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Abstract

Geometries and energy gaps of poly(para-phenylenevinylene) oligomers (OPVy) and their alkoxy derivatives were investigated, based on
quantmm-chemical caleulations. This oligomer series includes poly(para-methoxy-PV) (DMO-0PV ), poly(para-hexoxy-PV) (DHO-0PVy)
and poly(2-methoxy. 5-(2'-ethyl-hexyloxy}-PV) (MEH-OPV ). Potential energy hypersurfaces of all OPV, and OPV-alkoxy derivatives were
calculated by the semiempirical AMI and ab initio method at the HF/3-21G and HF/6-31G levels. The results obtained indicate that OPV,
provide two conformational structures, one coplanar and one twisted. For its alkoxy derivatives, the stable conformation was found to be
that i which the two adjacent phenylene nings were coplanar. An mtramolecular weak hydrogen bond mteraction was also found to ocewr
between the oxygen atom of the alkoxy derivatives and the hydrogen atom of the vinylene linkage. By using these linear relationships,
they can be employed to semiquantitatively estimate the first excitation energy. We introduce the relationships with the working function
of Eexpe =0.604EppET B3rvR6316 + 0.947 and Eop = 0.604 Etpprr.parypiesice + 0.983, based on the geometry obtained from HF/3-21G for
corrected the extrapolated energy gaps of DMO-OPVy, DHO-OPVy and MEH-OPVy. It was found that satisfactory hmear relationship and
TDDFT method can be used to predict the lowest excitation energies for compounds in these systems and applicable to the design of new

conducting polymers.
© 20035 Elsevier B.V. All rights reserved.

Keywonds: Excitation energy: Quantum-chemical calculations; Conductive polymer: Alkoxy denvatives of poly(para-phenylenevinylene)

1. Introduction

The vast interest of polymer scientists towards conjugated
organic polymers is mainly due to two important discoveries.
In 1977, high conductivity was measured on doped poly-
acetylene [1]. In 1990, electroluminescence was observed
from these polyimers and light emitting diodes were devel-
oped based on these materials [2.3]. After these discoveries,
varous conjugated polymers were mvestigated. Poly(para-
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phenylenevinylene) (PPV) 1s one of the most important con-
ductive polymers studied worldwide because of the ease of
processing and hning of electronic and optical properties by
meditying the polymer side chain. Dervatives of PPV have
been synthesized by attaching alkoxy side groups onto the
phenylene ring at the carbon atoms 3 and 6 (Fig. 1). leading
to an increase of both their solubility and stability, Thus, the
unique structures of the PPV derivatives yield an attractive
combination of electronic and mechanical properties that rep-
resent promising materials from an engineering viewpoint.
There are several experimental [4-6] and theoretical
[7-10] studies that investigate physical and chemical prop-
erties of PPV and its denvatives. For electronic and opti-
cal properties, the transition (or excitation) energy from the
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Fig. 1. (a) Ulustration of the chemical structure of OPV y-alkoxy derivatives.
Poly(para-phenylenevinylene) OPVy: RI=RI=H: poly(para-methoxy)-
PV) DMO-OPVy: R1=R2=0—CHj; poly(para-hexoxy-PV) DHO-OPVy:
RI=R2=0—(CH)s—CHj: poly(2-methoxy, 5-(2"-ethyl-hexyloxy)-PV)
MEH-0PVy: R1=0CH;; R2=0—CHa CH{C2Hs )(C4Ho) and (b) schematic
representation of OPV, derivatives, a is defined as £C3-C4-C7-C8 and B
as £ C7-CE-C9-C14 torsion angle,

ground-state to the first dipole-allowed excited state can be
calculated theoretically and used to compare directly with the
experimental energy gap. The implicit assumption underly-
ing this approximation is that the lowest singlet excited state
can be deseribed by only one singly excited configuration
i which an electron is promoted from the Highest Occu-
pied Molecular Orbital (HOMO) to the Lowest Unoccupied
Molecular Orbital (LUMO). In fact. the orbital energy dif-
ference between HOMO and LUMO is a crude estimation of
the transition energy and an accurate deseription of the lowest
singlet excited state requires a linear combination of a nmun-
ber of excited configurations. Despite such deficiency, the
calculated HOMO-LUMO gap agrees qualitatively with the
experimental energy gap in many cases [11-14]. There exist
a varety of theoretical approaches for evaluating this quan-
tity for oligomers as well as infinite polymers. The crudest
estimate is the orbital energy difference between the HOMO
and LUMO, obtained from Hartree-Fock (HF) or density
functional theory (DFT) caleulations. Among those theo-

ries, Hartree-Fock (HF)-based methods such as configuration
mteraction singles (CIS) [15] and the random phase approxi-
mation (RPA). which 1s equivalent to the time-dependent HF
(TDHF) [16]. usually provide only the qualitative or senu-
quantitative descriptions for the low-lying excited states. For-
tunately, time-dependent density functional theory (TDDFT)
[17-20] was a success to some extent. The fusion of a signif-
icant quantitative improvement and moderate computational
cost has attracted the increasmg favor of chemists. Over the
past few vears. it has advanced to one of the most popular
theoretical approaches to caleulate excited state properties of
mediumn-sized and large molecules up to about 200 second-
row atoms. Moreover, TDDFT method was also successfully
employed to extrapolate energy gaps of the polymers from
the calculated excitation energies of the oligomers [21-25].
These have pomted out that TDDFT systematically under-
estimated the excitation energies by 0.4-0.7 ¢V compared to
the experimental results [22-24.26]. The reason for this is
due to the hmitation of the current approximate exchange-
correlation functionals m correctly describing the exchange-
correlation potential in the asymptotic region [27]. How-
ever, reasonable results can still be expected here because
HF/DFT hybrid functionals such as B3LYP can partially
overcome the asymptotic problem [23.28]. For linear oh-
goenes, recent studies on the excited state energies of the first
dipole-allowed. ' Bu, states also showed that TDDFT caleu-
lations with the B3LYP functional correctly reproduce the
general trend of decreasing excitation energy with mcreas-
ing chain length, with a systematic underestimation of only
approximately 0.3-0.5 eV [24-26]. Therefore, TDDFT with
the B3LYP functional 1s expected to be a relatively reliable
tool for evaluating the excitation energies of the low-lying
excited states for small- and mednun-sized molecules.

