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bstract

Large-scale coupled cluster calculations within variant CCSD(T) have been employed to study major portions of the potential energy and
lectric dipole moment surfaces for the hydrogen-bonded anionic complex Cl−· · ·H-CCl3. The recommended dissociation energy D0 is 6280 cm−1
r 75.1 kJ mol−1, with an estimated error of ca. 1%. Upon complex formation, the weak CH stretching vibration (ν1) of free HCCl3 experiences
n intensity enhancement by four orders of magnitude, with anharmonicity effects playing an important role. The band origins of the ν1 bands of
5Cl−· · ·H-C35Cl3 and 35Cl−· · ·H-D35Cl3 are calculated at 2553 and 1949 cm−1, respectively.

2007 Elsevier B.V. All rights reserved.
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. Introduction

During the past decade, the spectroscopic investigation
f charged complexes in the gaseous phase has made great
rogress. In an increasingly larger number of cases, at least
artial rotational resolution could be achieved such that some
tructural information was obtainable (see Refs. [1,2] for recent
eviews). The majority of charged complexes, which have been
pectroscopically studied so far, carries a positive charge. Com-
arable work on anion complexes is still scarce. Noteworthy
xceptions are studies of the complexes formed between halide
ons and water, ammonia, acetylene, methane and hydrogen

olecules (see Ref. [2] and references therein). Likewise, only a
imited number of high-quality theoretical investigations which
nclude the effects of vibrational anharmonicity, have been pub-
ished for such negatively changed species. Our previous work
3–5] concentrated on complexes of type Hal−· · ·HCCH, where
al denotes one of the halogen atoms F–I. Making use of the cou-
led cluster variant CCSD(T) [6] with large basis sets of at least
ug-cc-pVQZ quality [7–9] and taking important anharmonic-

ty effects into account in variational calculations of vibrational
tates and transition dipole moments among them, excellent
greement with experiment [10–13] could be achieved and var-
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ous predictions could be made. The experimental work was
estricted to complexes of the heavier halide ions (Cl−, Br−
nd I−) with acetylene. According to our previous work [3], the
omplex formed between F− and HCCH is too strongly bound
o be directly accessible to infrared predissociation (IRPD) spec-
roscopy.

Already in the case of Cl−· · ·HCCH, the predicted dissoci-
tion energy (D0 ≈ 3600 cm−1) [5] is significantly larger than
ne quantum of either of the two CH stretching vibrations (ν1
r ν2) and only a broad, rotationally unresolved band could be
bserved by IRPD spectroscopy [11], not allowing for a precise
etermination of the wavenumber of the hydrogen-bonded CH
tretching vibration (ν2). However, making use of a technique
ntroduced by Johnson and co-workers termed argon predissoci-
tion spectroscopy [14,15], Bieske was able to get an estimate for
2 (Cl−· · ·HCCH) of 2876 ± 5 cm−1 (E.J. Bieske, private com-
unication), in complete agreement with our theoretical result

5].
A more strongly bound binary anionic complex than

l−· · ·HCCH is provided by the complex formed between a
hloride ion and a chloroform molecule, i.e., Cl−· · ·H-CCl3.
his species appears to be an interesting link between relatively
eakly bound Cl−· · ·HA complexes, such as Cl−· · ·H-CH3
16–18] and very strongly bound ClHCl− [19,20], in which the
roton is shared by the two chloride ions. To the authors’ knowl-
dge, surprisingly little is known about Cl−· · ·H-CCl3. Indeed,
e were able to find only one study which reports results of

mailto:pbotsch@gwdg.de
dx.doi.org/10.1016/j.ijms.2007.02.057
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mass-spectrometric investigation including CHCl4− ions as
roducts of gas-phase reactions of the CH2S− radical anion [21].
n that paper, thermochemical data compiled by Lias et al. [22]
ere employed to give an estimate of the dissociation energy of
HCl4− of ≈65 kJ mol−1 or ≈5400 cm−1.

