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We investigated electronic structures of four sets of monomers and polymers comprising of phenyl rings and
five-membered hetero(aromatic) moieties connected with double-bondsXdXs linkages (X) CH, SiH,
GeH, N, P, As) by density functional theory, time-dependent density functional theory, and periodic boundary
condition calculations with B3LYP functional. Electronic structures of poly(p-phenylenevinylene) (PPV)
analogues are primarily dominated by central double-bond moieties. The introduction of ethylene homologues
with group 14 and 15 elements was demonstrated to be a promising approach to modify electronic structures
of conjugated oligomers and polymers. Excitation energies of monomers with double-bond linkages were
reduced by around 13-50% with respect to corresponding dimers of phenyl, thienyl, furyl, and pyrrolyl
rings. Similarly, band gaps of poly(p-phenylene) and polythiophene were decreased by 0.3-0.9 eV upon the
insertion of double-bond linkages. Furthermore, excitation energies of monomers presented decreasing trends
when descending through groups 14 and 15. For group 14 ethylene homologues, the decreasing trend in the
lowest excitation energies was rationalized by a progressively favoring ofπ-σ* interactions as descending
X ) CH, SiH, and GeH. Increasing p contents of central bonds along X) N, P, and As accounted for
geometry features and the lowest excitation energies of group 15 species. A decrease in the extent of electronic
communications between aromatic rings andsXdXs linkages within higher congeners was also revealed.

1. Introduction

Theπ-conjugated oligomers and polymers containing double-
bond linkages with semiconductivity have stimulated tremen-
dous research interest both experimentally and theoretically.1-3

The discovery that such conjugated polymers can be utilized
as the light-emitting layer in an electroluminescent (EL) device
has initiated explosive investigations to gain control of color
and efficiency.4,5 To obtain novel organic electronic devices,
tuning of electronic structures ofπ-conjugated oligomers and
polymers is a most appealing subject.

Some general principles have been widely recognized with
respect to tuning of electronic properties of conjugated polymers
so far. The commonly used strategies may follow three main
threads. One is to maximize extent ofπ conjugation by
sustaining planar backbones. For example, the scheme for
rigidification of a π-conjugated system by partially or fully
covalent bridging was efficient to reduce energy gaps of
oligomers.6-8 Another important factor of bond-length alterna-
tion in conjugated polymers was addressed nearly two decades
ago.9 Correlations between bond length alternations and band
gaps of polymers have been extensively illustrated ever since.10,11

Polymers with narrow band gaps normally exist concurrently
with an increase of quinonoid character in aπ-conjugated
system.11,12The third theme is to refine electronic properties of
oligomers and polymers by making various structural modifica-
tions on building blocks.13-17 The synthesis of a highly
conducting donor-acceptor complex between the tetrathioful-
valene and tetracyano-p-quinodimethane is a successful example
of early attempts.18

Among various chemical modifications, insertion of vinylene
linkages inπ-conjugated systems has been demonstrated to be
an effective strategy to modulate electronic properties.3d,19Some
researchers thought vinylene linkage served as a “conjugated
spacer” between aromatic units.20,21 Therefore, the linkages
effectively lowered torsion angles by reducing steric repulsion
between consecutive rings. On the other hand, the presence of
electronic communication between aromatic units and double-
bond linkages was reflected by red shifts in UV-vis spectra.22

Poly(p-phenylenevinylene) (PPV,1a) and its derivatives are the
most successful representatives in this area. The past decade
has witnessed rapid development of their applications in
electronic devices.23 Poly(2,5-thienylene vinylene) (PTV,2a)
and its oligomers are newly emerging as promising candidates
for molecular electronics.24 PPV25 and PTV26 have lower optical
gaps by about 0.3 eV compared with their counterparts,
polyphenylene (PPP) and polythiophene (PT), without ethylene
linkages.27 Also, azo and diphosphene groups were used to
construct some new conjugated oligomers with relatively low
excitation energies.22,28-30 Unlike their olefinic kin, however,
electronic properties of compounds incorporating heavier main
group atoms (such as Si, Ge, P, and As) have not been
systematically investigated despite the tremendous progress in
synthesizing various double-bond moieties.31-36 Therefore, we
carry out extensive studies on both monomers and polymers
containing aromatic rings and double-bond linkages by density
functional theory (DFT). We aim to answer the following two
questions: (1) Are there some trends in variations of electronic
structures of PPV analogues perturbed by double-bond linkages
as descending group 14 and group 15? (2) What are similarities
and differences in evolution trends of geometries and energy
gaps between groups 14 and 15 species?
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The compounds investigated are comprised of aromatic rings
(R ) phenyl, Ph,1; thienyl, Th,2; furyl, Fu, 3; pyrrolyl, Py,4)
linked by double bonds XdX (group 14, X) CH, SiH, GeH;
group 15, X) N, P, As) as shown in Figure 1. Some interesting
trends in tuning effects of linkages on geometries, the lowest
excitation energies (Eex), and band gaps (Eg) of 1-4 are
observed in the present work. Because of the significance of
oligomers for both theoretical and application interests,24,37,38

we make emphasis on monomers to interpret effects of linkages.
This paper is organized as follows. Computational details are
briefly introduced in section 2. Discussions on optimized
geometries, energy gaps between the highest-occupied molecular
orbital (HOMO) and the lowest-unoccupied molecular orbital
(LUMO), ∆H-L, Eex values of monomers1-4, and band gaps
of related polymers are presented in section 3. Comprehensive
understanding of group trends of geometries andEex is also
given with the natural bond orbital (NBO) analysis. Finally,
conclusions drawn from the present work are summarized in
section 4.

