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ABSTRACT: Ladder-type polyenazine (LPEA, 2), a nitrogen-containing polymer analogous to poly-
acetylene (PA), is proposed, based on molecule 1 synthesized and characterized earlier.8 By using density
functional theory calculations, we show that the ladder-type structure of the proposed polymer arises from
the intramolecular S 3 3 3N interactions, which reduce the bond length alternation of the polymer and hence
lead to a significantly narrower bandgap compared to the parent PA.A σ-conjugated pathway is found along
the 3 3 3 S-S 3 3 3N-N 3 3 3 S–S 3 3 3 linkage due to the noncovalent S 3 3 3N interactions and NN through-space
interactions. The theoretically predicted electron affinity of the proposed LPEA lies in the range for n-type
semiconductors. We examine the energy barrier from the equilibrium geometry to the geometry of uniform
bond length pattern and find that the estimated energy barrier is very similar to that of the parent PA.

1. Introduction

The search for low-bandgappolymers has beenof considerable
interest to chemists and physicists. Most of the conducting or
semiconducting polymers are composed ofπ-conjugated systems.
In order to achieve low-bandgap polymers (usually smaller than
1.50 eV1), a variety of strategies have been proposed, for instance
building ladder polymers and incorporating electron donor
and acceptor segments in the polymer backbone.2 For π-con-
jugated polymers, the bandgap depends on the extent of the band
dispersion of the orbitals. Larger π-band dispersion is usually
accompanied by higher mobility and smaller bandgaps. Building
ladder-type π-conjugated polymers can be an effective way to
reinforce the frontier orbital overlap between neighboring unit
cells, which reduces the bandgaps. A number of ladder-
type semiconducting polymers have been designed such as
thienoacene,3 polyacene,4 and ladder-type poly(p-phenylene)
(PPP).5 Another strategy for gap reduction is based on the idea
that the chemical repeat unit should have an odd number of
electrons.6 Systems with an odd number of electrons in the repeat
unit (polyacetylene with its CH unit is a prime example) are not
metallic because of the tendency for bandgap opening and bond
length alternation derived from the concept of Peierls’s theorem.
The presented system combines the ladder-like topology with an
odd number of electrons in the repeat unit of a single system.

Polyacetylene (PA) is one of the “simplest” andmost intensely
studied archetypical conjugated polymers. Although poly-
acetylene can achieve metallic conductivity when it is doped with
electron donors or acceptors, its intrinsic conductivity lies in the
semiconducting range due to a bandgap about 1.5 eV.7 This
bandgap is attributable to the Peierls distortion, the bond length
alternation of the carbon-carbon bond distances resulting from
the instability of the orbital degeneracy at the Fermi level. In this
paper, we introduce a new class of ladder-type polyenazine
(LPEA, 2) derivatives based on S 3 3 3N interactions as shown in
Scheme 1, with the S/N composition of n(4S þ 4N) þ 4S þ 2N,
where n is the number of repeat unit. The proposed strategy takes
advantage of the X-ray structure of molecule 1 (shown in

Scheme 1) that was reported over 20 years ago but received little
attention.8 Molecule 1 corresponds to the case of n=0 in term of
the S/N composition. One of the characteristic features of the
proposed polymers is the nonbonded S 3 3 3N interactions that
lead to a ladder-type structure along the PA backbone. Herein,
we investigated by density functional (DFT) calculations the
effect of the S 3 3 3N interactions on the geometrical and electronic
properties of the proposed polymers. Our studies demonstrate
that the noncovalent S 3 3 3N intramolecular interactions effec-
tively planarize the polymer chain and enhance the π-conjuga-
tion. Moreover, the 3 3 3 S-S 3 3 3N-N 3 3 3 S--S 3 3 3 chain forms a
σ-conjugated pathway showing significant band dispersion. The
bond length alternation and the band gap of the LPEA are
effectively reduced compared to the parent PA.

In a recent study, Houk et al. theoretically explored the
potentials of nitrogen-rich oligoacenes as n-channel organic
semiconductors.9 The proposed polymers in this paper are also
nitrogen-rich, and they have relatively high electron affinity (EA)
in combination with low bandgap, which are the characteristic
parameters related to the stability and electron transport of
n-channel polymers.

