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Density functional theory methods were employed to study the electronic, structural and conductive properties of classical
bicyclic furans. In this paper, studies of monomers, oligomers and polymers of furo[3,4-b Jfuran, furo[2,3-b Jfuran and
furo[3,2-b Jfuran are presented. To gain detailed information on conjugational degree, we selected the nucleus-independent
chemical shift as a method for examining the changes in conjugational degree. Furthermore, three parameters of density of
state, effective mass (m*) and kinetic model of mobility (n) were also investigated. The variable trends of all parameters
from monomers to tetramers indicate that poly(4,4’-bifuro[3,4-b |furan), poly(trans-2,2'-bifuro[3,2-b Jfuran) and poly(cis-
2,2/-bifuro[3,2-b Jfuran) are good candidates for conductive materials, which are consistent with band structure analyses
showing that the three polymers had narrower band gaps (1.21, 1.93 and 1.89 eV, respectively) than other polymers.

Keywords: bicyclic furans; electronic structure; nucleus-independent chemical shift; effective mass

1. Introduction

Many researchers have devoted themselves to studying
m-conjugated polymers since the finding that doped -
conjugated polymers have metallic conductive properties
[1,2]. More and more scientists have synthesised such
kinds of polymers, which have become the focus of
interest [3—6]. Because the size of the energy gap
embodies the conductive property, finding such polymers
with small band gaps is an important goal. Currently, there
are many ways in which we can reduce polymer band gaps,
such as newly doped molecules, new conformational
structures and so on. However, the two key steps may be
(1) exploring parent molecules with low-energy gaps and
(2) exploring the relationship between the energy gap and
the electronic properties of monomers and oligomers.
The latter way is more helpful for designing conductive
molecules because the electronic properties of mono-
mers and oligomers are closely related to polymer band
gaps [7].

In this paper, three classical bicyclic furans are
selected as parent molecules: furo[3,4-b Jfuran (Fa),
furo[2,3-b [furan (Fb) and furo[3,2-b [furan (Fc). These
bicyclic furans may form six polymers: poly(4,4'-
bifuro[3,4-b Jfuran) (1PFa), poly(3,6'-bifuro[3,4-b Jfuran)
(2PFa), poly(2,2'-bifuro[2,3-b Jfuran) (PFb), poly(rrans-
2,2'-bifuro[3,2-b Jfuran) (1PFc), poly(cis-2,2'-bifuro[3,2-
b Jfuran) (2PFc¢) and poly(3,3’-bifuro[3,2-b Jfuran) (3PFc),
respectively. Nowadays, some furofurans and their
derivatives are synthesised successfully [8,9]. Fa was
synthesised with cyclopropa-1,2-diene in 1986 [10], and
Vader and his co-workers [11] found that dialkylated

aldehyde furnished Fb under the condition of acid-
catalysed cyclisation after three years; meanwhile, some
derivatives of Fc have also been reported [12].

In the present work, we intend to understand
conductive properties of the above-mentioned polymers
by examining the types of transtactic block polymeris-
ation, the intrinsic and electronic structures of oligomers,
and the change in trends of electronic and structural
properties from monomers to tetramers. These systems
that we select have no steric repulsion between the
adjacent heterocyclic units leading to a planar geometry,
and each molecule has high electron affinity which is
attributed to oxygen atoms, and that may be helpful for
their polymers embodying better qualifications for
forming conductors.

As for organic compounds, strong conjugation degree
and aromaticity are important properties for conductive
ability. Hence, conjugation degree and aromaticity can
embody conductive ability to a certain degree. We select
the nucleus-independent chemical shift (NICS) [13] as a
method for examining the changes in conjugational degree
by calculating NICS values of the ring critical points
(RCPs). Furthermore, the band gaps, density of state
(DOS) and effective mass (m*) along with the kinetic
model of mobility (n) are also investigated.

