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The optimised structures, electron affinities, and vibrational
frequencies of the simplest benzenoid cyanocarbons, namely
hexacyanobenzene C4(CN)g, octacyanonaphthalene C;o(CN)g,
and decacyanoanthracene Cq4(CN);o, have been studied using
carefully calibrated density functional methods (Chem. Rev.,
2002, 102, 231-282); the predicted adiabatic electron affinities
are 3.53 eV for C4(CN)g, 4.35 eV for C((CN)g and 5.02 eV for
C14(CN)y9, which are significantly larger than those of the
analogous benzenoid fluorocarbons as well as tetracyanoethane
and tetracyanoquinodimethane.

The electron affinities (EAs) of polycyclic aromatic hydrocarbons
(PAHSs) are known to increase as the number of aromatic rings is
increased. Thus benzene has a negative EA, naphthalene has an
EA near zero, and anthracene exhibits a positive EA.' Theoretical
studies® have shown that halogen substitution in these three
benzenoids increases the EA enough for polyhalogenated benzenes
and naphthalenes to exhibit definitively positive EAs. The resulting
effective electron acceptor properties of these polyhalogenated
derivatives have generated much recent attention.*'°

Cyanocarbons are related to the parent hydrocarbons by
replacement of all or most of the hydrogen atoms with cyano
(nitrile) groups. An important property of olefinic cyanocarbons
arising from the electron-withdrawing cyano substituents is their
facile reduction to stable radical anions.!'!'> For example,
tetracyanoethylene can readily be reduced to its radical anion
using reducing agents as weak as iodide and even cyanide.'* The
paramagnetism of the stable resulting tetracyanoethylene radical
anion has been used by Miller and co-workers'* to synthesize bulk
ferromagnetic organic materials containing tetracyanoethylene and
metallocene units. In contrast, the parent ethylene molecule will
not bind an electron.

The high stability of benzenoid aromatic compounds makes
benzenoid cyanocarbons of potential interest as electron acceptors
in novel magnetic materials. At the present time hexacyanoben-
zene, Co(CN)g, is the only known benzenoid cyanocarbon.15 In
order to evaluate the electron acceptor properties of the simplest
benzenoid cyanocarbons, namely hexacyanobenzene Cg(CN)g,
octacyanonaphthalene C;o(CN)g, and decacyanoanthracene
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C14(CN)g, we have predicted their electron affinities (EAs) using
density functional theory (DFT) methods. In this context, DFT
has proven to be an effective means of computing EAs. Thus in
2002, Rienstra-Kiracofe et al.'® conducted a statistical analysis on
the agreement of several DFT functionals and experimental values
on a set of 91 molecules for which reliable experimental EAs were
known. The B3LYP functional'™!® was found to give an average
absolute error of only 0.14 eV and in 71% of the cases the
theoretical EA lay above the experimental value. Discussions
concerning the validity of DFT in describing the negative ions can
be found elsewhere.'*?°

Total energies, equilibrium geometries, harmonic vibrational
frequencies and zero-point vibrational energies (ZPVE) were
determined for each molecule considered in this study. The
geometries were all optimised using analytic gradients to satisfy
tight convergence criteria. All quantities referred to hereafter are
defined by the following formulae:

EAad = Eoptimised neutral Eoptimised anion

EAvcrl = Eoptimised neutral Eanion at optimised neutral geometry

VDE = Eneutral at optimised anion geometry Eoptimised anion
where VDE is the vertical detachment energy. The computations
were carried out within the GAUSSIAN 03,>' NWCHEM 4.7
and Q-CHEM 2.1** program packages. The hybrid functional
B3LYP?* was utilised as the exchangecorrelation density func-
tional.*>** This method encapsulates the Lee, Yang, and Parr
(LYP)'® correlation and Becke’s'” three-parameter HF-DFT
hybrid functional.

