PHYSICAL REVIEW A VOLUME 54, NUMBER 3 SEPTEMBER 1996
Contribution of electron correlation to the stability of dipole-bound anionic states
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It has long been assumed that electron correlation effects are relatively unimportant for describing dipole-
bound anionic states. It is shown here that this assumption is incorrect: high-level electronic structure calcu-
lations on the dipole-bound anion states of LN, C;H,, and GH, reveal that for these species a large
fraction of the electron binding energy derives from the dispersion-type interaction between the loosely bound
electron and the neutral molecule. The predicted values of the electron affinities of the dipole bound states of
CH4CN and GH,, 108 and 173 crn?, respectively, are in excellent agreement with the recent experimental
results, 93 cm? and 17150 cm™!, respectively. The predicted value forz8, is 614 cm .
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PACS numbegs): 31.10+2z, 31.15.Ar, 31.25.Qm

The problem of the binding of electrons by polar mol- much smaller than the reported electron binding energies,
ecules has a long and fascinating history, starting with thelectron correlation and relaxation corrections to the KT ap-
demonstration by Fermi and Teller in 1947 that an electrorproximation, rather than non-Born-Oppenheimer effects, are
can be bound in the field of a point dipole, if the value of theexpected to be responsible for these sizable discrepancies.
dipole exceeds 1.625 [1]. For dipole moments greater than However, it has been found in numerous studies of dipole-
this value, there is an infinity of bound states within thebound anions that relaxation and correlation corrections to
context of the Born-Oppenheimer approximation. It was subthe KT binding energies are relatively smgll7—27.
sequently shown that the same critical moment exists for These conflicting results have motivated us to take a
finite dipoles, even in the presence of a short-range repulsiveloser look at the role of electron correlation in determining
core potentiall[2—4]. Upon inclusion of corrections to the the energy of binding of electrons to polar molecules. The
Born-Oppenheimer approximation, the critical moment formolecules studied are GJ}&N, C3;H,, and GH,, depicted
electron binding increases by several tenths of a Debye and Fig. 1. All three of these molecules have dipole-bound
becomes molecule dependé¢Bbt-7]. anion states. gH, and GH , also have bound valence anion

For highly polar nonionic molecules the average separastates, which will not be considered here. As noted above,
tion between the loosely bound electron and the neutral mokhe dipole-bound anions of C}{€N and GH, have been
ecule is largdtypically 10—100 A and it has been generally studied experimentally.
assumed that, as a result, dynamical electron correlation be- In this study, electron correlation was included by means
tween the loosely bound electron and the neutral molecule isf Mdller-Plesse(MP) perturbation theory as well as by the
relatively unimportant. This has motivated researchers tgoupled-cluster for single, double, and noniterative triple
adopt a Koopmans theorefKT) approact{13] for calculat- [CCSD(T)] excitations metho@i28]. In addition, the second-
ing the binding energies of electrons to polar moleculesorder correlation contribution t&y,;,q was decomposed into
[8—12. In this approximation, the binding enerdgyyq, is  dispersion-type and non-dispersion components. The theo-
given as minus the energy of the relevant unfilled orbitalretical results reported here were obtained withdhessiAN
obtained from a Hartree-Fock self-consistent-fi@€H cal- 92 program[29]. The binding energies at the SCF, MPn
culation of the neutral molecule. This is a static approxima{n=2,3, and 4 and CCSIYT) levels of theory were obtained
tion that neglects both electron correlation and relaxatiorby subtracting the energies calculated for the anions from
effects. those of the neutrals. All calculations on both the anionic and

However, recent experimental results fozHD,~ and  neutral species were carried out using the MP2 optimized
CH3;CN™ indicate that the errors due to the KT model for geometries of the neutral molecul€30]. Thus, geometry
electron binding to polar molecules can be quite large. Sperelaxation of the molecular frameworks upon electron attach-
cifically, Yokoyamaet al. have determined an electron bind- ment was neglected as were differences in zero-point vibra-
ing energy of 17350 cm™* for the dipole-bound anion of tional energies between the dipole-bound anion and the neu-
C3H, [14] and Desfranais et al. have measured an electron tral molecule. Recent calculations indicate that in the case of
binding energy of 93 cm! for CH;CN ™~ [15]. In contrast, CHCN™ these effects contribute less than 3 thto
recent KT values o, are 55 and 46 cm?! for CgH,~ Eping [17,18. Larger effects due to geometry relaxation and
[16] and CH;,CN ™~ [17,18, respectively. Since the relevant vibrational zero-point energy corrections are expected for
rotational energy-level spacings for GAN and GH, are  molecules, such asdEl, ", in which the “extra” electron is