2. Computational Details

Our calculations consisted of two parts: quantum chemistry
computations on constituting monomers, and studies on poly-
mers by introducing periodic boundary condition (PBC) as
implemented in Gaussian 03.39 The details of these two kinds
of calculations are covered in the following subsections.

Electronic Structures of Monomers. The ground-state
geometries of set2 with various double-bond linkages were fully
optimized using the B3LYP40 functional at basis sets of 6-31G*,
6-31+G*, 6-31++G*, and 6-31++G**, respectively. Calcula-
tion results are given in Table S1 of Supporting Information,
from which we find that the choice of basis sets had little
influence on optimized geometries of2 with the exceptions of
2c and2f. For2c and2f, containing the third-row elements Ge
and As, diffusion basis set was required due to relatively larger
differences in calculated bond lengths of central double bonds,
RXdX, and trans-bent angles (fold angles),Θ,41 between 6- 31G*
and those diffusion basis sets such as 6-31+G* and 6-31++G*.
In addition, the 6-31+G* basis set gave geometries almost
identical to those obtained by higher basis sets, 6-31++G* and
6-31++G**; thus B3LYP/6-31+G* results were employed
hereafter. The trans arrangements of aromatic rings and double
bonds were found to be the most stable conformers for all
studied monomers1-4.42 Optimized geometries were character-
ized by harmonic frequency analysis as minima.

Although predicted excitation energies by the B3LYP func-
tional as well as other exchange/correlation functionals were
reported to be underestimated under some circumstances
especially for long chains,43-46 trends in experimental spectra
were well reproduced by time-dependent DFT (TDDFT)
calculations.11,46-49 On the other hand, we are mainly interested
in relative changes inEex values of monomers caused by

different double-bond linkages. Thus, TDDFT calculations at
the level of B3LYP/6-31+G* were performed to predictEex

values of monomers1-4.
To understand resultant trends concerning geometries and

excitation energies on descending groups 14 and 15, the NBO
method,50 which is based on the natural population analysis,
was employed to analyze bond orbital interactions, as imple-
mented in Gaussian 03.39 Stabilization energies of orbital
interactions between donors (bonding orbitals, such asπXdX

andσXsX, and lone-pair orbitals, nx) and acceptors (antibonding
orbitals, e.g.,σXsX* andπXdX*), occupancy numbers of orbitals,
and s and p contents of hybridized orbitals are addressed in
subsection 3.3. In addition, bond orders derived by NBO
analysis, supplemented in Tables S2-S5 of Supporting Infor-
mation, may offer chemists useful information on bond strength.

PBC Calculations on Polymers.Polymers of series1 and2
with one-dimensional periodic structures were studied by the
PBC-DFT/B3LYP/6-31G* method, whose performance was
recently validated by PPP, PT, polyfuran, and polypyrrole with
an average deviation of no more than 0.1 eV relative to
experimental optical gaps.11b Because of difficulties in conver-
gence of PBC calculations with diffuse basis sets, all PBC-
DFT computations were performed at the level of B3LYP/6-
31G*, which was anticipated to give reasonable predictions on
variation trends.

3. Results and Discussion

3.1. Trends in Excitation Energies and Band Gaps.
Table 1 collects calculation results ofEex and∆H-L values

of monomers1-4 as well as band gaps of polymers1-2 along
with available experimental values for their derivatives. It can
be found that TDDFT excitation energies and PBC-DFT band
gaps are in good agreement with experimental spectra of
derivatives of1-4.

Excitation Energies and HOMO-LUMO Gaps. As ad-
dressed in some literature,20,51 the inclusion of double-bond
linkages does reduce the lowest excitation energies of oligomers,
as reflected by smaller values of excitation energies for1-4 in
comparison to those of biphenyl, bithiophene, bifuran, and
bipyrrole, respectively. More interestingly, progressively de-
creasing trends inEex values of monomers1-4 descending
through both groups 14 and 15 are clearly illustrated in Figure
2. The excitation energy drops sharply from ethylenes (1-4a)
through heavier analogues, Si species (1-4b), to Ge species
(1-4c). Group 15 shows a similar decreasing trend in the lowest
excitation energy from azo compounds through diphosphenes
to diarsenes.

Little correlation is observed between excitation energies and
aromaticities of aromatic rings connected by the same double
bond. A sequence of1 > 3 ≈ 4 > 2 in excitation energies is
quite different from that in aromaticities of those isolated rings
as characterized by negative nucleus-independent chemical
shifts: 1 (benzene,-9.7 ppm)> 3 (furan, -12.3 ppm)> 2
(thiophene,-13.6 ppm) > 4 (pyrrole, -15.1 ppm).52 This
implies little influences exerted by aromatic moieties.

