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Dipole-bound anionic states of HCN, (HF)ICHsCN, GH,, CsH,, CsHy, and stretched CifF are studied

using extended one-electron basis sets at the coupled cluster level of theory with single, double, and noniterative
triple excitations (CCSD(T)). Orbital relaxation and electron correlation corrections to the Koopmans' theorem
prediction of electron binding energy are analyzed, and a physical interpretation of low-order corrections is
proposed. Itis demonstrated that the second-order dispersion interaction between the loosely bound electron
and the electrons of the neutral host should be included into physical models of dipole-bound anions. Higher-
order electron correlation corrections are also found to be important, and a slow convergence of the Mgller
Plesset series for electron binding energies is documented. Modifications of the potential energy surfaces of
the above polar molecules upon electron attachment are studied at the second-order RNesk®st level,

and Franck-Condon factors for the anion/neutral pairs are calculated. It is predicted that photoelectron spectra
of the dipole-bound anions of 8, and GH; should display vibrational structure.

1. Introduction

It has long been assumed that the stability of dipole-bound
anions is determined primarily by the static Coulomb interaction
of the loosely bound electraftbe) with the charge distribution

of the neutral molecular host. In these species the interaction

of the “extra” electron with the dipole moment of the neutral

molecular host leads to a bound anionic state and localization

of the Ibe on the positive side of the molecular dipbteThe
existence of a critical value of 1.625 D for a dipole to bind an
electron was set forth in the seminal contribution by Fermi and
Teller! For dipole moments greater than this value, there is
an infinity of bound states within the context of the Bern

Oppenheimer (BO) approximation. It was subsequently shown

that the same critical moment exists for finite dipoles, even in
the presence of a short-range repulsive core poténtiaGarrett

demonstrated that the critical dipole moment increases by a few
tenths of a debye and becomes molecule dependent uponS

inclusion of non-BO effect&-® However, non-BO effects are
relatively unimportant for dipole-bound states with electron
binding energiesHying) much larger than the molecular rotational
constants.

The simplest theoretical approach to estiniajg of a dipole-
bound anion is based on Koopmans' theorem (KTJhe KT
binding energyE{;ﬁd) is given by the negative of the energy of
the relevant unfilled orbital obtained from a Hartrdeock self-
consistent-field (SCF) calculation on the neutral molecule. This
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is a static approximation that includes the electrostatic eleetron
dipole stabilization but that neglects both electron correlation
and orbital relaxation effects. Orbital relaxation effects have
been found to be quite small for a variety of dipole-bound
anionic stateg?18 On the other hand, the role of electron
correlation effects has proven to be more controversial. Early
studies of polar diatomié%2°and simple polar organic molecuies
indicated that electron correlation effects played only a small
role in electron binding to these species. In contrast, we have
found that inclusion of electron correlation effects leads to a
sizable stabilization of the dipole-bound anions gHg; CHs-
CN, O:,Hz, (HF)n (n = 2, 3), |‘bO"'NH3, (HzO)z, (HCN)z, and
uracil systemd?-18 An early theoretical study of the dipole-
bound anion of nitromethane concluded that inclusion of
correlation effects destabilizes the anfdrhut a more recent
theoretical study reached the opposite concludfo®ur recent
tudied? 18 and that of Gutsev and Bartl&thave shown that
the stabilizing dynamical electron correlation between the Ibe
and core electrons is always significant relative to B,
value and that it is necessary to employ flexible basis sets and
to include high-order correlation effects in order to adequately
describe the dynamical correlation contribution. Electron cor-
relation also becomes important by modifying the dipole
moment of the neutral core. This may either decrease or
increase the dipole moment, with decreased dipole moments
being more commot?—18

Experimental results for dipole-bound anions, obtained from
photoelectron spectroscopy (PESRydberg electron-transfer
experiment2*25and autodetachment spectroscopy stutfiés,
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CsH, CHZCN complex (HF}, and a system with artificially magnified electron
}9 © “ correlation correction to the dipole moment (stretche®H
Ra R Ry Rox Partial results for some of these systems were reported in
R = _.0 previous communicatiori-1> The electronic structure methods
o ac used to studyEping in dipole-bound anions are discussed in

section 2, and requirements for the one-electron basis sets are
summarized in section 3.1. In section 3.2 a large contribution
to Eping from electron correlation effects is demonstrated, an
analysis of higher-than-second-order electron correlation effects
is reported, and the role of different electronic excitations is
discussed. In section 3.3 we consider modifications of the
potential energy surfaces upon attachment of an electron, and
vibrational structure in PES spectra is predicted fgH£ and
CsH,.

2. Methods to CalculateEyping

The calculated values d,inq were obtained by subtracting
the energies of the anion from those of the neutral. This
approach favors the use of size-extensive methods, and we have
employed the MgllerPlesset (MP) perturbation theory up to
the fourth order and the coupled cluster method with single and
double excitations (CCSD) supplemented with a perturbational
treatment of triple excitations (CCSD(T3! In addition,Eping
was analyzed within a perturbation framework designed for
dipole-bound anions and solvated electréhs.

Figure 1. Internal coordinates for molecular systems studied in the In the perturbation schemi@we consider a neutral molecule
gelsgn'gwgcrk.jolr gtYrStcAhid:@Tg(/fCI-'g;-r-E Oé?;ﬁggg'gft(ﬁgf‘; (N) and the Ibe as weakly interacting species, and we follow
Gutowski and Skurskit ' the analogy with the theory of intermolecular interacti@rid

