ORGANIC
LETTERS

Open-Shell Singlet Character of 2007

) Vol. 9, No. 26
Cyclacenes and Short Zigzag Nanotubes 54495452

Zhongfang Chen,* -T De-en Jiang,* # Xin Lu,* Holger F. Bettinger, © Sheng Dai, ¥
Paul von Ragué Schleyer, T and Kendall N. Houk &

Department of Chemistry and Center for Computational Chemistryyesity of
Georgia, Athens, Georgia 30602, Chemical Scieneiiin, Oak Ridge National
Laboratory, MS6201, Oak Ridge, Tennessee 37931-6201, State Key Laboratory of
Physical Chemistry of Solid Surfaces, Department of Chemistry and Center for
Theoretical Chemistry, Xiamen University, Xiamen 361005, China, Lehrstuhl fu
Organische Chemie Il, Ruhr-Universitdt Bochum, Universitatsstrasse 150, 44780
Bochum, Germany, Department of Chemistry and Biochemistryehity of

California, Los Angeles, 405 Hilgard Avenue, Los Angeles, California 90095-1569

chen@chem.uga.edu; jiangd@ornl.gov

Received September 25, 2007

ABSTRACT

P

The electronic ground states of [  n]cyclacenes, as well as short-zigzag nanotubes, computed at unrestricted broken spin-symmetry density
functional theory (UBS-DFT), were found to be open-shell singlets, rather than triplets. Computations for [6]cyclacene at complete active
space self-consistent field (CASSCF) and multireference perturbation theory (MRMP2) levels support this conclusion. Along with strain, the
radical character of the open-shell singlet with antiferromagnetically coupled electron spins may contribute to the difficulties in synthesizing
[n]cyclacenes.

First imagined by Edgar Heilbronner more than 50 years but certain that we are closing in on the synthesis of the
ago! [n]cyclacenes (1) have remained one of the most firstcyclacene®cyclacenes (fare still elusive experimentalfy?
fascinating but, as yet, unrealized preparative tafgeespite

the optimistic prognosis announced in 1998, “it is now all

T University of Georgia.
* Oak Ridge Nationa Laboratory.

# Xiamen University. \
U Ruhr-Universitdt Bochum. Z
§ University of California, Los Angeles. - ) n-1

(1) Heilbronner, EHelv. Chim. Actal954,37, 921.
(2) Tahara, K, Tobe, YChem. Rev2006,106, 5274.
(3) See areview: Cory, R. M.; McPhall, C. L. Fascinating Stops onthe — There have been several notable attempts to prepare these
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double Diels-Alder macroannulatiof A belt of eight fused
six-membered rings was obtained, but further reaction to
produce [8]cyclacene did not succeed. Tahara and ZTobe
pointed out that many other attempts failed even at the
precursor stage.

cyclacenes, the shortest zigzag CNT, have been used
as finite-length tube models in simulatiosWhile the
total synthesis of CNTs is another unsolved probtém,
short tubes were recently obtained by cutting long single-
walled CNTs!® Although the structures and electronic

Consequently, the current knowledge of cyclacene proper-properties of finite-length models of armchair CNTare

ties stems from several density functional theory (DFT) and
semi-empirical investigatiorisThe DFT studies have focused

on their energies, structures, and aromaticity (for example,
by means of nucleus-independent chemical shifts computatfons).

well studied, knowledge of short zigzag analodfés still
scarce.

We now present DFT and ab inito computational evidence
that the ground states of [6]- and higher cyclacenes as well

According to these computational investigations, cyclacenesas short zigzag nanotubes are open-shell (OS) singlets, similar

consist of two fully delocalized polyene (trannulele)
ribbons connected by long G=-bonds’ Furthermore, larger

to the electronic structures of long linear polyacelieather
than triplets as previously reportéd.

cyclacenes were predicted to possess triplet electronic ground  cyclacene geometries were optimized at B3LYP/6-31G*;

states. However, an analysis of the published DFT data
suggests that the resdltarere based on a spin-restricted
ansatz for the singlet stat&s.In contrast, our present
investigation achieves a lower-energy singlet description by
employing an unrestricted broken spin-symmetry (UBS)
wavefunction. This approach, already used for the linear
oligoacene cousing, gives energies in agreement with
multiconfiguration computatiodd3and results in dramati-
cally different energetic properties and significantly modified
geometries of [n]cyclacenes éa 6 and higher).

