
lable at ScienceDirect

Polymer 49 (2008) 2077–2084
Contents lists avai
Polymer

journal homepage: www.elsevier .com/locate/polymer
Theoretical studies of the electronic structures and optical properties
of stable blue-emitting polymer based on 4H-cyclopenta-[def]-phenanthrene

Tao Liu a, Hong-Xing Zhang a,*, Bao-Hui Xia a,b

a State Key Laboratory of Theoretical and Computational Chemistry, Institute of Theoretical Chemistry, Jilin University, Changchun 130023, People’s Republic of China
b College of Chemistry, Jilin University, Changchun 130023, People’s Republic of China
a r t i c l e i n f o

Article history:
Received 6 January 2008
Received in revised form 24 February 2008
Accepted 26 February 2008
Available online 4 March 2008

Keywords:
Phenanthrene
DFT
Fluorescence
* Corresponding author. Tel.: þ86 431 88498966; f
E-mail address: zhanghx@mail.jlu.edu.cn (H.-X. Zh

0032-3861/$ – see front matter � 2008 Elsevier Ltd.
doi:10.1016/j.polymer.2008.02.042
a b s t r a c t

Geometries, ionization potentials (IPs), electron affinities (EAs) and optical properties of two series of
p-conjugated oligomers (2,6-(4,4-bis(2-ethylthexyl)-4H-cyclopenta-[def ]-phenanthrene))n CPPn (2,6-
(4,4-bis(2-ethylthexyl)-8,9-dihydro-4H-cyclopenta-[def]-phenanthrene))n HCPPn (n¼ 1–4) were studied
theoretically. The ground and the excited state geometries were optimized by B3LYP and CIS methods
with 6-31G* basis sets, respectively. The absorption and the emission spectra were calculated by TD-
B3LYP method. The lowest-lying absorption is assigned to p / p* transition, and the fluorescence can
be described as originating from the 1[pp*] excited state. IPs, EAs, H–L gaps, absorption and emission
properties of PCPP (n¼N) and PHCPP (n¼N) were obtained by extrapolation method. The fact that
the lowest-lying absorption and the emission of PCPP are blue-shifted compared with those of PHCPP,
can be interpreted by the smaller effective repeating units of PCPP. The extra absorption band at 289 nm
of PCPP is contributed by the p / p* transition involving the extra p-conjugation C]C bond.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

In the past few decades, the optical properties of the p-conju-
gated organic polymer materials attracted considerably much
attention because of the extensive applications such as semicon-
ducting devices [1], photovoltaic components [2], organic light-
emitting diodes (OLEDs) [3], thin film transistors [4], and chemical
sensors [5]. Since the polymeric light-emitting diodes based on
poly(p-phenylenevinylene) (PPV) were reported by Burroughes
et al. [6], various kinds of conjugated polymers such as poly(p-
phenylene) (PPP), poly(thiophene) (PT), Poly(thienylenevinylene)s
(PTVs), poly(fluorene) (PF), poly(fluorenevinylene) (PFV), and PPV
etc. and their derivatives have been developed for LEDs [7,8]. Con-
jugated polymers with large band gaps, especially PF and their de-
rivatives have acquired much interest since they emit blue light and
also enable full color via energy transfer to longer wavelength emit-
ters [9]. However, one of the problems of using polyfluorenes (PFs)
is their tendency to generate long wavelength emission around
550 nm because of the formation of the keto defect sites or aggre-
gates/excimers, turning the desired blue emission color into the un-
desired blue-green emission and a drop of electroluminescence
(EL) quantum efficiency [10].

Recently, two p-conjugated polymers poly(2,6-(4,4-bis(2-ethyl-
thexyl)-4H-cyclopenta-[def]-phenanthrene)) PCPP and poly(2,6-
ax: þ86 431 88945942.
ang).