) ) " to analyzeE,ing in terms of physically meaningful components.
present a serious challenge to theorists. In addition to the factyne total electronic Hamiltonian for the anion is partitioned into
that experimental electron binding energies are much larger thanHo, which corresponds to the HartreEock level of theory for

theoretical predictions based on the electrostatic/KT m&d#, N and the KT level of theory for the Iband two perturbations
the PES spectra of dipole-bound anions frequently display \wn gng \foe: ’

vibrational structur@® For many years the prevailing view of
dipole-bound anions was that the excess electron is so far from
the molecular core that the neutral system and its anion should
have essentially the same equilibrium geometries and force i . .
constantd®11.2327 |f this picture were correct, vibrational where the expansion parametérandy are introduced to define
structure would not be expected to appear in the PES spectrathe pgrtu_rbatmn theory orders and are set to 1 in evaluating the
of the anions based on consideration of the Frar@andon  contributions. The zeroth-order Hamiltonian
(FC) factors. This has led researchers to invoke resonant or
vibronic effects to explain details of the PES spectra of dipole- HO = FN + e (2)
bound anions when such structure appéaré/hile such effects
may be important in some cases, we have recently demonstrateds the sum of Fock operators for all electrons in the anion, and
that significant modifications of potential energy surfaces may every Fock operator is determined by the occupied orbitals of
occur upon attachment of an electron to hydrogen-bonded N. The fluctuation operator for the neutral molecié, results
clusterst*-18 For (HF)™, the differences in anionic and neutral  from Mgller—Plesset partitioning of the electronic Hamiltonian
potential energy surfaces led to sizable nonzero FC factors toof N, and the fluctuatiorrinteraction operatov'™e has the form
excited vibrational levels of the neutral, and the theoretical PES
spectrum of (HF)~, calculated using the FC factors, was found be
to be in excellent agreement with the experimental spectféfn. Ve =y — — (Jy(Ibe) — Ky(lbe)) 3)
The question of whether dipole-bound states of polar chemically (Nl pe;
bonded systems, with smak (.1 eV) electron binding energies,
will also display a vibrational structure due to differences in Wherery; is the distance between tité electron oN and the
anionic and neutral potential energy surfaces is addressed inlbe, andJy andKy are respectively the Coulomb and exchange
this contribution. operators fomN.

In this report we present the results of ab initio calculations By use of double-perturbation theotthe anion energy may
on the dipole-bound anions of HCN, @EN, GsH>, C4Hz, CsHo, be expressed as
(HF),, and a stretched GH molecule; see Figure 1. These
systems cover a wide range of dipole moments from 3.0 D for @ oo
HCN to 6.4 D for GH,. They also represent a variety of E= Z}Ze(k') 4)
molecular electronic structures: organic molecules which are k=0f=
well (HCN, CH;CN) and poorly (GH>, C4H», CsH») described
within the Hartree-Fock approximation, a hydrogen-bonded wheree® is of kth order inWN andlth order inV®e, The sum

H=H"+ AW + Ve )
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of the three lowest-order terms reproduces the SCF energy of The MP2 contribution tdEying defined as
N and Efng MP2 _ —MP2 _ —SCF
AEgind = Epind — Eping (10)
€00 4 10 4 O = EE,CF Ebmd (5)
is naturally split into the dispersion and nondispersion terms:
Ehq takes into account the Coulomb and exchange interaction
between the Ibe and the SCF charge distributioN.ofThis is
a static approximation that neglects both orbital relaxation and
electron correlation effects.
The non-KT contributions tdEying are given by otheg®)
terms with | = 1. The terme©? separates into the induction MPnR

AEQRd = Ebing "+ AEjRd " (11)

with the latter being dominated ?1.33 The higher-order MP
contributions toEying are defined as

MPn MP(n—1) _
and dispersion contributior#g;3 AEging = Epind — Eping » N=3,4 (12)
(02) — (02) ; (02) ©) Finally, the contributions beyond the fourth-order are estimated
€ €ind " €disp by subtracting the MP4 results from those obtained at the

o coupled cluster level.
The terme,(nd) describes polarization @i by the Ibe and, as an

orbital relaxation effect, is reproduced whEp,q is obtained AELS, = Epo, — Epbd (13)
from the difference in the SCF energies of the neutral and
anionic species: In particular, the DQ, SDQ, and SDTQ MP4 energies are
subtracted from the D, SD, and SD(T) coupled cluster binding
AESHM = EPCF— EKT o~ — (02 @) energies, respectively. Our final adiabatic electron affinities
are based on the CCSD(T) electronic energy differences and
where the MP2 zero-point vibrational energy differences.
We made attempts to relate the component&gf; to the
ES‘CF: [ESCF _ ESCF o) dipole moment and dipole polarizability of the neutral molecular
ind N A

host. Both SCF and MP2 values of these quantities are reported,;
the latter were obtained with the generalized density corre-

and E;“ is the SCF energy of the anion. In fact, the term sponding to the second-order enefdy.

SCFind ; . ot
AEyn ' includes not only the static polarization Nfby the The 1s orbitals of first-row atoms were excluded from the
Ibe but also the secondary effect of back-polarization. The gjectron correlation treatments. All electronic structure results

magnitude ofAE;-5 "™ is expected to grow with increasing  reported in this study were obtained with the Gaussian 92 and

polarizability of N and with decreasing average separation 94 programs536
between the Ibe ani.

The termeZ) describes dynamical correlation between the 3. Results
Ibe and the electrons ™. This stabilizing effect, brought by
guantum mechanical charge fluctuations, may be very important
for weakly bound anions in view of a significant polarizability
of the lbe The term €52 is approximated here by
AENPZ-dSE\which takes into account proper permutational

symmetry for all electrons in the anion

For the molecules considered here, with the exception of
HCN, the relevant rotational energy level spacings are much
smaller than the calculated valuesgi-;"". Hence, non-BO
coupling between the electronic and rotational degrees of
freedom is expected to be of secondary importance for these
dipole-bound anions and is not considered in this study. Even
for HCN our best estimate dning is 5 times larger than the

| Binel 16, TF rotational constant.
(02),\, _ MP2—disp __ . 5
€disp~ ~AEping 9 3.1. Basis Set Dependence &inq. The diffuse character
dNf=3 € T Bpe — & — & of the Ibe (see Figure 2) necessitates the use of basis sets

containing extra diffuse functions with very low exponehis.
whereg, andgie are spin orbitals occupied in the zeroth-order addition, the initial basis set chosen-to describe the neutral
wave function,¢r and ¢s are unoccupied orbitals, arek are molecular host should be flexible enough to (i) accurately
the corresponding orbital energies. Similar values of describe the static charge distribution of the neutral, and (ii)
AEyrs " are obtained using the SCF orbitalsiobr those of  allow for polarization of the neutral upon electron attachment
the dipole-bound anion, and the results reported in this work and for the dispersion stabilization between the neutral and the

are obtained using the orbitals of the anion. Ibe. The majority of our calculations were performed with the