The present paper reports the results of a rather elaborate the-
retical study of the anionic complex Cl−· · ·H-CCl3. Like in our
ast paper on Cl−· · ·HCCH [5], particular emphasis will be given
o an accurate prediction of the dissociation energy D0, which

easures the energy difference between fragments Cl− + HCCl3
nd the complex Cl−· · ·H-CCl3 in their vibrational ground
tates. Furthermore, the effects of vibrational anharmonicity
n the totally symmetric vibrations of 35Cl−· · ·H-C35Cl3 and
5Cl−· · ·D-C35Cl3 will be investigated in considerable detail,
ith particular attention being given to the rarely studied field
f anharmonicity contributions to absolute infrared intensities.

. Details of calculations

Most of the electronic structure calculations of the present
ork make use of coupled cluster theory at the CCSD(T) level

6], which accounts for the effects of connected triple sub-
titutions by means of perturbation theory. With this method,
arger portions of the potential energy surfaces for HCCl3
nd Cl−· · ·H-CCl3 have been computed. In addition, results
f single-point calculations will be reported for five further
ethods: Hartree–Fock Self Consistent Field (HF-SCF), second

rder perturbation theory according to Møller and Plesset (MP2)
nd its spin-component scaled variant (SCS-MP2) as introduced
y Grimme [23], coupled cluster with single and double excita-
ion operators (CCSD) and another variant including connected
riples in a perturbative way termed CCSD-T [24]. Throughout,
alence electrons were correlated in the post-Hartree–Fock cal-
ulations which were carried out with the MOLPRO suite of
rograms [24–26].

The majority of the CCSD(T) calculations of the present
ork employ the aug-cc-pVQZ basis of Dunning and co-workers

7–9]. For the chlorine atom, a modification is employed in
hich the four sets of d functions are replaced by five [27]. In the
riginal paper, this chlorine basis is termed aug-cc-pV(Q + d)Z.
or brevity, we will uniformly denote the basis set for the whole
omplex and its fragments by “avqz-mod”. Single-point calcu-
ations were also carried out with the corresponding smaller
nd larger basis sets which are denoted as “avtz-mod” and
av5z-mod”, some MP2 calculations also with the conventional
ug-cc-pVTZ basis.

The familiar harmonic approximation for the treatment of
olecular vibrations, which is currently still the method of

hoice in the majority of quantum chemical studies, quite fre-
uently finds its limits in the investigation of spectroscopic
roperties of molecular complexes. On the other hand, the efforts
n going beyond that approximation in order to arrive at very

ccurate results may be very high and so some sort of com-
romise may be appropriate. In the present work, we therefore
ake no attempt to arrive at a quantitative treatment of the

2-dimensional anharmonic vibrational problem. Instead, we
s
f
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oncentrate on an approximate treatment of those vibrations of
he chloroform molecule which are expected to undergo most
oticeable changes upon forming the complex Cl−· · ·H-CCl3,
n particular as far as the change in absolute IR intensities is
oncerned. Since the chloroform molecule and the hydrogen-
onded complex have the same symmetry in their energetically
ost favourable nuclear configurations (C3v symmetry), we are

empted to give most attention to the totally symmetric vibrations
f a1 symmetry.

Like in previous work of the corresponding author and his
oworkers (see, e.g., Refs. [28,29]), effects of vibrational anhar-
onicity were taken variationally into account for the N totally

ymmetric (a1) vibrational modes by means of the approximate
ibrational Hamiltonian

ˆ vib = −h̄2

2

N∑
i=1

∂2

∂Q2
i

+ Vanh (Qi : normal coordinates) (1)

s incorporated in the program C3VVIB (author: P. Botschwina).
his approach is comparable to our recent studies of
ydrogen-bonded complexes of type rare gas-linear cation
r Hal−· · ·HCCH [3–5]. The analytical anharmonic potential
nergy function Vanh employed for the anionic complex was
btained by least-squares fit to 282 CCSD(T) energy points
under the restriction of C3v symmetry), making use of the avqz-
od basis. As checked by numerous tests, it gives a faithful

epresentation up to energies of ca. 10,000 cm−1 above equilib-
ium.

