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Ab initio electronic structure of HCN À and HNCÀ dipole-bound anions
and a description of electron loss upon tautomerization
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The binding of an excess electron to HCN and HNC was studied at the coupled cluster level of
theory with single, double, and noniterative triple excitations and with extended basis sets to
accommodate the loosely bound excess electron. The HCN molecule, with a dipole moment of 3.05
Debye, binds an electron by 10 cm21, whereas the HNC tautomer possesses a similar dipole moment
~3.08 Debye! and binds the electron by 43 cm21. The electronic stability of the anionic system along
the minimum energy HCN→HNC tautomerization path has been investigated, and it was concluded
that the excess electron autodetaches during the tautomerization. Unusually large electron
correlation energy contributions to the total electron binding energy were found and are discussed.
© 2001 American Institute of Physics.@DOI: 10.1063/1.1358863#
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I. INTRODUCTION

A. Anions of hydrogen cyanide and isocyanide

Hydrogen cyanide HCN and hydrogen isocyanide HN
are basic chemical compounds of great importance for in
ganic and organic chemistry. They were detected in inters
lar clouds and a number of comets, including the Hale–Bo
comet.1,2 Extensive ab initio calculations have been pe
formed to determine the ground-state potential-energy
face of these species; in particular, the HCN→HNC tau-
tomerization process was studied in detail~e.g., see Refs
3–5 and references therein!. However, the number of studie
on corresponding anionic species~i.e., HCN2 and HNC2! is
rather limited.

The radical anion of HCN has been observed both in
solid and gas phases. Adrianet al.6a observed the ESR spec
trum of HCN2 produced by ultraviolet~UV! irradiation of
cyanide doped alkali halide crystals and obtained the infra
spectrum of this anion, while Tsuda and co-workers6b de-
tected HCN2 in the gas phase using mass spectrometry.

There have also been several theoretical attempts un
taken to estimate the electron affinity~EA! of hydrogen
cyanide.7–9 Pacanskyet al.,7 on the basis of Hartree–Foc
~HF! calculations, obtained a negative value of the adiab
electron affinity ~21.95 and22.09 eV, depending on th
basis set used! for HCN and, therefore, concluded that i
anion should not be stable in the gas phase since it

a!Author to whom correspondence should be addressed. Electronic
simons@chemistry.utah.edu
7440021-9606/2001/114(17)/7443/7/$18.00
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unlikely, in their opinion, that correlation effects would b
sufficiently large to change the sign of the calculated EA
similar conclusion was made later by Lohr8 on the basis of
HF calculations with 6-311G** basis sets. Moreover, eve
though correlation effects were included at the configurati
interaction with single and double excitations~CISD! level,
the calculated value of the EA remained negative~with the
6-311G** basis set!.8 These conclusions have been cri
cized by Garrett who pointed out that HCN should form
stable dipole-bound anion since its dipole moment of;3 D
exceeds the critical value of 1.625 D needed to bind an
cess electron~for point or fixed-finite dipole!.9,10

To the best of our knowledge, the most early accur
estimate of the EA for HCN, has been given by Jordan a
Wendoloski11 who estimated that the EA~at the Koopmans’
theorem level12! as 0.0008 eV~6 cm21!. However, since
their calculations were performed in rather limited basis s
~6-31 G supplemented with a small set ofs- andp-symmetry
diffuse functions!, the authors speculated that employin
larger basis sets would lead to reducing the dipole mom
of HCN ~overestimated in their basis set with comparison
the experimental value! which should cause the final electro
affinity to be even smaller~;3 cm21!.11

In the present work, we provide significantly more acc
rate calculations of the HCN2 electron binding energy a
well as the electron binding energy of the HNC2 anion that
has not yet been studied. Moreover, we discuss the electr
stability of the anionic system along the minimum ener
HCN→HNC tautomerization path, and with respect to t
il:
3 © 2001 American Institute of Physics

IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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H¯CN2 van der Waals complex. Our preliminary resu
were presented in Ref. 13.