2. Computational details

In this paper, we explain the qualitative features
by employing the density functional theory (DFT) [14]
to obtain insight into molecular design; the Becke’s
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three-parameter non-local exchange function with the
Lee—Yang—Parr non-local correlation function (B3LYP)
[15,16] is used to optimise all the structures of monomers
and oligomers. All the structures have no imaginary
frequencies at the present level, which implies that all the
optimised structures are the steady points on the reaction
potential energy surface. The block polymers are
calculated using the periodic boundary condition (PBC)
method [17]. 6-31G*, a moderate basis set, is used
throughout all optimisations, and all calculations are
carried out by Gaussian 03 package [18]. On the basis of
the optimised structures, monomers, oligomers and
polymers are studied by employing electronic density
topological analyses and NICS calculation at the
B3LYP/6-31G* level. Electronic density topological
analyses are obtained using atom-in-molecule (AIM)
analyses [19]. The NICS method was used widely to assess
the aromaticity and anti-aromaticity of many compounds.
In this paper, NICS is defined as the negative of the
magnetic shielding at an RCP and at 1.0 A above the RCP,
which is obtained from the AIM analyses.

In order to discuss the electronic and structural
characters well, we extract one isolated structure from a
block polymer structure for each polymer. The single-
point calculation including full population analysis is
explored at the B3LYP/6-31G* level on the basis of the
optimised structure, DOS is performed and the DOS graph
is obtained from GaussSum 1.0 [20,21].

3. Results and discussion
3.1 Monomer and oligomer

The structures and geometrical parameters of optimised
parent molecules of Fa, Fb and Fc¢ are shown in Figure 1.
In this paper, the central bond is denoted as the C—C bond
which connects two neighbouring central rings, and the

Molecular Simulation 837

sketch of studied compounds is shown in Scheme 1 (e.g. in
the 1Fa dimer, the central bond is the bond C1 that
connects bl and b2 rings; in the 1Fa tetramer, the central
bond is the bond C2 that connects b2 and b3 rings). The
bond critical point (BCP) properties, Wiberg bond indices
(WBIs) [22] and central bond lengths of the central bonds
of the studied compounds are listed in Table 1. From Table
1, we can see that the central bond length decreases with
increasing polymeric number. At the same time, the
complete topological analyses for all compounds are given
in Table 1. BCPs, which represent saddle points between
two atoms, are denoted as (3, — 1), and they are examined
for all the bonds. In order to obtain more detailed bond
properties, the charge densities P, Laplacian (Vf)(r)) and
eigenvalues of the Hessian matrix (A;) at the BCPs are
also listed in Table 1. The charge densities P, and the
Laplacian (Vf)(r)) inspect the changes in electronic
accumulation [23]. As shown in Table 1, the central
bond densities (more positive) and the Laplacian (V,z)(r))
(more negative) of the compounds increase with the
increase in polymeric number, which illustrates that the
local populations of charges in those bonds increase, and
all the above data show that the conjugational degree of
compounds increases with the increase in polymeric
number. Moreover, the parameters egcp and WBIs are
used to measure the m-bond character. Based on the AIM
theory, the larger the egcp value, the stronger the
conjugation. The WBIs in Table 1 are between 1.0 and
2.0, and they display m-bond characters. Also, from
Table 1, it can be seen that egcp and WBISs increase with
the increase in polymeric number, which shows strong
Tr-bond features of the central bonds. However, the egcp of
1PFa is not the largest in its system, as well as for PFb,
1PFc and 2PFc, the reason being that the egcp values of
PFa, PFb and PFc¢ are from one selected isolated
structure, respectively, as we cannot calculate the egcp of

Figure 1. Optimised structures of monomeric molecules, along with bond lengths (in A) and angles (in °).
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Scheme 1. Sketch of the studied compounds.

a whole polymer at present; after all, the selected segment
is different from the whole molecule. Furthermore, the
charge of the C atom in the central bond is almost
more positive (1Fa, —0.015 — 0.203 — 0.265 — 0.286;
2Fa, —0.015— 0.282 — 0.285 — 0.286; Fb, 0.061 —
0.267 — 0.267 — 0.263; 1Fc¢, 0.06 — 0.259 — 0.259 —
0.258; 2Fc, 0.06 — 0.256 — 0.255 — 0.255; 3Fc,
0.06 — 0.091 — 0.092 — 0.093), which suggests that the
charges are transferred from the C atom to the central
bonds with the increase in polymeric number.

