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e[E(0x) = E| (red)], E}/5(0x) and E| j(red) are the oxidation
and reduction potentials of[the complex, and 4 and B are terms
that correct for the solvation energies, inner- and outer-sphere
barriers, and Coulombic energies. The relationship between the
absorption/emission maxima and the electrochemical potentials
shows that the redox and spectroscopic orbitals are the same.

Protonation of the pyrazine ring causes a decrease in energy
of the d»—=* transitions. Resonance Raman measurements have
revealed that the low-energy band at 530 nm belongs to a dn —
m*(pyrazinyltriazole) transition, while the band at 400 nm is due
to a dm — w*(bpy) transition. Protonation of the free nitrogen
in the pyrazine ring causes a stabilization of the =* orbital.” This
will cause a more efficient = back-bonding from the ruthenium
ion to the ligand. The electrochemical measurements indicate
that after protonation of the pyrazine ring the ligand becomes a
stronger w-acceptor? and a weaker g-donor ligand. Less electron
density is present on the ruthenium ion, and it is more difficult
to oxidize the protonated complex.

There are two possible explanations why no emission is observed
for the complexes in sulfuric acid: the emission maxima were
present at lower energy than could be measured with our equip-
ment (800 nm was the low-energy limit) or the complexes with
a protonated pyrazine ring do not emit at all. This is unlike
ruthenium compounds with bipyrazine and tetraazaphenanthrene,
which are still emitting compounds after protonation.”® The
weaker g-donor capacities of the protonated pyrazinyltriazole
ligand cause a decrease in the ligand field strength, and a lower
3MC state is expected. Therefore, a decrease in the quantum yield
of the emission is observed.?

Conclusions. The electrochemical and spectroscopic data ob-
tained for the ruthenium compounds containing the pyrazinyl-
triazole ligands HLO, L1, L2, and HL3 clearly indicate that in
the complexes the LUMO’s of the pyrazinyltriazole ligands are
lower than the LUMO of bpy. Upon deprotonation of the com-
plexes with HLO and HL3, the LUMO of the compounds are now
located on the bpy ligands. The emission data (energies and
lifetimes) indicate that in [Ru(bpy),(L)]** (L = HLO, L1, L2,
and HL3) the pyrazinyltriazole ligands are most likely involved
in the emission process, whereas the emission of [Ru(bpy),(L07)]*

and [Ru(bpy),(L37)]" is bpy based.

Up till now, two types of acid—base behavior have been described
for ruthenium(II) compounds. Class a compounds show a red
shift of the absorption and emission maxima upon protonation
of the coordinating ligands. Examples are ruthenium complexes
with 2,2'-bipyrazine,” 2,3-bis(2-pyridyl)pyrazine,® [4,7]-
phenanthrolino[5,6-b]pyrazine,®® and 1,4,5,8-tetraazaphenthrene.’®
This red shift upon protonation of the ligands has been explained
by stabilization of the =* orbital.

The absorption and emission spectra of class b compounds are
blue-shifted when protonated. Examples are Ru(bpy), complexes
with imidazole®®* pyrazole,'$ and 1,2,4-triazole>!? anions. Upon
protonation of the ligands, less electron density is present at the
metal center and therefore the filled d orbital is stabilized. This
results in a larger energy difference between the d= and the =*
orbitals.