All rights reserved.
(4,4-bis(2-ethylthexyl)-8,9-dihydro-4H-cyclopenta-[def]-phenanth-
rene)) PHCPP were synthesized by Suh et al. [11], and the
UV–vis absorptions and fluorescence of PCPP and PHCPP
were investigated. PCPP was applied in LEDs successfully be-
cause it can inhibit the oxidative degradation process of the
9-position in the PF materials by fixing the distance between
the two benzene rings in the fluorine moiety and accordingly
suppressing the development of green emission effectively, but
PHCPP has similar optical properties just like PF because of
the formation of keto defect. Interestingly, they found that the
absorption and the fluorescence of PCPP are blue-shifted by fix-
ing the distance with extra C]C double bond between the two
benzene rings compared with the extra C–C single bond of
PCHPP. They presumed that the extra p-conjugation between
two benzene rings somehow alters the overall optical properties
in a way different from simple effective conjugation length con-
sideration. Furthermore, they estimated that the sharp absorp-
tion bands at 290 nm and 310 nm of PCPP are localized on
extra p-conjugation C]C bond [11].

With the development of the quantum chemistry, the theoreti-
cal calculation can rationalize the properties of the materials and
provide guidance to experimental works [12]. However, it is impos-
sible to take the real polymer systems as the theoretical model ob-
ject due to the limitation of the theory level and the vast size of the
systems. This question was solved in 1987 by Lahti et al., who ex-
plored the extrapolation method [13] to investigate the excitation
energy of several potentially conducting conjugated polymers, in
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which a series of oligomers with different chain length were calcu-
lated, then the chain length were infinitely extrapolated to estimate
the properties of the polymer. This approach is theoretically reli-
able since the conjugated oligomers have the characteristic to con-
verge in geometries and electronic structures as well as the
spectroscopic properties. Komatsu et al. [14], Ma et al. [15], Feng
et al. [16], and Gierschner et al. [17] have successfully carried out
the theoretical calculation to predict the various properties such
as IPs, EAs, H–L gap, and the absorption and emission properties
of polymer with the help of extrapolation method.

Herein, we selected the theoretical models with 1–4 repeating
units which are marked as CPP1 (monomer), CPP2 (dimer), CPP3
(trimer) and CPP4 (tetramer), and corresponding HCPP1, HCPP2,
HCPP3 and HCPP4. To save the computation resources, we used
the hydrogen atoms to replace the alkyl groups on 9-position
appearing in the real molecules [11] since the alkyl substituents
hardly influence the spectral properties. Indeed, it is a general tech-
nique to employ the hydrogen atom to replace the methyl, phenyl,
butyl, etc. in the calculation [18–20] for the simplification. A sketch
of the chemical structures of PCPP and PHCPP models is depicted
in Fig. 1. The ground and the excited state geometries, electronic
structures, IPs, EAs, H–L gap, absorption and the fluorescence prop-
erties of CPPn and HCPPn (n¼ 1–4) were explored theoretically,
aiming at obtaining the properties of PCPP and PHCPP by extrapo-
lation method. Through the comparison between PCPP and PHCPP,
the origin of the unusual blue-shift and the properties of the sharp
absorption band around 300 nm of PCPP were revealed.

2. Computational details and theory

Previously, the properties of p-conjugated polymer were always
studied by semi-empirical methods such as AM1 and ZINDO
approaches due to that. these methods are not expensive and can
be performed on the large molecular systems, but the exact quan-
titative estimation of the electronic properties can hardly be
obtained because of the insufficient description of the electron
correlation effects and the use of empirical parameters [16,21]. In
recent years, density functional theory (DFT) [22] method has
attracted considerable much attention because this method can
consider the electronic correlation very well and can be applied
to the large systems. Recent studies by Orti et al. [23] showed
that B3LYP [24] (Becke’s three parameter functional and the Lee–
Yang–Parr functional) scheme is remarkably successful in resolving
a wide variety of polymer systems, and it can yield the similar and
reliable geometries for medium sized molecules as MP2 calcula-
tions done [15,16,25,26].

