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One-dimensional fused-azulene oligomers (n = 2 − 6) are studied with the effective valence bond
as well as density functional theory methods. A nonferromagnetic (closed-shell singlet) to ferro-
magnetic (triplet) ground state transformation is witnessed with increasing length of oligomers. The
computational results are interpreted in terms of spin coupling between the unpaired electrons of two
nonbonding molecular orbitals localized, respectively, on the top and bottom chains of the oligomers.
The present study provides a theoretical suggestion for understanding the ferromagnetic spin polar-
izations that has been observed very recently in graphene nanoribbons. © 2011 American Institute of
Physics. [doi:10.1063/1.3533363]

I. INTRODUCTION

Azulene is prone to thermally isomerize to naphthalene
due to its weaker aromaticity.1–4 As illustrated in Fig. 1, topo-
logical structure of a fused-azulene chain is like a ladder com-
posed of one cis-polyene chain and one trans-polyene chain,
which are combined together by interchain C–C connections.
Bending of the chain in the real structure is anticipated to
take place due to the unbalanced strains between the top
and bottom chains of the straight line structure. While there
were few reports on fused-azulene chain,5, 6 small oligomers
of polyacene have been successfully synthesized and gained
extensive applications in molecular electronics.7–9 Theoreti-
cal studies in recent years have also indicated closed-shell
(nonferromagnetic) to open-shell singlet (antiferromagnetic)
transformation of the ground state electronic structure along
with the increasing length of polyacene chain.10–14 Mean-
while, we know very little about the electronic structure of
fused-azulene chain.

However, recent works from Koskinen’s group might
bring about some change in the circumstances. Theoret-
ical and experimental studies revealed that fused-azulene
structure, which is very probably transformed from poly-
acene structure, should be a more stable edge morphology in
graphene.15–17 More importantly, the process of edge struc-
ture isomerization may take place at room temperatures.
Further theoretical studies have been published thereafter,
which mainly focused on the stability of fused-azulene edge
structure.18–20 However, effects on the electronic behaviors,
such as magnetism, charge transportation, etc., introduced by
the novel edge structure still remain to be investigated.

In this short communication, valence bond (VB) as well
as spin-unrestricted density functional theory (UDFT) cal-
culations are performed to study the ground state electronic
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structure of fused-azulene chain, which are intended for fur-
ther understanding of the edge effect of graphene nanorib-
bons. Nonempirical valence bond (EVB) model,21, 22 which is
a geometry-dependant Heisenberg Hamiltonian, has proved
to be a predictive tool for the study of the low-lying states
of conjugated hydrocarbons and in particular for studying
spin coupling in radicalar conjugated hydrocarbons.23, 24 Our
very recent studies on high-spin polyaromatic hydrocarbon
molecules showed satisfactory agreements between EVB cal-
culations and high level ab initio methods, such as difference-
dedicated configuration interaction and complete active space
with second order perturbation theory.25 Recently, we em-
ployed it to study the open-shell singlet ground state of
polyacene,26 by solving the model Hamiltonian with the den-
sity matrix renormalization group method (DMRG),27–29 and
the results agreed with DMRG on the complete-active-space-
self-consistent-field (CASSCF) or the active-space variational
two-electron reduced-density-matrix-CASSCF.11, 13, 26, 30, 31

II. RESULTS AND DISCUSSION

Although it has been well accepted that there existed a
closed-shell to open-shell singlet ground state transformation
in polyacene with increasing length of the chain, it is still to
our surprise to find that all of the computation results listed
in Table I indicate a similar transformation also takes place
in fused-azulene homologues, but in a different way. The ge-
ometries have been optimized for both values of Sz , so that
the energy differences are adiabatic. According to EVB cal-
culation, when n ≥ 6 (smaller n observed in UDFT calcula-
tions), the ground state of fused-azulene chains changes to
triplet (ferromagnetic), though the singlet–triplet energy gaps
(triplet energy minus singlet energy) are very small, which
implies that mixed features of both singlet and triplet states
might be expected to be observed experimentally at room
temperatures. Table I also reports the mean values of the S2
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fused azulene polyacene

FIG. 1. Topological structure of fused azulene (denoted as [n]-azulene) and
polyacene.

operator for the UDFT calculations, showing that the Sz = 0
solution becomes a half and half mixture of singlet and triplet
states. Adiabatic singlet–triplet energy gaps after spin decon-
tamination are also given.