2. Computational Methodology

Previous research shows that, for the chainlike polymers,
Becke’s half and half hybrid scheme of density functional theory
(BHandHLYP)10 predicts accurate bond length alternations
(BLA)11 while Becke’s three-parameter hybrid functional in
combination with Lee-Yang-Parr correlation functional
(B3LYP)12 tends to underestimate the BLA. However, the
B3LYP bandgaps are more accurate if combined with the
BHandHLYP optimized geometry. This trend is shown in
Table 1, where the calculated BLA and bandgaps of PA are
tabulated. The polymers involved in this study resemble the
parent PA in terms of the geometrical and electronic structure.
Therefore, the B3LYP//BHandHLYP theory level is expected to
performwell for the bandgap prediction for the proposed LPEA.
In this study, the proposed oligomers and polymers are geometri-
cally optimized at both B3LYP and BHandHLYP levels, and the
bandgaps are calculated at the B3LYP level based on the*To whom correspondence should be addressed.



6124 Macromolecules, Vol. 42, No. 16, 2009 Tian and Kertesz

optimized geometries. On the other hand, although experimental
values are unavailable to evaluate the theoretical gaps for the
proposed polymers, considering the similarity in structure, the
predicted values of LPEA are comparable to that of parent PA as
long as the same theory levels are used. Consequently, theoretical
computations can predict the trends concerning the effects of the
ladder structure on the bandgaps of the proposed LPEA.

Excitation energies for the oligomers are calculated by apply-
ing both the time-dependent DFT (TDDFT) and the HOMO-
LUMO gaps based on the optimized geometries. The excitation
energies and HOMO-LUMO gaps are linearly or quadratically
extrapolated as a function of the reciprocal of the total number of
π electrons (nπ) to estimate the polymer bandgaps. The polymer
bandgaps are also calculated under periodical boundary condi-
tion at the same theory level. The basis set convergence is tested
with respect to the bandgap calculations. It is shown that the
bandgaps have little change from 6-31G(d) to 6-311G(2d).
Addition of a diffuse basis function (6-31þG(d)) changed the
bandgap only by about 0.01 eV for the title polymer at the
B3LYP//B3LYP level. Therefore, the calculations reported in
this study are based on the 6-31G(d) basis set.

The HOMO-LUMO gaps, the bandgaps under periodic
boundary conditions (PBC), and the EA calculations are per-
formed employing the Gaussian03 program.14 The SN bonding
energy analysis is carried out with NBO3.15 The dimerization
energies for PA and LPEA are calculated using the Crystal 03
package.16

3. Results and Discussion

Because of the resemblance in the structure of LPEA to the
parent PA, we related the structure and properties of the two
polymers and discussed how the structural and electrical proper-
ties were changed compared to the parent PA.

Noncovalent S 3 3 3N Interactions and Quasi-Ladder Struc-
ture. Synthesis of the oligomer 1 has been described, and the
structure was characterized by X-ray diffraction.8 It is shown
that the S 3 3 3N contacts in the molecules are around 2.49 Å,
which is significantly shorter than the sum of van der Waals
(vdW) radii of sulfur and nitrogen. The molecule is centro-
symmetric with a transoid configuration about the N-N
single bond. Our calculated bond distances along the polymer
backbone are listed in Table 2 in comparison with experi-
mental bond distances. The root-mean-square deviations
(rms) are small, and the experimental values agree well with
the theoretical predictions. The optimized geometry of the
molecule indicates a planar structure with an inversion center.

As shown in Table 3, both B3LYP and BHandHLYP
predict SN contacts significantly shorter than the van der
Waals distance. Strong noncovalent S 3 3 3N and S 3 3 3O
bonding is frequently found in crystal structures of organic
compounds containing divalent sulfur.17 The formation of
the noncovalent S 3 3 3N or S 3 3 3O contacts that produce
relatively shorter contacts and therefore stronger interac-
tions than typical vdW interactions are generally ascribed to
electron donor-acceptor interactions occurring between the
sp2 lone pairs of nitrogen or oxygen and the unoccupied
σ* orbitals of the S-Xbonds (X is covalently bonded to S).18

In molecule 1, the short intramolecular SN interactions are
expected to be strong according to the considerably short SN
distance. To evaluate the SNbonding strength, we calculated
the SN interaction energies using the NBO method which
is widely used for donor-acceptor interaction analysis.
According to this method, the extent of the nonbonded
interactions can be approximated with the second-order
perturbative stabilization energies, E(2), between the donor
orbitals and acceptor orbitals.19 The calculated SN interac-
tion is 14.62 kcal/mol at the B3LYP//B3LYP level. The
relatively strong nonbonded SN interactions are consistent
with the good NBO orbital overlap between the nitrogen
lone pairs and the unoccupied σ* orbitals corresponding to
the S-S bond, as illustrated in Figure 1.