Recently, extremely ordered crystalline films of some
oligomeric materials have been achieved [29-32] for PPV
molecule, opening the way to the comparison with accurate
theoretical studies by HF and DFT methods. The obtained
results indicate that iterchaimn miteractions are very sensitive
to the structure, and can thus be used to tailor the transport
properties of conjugated-polymer films. Consequently, these
can be performed by using the solid-state physics imple-
mentations that provide reliable microscopic information
on structural and electronic properties of extended systems
[31.33]. However. Zheng et al. [33] had shown that the calcu-
lated electronic properties of PPV isolated chain agree well
with the other available theoretical data more than the crys-
talline state as the interchain effects play a significant role to
HOMO and LUMO energy for oligomeric system. Taken into
account. in this present work, we focus on excitation energy
calculations of the PPV isolate oligomers by usimg TDDFT
methods.

In addition, the effects of substituent size and molecular
synunetry on the geomety and excitation energy of alkoxy
derivatives of OPVy were investigated by quantum-chemical
calculations. The so-called “oligomer approach” [34] can be
used to model the single cham properties of the full polymer.
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For examples, HOMO-LUMO energy gaps of the polymers
are estimated by extrapolating the excitation energies of the
oligomers to mfinite chain length. Although the model sys-
tem is far simpler than the real polymer, it has successfully
provided understanding of the experimental results. Energy
gaps for poly(para-phenylenevinylene) and its derivatives
are reproduced to within 0.1 eV of the experimental val-
nes without shifting or scaling and provided better results
than previous studies [26]. The influence of mtrachain ring
torsional angles and interchain interactions on the energy
gap 1s also investigated for OPVy derivatives. Understand-
ing of these factors will lead to more systematic tailoring of
energy gaps and improve conductive polymers for electronic
devices.

2. Methods of ecalculation

Starting geometries of the oligomers were constructed
using the SciPolymer 3.0 program [35]. The OPVy dernva-
tives were modified by attaching alkoxy groups onto
the phenylene ring at the C3 and C6 atoms. In this
work, the notation OPVy represents the oligomers of
PPV with N corresponding to the total number of pheny-
lene rngs in the oligomers. The oligomers of OPVy
derivatives are denoted by DMO-OPVy, DHO-OPVy and
MEH-OPVy. Their chemical structures are illustrated in
Fig. 1(a).

The potential energy surface of each polvmer, OPV-,
DMO-0OPV,, DHO-OPV; and MEH-OPV,, was investigated
by partial optimzanon, based on the semmempincal AMI
method [36] and an ab nutio caleulation at the HF/3-21G
and HF/6-31G levels. All calculations were unplemented n
Gauss1an98 [37], nuuung on a Linux PC 2.4 MHz. As these
polymers show flexibility n the molecule, potential energy
hypersurfaces around the « torsion angle (£C3-C4-C7-C8)
and p torsion angle (£ C7-C8-C9-C14) were also calculated
(Fig. 1(b)).

The ground-state geometries of the oligomers were fully
optiumized using the Hartree-Fock method (HF/3-21G). The
chams were found to have coplanar conformations. The cal-
culations of the excitation energies were then performed
based on the ground-state geometries. Excitation energies
were calculated using the TDDFT (B3LYP/6-31G) and
TDDFT(B3LYP/6-31G*) methods and extrapolated to the
polymer. We focused on the first excited state with signif-
icant oscillator strength (a w—w™ transition), which was also
the lowest excited state for all oligomers.

3. Results and discussion

3.1, Conformational analysis of OPVz derivatives

The potential energy surface (PES) of unsubstituted OPV>
based on the AM1, HF/3-21G and HF/6-31G methods are

shown in Fig. 2. Based on PES, two nunima around the planar
conformations (0 and 1807) were observed. It is interesting to
note that the oligomer prefers 15-307 off-planar conforma-
tions, with the energy difference of less than 0.3 keal/mol.
In particular on OPV: system, there are quite flat poten-
tial energy cwves found at two minuna. Elastic neutron-
scattering diffraction measurements [38] on oriented OPVy
demonstrated that the phenylene rings were rotated relative
to the vinylene linkages by about 7+ 6° from the planarity.
Fig. 2(a) demonstrates that the potential energy of OPV;
around the minima 1s rather flat. The rotational barriers are
quite small and amount to 1.5. 2.4 and 3.5 keal/mol with
AMI, HF/3-21G and HF/6-31G, respectively. All methods
predict that the two phenylene rings are twisted by about
15-307 for both o and {3 torsion angles in the most stable
conformation.

The results of the alkoxy derivatives DMO-OPV,, DHO-
OPV, and MEH-OPV, (Fig. 2(b—d)) are sinular to that of
0PV as there are two pronounced minima observed. How-
ever, for all three OPV; denivatives, it appears that the confor-
mations with a torsional angle close to 180° are more stable
than the twisted ones. An explanation for that might be that
the OPV derivatives are attributed by the weak hydrogen
bonding between the oxygen atom in the methoxy group and
the hydrogen atom i the vinylene unit as shown in Fig. 3.
The distance of the weak hydrogen bonding was reported to
be 2.40 4 0.40 A [39].

3.2, Geomerries

The optmuzed geometrical parameters for the phenyl-
capped tetramers (hereafier denoted by N =4 smce 1t contains
four phenyl rngs) of OPVy and denvatives are sununarized
i Table 1. For the sake of sunplicity, the averages of the bond-
length values are reported. Considerng the frans-stilbene
molecule (OPV3), we found good agreement between the
HF/3-21G optimized bond-lengths and the X-ray diffrac-
tion study [40]. In Table 1, we also considered the distance
between the hydrogen atoms at the vinylene linkage attached
on C7 (H') and C8 (H"”) and the hydrogen atoms attached
on C3 (H1) and C14 (H2). The distance R(H-HI) equals
to R(H"-H2), R=2.3TA, Investigation of the torsion angle
£C3-C4-C7-C8 and £C7-C8-C9-C10 ndicates that i the
geometnes of alkoxy OPVy both phenvlene nngs are oppo-
sitely twisted withun the range of 20.1-20.6% out of the pla-
narity. This observation 1s also supported by the report of
Mao [38] and Traetterg [40] who found similar results for
stilbene.