More reliable theoretical descriptions of cyclacenes

also are important for carbon nanotube (CNT) research since
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[6]cyclacene was also optimized at the complete active space
self-consistent field (CASSCF) level, and its energy was
further refined using second-order multireference perturbation
theory (MRMP2)'° All CASSCF and MRMP2 calculations
employed GAMESS-U% while the Gaussian 03 program
was used for all DFT computatiofk.

Two possible electronic ground states were investigated:
triplet and singlet. The latter was described with “open-shell
(OS)” UBS theory, rather than by the restricted “closed-shell”
(CS) B3LYP approach.

At the CASSCF(8,8)/6-31G* and the MRMP2/6-31G*//
CASSCF(8,8)/6-31G* levels, the triplet state of [6]cyclacene
is 14.9 and 7.4 kcal/mol higher in energy, respectively, than
the!A,4ground state. The natural orbital occupation numbers
for the CASSCF wavefunction, 1.98, 1.93, 1.87, 1.46, 0.54,
0.14, 0.07, and 0.01, clearly indicate the significant multi-
configuration character of the singlet state.

These CASSCF and MRMP?2 results aat reproduced
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previous investigations at such inadequate le¥€lhe triplet
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state is favored erroneously (by 1.2 kcal/mol) over the previouslycpersists here (0.05 A) as does the unusual fully
spurious [6]cyclacene CS singlet state (Figure 1, S-Tables 1delocalized polyacetylene nature of the ribbons.

More insights can be obtained by examining the isosur-
_ faces for the spin magnetization densiy, (— pp). For
example, thex-spin electrons for [10]cyclacene are mainly
localized on the upper edge, whifespin electrons are on
the lower edge (Figure 2). Moreover, mingspin electrons

Figure 1. Relative energies of tripleNE(T — Sog)] and restricted Figure 2. Isosurfaces of spin magnetization density for the open-
closed-shell (CS) singlet stateSE(Scs — Sog)] to the UBS open- shell singlet of [10]cyclacene. Isosurface values are at 0.1 a@id
shell (OS) singets ofifjcyclacenes at the B3LYP/6-31G* level of ~—0.1 e/ for the light and dark surfaces, respectively.

theory.

appear in between-spin upper edge carbon atoms (those

and 2 in Sl). However, the restricted wave function has a connected to hydrogen). The antiferromagnetic (AFM)
triplet instability, and a UBS ansdfzgives a lower energy  coupling observed here originates from the two zigzag edges
(OS) solution. After reoptimization at the UBS-B3LYP/6-  and the two sublattices in cyclacenes (one sublattisgin,
31G* level, the singlet is favored by 6.8 kcal/mol over the the otherB-spin). Zigzag-edged graphene nanoribb®ns,
triplet, in very good agreement with the MRMP2 result (7.4 higher acene¥!® and rectangular polycyclic aromatic
kcal/mol). hydrocarbor® have been shown to share this AFM coupling.

Figure 1 plots the changes in energies of the triplet and The localized spins at the zigzag edges behave chemically
the CS singlet (relative to that of the OS singlet) with the as partial radicals, as previously shown by the reaction
number of fused benzene rings m¢yclacenes. Clearly the  energetics with other common radic&tsMulliken popula-
ground state is the OS singlet wheis greater than 5. When  tion analysis yields a local spin moment #0.32 ug on
nis 4 or 5, the OS singlet relaxes to the CS singlet ground zigzag edge carbon atoms for [10]cyclacene, supporting the
state. Forn = 3, the Dy, cyclacene structure is unstable partial radical concept. The open-shell ground state character
(geometry optimization gives a different structure, which is is also apparent in the singly occupied frontier molecular
not a local minimum; see S-Figure 1 in Sl). orbitals (S-Figure 3 in Sl). The singly occupied frontier

Figure 1 also shows that the relative energy of the OS orbitals reside on the two edges. Note that polyradical
singlet to the CS singlet fluctuates wheris greater than 8. character is already apparent for [6]cyclacene. This resembles
This behavior is caused by the fact that evejcyclacenes ~ Well the oligoacenes larger than hexacéh€We also find
are more stable than the odddyclacenes for the CS singlets  that the number of unpairestspins (by integrating over the
(see S-Figure 2 in SI for the atomization energy per benzenesPace where spin magnetization density is positive) increases

ring for the OS and CS singlets, which indicates the stability With n for the OS singlets of lcyclacenes which, as
of an [n]cyclacene). expected, leads to increased spin contamination for the OS

The [ricyclacene OS singlets display neakly, symmetry singlets (forl$?= 1.2 for [6]cyclacence ant&’(= 2.8 for