A combination of above-mentioned effects is observed for the
ruthenium complexes with the L0~ and L3~ ligands; when pro-
tonated, the filled dw orbitals, as well as the =* level of the
pyrazinyltriazole ligand, are lowered. After protonation, the
pyrazinyltriazole 7* orbital becomes just lower than the =* orbital
of bpy. Therefore, a combination of a higher oxidation potential
and a less negative reduction potential is observed. This causes
a rather small energy difference between the protonated and
deprotonated species, which is reflected in the energies of the
absorption and emission spectra of the protonated and depro-
tonated complexes.
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Interaction Energies Associated with Short Intermolecular Contacts of C-H Bonds. 1.
Ab Initio Computational Study of C—~H---Anion Interactions, C-H:--X~ (X~ = I;7, IBr,,
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The nature of the C-H--anion contact interactions found for organic charge-transfer salts was investigated by performing SCF-MO
and MP2 level calculations on the model systems H;C-H-Y-I-Y~ (Y = [, Br, Cl). The binding energies of the H;C~H-Y-I-Y"
systems are estimated to be 1.1, 1.3, ad 1.6 kcal/mol for Y = 1, Br, and Cl, respectively. The binding energy increase, observed
when Y varies from I to Br to Cl, is consistent with the expected hydrogen-bonding abilities of the halogen atoms. The C~H bond
prefers to make a short contact with the terminal halogen atoms of Y-I~Y"; this tendency increases as Y changes from I to Br
10 CI, and the C-H«-Y~I-Y~ interaction energies do not strongly depend upon the C-H-Y contact angle.

Organic donor molecules bis(ethylenedithio)tetrathiafulvalene
(BEDT-TTF, 1) and its analogues form 2:1 charge-transfer salts
with a variety of monovalent anions X~.! Several BEDT-TTF
salts are ambient-pressure superconductors, which include 8-
(BEDT-TTF),X (X~ = I37, Auly", and [Br,", for which the su-
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perconducting transition temperature 7, = 1.4,2 5.0, and 2.8 K,*
respectively) and x-(BEDT-TTF),X (X~ = Cu(NCS)," and I,
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C-H-+Anion Interactions

Figure 1. Perspective views of the hydrogen pockets surrounding the
Y-I-Y~ anions in (a) a-(BEDT-TTF),l,, (b) 8-(BEDT-TTF),IBr,, and
(¢) 8-(BEDT-TTF),ICl,.

for which T, = 10.4% and 3.5 K,5 respectively). Most 2:1
charge-transfer salts of BEDT-TTF have a layered structure in
which layers of donor molecules alternate with layers of anions
and the =-framework of each donor molecule is inclined with
respect to the anion layers. Thus, the C-H bonds at both ends
of BEDT-TTF make short contacts with the anions such that each
anion is surrounded in a hydrogen pocket made up of the do-
nor-molecule ethylene groups.! This is illustrated in Figure I for
the linear triatomic anions X~ = I-I-I~-, Br-I-Br", and CI-1-CI-
found in a-(BEDT-TTF),l;,” 8-(BEDT-TTF),IBr,* and g-
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Table 1. Exponents for the Polarization and Diffuse Functions Used
in PSHONDO and GAUSSIAN 86 Calculations

polarization  diffuse

polarization  diffuse

C 0.75 0.0340 Br 0.371 0.0500
H 1.0 0.0360 cl 0.580 0.0490
1 0.250 0.0203

(BEDT-TTF),ICl,.2 In the hydrogen pockets there also occur
short C-H«H-C contacts, though not shown for simplicity.?

Whether the charge-transfer salts are semiconducting, metallic,
or superconducting depends upon the electronic and vibronic
properties associated with the packing patterns of their molecule
layers. The latter in turn are governed by the donor--donor and
donor--anion interactions involving the C—H bonds of the donor
molecules.®!® For instance, these C—H-~donor and C~H-+anion
interactions provide a key to understanding the anion and pressure
dependence of the T, values of S—(BEDT-TTF),X (X~ = I,
Auly-, IBr;7),>!! the thermal conversion of a-(BEDT-TTF),I; to
a-(BEDT-TTF),l;,'? and that of 6-(BEDT-TTF);AuBr, to o’-
(BEDT-TTF),AuBr,.!> As part of our ongoing research on the
C-H:donor and C-H-~anion interactions, the present work ex-
amines the nature of the C~H-«anion interactions associated with
the anions I-1-I", Br-I-Br, and CI-I-CI" by performing ab initio
SCF-MO and nth order Moller-Plesset!* (i.e., MPn, n = 2-4)
correlation energy calculations on the model systems H;C-H--
Y-I-Y~ (Y = I, Br, Cl) (see 2 and 3 for the geometrical ar-
rangements of CH4 and Y-I-Y").