Higher-order corrections tBying cannot be neglected. There aug-cc-pVDZ basis s&t supplemented with diffuse s and p
are two sources of such corrections: those du&™® only, functions and in some cases also diffuse d and f functions. The
given by the<® (I > 2) terms, and those frorf) for k, | = extra diffuse s and p functions always share the exponent values.
0 which contribute tdE,ing not only throughvbe but also through First, the dependence Bfjng on the choice of the extra diffuse

WM. 1t is well established that electron correlation affects the functions was explored. These tests were performed with the
static charge distribution oN and leads, for instance, to a aug-cc-pVDZ core basis set, with only the extra diffuse functions
discrepancy between the SCF and correlated dipole momentsheing varied. These functions were centered on the carbon atom
of polar molecules. Therefore, the static Coulomb interaction (CHsCN, GgH,, C4H,, CsH,, stretched CkF molecule) or the
between the Ibe and the SCF charge densitiNptvhich is hydrogen atom (HCN, (HE), at the positive end of molecular
contained inEgiEd, has to be corrected for this charge density dipole. To describe the molecular orbital (MO) occupied by
change. The lowest-order correction of this type is contained the Ibe, it is essential that both diffuse s and p functions are
in the MP2 electron binding energy. contained in the supplemental set. The MO occupied by the
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TABLE 1: Dependence ofEing on the Quality of the Diffuse
Set. All Results Obtained with the aug-cc-pVDZ Set
Supplemented with Diffuse Functions. Energies in cmt
@(:g_w system  basis B, ABS™  ABNZ  AER,
HCN 4(sp} 11.3 0.5 -1.2 -3.2
9(spy 12.0 0.5 -1.0
9(sp)8d 13.8 0.6 -15  -37
CHCN  3(sp} 46 3 20 31
- - - 7(sp} 48 3 20
HCN [HF)2 CH3CN 7(sp)8d 53 3 19 34
7(sp)8dst 53 3 19
CsH; 3(spy 46 7 71 34
7(sp} 51 5 71
7(sp)8d 55 7 75 35
7(sp)8dst 55 8 75
CsH> 4A(spy 209 70 255 69
4A(spy 206 68 255
7(spy 209 70 257
7(sp)8d 216 73 256 69
: (HF), 5(spf 156 13 102 103
C.H, 5(sp)5d 165 14 103 103
5(sp)5d5f 165 15 104
7(sp)8d 167 14 105
A= 4.5(-5),q=5.0.bay = 2.062(-6), o} = 2.1574(5), q
=3 2341%° coP¥=2.25(4), q=5.0.90P"= 2.1574¢5), q =
@( 3.2341%° eofP = 2.2564(-4), q = 3.2341%0
most diffuse exponent in the initial basis set used for describing
the neutral molecular host. For our most extended diffuse sp

CH: C.H: sets(9sp for HCN and 7sp for other systems) the values of
4Ttz 512 EKT . and ESCF do not depend on which nucleus the set is
bind bind

Figure 2. Contour plots of the density of the loosely bound electron  centered, confirming that the saturation of the sp set has been
in dipole-bound anionic states. The separation between contour ”“esaccomplished.

is 0.000 002 e/Afor HCN~ and 0.000 005 efAfor other systems. ) ) )
The role of diffuse higher angular momentum functions on

Ibe is then described as a hybrid orbital formed from the diffuse the binding of the extra electron proves to be relatively

s and p basis functions; see Figure 2. unimportant. For the systems considered hEggg increased
The dependence of selected contributionsEtgg on the by less than 10% when diffuse d functions were added to the

diffuse basis set is documented in Table 1, which reports the basis set. The low-order contributions, such B/,

KT, SCF, MP2, and higher-order contributions Egng. The AESSEand AENP29SP are primarily affected, whereas

last of these AELC, is defined as the difference between AEjy, is relatively unchanged by the inclusion of diffuse d

Eg§§D<T> and EE?E&- Even-tempered sequences of diffuse s, p, functions. Diffuse f functions proved unimportant for every

d, and f functions with theith exponentx, given by system studied, as may be seen from Table 1. The diffuse d
and f functions were omitted from the basis set when carrying
o, = Oqunfl, n=1,.. (14) qut the MP2 geometry optimizations and the frequency calcula-
tions.
are used. The value of the lowest exponents dictated by Finally, we tested the extent to which our extended sp sets

the dipole moment of the neutral host. The lower the dipole ¢&n be timmed. The results are very encouraging. We found
moment, the smaller the exponent needed to describe the spatial'lhat four- and even three-term sp sets are sufficient to reproduce
extent of the Ibe The simplest approach to determine an More than 90% oEying at the CCSD(T) level of theory. The
adequate diffuse set is to calculate SCF orbitals for the neutral Possibility of using small sp diffuse sets to describe dipole-
molecule with the diffuse set present and to monitor the LCAO bound anions is advantageous from the point of view of
coefficients of the virtual orbital, occupied by the Ibe in the numerical stability of iterative algorithms such as SCF or CCSD.
anion. In particular, the LCAO coefficients of the most diffuse N basis sets containing several sets of diffuse s, p, and d
s and p functions should not be dominant for this molecular functions, convergence difficulties are often a probfm.

