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The structures of a number of neutral high�spin, triangular carbon and silicon systems were
studied and their stabilities were predicted using the density functional theory methods (B3LYP
functional with the 6�311++G** and 6�311+G** basis sets). The calculated spin�spin coupling
constants have high positive values, thus indicating strong ferromagnetic interactions in the
title systems.
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Design of nonmetallic magnetic materials based on
carbon and other non�metals is not only a technologically
important task, but also offers prospects for integration of
spin and molecular electronics. At present, the state of the
art in chemistry and technology of graphite and graphene
is such that one can synthesize small graphene species
which can exhibit magnetic properties.

Alternant hydrocarbons with different number of at�
oms of the types а and b (type�а atoms alternate with
type�b atoms) are characterized by high ground�state mul�
tiplicity; the total spin of the system is given by

, (1)

where S is the spin of the system, n(a) is the number of the
type�a atoms, and n(b) is number of the type�b atoms.1,2

These hydrocarbons can be of interest for the design of
carbon magnetic materials.

Alternant hydrocarbons include triangular graphene
molecules 1—4 with zigzag edges (triangulenes) derived
from phenalenyl radical 1 as the parent structure. A fea�
ture of triangulenes is an increase in the ground�state mul�
tiplicity with an increase in the size of the molecule. The
total spin of a triangulene molecule can be calculated us�
ing a simplified relation

S = (L – 1)/2, (2)

where L is the number of "rows" (or rings on one side of
the "triangle").1,2 Then the ground�state multiplicity (M)
of a triangulene is given by M = L. Triangulenes also
belong to hydrocarbons that cannot be represented by
Kekulé structures.
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Phenalenyl radical 1 was studied experimentally in the
forms of a symmetric tri�tert�butyl derivative3 and oxo�
phenalenoxyls.4,5 According to X�ray study3 of 2,5,8�tri�
tert�butylphenalenyl radical, in the crystalline state the
phenalenyl fragment has a slightly distorted symmetry D3h.
The apex carbon atoms bonded to tert�butyl groups devi�
ate by 0.064—0.070 Å from the least�squares plane of the
ring. The carbon—carbon bond lengths in the phenalenyl
fragment range from 1.374 to 1.421 Å (see Ref. 3), which
is comparable with the bond lengths in naphthalene mole�
cule. An analysis of the spin density distribution, EPR
spectra, and nucleus�independent chemical shifts (NICS)6

of isomeric oxophenalenoxyls allowed one to establish that
the unpaired electron is localized on the antiaromatic ring
of the system.5

The next, after phenalenyl radical, representative of
the family is triangulene 2 (or Clar hydrocarbon) known
since 1941.7 It was synthesized8 by Clar as diquinone in
1953 but appeared to be unstable, namely, it immediately
polymerized or rearranged. Symmetric derivatives (triplet
biradicals) were obtained more recently. 2,6,10�Tri�tert�
butyltriangulene is kinetically unstable, viz., it undergoes
oligomerization in solution,9 while trioxytriangulene is sta�
ble in vacuo at ~20 °C, being, however, very sensitive to
atmospheric oxygen.10

A change (decrease) in the initial symmetry of triangu�
lene derivatives leads to a change in the spin state of the
system. For instance, dioxytriangulene has a singlet ground
state11 in contrast to trioxytriangulene10: two substituents
significantly change the energy levels of the initial HOMOs
occupied by the unpaired electrons; this allows them to
form a pair and leads to a change in the ground spin state.11

Probably, Clar´s diquinonetriangulene appeared to unsta�
ble for the same reason.

Earlier, it was shown theoretically that the energy of
the triplet state of triangulene 2 is 20 kcal mol–1 lower
than that of its singlet state.12 Recent plane�wave DFT
calculations13 showed that triangulenes have high�spin
ground states up to L = 15.

In the present study, we report the results of B3LYP/
6�311++G** and B3LYP/6�311+G** DFT quantum
chemical calculations of triangular graphene molecules
with zigzag edges (L = 2—5) and their silicon analogs.

Calculation Procedure

Calculations were carried out using the Gaussian�03 pro�
gram.14 All stationary points on the potential energy surface
(PES) were identified by calculating the Hesse matrix (λ). For
each structure, we calculated all possible spin states and showed
the energy preferableness (from 5 to 37 kcal mol–1) for the sys�
tem to exist in the spin state with the maximum possible spin
value (Tables 1 and 2).