Configuration interaction singles (CIS) [27,28] method, present-
ing a general zeroth-order treatment to excited state just as HF for
the ground state of molecular systems, was successful in the struc-
ture optimization of the excited state proved by many researchers
[16,29]. The wave function, energy, and analytic gradient of a mole-
cule in an electronic excited state are available for the CIS method
[28,30,31]. However, the transition energies obtained by the CIS
calculations are usually overestimated since the CIS method uses
the orbitals of a HF state in an ordinary CI procedure to solve for
the higher roots and only considered parts of the electronic
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n n

1 2

3

4 5

6

7 8

9

10

11

12 13
14

15

Fig. 1. Sketch structures of PCPP and PHCPP.
correlation effects via the mixing of excited determinants [30,31].
In our work, we rectified the excited state properties by time-
dependent DFT (TD-DFT) method [31,32] to compensate the flaw
of the CIS method.

In our calculations, the ground and excited state geometries of
CPPn and HCPPn (n¼ 1–4) were fully optimized by B3LYP and
CIS methods, respectively, with the 6-31G* basis set. C2 symmetry
was adopted to settle the conformations of these models both in
the ground and excited states. IPs, EAs, and H–L gap of them
were also calculated by DFT method. The vertical absorptions and
fluorescence were calculated by TD-DFT approach based on the
ground and excited state optimized geometries, respectively. All
of the calculations were carried out with Gaussian 03 software
package [33] on an IBM server.

In our calculation, IPs and EAs are the differences of the energies
between the ionic and the neutral molecules. The vertical IPs and
EAs (labeled as v) were calculated based on the optimized geome-
try of the neutral molecule while the corresponding adiabatic data
(labeled as a) were obtained based on the optimized geometry of
the neutral and ionic molecules. We employed the extrapolation
approach to acquire the certain properties of the polymer. We
found that the present systems are more suitable adopting the
binomial mode defined as Y¼aþ bXþ cX2, where X is equal to
the reciprocal value of the repeating unit numbers, Y is the value
of certain property [29a]. As shown in infra parts, the binomial
mode can offer more precise extrapolation value in contrast to
that of the monomial mode. All parameters correlative to the elec-
tronic structures such as IPs (a, v), EAs (a, v), HOMO–LUMO (H–L)
gap, and the optical properties of the polymers were obtained
through the binomial mode extrapolation method.

3. Results and discussion

3.1. The ground state geometries

The main optimized geometry parameters of CPPn and HCPPn
(n¼ 1–4) are listed in Table 1. As examples, the optimized geome-
tries of CPP4 and HCPP4 are shown in Fig. 2. Vibrational frequen-
cies were also calculated based on the optimized geometries of
CPPn and HCPPn (n¼ 1–4) to verify that each of the geometries
is a minimum (no minus frequency) on the potential energy sur-
face. Table 1 shows that the calculated dihedral angles C(3)–C(1)–
C(2)–C(6)/C(1)–C(3)–C(4)–C(5)/C(3)–C(4)–C(5)–C(6) of CPPn and
HCPPn are almost 0.0�, indicating that the geometry keeps planar
within repeating unit, but the calculated dihedral angles C(7)–
C(10)–C(14)–C(13) are about 140�, which indicates that the whole
molecules are not planar (except CPP1 and HCPP1) but of a screw
type structure, due to that, this kind of arrangement can minimize
the steric effect and stabilize the molecules at the largest extent.
Thus, we can propose that PCPP and PHCPP should be of screw
structures. With respect to CPP1–CPP4, Table 1 shows that the
bond lengths C(1)–C(2), C(4)–C(5), C(9)–C(8)/C(9)–C(12), and
C(3)–C(4)/C(5)–C(6) are 1.41 Å, 1.38 Å, 1.54 Å, 1.45 Å, respectively,
within normal range of C–C and C]C [16]. These bond lengths
are sorted in the order of CPP1> CPP2> CPP3> CPP4 with the in-
crease of the repeating units, and HCPPn have the similar variation
trends. For HCPPn, the bond lengths C(1)–C(2), C(4)–C(5), and
C(3)–C(4)/C(5)–C(6) are relaxed by about 0.02 Å, 0.20 Å, and
0.08 Å compared with the corresponding bond length of CPPn,
but C(9)–C(8)/C(9)–C(12) is hardly changed in relative to that of
CPPn. These variations of the bond lengths are the result of the
changing of C(4)–C(5) bond type from C]C to C–C, thus C(4)–
C(5) has the most obvious change about 0.20 Å. But the bond length
of C(10)–C(14) is hardly changed with the variation of C(4)–C(5)
bond type. Compared with CPPn, the bond angles C(1)–C(3)–C(4)
of HCPPn are increased by about 3� and the C(3)–C(4)–C(5) are
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Fig. 2. The ground (a, c) and the excited (b, d) state geometries of CPP4 (a, b) and
HCPP4 (c, d).
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decreased by 3�, which is also the result of the variation of the bond
C(4)–C(5), but the bond angles of C(8)–C(9)–C(12) and C(7)–C(10)–
C(14) are hardly changed.
3.2. The frontier molecular orbitals