On the other hand, since the lowest dipole-allowed excitations
of the studied monomers1-4 assigned by our TDDFT
calculations are mainly excitations from HOMOs to LUMOs,53

similar trends in∆H-L as those inEex values can be expected
here. In fact, Figure 3 indicates a good correlation between
TDDFT excitation energies and∆H-L values for the whole set
of 24 monomers studied in the present work (with a correlation
coefficient of 0.98). Such a linear relationship betweenEex and
∆H-L was also found in some otherπ-conjugated oligomers.11a,46

Figure 1. The studied monomers and polymers with various double-
bond linkages.
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Figure 4 illustrates clearly sketches of evolution of frontier
orbital levels for monomers1-4. In comparison to ethylene
monomers (1-4a), when other double-bond linkages are
inserted, LUMO levels are stabilized and HOMO levels exhibit
less variation; thus lower HOMO-LUMO gaps are achieved
(monomersb-f). It was recognized that the HOMO-LUMO
gap decreases significantly from hydrides CH2dCH2 to SiH2d
SiH2.54 We notice the trend in∆H-L values of PPV analogues
bears a resemblance to this case. Thus, electronic properties of
series1-4 depend mainly on central XdX units. This observa-
tion can also explain the similarity among four sets of
monomers.

Band Gaps of Polymers.The calculated band gaps of
polymers1-2 also fit reasonably well with available experi-
mental data and documented theoretical values (Table 1). Band
gaps of1 and2 are reduced by around 0.3-0.9 eV with respect
to PPP and PT. Series2 composing of thienylene units have
lower band gaps than correspondents in series1. The difference
betweenEex values of monomers andEg values of polymers,
∆Eg ) Eex - Eg, can be taken as a measure of delocalization
extent or, more indirectly, conjugation length. Therefore, it is
of interest to investigate variations of∆Eg on descending groups
14 and 15, as drawn in Figure 5. The heavier X, the lower the
value of ∆Eg is. This indicates less conjugation upon chain
extension for heavier congeners. In other words, there exists
an increasing tendency of localization of the excitation when
going down the group. Moreover, Ge and As species have
nonzero band gaps, although excitation energies of their
monomers are much lower than those of Si and P analogues.
When X becomes heavier, the extent of electron localization
turns greater, leading to a singlet state with some amounts of
diradical character. In this case, corresponding polymers exhibit
nonzero band gaps of around∼1.48-2.63 eV due to Peiels
instability. A latest theoretical investigation in our group
predicted boron/thiophene cooligomers with strong diradical
characters had band gaps of around 2.0 eV, in contrast to a
vanishing band gap obtained by extrapolation of excitation
energies of oligomers to an infinite limit.11b Studies on oli-
goacenes also predicted a nonzero band gap for polyacene as a
result of Peiels instability.55

3.2. Different Geometries Between Groups 14 and 15
Species.

The above-mentioned trends in electronic properties are
closely related with their geometrical features. Systems compris-
ing of group 14 elements show different structural characteristics
from dipnictenes. The difference in optimized geometries can
be perceived from Figure 6 for monomers1 and2 as well as
Figure S1 for series3 and4. As expected, trans conformers of
1-4 are more stable than cis ones. To make easier comparisons
of geometric structures for all the studied systems, some
important structural parameters such as bond lengths of the Xd
X double bond,RXdX, bond angles of C1sXsX, φ, and trans-
bent angles,41 Θ, are summarized in Table 2. As characterized
by smaller values ofΘ, it is noteworthy that polymers have
less deformation from planarity than monomers. In the following
parts, we put emphasis on trends in geometries of monomers
1-4.

It should be mentioned that experimental data correspond
mostly to double-bond units protected by cumbersome substi-
tuted phenyl groups, i.e., derivatives of series1. As shown in
Table 2, geometrical parameters,RXdX, φ, and Θ of 1-4
obtained by B3LYP/6-31+G* calculations fit reasonably well
with typical experimental values. Within a theoretical frame-
work,56 the relationship between geometries and electronic
properties of PPV (1a) chains was extensively investigated by
semiempirical Austin model 1 (AM1) and VEH methods.57

Special theoretical attentions were paid to the preference of
trans-bent geometries over coplanar geometries for heavier
ethylene analogues, disilene (Si2H4) and digermene (Ge2H4).54,58,59

MP2 calculations at 6-31G** and 6-311++G** levels were
employed to investigate ground-state geometries of substituted
disilenes, showing wide ranges of bond lengthRSidSi ) 2.19-
2.41 Å and trans-bent angleΘ ) 17-55° depending on various
substituents.60,61 In the parent digermene, the bond length of
2.24-2.34 Å for GedGe and a twisting geometry from planarity
by 34-47° were also predicted by various methods such as SCF-

TABLE 1: HOMO -LUMO Gaps (∆H-L), the Lowest
Excitation Energies (Eex) of Monomers, and Band Gaps of
Polymers Obtained by DFT and PBC-DFT Calculations,
Respectivelya

properties of monomers band gaps of polymers

compd ∆H-L Eex
b exptl calcd exptl

nPh 5.14 5.04 3.06,c 3.29,d
2.8e

3.40f

1a 4.05 3.85,
3.98g

3.91h 2.45, 2.27,d
3.09g

2.42-2.45,i
2.70j

1b 3.01 3.01 2.18
1c 2.87 2.87 2.36
1d 3.93 3.67 3.88k 2.33
1e 3.27 3.29 3.33,l 3.16h,m 2.28 2.58n