The basis set used throughout this study is identical to that
mentioned earlier and allows for comparison with previous DFT
studies.'® The DZP basis set comprised the standard Huzinaga—
Dunning®®*” DZ basis, augmented with one set of five d
polarisation functions for each C and N atom. To complete the
DZP++ basis, a set of even-tempered s and p diffuse functions was
added to each atom, according to the recipe of Lee and Schaefer.”®

The equilibrium geometry of the neutral C4(CN)g in its 'Alg
ground state has Dg;, symmetry, while the anion undergoes an in-
plane Jahn-Teller distortion to a A, electronic ground state with
Dy, symmetry. For the neutral species, the optimised C-C bond
lengths (Fig. 1) are 1.415 A in the ring and 1434 A external to
the ring, with predicted C=N bond lengths of 1.166 A.
These theoretical distances differ from the experimental crystal
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Fig. 1 Geometrical structures of percyanobenzene and its radical anion.
Bond distances are in A.

structure® by less than 0.02 A in all three cases. For the anion, the
ring C—C bond distances are 1.412 and 1.461 A while the external
C—C and C=N bond lengths differ from those in the neutral species
by less than 0.005 A. Note that the neutral to anion progression
gives rise to a bond alternation of 0.049 A.

Neutral C;o(CN)g and its radical anion have the same
qualitative Dy, geometrical conformation (Fig. 2). The naphtha-
lene C—C bond distances exhibit perturbations no larger than
0.014 A (see the central C-C bond) upon the addition of an
electron to the neutral molecule. The slightly increased anion bond
distances may be attributed to the last electron occupying an
antibonding orbital, delocalized around the rings. The bond angles
of the anion differ by no more than 0.5° (central exterior C-C-C
angle) from those of the neutral.

Anion (Dgy)

Fig. 2 Geometrical structures of percyanonaphthalene and its radical
anion. Bond distances are in A.

The C4(CN)jp species was studied in both G, and Gy
symmetry. The C,, neutral and anion were found to be 1.40 and
1.36 keal mol ™" respectively lower in energy than the Csy, neutral
and anionic species, respectively. The orientation of the two central
CN groups provides the main difference between the two systems.
The G,, structure (Fig. 3) incorporates these two CN groups in a
cis-conformation, whereas in the C,;, structure (not shown) the two
groups are necessarily oriented in a trans-conformation. For the
neutral systems, the bond distances change by no more than
0.004 A between the Cy, and Csy, structures, with differences of less
than 0.7° (central interior C-C-C angle) observed for the bond
angles. Upon addition of an electron to the Cs, neutral, the bond
distances change by less than 0.019 A (Fig. 3). Interestingly, the
anion shows less bond alternation (0.018 A in the outer ring) than
the neutral (0.049 A in the outer ring). From neutral to anion, the
bond angles change by less than 0.5°.

Hexacyanobenzene will bind an electron with a positive EA_4 of
3.53 eV, which increases to 3.64 eV accounting for ZPVE. Given
that the non-substituted parent systems display an increasing
propensity to bind an electron with increasing ring size, the EA of
C1o(CN)g is expected to be larger than that of Cs(CN)g, while that
of C14(CN), should be higher still. Indeed, it is observed that these
trends propagate into the percyano substituted systems; the ZPVE
corrected EA,q of percyanonaphthalene is 4.38 eV. The EA4
determined for the C,, and Cy, structures of Ci4(CN);, are 5.05
and 5.06 eV, respectively, with ZPVE included.

Compared with the analogous benzenoid fluorocarbons, the
EA.q of C¢(CN)s (3.53 eV) is much larger than that for Cg¢Fg
(0.69 eV). Similar differences in electron affinities (Table 1) also
hold for the corresponding naphthalene and anthracene deriva-
tives, indicating that benzenoid cyanocarbons have a much

Anion (Ca,)

Fig. 3 Geometrical structures of percyanoanthracene (C,,) and its
radical anion. Bond distances are in A.
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Table 1 Predicted electron attachment/detachment energies (in eV),
with zero-point vibrationally corrected values in parentheses

Cs(CN)s  Cio(CN)s  C14(CN)ypo (Cay)
EAw 3.53 (3.64) 4.35 (4.38) 5.02 (5.05)
EA et 342 4.28 495
VDE 3.64 4.42 5.09
Analogous fluorocarbon® 0.69 1.02 1.84

“ These are the EA,q values of the perfluoro analogues included for
comparison.’

stronger tendency to bind an additional electron than the
corresponding benzenoid fluorocarbons. Furthermore, the EA of
Cg(CN)g is significantly greater than that found experimentally for
tetracyanoethylene (2.3 + 0.3 eV)*® or tetracyanoquinodimethane
(28 + 0.3 eV),*! which are well known to form stable radical
anion salts.!"!?