The energies of the frontier molecular orbitals of CPPn and
HCPPn are given in Table 2. We plotted the contour plots of the
HOMO and LUMO orbitals of CPP2, CPP4, and HCPP4 in Fig. 3 as ex-
amples. Fig. 3 shows that the HOMO and LUMO of CPP4 and HCPP4
spread over the whole p-conjugated backbones with similar char-
acter, the HOMO displays anti-bonding character between two ad-
jacent fragments and bonding character within repeating units. But
the LUMO exhibits the bonding character between the two adjacent
fragments and anti-bonding within the benzene rings. There is
a tendency for HOMO and LUMO to populate the electrons in the
middle repeating units, and the populations on the end units are
deceased with the increasing unit number. Taking CPP4 for exam-
ple, with respect to HOMO, two terminal CPP fragments take only
27.0% compositions (population analysis using the SCF density), and
the terminal CPP parts of LUMO have 28.0% compositions, while
the middle CPP parts occupy more than 70.0% compositions.
Fig. 3 shows that the composition of end repeating unit of HCPP4
(30.0%) is bigger than that of CPP4, which indicates that the p con-
jugate effect of HCPPn is better than CPPn. Fig. 3 also shows that
the C(4)–C(5) single or double bond have little contribution to the
HOMO and LUMO densities, which is consistent with the calcula-
tion results obtained by Ratner and co-workers on Phenanthrene
dithiol (BP1) [34].

Table 2 shows that the HOMO and LUMO energies have a trend
to converge namely, the HOMO energies increases and the LUMO
energies decrease to an extremum with the repeating unit numbers
increase to infinitude. Take CPPn for example, we found that the
shift of HOMO energy (D3HOMO) drops from an initial step of
0.22 eV (between CPP1 and CPP2) to 0.13 eV (between CPP2 and
CPP3) and to 0.07 eV (between CPP3 and CPP4) (see Table 2).



Table 2
The ionization potentials (eV), electron affinities (eV), H–L gap (eV), HOMO, LUMO, the lowest-lying absorptions and emissions (eV) of PCPP and PHCPP under the B3LYP
calculations

CPPn HCPPn

n¼ 1 n¼ 2 n¼ 3 n¼ 4 n¼N n¼ 1 n¼ 2 n¼ 3 n¼ 4 n¼N

IP(v) 7.38 6.71 6.36 6.15 5.46 7.20 6.34 5.96 5.78 5.12
IP(a) 7.28 6.59 6.26 6.08 5.45 7.07 6.07 5.65 5.38 4.58
EA(v) �0.67 �0.11 0.22 0.36 0.98 �1.17 �0.37 0.01 0.35 1.24
EA(a) �0.51 0.01 0.34 0.53 1.22 �0.86 0.11 0.52 0.78 1.56
H–L 4.72 4.41 4.16 4.03 3.48 5.04 4.20 3.88 3.75 3.28
HOMO �5.71 �5.49 �5.36 �5.29 �5.03 �5.52 �5.11 �4.96 �4.89 �4.66
LUMO �0.99 �1.08 �1.19 �1.26 �1.53 �0.47 �0.91 �1.07 �1.14 �1.38
Absorption 4.32 3.81 3.67 3.60 3.42 4.71 3.83 3.48 3.34 2.82
Emission 4.02 3.46 3.26 3.16 2.87 4.11 3.21 2.97 2.87 2.60
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The values of D3HOMO become smaller with the increasing chain
length and the same variation trend is observed for the LUMO.
HCPPn has the similar variation trend to CPPn. Table 2 also shows
that whether in CPPn or in the corresponding HCPPn, the HOMO–
LUMO gaps are narrowed gradually, which implies that it is easier
to promote an electron from the HOMO to the LUMO with the
Fig. 3. Electron density diagrams of the HOMO and LUMO of CPP2, CPP4 and HCPP4.
increasing chain length. Interestingly, the HOMO–LUMO gaps of
CPPn are bigger than those of the corresponding HCPPn except
for CPP1 despite the extra p-conjugated C]C bond in CPPn, which
is consistent with the composition of the frontier molecular
orbitals, but it is contrast to the normal conclusion that the H–L
gap can be decreased by increasing p-conjugated chain length
[14–16,35].