1f 2.90 2.74 3.03-3.10m 2.63
nTh 4.28 3.98 2.05c 2.0-2.2o

2a 3.56 3.45 3.44p 1.70 1.70-1.80q

2b 2.87 2.87 1.98
2c 2.81 2.82 2.19
2d 3.19 3.11 1.76, 0.98r

2e 2.85 2.64 1.41
2f 2.69 2.55 1.48
nFu 4.66 4.57 2.42c 2.35s

3a 3.72 3.71 1.76t

3b 2.83 2.89
3c 2.75 2.80
3d 3.29 3.40
3e 2.84 2.79
3f 2.69 2.62
nPy 5.10 4.88 2.88c 2.85u

4a 3.76 3.70
4b 2.85 2.84
4c 2.72 2.69
4d 3.17 3.21 1.12r 1.0V

4e 2.69 2.60
4f 2.54 2.44

a Experimental excitation energies and optical gaps are also
given for comparison. All values are in units of eV. HOMO-LUMO
gaps of monomers are calculated by B3LYP/6-31+G*. Excitation
energies of monomers are obtained by TDDFT/B3LYP/6-31+G*
calculations. Band gaps of polymers are calculated by PBC-B3LYP/
6-31G* method.b The available experimental data are mostly obtained
for derivatives instead of pristine monomers or polymers.c Reference
11b. d VEH method, ref 56d.e DFT/LMTOs basis functions (linear
muffin-tin orbitals), ref 56a.f Reference 73.g PPV, VEH method;
stilbene, INDO/S-CI, ref 57b.h λmax of stilbene and the compound
containing Mes*PdPMes* (Mes* ) 2,4,6-tri-tert-butylphenyl) in
CHCl3, ref 74a.i The absorption edges of poly[2,5-bis(decyldimethyl-
silyl)-1,4-phenylenevinylene], ref 23c.j λmax of poly(1,4-didodecyloxy-
2,5-phenylene-vinylene-2’,5’-phenylenevinylene), ref 75.k trans-Azoben-
zene, 3.88 eV; cis-azobenzene, 2.89 eV; ref 76.l λmax of
bis(disphosphene)DmpPdPAr4C6PDmp (Dmp) 2,6-Mes2C6H3), ref
22. m 2,6-Trip2H3C6PdPC6H3-2,6-Trip2, 2,6-Mes2H3C6AsdAsC6H3-2,6-
Mes2, and 2,6-Trip2H3C6AsdAsC6H3-2,6-Trip2, ref 31f. n The first
polymer containing multiple bonds of heavier main group elements
(PdP) with phenylenevinylene and 2, 5-dihexyloxybenzene repeat units;
UV/vis spectra in CHCl3; ref 74b.o Reference 3e.p Reference 77.
q Reference 6e.r Extrapolated band gaps for polymers based on
TDDFT-B3LYP/6-31+G* excitation energies of oligomers, ref 30.
s Reference 78.t Reference 79.u Reference 80.V Reference 81.

Tuning of Electronic Structures of PPV Analogues J. Phys. Chem. A, Vol. 109, No. 32, 20057199



DZP, MP2/3-21G, MCSCF/3-21G, and DFT/LDA with triple-ê
basis sets.58,59 In addition, oligo(azothiophene) (2d) and oligo-
(azopyrrole) (4d) were studied at the same level as in the present
work.30 Phosphobenzene (1e) and diarsene compounds were also
studied by DFT with the B3PW91 functional, with predicted
geometries ofRPdP ) 2.04 Å,φCsPsP ) 99.6°; RAsdAs ) 2.24
Å, andφCsAssAs ) 98.1°.63 It can be concluded that B3LYP/
6-31+G* geometries ofsXdXs linkages of1-4 given in the
present work are in good agreement with previous calculations.
A systematic comparison regarding geometrical features between
group 14 (a-c) and group 15 (d-f) compounds is made in the
following subsections.

XdX Double-Bond Linkages.Since nonclassical multiple
bonding models suggest pronounced character with nonbonding
electron density at heavy main group elements,31a it is meaning-
ful to survey the nature of central double bonds in1-4 in terms
of bond lengths and bond orders. Predicted values ofRXdX are
found to be uniformly shorter than typical single bonds from
optimized geometries in Table 2 and Tables S2-S5. For
example, values ofRAsdAs ) 2.26-2.27 Å in1-4f are slightly
smaller than those of 2.43-2.46 Å for typical AssAs single
bonds.63 Furthermore, if taking the sum of covalent radii as a
reference, we notice that optimized XdX bond lengths are
slightly longer than sums of covalent double-bond radii and
much shorter than those summed by covalent single-bond radii.
The presence of double bonds in systems1-4 is also demon-
strated by Wiberg bond index (WBI)64 and NLMO/NPA bond
orders65. Both kinds of bond orders were obtained by NBO
analysis with results given in Tables S2-S5 in Supporting
Information. The relatively smaller bond orders with respect to
nominal values of 2 reflect nonclassical double bonding.31c,66