For [6]-azulene, B3LYP predicted a negligible 0.2
kcal/mol energy gap between the triplet ground state and low-
est singlet just above it. EVB calculations using structures ei-
ther optimized by B3LYP or by EVB itself give slightly larger
energy gaps. However, significant difference is observed be-
tween results of EVB calculations on [6]-azulene when dif-
ferent geometries are employed. Using EVB optimized struc-
ture, the EVB calculations show a sudden dropping of S-T
gap after [6]-azulene, which is not surprising as far as non-
vertical energy differences are concerned.34 In contrast, using
UDFT optimized structure, the S-T gap drops gradually from
positive value in small oligomers to negative value in large
oligomers. Encouragingly, for large oligomers, when the end
effects are comparatively much smaller, the results from both
methods are coincident with each other.

The nature of ferromagnetic ground state in longer
oligomers can be understood clearly by inspecting the fron-

TABLE I. Adiabatic singlet–triplet energy gaps �E (kcal/mol) calculated
with EVB and UDFT methods.

EVB model UDFT

n �Ea �Eb �EBS
c 〈S2〉d �Ee

1 22.6 19.8 18.1f

17.2g

16.9h

2 17.1 14.5 6.1f

5.0g

4.6h

3 12.9 12.2 –0.8f 0.60f –0.04f

–0.5g 0.74g –0.3g

0.8h 0.79h 0.9h

4 8.1 11.3 –1.9f 1.01f –3.2f

–0.6g 0.83g –0.8g

–0.5h 0.81h –0.7h

5 1.1 10.4 –1.5f 1.00f –2.4f

6 –1.0 –0.5 –0.2f 0.98f –0.05f

aEVB//B3LYP/6-31G(d).
bEVB//EVB.
cTriplet energy minus open-shell broken symmetry singlet (BS) state energy.
dSpin contamination for the open-shell singlet (〈S2〉).
eTriplet and singlet energy gaps removed of the spin contamination, �EBS (〈S2〉T /

(〈S2〉T − 〈S2〉BS ), following suggestions in Refs.32 and 33.
fB3LYP/6-31G(d).
gBLYP/6-31G(d).
hPW91PW91/6-31G(d).

FIG. 2. (a) Two near-degenerate FMOs calculated with UB3LYP/6-31G(d).
(b) Comparative contribution of each atomic orbital in the two FMOs deter-
mined by molecular graph theoretical methods. Ground state spin distribution
of [6]-azulene (c) calculated with EVB, and (d) mapping of fused azulene into
a spin 1/2 chain.

tier molecular orbitals (FMOs), which are nearly degenerate
for large oligomers. The two nearly degenerate FMOs of [6]-
azulene showed in Fig. 2(a), which are calculated with UDFT
method, indicated obviously nonbonding characters. Looking
at the central part of the chain, one of the FMOs is distributed
predominantly on the bottom chain, with alternating signs
on succeeding carbon atoms, which is similar to the case of
polyacene.10 The other FMO locates mainly on the top chain,
but with a small portion of distributions on the carbon atoms
indirectly connected with the top chain, while the coefficients
of atomic orbitals are signed alternatively on pentagons and
heptagons. The above results can be rationalized by a sim-
ple molecular graphical analysis on the Hückel nonbonding
molecular orbitals (MOs) in periodical fused-azulene chain
unit presented in Fig. 2(b). In the case of polyacene, the open-
shell character of the ground state could be explained by the
electron correlation of the electrons singly occupying the non-
bonding FMOs.10, 35, 36 These MOs may be localized in the
upper and lower side atoms, respectively. Let us call singly
occupied molecular orbital a and b, respectively, these local-
ized nonbonding MOs. Since they have zero amplitudes on
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the central atoms, their exchange integral, Kab, which would
favor a ferromagnetic coupling, is negligible. The spin polar-
ization of the closed-shell MOs results in an antiferromag-
netic ground state.10 In contrast, in the case of fused azu-
lene, the direct exchange ferromagnetic contribution, Kab, is
nonzero, as easily seen when calculating it from a Hubbard
Hamiltonian, since the upper side SOMO a has amplitudes on
the atoms bearing the lower side SOMO b, making the paral-
lel spin (ferromagnetic) state preferable. In small oligomers,
closed-shell ground state is due to strong ends effect leading
to large energy separation of the two FMOs, which are either
doubly occupied or unoccupied. In large oligomers with open-
shell ground state, our calculations indicated that the partially
occupied FMOs are largely populated in the central part of the
chain, which explains the trend of the geometries evolution of
the terminal rings to an azulene monomer, as shown in sup-
plementary material.37 Despite the observations, a simple ex-
trapolation to infinite length fused azulene is dangerous, due
to that more natural MOs will become partially occupied, so
that one must consider the spin polarization of more closed-
shell MOs as in the case of polyacene, which will make the
problem more complicated.