The optimized AMI and HF/3-21G bond distances
R(H—=0) and bond angles for OPVy derivatives are pre-
sented i Table 1. In this table, the calculated structural
parameters indicate intramolecular interactions between the
oxygen atom of the substituents and the hydrogen atom of
the vinylene linkage. The distances R(H-O1) and R(H"-02)
obtained from AM1 (R(H—0)=2.34 A) are larger than from
HF/3-21G (R(H-0)=2.24 A). These resulis snggest that
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Fig. 2. Potential energy surfaces for OPV; alkoxy derivatives with the torsion angle £C3-C4-C7-C8 of vinylene units and potential energy hypersurfaces for

OPV> with the o torsion angle (£C3-C4-C
MEH-OPV,, obtained from HF/3-21G calenlation.
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Table 1

.‘S!mcmral parameters of OPVy, obtained from full optimization by the semiempirical (AM1) method and Hartree-Fock (HF/3-21G) method (bond-lengths in

(A). angles m ()

Structural parameters OPVy DMO-0PVy DHO-0PV MEH-OFVy
AMI1 HF/3-21G AMI HF/3-21G AMI HF/3-21G AMI1 HF/3-21G

R(H'-H1) 2.39 .37 - - - - -
R(H-O) - - 2.34 2.24 2.34 2.24 234 2.26
Angle

SO3-04-07 1189 1188 118.8 118.8 120.0 118.9 118.90 118.9

LC4-C7-C8 124.7 1259 124.5 125.9 124.6 1259 125.60 1256
Torsional angle

£C3-C4-CT-CB 159.7 159.6 150.3 179.6 159.2 174.1 161.8 1725

LOT-C8-C9-010 20.1 20,6 21.5 0.6 21 6.8 241 5.0

weak hydrogen bond interaction occurs for the OPVy deriva-
tives, as illustrated in Fig. 3(b). Such intramolecular mterac-
tion induces that the geometry of OPVy derivatives is close
to planarity (Fig. 3(a)).

(b)

Fig. 3. Schematic representation of intramolecular mteraction i the struc-
ture of the oligomers of DMO-OPVy. mducing the coplanar structure,
Topview and side view. Imramolecular H-bond interaction occurrance.
R(H'-01) and R(H"-02) equals to 2.34 A,

1.3 Electronic properties of OPVy and OFVy
derivatives

Extrapolated energy gaps of OPVy and its derivatives
were evaluated by excitation energy plots as obtained
from TDDFT (B3LYP/6-31G/AM1, B3LYP/6-31G*//AM1,
B3LYP/6-31G/HF/3-21G and B3LYP/6-31G*//HF/3-21G)
calculations. The calculated results were plotted against the
mverse chamn length (1/N) and extrapolated to wfiuty. The
predicted excitation energies at different levels of calculation
are presented in Table 2, together with the results obtained
from experiments [41.42].

It was found that the largest transition probabilities
are the transition from the ground-state to fist excited
state (Sg — Sp). The energy gaps have been extrapolated
against the reciprocal number of units (1/V). All plots show
excellent linearity as indicated by a high +°. The extrap-
olated energy gaps (Egy_ng) of OPVy and its derva-
tives obtained from the TDDFT calculations (B3LYP/6-
31G/AMI, B3LYP/6-31G*/AMI, B3LYP/6-31G/HF/3-
21G and B3LYP/6-31G*//HF/3-21G) were then predicted
and the results are shown mn Table 2. The predicted ener-
gies are consistently lower than the experimental values for
each of the OPVy dertvatives, which are 2.38, 2.18, 2.08 and
2.10eV. respectively. It was found from our study that the
energy gaps of OPVy obtamed from density functional theory
based on the geometry from HF/3-21G (TDDFT(B3LYP/6-
31G/HF/3-21G) and TDDFT(B3LYP/6-31G*//HF/3-21G)
are in good agreement with the expeniments. However, the
energy gaps of DMO-OPVy, DHO-OPVy and MEH-OPVy
are overestunated by about 0.3 eV, Tlus observation was the
found inherent in the TDDFT caleulations [24-26]. Another
fact 15 that the predicted energy gaps were evaluated for
the isolated gas-phase chains, while the experimental energy
zaps were measured m liquid phase where the environmen-
tal influence and the interchain interactions are involved
[29-33].

Recently, Zhan et al. [43,44] found that there is a sim-
ple linear relationship between experunental values and cal-
culated excitation energies. The linear relationship can be
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Table 2

TDDFT excitation energies of oligomers with B3LYP functional and rwo basis sets (6-31G and 6-31G*). based on the ground-state geometries obtained from

AM1 and HF/3-21G methods

Oligomer TDDFT
(BILYP/6-31G/AMIL) (BILYP/6-31G*/AMI1) (B3LYP/6-31G/HF/3-21G) (BILYP/ 6-31G*/HF/3-21G)
OPVy
N=2 4.19 4.10 4.41 4.32
N=3 343 3.36 373 3.66
N=4 3.07 3.00 330 332
N=35 286 2.80 il 3z
N=¢ 274 2.64 3.06 2.99
(r? =1.000) (7 =1.000) (r* =1.000) (7 = 1.000)
Eg (N=00) 2.01 1.90 238 2.32
Experimental 2.38*
DMO-0PVy
N=2 355 347 3.59 3.54
N=3 302 2.94 3.14 3.05
N=4 275 2.65 2.76 2.73
N=5 258 2.51 2.64 2.59
N=¢ 246 241 2.53 248
(r? =0.998) ( =0.998) (r=0992 (7 =0.997)
Eg (N=e¢) 1.93 1.87 201 1.95
Experimental 2180
DHO-0PVy
N=2 3.53 3.46 3.59 3.51
N=3 3.00 293 304 2.97
N=4 2.70 263 2.73 2.67
N=3 2.55 248 2.57 2.51
(2 =0.998) (= 0.998) (F =0.999) (P =0.999)
Eg (N=m) 1.89 1.82 1.89 1.83
Experimental 2.08°
MEH-OPVy
N=2 3.54 347 3.59 3.52
N=3 3.00 2.94 3.04 298
N=4 272 2.65 2.75 269
N=5 2.56 2.49 2.59 2.52
(% =0,999) (r =0.999) (r =0.998) ( =0.999)
Eg (N=n¢) 1.90 1.83 1.92 1.86
Experimental 210"