We failed to locate symmetric structures of low�spin states,
mainly C1 systems were localized. Moreover, the wave functions
of four low�spin systems including 2а and 6а (L = 3, Table 1) as

E = C (1—4), Si (5—8)

Table 1. Results of B3LYP/6�311++G** calculationsa of struc�
tures 1—4

Struct� Sym� Formula M ΔE ΔEZPE λ ω1
ure metry

1 D3h C13H9 2 — — 0 160.5
2 D3h C22H12 3 0.0 0.0 0 91.1
2ab C1 C22H12 1 7.7 8.7 0 89.1
3 Cs C33H15 4 0.0 0.0 0 60.1
3a C1 C33H15 2 7.9 7.3 0 58.6
4 C1 C46H18 5 0.0 0.0 0 40.4
4a C1 C46H18 3 9.0 7.4 0 41.7
4bc Cs C46H18 1 36.5 37.6 0 39.8

a Here and in Table 2, M is the multiplicity of the system;
ΔE/kcal mol–1 is the relative energy of the isomer;
ΔEZPE/kcal mol–1 is the relative energy of the isomer calculated
with inclusion of zero�point vibrational energy (ZPE); λ is the
number of negative eigenvalues of the Hessian; and ω1/cm–1 is
the minimum harmonic vibrational frequency.
b The wave function has internal instability.
c The wave function is unstable on going from RHF to UHF.
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well as 4b and 8b (L = 5, Table 2) show either an internal insta�
bility or instability on going from RHF to UHF. One low�spin
silicon system (8а) was located as transition state rather than
a minimum on the PES.

Results and Discussion

Triangulene hydrocarbons. Geometrically, the ground�
state carbon systems 1 and 2 (L = 2, 3) have a D3h symme�
try; however, their electronic properties (Mulliken atomic
charges, spin density) and the NICS values correspond to
a lower symmetry C2v (see Fig. 1). As the size of the system
increases, its planarity violates, namely, the planar D3h
structure 3 (L = 4) in the high�spin state corresponds to
a transition state (λ = 1), whereas the planar D3h structure 4
(L = 5) in the ground state corresponds to a threefold
point (λ = 3) on the PES. In nonplanar structures 3 and 4
of symmetry Cs and C1, respectively, the atoms deviate
from the initial plane up to 0.003 Å (3) and 0.004 Å (4).

The apex carbon—carbon bonds in the triangulenes in
question appeared to be the shortest (1.390 Å in systems
2—4 and 1.391 Å in radical 1) and close to carbon—carb�
on bond lengths in benzene (1.394 Å) calculated by the
same method with the same basis set. Carbon—carbon
bonds along the triangulene perimeters are longer, viz.,
1.419—1.420 Å in systems 2—4 (cf. 1.417 Å in phenalenyl 1).
For the middle region of the perimeter calculations pre�
dict a constant value of 1.408—1.409 Å. The longest car�
bon—carbon bonds connect the perimeter and the penul�
timate row of carbon atoms (bond lengths reach up to
1.438 Å in structures 3 and 4). In the center of triangu�
lenes, carbon—carbon bond lengths are close to those of
graphite and graphene (1.421—1.425 Å). The geometric
parameters obtained in our calculations are in good agree�
ment with those calculated earlier.13

Geometric parameters and other properties discussed
below obey a pattern13 which divides the triangulene mo�
lecules into three regions, namely, the apex and middle

(interior) regions and the perimeter; each region is char�
acterized by its own features.

Among the triangulenes under study, radical 1 is char�
acterized by the highest aromaticity; namely, NICS =
= –2.7 for each ring. For the next members of this family,
the general trend is retained, namely, the apex rings with
the highest aromaticity (NICS values range from –1.8 for
structure 2 to –2.2 for structure 4) are followed by rings in
the middle region (NICS values from –1.4 to –2.0) and
peripheral rings with the smallest NICS values (from –0.3
to 0.4; positive NICS values mean antiaromatic proper�
ties). Unpaired electrons are most probably localized in
the peripheral rings.5

A clearly seen alternation of the signs of the Mulliken
atomic charges on carbons was found only for the perime�
ters of systems 2—4 except the apex atoms. The signs of
the charges on carbon atoms in the middle regions of the
large molecules 3 and 4 also alternate; however, the two
regions are not connected by alternation.