Computational Methods

The ab initio SCF~-MO and MPn calculations HyC-H-Y-I-Y~ (2,
3) are carried out by use of the PSHONDO' and GAUSSIAN 86'¢ programs.
In our calculations the geometries of the molecular fragments CH, and
Y-I-Y~ as well as the overall symmetry of HyC-H-Y-I-Y~ were kept
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2.7705, and 2.598 A in Y-I1-Y~ for Y = I, Br, and Cl, respectively'”).

(8) Emge, T.J.; Wang, H. H.; Leung, P. C. W.; Rust, P. R.; Cook, J. D.;
Jackson, P. L.; Carlson, K. D.; Williams, J. M.; Whangbo, M.-H ;
Venturini, E. L.; Schirber, J. E.; Azevedo, L. J.; Ferraro, J. R. J. Am.
Chem. Soc. 1986, 108, 695.

(9) (a) Whangbo, M.-H.; Williams, J. M.; Schultz, A. J.; Emge, T. J.; Beno,
M. A.J. Am. Chem. Soc. 1987, 109, 90. (b) Whangbo, M.-H.; Wil-
liams, J. M.; Schultz, A. J.; Beno, M. A. In Organic and Inorganic
Low-Dimensional Crystalline Materials;, Dethaes, P., Drillon, M., Eds.;
Plenum: New York, 1987; p 333.

(10) (a) Whangbo, M.-H.; Jung, D.; Ren, J.; Evain, M.; Novoa, J. J.; Mota,
F.; Alvarez, S.; Williams, J. M.; Beno, M. A.; Kini, A. M.; Wang, H.
H.; Ferraro, J. R. The Physics and Chemistry of Organic Supercon-
ductors; Saito, G., Kagoshima, S., Eds.; Springer-Verlag: Berlin, 1990;
p 262. (b) Novoa, J. J.; Whangbo, M .-H.; Williams, J. M. Mol. Cryst.
Lig. Cryst. 1990, 181, 25. (c) Whangbo, M.-H.; Novoa, J. J.; Jung, D.;
Williams, J. M.; Kini, A. M.; Wang, H. H.; Geiser, U.; Beno, M. A.;
Carlson, K. D. In Organic Superconductivity; Kresin, V. Z., Little, W.
A., Eds.; Plenum: New York, 1990; p 243.

(11) (a) Laukhin, V. N.; Kostyuchenko, E. E.; Sushko, Yu. V.; Shchegolev,
I. F.; Yagubskii, E. B. JETP Lett. 1985, 41, 81. (b) Murata, K.;
Tokumoto, M.; Anzai, H.; Bando, H.; Saito, G.; Kajimura, K.; Ishiguro,
T. J. Phys. Soc. Jpn. 1988, 54, 1236. (c) Schirber, J. E.; Azevedo, L.
J.; Kwak, J. F.; Venturini, E. L.; Leung, P. C. W.; Beno, M. A.; Wang,
H. H.; Williams, J. M. Phys. Rev. B. 1986, 33, 1987. (d) Schirber, J.
E.; Azevedo, L. J.; Kwak, J. F.; Venturini, E. L.; Leung, P. C, W.; Beno,
M. A,; Wang, H. H,; Williams, J. M. Solid State Commun. 1986, 59,
525

(12) Wang, H. H.; Ferraro, J. R.; Carlson, K. D.; Montgomery, L. K.;
Geiser, U.; Whitworth, J. R.; Schlueter, J. A.; Williams, J. M.; Hill,
S.; Whangbo, M.-H.; Evain, M.; Novoa, J. J. Inorg. Chem. 1989, 28,
2267,

(13) Montgomery, L. K.; Wang, H. H.; Schleuter, J. A.; Geiser, U.; Carlson,
K. D,; Williams, J. M.; Rubinstein, R. L.; Brennan, T. D.; Stupka, D.
L.; Whitworth, J. R.; Jung, D.; Whangbo, M.-H. Mol. Cryst. Lig. Cryst.
1990, 181, 197.