On the other hand, a different evolution trend is shown by two
series of bond orders. WBI gives a decreasing sequence along
C, Si, and Ge like1a (1.75)> 1b (1.71)> 1c (1.65). For parent

hydrides, a decreasing trend in bond orders of hydrides Si2H4

(1.76), Ge2H4 (1.61), and Sn2H4 (1.46) was also reported
according to Mayer’s definition of bond orders.67,68 NLMO/
NPA bond orders present a different order, for instance,1a
(1.89)< 1b (1.93)< 1c (1.95). In fact, a direct comparison of
various bond orders may bring confusion because of their
different definitions. WBI and Mayer’s bond order use canonical
molecular orbitals, while NLMO/NPA bond orders were

Figure 2. The trends in TDDFT/B3LYP/6-31+G* excitation energies of monomers1-4 with double-bond linkages formed by (a) group 14 and
(b) group 15 elements, respectively.

Figure 3. Correlation between the lowest excitation energies and
HOMO-LUMO gaps of monomer1-4 (B3LYP/6-31+G*).

Figure 4. Sketches of evolutions of HOMO and LUMO levels of
monomers (a)1, (b) 2, (c) 3, and (d) 4 with various double-bond
linkages.

7200 J. Phys. Chem. A, Vol. 109, No. 32, 2005 Wang et al.



evaluated within the framework of localized molecular orbit-
als.64,65 Therefore, researchers should be cautious when any
conclusion is drawn from bond orders.

Of series1-4, little influence of hetero(aromatic) rings on
bond lengths of XdX double bonds is observed. The only
exception is that1c with phenyl (Ph) rings stands out for its
more contracted bond length comparing to other digermenes
(2-4c), which can be understood by strongest conjugation
effects favored by the planar PhsGedGesPh backbone in1c.

Bond Alternations in Hetero(aromatic) Rings. The bond-
length alternation parameterδ is frequently employed to
investigate the extent ofπ conjugation. Here, we define theδ
parameter as eq 1 with results collected in Table S6 of
Supporting Information.

The magnitude ofδ shows the extent of bond-length alternations
within aromatic rings: ifδ > 0 (e.g.,δ ) 0.029 in2a), aromatic
character prevails; if it is close to zero, likeδ ) -0.005 in1c,
bond lengths are highly equalized; ifδ < 0 (e.g.,δ ) -0.010
in 1e), the molecule exhibits quinonoid character to some extent.

Values ofδ do not change much with various central linkages.
Series1 composed of phenyl rings have the lowest values ofδ

among all the studied sets (Table S6), indicating the highest
extent of electron delocalization within phenyl moieties. For
series2-4 containing five-membered hetero(aromatic) rings,
δ increases in an order of4 (Py) < 2 (Th) < 3 (Fu), which is
in accord with increasing sequence in aromaticity (Py < Th <
Fu).52 Therefore, intrinsic properties of aromatic rings play an
important role in determining the extent of electron delocaliza-
tion. Enhancement of quinonoid characters is found in polymers
to some extent with respect to monomers, as schematically
shown in Chart 1.

Trans-Bent Geometries of Group 14 Compounds.To
characterize trans-bent geometries of compounds containing
group 14 double bonds, two important parameters, the bond
angle of C1sXdX, φ, and the trans-bent angle,Θ, are examined
(Table 2). First, bond anglesφ decrease on descending group
14 (Figure 7). It has been recognized that heavier elements, Si
(e.g., in1b) and Ge (1c), show less hybridization levels than C
(1a) does. As a consequence, the nonbonding electron density
is pronounced in heavier group 14 compounds, leading to an
increase in lone-pair character and hence forcingφ to grow
smaller.

Trans-bent angleΘ holds an important place when investigat-
ing geometries of heavier group 14 species. In contrast with
coplanar ethylene species (1-4a) with Θ ) 0, trans-bent
disilenes (1-4b) and digermenes (1-4c) are demonstrated to
be trans-bent by nonzeroΘ. In the case of disilenes,Θ ranges
from around 37 to 46°. The Θ values of digermenes are in a
range of 41-54°, with an exception of1c bearing only a slight
twist by 4.1°. Two Ge atoms in1c lie in the same plane of
phenyl rings, while H atoms attached to Ge atoms pointing out
of the plane, resulting in a shorter GedGe bond of 2.28 Å than
other digermenes (2-4c).

Pyramidality, another critical factor to characterize geometries
of heavier ethylene analogues of group 14 elements, was defined
by a sum of angles at double-bond atoms as illustrated in Chart
2. The CdC-linked compounds (1-4a) are of ideal planarity
with pyramidality of 360° at the central C atom (Table S7).
Pyramidalities at the Si atom in1-4b range from 342 to 348°.
The Ge species (1-4c) have even smaller values of ca. 333-
345°. Clearly, decreasing values of pyramidality froma to c
show growing preferences for trans-bent geometries on descend-
ing through group 14.