The NICS was used diffusely to express the
aromaticity of molecules, since the NICS can distinctly
and simply monitor the condition of ring currents, which
was mainly used to represent the m-electron delocalisation
by examining the NICS values at differently positioned
rings in the molecular system. Moreover, the changes in
NICS at differently positioned rings in the polymer can

indicate the conjugational degree. It is a rule that systems
with large negative NICS values are aromatic and those
with strong positive NICS values are anti-aromatic.
Therefore, non-aromatic cyclic systems should have the
NICS values close to zero [24]. In this paper, the NICS was
selected as a model system to understand the relationship
between conjugational degree and ring current density.
Generally speaking, NICS is computed at the ring centre,
namely at the position of the RCP (NICS (0 10\)), and it can
also be calculated at a certain distance above or below the
centre of the ring. It was reported that the NICS value
computed at 1.0A above the RCP (NICS (1.0A)) is
recommended as being a better measure of m-electron
delocalisation when compared with that of NICS (0 A)
[24,25]. Hence, in the present work, both NICS (0 A) and
NICS (1.0 A) values for monomers and oligomers are
calculated and listed in Table 2. The positions of all the
rings are shown in Scheme 1.

Meanwhile, the NICS (0 A) and NICS (1.0 A) values of
furan are also calculated at the same level, which are 13.2
and 10.2 ppm, respectively. The values in Table 2 illustrate
that all of the studied compounds have strong local
aromaticity, and most of the NICS values in the central
section in monomers and oligomers are smaller than those
in the sole furan. It indicates that polymerisation makes the
electronic ring current to decrease.

The values in Table 2 show that the change in NICS
values from the same parent molecule in the terminal ring
is small. For example, for Fb, the values of al from
monomer to tetramer are approximate, which are 8.8, 8.5,
8.5 and 8.5ppm, and the results suggest that the ring
current in the terminal ring just influences the central
section slightly. For the side rings (position a), the NICS
values change slightly as well, such as the al, a2 and a3
values in the 1Fa trimer are 6.3, 6.4 and 6.4ppm,
respectively, indicating a change of only 2%. Furthermore,
the NICS values in the terminal and side rings change
slightly with the increase in polymeric number, which
indicates that the central electronic ring currents have less
effect on the terminal and side rings. The reason is that ring
a is far from the polymeric axis, and the polymeric number
just slightly influences the ring current [7].

Along the polymeric axis, the NICS values decrease
obviously, for example the values of 1Fa-bl from
monomer to tetramer are 10.9, 9.3, 9.1 and 9.1 ppm. In
the central sections, the change in NICS values is also
evident. In the tetramer of 1Fa, the NICS values of b1l and
b2 are 9.1 and 7.9 ppm, respectively, and the values change
more evidently. The reason for the above results is that b2
is not only close to the polymeric axis, but also close to the
centre of the molecule. However, in the case of Fb and Fe,
the ring currents in the central rings are smaller than those
at the terminal ones; for example, in the trimer of Fb, the
NICS values are 8.5, 7.6, 7.4 and 7.4 ppm; in the tetramer
of 1Fc, they are 8.8, 8.0, 7.7 and 7.6 ppm. For 2Fa and
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Table 1. BCP properties and Wiberg bond index of the central bond® of the studied compounds.