close to the nuclear framework.
The diffuse character of the outermost electron of dipole-
* Author to whom correspondence should be addressed. bound anions necessitates the use of very flexible basis sets
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FIG. 1. MP2 optimized geometries of neutral GEN, C3H,,
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TABLE |. Calculated properties of the neutral GEIN, C3H,,
and GH, molecules. Results obtained with the aug-cc-pVDZ basis
set and using MP2 aug-cc-pVDZ optimized geometries.

Property CHCN CzH, CsH»
wSCF (D) 4.34 4.34 6.28
uMPZ (D) 3.94 4.48 6.40
aSH1L) (au) 24 27 38
ap (L) (au) 24 28 39
) (au) 40 63 170
a¥P2(1) (a.u) 24 26 38
ayy (L) (au) 24 28 40
ayP(1) (a.u) 40 60 155

of 3.92 D[32]. For C3H, and GsH,, inclusion of second-
order electron correlation effects leads to increases in the
dipole moments by 0.15 and 0.12 D, respectively. N

and GH, have similar dipole polarizabalities, whereas
CsH, is much more polarizable, particularly along the
(long) axis. The values of the polarizabalities are not
strongly affected by the inclusion of correlation effects.

In the KT approximation, the electron binding energy re-
sults from the electrostatic interaction of the extra electron
with the SCF charge distribution of the neutral molecule.
The distribution is primarily characterized by a dipole mo-
ment, but interactions with higher permanent multipoles as
well as penetration and occupied orbital exclusion effects are
also taken into account. Consistent with the trends in the
dipole moments, the KT values &,y for CH;CN~ and
C3H, ™ are similar, while that for GH,™ is approximately
four times larger.

The SCF binding energies include orbital relaxation, and
thus take into account both static polarization of the neutral
molecule by the weakly bound electron and back polariza-
tion. For CH,CN™ and GH, ™, relaxation of the molecular
charge distribution in the presence of the dipole-bound elec-

and G;H,, with bond lengths and angstroms and angles in degreedron leads to relatively small<(8 cm™') increases in the

containing functions with low exponen{8-10Q. In this

binding energies, but for g4, , it leads to a 73 cm?
increase ok, relative to its KT value. This can be under-

work, we employ the augmented, correlation-consistent, postood in terms of the smaller separation of the “extra” elec-

larized, valence double-zetaug-cc-pVDZ Gaussian-orbital
basis sef30], supplemented with a large set of diffuse primi-

tron from the neutral molecule and the larger polarizability
of CsH, (as compared to CECN and GH ).

tive Gaussian functions centered on the carbon atom at the

positive end of the molecular dipole. The exponents of the

supplemental sevesip and eightd functions form an even-

tempered sequence, with the ratio between consecutive e
ponents being 3.2 and the smallest exponent being 2.
X 10"%a, 2 for each angular momentum. In order to mini-

mize errors due to the use of such diffuse functions, the

TABLE II. Incremental electron binding energiés cm™2) for

the dipole-bound anionic stats of GBN, C;H,, and GH,. All
;(qults obtained with the aug-cc-pVDZ basis set augmented with
seven diffusesp and eight diffused functions.

two-electron integrals were evaluatésiithout prescreening
to a tolerance of 10°?° a.u. The MP2 values d p;,q are not
affected by further extension of ttsp andd diffuse sets or
inclusion of diffusef symmetry functions.