Knowledge of spin distribution is helpful for understand-
ing the nature of the spin polarization in radical systems; how-
ever, it is often overestimated by UDFT calculations due to
spin contamination from higher spin states. Encouragingly,
the EVB method is free from such defects. The results are
illustrated in Fig. 2(c) for the triplet state of [6]-azulene.
Obviously, the larger spin densities on central atoms indi-
cates stronger radical character in central region of the fused-
azulene chain. It is found that on both the top and bottom
chains, the sign of spin changes alternatively on succeeding
atoms, which inevitably resulted in alternative antiferromag-
netic and ferromagnetic spin couplings on crossing bonds (in-
dicated by either the same or opposite sign of spin on the two
bonding atoms), which is very different from polyacene, in
which all of the spin couplings at the cross chains are ferro-
magnetic in the triplet state.26 It may be interesting to further
explore the VB wavefunctions for polyazulene and polyacene,
following the definition of “local-spin” as well as “local-spin
coupling” suggested by Davidson and Clark.38–40 Local spin
coupling between top and bottom chains, which is defined as
〈StopSbottom〉 are calculated for [6]-azulene and [12]-acene. In
[6]-azulene, the triplet state has a slightly stronger coupling
(–1.8) than the singlet state (–1.7). As shown in Fig. 2(c), VB
results disclosed that the triplet state could have been stabi-
lized by the nonnegligible antiferromagnetic coupling at the
right side terminal crossing bond, which should have been
ferromagnetic following the alternative spin-coupling mode
along the chain. Since the coupling patterns are similar in
central region of the fused-azulene chain for both singlet and
triplet states, we may tentatively ascribe the unusual transi-
tion mostly to the end effects. In contrast, for [12]-acene, it
is found that 〈StopSbottom〉 is –3.4 and –2.9 in the open-shell
singlet and triplet states, respectively, stronger spin coupling
between the top and bottom chains in the singlet state indi-
cates antiferromagnetic ground state.

If we use Ovchinnikov’s rule,41 which is also known
as Lieb’s theorem in solid state physics for a Hubbard

Hamiltonian,42 to predict the spin multiplicity of the ground
state in infinite length conjugated molecules, it is easy to find
that there is no difference in the spin distribution pattern in
the singlet and triplet states, which will predict a zero energy
gap between both states. However, both works are explicitly
restricted to alternant systems, and the ground states are not
necessarily given in nonalternant systems (such as fused azu-
lene) by less frustrated spin distribution.43 On the other hand,
as one of the authors suggested recently,44–46 infinite fused
azulene can be mapped into dimerized spin 1/2 chains, which
may be considered as built from A and B blocks of 7 and 9
sites with different values J1, J2 between the A-B and B-A
blocks, according to Fig. 2(d). As a well-known result, dimer-
ized S = 1/2 AB chain has suggested a singlet ground state
with a finite gap. It is still difficult to judge which result is
correct, more EVB calculation is still underwork to obtain the
asymptotic gap in very large oligomers.

III. CONCLUSION

In summary, energy computation, electron spin distribu-
tion analysis as well as the strength of spin coupling between
the top and the bottom edges of fused-azulene chain presented
above support a transformation from a nonmagnetic ground
state to a ferromagnetic ground state, with the increased
length of fused-azulene chain. Further study of fused-azulene
morphology edge in graphene nanoribbons has also been ini-
tiated in our group. Preliminary calculations have confirmed
the existence of ferromagnetic ground state, at even shorter
ribbon lengths.47 One of the recent hot spot in “graphene
rush” in material science community, which involves the dis-
putes of the existence and origin of magnetic polarization in
graphene nanoribbons, might be explained by the existence
of the azulenelike edges, which can be generated from zigzag
edge reorganization. In this respect, the present work does not
only supply an explanation of the electronic structure of [n]-
azulene, it also offers a theoretical track for the understanding
of the electronic properties of graphene nanoribbons.

ACKNOWLEDGMENTS

This work is supported by China NSF under Grant Nos.
20433020, 20573051 and 20873058 and the Scientific Re-
search Foundation of Graduate. Part of the computational
work was finished on our Inspur TS10000 cluster, as well as
the SGI Altix 4700 and IBM HS22 bladecenters at the High
Performance Computing Center of Nanjing University.