(14) Moller, C.; Plesset, M. S. Phys. Rev. 1934, 46, 618.

(15) PSHONDO is a program written by J. P. Daudey, M. Pellissier, and J.
P. Malrieu at Université Paul Sabatier, France, based upon the HOND-
0-76 program written by M. Dupuis, J. Rys, and H. F. King (QCPE
program No. 328).

(16) Frish, M. J., Binkley, J. S.; Schlegel, H. B.; Ragahavachari, K.; Melius,
C. F.; Martin, R. L.; Stewart, J. J. P.; Bobrowicz, F. W.; Rohlfing, C.
M.; Kahn, L. R.; Defrees, D. J.; Seeger, R.; Whiteside, R. A.; Fox, D.
J.; Fleuder, E. M.; Pople, J. A. Gaussian 86; Carnegie-Mellon Quantum
Chemistry Publishing Unit: Pittsburgh, PA, 1984.

(17) Novoa, J. J.; Mota, F.; Alvarez, S. J. Phys. Chem. 1988, 92, 6561.



56 Inorganic Chemistry, Vol. 30, No. 1, 1991

Y—I

Y -t

Potential Energy Surfaces

The potential energy surfaces of H;C-HY-I-Y~ were ob-
tained by performing SCF-MO calculations as a function of »
and 8 with model 2 and as a function of r and r’ with model 3.
The calculations were carried out by use of the PSHONDO program
and the basis sets described below: The carbon and hydrogen
atoms were represented by the (9, 5)—[4, 2] double-{ basis set
of Dunning'® and the (5)—[2] double-{ set of van Duijnevelt,'
respectively. In addition, d- and p-polarization functions were
added to carbon and hydrogen, respectively (see Table I). For
halogen atoms Y = I, Br, and Cl, the core electrons were described
by the effective core potentials of Barthelat and Durand.?’ The
valence electrons of the halogen atoms were represented by the
(4, 4)—[2, 2] double-{ set,? and a set of d-polarization functions
were added. To properly describe the anionic nature of H,C-
H--Y-I-Y-, a set of s- and p-diffuse functions (with identical
exponents) were also added to all the atoms other than hydrogen
(Table I). This provides a well-balanced basis set of quality similar
to the 3-214+G** set.

The potential energy surfaces calculated for HyC-H-Y-I-Y~
are shown as energy contour diagrams in Figures 2-4 for Y =
I, Br, and Cl, respectively. These contour diagrams were generated
by fitting the SCF-MO energies with cubic spline functions. These
figures show that the H;C~H+-Y-I-Y" systems are all bound, and
the C—H bond prefers to make a short contact with the terminal
halogen atoms of Y-I-Y". The optimum H-Y distances (r,,),
the optimum contact angles (6,,), and the binding energies AE
calculated for these systems are summarized in Table II.  Figures
2-4 reveal that the potential energy surfaces are soft with respect
to the variation of the contact angle 8 (0~90°), and the energetic
tendency for a C~H bond to make a short contact with the ter-
minal halogen of Y-I-Y~ increases as Y varies from I to Br to
Cl, in agreement with the expected hydrogen-bonding abilities
of the halogen atoms. The latter finding is reasonable, since a
C-H bond has a partial positive charge on hydrogen and since
the distribution of the partial negative charge, largely localized
at the terminal halogen atoms, becomes more contracted as Y
changes from 1 to Br to Cl. This finding is also consistent with
the observation from Figure 1 that the number of the short C-
H-~anion contacts involving the middle halogen atom of Y-I-Y~
decreases as Y varies from I to Br to Cl. Although the potential
energy surfaces of Figures 2—4 are soft, it is noted that the in-
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Figure 2. Calculated potential energy surface for HyC—HeI-I-I" using
(a, top) model 2, where r, = r cos 8 and rg = r sin § and (b, bottom)
model 3. The minimum energy point is represented by a filled circle, and
the values of the energy contours plotted (in kcal/mol with respect to the
minimum energy point) are shown in the right-hand-side margins of the
diagrams.