Group 15 Species with ShrinkingO Values.Different from
characteristic trans-bent geometries of group 14 compounds,
group 15 species adopt essentially coplanar geometries (with
vanishedΘ in Table 2) except for diphosphenes1eand2e. The
most conspicuous structural feature in group 15 species is a
rapidly shrinkingφ value along the group, e.g.,2d (XdN:
115.7°) > 2e(XdP: 103.0°) > 2f (XdAs: 100.1°) (Figure 7).
Apparently, chemical bonding of XdX units changes remark-
ably on descending through group 15.

3.3. Understanding of Tuning Effects by Linkages.
On the basis of the above discussions, a growing extent of

trans bending for group 14 species and a rapid decline ofφ of
group 15 compounds are demonstrated by our calculations. NBO
analysis is employed to further survey structure-property
relationships.

Trends in Orbital Interactions of Group 14 Species.
Several models, including resonance structures, interaction of
two carbonic fragments,π-σ* mixing, and banana bonds, etc.,
were proposed previously to qualitatively understand trans-bent
geometries of heavier ethylene analogues.31a,54Of these models,
πXdX-σXsX* mixing can be revealed by interactions between
electron-donating orbitals (πXdX or σXsX) and electron-accepting

Figure 5. Excitation energies (Eex) of monomers, band gaps (Eg) of
polymers, and their differences (Eex - Eg) in series1 and2.

Figure 6. Optimized geometries of monomers (a)1 and (b)2.

δ )
rC2-C3 - rC1-C2

(rC1-C2 + rC2-C3)/2
(1)
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orbitals (σXsX* or πXdX*). Stabilization energies of these orbital
interactions are collected in Table 3. For series1, progressively
growing stabilization energies ofπXdXfσXsX* interactions from
C through Si to Ge species are shown in an order of1a (0.0
kcal/mol) < 1b (8.16 kcal/mol) < 1c (15.96 kcal/mol).
Relatively weaker interactions ofσXsXfπXdX* share a similar
monotonically increasing trend. The orbital interactions are
favored by small separations between electron-donating and
-accepting orbitals if the phase property is satisfied. Here, when
going down group 14, interactingπXdX andσXsX* orbitals are

approaching with energy separation of1a (21.0 eV)> 1b (12.1
eV) ≈ 1c (12.6 eV), thus facilitatingπXdXfσXsX* orbital
interactions.

Series2-4 have almost identical stabilization energies of
πfσ* (or σfπ*) interactions. Occupancy numbers of electron-
accepting orbitals ofσXsX*(πXdX*) also accord nicely with
growing trends (Table 3).69 So, involvements of heavier elements
in 1-4 increase electron delocalizations from donating orbitals
(πXdX) to accepting orbitals (σXsX*) to some extent. Theπ-σ*
mixing stabilizes antibonding orbitals. Meanwhile, separations

TABLE 2: Optimized Geometries of Monomers and Polymers Obtained at Levels of B3LYP/6-31+G* and PBC-B3LYP/
6-31G*, Respectivelya

RXdX (Å) φ (deg) Θ (deg)

monomer polymer monomer polymer monomer polymer

Phenyl-Containing Species (1)
1a 1.35 (1.32-1.33b,c) 1.35 (1.33-1.34d,e) 127.2 (125-126b,c) 127.2 (128d) 0.3 (0-5b,c) 0.0 (0d)
1b 2.20 (2.14-2.29f,g) 2.19 121.6 (118-125h) 118.7 39.8 (0-34g) 34.3
1c 2.28 (2.27-2.35i,j,k) 2.29 117.5 (112-124i,j,k) 118.4 4.1 (0-36i,j,k) 53.8
1d 1.26 (1.24-1.27c,l,m) 1.27 115.2 (114l,m) 114.7 0.0 (0m) 0.0
1e 2.06 (2.01-2.04c,o,p,q) 2.06 102.3 (100-106o,p,q) 102.1 30.2 28.5
1f 2.26 (2.22-2.28q,r,s) 2.26 101.3 (94-100q,r,s) 98.3 0.0 40.9

Thienyl-Containing Species (2)
2a 1.36 1.36 126.9 126.9 0.0 0.0
2b 2.22 2.22 120.5 120.4 42.4 40.0
2c 2.35 2.31 116.5 117.5 53.7 51.1
2d 1.27 1.37 115.7 113.8 0.0 0.0
2e 2.07 2.07 103.0 102.7 12.1 0.1
2f 2.26 2.27 100.7 100.1 0.0 0.1

Furyl-Containing Species (3)
3a 1.36 125.3 0.0
3b 2.22 119.0 37.1
3c 2.34 115.5 40.7
3d 1.28 115.7 0.0
3e 2.07 100.9 0.0
3f 2.27 98.1 0.0