(see S-Table 3 in Sl), and have shorter transannular c—cl14Jeyclacence; see STTabIe 2in S). .
bonds (S-Table 3 in SI), in particular for the odu Because of their radical character, the open-shell singlets

[n]cyclacenes. The transannular CC and the edge I@@d should be highly regctive and u_nstaEﬂeAlong with strain,
lengths, where G designates a carbon atom bound to this may help explain why previous attempts to prepare [8]-

hydrogen, converge toward 1.46 and 1.41 A, respectively,

ith i i i i imi (23) Fujita, M.; Wakabayashi, K.; Nakada, K.; Kusakabe,JKPhys.
with increasingn. This practlf:ally e]mnates the tr_ansanr_wlar Soc. Jpn1996,65, 1920; Jiang, D. E.; Sumpter, B. G.; Dai, 5.Chem.
C—C bond length alternation, discussed previously in the phys.2007,126, 134701.

context of & + 2 and 4« electron aromaticity and (24) Jiang, D. E.; Sumpter, B. G.; Dai, 3. Chem. Phys2007,127,

. P PP 124703.
ant'aroma“c'tﬁc N_onethelgss_, _the significant l_)Oﬂd length (25) Although the authors did not explicitly discuss the radical character
alternation (BLA) in each individual benzene ring reported of heptacene, it could only be synthesized by photochemical routes in
matrices. (a) Mondal, R.; Shah, B. K; Neckers, D.JCAm. Chem. Soc.
2006,128, 9612—-9613. (b) Bettinger, H. F.; Mondal, R., Neckers, D. C.
(22) Bauernschmitt, R.; Ahlrichs, R.. Chem. Phys1996,104, 9047. Chem. Commur2007, DOI: 10.1039/b713059g.
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and [12]cyclacenes did not succe&€dnfortunately, smaller  the longer tubes. The open-shell singlet character is clearly
cyclacenes with closed-shell singlet ground states are tooseen in the singly occupied frontier molecular orbitals (S-
highly strained®to be good targets for synthesis. The belt Figure 4 in Sl). This result is also consistent with previous
structure of [5]cyclacene (Figure 3) results in ca. 70 kcal/ findings of antiferromagnetic coupling for zigzag-edged
graphene systenig?*
_ In summary, we have shown that [n]cyclacenes, wimere
is 6 or larger, as well as short zigzag@) tubes have open-
shell singlet ground states. This refines previous investiga-
tions of [n]cyclacenes, which were based on inadequate
restricted B3LYP descriptions of the singlet statés.
1475 However, our UBS-B3LYP computations give an energetic
preference of open-shell singlet over triplet states with
increasing filcyclacene size. This is contrary to the expecta-
tion (based on the decreasing singlatplet energy splitting
for the linear [n]Jacené3!® and the indistinguishability of
Figure 3. B3LYP/6-31G* optimized geometry for [S]cyclacene. [nlacenes andncyclacenes at infinity) that the singtet
C—Cy and C—C bond lengths are shown. triplet energy difference should converge to a small finite
value!?132Fyrther computational investigations are required
for establishing an understanding of the electronic structure
X ; , of polyacenes and cyclacenes. The expected high reactivity
ground state, its strain (ca. 120 kcal/m¥l)is even larger ¢ the radicaloid singlet ground states and the strain energies
(see S-Figure 2 in Sl). complicate cyclacene synthesis. We are hopeful that suitable

While [n]cyclacenes can be regarded as the shortestyjyaticaly stabilized members of this series of fascinating
H-terminated (four-layered)n(0) zigzag carbon nanotube hydrocarbons can be achieved.

models, our computations show that cyclacenes with more
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mol strain8d Although [4]cyclacene also has a CS singlet

Supporting Information Available: B3LYP/6-31G* total
energies, energy differences between different electronic
states, key geometry parameters, building unit energies of

in Sl) are 20.3 and 36.8 kcal/mol lower in energy, respec-
tively, than the restricted closed-shell descriptions at B3LYP/
6-31G*™ Consequently, the singlets are lower in energy than 110y clacenes, the singly occupied frontier orbitals of [6]-

the triplets for very s_hort CNT models by sizable a_mounts. cyclacene and 6-layered (8,0) zigzag nanotube model, the
The computed restricted and UBS DFT energy difference g3 yp/.31G+ Gaussian 03 archive files, Cartesian coor-

for the singlet states is larger for six-layered than for four- dinates, and complete ref 21. This material is available free
layered models, suggesting enhanced radicaloid character OBf charge via the Internet at http://pubs.acs.org.
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