B. Dipole-bound anions

The binding of electrons to polar molecules has be
addressed in many theoretical13–29studies. It has been show
that, within the Born–Oppenheimer~BO! approximation, a
dipole moment greater than 1.625 Debye possesses an
nite number of bound anionic states,16 although a more prac
tical critical value to experimentally observe a dipole-bou
anion was found to be;2.5 Debye.17,18

Jordan and Luken demonstrated that the loosely bo
electron in a dipole-bound state occupies a diffuse orb
localized mainly on the positive side of the dipole.19 This
finding was confirmed by many subsequent studies. The
of non-BO coupling has been studied by Garrett, who c
cluded that such couplings are negligible for dipole-bou
states with electron binding energies~D! much larger than
the molecular rotational constants.20

The simplest theoretical approach to estimateD is based
on Koopmans’ theorem~KT!.12 The KT binding energy
(DKT) is the negative of the energy of the relevant unfill
orbital obtained from a Hartree–Fock self-consistent fi
~SCF! calculation on theneutralmolecule. Orbital relaxation
effects, which are neglected in the KT approximation, ha
been found to be quite small for a variety of dipole-bou
anionic states.13 In contrast, the role of electron correlatio
has proven to be very significant. In fact, in many cases
electron binding energy of the dipole-bound anion has b
dominated by the contribution from electron correlation.13,24

In the present contribution, we examine the dipo
bound anions that result from attaching an electron to
HCN and HNC molecules. Moreover, we investigate t
electronic stability of the anionic system along the minimu
energy HCN→HNC tautomerization path. We employ ex
tended basis sets and a variety of treatments of electron
relation.

II. METHODS

We studied the ground-state potential-energy surface
the neutral system at the QCISD~quadratic configuration
interaction including single and double substitutions!30 level
of theory. We also performed CCSD~coupled-cluster
method with single and double excitations! geometry optimi-
zations to check that the geometrical parameters~bond
lengths! differ by less than 0.000 01 Å from those found
the QCISD level.

Because the methods we used are based on an u
stricted Hartree–Fock starting point, it is important to ma
sure that little if any artificial spin contamination enters in
the final wave functions. We computed the expectation va
^S2& for the HCN2 and HNC2 species and found values o
0.7500 in all cases. Hence, we are certain that spin conta
nation is not large enough to significantly alter our finding

The electron binding energies~D! were calculated at the
QCISD-optimized geometries of the neutral species since
electron binding in these cases is sufficiently weak that
geometry relaxation upon electron attachment is negligi
Downloaded 23 May 2003 to 155.101.19.15. Redistribution subject to A
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We calculated the values ofD by using a supermolecula
approach~i.e., by subtracting the energies of the anion fro
those of the neutral!. This approach requires the use of siz
extensive methods for which we have employed Mølle
Plesset perturbation theory up to the fourth order and
coupled-cluster method with single, double, and nonitera
triple excitations@CCSD~T!#.31,32 In addition, for both the
HCN2 and HNC2 minimum energy structures,D was ana-
lyzed within the perturbation framework designed for dipo
bound anions and solvated electrons.23

The polarization of the neutral~N! by the excess electron
and the effect of back polarization are taken into acco
when the SCF calculation is performed for the anion~A!, and
the accompanying induction effects are given by

DD ind
SCF5DSCF2DKT, ~1!

where

DSCF5EN
SCF2EA

SCF, ~2!

andEN
SCF andEA

SCF stand for the SCF energies of the neut
and the anion, respectively.

The dispersion interaction between the loosely bou
electron andN was extracted from the second-order Mo” ller–
Plesset~MP2! contribution toD. The dispersion term is a
second-order correction with respect to the fluctuatio
interaction operator and it is approximated here byDDdisp

MP2,
which takes into account proper permutational symmetry
all electrons in the anion

edisp
~02!5SaPNS r ,su^faf lbeuuf rfs&u2/~ea1elbe2er2es!

52DDdisp
MP2, ~3!

wherefa and f lbe are spin–orbitals occupied in the unre-
stricted Hartree–Fock~UHF! wave function,f r andfs are
unoccupied orbitals, ande’s are the corresponding orbita
energies. The subscriptlbe denotes the loosely bound ele
tron’s spin orbital.