Pyrrolyl-Containing Species (4)
4a 1.36 127.2 0.1
4b 2.23 120.3 45.9
4c 2.37 116.1 51.3
4d 1.28 (1.28-1.29t) 114.5 0.0
4e 2.07 102.9 0.0
4f 2.27 100.5 0.0

a The documental experimental and calculated values of various compounds containing XdX double bonds are given in parentheses.b Reference
82. c The predicted values of HnXdXHn molecules at B3LYP/6-311G*, ref 83.d Reference 25.e p-Phenylenevinylene oligomers optimized at
AM1 level, ref 84.f Reference 85.g Reference 86.h Tetrakis(2,6-diethylphenyl)disilene, ref 87.i (Z)-1,2-Bis(2,6-diisopropylphenyl)-1,2-dimesityl-
digermene, ref 88.j Ge2R4 [RdCH(SiMe3)2], ref 89. k Tetrakis(trialkylsilyl)digermenes, ref 90.l trans-Azobenzene optimized at MP2/cc-pVTZ, ref
91. m trans-Azobenzene studied with gas electron diffraction method and data analysis made using MP2/6-31+G* constraints, ref 92.
o DmpPdPAr4C6PdPDmp (Dmp) 2,6-Mes2C6H3), ref 22.p Bis(2,4,6-tri-tert-butylpheny1)diphosphene, ref 67.q Phosphobenzene- and diarsene-
containing compound calculated at DFT-B3PW91, ref 63.r (2,4,6-(t-Bu)3C6H2)AsdAsCH(SiMe3)2, ref 32b.s 2,6-Mes2H3C6AsdAsC6H3-2,6-Mes2,
ref 31f. t Poly(azopyrrole) calculated at TDDFT-B3LYP/6-31+G*, ref 30.

CHART 1: Schematic Structures of Monomers and
Polymers of 1 and 2 (X) CH, SiH, GeH, N, P, As)

Figure 7. Trends in bond anglesφ for monomers1-4 with group 14
and 15 double-bond linkages.
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between HOMOs and LUMOs become narrower and thus
heavier ethylene analogues have lower excitation energies than
ethylene derivatives.

Increasing p Components on Descending Group 15.The
rapidly decreasingφ in geometries of dipnictenes is intuitively
assumed to be caused by increasing p character on X.70,71

Analysis on hybrid orbitals is thus conducted with results shown
in Table 4. The p contents ofσXsX orbitals increase from 70.2%
(2d, XdN) to 81.6% (2e, XdP) and 85.9% (2f, XdAs). The
corresponding p contents ofσXsC1 orbital are 65.3% (2d), 81.4%
(2e), and 85.5% (2f), respectively.

Similar to group 14 species, intraring interactions of group
15 compounds alter little with various double-bond linkages.

Decreasing nxfσC1-Y* interactions shown in Table 5 imply
weaker electron communications between rings and central
atoms. Occupancy numbers of acceptorsσC1-Y* fit well with
dropping tendency of nxfσC1-Y* interactions.

CHART 2: Double-Bond Models for Systems with Linkages Formed by Group 14 Elements in (a) Coplanar and (b)
Trans-Bent Geometries as Defined by Their Pyramidality

TABLE 3: Progressively Growing πXdXfσXsX* (σXsXfπXdX*) Interactions, Characterized by Increasing Stabilization Energies
(in kcal/mol) and Occupancies of Acceptors,σXsX* (πXdX*), as Descending Group 14 for Monomers 1-4 (NBO analysis at the
level of B3LYP/6-31+G*)

stabilization energies ofπXdXfσXsX* (σXsXfπXdX*) occupancy ofσXsX*(πXdX*)

XdC XdSi XdGe XdC XdSi XdGe

1 0.0 (0.0) 8.16 (5.55) 15.96 (7.74) 0.015 (0.135) 0.045 (0.112) 0.056 (0.120)
2 0.0 (0.0) 8.21 (11.20) 18.55 (28.67) 0.013 (0.183) 0.059 (0.154) 0.110 (0.207)
3 0.0 (0.0) 8.92 (11.82) 16.83 (26.66) 0.012 (0.196) 0.061 (0.174) 0.101 (0.220)
4 0.0 (0.0) 9.34 (11.92) 19.34 (27.97) 0.012 (0.217) 0.071 (0.198) 0.119 (0.261)

TABLE 4: Increasing p Character of Hybridized Orbitals
as Demonstrated by s and p Contents of Bondingσ and π
Orbitals of X dX (σXsX and πXdX), σ Orbitals of X -C
(σXsC), and Lone Pair Orbitals of X (nX) of 2d-f as
Descending Group 15

σXsX πXdX σXsC nX

s p s p s p s p

2d XdN 29.6% 70.2% 0.0% 99.7% 34.5% 65.3% 35.9% 64.0%
2eXdP 17.8% 81.6% 0.3% 99.2% 17.7% 81.4% 68.2% 31.8%
2f XdAs 13.8% 85.9% 0.0% 99.3% 14.1% 85.5% 75.4% 24.6%