Polymeric number P (—ADI(— A/ A5 Vi(r) €RCp Central bond length (/&) WBIs®
1Fa Dimer 0.299 0.65/0.52/0.35 —0.822 0.262 1.426 1.144
Trimer 0.301 0.65/0.52/0.35 —0.832 0.274 1.421 1.161
Tetramer 0.301 0.66/0.51/0.35 —0.825 0.284 1.418 1.161
Polymer® 0.309 0.69/0.57/0.35 —-0.913 0.208 1.409 1.460
2Fa Dimer 0.287 0.60/0.51/0.35 —0.757 0.176 1.438 1.102
Trimer 0.287 0.60/0.51/0.35 —0.758 0.177 1.438 1.102
Tetramer 0.287 0.60/0.51/0.35 —0.758 0.177 1.438 1.103
Polymer® 0.287 0.60/0.51/0.35 —0.761 0.177 1.438 1.169
Fb Dimer 0.295 0.65/0.52/0.36 —0.807 0.253 1.433 1.127
Trimer 0.296 0.65/0.52/0.36 —0.809 0.255 1.433 1.130
Tetramer 0.296 0.65/0.52/0.36 —0.811 0.258 1.432 1.133
Polymer® 0.296 0.65/0.52/0.36 —0.820 0.243 1.431 1.271
1Fc Dimer 0.297 0.65/0.52/0.36 —-0.815 0.250 1.431 1.138
Trimer 0.298 0.66/0.52/0.36 —0.820 0.256 1.429 1.147
Tetramer 0.300 0.66/0.52/0.36 —0.827 0.262 1.426 1.157
Polymer® 0.301 0.66/0.54/0.36 —0.849 0.221 1.425 1.359
2Fc Dimer 0.294 0.64/0.52/0.36 —0.801 0.248 1.435 1.136
Trimer 0.296 0.65/0.52/0.36 —0.807 0.253 1.432 1.145
Tetramer 0.297 0.65/0.52/0.36 —0.814 0.260 1.429 1.156
Polymer® 0.298 0.66/0.54/0.36 —0.837 0.219 1.428 1.357
3Fc Dimer 0.277 0.56/0.50/0.35 —0.706 0.109 1.450 1.072
Trimer 0.277 0.56/0.50/0.35 —0.706 0.109 1.450 1.072
Tetramer 0.277 0.56/0.50/0.35 —0.706 0.109 1.450 1.072
Polymer® 0.278 0.56/0.50/0.35 —0.708 0.110 1.450 1.087

See text. ® Attained from NBO analysis. € One isolated structure extracted from the corresponding polymer.

3Fc, the NICS values along the polymeric axis do not
change evidently because the polymeric axis is not
straight. However, the NICS values in the same position,
which is close to the polymeric axis, still decrease with the
increase in polymeric number; for example, the NICS
values of bl in 3Fc are 9.2, 8.4, 8.3 and 8.3 from monomer
to tetramer.

The decreases in NICS (1.0 A) values along with chain
extension imply that aromatic ring currents in ring b
decrease with aromatic character weakening, which
suggests that the localisation potential for m-electrons
in these rings is weakened, or in other words, the
delocalisation potential for m-electrons along the chain is
enhanced, and the outcomes lead to the enhancing of the
conjugation degree for the systems, which is good for
m-electrons flowing along the polymeric axis. In addition,
the above analyses illustrate that the electrons in the
central section do not localise on the central section but on
the whole molecule.

The above analyses indicate that aromaticity is closely
related to the localisation of m-electrons: the ring
aromaticity is strengthened if mw-electrons are localised in
a ring, while ring aromaticity is weakened, but the ring
current of the molecule is strengthened, if w-electrons are
distributed on the whole molecule. The results also
indicate that m-electrons are mainly delocalised along the
polymeric axis, and m-electrons are delocalised easily with
the increase in polymeric number.

Therefore, it is apparent that studying the changes in
NICS values is a useful method to analyse aromatic and
conjugational properties.