* Reference [41].
b Reference [42].

used to semiquantitatively estimate the lowest excitation
energies by partially reducing the systematic errors [26].
The value of the slope multiplying the calculated transi-
tion energy is greater than 1.0 showing that the differences
mncrease with increasing excitation energies. At the caleu-
lated TDDFT values tend to be smaller than the experimental
values by 0.3eV. This effect can be clearly seen from the
fits in Table 3. We obtained the linear relationship shown
in Table 3 for the correction the of extrapolated energy
gaps of DMO-OPVy. DHO-OPVy and MEH-OPVy. The

Table 3

predicted estimated energy gaps are set up from linear rela-
tionship between the experimental values and calculated exci-
tation energies obtained from TDDFT methods (B3LYP/6-
31G/AML, B3LYP/6-31G*/AMIL, B3LYP/6-31G/HE/3-
21G and BALYP/6-31G*/HF/3-21G) as shown in Table 3.
The values of the lnear correlation coefficient in Table 3
can be used to summarize the above discussions. The lin-
ear fits between the calculated and experimental values for
the excitation energies based on the ground-state geome-
tries from AMI and HF/3-21G methods are summarized

Linear fits between the calculated and experimental values for the excitation energies based on the ground-state geometries from AM1 and HF/3-21G methods

Methods

TDDFT(BILYP/6-31G/AMI)
TDDFT(BILYP/6-31G*//.
TDDFT(B3ILYP/6-31G/HF/3-21G)

TDDFT(BALYP/6-31G*//HF/3-21G)

Linear equation

Eexp = 2.518Ep — 2.682
AMI) Eexpn = 3.337Erp — 4.375
Evn = 0.604Ep + 0.947
Eespe = 0.604E7p = 0,983

Linear correlation coefficient

0.999(7)
0.910(%)
0.991(2)
0.991(2)
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i Table 3. For the TDDFT calculations at cach level of
theory, the linear correlation relationship between the cal-
culated and expernimental values as good as the lmear.
The correlation coefficients based on the TDDFT caleu-
lations using the HF geometry (at the TDDFI(B3LYP/6-
31GY/MHE/3-21G and TDDFT(B3LYP/6-31G*)//HEF/3-21G
levels) are closer to unity than those at the AM1 geometry (at
the TDDFT(B3LYP/6-31G)//AMI and TDDFT(B3LYP/6-
31G*)/AMI levels). It 1s mdicated that the HF/3-21G level
1s giving better geometry results as compared to the AMI
level.

The coefficients at the HF/3-21G geometry. TDDFT
(B3LYP/6-31G)/HF/3-21G (Eexpr=0.604 ErppFT-B3LYP/6-31G
£0.947) and TDDFT(B3LYP/6-31G*)//HF/3-21G methods
(Eexpt=0-60"'E'I'DDI"I'-BSLYP.-'G-SI(.i-’ +0.983), differ shightly.
The basis set dependence of the TDDFT results shows that
the economical 6-31G* basis set 1s not generally sufficient for
calculating the excitation energies for use in correlating with
molecular properties. The values of the linear relationship at
all levels, TDDFT(B3LYP) levels of theory, do not depend
on the basis sets (6-31G and 6-31G*) for calculated the exci-
tation energies. Recently, Parac et al. [45] conducted a com-
prehensive study of the lowest excitation energies of poly-
cyelic aromatic hyvdrocarbons by TDDFT calculations. They
are shown linear least squares fit of the B3LYP calculation.
The coefficient of Parac et al. data Egpe = 1.03Eca1e. +0.06
(R=0.970) and Egqpi = 1.11 Egle. — 0.64 (R=10.941) for sin-
glet L, and L, states, respectively, is closer to unity. From
Parac results, we can suggest that Dunning’s cc-pVTZ basis
sets [46.47] could m principle be employed for unprove the
results. Due to the correlation-consistent polanzed valence
triple zeta (cc-pVTZ) basis sets developed by Dunning
have been used to assure that the effects from the polar-
ization functions are treated. These basis sets are specifi-
cally designed for high quality calculations using correlation
methods.

4. Conclusions

The structural and electronic properties of OPVy and
derivatives were studied. based on quantum-chemical cal-
culations. A conformational study of OPV, and alkoxy
denvatives by AMI, HF/3-21G and HF/6-31G calculations
demonstrate that these derivatives prefer a coplanar struc-
ture due to weak hydrogen bonds between the oxygen atom
of the substituted alkoxy groups and the hydrogen atom of
the vinylene linkage. Based on our results, it 1s found that
the energy gaps decrease m the order of OPVy=DMO-
OPVy > MEH-OPVy > DHO-OPVy. Therefore, it can be
conchided that the oligomers with mereasingly bulky sub-
stituents such as OCH;, OCgH ;7 and OC;H;(C>Hs }CyHg)
resultin decreased energy gaps. compared to OPVy. The oxy-
gen atom of the hexoxy group is more electron-donating than
the methoxy groups, the red shift caused by the hexoxy group
1s significantly larger than the methoxy group. The symmet-

ric substitutions on OPVy by alkoxy groups (DMO-OPVy
and DHO-OPV y) cause an insignificant shift in the excitation
energies compared to that of ongmal OPVy and unsynunetric
substitutions on OPVy (MEH-OPV ). It 1s important to note
that the electronic properties of OPV y and alkoxy substituted-
OPVy depend on the symmetric substitutions on OPVy and
the size of the side chain. The electronic effects from the
alkoxy side chains play an important role m the electrome
property of poly (para-phenylenevinylene).