The calculation of absolute IR intensities for transitions
mong vibrational states involving only a1 modes requires the
nowledge of three- or four-dimensional electric dipole moment
urfaces (EDMFs) for CHCl3 and Cl−· · ·H-CCl3, respectively.
hese were also constructed from CCSD(T)/avqz-mod electric
ipole moments, using 39 data for the neutral molecule and 119
ata for the anionic complex. In the latter case, dipole moments
ere evaluated in the center-of-mass coordinate system. Since
3v symmetry is maintained in all of the calculations, only the
component of the dipole moment has non-vanishing values.
aking use of analytical EDMFs for μz, absolute IR inten-

ities arising from the vibrational ground state are calculated
ccording to the formula

f0 =
(
πNA

3h̄cε0

)
ν̃f0|〈ψf|μz|ψ0〉|2. (2)

n Eq. (2), the vibrational wavefunctions of the ground state and
he final state are denoted by ψ0 and ψf, respectively, and ν̃f0 is
he wavenumber of the transition between these states. Common
ymbols are used for the fundamental physical constants.

. Results and discussion

.1. Equilibrium structure, equilibrium dipole moment and
quilibrium dissociation energy
After initial MP2 calculations with the aug-cc-pVTZ basis
et, which established the expected C3v equilibrium structure
or hydrogen-bonded Cl−· · ·H-CCl3, the equilibrium geometri-
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Fig. 1. Equilibrium structure of Cl−· · ·H-CCl3 (CCSD(T)/avqz-mod).

al parameters of the complex and free HCCl3 were determined
y CCSD(T) with the larger basis termed “avqz-mod” (see Sec-
ion 2). The results are displayed in Fig. 1. The intermolecular
quilibrium distance RCl−· · ·H is obtained to be 2.0944 Å, to be
ompared with a value of 2.2526 Å as obtained for Cl−· · ·HCCH
rom CCSD(T) calculations with the aug-cc-pVQZ basis set
3]. Upon formation of the hydrogen bond, the intramolec-
lar CH equilibrium distance experiences an elongation by
.0267 Å, slightly shorter than the value of 0.0286 Å as obtained
or Cl−· · ·HCCH. The three equivalent CCl equilibrium bond
engths increase by 0.0095 Å when the complex is formed and
he HCCl equilibrium angles change from 107.96◦ for free
CCl3 to 109.08◦ in the hydrogen-bonded complex.
The equilibrium dipole moment of 35Cl−· · ·H-C35Cl3, evalu-

ted within the corresponding center-of-mass coordinate system,
s μe(CCSD(T)/avqz-mod) = 9.453 D. The sign convention is
uch that the negative end of the dipole is located at the Cl− site.
lectron correlation makes only a minor contribution toμe, since

he calculated Hartree–Fock value is 9.572 D and thus only 1.3%
arger than the CCSD(T) value. The complex under discussion is
prolate symmetric top, with calculated equilibrium rotational

onstants of Ae = 1713.7 MHz and Be = 962.8 MHz. The corre-
ponding CCSD(T)/aug-mod values for free HC35Cl3, an oblate
ymmetric top, are Be = 3294.7 MHz and Ce = 1710.4 MHz.
xperimentally derived values for the ground-state rota-

ional constants of HC35Cl3 are B0 = 3302.1 MHz [30] and
0 = 1714.0 MHz [31], the latter being an indirect value calcu-

ated by making use of experimental data for an asymmetrically
ubstituted isotopomer.
CCSD(T) calculations with the avqz-mod basis set pre-
ict an equilibrium dissociation energy (De) for the process
l−· · ·H-CCl3 → Cl− + HCCl3 of 6325 cm−1 or 75.6 kJ mol−1.
his value is uncorrected for the so-called basis set superposi-

d
F
a
a

able 1
quilibrium dissociation energies De (in cm−1) of Cl−· · ·H-CCl3

ethod avtz-mod avqz-mod

CP uncorrected CP corrected CP uncorrec

F-SCF 4476 4453 4436
P2 6589 6189 6540

CS-MP2 6108 5662 6053
CSD 6025 5657 5943
CSD-T 6401 5994 6321
CSD(T) 6406 5999 6325

ll calculations are carried out at the CP uncorrected CCSD(T)/avqz-mod equi

e(CCl) = 1.7645 Å. (2) Cl−· · ·H-CCl3−: see Fig. 1.
ig. 2. Variation of the CCSD(T) equilibrium dissociation energy with the size
f the basis set, denoted by cardinal number n.