Table II. Optimum H:.-Y Distance, 7y, Optimum H:--Y Contact
Angle, 6, and Binding Energy, AE, Calculated for
H,C-H:+Y-I-Y~ at the SCF-MO Level

anion X~ Foptr A Bopes deg AE, kcal/mol
I-1-1- 4.087 79.0 0.41
Br-1-Br~ 3.719 69.2 0.48
Cl-1-CI- 3.434 0.0 0.57

Table ITI. Optimum H-.-Y Distance, r,y, Binding Energy, AE,
Zero-Point Corrected Binding Energy, AE,, and Stretching
Frequency, v, Calculated for HyC~H-..I-I-I" at the SCF-MO and
the MPn Levels by Using the 3-21+G** Quality Basis Sets

SCF MP2 MP3 MP4

Fopr A 4.060 3500  3.550  3.513
AE, keal/mol 0.35 1.13 1.05 1.14
AEg, keal /mol 0.32 1.07 0.9 1.08
vy, €M™ 2360 412 429 418

teraction of a C-H bond with the I;~ and IBr,” anions prefers a
nonlinear approach (6, > 0°), while that with the anion ICl,~
prefers a linear arrangement (6, = 0°).

C-H-Anion Interaction Energies

The results presented in the previous section do not include
correlation energy, which is expected to be important in describing
weak intermolecular interactions. To more accurately estimate
the interaction energies associated with H;C-H:-Y-I-Y", we
perform ab initio calculations at the MPn (n = 2-4) level. Since
the potential energy surfaces of the HyC-H-Y-I-Y" systems are
soft with respect to the 6 change (0-90°), we adopt the 6, values
obtained in the previous section and only optimize the H--Y
contact distances. These SCF-MO/MPn calculations are per-
formed by using the GAUSSIAN 86 program with the 3-21+G**
basis set for CH, and with a similar quality basis set for the valence
orbitals of 1, Br, and Cl (i.e., the [2, 2] contracted set obtained
from (3, 3) supplemented with the same polarization and diffuse
functions listed in Table I) and the effective core potentials of
Wadt and Hay?! for the core electrons of 1, Br, and Cl. For
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Table IV. Optimum H...Y Distance, Topt (A), Binding Energy, AE (kcal/mol), Basis Set Superposition Error Corrected Binding Energy, AE,,
(kcal/mol), and the Stretching Vibrational Frequency, », (¢cm™), Calculated for HyC-H-..Y-I-Y" at the SCF-MO and the MP2 Levels by

Using the 3-21+G** and 3-21++G** Basis Sets

SCF-MO MP2
basis set anion Fopt AE AE, Vg Fopt AE AE,, Vg
3-21+G** I-1-1" 4.060 0.35 0.27 23.60 3.500 1.13 0.70 41.17
Br-1-Br~ 3.634 0.48 0.36 23.45 3,144 1.27 0.72 44.41
Ci-1-CI 3.293 0.66 0.45 39.74 2,848 1.58 0.79 75.87
3-214+4+G** [-I-1" 4,031 0.36 0.27 22.45 3.358 1.48 0.60 47.88
Br-I-Br~ 3.510 0.59 0.24 27.66 3.102 1.81 0.73 70.50
CI-1-CI- 3.300 0.81 0.43 37.43 2.821 2.18 0.77 75.74
Br—I-Br(=)...H-CH3 Cl=1=Cl(~)...H-CH3
5 5
< <
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0 5 0 5
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Figure 3. Calculated potential energy surface for H;C-HeBr-I1-Br~
using (a, top) model 2, where r, = r cos @ and rg = r sin 8 and (b,
bottom) model 3. The minimum energy point is represented by a filled
circle, and the values of the energy contours plotted (in kcal/mol with
respect to the minimum energy point) are shown in the right-hand-side
margins of the diagrams.