The total MP2 contribution toD defined as

DDMP25DMP22DSCF ~4!

is naturally split into dispersion and nondispersion terms

DDMP25DDdisp
MP21DDno-disp

MP2 , ~5!

with the latter dominated by the correlation correction to t
static Coulomb interaction between the loosely bound e
tron and the charge distribution ofN.

The higher-order MP contributions toD are defined as

DDMPn5DMPn2DMP~n21!, n53,4. ~6!

Finally, the contributions beyond the fourth-order are es
mated by subtracting MP4 results from those obtained at
coupled-cluster level

DDCCSD~T)5DCCSD~T)2DMP4. ~7!

The diffuse character of the orbital describing t
loosely bound electron~see Fig. 1! necessitates the use o
extra diffuse basis functions having very low exponents.13 In
addition, the basis set chosen to describe the neutral mol
lar host should be flexible enough to~i! accurately describe
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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the static charge distribution of the neutral and~ii ! allow for
polarization and dispersion stabilization of the anion up
electron attachment. All the calculations of electron bind
energies presented here were performed with the aug
pVTZ basis set33 supplemented with a 8s9p4d set of diffuse
functions centered on the hydrogen atom~since this is at or
near the centroid of the positive end of the dipole!. The aug-
cc-pVTZ basis set was chosen since we earlier showed
usefulness in describing dipole-bound anions compared
other commonly used one-electron basis sets.34 The extra
diffuse functions do not share exponent values and we u
even-tempered35 eight-terms, nine-termp, and four-termd
basis sets. The geometric progression ratio was equa
3.2,36 and for each symmetry we started to build up the
ponents of the extra diffuse functions from the lowest ex
nent of the same symmetry included in aug-cc-pVTZ ba
set designed for hydrogen. As a consequence, we achi
the lowest exponents of 2.110631026, 2.635231026, and
6.381431026 a.u., for thes, p, and d symmetries, respec
tively. The lowest eigenvalue of the atomic orbital overl
matrix was found to be 6.931025 and 8.631025 for HCN
and HNC, respectively.

In computing correlation energies, all orbitals except
1s orbitals of carbon and nitrogen were included. All calc
lations were performed with theGAUSSIAN98 program37 on
Intel Pentium III 500 MHz computers, and an SGI O
gin2000 numerical server. The three-dimensional plots
molecular orbitals presented in Fig. 1, were generated w
the MOLDEN program.38

In order to avoid erroneous results from the default
rect SCF calculations with the basis sets with the larges, p,
and d sets of diffuse functions, the keyword SC
5NoVarAcc was used and the two-electron integrals w
evaluated~without prescreening! to a tolerance of 10220a.u.

III. RESULTS

A. Geometries of HCN and HNC at their minima
and the minimum energy path for the HCN \HNC
tautomerization

We optimized the geometries and calculated harmo
vibrational frequencies of the neutral HCN and HNC m
ecules at the QCISD level, and the resulting bond leng
and angles are collected in Table I~HCN and HNC are la-
beledA0 andB0 in this table!. We then calculated the rela
tive energies of both tautomers at the CCSD~T! level and we

FIG. 1. Singly occupied molecular orbital for HCN2 ~left! and HNC2

~right! ~plotted with 0.000 14 contour spacing!.
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corrected them with corresponding zero-point vibrational
ergies. The CN bond is a very well-known triple bond
HCN while, after tautomerization, its order decreases so
length increases~from 1.15 Å for HCN to 1.17 Å for HNC!.
Both tautomers are linear~C`n symmetry! and HNC is
higher in energy than HCN by 14.8 kcal/mol~14.4 kcal/mol
when zero-point energy correction is included!.

We also located the transition state~TS! corresponding
to transfer of the hydrogen atom from C to N~its structure is
labeled TS in Table I!. Vibrational analysis confirms it is a
first-order saddle point, and we estimate the kinetic bar
for the hydrogen transfer to be 32.8 kcal/mol at the CCSD~T!
level ~29.7 kcal/mol when zero-point energy terms are
cluded!.

The dipole moments for these three stationary points
very important since they indicate whether a stable dipo
bound anionic state can be formed at these geometries.
found SCF dipole moments values of 3.29, 2.87, and 1
Debye, for HCN, HNC, and the transition state structu
respectively. Thus, we expect weakly bound anion to exis
the HCN and HNC geometries but not for the TS.