ion error (BSSE) and, according to our experience with other
nionic hydrogen-bonded systems [4,5], is considered to be an
verestimate. Consideration of the BSSE is always an issue if
ne aims at high accuracy of intermolecular dissociation ener-
ies in the context of traditional quantum-chemical calculations
perating with delocalized molecular orbitals and one-electron
asis functions. In order to study the basis set dependence of De
nd the significance of BSSE in more detail, we have made a
eries of calculations with three different basis sets and six dif-
erent methods, the results of which are collected in Table 1. In
ll of these calculations, which make use of the familiar counter-
oise (CP) procedure of Boys and Bernardi [32], the optimized
CSD(T)/avqz-mod geometrical parameters of Cl−· · ·HCCl3

see Fig. 1) and HCCl3 (see the text) have been employed.
ike in our previous work on I−· · ·HCCH, Br−· · ·HCCH and
l−· · ·HCCH [4,5], CP uncorrected and CP corrected CCSD(T)
alues for De are also plotted in Fig. 2 as a function of cardinal
umber n, this time for basis sets of type avnz-mod. Again the
P corrected data show smooth monotonic behaviour. Provided

hat a similar situation applies as for Cl−· · ·HCCH (see Fig. 1
f Ref. [5]), the CP uncorrected data should show a stronger

ecrease in De when going from n = 5 to 6 compared to 4 → 5.
or n → ∞, both CP uncorrected and CP corrected data have to
rrive at the same limit and so a value of De (∞) ≈6240 cm−1

ppears to be reasonable (see also below).

av5z-mod

ted CP corrected CP uncorrected CP corrected

4431 4432 4431
6317 6525 6371
5799 6034 5857
5794 5920 5831
6153 6300 6200
6157 6304 6204

librium structures: (1) HCCl3: re(CH) = 1.0824 Å, βe(HCCl) = 107.96◦ and
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of anharmonicity (i.e., deviations from the quadratic force field,
Section 3.2) is apparent for a two-dimensional cut through the
hypersurface which involves coordinates �R̃ and �r. The cor-
responding contour diagram, which covers the range −0.8 Å

Table 2
Quadratic force constants and first dipole moment derivatives for totally sym-
metric vibrations of HCCl3 and Cl−· · ·H-CCl3 (CCSD(T)/avqz-mod)

HCCl3 Cl−· · ·H-CCl3a

F11 0.354541 0.300575
F22 0.273616 0.255500
F33 0.511364 0.498407
F12 0.008191 −0.000009
F13 0.004649 −0.005973
F23 −0.046218 −0.068999
F44 0.021832
F14 0.024449
F24 0.004070
F34 0.005764
(∂μz/∂S1)e −0.0490 0.0144
(∂μz/∂S2)e −0.1013 −0.1320
(∂μz/∂S3)e −0.3261 0.6609
P. Botschwina et al. / International Journ

Upon inspection of the values given in Table 1, very similar
esults are obvious for the two coupled cluster variants CCSD(T)
nd CCSD-T. Compared to these two methods, the MP2 calcula-
ions provide overestimates of De by ca. 3%, whereas SCS-MP2
nd CCSD lead to underestimates between 5 and 7%. At the
F-SCF level, convergence of the De value within 1 cm−1

ppears to have been achieved with basis set av5z-mod. We
herefore take the Hartree–Fock contribution to the equilib-
ium dissociation energy as DHF

e = 4432 cm−1. From the data
iven in the first and the last columns of Table 1, we may
et estimates of the basis set limit of the CCSD(T) valence
orrelation energy contribution to De, termed �Dcorr

