose, M. E. jniinmiinl 2002, /06, 9221.

(31) Tachibana, M.; Tanaka, S.; Yamashita, Y.; Yoshizawa, K. LBhus

2002, 106, 3549.

(32) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Montgomery, J. A.; Vreven, Jr., T.; Kudin, K. N.;
Burant, J. C.; Millam, J. M.; Iyengar, S. S.; Tomasi, J.; Barone, V.;
Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A.;
Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;
Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,
X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Adamo, C.; Jaramillo, J.;
Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R.;
Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.; Voth, G. A.;
Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, S.; Daniels,
A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. D
Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q. ; Baboul, A. G. ;
Clifford, S. ; Cioslowski, J. ; Stefanov, B. B. ; Liu, G. ; Liashenko, A. ;
Piskorz, P. ; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,
M. A.; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.;
Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. A. Gaussian
03, Revision D.02; Gaussian, Inc.: Wallingford, CT, 2004.

(33) Lin, B. C.; Cheng, C. P.; Lao, Z. P. M. sl 2003,
107, 5241.


http://pubs.acs.org/action/showImage?doi=10.1021/jp9018603&iName=master.img-010.png&w=210&h=200

Downloaded by NATIONAL TAIWAN UNIV on July 12, 2009
Published on May 27, 2009 on http://pubs.acs.org | doi: 10.1021/jp9018603

Fluorene-Based Donor—Acceptor Conjugated Copolymers

(34) Zhan, C. G.; Nichols, J. A.; Dixon, D. A. it 2003,
107, 4184.

(35) Foresman, J. B.; Headgordon, M.; Pople, J. A.; Frisch, M. J. J.

. 1992, 96, 135.

(36) Mulliken, R. S. jnfsissiiiany 1962, 36, 3428.

(37) Kitamura, C.; Tanaka, S.; Yamashita, Y. slsiibdsisi 1996. S,
570.

(38) Salzner, U.; Lagowski, J. B.; Pickup, P. G.; Poirier, R. A. il
Chem. 1997, 18, 1943,

(39) Kertesz, M.; Choi, C. H.; Yang, S. J. (akgideligd. 2005, /05, 3448.

(40) Skoog, D. A.; Holler, F. J.; Crouch, S. R. Principles of Instrumental
Analysis, 6th ed.; Thomson Brooks/Cole: Belmont, CA, 2007.

J. Phys. Chem. B, Vol. 113, No. 24, 2009 8277

(41) Janietz, S.; Bradley, D. D. C.; Grell, M.; Giebeler, C.; Inbasekaran,
M.; Woo, E. P. . 1998, 73, 2453.
(42) Virgili, T.; Lidzey, D. G.; Bradley, D. D. C. delimidgigs 2000, /2,
58.
(43) Wu, W. C.; Liu, C. L.; Chen, W. C. Raluuer 2006, 47, 527.
(44) Charas, A.; Barbagallo, N.; Morgado, J.; Alcacer, L. Suiikanddad
2001, 722, 23.
(45) Aubert, P. H.; Knipper, M.; Groenendaal, L.; Lutsen, L.; Manca,
J.; Vanderzande, D. sy 2004, 37, 4087.
(46) deLeeuw, D. M.; Simenon, M. M. J.; Brown, A. R.; Einerhand,

R E. F. Sk 1997, 87, 53.
JP9018603