The minimum energy path connecting HCN and HN
through the saddle point was determined at the QCISD le
for the neutral system and is depicted on Fig. 2 while
geometrical parameters for eight geometries along this p
(A0 –A4 andB0 –B2! having positive vertical electron at
tachment energies are collected in Table I.

B. Electron binding energies for HCN À and HNCÀ at
their lowest energy geometries

Neither HCN nor HNC forms a valence-bound anio
However, the dipole moments calculated for these two c
formers are larger than 2.5 Debye~see Table II!, which sug-
gests the possibility of binding an extra electron by the
pole potential to form stable dipole-bound anionic states
this section we present detailed results for the lin
C`n-symmetry structures that correspond to minima on
ground-state potential-energy surface. The relevant rotatio
energy level spacings for these species are much smaller
the calculated values ofD. Hence, non-BO coupling between
the electronic and rotational degrees of freedom is expe
to be of secondary importance for these anions and is
considered in this study.

The electron binding energy was partitioned into inc
mental contributions calculated at ‘‘successive’’ levels
theory @KT, SCF, MPn(n52,3,4), and CCSD~T!#, and the
results for the optimalC`n structures of HCN and HNC are
presented in Table II. In the KT approximation, the electr
binding energy results from the electrostatic and excha
interactions of the loosely bound electron with the SC
charge distribution of the neutral molecule~primarily char-
acterized by the dipole moment, but interactions with high
permanent multipoles and penetration effects are also
cluded!. For both systems, theDKT values are very small: 11
cm21 for hydrogen cyanide and only 3 cm21 for the isocya-
nide tautomer. In line with this finding, it is also demo
strated in Fig. 1 that the singly occupied molecular orbita
much more diffuse for HNC2 than for HCN2.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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Downloaded 23 M
TABLE I. QCISD geometries and SCF dipole moments of the neutral structures on the HCN→HNC tautomer-
ization path and electron binding energies of the corresponding dipole-bound anions@calculated at the KT, SCF,
MP2, and CCSD~T! levels#. All the results calculated with aug-cc-pVTZ18s9p4d basis set. Bond lengths in
Å, valence angles in degrees, dipole moments in Debyes, electron binding energies~D! in cm21. For description
of the A andB symbols, see Fig. 2 and the text.

Geometry mSCF DKT DSCF DMP2 DCCSD~T)

A0 r (CN)51.154
HCN r (HC)51.065 3.294 11.2 11.6 11.9 9.9
~minimum!a a~HCN!5180.00

r (CN)51.157
A1 r (HC)51.063 3.230 9.2 9.4 9.6 7.7

a~HCN!5164.36
r (CN)51.176

A2 r (HC)51.026 3.192 8.3 8.5 8.2 6.1
a~HCN!5164.69

r (CN)51.169
A3 r (HC)50.896 2.839 2.1 2.2 2.1 1.1

a~HCN!5149.08
r (CN)51.162

A4 r (HC)51.101 2.785 1.5 1.5 1.8 0.9
a~HCN!5133.09

B0 r (CN)51.170
HNC r (HC)52.166 2.866 3.2 3.3 13.2 42.5
~minimum!b a~HCN!50.00

r (CN)51.175
B1 r (HC)52.080 2.608 0.7 0.8 3.9 19.2

a~HCN!511.05
r (CN)51.179

B2 r (HC)51.999 2.365 0.05 0.06 0.9 6.6
a~HCN!520.75

TS r(CN)51.189
~saddle
point!c

r (HC)51.181
a~HCN!572.25

1.310 ¯ ¯ ¯ ¯

aThe corresponding QCISD vibrational frequencies for HCN aren1(p)5742, n2(p)5742, n3(s)52160,
n4(s)53459 cm21, and the zero-point energy is 10.156 kcal/mol.

bThe corresponding QCISD vibrational frequencies for HNC aren1(p)5465,n2(p)5465,n3(s)52081, and
n4(s)53843 cm21, and the zero-point energy is 9.800 kcal/mol.