Fig. 4 shows that there is a good binomial relationship between
the H–L gaps and the inverse repeating unit numbers 1/n for CPPn
and HCPPn. Through the extrapolation method, we obtained the
H–L gap of PCPP (3.48 eV) and PHCPP (3.28 eV). The H–L gap of
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polyfluorene calculated at B3LYP/6-31G level by Wang et al. [16a] is
2.91 eV, about 0.4 eV lower than our systems. The HOMO of PCPP
(�5.03 eV) is lower than that of PHCPP (�4.66 eV), which indicated
that the hole-accepting properties of PCPP is lower than that
of PHCPP. The LUMO of PCPP and PHCPP are �1.53 eV and
�1.38 eV, respectively, indicating that the electron-accepting
abilities of PCPP is improved compared with PHCPP.
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3.3. Ionization potentials and electron affinities

The calculated IPs(v, a) and EAs(v, a) are listed in Table 2. The
values of the IPs(v, a) progressively decrease while the EAs(v, a)
turn high gradually from n¼ 1 to n¼ 4. The values of IPs and EAs
show good binomial relationship with 1/n. Fig. 4 and Table 2
show that when the chain length is infinitely elongated to n¼N,
the vertical and adiabatic energies of PCPP required to extract an
electron from the neutral molecule are 5.46 and 5.45, and those
of PHCPP are 5.12 and 4.58 eV, which indicates that PHCPP is easier
to lose an electron to create a hole than PCPP. The EA(v/a) energies
needed to accept an electron are nearly 0.98/1.22 and 1.24/1.56 eV
for PCPP and PHCPP, respectively, which means that PHCPP is apt
to accept electrons compared with PCPP. Thus, PHCPP is more
suitable for hole-creating and electron-accepting than PCPP.
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3.4. Absorption spectra

The calculated dipole-allowed absorptions associated with the
excitation energies, oscillator strength, and relative weight are
listed in Table 3, the simulated Gaussian type absorption spectra
of CPPn and HCPPn are shown in Fig. 5, and the simulated Gaussian
type absorption spectra of CPP4 and HCPP4 are shown in Fig. 6. The
simulated spectra appear to be similar in shape with the measured
ones [11] except some red-shifts. The lowest-lying absorption exci-
tation energy of PCPP and PHCPP obtained by extrapolation
method are shown in Fig. 7. The density diagram plots of the
Table 3
The calculated dipole-allowed absorptions for PCPP1–PCPP4 and PHCPP2–PHCPP4
obtained by TD-B3LYP calculations

Transition l, nm (eV) Oscillator Relative
weight (%)

CPP1 H / L (0.60) 287 (4.32) 0.1003 73.5
H-1 / Lþ 1 (0.51) 245 (5.06) 0.2784 53.1

CPP2 H / L (0.48) 325 (3.81) 0.0540 47.0
H-1 / Lþ 1 (0.50) 282 (4.40) 0.7651 51.0
H-4 / Lþ 1 (0.41) 225 (5.52) 0.2903 34.3

CPP3 H / L (0.63) 333 (3.72) 1.0620 81.0
H-3 / Lþ 1 (0.47) 286 (4.33) 1.5685 45.1
H-4 / Lþ 4 (0.54) 254 (4.89) 0.5765 59.5