3.2 Periodic system

In this article, the electronic and structural properties were
obtained by employing a PBC calculation. The computed
one-dimensional band structures around the Fermi level
are illustrated in Figure 2, and the energy gap was obtained
from the minimum difference between the HOMO and
LUMO energy levels at a constant k. The orbital energy
can be assumed to verify the trend reliably, because the
theoretical calculation in this energy level is systematic
[26,27]. In the energy gap graph (Figure 2), 10 orbitals
including HUMO and LUMO are displayed, and the fifth
and sixth orbitals are HUMO and LUMO, respectively.
The partial DOS (PDOS) spectra are shown in Figure 3.
The HOMO and LUMO energies and the energy gaps of
oligomers are listed in Table 3. Furthermore, the ionisation
potential (IP), electronic affinity (EA) of monomers and
oligomers, the bandwidths (BWs) and electron effective
masses (m*) of polymers are shown in Table 4. BW and m*
values are good parameters for predicting the hole and
electron-transporting ability [28—30]. The effective mass
of carriers at the band edge representing mobility was
obtained as the square of 7 multiplied by the reciprocal
of the curvature from E(k) with k, and the formulation is
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Table 2. Negative NICS for the studied compounds at 1.0 A above (in parentheses) and at RCPs.

Ring Monomer Dimer Trimer Tetramer
1Fa al 8.4 (6.5) 8.1 (6.3) 8.1 (6.3) 8.2(6.4)
bl 15.7 (10.9) 13.8 (9.3) 13.5(9.1) 13.4 (9.1)
a2 8.2 (6.4) 8.1 (6.3)
b2 12.3 (8.1) 12.1 (7.9)
a3 8.1 (6.4)
b3 13.9 (9.4)
2Fa al 15.7 (10.9) 15.5 (10.6) 15.5 (10.6) 15.6 (10.7)
bl 8.4 (6.5) 7.9 (5.9) 7.8 (5.9) 7.8 (5.9)
a2 8.2 (6.4) 7.7 (5.8) 7.7 (5.8)
b2 14.2 (9.7) 14.0 (9.5) 14.0 (9.5)
a3 8.1 (6.4) 7.7 (5.8)
b3 14.1 (9.7) 14.0 (9.5)
a4 8.1 (6.4)
b4 14.1 (9.7)
Fb al 11.7 (8.8) 11.4 (8.5) 11.3 (8.5) 11.3 (8.5)
bl 11.7 (8.8) 10.3 (7.6) 10.3 (7.6) 10.3 (7.6)
a2 10.1 (7.4) 10.1 (7.4)
b2 10.1 (7.4) 10.0 (7.4)
1Fc¢ al 12.3 (9.2) 11.9 (8.9) 11.9 (8.9) 11.8 (8.8)
bl 12.3 (9.2) 10.9 (8.0) 10.8 (8.0) 10.8 (8.0)
a2 10.6 (7.7) 10.6 (7.6)
b2 10.6 (7.7) 10.5 (7.7)
2Fc al 12.3 (9.2) 11.9 (8.9) 11.8 (8.8) 11.8 (8.8)
bl 12.3 (9.2) 11.2 (8.2) 11.1 (8.1) 11.1 (8.1)
a2 10.8 (7.8) 10.8 (7.8)
b2 10.8 (7.8) 10.8 (7.8)
3Fc al 123 (9.2) 12.2 (9.1) 12.2 (9.1) 12.2 (9.1)
bl 12.3 (9.2) 11.2 (8.4) 11.1 (8.3) 11.1 (8.3)
a2 11.1 (8.2) 11.1 (8.2)
b2 11.1 (8.2) 11.1 (8.2)
defined as tetramer: 5.20, 3.50, 2.92 and 2.45eV, respectively). In
contrast to oligomers, the HOB energy of polymer 1PFa is
1 92E(k) ) larger than the HOMO energies of oligomers, while the
m* R\ ok? )’ M LUB energy of polymer 1PFa is smaller than that of

The kinetic model of mobility (w) is given by the following
formula:

m=—. 2)
m
According to the band theory, the wider the BW, the
smaller the effective mass, and the larger the kinetic model
of mobility [31].