cThe corresponding QCISD vibrational frequencies for TS aren1(a8)51192 i, n2(a8)52021, andn3(a8)
52655 cm21, and the zero-point energy is 6.684 kcal/mol.
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The SCF binding energies include orbital relaxation a
thus take into account static polarization of the neutral m
ecule by the extra electron and the secondary effect of b
polarization. In both cases, these contributions~which can be
interpreted as orbital relaxation corrections toDKT, denoted
DD ind

SCF! are extremely small and are only 4% of the totalD

FIG. 2. The minimum energy path connecting HCN and HNC minim
through the transition state obtained at the QCISD level.
ay 2003 to 155.101.19.15. Redistribution subject to A
d
l-
k-

for HCN and are negligible for HNC. Although usually sig
nificant for valence-bound anions, orbital relaxation effe
are usually negligible and rarely responsible for more tha
few percent of the total value ofD for the majority of dipole-
bound anions studied so far.27 Judging from the discrepanc
between our results obtained with the valence double-
triple-zeta basis sets~the former not reported here!, we ex-

TABLE II. The electron binding energies~in cm21! of HCN2 and HNC2

dipole-bound anions calculated with aug-cc-pVTZ18s9p4d basis set. Cor-
responding dipole moments~in Debye! calculated both from SCF and cor
related~QCISD! densities.

HCN2 HNC2

mSCF 3.29 2.87
mQCISD 3.05 3.08
DKT 11.2 3.2
DD ind

SCF 0.4 0.1
DDdisp

MP2 11.2 4.4
DDno-disp

MP2 210.9 5.5
DDMP3 20.1 23.4
DDMP4 1.2 2.8
DDCCSD~T! 23.1 29.8
D total 9.9 42.5
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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pect that our final CCSD~T! electron binding energies ar
converged to 2 cm21.

The contribution denotedDDdisp
MP2 results from dynamica

correlation between the loosely bound electron and the e
trons of the neutral molecule. This stabilization is caused
quantum mechanical charge fluctuations, and is as larg
DKT ~see Table II!. This finding is consistent with our earlie
results for other dipole-bound anions.13 The value ofDDdisp

MP2

decreases from 11 cm21 at the optimal geometry of HCN to
4 cm21 at the optimal geometry of the HNC.

In addition to the dispersion interaction, other electr
correlation factors may also affect the charge distribut
~and dipole moment! of the neutral molecule and thus i
electrostatic interaction with the extra electron. This eff
first appears at the MP2 level and is denoted byDDno-disp

MP2 . In
the case of HCN, MP2 electron correlation effects reduce
dipole moment of the neutral system by 0.24 Debye in co
parison with the SCF value,~see Table II!. Therefore, the
value ofDDno-disp

MP2 is destabilizing, and the total MP2 contr
bution to D is small ~0.3 cm21! but stabilizing due to the
dominant role of the dispersion component. We observ
different situation in the case of the HNC tautomer whe
DDno-disp

MP2 is stabilizingand as large asDDdisp
MP2. This can be

easily explained by the fact that the dipole moment of
neutral HNC calculated from the SCF density is by 0.
Debyesmaller than when obtained from the correlated de
sity ~see Table II!. Therefore both the dispersion and nond
persion terms are stabilizing and the total MP2 contribut
to D is significant ~10 cm21! and represents 23% of th
total D.

The convergence of the MP series for the electron bi
ing energy is satisfactory for HCN but problematic in t
case of the HNC tautomer~see Table II!. The contributions
from DDMP3 are destabilizing but small for HCN yet signifi
cant for HNC. The contributions fromDDMP4 are stabilizing
and represent 12% and 6% ofD, for HCN and HNC, respec
tively. Higher-order correlation effects, approximated he
by DDCCSD~T) @the difference between CCSD~T! and MP4
binding energies#, are different for the two systems studie
For HCN, this term is destabilizing which is surprising sin
we observed the opposite situation in the cases of dip
bound anions studied thus far.13 In the case of HNC,
DDCCSD~T) is very large~30 cm21!, stabilizing, and respon
sible for 70% of the net electron binding energy. By exa
ining the HNC2 electron binding energy computed at th
CCSD and CCSD~T! levels, we can estimate the contrib
tions that triple excitations make; this analysis yields 1
cm21, which is a significant fraction of the total. Because t
higher order contributions to the electron binding energy
large for HNC2 and because the triple excitations are trea
only perturbatively@i.e., in CCSD~T!# at out highest level,
our predictions for HNC2 should be viewed with greate
doubt than for HCN2. Nevertheless, combining all of ou
contributions produces our final predictions for the verti
electron attachment energies of 9.9 and 42.5 cm21 for HCN
and HNC, respectively.