CPP4 H / L (0.66) 344 (3.60) 2.0968 88.9
H-4 / Lþ 1 (0.49) 289 (4.29) 1.8463 49.0
H-5 / Lþ 2 (0.33) 22.2
H-1 / Lþ 5 (0.44) 277 (4.48) 0.4527 39.5
H / Lþ 6 (0.39) 31.0
H / Lþ 8 (0.56) 258 (4.81) 0.2005 64.0

HCPP1 H / L (0.64) 263 (4.71) 0.3286 83.6
H / Lþ 2 (0.59) 189 (6.57) 0.6657 71.0

HCPP2 H / L (0.67) 324 (3.83) 1.2106 91.6
H-3 / Lþ 5 (0.40) 192 (6.44) 1.2984 32.7
H-2 / Lþ 4 (0.32) 20.9
H-4 / Lþ 5 (0.32) 20.9

HCPP3 H / L (0.67) 356 (3.48) 1.9893 91.6
H-1 / Lþ 1 (0.67) 272 (4.56) 0.4257 91.6
H-4 / Lþ 1 (0.41) 218 (5.68) 0.0774 34.3
H-1 / Lþ 7 (0.40) 32.7
H-1 / Lþ 6 (0.23) 10.8

HCPP4 H / L (0.67) 371 (3.34) 2.7064 91.6
H-1 / Lþ 1 (0.66) 300 (4.14) 0.6387 88.9
H-2 / Lþ 2 (0.53) 249 (4.97) 0.1373 57.3

Fig. 5. (a) The Gaussian type absorption spectra for CPP1–CPP4; (b) the Gaussian type
absorption spectra for HCPP1–HCPP4.
absorption transitions for CPP4 and HCPP4 are shown in Figs. 8
and 9 to help understanding the excitation processes.

Table 3 shows that the lowest-lying absorption bands at 287,
325, 333, 344 nm of CPP1–CPP4 and 263, 324, 356, 371 nm of
HCPP1–HCPP4, are all from the electron excitation from HOMO
to LUMO. Take CPP4 as example, Table 3 and Fig. 3 show that
HOMO is a p type orbital which is dominantly localized on the mid-
dle two repeating units, with the composition of 70.0%, and the
LUMO also distributes on the middle of the molecule with p* char-
acter. The frontier orbitals of other CPPn and HCPPn have the sim-
ilar character with CPP4. Therefore, the lowest-lying absorption
transitions of CPPn and HCPPn are all assigned to p / p* type tran-
sitions (see Figs. 8a and 9a). Furthermore, the lowest-lying absorp-
tions are progressively red-shifted and the oscillator strength
increased from CPP1 to CPP4 and from HCPP1 to HCPP4, because
of the increasing p-conjugation chain length which is consistent
with our previous paper [29a]. Moreover, the excitation energy
drops (Dn¼ 1) of CPPn and HCPPn become small like the DH–L

gaps. The extrapolation results showed that the excitation energy
of the lowest-lying absorption at 363 nm (3.42 eV) of PCPP is
higher than that at 439 nm (2.82 eV) of PHCPP, which is consistent
with the H–L gap results. On experiment, the absorption at 350 nm
of PCPP and 380 nm of PHCPP are both assigned to p / p* type
transitions, which is consistent with our calculated results [11].
Compared within CPPn or HCPPn, the lowest-lying absorptions
are red-shifted with the increase of the repeating unit numbers.
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0.0 0.2 0.4 0.6 0.8 1.0
2.5

3.0

3.5

4.0

4.5

5.0

Y=2.64+0.89X-0.62X2

Y=2.82+2.13X-0.24X2

Y=2.87+1.17X-0.02X2

Y=3.42+0.67X-0.23X2

E
ne

rg
y 

(e
V

)

1 / n

Fig. 7. The lowest-lying absorption energy of CPPn - and HCPPn :, the lowest-
energy emission energy of CPPn C and HCPPn ; as a function (Y) of reciprocal chain
length 1/n (X) under the B3LYP calculations.