These lnear relationships can be employed to
semiquantitatively estimate first excitation energy. We

mtroduce the relationships with the working fime-
ton  of  Eege =0.604Erpper-sitveesic + 0947 and

Eexpi = 0.604Erppr-psiypie-sice + 0983, based on  the
geometry obtained from HF/3-21G for corrected the
extrapolated energy gaps of DMO-OPVy, DHO-OPVy
and MEH-OPVy. It was found that the TDDFT method in
combination with a simple linear relationship can be used to
predict the lowest excitation energies. The trends in energy
gaps observed for OPVy and its derivatives may be useful
for the design of novel conducting polyvmer materials. In
addition, the TDDFT method with B3LYP functional can be
applied to large molecular systems such as OPVy derivatives
and the correction for the excitation energies is required in
order to obtain rehable energetic properties.
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The structural and energetic properties of polvAuorene and its derivatives were investi-
gated, using quantum chemical calculations. Conformational analysis of bifluorene was
performed by using ab #nitio (HF/6-31G* and MP2/6-31G*) and density functional
theory (B3LYP/6-31G*) calculations. The results showed that the local energy mini-
mum of bifluorene lies between the coplanar and perpendicular conformation, and the
B3LYP/6-31G* calculations led to the overestimation of the stability of the planar pi sys-
tems. The HOMO-LUMO energy differences of fluorene oligomers and its derivatives
9.9-dihexylfluorene (DHPF), 9.9-dioctylfluorene (PFO), and bis(2-ethylhexyl)fluorene
(BEHPF) — were calculated at the BALYP/6-31G* level. Energy gaps and effective con-
jugation lengths of the corresponding polyvmers were obtained by extrapolating HOMO-
LUMO energy differences and the lowest excitation energies to infinite chain length. The
lowest excitation energies and the maximum absorption wavelength of polyfluorene were
also performed, employing the time-dependent density functional theory (TDDEFT) and
ZINDO methods. The extrapolations, based on TDDFT and ZINDO calculations, agree
well with experimental results. These theoretical methods can be useful for the design
of new polymeric structures with a reducing energy gap.

Keywords: Polyfluorene; quantum chemical calculations; conductive polymer; time-
dependent density functional theory; energy gap: absorption spectra.

1. Introduction

Since the first report of electroluminescence in a conjugated polymer,! many exper-
imental and theoretical efforts have been devoted to improving the performance
of polymer-based light-emitting devices.” Low-resolution matrix displays have now
reached the stage of commercialization.? Conjugated polymers are also widely inves-
476 a5 well as in photodiodes and solar cells™?

where light is absorbed by the material and converted into an electric current.

tigated for use in organic transistors.

However, these devices usually suffer from the low charge mobilities achieved in

505
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polymer films.” Poly(para-phenylenevinylene) (PPV) was the first polymer involved
in light-emitting devices.!'19 Interest has now shifted to polymers of high purity
and high stability in view of commercial applications. Photoluminescent and elec-
troluminescent properties of a variety of conjugated polymers have been inten-
sively investigated in search of new, highly efficient light-emitting device materials
for the three primary colors: red, green, and blue. Of these conjugated polymers,
polvphenylenes are attractive candidates for blue light-emitting materials because
of their large energy gaps. ' 15 The first blue light-emitting device was fabricated
with poly(9,9-dihexylfluorene), emitting light with a peak at 470 nm (corresponding
to 2.6eV of photon energy).'! Poly(para-phenylene) was immediately introduced
as another blue light-emitting material, suggesting that light emission might be
a general feature of conjugated polymers.'?'* Blue light emitters have also been
obtained by controlling the conjugation length along the conjugated backbones,
e.g. attaching bulky side groups to turn color by introducing steric distortion of the
conjugated chain.'% ¢

Fluorene derivatives present an interesting alternative to blue light-emitting
materials. Indeed, fluorenes and oligofluorenes are well known as highly fluorescent
compounds.'! These molecules contain a rigidly planar biphenyl structure in the
fluorene monomer unit with facile functionalization at the C(9) position, offering
the prospect of controlling the polymer solubility and other physical properties.
Moreover, the remote substitution at C(9) does not induce steric effects with adja-
cent aromatic rings. In this regard, various fully conjugated polyfluorenes have been
studied for light-emitting device applications. However, the formation of excimers
has been observed in these fully conjugated polymers, thus limiting their utilization
in optical devices.

The calculated highest occupied molecular orbital-lowest unoccupied molecular
orbital (HOMO-LUMO) gap agrees fairly well with the experimental energy gap in
many cases.'? 2% It is desirable to obtain more rigorous information on the nature
of the lowest singlet excited state by employing more elaborate theoretical methods.
The implicit assumption underlying this approximation is that the lowest singlet
excited state can be described by only one singly excited configuration, in which
an electron is promoted from the highest occupied molecular orbital (HOMO) to
the lowest unoccupied molecular orbital (LUMO). In addition, the orbital energy
difference between HOMO and LUMO is still an approximate to the transition
energy, since the transition energy also contains significant contributions from some
two-electron integrals. However, the real situation is that an accurate description of
the lowest singlet excited state requires a linear combination of a number of excited
configurations, although the one mentioned above often plays a dominant role.

There are a variety of theoretical approaches for evaluating the lowest sin-
glet excited state for oligomers and infinite polymers. The crudest estimate is
the orbital energy difference between HOMO and LUMO, obtained from density
functional theory (DFT) calculations. Hartree-Fock (HF)-based methods such as
configuration interaction singles (CIS) and random phase approximation usually
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only provide qualitative or semi-qualitative descriptions for the low-lying excited
states. Time-dependent density functional theory (TDDFT) is a recently developed
method for calculating excitation energies. A significant quantitative improvement
in the excitation energies from TDDFT over those from HF-based methods has

been demonstrated.!?-29

2. Method of Calculations

The ground state geometries of oligomers were fully optimized using DFT at
the B3LYP/6-31G* level, as implemented in Gaussian 98. ZINDO and TDDFT
(B3LYP/6-31G™*) calculations of the lowest excitation energies and the maximal
absorption wavelengths (A,,s) were then performed at the optimized geometries
of the ground states. A conformational analysis of bifluorene was carried out by
changing the torsional angle from 0° to 1807 in steps of 15%. The geometries were
optimized at the HF, MP2, and B3LYDP levels with the 6-31G™ basis set. The lin-
ear extrapolation technique was employed in this research. The linearity between
the calculated energy gap, maximal absorption wavelengths of the oligomers, and
the reciprocal chain length is excellent for this homologous series of oligomers.
Thus, these values for the polyvmers can be obtained by extrapolating the resultant
linear relationship to infinite chain length. In addition, the effective conjugation
length (ECL) was estimated by the convergence of the excitation energies with the
chain length within a threshold of 0.01 eV, based on the obtained linearity between
the excitation energy and reciprocal chain length. The Fluorine derivatives 9,9-
dihexylfluorene (DHPF), 9.9-dioctylfluorene (PFO), and bis(2-ethylhexyl)fluorene
(BEHPF) were investigated in terms of their HOMO-LUMO energy gap and exci-
tation energy, using a similar approach as the one described for Fluorine oligomers.