orbital. Of the systems considered here, HCN with the smallest The dependence @ing On the standard basis set chosen to
dipole moment{usce= 3.3 D) requires the lowest exponent of describe the neutral core is documented in Table 2. These tests
4.0(—5) au, whereas for 8, with uscrof 6.3 D, a value of were performed with fixed supplemental diffuse sets, with only
7.0(—4) au for the smallest exponent is sufficient. In addition, the standard core basis set being varied. The electron binding
it is found that the spacing between the exponents can be greateenergies obtained using the aug-cc-pVTZ sets are only slightly
for systems with small dipole moments than for those with large larger than those obtained with the aug-cc-pVDZ sets, and as a
dipole moments. For example, for neutral molecular hosts with result, we have decided to use the aug-cc-pVDZ set in further
dipole moments in the 3.0-4.5 D range, the geometrical applications. The results obtained with Sadlej's medium-size
progression parametgiin eq 14 may be as large as 5.0, whereas polarized (MSP) basis sets, which were carefully designed for
for molecules with dipole moments araié D avalue of 3.2 calculations of molecular dipole moments and polarizabilitfes,

is satisfactory. The largest exponent in the supplemental diffuseare consistent with those obtained with the aug-cc-pVDZ and
set is chosen to be smaller by at least a factor of 2 than theaug-cc-pVTZ basis sets.
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TABLE 2: Dependence ofEping on the Quality of the Initial 500 =
Basis Set Designed to Describe a Neutral Molecular Host. (HCN),
Energies in cntt. See Text for Description of Basis Sets 4004
system basis B, AESSEM AENRZ 1
CHCN®  aug-cc-pVDZ 46 3 20 e %001 ¢ ¢ H
aug-cc-pvVTZ 46 3 24 < 18 52
MSP 46 3 21 g £ 2007 o (HR),
CaH2 aug-cc-pVDZ 46 7 71 i 18 "m0,
aug-cc pVTZ 46 5 73 1004 .fz)% F
MSP 46 5 70 {ron wia a B
(HF) aug-cc-pvDZ 165 14 103 ol 2 ® 4Ho
aug-cc-pVTZ 160 15 114 3 s 5 6 7 8
MSP 162 14 110 Meor (D)
a3sp diffuse set? 5spd diffuse set.
600
3.2. Electron Binding Energies. In Table 3 we report the CgHym o
incremental contributions to the electron binding energies 500 {HCN),,
calculated at “successive” levels of theory (SCF,iMR = 2, 400
3, 4), and CCSD(T)). The molecules are ordered according to ._g
the value of the SCF dipole moment; see Table 4. For HCN, S 300 (HP2
CHiCN, GsH,, CsH,, and GH, the MP2 geometries of the £ ap 200
neutrals are used. For (HFve have found a significant w2007 ™3 = Caky
geometrical relaxation upon electron attachmésdt,and the 100 \0*30N CyHp
results reported in Tables 3 and 4 correspond to the MP2 § 8 2Sw/a
geometry of the anion. GIN and GHC; have similar dipole r+——TTT
2.5 3.5 4.5 5.5 6.5 7.5

moments in the SCF approximation. However, inclusion of M
second-order electron correlation effects leads to a decrease of wp2 (D)
the dipole moment of the former and an increase in that of the Figure 3. Dependence oEy,, (Eyig) on the SCF (MP2) dipole
latter; see Table 4. The GH molecule is of special interest moments of the neutral species. In addition to the systems discussed
for our analysis 0Eping of dipole-bound anions. For GH the in this study, we ha\llse also included our results feOH-NH3 (w/a)t’
Rcr distance was stretched by ca. 0.4 A to give an SCF dipole (Hz0)z and (HCN).
moment of 4.34 D, equal to the SCF values of the dipole interactions with higher permanent multipoles as well as
moments of CHCN and GH,. The main purpose of this  occupied orbital exclusion and penetration effects are also
distortion is to create a model system with large electron important. The dependence Bf, on the SCF dipole mo-
correlation correction to the SCF dipole moment. Indeed, the ment of neutrals, displayed in Figure 3, is not monotonic. For
dipole moment of stretched GA decreases from 4.34 Dinthe  example, (HF) has a much largeEf, value than CHCN,
SCF approximation to 3.50 D in the MP2 approximation. C3Hy, stretched ChF, and GH; even though (HR)has a much

In the KT approximation, the electron binding energy results smaller SCF dipole moment. Even for the triad 404, GsHo,
from the electrostatic interaction of the extra electron with the and stretched CHF, which share the same value of the SCF
SCF charge distribution of the neutral molecule. The distribu- dipole moment, the values biﬁd span the range of 26 cth

tion is primarily characterized by the dipole moment, but As has been recognized for some tiffe,° the charge

TABLE 3: Incremental Electron Binding Energies (in cm~1) for the Dipole-Bound Anionic States of HCN, (HF), CH3CN,
C3H,, Stretched CHsF, C4H2, and CsHo. All Results are Obtained with the aug-cc-pVDZ Basis Supplemented with Diffuse
Functions

component HCR (HF)? CH:CNe CsH2 CHzF© C4H, CsH*
EE“qu 13.8 165 53 55 79 54 216
AEbiﬁg—‘”d 0.6 14 3 7 5 9 73
AEQ’;E(f*diSP 13.8 177 57 70 79 IS 288
AEQ’}E’”‘*"‘SP —15.3 —73 —38 5 —116 =14 —-32
Agmﬁj -0.3 -3 4 —38 10 -1 —143
Eg’i'rﬁ’g 1.8 27 8 34 1 26 148
AEbciﬁc?D(T) —5.2 81 22 39 -8 76 64
sum 9.1 387 108 173 49 213 614

29sp8d diffuse set 5sp5d diffuse set 7sp8d diffuse set 3sp diffuse set.