T. Liu et al. / Polymer 49 (2008) 2077–20842082
But the lowest-lying absorption of PCPP (363 nm) has an abnormal
blue-shift compared with that of PHCPP (439 nm), which is
contrast to the well-known conclusion that the absorption is red-
shifted by increasing the p-conjugation chain length. On experi-
ment, Suh et al. [11] observed the similar spectral shift trend, and
they presumed that extra p-conjugation bond between two ben-
zene rings in PCPP alters the overall optical properties in a way dif-
ferent from simple effective conjugation length consideration. But
based on our calculations, the frontier molecular orbitals of PCPP
and PHCPP have similar occupation characters. We found that
the abnormal spectral shift trend can be interpreted by effective
repeating unit (ERU) which is similar to the effective conjugation
length (ECL). The ERU was estimated by the convergence of the
excitation energies with the chain length within a threshold of
0.01 eV, based on the obtained binomial between the excitation en-
ergy and reciprocal chain length. The ERU of PCPP and PHCPP are
estimated to be 9 and 14, respectively, so the p-conjugation effect
of PHCPP is greater than that of PCPP. Thus, the absorption blue-
shift of PCPP compared with PHCPP can also be interpreted by
Fig. 8. The density diagram plots of the absorption at 344 nm (a), 289 nm (b), 277 nm (c)
the well-known conclusion, but the p-conjugation chain length is
strictly changed to effective p-conjugation length, namely, the
absorption can be red-shifted by increasing ERU.

Interestingly, Fig. 6 shows that CPP4 has two absorption peaks
at 289 nm and 277 nm, but HCPP4 has only one peak at 300 nm.
Fig. 9b shows that the absorption band at 300 nm of HCPP4 is
assigned to p / p* transition localized on the whole molecule
frame but dominantly on the side repeating units with more than
60% composition. The absorption band at 277 nm of CPP4 has sim-
ilar p / p* transition character to the absorption band at 300 nm
of HCPP4 (see Fig. 8c). And the blue-shift of the absorption band
at 277 nm of CPP4 compared with that at 300 nm of HCPP4 can
also be interpreted by ERU just like the lowest-lying absorption.
Fig. 8b shows that the absorption at 289 nm of CPP4 also can be
attributed to p / p* transition, but the extra p-conjugated C]C
bonds between two benzene rings also contribute to the excitation,
and the molecular orbitals concentrate on the middle two repeat-
ing units with more than 80% compositions. On experiment, Suh
, and 258 nm (d) of CPP4 with jCI coefficientj> 0.1 under the TD-B3LYP calculations.



Fig. 9. The density diagram plots of the absorption at 371 nm (a), 300 nm (b), and
249 nm (c) of HCPP4 with jCI coefficientj> 0.1 under the TD-B3LYP calculations.

Table 4
The calculated fluorescence emissions of PCPP and PHCPP under the TD-B3LYP
calculations, together with the experimental data

Excited
states

l, nm (eV) Config (CI coeff) Oscillator Relative
weight (%)

CPP1 1pp* 308 (4.03) H / L (0.62) 0.2096 78.5
CPP2 1pp* 358 (3.46) H / L (0.64) 1.1888 83.6
CPP3 1pp* 380 (3.26) H / L (0.66) 2.0083 88.9
CPP4 1pp* 393 (3.16) H / L (0.66) 2.6591 88.9
HCPP1 1pp* 302 (4.11) H / L (0.63) 0.3647 81.0
HCPP2 1pp* 387 (3.20) H / L (0.64) 1.4467 83.6
HCPP3 1pp* 418 (2.97) H / L (0.66) 2.2432 88.9
HCPP4 1pp* 432 (2.87) H / L (0.66) 2.8666 88.9
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et al. [11] also observed the extra absorption band of PCPP com-
pared with PHCPP, and they presumed that the extra p-bonding
between the two benzene rings in PCPP should be responsible
for the extra absorption band by comparing chemical structures
of PCPP and PHCPP. Based on theoretical calculation, we confirmed
their presumption in the view of electronic structure. Other absorp-
tion bands given in Table 3 are all attributed to p / p* transition
without special characters (see Figs. 8 and 9).
3.5. The excited state geometries and the emissions