The spin density distribution shows a strong sign alter�
nation for all triangulene systems, except the phenalenyl
radical 1 characterized by almost zero negative spin popu�
lation on the central carbon atom. Yet another feature
characteristic of the spin density distribution in systems
2—4 is that the maximum absolute values of the spin po�
pulations are concentrated along the perimeter on type�a
atoms. Singly occupied orbitals of triangulenes 1—4 are
also localized on the type�a atoms (see Fig. 2). In systems
3 and 4, pairs of orbitals (orbitals 107, 108 and 146, 147,
respectively) are in fact doubly degenerate (they have al�
most equal energies).

The energy difference between the HOMO and LUMO
decreases as the size of the system increases, being equal
to 4.0 (1), 3.7 eV (2), 3.5 (3), and 3.2 eV (4). Earlier,13

DFT calculations with a plane�wave basis set gave much
lower values, namely, 0.53 eV for the phenalenyl radical
(L = 2) and up to 0.29 eV for the molecule with L = 15.

Silicon�hydrogen triangulenes. Replacement of all carbon
atoms in compounds 1—4 by silicon atoms leads to new
family of high�spin systems. According to our B3LYP/6�
311+G** calculations, the ground states of the silicon
compounds 5—8 should also have the maximum possible
multiplicities defined by expression (2) (see Table 2). Going
from carbon triangulenes to the silicon analogs is accompa�
nied by changes in the structural parameters. In contrast
to the carbon precursors, the silicon systems 5—8 are non�
planar and have a chair�like structure of the silicon cage,
similar to that of hexasilabenzene Si6H6 for which, accord�
ing to the results obtained earlier15—17 and to our calcula�
tions, the planar form 9а is a transition state between two chair
conformers 9 and 9b (see below; Si atoms are not shown).

Table 2. Results of B3LYP/6�311++G** calculations of struc�
tures 5—9

Srtuc� Sym� Formula M ΔE ΔEZPE λ ω1
ture metry

5 C3v Si13H9 2 — — 0 46.1
6 C3v Si22H12 3 0 0 0 30.0
6a Cs Si22H12 1 11.2 11.3 0 23.8
7 C3v Si33H15 4 0 0 0 16.6
7a C1 Si33H15 2 5.3 5.1 0 15.6
8 C3v Si46H18 5 0 0 0 11.4
8a C1 Si46H18 3 6.0 5.3 1 i238.3
8b C1 Si46H18 1 21.3 21.1 0 9.7
9 D3d Si6H6 1 0 0 0 103.7
9a D6h Si6H6 1 2.3 2.1 1 i215.2

The wave function is unstable on going from RHF to UHF.



Gapurenko et al.1520 Russ.Chem.Bull., Int.Ed., Vol. 60, No. 8, August, 2011

According to our calculations, in structure 9 the devia�
tion ϕ from the plane is 31.5°, which is more than twice as
large as the available16 values of the angle ϕ 11.5—13.5°
(depending on the basis set, HF calculations). According
to our calculations for silicon triangulenes 5—8, the angle
ϕ is in the range 30—34°.

Trends in the changes of the silicon—silicon bond
lengths in the silicon triangulenes 5—8 (Fig. 3) and car�
bon—carbon bonds in the carbon structures 1—4 are ana�
logous, viz., the shortest silicon—silicon bonds (2.242 Å
in triangulene 5 and 2.243 Å in systems 6—8) are on the
vertices of the silicon molecules and are equal to the sili�
con—silicon bond lengths in hexasilabenzene 9 (2.242 Å).

Some longer silicon—silicon bonds (2.271—2.273 Å),
whereas the midpoints of the "triangulenes" are charac�
terized by silicon—silicon bond lengths in the range
2.266—2.268 Å. The longest silicon—silicon bonds (to
2.291 Å) connect the outermost and the penultimate set of
silicon atoms.