Our computations suggest the use of benzenoid cyanocarbons
as effective electron acceptors to introduce the corresponding
radical anions into novel stable magnetic materials. Thus the
synthesis of the C4(CN)s ™ radical anion would be of great interest.
Such a synthesis should be achievable by reduction of C¢(CN)g
with a one-electron reductant such as cobaltocene in an unreactive
non-polar organic solvent, which could lead to the precipitation of
a stable radical anion salt such as [Cp,Co][Cs(CN)g]. Furthermore,
the high EAs computed for C;o(CN)g and C4(CN);o may relate to
the fact that they have never been synthesized; successful syntheses
of such strong oxidants must necessarily avoid any reagents or
solvents with potential reducing properties including dimethylfor-
mamide used in several syntheses of Cg(CN)g.

It is pertinent to compare these benzenoid cyanocarbons with
buckminsterfullerene, which has extensive chemistry based on its
electron affinity of 2.65 + 0.05 eV.* Clearly, cyanocarbons are
even more interesting in this respect.

We acknowledge financial support of the National Science
Foundation of China for the group in Beijing and that of the US
National Science Foundation (Grant CHE-0209857) and the
Department of Energy (Grant DE-FG02-97ER 14748) for the
group at the University of Georgia.

Notes and references

1 J. C. Rienstra-Kiracofe, C. J. Barden, S. T. Brown and H. F. Schaefer,
J. Phys. Chem. A, 2001, 105, 524-528.

2 T. M. Miller and A. A. Viggiano, Phys. Rev. A4, 2005, 71, 012702.

3 Y. M. Xie, H. F. Schaefer and F. A. Cotton, Chem. Commun., 2003,
102-103.

4 T. M. Miller, J. M. Van Doren and A. A. Viggiano, Int. J. Mass

Spectrom., 2004, 233, 67-73.

I. Alkorta, I. Rozas and J. Elguero, J. Am. Chem. Soc., 2002, 124,

8593-8598.

C. M. Beck, J. Burdeniuc, R. H. Crabtree, A. L. Rheingold and

G. P. A. Yap, Inorg. Chim. Acta, 1998, 270, 559-562.

G. W. Dillow and P. Kebarle, J. Am. Chem. Soc., 1989, 111, 5592-5596.

W. T. Naff, R. N. Compton and C. D. Cooper, J. Chem. Phys., 1971,

54, 212-222.

9 C. R. Herd, N. G. Adams and D. Smith, Int. J. Mass Spectrom. Ion
Processes, 1989, 87, 331-342.

10 H. Shimamori, T. Sunagawa, Y. Ogawa and Y. Tatsumi, Chem. Phys.
Lett., 1994, 227, 609-616.

wn

(o)}

o

11
12
13
14

15
16

17
18
19

20
21

22

23

24

25

26

28
29

30
31

32

M. R. Bryce, Chem. Soc. Rev., 1991, 20, 355-390.

A. E. Underhill, J. Mater. Chem., 1992, 2, 1-11.

O. W. Webster, W. Mahler and R. E. Benson, J. Am. Chem. Soc., 1962,
84, 3678-3684.

J. M. Manriquez, G. T. Yee, R. S. McLean, A. J. Epstein and
J. S. Miller, Science (Washington, DC, U. S.), 1991, 252, 1415-1417.
K. Wallenfels and K. Friedrich, Tetrahedron Lett., 1963, 1223-1227.
J. C. Rienstra-Kiracofe, G. S. Tschumper, H. F. Schaefer, S. Nandi and
G. B. Ellison, Chem. Rev., 2002, 102, 231-282.

A. D. Becke, J. Chem. Phys., 1993, 98, 5648-5652.

C.T. Lee, W. T. Yang and R. G. Parr, Phys. Rev. B, 1988, 37, 785-789.
J. M. Galdbraith and H. F. Schaefer, J. Chem. Phys., 1996, 105,
862-864.