TABLE 4: Calculated Dipole Moments (D) and Polarizabilities (au) of the Neutral HCN, (HF),, CH3CN, C3H,, Stretched CHsF,
C,H;, and GsH,. See Text for Molecular Geometries. All Results are Obtained with the aug-cc-pVDZ Basis Set

system lscr Lip2 OtffF (X;ICF QZSZCF a)l:/)l(PZ ()L;\,Aypz aZMZPZ

HCN 3.33 3.03 13.8 13.8 235 13.9 13.9 22.8
(HF), 3.98 3.78 75 8.3 11.6 8.6 9.4 13.2
CHsCN 4.34 3.94 23.8 23.8 39.7 24.2 24.2 39.9
CaH2 4.34 4.48 26.8 27.7 63.3 26.5 28.4 60.3
CHsF 434 3.50 15.2 15.2 25.3 16.5 16.5 28.0
CaH2 4.56 4.52 32.6 33.4 105.3 33.2 33.7 98.6

CsH> 6.28 6.40 38.1 39.4 170.2 37.8 40.3 154.7
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TABLE 5: Values of Eping (cm™) Obtained with Different Electronic Structure Methods. For Each Method the Value of AEping
(cm™1) Is Given in Parentheses

method HCN (H F)zb CH3CNe® CsHz* CHzF© C4H2d CsH2®
MP3(D) 12.5¢0.3) 268 (-3) 79 (4) 100 ¢38) 56 (10) 103 (17) 3944140)
MP4(DQ) 12.6 (0.1) 266-2) 73 (-6) 91 (-9) 57 (1) 98 £-5) 364 (-30)
MP4(SDQ) 14.1(1.6) 282 (14) 82 (4) 109 (9) 62 (6) 118 (15) 439 (46)
MP4(SDTQ) 14.3(1.8) 294 (26) 87 (8) 134 (34) 57 (1) 129 (26) 539 (146)
ccD 11.8 (0.9) 264 (-2) 71 (-2) 84 (-7) 56 (—1) 93 (-5) 343 (-20)
CCSsD 13.0¢1.1) 348 (66) 114 (31) 147 (39) 72 (10) 181 (63) 528 (89)
ccsD(T) 9.1¢5.2) 374 (80) 108 (22) 173 (39) 49-6) 205 (76) 603 (63)
T4(CCSD) (1.4) (38) (23) (50) ) (59) (146)
T5(CCSD) 5.3) “12) (-29) (—25) (~26) (-35) ~72)

29sp8d diffuse set 5sp diffuse set¢ 7sp8d diffuse set 3sp diffuse set® 4sp diffuse set.

distribution of the Ibe depends on the chemical nature of the inclusion of second-order correlation effects, caughig)-- to
neutral host, not just on the dipole moment. The charge pe destabilizing. The values &E},- do not correlate well

distribution of the Ibe becomes less compact along the seriesyjith the MP2 values of dipole moments of the neutral species;
CHsF~, CsHz™, and CHCN™ (see Figure 2), and the values of  see Figure 3.

Efing decrease in the same order. The charge distribution of  Thg single-configuration approximation is particularly poor
the Ibe in GH,™ is very similar to that in CRCN-, and the for CsHa, CaHz, and GH.. For example, for gH, the CCSD-
Ejina values are similar for these two species despite the (T) value of the dipole moment (4.14 D) is 0.34 D smaller than
difference of 0.22 D in the SCF dipole moments. The charge the MP2 valué2 and the convergence g in a perturbative
distribution of the 'b%‘“ (HR) is very compact, consistent  reatment of electron correlation is expected to be very slow
with a large value o, An important conclusion from this  for these systems.
analysis is that the value &, may serve as an approximate
measure of extendedness of the.lbe

The SCF binding energies include orbital relaxation and thus . e )
take into account both static polarization of the neutral molecule 't contributes a similar fraction ok.q™" * for the stretched
by the weakly bound electron and back-polarization. With the CHsF, but is stabilizing in this case. For the other systems
exception of GHj, relaxation of the molecualar charge distribu- considered, this contribu'\t/li&n does not exceed 8% ",

tion in the presence of the dipole-bound electron leads to The fourth-order termAE, is stabilizing for every system

relatively small £17%) increases in the binding energies and exceeds 20% d c; (" for HCN, CsHy; and GH,. For

relative to theE}, , values. For GH; the increase is about the two latter systems and foul,, there is a near cancellation
34%. The importance of the polarization contribution, between theAEjr: and AENr; contributions. Finally, cor-
AE;SE ™ depends on the polarizability of the neutral along relation beyond fourth order, approximated here by
the molecular axiso;) as well as on the average separation of AESCSP(™ (the difference betweeBSCsP™ and MYy, always
the Ibe from the molecular frflmewc;rcli_._inﬁ\s discussed above, exceeds 10% oESCSPM in magnitude.

the latter also correlates wit];,, AEp;;  is found to scale Different contributions toAEY™* and AESSS®™ are sum-

KT .
roughly asca(Eng" and the least-squares fit leadsrio= marized in Table 5. The MP4 contribution from double and
MP4(DQ)

— SCF—ind KT —1. 2 o . )
1.2987 and> = 6.445(-4), for ABying ™ andByng in cm 1 quadruple excitation®\E;; " <, is small and usually destabi-

is 0.857 for th's,\,lf,',tz'_disp . . lizing. The contribution from single excitations, given by the
The term AEj 4 results from dynamical correlation MPA(SDQ) MPA(

[ ! P40DQ) i
between the Ibe and the electrons of the neutral molecule. ThisdITerence betweemE,y andABng Mﬁ(%g/;/ays stabi
stabilizing effect is comparable to or larger thafy,, for all

lizing and usually a few times larger thaxEg, ;. Finally,
systems considered; see Table 3. This finding has importantthe contribution from triple excitations, given by the difference
implications for model potentials designed to describe dipole- PetweenAE;q,

MPASPTQ) and AEMPISPQ) s stabilizing for all
bound anions and solvated electréhé? The values of  Systems except for the stretched £Hand is generally as
AEE/_lpg—disp correlate roughly with th(Eﬁ-Td values important as the contribution from single excitations.