Unlike the carbon systems 1—4, the symmetry of the
electronic characteristics of the silicon structures (Mul�
liken atomic charges, spin density distributions) exactly
matches the geometric symmetry (C3v). However, some
features appear. For instance, compared with carbon
triangulenes, silicon triangulenes show a redistribution
of the Mulliken charges over the silicon cage, viz., posi�

Fig. 1. Bond lengths, Mulliken atomic charges, spin populations on atoms (numbers in parentheses), and NICS values (underlined) in
the carbon systems 1—4 calculated by the UB3LYP/6�311++G** method. The Mulliken charge, spin population distributions, and
NICS have a lower symmetry C2ν. Here and in Figs 2 and 3, the bond lengths are given in Ångstrøms.
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Fig. 2. The highest singly occupied orbitals of carbon systems 1—4.

44 a1″ 72 e″ 72 e″
1 2

106 a″ 107 a´ 108 a″

3

146 a 147 a

4
148 a 149 a



Gapurenko et al.1522 Russ.Chem.Bull., Int.Ed., Vol. 60, No. 8, August, 2011

tive charges are arranged along the perimeter and in
the apex regions, while negative charges are concentrat�
ed in the middle regions of systems 6—8. The abso�
lute values of negative charges increase toward the cen�

ter and reach a value of –0.70 on the central Si atom of
structure 8.

The spin population distributions in the silicon trian�
gulenes 6—8, as in their carbon prototypes 1—4, have

Fig. 3. Bond lengths, Mulliken charges, and spin populations on atoms (numbers in parentheses) of silicon systems 5—9 calculated by
the UB3LYP/6�311+G** method.
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strong alternation and maximum positive values on the
type�a atoms located along the perimeter. Alternation of
the spin density serves an additional confirmation that the
state with the maximum possible spin is just the ground
state. The spin population distributions along the perime�
ter of the silicon triangulenes 5—8 match those in the
carbon systems 2—4 both qualitatively and numerically
(to an accuracy of 0.02). In the middle regions and on the
apex atoms we obtained a larger (to 0.07) scatter of the
spin population values compared to the carbon systems.

An analysis of singly occupied higher orbitals of silicon
triangulenes revealed that they are almost identical to the
corresponding orbitals of carbon triangulenes (see Fig. 2).
This, as well as the spin density distribution, indicates
a great similarity between the nature of these families.
The HOMO—LUMO energy difference of the silicon tri�
angulenes also decreases as the system size increases and
is 2.1, 1.9, 1.8, and 1.7 eV for structures 5, 6, 7, and 8,
respectively.

Estimation of spin�spin coupling constants. To estimate
prospects of the use of two triangulene families considered
as magnetic materials, we calculated the spin�spin cou�
pling constants (magnetic coupling constants, exchange
coupling constants) J in the second and third (L = 3, 4)
members of the families of the carbon and silicon com�
pounds. Positive (J > 0) values point to ferromagnetic,
while negative (J < 0) point to antiferromagnetic interac�
tion in the system. We estimated the constants J by the
broken symmetry method for the systems with unpaired
electrons using a scheme proposed elsewhere.18 For a sys�
tem with two unpaired electrons on two centers one has

J = EBS – EHS, (3)

where EBS is the energy of the broken�symmetry state,
EHS is the energy of the high�spin ground state (highest
symmetry).18 According to our calculations, J = 2450 cm–1

for triangulene 2 and J = 1673 cm–1 for its silicon analog 6.
For systems with three unpaired electrons occupying

the vertices of a equilateral triangle (that can be applied to
the triangulene systems studied), we used the relation18

J = (EBS – EHS)/2. (4)

In this case, the calculated J value is 2700 cm–1 for system
3 and 1857 cm–1 for the silicon compound 7. So large
positive J values indicate rather strong ferromagnetic inter�
actions in the carbon and silicon triangulenes considered.

Density of spins. The force of a magnet created on the
base of new compound will depend on the density of spins.
We considered the density of spins in the molecule (ratio
of the number of unpaired electrons to the number of C or
Si atoms in a given molecule). It is maximum for the
compounds with L = 3 and 4 (Fig. 4) and then gradually
decreases. This suggests that the density of spins in the bulk
of the substance will decrease and the magnetic properties

will weaken with increasing the size of the molecule. Tak�
ing account of the density of spins will make it possible to
create materials with specified magnetic properties.

Thus, our quantum chemical calculations showed that
not only hydrocarbon triangulenes, but also their silicon
analogs have high ground�state multiplicity which increas�
es with the size of the system. This could serve as a base for
engineering of nonmetallic magnetic materials and vari�
ous sensors based on them.
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