F. Jensen, J. Chem. Phys., 2002, 117, 9234-9240.

M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb,
J. R. Cheeseman, J. A. Montgomery, Jr., T. Vreven, K. N. Kudin,
J. C. Burant, J. M. Millam, S. S. Iyengar, J. Tomasi, V. Barone,
B. Mennucci, M. Cossi, G. Scalmani, N. Rega, G. A. Petersson,
H. Nakatsuji, M. Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa,
M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, M. Klene,
X. Li, J. E. Knox, H. P. Hratchian, J. B. Cross, V. Bakken, C. Adamo,
J. Jaramillo, R. Gomperts, R. E. Stratmann, O. Yazyev, A. J. Austin,
R. Cammi, C. Pomelli, J. Ochterski, P. Y. Ayala, K. Morokuma,
G. A. Voth, P. Salvador, J. J. Dannenberg, V. G. Zakrzewski,
S. Dapprich, A. D. Daniels, M. C. Strain, O. Farkas, D. K. Malick,
A. D. Rabuck, K. Raghavachari, J. B. Foresman, J. V. Ortiz, Q. Cui,
A. G. Baboul, S. Clifford, J. Cioslowski, B. B. Stefanov, G. Liu,
A. Liashenko, P. Piskorz, I. Komaromi, R. L. Martin, D. J. Fox,
T. Keith, M. A. Al-Laham, C. Y. Peng, A. Nanayakkara,
M. Challacombe, P. M. W. Gill, B. G. Johnson, W. Chen,
M. W. Wong, C. Gonzalez and J. A. Pople, GAUSSIAN 03
(Revision C.02), Gaussian, Inc., Wallingford, CT, 2004.

E. Apra, T. L. Windus, T. P. Straatsma, E. J. Bylaska, W. de Jong,
S. Hirata, M. Valiev, M. Hackler, L. Pollack, K. Kowalski, R. Harrison,
M. Dupuis, D. M. A. Smith, J. Nieplocha, V. Tipparaju, M. Krishnan,
A. A. Auer, E. Brown, G. Cisneros, G. Fann, H. Fruchtl, J. Garza,
K. Hirao, R. Kendall, J. Nichols, K. Tsemekhman, K. Wolinski,
J. Anchell, D. Bernholdt, P. Borowski, T. Clark, D. Clerc, H. Dachsel,
M. Deegan, K. Dyall, D. Elwood, E. Glendening, M. Gutowski,
A. Hess, J. Jaffe, B. Johnson, J. Ju, R. Kobayashi, R. Kutteh, Z. Lin,
R. Littlefield, X. Long, B. Meng, T. Nakajima, S. Niu, M. Rosing,
G. Sandrone, M. Stave, H. Taylor, G. Thomas, J. van Lenthe, A. Wong
and Z. Zhang, NWChem, A Computational Chemistry Package for
Parallel Computers, Version 4.6, Pacific Northwest National
Laboratory, Richland, Washington 99352-0999, USA, 2004.

R. A. Kendall, E. Apra, D. E. Bernholdt, E. J. Bylaska, M. Dupuis,
G. L. Fann, R. J. Harrison, J. Ju, J. A. Nichols, J. Nieplocha,
T. P. Straatsma, T. L. Windus and A. T. Wong, Comput. Phys.
Commun., 2000, 128, 260-283.

J. Kong, C. A. White, A. L. Krylov, C. D. Sherrill, R. D. Adamson,
T. R. Furlani, M. S. Lee, A. M. Lee, S. R. Gwaltney, T. R. Adams,
C. Ochsenfeld, A. T. B. Gilbert, G. S. Kedziora, V. A. Rassolov,
D. R. Maurice, N. Nair, Y. Shao, N. A. Besley, P. E. Maslen,
J. P. Dombroski, H. Daschel, W. Zhang, P. P. Korambath, J. Baker,
E. F. C. Byrd, T. V. Voorhis, M. Oumi, S. Hirata, C.-P. Hsu,
N. Ishikawa, J. Florian, A. Warshel, B. G. Johnson, P. M. W. Gill,
M. Head-Gordon and J. A. Pople, J. Comput. Chem., 2000, 21,
1532-1548.

Although the exact formulation of B3LYP differs among packages, the
GAUSSIAN implementation was used throughout.

S. Huzinaga, J. Chem. Phys., 1965, 42, 1293-1302.

T. H. Dunning, J. Chem. Phys., 1970, 53, 2823-2833.

T. J. Lee and H. F. Schaefer, J. Chem. Phys., 1985, 83, 1784-1794.
U. Druck and A. Kutoglu, Acta Crystallogr. Sect. C: Cryst. Struct.
Commun., 1983, 39, 638-640.

L. E. Lyons and L. D. Palmer, Aust. J. Chem., 1976, 29, 1919-1929.
R. N. Compton and C. D. Cooper, J. Chem. Phys., 1977, 66,
4325-4329.

C. Brink, L. H. Anderson, P. Hvelplund, D. Mathur and J. D. Voldstad,
Chem. Phys. Lett., 1995, 233, 52-56.

760 | Chem. Commun., 2006, 758-760

This journal is © The Royal Society of Chemistry 2006