3. Results and Discussion
3.1. Structural properties of ground state

The oligomers’ structural properties of polyfluorene (F),,, calculated at the
B3LYP/6-31G* level, are given below. Figure 1 shows the sketch map of the polyflu-
orene structure and Table 1 shows the optimized geometrical parameters of polyflu-
orene. The results of the optimized structures for the oligomeric molecules of (F),,
(n = 1—4,6,8) indicate that there is a slight structural change as the chain length n
increases. [However, (F)3 has a larger dihedral angle of 0.36° in the five-membered
ring ®(2, 3, 4, 9) than the average 0.13° in the serial (F),.] For example, r(1,2) is
(1.521 4 0.001) x 10~ m and the value of #(2,1,9) is 102.72 4+ 0.02° in the series
of (F),,. This suggests that the basic structures of the polymers can be described
as their oligomers. Additionally, the optimized geometrical parameters are in good
agreement with X-ray data.?* Thus, the structure of (F),, is dramatically twisted
in the five-membered ring, as seen in Fig. 2.
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R = H, polyfluorene.
R = dihexyl. poly(9.9-dihexylfluorene) (DHPF).
R = dioctyl, poly(9.9-dioctylfluorene) (PFO).

R = bis(2-ethylhexyl}, poly(bis(2-ethylhexyl)fluorene) (BEHPF).

Fig. 1. Sketch map of the polyfluorene structure.

Table 1. Optimized geometrical parameters distance (r), bond angle (#) and bond

torsional angle (9), of oligomers (1),,.

(F)n
n 1 2 3 k! G 8

r(1.9) 1.520 1.521 1.521 1.521 1.521 1.521
r(11,12) 1.472 1.470 1.468 1.468 1.468 1.468
r(4.11) 1.399 1.398 1.399 1.399 1.399 1.399
r(3,4) 1.400 1.397 1.397 1.397 1.397 1.397
r(2,3) 1.403 1.412 1.412 1.413 1.413 1.413
r(1,2) 1.404 1.413 1.414 1.414 1.414 1.414
r(1,10) 1.393 1.389 1.339 1.359 1.389 1.389
r(10,11) 1.416 1.416 1.416 1.417 1.416 1.417
6(1,2,3) 110.04 110.03 109.95 109.95 109.95 109.94
6(2,3.4) 108.60 108.55 108.70 108.69 108.69 108.70
6(2,1,9) 102.74 102.73 102.71 102.71 102.71 102.71
4(9,4,5) 120.37 119.82 119.83 119.83 119.82 119,85
6(4,5,6) 118.93 119.21 119.19 119.19 119.20 119,18
6(5,6,7) 120.65 121.63 121.65 121.65 121.66 121.63

0.000 0.042 0.289 0.316 0.403 0.399

0.000 0.191 0.359 0.025 0.134 0.154

0.000 0.012 0.093 0.118 0.178 0.154

3.2. Conformational analysis

221

The torsion potential energy curves of bifluorene obtained through various meth-

ods are displayed in Fig. 3. The overall shape of the torsion potential energy curve
obtained from HF is quite similar to that from MP2. The minimum-energy confor-
mations in the free molecule are nearly in the middle of the coplanar and perpen-
dicular conformations. Both methods predict that the coplanar energy barrier is

higher than the perpendicular energy barrier. The torsion angle constitutes a com-
promise between the effect of 7 electron conjugation (which favors a planar confor-

mation) and steric interaction of ortho-hydrogen atoms (which favors a non-planar
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Side view

Fig. 2. Torsion units of optimized structures for (F),,.

4 —— HF/6-31G*
i —— B3LYP/6-31G*
—— MP2/6-31G*
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Fig. 3. Torsion potential energy curves of bifluorene obtained by HF, MP2, and B3LYP
caleulations.

conformation). The MP2 correlation effect on the rotational barriers is not sig-
nificant in the case of bifluorene, with larger increments in the coplanar energy
barrier and smaller increments in the perpendicular energy barrier. On the other
hand, B3LYP gives the reverse result: the perpendicular energy barrier is largely
increased and the coplanar energy barrier is largely reduced. The calculated equilib-
rium torsion angle is 37.6°, which is in good agreement with the theoretical results
obtained from HF/STO-3G (i.e. 38.7°). The conjugated effect on the rotational
barriers is remarkable, as predicted by B3LYP.

The energy barriers from the equilibrium geometries towards the coplanar con-
formation and perpendicular conformation, as well as the differences between them,
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Table 2. The coplanar energy barriers AFy, perpendic-
ular energy barriers AFs, and the difference between
them (AF2 — AFEy); all in keal /mol.

The Relatives Energy (keal/mol)

Methods

AEq AEs AEs — AE,
HE/6-31G* 3.48 1.70 —1.78
B3LYP/6-31G* 3.90 1.94 —1.96
MP2/6-31G* 2.14 2.93 0.79

arc listed in Table 2. The clectron correlation corrections to the self-consistent field
torsion potentials from B3LYP arc dramatically different from those of the MP2
approximation in bifluorene: they have different signs (AFE; — AFEy), as was pointed

out by Karpfen et al.®

in their study on various conjugated and non-conjugated
svstems. Note that the electron correlation contributions are largely different at dif-
ferent torsion angles, due to the partial bond-breaking of conjugated single bonds
by internal rotations. The extreme higher perpendicular and lower coplanar energy
barriers of bifluorene obtained via B3LYP calculations were attributed to the over-
estimation of the stability of the planar 7 systems DFT methods.?® On the other
hand, it was found that the DFT approach provides a good description of the
conformational properties of oligo- and poly-thiophenes, which is in satisfactory
agreement with the experimental evidence.?”