N Ini * . . . . . .
In addition to the dispersion interaction, electron correlation ~ The contributions from single and triple excitations are
modifies the electrostatic, induction, and valence repulsion magnified in coupled cluster calculations. The contribution from
interactions between the lbe and the neutral molecule. Thesingle excitations, calculated as the difference betvEg]"

correlation correction to the electrostatic interaction first appears and Eq..y, is stabilizing, as it was at the MP4 level, but now

at the MP2 level and is contained XEj;s " “*". The trends  represents a larger fraction BESSP™, for example being 43,
in AEMP2ModP gre consistent with the changes of the dipole 40, and 36% for GHa, CHsCN, and GH,, respectively. The
moment of the neutral species brought about by the inclusion coupled cluster contribution from triple excitations, calculated
of correlation effects. For typical closed-shell polar systems, as the difference betweelﬁgiﬁfD(T) and Ebcing, contains the
such as HCN, CkCN, and (HF), correlation effects act so as  fourth-order contribution with the CCSD amplitudes and a fifth-
to decrease the dipole moment by a small amount and order terms®3 which are labeled T4(CCSD) and T5(CCSD),

AENFZ"%P s negative. UsuallyAEyg P is greater in respectively, in Table 5. The former contribution is usually

The third-order contributiodME}s is usually destabilizing

and contributes more than 22%&§C; " for C3H, and GH.
CCSD(T)

absolute value thanEN-2 "% yith the netAEN-2 contri- larger than at the MP4 level and is always stabilizing. The latter,
bution being stabilizing. However, the resulting partial cancel- however, is always destabilizing and is of the same order of

lation betweemAENF2 9P and AEMP2 9P may obscure the  magnitude as the former. The resulting total contribution from

importance of the dispersion stabilization. The stretchegfCH triple excitations is stabilizing for (HE) CsHz, C4H2, and GH.»
experiences a large (0.8 D) decrease in the dipole moment uporand destabilizing for HCN, C¥CN, and stretched Cif.
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TABLE 6: Geometries and Harmonic Vibrational Frequencies for the Neutral and Dipole-Bound Anionic States of HCN,

CH3CN, C3H,, C4H,, and CsH, Molecules. Frequencies in cmt, Distances in

, Angles in Degreé3

system geometry frequencies
HCN Rew = 1.078 w () = 701,w(0) = 1990,0(0) = 3456
Ren=1.183 E;° = 9.789 kcal/mol
HCN- Rew = 1.078 w() = 703w(0) = 1993,0(0) = 3453
Ren = 1.183 E5® = 9.795 kcal/mol
AE®=2.1cm?
CHiCN Ren = 1.185 (€)= 351,0(a) = 931,0(e) = 1048
Rec=1471 w(a) = 1390,0(e) = 1466,w(a)) = 2180
Rex = 1.099 w(a) = 3089,w(e) = 3189
o =109.8 Ey” = 28.162 kcal/mol
CHiCN- Ren = 1.186 w(e)= 353,w(a;) = 929,w(e) = 1047
Rec=1.471 w(a) = 1390,0(e) = 1465,w(a) = 2178
Rew = 1099 w(a) = 3088,w(e) = 3189
o =109.9 E3® = 28.151 kcal/mol
AES® = 4.0 cnrt
CsH, Rew = 1.097 w(bl) = 124,w(b2) = 205,w(b2) =1035
R, = 1.350 w(b1) = 1047,w(by) = 1117,w(as) = 1480
R, = 1.306 w(a) = 2018,0(ay) = 3144,w(hy) = 3245
a=1213 Ey® = 19.176 kcal/mol
CsHy™ Ren = 1.097 w(b]_) = ll?,w(bz) = 208,w(b2) = 1032
R, =1.351 w(by) = 1035,w(a) = 1117,w(a) = 1479
R,=1.304 w(al) = 2006 w(al) 3144,w(b2) = 3246
oa=121.4 Ey” = 19.133 kcal/mol
AE!® =15.0 cn?
CaH, =1.304,R; = 1.313 w(d) = 126,0(a") = 128,0(d) = 366
R; = 1.325,R, = 1.093 w(@') = 376,w(@") = 745,0(a) = 901
=1.093,00=173.3 w(d') = 918,w(a) = 1368,0(a) = 1708
B=179.1,y =119.9 w(d) = 2144,0(d) = 3175,0(a) = 3283
0 =120.2,e = 120.0 E;® = 21.784 kcal/mol
CaH, R, =1.302,R, = 1.315 w(d@) = 127,0(d") = 137,0(d) = 300
Rs = 1.324,R, = 1.095 w(d’) = 375,0(@") = 755,0(a) = 898
Rs = 1.093,0. = 173.6 w(d) = 909,w(d) = 1363,0(a) = 1711
B=1785,y=119.7 w(d) = 2117,0(d) = 3154,0(a) = 3206
0=120.5,=119.8 Ey = 21.517 kcal/mol
AE® =93.1 cn?
CsH, =1.303,R, = 1.324 w(@') = 44,0(@) = 123,0(d") = 187
Rﬂ, 1.283,R, = 1.344 w(d) = 228,w(d") = 394,w(d) = 507
Rs = 1.096,Rs = 1.097 w(@) = 750,0(d") = 967,w(d) = 1027
o =176.7,=175.5 w(d) = 1348,w(d) = 1496,0(a) = 1951
y=172.6,0 =121.2 w(d) = 2187,0(d) = 3142,0(a) = 3245
€=121.00=117.8 E;° = 25.155 kcal/mol
CsHa™ =1.299,R, = 1.329 w(@') = 61,0(d) = 127,0(d") = 189

Rs = 1.280,R, = 1.347
Rs = 1.096,R; = 1.097
a=176.94=175.4

o(@) =230,0(a") = 390,w(d) = 507
w(d) = 748,0(d") = 989,w(a) = 1021
w(d) = 1343,0(d) = 1493,w(a) = 1960

y=172.8,0 =121.4 w(@) = 2169,0(a) = 3136,0(a) = 3240
e=121.1,,=117.6 E;° = 25.165 kcal/mol
AEJ® = —3.5cm?