TABLE 5: Decreasing nfσC1sY* Interactions as Descending
Group 15 Are Reflected by Decreasing Stabilization Energies
(in kcal/mol) and Occupancies of Acceptors (σC1sY*) for
Monomers 1-4 Containing Linkages of Group 15 Elements
(NBO Analysis at B3LYP/6-31+G* Level of Theory)

stabilization energies occupancy ofσC1sY* (σC4sY*)a

XdN XdP XdAs XdN XdP XdAs

1 8.63 4.91 4.93 0.033 ( 0.016) 0.028 (0.016) 0.027 (0.016)
2 14.62 7.60 6.87 0.073 ( 0.018) 0.047 (0.020) 0.043 (0.021)
3 15.76 8.11 6.97 0.061 ( 0.015) 0.048 (0.020) 0.045 (0.021)
4 12.38 7.35 6.56 0.043 ( 0.012) 0.036 (0.016) 0.034 (0.017)

a Occupancies ofσC4sY* are given in parentheses for comparison.
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Finally, we also investigate evolution trend of molecules in
series2 when rotating central double bonds. Figure 8 presents
variations of total energy and energy level ofπXdX orbitals in
series2 with torsion angleτ (C1-X-X-C1′, shown in Chart
1) rotating from planar (τ ) 180°) to orthogonal geometries (τ
) 90°). Since relatively weakerπ overlaps for heavier dip-
nictenes are normally associated with lower rotation barriers,58

it is not surprising to observe that energy variations of P- and
As-containing compounds have lower rotation barriers (2eand
2f ≈ 40 kcal/mol) than the case in N species (2d ca. 51 kcal/
mol). Meanwhile, profiles of relativeπ orbital energies appear
a similar tendency. On the other hand, rotations exert less
influence on the overlap even in orthogonal situations. A similar
evolution tendency is observed for group 14 analogues
(Figure 8).

4. Conclusion

The incorporation of alkene homologues formed by group
14 and 15 elements to aromatic rings presents interesting tuning
effects on electronic structures. Through extensive calculations
by DFT, TDDFT, and PBC-DFT methods with double-ê basis
sets, we reach conclusions as follows:

(1) Excitation energies of monomers1-4 containing aromatic
rings (phenyl, thienyl, furyl, and pyrrolyl) and double-bond
linkagessXdXs (X ) CH, SiH, GeH, N, P, As) are reduced
by around 13-50% with respect to corresponding dimers of
phenyl, thienyl, furyl, and pyrrolyl rings. Furthermore, excitation
energies of monomers show interesting periodic decreasing
trends as descending through groups 14 and 15, respectively.

(2) Central double bonds primarily determine electronic
structures of PPV analogues. Thus four sets of compounds show
a consistent evolution trend.

(3) Group 14 species exhibit increasing trans-bent geometries
and growing π-σ* mixing on descending the group. The
increasing p character of hybridized orbitals of central bonds
from N through P to As compounds are a main feature for group
15 species. Electronic communications between aromatic moi-

eties and linkage unitssXdXs turn weaker for heavier group
14 and 15 congeners.

In summary, inherent properties of central linkages are
prevailing factors to rationalize geometry preferences and
excitation energies of monomers1-4. The last two decades
have witnessed flourishing research on multiple bonding of
main-group elements as well as organic optoelectronic materials.
We envision the introduction of vinylene analogues inπ-con-
jugated oligomers and polymers may afford an opportunity of
exploring materials with novel electronic and optical properties.

Acknowledgment. The authors thank the Chinese NSF (Nos.
90303020, 20433020, and 20420150034) for the financial
support. We are grateful to Professor Satoshi Inagaki from Gifu
University for stimulating discussions. We thank Dr. Michael
Springborg from Universitaet des Saarlandes and Dr. Zhang
Guiling from Harbin Normal University for their help. The
authors thank two reviewers for their constructive and pertinent
comments.

Supporting Information Available: Table S1 collecting
geometry parameters of monomers2 at various levels. Tables
S2-S5 collecting geometry parameters of monomers and
polymers1-4 at B3LYP/6-31+G*. Table S6 collecting values
of bond-length alternation parameterδ. Table S7 showing values
of pyramidality of linkage atoms. Figure S1 showing optimized
geometries of monomers3 and4. This material is available free
of charge via the Internet at http://pubs.acs.org.

References and Notes

(1) Handbook of Organic ConductiVe Molecules and Polymers; Nalwa,
H. S., Ed.; John Wiley & Sons Ltd.: New York, 1997.

(2) Chiang, C. K.; Park, Y. W.; Heeger, A. J.; Shirakawa, H.; Louis,
E. J.; MacDiarmid, A. G.Phys. ReV. Lett. 1977, 39, 1098.

(3) For reviews, see: (a) Heeger, A. J.Synth. Met.2002, 125, 23. (b)
Patil, A. O.; Heeger, A. J.; Wudl, F.Chem. ReV. 1988, 88, 183. (c)
Baughman, R. H.; Bre´das, J. L.; Chance, R. R.; Elsenbaumer, R. L.;
Shacklette, L. W.Chem. ReV. 1982, 82, 209. (d) Roncali, J.Chem. ReV.
1997, 97, 173. (e) Roncali, J.Chem. ReV. 1992, 92, 711 and references
therein.

(4) The first report of electroluminescence in PPV: Burroughes, J. H.;
Bradley, D. D. C.; Brown, A. R.; Marks, R. N.; Friend, R. H.; Burn, P. L.;
Holmes, A. B.Nature1990, 347, 539.

(5) (a) Friend, R. H.; Gymer, R. W.; Holmes, A. B.; Burroughes, J.
H.; Marks, R. N.; Taliani, C.; Bradley, D. D. C.; dos Santos, D. A.; Bre´das,
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