3.3. Front molecular orbitals

It is useful to examine the highest occupied orbitals and the lowest virtual orbitals
for these oligomers and polymers, so as to provide the framework for the excited
state calculations (using TDDFT) in the subsequent section. We have found that
the relative ordering of the occupied and virtual orbitals provides a reasonable
qualitative indication of the excitation properties. The HOMO orbitals and LUMO
orbitals of the bifluorene (F), by B3LYP/6-31G* are shown in Fig. 4. Interestingly.
the main characters of the front orbitals by HF/3-21G* are the same as those by
B3LYP /6-31G*.

As shown in Fig. 4, the HOMO and LUMO of the (F)s molecule are predomi-
nantly localized on the phenyl rings. There is antibonding between the bridge atoms
and bonding between the bridge carbon atom and its conjoint atoms in the same
benzene in the HOMO. In contrast, there is bonding in the bridge single bond and
antibonding between the bridge atom and its neighbor in the same phenyl ring in

the LUMO.

3.4. HOMO-LUMO gaps and the lowest excitation energies

It is well known that the energy gap of the polymer (M), is the orbital energy
difference between the highest occupied molecular orbital (HOMO) and the lowest
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LUMO

HOMO

Fig. 4. HOMO and LUMO orbitals of the (F)2 molecule.

unoccupied molecular orbital (LUMO), when n = oo. However, it is difficult to
obtain the correct data by experiment due to the experimental condition limit,
such as interchain interactions, solvent effects, and so on. The experimental energy
gap is usually observed by two methods: the maximal wavelength in the spec-
tra or the onset from CV-UV.?6 These methods are valid when the lowest sin-
glet excited state can be described by only one singly excited configuration, in
which an electron is promoted from HOMO to LUMO: in such a situation, the
experimental condition limit can be neglected. Our HOMO-LUMO gaps have been
obtained from density functional theory (DFT) caleulations. We also calculated
the lowest excitation energies of the oligomers, and compared them with the exper-
iment data to extrapolate the energy gap. Time-dependent DFT (TDDFT) and
ZINDO calculations were employved to examine the low-lying singlet excited states
of the oligomers. The HOMO-LUMO gaps (A1), the lowest excitation ener-
gies (E,) of the oligomers, and the extrapolated energy gaps of polyfluorene are
presented in Table 3. There is a good linear relationship between the HOMO-
LUMO gaps, the lowest excitation energies, and the inverse chain length (see
Fig. 5).

In the plot. we can extrapolate the HOMO-LUMO gaps to infinite chain length
to get 3.33eV to polyfluorene. This value is close to the experiment data, i.e.
2.97eV to polyfluorene. Therefore, it is possible to obtain useful information on
the nature of the lowest singlet excited state by employing the HOMO-LUMO gap.
This approach can also be used to provide valuable information on estimate energy
gaps of oligomers and polymers, especially even larger systems.?” However, the
orbital energy difference between HOMO and LUMO is still an approximate esti-
mate to the transition energy, since the transition energy also contains significant
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Table 3. The lowest TDDFT and ZINDO excitation energies, the
negative of HOMO energies (—spyono ). and HOMO-LUMO gaps of

oligomers (I),,; all in eV,

Oligomer (F)n TDDET ZINDO —EHOMO AH —L

n =1 4.75 4.44 5.80 5.10
n =12 387 3.79 5.38 4.21
n =213 3.52 3.60 5.24 3.90
n =4 3.36 3.46 5.17 3.76
n=>0 3.22 3.39 5.12 3.63
n =8 3.7 3.35 5.00 3.58

Ey (n=o0) 2.91 3.18 4.98 3.33
Expt. 2.97° 2.88b

A0ur experimental data on polyfluorene film prepared from chloro-
form solution.
bSee Ref. 27.

contributions from some two-electron integrals. The real situation is that an accu-
rate description of the lowest singlet excited state requires a linear combination of
a number of excited configurations.

To get some useful information for the experiment of the energy gaps, we turn to
the spectrum methods. A long-wavelength transition with large oscillator strength
(> 0.7) was obtained in this study, thus implying a strong transition. Good agree-
ment is found between the observed F, values and the E, values calculated by both
TDDFT and ZINDO methods, which were obtained by extrapolating the resultant
linear relationship to infinite chain length. However, the TDDEFT method is better
than the ZINDO method in meeting the experimental data. From Table 3, one can
see that the TDDIET predictions systematically underestimate the energy gaps of
polymers, with an average deviation of about 0.06eV. Furthermore, for polyfluo-
rene, the TDDFT caculations exceed the experimental data from Ref. 24 by only
0.03eV, while the results of ZINDO deviate about 0.27eV. Two factors may be
responsible for the error. One is that calculations on a few longer oligomers may
be required so that more data can be used in linear regression. Another is that the
predicted energy gaps are for isolated gas-phase chains, while experimental energy
gaps are measured in the condensed phase where interchain interactions may be
significant.

Despite the good agreement between the calculated excitation energies and the
experimental data, it is also necessary to check the validity of the excitation ener-
gies calculated by TDDFT. The excitation energies calculated by TDDFT with the
current exchange-correlation functional are not reliable when the calculated exci-
tation energies are higher than the negative of HOMO energies. The negative of
HOMO energies (—sponmo) and the TDDET excitation energies are displayed in
Table 3. The table shows that, in all cases, the TDDFT excitation energies are
below the negative of HOMO energies and thus are numerically reliable. In fact,
the energy gaps extrapolated by TDDET are better than the HOMO-LUMO gaps
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Fig. 5. HOMO-LUMO gaps (up) by B3LYP and the lowest excitation energies F, (down) by
ZINDO and TDDF'T, as a function of reciprocal chain length n in oligomers of polyfluorene.

when the experimental data are taken into consideration: the TDDEFT calculations
deviate from the polyfluorene experimental data by only 0.06 eV, while the HOMO-
LUMO gaps deviate by 0.36eV. Therefore, TDDFT with the B3LYP functional is
expected to be a relatively reliable tool for evaluating the excitation energies of
low-lying excited states for small- and medium-sized molecules.