When the oligomer size increases, as exemplified by 3
(Figure 2, n=1 for 2), each SS bond is in close contact with
twonitrogen lonepairs as compared tomolecule1, where each
SS bond interacts with only one nitrogen lone pair. As shown
inFigure 2, theNBOorbital overlap diagram indicates that at
both ends of the central SS bonds the σ* S-S orbitals are in
goodoverlapwith the nitrogen lone pairs.However, one notes
that the corresponding SN distances increase compared to
those in molecule 1, and correspondingly the interaction

Table 1. Theoretical BLA and Bandgaps (Eg) (in eV) of Polyacetylene

BLAa HOMO-LUMObTDDFTc PBC

B3LYP 0.05511b 1.1011b 1.12 1.2111b

B3LYP//BHandHLYP0.08811b 1.45 1.27 1.68
expt 0.08-0.0913 1.507

aBLA is defined as the difference between the long and short CC
bonds. bThe Eg is calculated by linear extrapolation of the highest
occupied molecular orbital (HOMO)-lowest unoccupied molecular
orbital (LUMO) gaps of oligomers to infinity. cThe extrapolated Eg

based on the excitation energy of oligomers.

Table 2. Theoretical Bond Lengths (in Å) of 1 and RootMean Square
with Respect to the Experimental Values (Numbering Refers to

Scheme 1)

r1 r2 r3 r4 r5 r6 rms

B3LYP 1.359 1.435 1.380 1.415 1.308 1.360 0.014
BHandHLYP 1.341 1.439 1.357 1.424 1.284 1.365 0.008
X-raya 1.336 1.429 1.365 1.414 1.293 1.372

aReference 8.

Table 3. SN Distances, rSN (in Å), and Interaction Energies (in kcal/
mol) of the Oligomers of 2 Calculated at B3LYP/6-31G(d)//B3LYP/

6-31G(d) Level

rSN(expt) rSN1
a rSN2

a E1(2) E2(2)

n = 0 2.4898 2.515 14.62
n = 1 N/A 2.683 2.836 7.67 4.22
n = 2 N/A 2.671 2.841 8.02 4.13
n = 3 N/A 2.671 2.839 8.02 4.16

a rSN1 and rSN2 refer to the central SN distances.

Scheme 1. Chemical Structures of (1) N,N-Bis[2-(5-tert-butyl-3H-1,
2-dithiol-3-ylidene)ethylidene]hydrazine8 and (2) Ladder-Type Polyen-

azine (LPEA)
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energies are reduced (see Table 3).Moreover, we note that the
two SN distances alternate with the longer one corresponding
to smaller interaction energy. The weakening of the SN
bonding can be explained by the fact that the electron-
accepting ability of the σ* SS bond is reduced after interacting
with one nitrogen lone pair, and thus it is less favored to
interact with the second nitrogen lone pair. With increasing
oligomer size, the SN interactions tend to converge as demon-
strated by the trends shown in Table 3.

Electronic Structure of LPEA. As discussed previously,
B3LYP//BHandHLYP accurately predicts the bandgap for
parent PA. Therefore, we used it to calculate the energy gaps.
On the other hand, the bandgaps based on B3LYP geometry
are also reported in this paper for comparison. The energy
gaps are calculated using two complementary approaches.
The first approach is based on the DFT HOMO-LUMO
energy differences and the TDDFT excitation energies of the
oligomers containing up to four repeat units defined by 2 in
Scheme 1. The bandgap of the polymer is obtained by both
quadratically and linearly extrapolating the HOMO-
LUMO gaps or the excitation energies with respect to
the reciprocal of the number of π-electron along the back-
bone.11b Parts a and b of Figure 3 show the linear extrapola-
tion plots calculated at the level of B3LYP//B3LYP and
B3LYP//BHandHLYP, respectively (see Figure S1 for the
quadratic plots). In the second approach, the bandgap is
calculated under periodic boundary conditions. The band-
gaps obtained with the two approaches are summarized
in Table 4. We note that the predicted gaps are about
0.33-0.39 eV smaller than those of the parent PA calculated
at the same theory level (refer to Tables 1 and 4). The
B3LYP//BHandHLYP predicts gaps 0.2-0.4 eV larger than
B3LYP//B3LYP, just as the case for the parent PA. The
linearly extrapolatedHOMO-LUMOgaps are smaller than

the PBC values, while the quadratic extrapolations are
consistent with the PBC calculations. This is because Eg vs
1/nπ deviates slightly from a linear relationship as the poly-
mer chains approach infinite size.20