The main optimized excited state geometry parameters of CPPn
and HCPPn are given in Table 1. The optimized geometries of CPP4
and HCPP4 are shown in Fig. 2. The optimized excited state geom-
etries of CPPn and HCPPn (n¼ 2–4) have the similar screw struc-
tures to the ground state, but the screw degree becomes smaller,
because the dihedral angle of C(7)–C(10)–C(14)–C(13) increases
by about 20� compared with ground state. Other excited state dihe-
dral angles C(3)–C(1)–C(2)–C(6)/C(1)–C(3)–C(4)–C(5)/C(3)–C(4)–
C(5)–C(6) of CPPn are hardly changed. But for HCPPn, Table 1
shows that dihedral angles of C(3)–C(4)–C(5)–C(6) and C(1)–
C(3)–C(4)–C(5) are greatly changed by about 30� and 40�, respec-
tively, compared with the ground state, which indicates that the
C–C single bond is distorted greatly. It is because the rigidity of
C]C double bond is greater than that of C–C single bond, the C–C
bond is easier to be distorted than the C]C bond by electronic ex-
citation. The bond angles of CPPn and HCPPn are hardly changed by
excitation. The C(1)–C(2)/C(4)–C(5)/C(9)–C(8)/C(9)–C(12)/C(10)–
C(14) bonds become stronger, but C(3)–C(4)/C(5)–C(6) bonds
become weaker compared with ground state results.
The calculated fluorescence of CPPn and HCPPn as well as rela-
tive weight, configuration, and oscillator strength are summarized
in Table 4. The calculated fluorescence are red-shifted in the order
of CPP1 (308 nm)< CPP2 (358 nm)< CPP3 (380 nm)< CPP4
(393 nm) with the increase of the repeating units from 1 to 4,
and HCPPn have the similar red-shift trend to CPPn. These fluores-
cence can be described as originating from 1pp* excited state more
than 78.5% weight compositions. Through analyzing the transition
configuration of the fluorescence, we found that the calculated
fluorescence is just the reverse process of the lowest-lying absorp-
tion, since the emission and the lowest-lying absorptions have the
same symmetries (A1B) and transition characters (X1A 4 A1B). The
Stokes shifts between the calculated lowest-lying absorptions and
emissions are 0.30, 0.35, 0.46, 0.44 eV for CPP1–CPP4 and 0.60,
0.63, 0.51, 0.47 eV for HCPP1–HCPP4, respectively, and the modest
shifts are in agreement with the slight change of the geometries
from the ground state to the excited state. With the extrapolation
method, we obtained the fluorescence of PCPP (432 nm, 2.87 eV)
and PHCPP (470 nm, 2.64 eV). The fluorescence of PCPP is blue-
shifted compared with that of PHCPP despite that PCPP has an ex-
tra p-conjugation C]C double bond between two benzene rings,
which also can be interpreted by the fact that the ERU of PCPP
(9) is smaller than that of PHCPP (14), and this fact can be seen
from Fig. 3 that the frontier molecular orbitals of HCPP4 (30.0%) lo-
calized on end repeating unit are more than that of CPP4 (27.0%),
thus, the p-conjugation effect of PHCPP is greater than that of
PCPP. The calculated results showed that PCPP is a good blue-emit-
ting material with remarkable color stability and rigid backbone.

4. Conclusions

The present work studied the geometries, electronic structures,
IPs, EAs, absorption and fluorescence properties of two series olig-
omers CPPn and HCPPn (n¼ 1–4). CPPn and HCPPn show smooth
binomial relationship between inverse repeating unit numbers (1/
n) and the H–L gap, IPs, EAs, and the optical properties. By extrap-
olation method, we predicted the properties of PCPP and PHCPP.
The lowest-lying absorption of PCPP and PHCPP are attributed to
p / p* transition, and the fluorescent emission can be described
as originating from 1pp* excited state. The calculation results also
revealed that the absorptions and the emissions are red-shifted
with the increasing ERU but not with the increasing repeating
unit number solely. The extra absorption band at 289 nm of PCPP
is assigned to p / p* transition involving the extra C]C bond
between benzene rings. The calculated results showed that PCPP
is suitable for blue-emitting LEDs.
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