3.2.1 PFa

PFa contains two kinds of polymeric form, 1PFa and
2PFa, and both 1PFa and 2PFa are coplanar molecules.
In the case of 1PFa, the polymeric axis is straight,
which is in favour of the flow of electrons. From Table 3,
we can easily see that the energy gaps decrease gradually
with the increase in polymeric number (from monomer to

the corresponding oligomers; therefore, the energy gap of
polymer 1PFa is smaller (1.21 eV) than oligomers, which
indicates that energy gaps decrease with the increase in
polymeric number. From Table 4, we can find that the IP
values of 1Fa are smaller but the EA values are larger with
the increase in polymeric number, and the change in trends
is shown in Figures 4 and 5, which suggests that the ability
of the compound gaining electrons increases with the
increase in polymeric number.

As shown in Figure 2, there is an item gap between the
bottom of LUB and the top of HOB, which indicates
that there are no orbital overlaps between the top of HOB
and the bottom of LUB, and it is an indirect energy
gap. Meanwhile, the band curves near —3eV (the top of
the occupied band and the bottom of the vacant band) bend
greatly with the change in k value; correspondingly, the
peak in the DOS graph (Figure 3) changes moderately,
which illustrates that the localisation of the orbital is
stronger. In contrast, except for the top of HUB and the
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Figure 2. Band structures of PF1, PF2, PF3 and PF4.
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Figure 3. DOS and PDOS of one isolated structure extracted from polymers.

bottom of LUB, the other bands are even, and the DOS
spectra show that the corresponding peaks are sharp,
which suggests that the bonding function is relatively
weak. Since the structures of the two radical groups, 1Fa-1

and 1Fa-2, are completely identical, their PDOSs are
overlapped completely. As shown in Table 4, the larger
BW (conduction band: 1.361¢V; valence band: 1.932¢V,
respectively), the smaller effective mass (m*; conduction
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Table 3. Energy (eV) of HOMO and LUMO, energy gaps for oligomers and band gaps for polymers.

Monomer Dimer Trimer Tetramer Polymer
1Fa H —5.56 —4.75 —4.38 —4.19 —3.56
L —0.36 —1.25 —1.46 —1.74 —235
E, 5.20 3.50 2.92 245 1.21
2Fa H —5.56 —5.04 —491 —4.86 —4.84
L —0.36 —-0.93 —1.13 —1.23 —1.39
E, 5.20 4.11 3.78 3.63 3.45
Fb H —5.73 —5.03 —4.84 —4.76 —4.65
L 0.41 —0.77 —1.06 —1.21 —1.51
E, 6.14 4.26 3.78 3.55 3.14
1Fc H —5.57 —4.89 —4.63 —4.49 —4.22
L —0.09 —1.16 —1.56 —1.78 —2.29
E, 5.48 3.73 3.07 2.71 1.93
2Fc H —5.57 —4.88 —4.61 —4.47 —4.19
L —0.09 —-1.17 —1.57 —1.78 —2.30
E, 5.48 3.71 3.04 2.69 1.89
3Fc H —5.57 —5.45 —5.44 —5.45 —5.51
L —0.09 —0.51 —0.67 —0.75 —0.91
E, 5.48 4.94 4.77 4.70 4.60

Note: For polymer, H means HOB and L means LUB.

BW: 0.698 eV; valence BW: 0.646 eV, respectively) along
with larger kinetic model of mobility () lead to small
energy gap. The energy gap of 1PFa is 1.21eV.

In the case of 2PFa, the polymeric axis is flexural, and
the electron does not flow easily as for 1PFa, therefore the

energy gap of 2PFa is larger than that of 1PFa. However,
the change in trend of the energy gaps is the same as that
for 1PFa (monomer > dimer > trimer > tetramer). The
HOMO energy increases with the increase in polymeric
number, while the LUMO energy decreases, which results

Table 4. 1P (Hartree), EA (Hartree), BW (eV) and effective mass (m*).