convenience, this basis set for the halogen atoms will be referred
to as the 3-21+G** set. In our study one additional basis set,
i.e., 3-21++G**, is also employed. This set is obtained by adding
an s-diffuse function (with exponent of 0.036) on H to the 3-
214+G** set,

Correlation Level

The first two rows of Table III list the 7., and AE values
calculated for HyC-H«~I;" at the SCF-MO level. These values
are close to the corresponding ones of Table I, so that the basis
sets and the pseudopotentials used in our GAUSSIAN 86 calculations
provide results comparable to those obtained from our PSHONDO
calculations. The r,, and AE values of HyC-H-I;" calculated
by the MPn (n = 2-4) method are also listed in Table I11. This
table reveals that correlation energy shortens the r., values and
increases the bmdmg energies AE. It is noted that the MP2 and
MP4 methods give similar ro, and AE values. The harmonic
stretching frequencnes (vg) of HyC—He13~ (Table I11), calculated
under the assumption that CH, and 15~ behave as a pseudoparticle
on the calculated potential energy curve, also suggest that the MP2

(21) Wadt, W. R.; Hay, P. J. J. Chem. Phys. 1988, 82, 284,

Figure 4. Calculated potential energy surface for H;C-H+Cl-1-Cl~ using
(a, top) model 2, where r, = r cos 8 and rp = r sin 8 and (b, bottom)
model 3. The minimum energy point is represented by a filled circle, and
the values of the energy contours plotted (in kcal/mol with respect to the
minimum energy point) are shown in the right-hand-side margins of the
diagrams.

and MP4 potential surfaces around r, are quite similar. Con-
sequently, the MP2 method seems adequate for investigating the
nature of the C-H--Y-I-Y~ (Y = I, Br, Cl) interactions in
H,C~-H--Y-I-Y~. Also shown in Table III is the binding energy
corrected with the zero-point vibrational frequency v, at each MPn
(n=2-4) level (i.e., AEy = AE - v, /2, when vy is expressed in
kcal/mol). These AE, values are very close to the corresponding
AE values.

The potential energy curves calculated for HyC-He1-1-I" (6,5
= 79.0°) at the SCF-MO and the MP2 levels are essentially
similar in shape, except that correlation energy makes r,, smaller
and AE larger. Since the Hy;C-H«-Y-I-Y" system has a large
HOMO-LUMO gap, the single reference method of correlation
energy calculation such as the MPn would be adequate for
studying the interaction energies of these systems. Further, the
qualitative features of their potential energy surfaces discussed
in the previous section are not expected to change by correlation
energy calculations.

Interaction Energies

Table 1V summarizes the r,
H;C-H~Y-I-Y- (Y =1, Br,

AE, and vy values calculated for
at the SCF-MO and MP2 levels

&
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Figure 5. Potential energy curves calculated for HyC-HwY-1-Y" at the
MP?2 level by using the 3-214+G** quality basis set.

by using the 3-21+G** and 3-21++G** basis sets. For all the
H;C-H--Y-I-Y~ systems, correlation energy shortens r, and
increases AE with all the basis sets. In addition, the AE value
for each system is slightly larger with the 3-21++G** set. The
binding energy AE between CH, and Y-I-Y~ increases as Y varies
from I to Br to Cl. The ry, values of the H~Y contacts calculated
for HyC-H--Y-I-Y" are close to their expected van der Waals
(VDW) contact distances (i.e., H+Y = 3.15, 3.00, and 2.90 A
for Y = I, Br, and ClI, respectively). The MP2 results of Table
1V show that the deviation of 74y from the VDW contact distance
decreases on going from He~I to H-Br to H.Cl. The r, value
is larger than the VDW contact distance for H«I and H+Br but
smaller for H-Cl. In addition, the calculated interaction energies
for the H-+Y contacts increase in magnitude as Y varies from I
to Br to Cl. All these findings can be explained in terms of the
expected hydrogen-bonding ability of the halogen atom Y, which
should increase as Y changes from I to Br to Cl. In the organic
donor salts with trihalide anions there occur numerous hydro-
gen--halogen contacts whose contact distances lie in the vicinity
of their VDW contact distances.! Some of those contacts are
shorter than the VDW distances by about 0.3-0.4 A. [For ex-
amples, H1 = 2.966 A in 8-(BEDT-TTF),Aul, at 20 K,'% H..Br
= 2.887 A in 8-(BEDT-TTF),IBr; at 9 K,% and H--Cl = 2.59
A in 8-(BEDT-TTF),ICl, at 120 K.'] This is due most likely to
the effect of Coulombic attraction between anion layers and
partially oxidized donor molecule layers.