1L. T. Scott and M. A. Kirms, J. Am. Chem. Soc. 103, 5875 (1981).
2L. T. Scott, Acc. Chem. Res. 15, 52 (1982).
3L. T. Scott, J. Org. Chem. 49, 3021 (1984).
4A. Stirling, M. Iannuzzi, A. Laio, and M. Parrinello, Chem. Phys. Chem. 5,
1558 (2004).

5B. A. Hess and L. J. Schaad, J. Org. Chem. 36, 3418 (1971).
6Z. X. Zhou and R. G. Parr, J. Am. Chem. Soc. 111, 7371 (1989).
7S. F. Nelson, Y. Y. Lin, D. J. Gundlach, and T. N. Jackson, Appl. Phys. Lett.
72, 1854 (1998).

8J. E. Anthony, J. S. Brooks, D. L. Eaton, and S. R. Parkin, J. Am. Chem.
Soc. 123, 9482 (2001).

9Y. Sakamoto, T. Suzuki, M. Kobayashi, Y. Gao, Y. Fukai, Y. Inoue, F. Sato,
and S. Tokito, J. Am. Chem. Soc. 126, 8138 (2004).

 23 April 2024 13:04:04

http://dx.doi.org/10.1021/ja00409a042
http://dx.doi.org/10.1021/ar00074a004
http://dx.doi.org/10.1021/jo00190a030
http://dx.doi.org/10.1002/cphc.200400063
http://dx.doi.org/10.1021/jo00821a032
http://dx.doi.org/10.1021/ja00201a014
http://dx.doi.org/10.1063/1.121205
http://dx.doi.org/10.1021/ja0162459
http://dx.doi.org/10.1021/ja0162459
http://dx.doi.org/10.1021/ja0476258


021101-4 Qu et al. J. Chem. Phys. 134, 021101 (2011)

10M. Bendikov, H. M. Duong, K. Starkey, K. N. Houk, E. A. Carter, and F.
Wudl, J. Am. Chem. Soc. 126, 7416 (2004).

11J. Hachmann, J. J. Dorando, M. Avilés, and G. Chan, J. Chem. Phys. 127,
134309 (2007).

12D. E. Jiang and S. Dai, J. Phys. Chem. A 112, 332 (2008).
13G. Gidofalvi and D. A. Mazziotti, J. Chem. Phys. 129, 134108 (2008).
14L. Greenman and D. A. Mazziotti, J. Chem. Phys. 130, 184101 (2009).
15P. Koskinen, S. Malola, and H. Häkkinen, Phys. Rev. Lett. 101, 115502

(2008).
16P. Koskinen, S. Malola, and H. Häkkinen, Phys. Rev. B 80, 073401

(2009).
17C. O. Girit, J. C. Meyer, R. Erni, M. D. Rossell, C. Kisielowski, L. Yang, C.

H. Park, M. F. Crommie, M. L. Cohen, S. G. Louie, and A. Zettl, Science
323, 1705 (2009).

18C. D. Reddy, A. Ramasubramaniam, V. B. Shenoy, and Y. W. Zhang, Appl.
Phys. Lett. 94, 101904 (2009).

19B. Huang, M. Liu, N. H. Su, J. Wu, W. H. Duan, B. L. Gu, and F. Liu, Phys.
Rev. Lett. 102, 166404 (2009).

20L. L. Song, X. H. Zheng, R. L. Wang, and Z. Zeng, J. Phys. Chem. C 114,
12145 (2010).

21M. Said, D. Maynau, J.-P. Malrieu, and M.-A. Garcia Bach, J. Am. Chem.
Soc. 106, 571 (1984).

22M. Said, D. Maynau, and J.-P. Malrieu, J. Am. Chem. Soc. 106, 580
(1984).

23S. H. Li, J. Ma, and Y. S. Jiang, J. Phys. Chem. 100, 4775 (1996).
24M. J. Bearpark, F. Bernardi, S. Clifford, M. Olivucci, M. A. Robb, B. R.

Smith, and T. Vreven, J. Am. Chem. Soc. 118, 169 (1996).
25G. Trinquier, N. Suaud, and J. P. Malrieu, Chem.-Eur. J. 16, 8762 (2010).
26Z. X. Qu, D. W. Zhang, C. G. Liu, and Y. S. Jiang, J. Phys. Chem. A 113,

7909 (2009).
27S. R. White, Phys. Rev. Lett. 69, 2863 (1992).