For the parent PA, the calculated BLA is 0.055 and
0.088 Å at B3LYP and BHandHLYP, respectively. For the
ladder PA, the estimated BLA is 0.046 and 0.080 Å (only the

Figure 2. Chemical structure of molecule 3 and the NBO orbital overlap diagram of the unoccupied σ* S-S orbital and the nitrogen n orbital.

Figure 1. NBO orbital overlap diagram of the unoccupied σ* S-S
orbital and the nitrogen n orbital of molecule 1.

Figure 3. DFT HOMO-LUMO gaps (diamonds) and TDDFT ex-
citation energies (squares) as a function of 1/nπ: (a) B3LYP//B3LYP
level; (b) B3LYP//BHandHLYP. nπ is the number of π electrons on the
polymer backbone. Oligomers up to four repeat units were used. (The
linear fits are provided to guide the eye.)

Table 4. Theoretical BLAa (in Å) and Bandgaps (Eg) (in eV) of
LPEA (2)

BLA HOMO-LUMO TDDFT PBC

B3LYP 0.046 0.64 (0.82) 0.57 (0.60) 0.88
B3LYP//BHandHLYP 0.080 1.01 (1.29) 0.79 (1.00) 1.29

aBLA is defined as (r3- r4þ r5- r6þ r7- r8)/3. Numbering refers to
Scheme 1. bThe values in parentheses correspond to quadratic extra-
polation.
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CC bonds are counted to estimate the BLA) at the
corresponding theory levels. Therefore, we attribute the
bandgap reduction to the reduced BLA of the LPEA com-
pared to the parent PA. To buttress the interpretation, we
also calculated the bandgaps of amodel polymer as shown in
Scheme 2, in which the dithiol groups are replaced by the
standard CH bonds, while the other geometrical parameters
are kept same as the optimized geometries of the ladder PA.
In this model we kept the BLA fixed, and the B3LYP
calculated gap of 0.91 eV is almost the same as the gap of
the LPEA at the same theory level (0.88 eV).

The EA of the polymer is estimated using the same
oligomers as those for the evaluation the bandgaps. The
linear plot of the oligomer EA as a function of 1/nπ is shown
in Figure 4. The estimated value of 3.75 eV is higher than
3.0 eV, which suggests a practical minimum value for n-type
semiconductors.21 At the same time, the calculated EA is
below 4.0 eV, which is suggested as an upper limit for the
stability of the system against common reducing agents.
Therefore, the proposed ladder polymermight be considered
as a potential n-type semiconductor. The reason for the
relative high EA is the relatively high electronegativity of
nitrogen in the polymer backbone.

To elucidate the electronic structure of the ladder polymer,
the band structure is presented in Figure 5.

By inspecting the orbitals, we find that the valence band and
conduction band correspond to the extension of the π orbitals
of the backbone containing carbon and nitrogen, with little
participation from the sulfur π lone pairs. The interesting
finding is about the bands along the weakly bonded linkages
forming a 3 3 3 S-S 3 3 3N-N 3 3 3 S-S 3 3 3 chain. We denoted
these bands as SN bands. The SN bands are labeled in Figure 5
together with the corresponding crystal orbitals (COs) at the
Γ point of the Brillouin zone. As we discussed previously, the n
orbitals on nitrogen can interact with σ* orbitals of the S-S

bonds, leading toSNbanddispersion.Actually,we find that the
occupied SN band (the HOCO-5) indeed has a dispersion of
about 0.3 eV. This is small relative to the π band in polyacety-
lene (∼5 eV) but significantly larger than expected from vdW
interactions only. As shown by the corresponding orbital, this
SNband is composed of σ* orbitals of the S-S bonds and the n
orbitals on nitrogen. The significant dispersion of the SNbands
further indicates relative strong SN interactions. One question
remains that, since the n orbitals of nitrogen are usually
localized, the mixed orbitals of n and σ* should be localized
on theN 3 3 3 S-S 3 3 3Nsegments, instead of extending along the
polymer chain. Actually, the n orbitals on nitrogen interact
through-space between the two neighboring nitrogen atoms.
Correspondingly, a σ-conjugated pathway opens up along the
polymer chain.However, the two bands nearEF remainπ type.
Consequently, it appears that the reduction of the bandgap can
be interpreted in this systemas follows:The ladder topologydue
to the SN chains provides a reduced bond alternation which in
turn leads to a smaller bandgap than in the parent PA.