Conduction band of Valence band of the

the polymer olymer
Polymeric number P EA Py poy
BW m* BW —m*
1Fa Monomer 0.281 0.045 1.361 0.698 1.932 0.646
Dimer 0.232 0.002
Trimer 0.209 —-0.014
Tetramer 0.196 —0.03
2Fa Monomer 0.281 0.045 1.306 1.919 1.497 1.352
Dimer 0.243 0.012
Trimer 0.230 —0.002
Tetramer 0.222 —0.011
Fb Monomer 0.285 0.063 0.571 3.235 0.844 2.841
Dimer 0.241 0.017
Trimer 0.242 —0.002
Tetramer 0.216 —-0.012
1Fc Monomer 0.280 0.051 2.340 0.256 2.721 0.256
Dimer 0.236 0.002
Trimer 0.216 —0.02
Tetramer 0.203 —0.034
2Fc Monomer 0.280 0.051 1.497 1.384 1.660 1.384
Dimer 0.235 0.001
Trimer 0.215 —0.021
Tetramer 0.204 —0.034
3Fc Monomer 0.280 0.051 0.789 3.662 0.544 3.639
Dimer 0.257 0.025
Trimer 0.248 0.012

Tetramer 0.241 0.004




17: 05 14 January 2011

Downl oaded At:

844 X. Xie et al.

0.30 1
0.28
0.26
s
)
>, 0.24 4
=g
[
&
0.22
0.20
0.18 T T T T T T T
1.0 15 20 25 30 35 40
Polymeric number
Figure 4. 1P of 1Fa, 2Fa, Fb, 1Fc, 2Fc and 3Fc (the points from

1 to 4 denote monomer, dimer, trimer and tetramer, respectively).
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Figure 5. EA of 1Fa, 2Fa, Fb, 1Fc, 2Fc and 3Fc (the points
from 1 to 4 denote monomer, dimer, trimer and tetramer,
respectively).

in the above change in trend of energy gaps. Furthermore,
BW is smaller and m* is larger than those for 1PFa
(conduction BW: 1.306¢eV, m*: 1.919m,; valence BW:
1.479eV, m#*: 1.352m,, respectively); according to
formula (2), the kinetic model of mobility (u) is smaller
than that for 1PFa, which results in larger energy gap than
that for 1PFa (2PFa: 3.45 eV). From Figure 2, we also find
that the conduction and valence bands are moderate and
the energy gaps are large.

3.2.2 PFb

In contrast to 1PFa and 2PFa, the polymeric form of PFb
is different though the polymeric axis is straight. In a unit,
the two oxygen atoms are located in the same side of the

furan rings. The data in Table 3 indicate that the energy
gaps decrease with the increase in polymeric number
(from monomer to tetramer: 6.14, 4.26, 3.78 and 3.55¢eV,
respectively), which results from the increase in HOMO
energy and the decrease in LUMO energy (HOMO:
—5.73, —5.03, —4.84, —4.76 and —4.65eV, LUMO:
0.41, —0.77, —1.06, —1.21 and — 1.51eV). Meanwhile,
the data in Table 4 suggest that the narrower band
corresponds to larger m* but smaller w. The profiles in
Figures 2 and 3 illustrate the same results. The energy gap
curves of the selected front-line orbitals are moderate, and
the corresponding peaks in the DOS graph are relatively
sharp. This indicates that the localisation degree of the
orbitals is small, and the interactions between the orbitals
are weak, which is not advantageous for electronic
locations, at the same time it also affects the conductive
properties of the polymer. The band gap of PFb is 3.14 eV.

3.2.3 PFc

On the basis of Fe, there are three kinds of polymeric
forms leading to 1PFc¢, 2PFc¢ and 3PFc¢; 1PFc and 2PFc
have the same polymeric form.