28S. R. White, Phys. Rev. B 48, 10345 (1993).
29U. Schollwöck, Rev. Mod. Phys. 77, 259 (2005).
30Z. J. Zhao, B. J. Braams, M. Fukuda, M. L. Overton, and J. K. Percus,

J. Chem. Phys. 120, 2095 (2004).
31D. A. Mazziotti, Phys. Rev. Lett. 93, 213001 (2004).
32K. Yamaguchi, F. Jensen, A. Dorigo, and K. N. Houk, Chem. Phys. Lett.

149, 537 (1988).
33K. Yamaguchi, Y. Takahara, T. Fueno, and K. N. Houk, Theor. Chim. Acta

73, 337 (1988).
34The EVB evolution of the vertical excitations for ground state equilibrium

geometries is smooth as well as density functional theory, which is shown
in supplementary material.

35W. T. Borden and E. R. Davidson, J. Am. Chem. Soc. 99, 4587 (1977).
36A. Rajca, Chem. Rev. 94, 871 (1994).
37See supplementary material at http://dx.doi.org/10.1063/1.3533363 for the

bond length of [n]-azulenes in open-shell singlet and triplet states at
B3LYP/6-31G(d) level.

38A. E. Clark and E. R. Davidson, J. Chem. Phys. 115, 7382 (2001).
39A. E. Clark and E. R. Davidson, J. Phys. Chem. A 106, 6890 (2002).
40E. R. Davidson and A. E. Clark, Mol. Phys. 100, 373 (2002).
41A. A. Ovchinnikov, Theor. Chim. Acta 47, 297 (1978).
42E. H. Lieb, Phys. Rev. Lett. 62, 1201 (1989).
43N. Guihery, D. Maynau, and J. P. Malrieu, New J. Chem. 22, 281 (1998).
44M. Al Hajj, N. Guihéry, J.-P. Malrieu, and B. Bocquillon, Eur. Phys. J. B

41, 11 (2004).
45M. Al Hajj, F. Alet, S. Capponi, M. B. Lepetit, J.-P. Malrieu, and S. Todo,

Eur. Phys. J. B 51, 517 (2006).
46M. Al Hajj and J.-P. Malrieu, J. Chem. Phys. 127, 144902 (2007).
47Valence bond model computations prove that when the azulene-edged

graphene contains more than two azulene units, the ground state will be
a triplet.

 23 April 2024 13:04:04

http://dx.doi.org/10.1021/ja048919w
http://dx.doi.org/10.1063/1.2768362
http://dx.doi.org/10.1021/jp0765087
http://dx.doi.org/10.1063/1.2983652
http://dx.doi.org/10.1063/1.3127402
http://dx.doi.org/10.1103/PhysRevLett.101.115502
http://dx.doi.org/10.1103/PhysRevB.80.073401
http://dx.doi.org/10.1126/science.1166999
http://dx.doi.org/10.1063/1.3094878
http://dx.doi.org/10.1063/1.3094878
http://dx.doi.org/10.1103/PhysRevLett.102.166404
http://dx.doi.org/10.1103/PhysRevLett.102.166404
http://dx.doi.org/10.1021/jp1040025
http://dx.doi.org/10.1021/ja00315a019
http://dx.doi.org/10.1021/ja00315a019
http://dx.doi.org/10.1021/ja00315a020
http://dx.doi.org/10.1021/jp952362c
http://dx.doi.org/10.1021/ja9514555
http://dx.doi.org/10.1002/chem.201000044
http://dx.doi.org/10.1021/jp9015728
http://dx.doi.org/10.1103/PhysRevLett.69.2863
http://dx.doi.org/10.1103/PhysRevB.48.10345
http://dx.doi.org/10.1103/RevModPhys.77.259
http://dx.doi.org/10.1063/1.1636721
http://dx.doi.org/10.1103/PhysRevLett.93.213001
http://dx.doi.org/10.1016/0009-2614(88)80378-6
http://dx.doi.org/10.1007/BF00527740
http://dx.doi.org/10.1021/ja00456a010
http://dx.doi.org/10.1021/cr00028a002
http://dx.doi.org/10.1063/1.3533363
http://dx.doi.org/10.1063/1.1407276
http://dx.doi.org/10.1021/jp020992q
http://dx.doi.org/10.1080/00268970110095651
http://dx.doi.org/10.1007/BF00549259
http://dx.doi.org/10.1103/PhysRevLett.62.1201
http://dx.doi.org/10.1039/a708330k
http://dx.doi.org/10.1140/epjb/e2004-00288-4
http://dx.doi.org/10.1140/epjb/e2006-00259-9
http://dx.doi.org/10.1063/1.2764028