Higher-than-fourth-order electron correlation contributions to tions from the orbital occupied by the lbdt may well be that
Ening may also be extracted from the data collected in Table 5. the physical interpretation dEping calculated in the coupled

The difference betweelESo, and EfigC? is usually very cluster framework would benefit if Brueckner orbit&8'were

small and destabmzmg However, when S|ng|e excitations are used to construct the Slngle determinantal wave functions for
included, the situation is quite different; indeed, the difference the anion and the neutral. Since the differences between the
betweenEﬁﬁgD and Emsg(soo represents 31, 30, and 22% of CCSD and QCISD methods involve single-excitation opera-

tors303Lit is not surprising that the CCSD and QCISD values

CCSDT
Egna « for CaHz, CHiCN, and GHz, respectively. Finally, of electron binding energies differ by 26 and 31% foHg
, respectively. Inclusion of noniterative triple

the contributionAEgp5°Mis usually stabilizing and reaches 36 04 cHCN-

and 23% ofAEg ;" "for CaHz and GHz. However, it exerts  excitations does not remove these discrepancies. As a conse-
a sizable destabilizing effect for HCN and for stretchedsEH quence, we do not recommend using the QCISD(T) method for
The results discussed above indicate that a fourth-order dipole-bound anions.

treatment of electron correlation effects is in general not The contribution from triple excitations proved to be very
sufficient for dipole-bound anions. The role of single excitations sensitive to the form of amplitudes of the single and double
is extremely important and may be related to the fact that the excitations. In some dipole-bound anions it may be necessary
charge distribution of the Ibe is significantly modified when to adopt methods such as CCSDT-1 and CCSDT, which treat
the neutral molecular core is modified by correlation effects. high-order correlation effects more accurately than does the
This is indicated by the fact that in the anionic CCSD CCSD(T) method®3! On the other hand, we believe that
calculations the largest amplitudes correspond to single excita-physical models of dipole-bound anions may be restricted to
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TABLE 7: Theoretical Values of Franck—Condon Factors

J. Phys. Chem. A, Vol. 102, No. 15, 1998631

[ T
and Transition Energies (cnt?) in the Photoelectron Spectra 1.0
of Dipole-Bound Anions of GH,, C4H»,, and CsH» . H .
system transition position FC factor *g - 107 E
CaHz o 188 1.000 -t L\} .
7k 2206 0.001 s | ]
CiHa o 301 1.000 o5 L i
1 427 0.002 8
1333 794 0.003 2 “ |
110 2571 0.001 a
2 557 0.001 s ]
3k 667 0.002 a
33 1034 0.006 0.0 L L 1 L 1 L | ) 1
312} 3950 0.001 o] 2000 4000 6000 8000
-1
105 2445 0.001 Electron Binding Energy [cm ]
— 0
CH: Og 630 1.000 Figure 4. Theoretical photoelectron spectrum ofHz~ based on
15 720 0.017 calculated FranckCondon factors.
23 753 0.001
10} 1979 0.001 1.0 - ' ' ' -
2818 0.006
135 0
the first-order Coulomb and exchange and the second-order 3
induction and dispersion terms if based on accurate rather than %* x 10°
SCF properties of neutral molecular hosts. 5
3.3. Modifications of Potential Energy Surfaces upon Q0.5 -
Electron Attachment. The MP2 level equilibrium geometries N2
and harmonic frequencies of the neutral and anionic species oy
are collected in Table 6. These equilibrium geometries and %
geometrical Hessians were used to calculate polyatomic FC +
factors using Doktorov and co-workers’ recursion relatféns a
as implemented in the code of R&y.Only ground vibrational 0.0 L
states of the anions were considered because we assumed the : ' PRE——
0 1000 2000 3000 4000

temperature of 10 K, which is typical in PES experimefits.
The intensity for the 80 transition was normalized to 1, and

-1
Electron Binding Energy [cm ]

all other intensities were scaled accordingly. Due to limitations Figure 5. Theoretical photoelectron spectrum ofHz~ based on

resulting from the finite signal-to-noise ratio in PES experi-
ment$ and numerical inaccuracies of ab initio geometry
optimizations and frequency calculatigtsye report in Table

7 only these FC factors that exceed 0.001. The notatjon
means that for theth mode there is an excitation froknto |
guanta, and Pstands for the 80 transition. For GH,™ and

calculated FranckCondon factors.

estimated from a field detachment experiment was 11 eV
89 cnT1,*8 while in a PES experiment the-® transition was
determined at 3t 5 meV~ 24 4 40 cnr1.28

We find that the bond lengths of GBN are affected by less

CsH,™ the calculated FC factors were convoluted with Gaussian than 0.0003 A and the angle by less than 0.02ipon electron

line shapes (fwhm= 218 cn11),2° and the resulting PES spectra
are presented in Figures 4 and 5, respectively.

attachment and that the vibrational frequencies of the neutral
and anionic species differ by not more than 3émA very

The bond lengths of HCN are affected by less than 0.0002 small geometrical relaxation in this system was also reported
A upon electron attachment, and vibrational frequencies of the by Gutsev et al° The dipole moments of the neutral calculated

neutral and anionic species agree to within 3‘tmThe dipole

at the equilibrium geometry of the neutral and the anion differ

moments of the neutral HCN calculated at the equilibrium by less than 0.0003 D. Our FC factors for the noene0
geometries of the neutral and the anion differ by less than 0.0001transitions are less than 4-8%), and thus they cannot account

D, and the FC factors for the non-0 transitions are less than
2.0(=6). Our calculated adiabatic electron affinity of HCN is
7 cntl. This value is only a factor of 5 greater than the

for vibrational structure in the PES spectrum of £CH™
observed by Bailey et 8 These authors suggested that
resonant and vibronic effects are operative for the dipole-bound

rotational constant and thus could be modified upon inclusion anion of CHCN and are responsible for the vibrational structure.

of corrections to the BO approximation. An experimental

While our results exclude FC factors as the main source of

determination of the electron binding energy of HCN and vibrational structure and therefore support the conclusion of
exploration of vibrational structure in the PES spectrum of Bailey et al,2® a further experimental confirmation of the

HCN~ would be especially valuable.