In addition, the effective conjugation length (ECL) can be estimated from cal-
culations on a series of oligomers. The effective conjugation length is the repeat
unit number at which saturation of a property occurs. The information on the
cffective conjugation length of polymers is very useful to the synthetic strategics.
The ECL for all selected oligomers have been estimated, based on the convergence
of the calculated excited energy of the first dipole-allowed excited state with the
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increasing chain length. We have taken 0.01 ¢V as the convergence threshold of tl

excitation energies with the chain length, based on the obtained lincarity betwec

the excitation energy and reciprocal chain length. So, the ECL of polyfluorene

estimated at around 14 units.

3.5. Absorption specitra

On the basis of the optimized geometry, we calculated the absorption spectrum .

these oligomers in Table 4. Interestingly, we found that there is a linear relationsh

between the macro-absorption and the reciprocal chain length, as scen in Fig.

Thus, we list the extrapolating data to 1/n = 0.0 in the last but one line in Table

The results are in good agreement with those from the experiment. Although tl

Table 4. Absorption wavelengths (Aips In nm)
computed using the ZINDO and TDDFT meth-

ods, all in nm.

Oligomers Absorption Wavelengths
(F)n
n ZINDO TDDFT
1 2479 260.8
2 325.8 320.4
3 346.7 354.2
4 357.1 368.9
G 364.2 3848
) 369.3 391.1
00 385.1 349.4
Expt. 383 417.2
420
400 4
£
k=3
£ 3804
e
o
c
@
g 360 4
m©
=
3 304
3
3204
r T ' Ll
0.0 01 0.2 04

Fig. 6. Absorption wavelengths by ZINDO and TDDFT as a function of 1/n in oligomers.
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Aabs by ZINDO is shorter than the A, by TDDIET for the same molecule, they
both have the same trend of increasing as the chain length n increases. The obtained
value of 385.1nm for polyfluorene by ZINDO is close to the experimental data. The
Aabs for polyfluorene calculated by TDDET is slightly longer than the experimental
data by 35.2 nm.

3.6. Electronic properties of polyfluorene derivatives

For the HOMO-LUMO energy gaps and excitation energies of oligomers of
9.9-dihexylfluorene (DHPF), 9.9-dioctylfluorene (PFO), and bis(2-ethylhexyl)
fluorene (BEHPT), we used TDDFT at the B3LYP/6-31G* level
Table 5 because this method provides good agreement with the experimen-

as shown in

tal data (electronic energy gap and optical energy gap). The calculated HOMO-
LUMO energy gap and excitation energy of 9.9-dihexylfluorene. 9.9-dioctylfluorene,
and bis(2-ethylhexyl)fluorene are plotted against inverse chain length and extrapo-
lated to infinity, as shown in Fig. 7. The extrapolated HOMO-LUMO energy gap of
poly(9.9-dioctylfluorene) at the BALYP/6-31G* level was compared with the exper-
imental data from ultraviolet photoelectron spectroscopy (UPS) and X-ray photo-
electron spectroscopy (XPS).28 From the UPS measurement, an ionization potential
(IP) of 5.55 eV was obtained; this value is related to the HOMO of polymers in solid
states, In comparison, the calculated HOMO of poly(9.9-dioctylfluorene) at the
B3LYP/6-31G*//AMI and B3LYP/6-31G* levels is equivalent to 5.05eV, which is
different from the UPS experimental value by about 0.5¢eV. As for the data from the
XPS shake-up peak of the Cls core level, the estimated energy gap is 3.2eV. This
ralue is similar to the calculated energy gap of poly(9.9-dioctylflnorene) obtained
at the B3LYP/6-31G*//AM1 and B3LYP/6-31G* levels, E, = 3.21eV. Thus, the
energy gap values of DHPF and BEHPF, which are shown in Table 5 and caleulated
using the same methods, are in good agreement with the values corresponding to
the UPS and XPS experiments.

The excitation energy values, which have been calculated using TDDFT at the
same level as the HOMO-LUMO energy gap values (B3LYP /6-31G*), are related to
the optical energy gaps from the optical absorption maximum of polymers. TDDFT
considers the energy of electrons jumping to the next energy level: therefore, the
results from excited energy calculations are different and cannot be compared with

Table 5. HOMO-LUMO energy gaps and excitation energies of
DHPF, PFO, and BEHPF; all in eV.

Polymers ~ HOMO-LUMO Gap  Excitation Energy  Ey(Expt)

DHPF 2.92 2.72 —
PFO 3.21 2.96 3.1-3.228
BEHFF 3.03 2.84 —
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Fig. 7. Plots of caleulated energy gaps and excitation energies vs. inverse chain length of the
oligomer units and extrapolating to an infinite number of units for DHPF, PFO and BEHPF:
HOMO-LUMO gaps (up), excitation energies (down).

the HOMO-LUNMO or energy gaps. It was found that the energy values from excited
states are smaller than the energy gaps.

4, Conclusion

Conformational analysis of the bifluorene molecule has been performed by using
ab initio (HF/6-31G* and MP2/6-31G*) and DFT (B3LYP/6-31G*) methods.
The results from HF/6-31G* are quite similar to those from MP2/6-31G*. The
minimum-energy conformations in the free molecule are nearly in the middle of
the co-planar and perpendicular conformations, and both methods predict that the
co-planar energy barrier is higher than the perpendicular energy barrier. However,
the B3LYP method gives the reverse results: the perpendicular energy barrier is
largely increased and the co-planar energy barrier is largely reduced. The chain
length dependence of Ay, has also been studied by employing density functional
theory with the B3LYP functional. The extrapolation results of A, and £, are in
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good agreement with the experimental data. The fundamental structural and ener-
getic information of bifluorene can be useful for the further design of new polymeric
structures with enhanced specific structural properties.
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