The dipole moments and polarizabilities of the neutral

molecules are reported in Table I, and the calculated eIectro&EN;E4
binding energies are summarized in Table Il. The SCF Va|AE§ﬁ§qT)
I

ues of the dipole moments of both GAIN and GH, are
4.34 D, and that of GH, is 6.28 D. For CHCN, inclusion

of correlation via the MP2 procedure leads to a 0.42 D re-

Method CH,CN CsH, CsH,
Efirg 53 55 216
AESEE 3 8 73
AE}P2-disp 57 70 288
AEMPa-no-disp -38 5 -32
AEMPS 4 -38 —144

8 34 148

21 39 65
Sum 108 173 614
Experiment 93 171+50°

duction of the dipole moment, giving a value of 3.94 D,

®Referencd15].

which is in excellent agreement with the experimental value’Referencg14].
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The total electron correlation contributionfg;,q encom-  and G;H, ™, the third- and fourth-order corrections g
passes two physically distinct effectd) the change in the are sizable in magnitude, but they enter with opposite signs
binding energy due to improved description of the molecularand essentially cancel each other. Correlation beyond fourth
dipole of the neutral “core,” and2) dynamical correlation order, approximated here BYESSSP(M[the difference in the
between the loosely bound electron and the electrons of th@CSle) and MP4 binding energigsleads to sizable in-
neutral molecule. The latter correlation effect, analogous t@reases in the magnitude Bf;,4 for all three molecules. For
the dispersion interaction in van der Waals systems, first apEH,CN ™~ and GH, ™, the AESSSP( correction is respon-

. i bind
pears at the MP2 level and is denote&irs “*" It can be  sible for almost 20% of the net electron binding energies; for
approximated as a sum over all pair contributiensg;, in-

CsH, it is responsible for about 10% of the binding energy.
volving excitations of the forme,edi— ¢,¢,,, where Our final values oE,;,q calculated at the CCSD) exci-
dipe corresponds to the orbital occupied by the looselytation level for CHhCN™ and CH,  are 108 and 173
bound electrong; is one of the other occupied orbitals of the cm ™2, respectively, which are in excellent agreement with
molecule, andg, and ¢,, are unoccupied virtual orbitals. the corresponding experimental values of 93¢ni15] and
The remainder of the MP2 contribution ®y;,4, denoted 171+50 cm ! [14]. For CgH, ™, the CCSIT) value of
AENP2o=dise contains correlation corrections of the elec- Eping is 614 cm*. Hence, the dipole-bound anion possesses
trostatic, induction, and valence repulsion interactions beseveral vibrationally excited levels which are stable with re-

tween the loosely bound electron and the neutral molecul&pect to electron detachment.

[31]. The present study shows that electron correlation can con-
For all three molecules, the dispersion contributiontribute significantly to electron binding energies of dipole-
AEMP2-dSP dominates the second-order correlation correchbound anionic states of polar molecules. For each of the
tion to the electron binding energy and, in each case, itéhree systems studied, over half of the binding energy is due

value is larger in magnitude thﬁﬁnd- This is an important to electron correlation effects. A significant fraction of the

finding since dispersion-type interactions have been r]egprrelat_ion contr_ibution to the binding energy is due to the
glected in various model potentials designed to descripdispersion-type interaction between the loosely bound elec-

electron binding to polar speci¢s5,33. The importance of tron and the neutral molecule. Although electron correlation

the dispersion interaction is, however, understandable i§ff€CtS play & major role in determining the magnitudes of
view of the significant polarizabalities of the neutral mol- the €lectron binding energies, the anion states can still be
mpP2-no-disp ~ viewed as “dipole bound” since their existence stems from

ecules and the loosely bound electron. ThE,4 he | dinol tth | molecul
term is relatively unimportant for ¢H,~ and GH,~ . How- the large dipole moments of the neutral molecules.

ever, for CHiCN 7, it results in a 51 % decrease of the elec-

tron binding energycompared to the net MP2 valud his is This work was supported by the Office of Naval Re-
on account of the sizable reduction of the dipole moment okearch, NSF Grant Nos. CHE-9116286 and CHE-9422210
the neutral CHCN brought about by the inclusion of corre- and the Polish State Committee for Scientific Research

lation effects.

For CH3;CN ~, both the third- and fourth-order MP con-
tributions to E;,q are relatively small and act so as to in-
crease the electron binding energy. In contrast, fgH&™

(KBN) Grant No. 3 TO9A 085 09Contract No. PB-913/T09/
95/09 and computer time grants from the Pittsburgh Super-
computer CentefPSQ and Utah Supercomputing Institute
(usl.
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