Dimerization Energy. In the ground state, the structure of
PA is in a bond length alternation pattern due to a Peierls
distortion. The energy barrier between the BLA structures
and the hypothetical structure with uniform bond length has
been of great interest, since it is related to the formation of

Scheme 2. Model Polymer (4) Obtained by Replacing the Dithiol Groups of the Optimized PLA (2) with CH Bonds

Figure 4. Electron affinity calculated by B3LYP//B3LYP as a function
of the reciprocal of the number of π electrons. (The linear fit is provided
to guide the eye.)

Figure 5. Band structure of the LPEA (2) calculated at the B3LYP//
B3LYP level. Five highest occupied and five lowest unoccupied bands
are shown.The orbitals corresponding to the SNbands are shown at the
Γ (k = 0) point. (X: k = π/a). The Fermi level, EF, is near -4.0 eV.
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solitons and hence the electrical and magnetic properties of
PA and related systems. This energy barrier is called dimeri-
zation energy.22 Our B3LYP calculation shows an energy
barrier of 0.32 kcal/mol for each unit cell containing two
carbon atoms, which is close to the value by MP2 calcula-
tions.23 Herein, we explore the energy barrier for the LPEA
and compare it with that of PA. For both PA and LPEA, as
shown in Scheme 3, the higher energy geometry corresponds
to the structure with high symmetry ofPm2m in terms of line
group. However, for LPEA, exactly uniform bond length
cannot be obtained because of the hetero nitrogen atoms and
the unit cell configuration. The optimized geometry para-
meters with Pm2m symmetry are listed in Table 5. The bond
length alternation of 0.011 Å of thePm2m structure is highly
reduced compared to 0.055 Å of the optimized equilibrium
geometry. The optimized Pm2m geometry is 2.92 kcal/mol
higher in energy than that calculated for the optimized
equilibrium geometry. The unit cell of the LPEA is 9 times
larger than that of the parent PA in the sense of the number
of nitrogen and carbon atoms in the polymer backbone.
Therefore, the total energy per unit cell of LPEA divided
by nine leads to an energy barrier of 0.33 kcal/mol per two
π electrons in the main chain. This barrier happens to be
same as that of the parent PA at the same B3LYP level.

4. Conclusions

We proposed a class of ladder-type polyenazine where the
ladder is stabilized by intramolecular noncovalent SN interactions.
Both the B3LYP//B3LYP and B3LYP//BHandHLYP calcula-
tions indicate strong SN interactions in the oligomers according to
an NBO analysis. The intramolecular SN interactions account for
the planar ladder structure of the proposed polymer. The calcula-
tions indicate that the bandgap of the new LPEA is 0.33-0.39 eV
smaller than the value of the parent PA (PBCvalues).We attribute
the narrower bandgaps to the reduced BLA of the ladder
PA arising from the SN interactions. The calculated EA is high
(3.75 eV), and it lies in the range suitable for n-type semiconduc-
tors. The band structure analysis shows that the valence band and
conduction band are composed of the π orbital of the backbone
containing nitrogen and carbon. We found a σ-conjugated path-
way along the 3 3 3 S-S 3 3 3N-N 3 3 3 S-S 3 3 3 chain, which is
formed by the unoccupied σ* orbital of S-S bonds and the n
orbital of nitrogen. The calculations at the same theory level of
B3LYP indicate that the dimerization energy of LPEA is nearly
same as that of the parent PA. The small barrier indicates that it
might be possible to further reduce the gap by further reducing the
bond alternation by properly designed repeat units.
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Scheme 3. Structure of LPEA with Pm2m Symmetry

Table 5. B3LYP Calculated Bond Distances
a
and BLA in (Å) of the

Pm2m LPEA (5)

r1 r2 r3 r4 r5 r6 r7 r8 r9

1.397 1.412 1.385 1.340 1.323 1.340 1.386 1.412 1.397

BLA = [(r2 - r1) þ (r2 - r3) þ (r8 - r7) þ (r8 - r9)]/6 = 0.011

aNumbering refers to Scheme 3.