We note that electron correlation effects represent 9
of the electron binding energy for the HNC2 anion. Even
though this finding is consistent with our recent results
Downloaded 23 May 2003 to 155.101.19.15. Redistribution subject to A
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other dipole-bound species, where the correlation contri
tions were always crucial and very often responsible
more than 50% of the total value ofD,13 we find this contri-
bution the largest of those described so far. Although
correlation effects represent more than 90% of the elec
binding energy for HNC2, it should be noted that this an
ionic bound state exists primarily due to the long ran
m cosu/r2 potential which causes localization of the exce
electron on the positive side of the molecular dipole~see Fig.
1!, as was recently discussed.13 The case of HCN2 is also
interesting since the correlation effects are destabiliz
which is most likely caused by the fact that the electr
binding energy is overestimated when calculated at the S
level due to the overestimation of the dipole moment at t
level.

C. Electron loss upon the HCN À\HNCÀ

tautomerization

According to our findings, both HCN and HNC bind a
excess electron very weakly at their minimum-energy geo
etries ~by 10 and 43 cm21, respectively!. This is primarily
caused by the fact that these two molecules possess d
moments slightly higher than the critical value needed
bind an excess electron. In order to determine whether
anion is stable near the transition state for HCN→HNC tau-
tomerization, we calculated the dipole moment of the neu
system at the geometry of this saddle point. Since its va
~1.31 Debye! is even smaller than the critical value~1.625
Debye! for binding to a point or fixed-finite dipole, we ex
cluded the possibility of forming an electronically stab
dipole-bound anionic state at this geometry.

These findings indicate that along the HCN2→HNC2

tautomerization path the excess electron should autodet
Thus, we next focused on determining approximately wh
along the minimum energy tautomerization path the elect
loss occurs. To determine the stability of the anionic spec
along this path, we first calculated vertical attachment en
gies at the Koopmans’ level for each point. We treated
negative eigenvalue of lowest unoccupied molecular orb
~LUMO! orbital for each structure as an indicator of a po
sible electronic stability of the anion and we performed
pair of CCSD~T! calculations~for neutral and anionic sys
tems! in every such case.

Our results are shown in Fig. 2 whereA0 andB0 indi-
cate the HCN and HNC minima, respectively, andA1 –A4,
as well asB1 andB2 correspond to geometries at which th
anion is bound~see also Table I!. This allows us to shade th
regions where the anionic species are stable which, not
prisingly, are localized close to both minimum energy stru
tures~see Fig. 2!.

We calculated the electron binding energies at the K
SCF, MP2, and CCSD~T! level at every point where the
anionic species is stable. Our results are collected in Tab
and corresponding points on the tautomerization path are
dicated in Fig. 2. Not surprisingly, the anion loses its exc
electron close to the HNC2 minimum geometry but remain
stable in a relatively large region in the vicinity of HCN2

minimum. The former is related to the fact that the KT ele
tron binding energy of HNC2 is very small ~3 cm21, see
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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Tables I and II!. In the case of HCN2, the larger electron
binding energy allows the anion to preserve its stabi
much longer along the tautomerization path.

Analysis of the electron binding energies at theAn and
Bn geometries collected in Table I leads to another obse
tion. For structureB2 on the tautomerization path~see also
Fig. 2!, the correlation contribution to the net electron bin
ing energy is extremely large. The binding at the SCF le
is very weak~0.06 cm21! but dramatically increases whe
electron correlation effects are taken into account. As a c
sequence, correlation effects are responsible for more
99% of the total value ofD. This situation is unusual becaus
it illustrates an anion in which the excess electron is bou
primarily by the interactions resulting from electron corre
tion. It should be noted, however, that the 1% of the bind
brought by electrostatic-exchange interactions calculate
the KT level remains crucial for the existence of this ani
since it allows the extra electron to be initially bound by t
dipole potential of the neutral molecule.