Our calculated adiabatic electron affinity of @GEN is 112
cm™%, which is within the experimental range of 1+.58 meV
A 93-145 cnt! obtained from the Rydberg electron-transfer
experimentg441 For CHsCN~ produced by photodissociation
of the I---CH3CN complex, the electron binding energy

vibrational structure in the PES spectrum of £LH~ is highly
desirable in view of a discrepancy between the calculated
position of the 6-0 transition at 112 cmt and the measured
position in the PES spectrum at 24 40 cnT128 The latter
result is also inconsistent with electron binding energies obtained
in the field detachment experimerifsil.48
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Our adiabatic electron detachment energy for the dipole- neutral molecule. Interestingly, it is of the same order of
bound anion of gH, is 188 cnt! and is within the experimental ~ magnitude as the electrostatic stabilization reproduced at the
range of 171+ 50 cnT?! obtained in a recent autodetachment Koopmans’ theorem level. It depends on the polarizability of
spectroscopy studdf. We find that the length of the terminal, the neutral molecule and on the average separation of the loosely
hydrogen-free, CC bond decreases by 0.002 A upon electronbound electron from the neutral molecular core. The second
attachment and that the angles are changed by less thah 0.06 type of correlation contribution to electron binding energy
The A rotational constant is found experimentally to be larger involves a modification of the static stabilization of the loosely

for the dipole-bound anion than for the neutral by ca. 0.£299%, bound electron by the electrostatic potential of the neutral.
whereas our calculations give an increase by 0.12%. The Depending on whether inclusion of correlation effects decreases
vibrational frequencies of the neutral and aniongHgdiffer or increases the dipole moment (relative to the SCF value), the

by 7, 12, and 12 cntt for the first, fourth, and seventh mode, correction to the electron binding energy will be, respectively,
respectively. The largest FC factors are predicted to be for the destabilizing or stabilizing. Inclusion of electron correlation
75, 12, and £ 4; transitions, with the values of 0.0005, 0.0004, effects higher than second order proved to be necessary to obtain
and 0.0002, respectively. The geometrical relaxation to the qualitatively correct electron binding energies, with coupled
anionic structure is accompanied by an increase of the dipole cluster results differing significantly from fourth-order Mglter

moment of the neutral by 0.01 D. Plesset results.
~ To the best of our knowledge, there is no experimental  Ab intio calculations for dipole-bound anions require extended
information about dipole-bound anions oft; and GH. CsHa basis sets to describe the diffuse charge density of the loosely

possesses a valence anionic state in addition to the dipole-boundound electron. Our studies show that the extra diffuse set may
state and therefore is suitable for autodetachment spectroscopye limited to a few sp functions, that the contribution of d diffuse
studies. Both molecules ha¥& equilibrium structures. The  functions may be estimated at the second-order Mghesset
Cov stationary points are only slightly higher in energy and level, and that the contribution of f diffuse functions is
display larger dipole moments. Therefore, a distortion along negligible. Extensions of the “core” basis set beyond the aug-
soft bending modes may increase the dipole moment of the cc-pVDZ level does not lead to significant changes in electron
neutral and the electron binding energy in the anion. Our pinding energies.
adiabati(_: electron detachment energy for the dipole_-bound anion \we also examined modifications of potential energy surfaces
of C4H, is calculated to be 301 cm, and the predicted PES  jyqyced by electron attachment. For each system studied, the
spectrum displays a weak vibrational structure due to nonzero g|axation from the neutral to anionic equilibrium structure is
FC factors; see Table 7 and Figure 4. The CC bond 1engths 5¢companied by an increase of the dipole moment of the neutral.,
are predicted to decrease by up to 0.002 A upon electron Tpjg i consistent with the dipole-bound nature of these anions.
attachment, whereas the angles change by up @ Oe  1his hehavior has also been observed for polar hydrogen-bonded
vibrational frequencies of the neutral and anioniHgdiffer clustersi—18 For GH,~ and GH,~ we found that modifications
by 77, 66, 27, and 21 cm for the 12th, 3rd, 10th, and 11th  4f anjonic potential energy surfaces are sufficient to generate
modes, respectively, and the largest nerB0FC factor corre-  gjzaple Franck Condon factors between the ground vibrational
sponds to the g3 transition and amounts to 0.006. The state of the anion and excited vibrational states of the neutral.
geometrical relaxation to the anionic structure is accompanied The calculated values of FrariCondon factors for CECN—/
by an 0.03 D increase of the dipole moment of the neutral and cH,CN are not large enough to explain vibrational structure in
by an 0.92% increase of therotational constant. the photoelectron spectrum recorded by Bailey & al.

Our calculated adiabatic electron detachment energy for the We predicted an adiabatic electron affinity of 112 drfor

dipole-bound anion of §H2JS 530'cm1, and we pr.edic'.[ that CHsCN, which is in good agreement with experimental find-
the PES spectrum of &l,~ will display a weak vibrational ings: 93-14524418948 and 24+ 40 cnTL28 For the dipole-

structure due to nonzero FC factors; see Table 7_and Figure Shound anion of G@H, our adiabatic electron detachment energy
Elec(;r?n atLachmintt:s flound to inhancebalyerngtgg o’g\the |CC of 188 cnrlis within the experimental range of 12150 cnt?!
ond lengths, with the largest changes being 0.005 A. Also obtained in the recent autodetachment spectroscopy Sty

some of_the angles change by up to °O.2The vibrational adiabatic electron detachment energies for dipole-bound anions
frequencies of the neutral and anionigH3 differ by 18 and of HCN, CiH», and GH. are 7, 301, and 630 crh Experi-
—17 cnr! for the 13th and 1st mode, respectively, and the o o1 osuits do not yet exist for these species.

largest non-6-0 FC factors of 0.017 and 0.006 correspond to
the % and 13 transitions, respectively. The geometrical
relaxation to the anionic structure is accompanied by a 0.09 D
increase of the dipole moment of the neutral and by a 0.65%
increase of the A rotational constant.
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