For 1PFc, the oxygen atoms lie on the two sides of the
furan rings equally, and the polymeric axis is straight.
Inspection of Table 3 shows that the energy gaps decrease
with the increase in polymeric number (from monomer to
tetramer: 5.48, 3.73, 3.07 and 2.71 eV), and the energy gap
of 1PFc is 1.93eV. The values of BW and m* show that
1PFc has a wide band gap and small m* (conduction BW:
2.340eV, m*: 0.256m,; valence BW: 2.721eV, m*:
0.256 m,,). From Figure 2, we find that there are no orbital
overlaps. Hence, the energy gap belongs to an indirect
energy gap as well. The other band curves are even,
especially the curves which are near 2 eV and after 7 eV are
relatively straight. Furthermore, the corresponding sharp
peaks are displayed in Figure 4. It suggests that the
localisations of HOB and LUB are strong, and the
interaction between the orbitals is also strong, which are
good for the localisation of electrons and conductive
ability.

2PFc has the same polymeric form as 1PFc and the
polymeric axis is also straight. The HOMO energy
increases with the increase in polymeric number, while the
LUMO energy decreases, hence the energy gaps decrease
with the increase in polymeric number (from monomer to
tetramer: 5.48, 3.71, 3.04 and 2.69 eV, respectively). The
BW and m* values listed in Table 4 suggest that the
valence band is wider than the conduction band while both
of them have the same m* values. The above values
indicate that the relationship between band gap and m* is
not absolutely consistent, because the m* values are also
affected by many factors. From Figures 2 and 3, we can see
that the band gap centres on —2 to —4 eV, and the energy
gap of 2PFc is 1.89eV.
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The last polymer of Fe is 3PFc¢, and the polymeric axis
is flexural, which is not good for the electron flow,
therefore 3PFc has larger band gap in contrast to the other
five polymers. As shown in Table 3, the HOMO energy is
smaller and the LUMO energy is larger compared with the
other oligomers. However, the change in trend is the same
as for the above polymers. The band structure of Figure 2
illustrates that the energy gap centres on — 1 to —5eV, and
the curves on the corresponding positions in Figure 3 are
moderate, which illustrates that the localisation of the orbital
is stronger. Furthermore, the BW and m* values of the
polymers shown in Table 4 suggest that 3PFc¢ has the most
narrow band, the largest m* and the smallest w (BW:
0.789¢eV and m*: 3.662 m, for the conduction band; BW:
0.544 eV and m*: 3.639 m, for the valence band). Therefore,
3PFc has the largest band gap, which is 4.60eV.

The energy gap, BW, m*, kinetic model of mobility
and the DOS analyses for oligomers and polymers give us
a more useful way to understand the electronic properties
of the structure, thereby we can further study the
conductive properties.

4. Conclusions

In this article, electronic and structural properties of the
three bicyclical classical furans, Fa, Fb and Fe, are studied
in detail. The DFT theoretical method is employed to
calculate monomers, oligomers and polymers. By analysing
the NICS changes at RCPs, the BCP properties and the
WBIs in the central bands, we find that the aromaticity is
degressive and the conjugational degree increases with the
increase in polymeric number; meanwhile, the conjuga-
tional degree in the central part is stronger than that in the
outer part. Furthermore, the BW, m* values and energy gaps
suggest that the polymers of 1PFa, 1PFc¢ and 2PFc have
larger BW values and smaller m* values than 2PFa, PFb
and 3PFc, which is basically in accordance with the energy
gap (1PFa: 1.21eV, 2PFa: 3.45¢eV, PFb: 3.14¢V, 1PFc:
1.93eV, 2PFc: 1.89eV and 3PFc: 4.60eV, respectively)
Therefore, the above analyses illustrate that 1PFa, 1PFc and
2PFc are good candidates for conductive materials.
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