The transfer of the hydrogen atom leading from HNC
HCN can be thought as a result of extreme excitation of
p bending vibration~see footer for Table I!. Therefore, one
can conclude that if thep bending vibration is excited suffi
ciently, the dipole moment of the system will not allow fo
binding an extra electron. For example, in the vicinity of t
HNC2 minimum where the electron binding energy is sma
we estimated that forn1(p)5465 cm21, excitation to the
fifth excited level is enough to cause the detachment of
extra electron.

D. Is there a H ¯CNÀ van der Waals complex?

Finally, we searched for a H̄CN2 van der Waals com-
plex that lies on the same energy surface as the HCN2 and
HNC2 species that formed the main focus of this study. T
aspect of our study is interesting because, in H¯CN2, the
extra electron occupies a valence orbital of the CN2 anion,
whereas, in HCN2 it resides in a dipole-bound orbital. Th
evolution in character between valence and dipole-boun
one of the things we monitored along the path connecting
H1CN2 and HCN2 structures.

We scanned the potential-energy surface for H1CN2 at
the CCSD~T!/aug-cc-pVTZ1~4s, 4p diffuse! level. Not un-
expectedly, we found that the H atom experiences stron
binding on the C than on the N side of CN2. However, to
our surprise, there seems to be no van der Waals minim
and hence no barrier separating such a complex from HC2

as H approaches CN2 along a path from the C side of CN2

~n.b., we did not constrain the path to linear geometries!. We
note that it is not obvious that there must be a van der W
minimum because there is no change in the dominant e
tronic configuration from the reactants H1CN2 to the prod-
uct HCN2. In fact, we find that along such a path, the orbi
in which the extra electron resides evolves smoothly from
CN2 based valences orbital to the dipole-bound orbital o
HCN2. Because of this smooth orbital evolution and b
cause HCN2 lies far below H1CN2, it appears that the
sought-after van der Waals minimum~and the adjacent tran
sition state! do not occur.
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We also explored linear H̄ CN2 and H̄ NC2 struc-
tures and found stronger binding for the former with the
lying 2.13 Å from the C and with a C–N bond length o
1.177 Å. The basis set superposition corrected~BSSE! bind-
ing energy of this stationary point relative to H1CN2 is 3.0
kcal/mol, and this linear H̄ CN2 is separated by a sma
barrier of 1.2 kcal/mol from the global minimum of HCN2.
However, this linear H̄ CN2 structure is not even a locally
stable complex because our data suggest that it is uns
with respect to bending. Moreover, as we discuss in the p
ceding paragraph, the bent structure shows no local m
mum as H approaches CN2; instead, the energy evolve
smoothly ‘‘downhill’’ until HCN2 is reached. So, we fee
comfortable in suggesting that no linear or bent H¯CN2

van der Waals complex exists. Even if future studies pro
this conclusion wrong, we do not expect such a H¯CN2

stationary point to be accessed in any experiment that stu
HCN2 or HNC2 in low-lying vibrational levels because
such a stationary point would lie;40 kcal/mol higher than
HCN2 and thus even above the transition state connec
HCN2 to HNC2.

IV. CONCLUDING REMARKS

On the basis of CCSD~T!/aug-cc-pVTZ18s9p4d calcu-
lations we concluded that:

~i! HCN forms an electronically stable dipole-bound a
ion whose binding energy is 10 cm21.

~ii ! HNC binds an extra electron by 43 cm21 as a dipole-
bound anion with a very large contribution~92%! of
the electron correlation terms to the electron bindi
energy.

~iii ! HCN2→HNC2 isomerization for the anionic specie
should result in autodetachment of the excess elec
since significantly bent structures cannot suppor
stable dipole-bound anion.

~iv! A H¯CN2 van der Waals complex is unlikely to
exist; instead H1CN2 should evolve smoothly
‘‘downhill’’ to HCN 2.
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