We have estimated the basis set superposition errors (BSSE)
on the basis of the counterpoise method. The binding energies
corrected by this method, i.e., AE, are also listed in Table IV.
These AE, values show that the H;C~H-Y—-1-Y" systems are
bound with all the basis set. Whether or not the AE, values are
more meaningful than the AE values has been a subject of con-
troversy.?2 In our discussion, therefore, we will focus on our AE
values.

(22) (a) Schwenke, D.; Truhlar, D. G. J. Chem. Phys. 1988, 82, 2418; 1986,
84,4113, (b) Colins, J. R.; Gallup, G. A, Chem. Phys. Lett. 1986, 123,
56. (c) Loushin, S. K.; Liu, S.-Y.; Dykstra, C. E. J. Chem. Phys. 1986,
84,2720. (d) Cybulski, S. M.; Chalasinski, G.; Moszynski, R. J. Chem.
Phys. 1990, 92, 4357.
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Figure 5 shows the potential energy curves calculated for the
H;C-H--Y-I-Y" systems with the 3-21+G** basis set. The v,
values of Table IV and Figure 5 show that the potential well for
the C-H-Y-I-Y" interaction becomes deeper and stiffer as Y
changes form I to Br to Cl. This reflects the fact that the charge
distribution around Y in the anion Y-I-Y"~ becomes more con-
tracted as Y varies from I to Br to Cl. The binding energies of
H;C-H:Y-I-Y" (Y = I, Br, Cl) associated with their C~H«Y
contacts are estimated to be of the order of 1-2 kcal/mol. Ob-
viously, these energies are considerably smaller than the typical
hydrogen-bonding energy (~6 kcal/mol)® associated with an
O-HO contact. However, they are considerably greater than
the binding energy associated with a C—H--H~C contact, which
is estimated to be about 0.1-0.2 kcal/mol according to the MP2
level calculations of H;C—-H-+H—-CH;.2* 1In the absence of strong
intermolecular contact interactions such as O—-H-~O found in
regular hydrogen-bonded systems and in the presence of very weak
intermolecular contact interactions'? such as S-S and Se--Se, the
C-H--anion interaction energies of 1-2 kcal/mol are crucial in
determining the crystal packing patterns of organic charge-transfer
salts and hence their electronic properties as well.

Concluding Remarks

Our ab initio MP2 level calculations on the model systems
H;C-HeY-I-Y~ (Y = I, Br, Cl) show that the H,C-H«-Y-I-Y"~
systems are all bound, and their binding energies are not strongly
affected by the change in the C-H--Y contact angle 8. The C-H
bond prefers to make a short contact with the terminal halogen
atoms of Y-I-Y", and this tendency increases as Y varies from
I to Br to Cl in agreement with the expected hydrogen-bonding
abilities of the halogen atoms. The potential energy curve of the
C-H.Y-I-Y~ interaction becomes deeper and stiffer as Y changes
from I to Br to Cl. The binding energies of the C-H:..Y-I-Y"
interactions are estimated to be of the order of 1-2 kcal/mol. The
C-H--anion interaction energies of this order of magnitude are
expected to be crucial in governing the crystal packing patterns
of organic charge-transfer salts.
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