e (∞). The
ndividual contributions �Dcorr

e (n) for n = 3–5 are 1546, 1726
nd 1773 cm−1. Unfortunately, the performance of common
xtrapolation schemes has not yet been tested in detail for
nionic hydrogen-bonded complexes. A simple two-point for-
ula assuming a n−3 dependence of �Dcorr

e (n) as suggested
y Halkier et al. [33] produces �Dcorr

e (∞) = 1822 cm−1 and
hus De(∞) = 6254 cm−1, when the results for n = 4 and 5
re employed. A three-parameter extrapolation formula which
akes use of a (n + γ)−3 dependence was discussed by Huh and
ee [34]. Adjusting all three parameters to the �Dcorr

e (n) val-
es quoted above, one arrives at �Dcorr

e (∞) = 1809 cm−1 and
onsequently De(∞) = 6241 cm−1. Of course, other extrapola-
ions are possible as well, but we think that De(∞) ≈ 6240 cm−1

hould be reasonably accurate. Remaining errors in the calcula-
ions which arise from the use of an incomplete coupled cluster
xpansion, the neglect of core–valence and core–core correlation
nd relativistic effects should not exceed 15 cm−1. In summary,
e recommend De (Cl−· · ·H-CCl3) = 6240 ± 25 cm−1.

.2. Spectroscopic properties within the harmonic
pproximation

The totally symmetric vibrations of Cl−· · ·H-CCl3 and chlo-
oform were first studied within the (double) harmonic (DH)
pproximation which requires the knowledge of the corre-
ponding quadratic force constants and the first dipole moment
erivatives, both taken at equilibrium. For this purpose, we make
se of symmetry coordinates defined as follows:

1 = �r CH stretch (3a)

2 = 1√
3

(�R1 +�R2 +�R3) symmetric CCl3 stretch

(3b)

3 = 1√
3

(�β1 +�β2 +�β3) symmetric HCCl bend (3c)

4 = �R̃ intermolecular stretch (3d)

he quadratic force constants are defined as
(
∂2V

)

ij =

∂Si∂Sj e
(4)

heir numerical values as obtained by CCSD(T) with the avqz-
od basis set are listed in Table 2 together with the first dipole

(

A

n
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oment derivatives. Upon complex formation, the CH stretch-
ng force constant F11 experiences a reduction by 15.2%. The
ther two diagonal force constants F22 and F33 are also reduced,
ut by only 6.6 and 2.5%, respectively. For both species, the cou-
ling force constants involving the CH stretching coordinate, F12
nd F13, are rather small. Since the diagonal G matrix element
11 of HCCl3 is also much larger than the off-diagonal elements
12 and G13, the totally symmetric normal vibration of chloro-

orm with highest wavenumber may well be described as a local
H stretching vibration. Owing to the small value of −0.0490 e
alculated for (∂μz/∂S1)e, the DH approximation yields a small
alue of 1.1 km mol−1 for the absolute IR intensity of this vibra-
ion (see Table 3). Although the corresponding dipole moment
erivative for the anionic complex is even smaller, the intensity
s calculated to be as high as 1150 km mol−1. In the complex, as
ommon to hydrogen-bonded systems, we have strong kinematic
oupling between CH stretching and intermolecular stretch-
ng and thereby the hydrogen-bonded CH stretching vibration
quires practically all of its intensity from the intermolecular
tretching part of the electric dipole moment function which,
n the DH approximation, is merely a linear one-dimensional
unction involving (∂μ/∂S4)e = 1.1374 e (see Table 2). As will
e seen in Section 3.3, “electrical anharmonicity” will have a
ery substantial effect on the intensity of the hydrogen-bonded
H stretching vibration.

.3. Anharmonic treatment of the totally symmetric
ibrations

Upon inspection of the underlying CCSD(T)/avqz-mod
otential energy surface for Cl−· · ·H-CCl3, the largest degree
∂μz/∂S4)e 1.1374

ll values are given in atomic units.
a First dipole moment derivatives are calculated in the center-of-mass coordi-
ate system for 35Cl−· · ·H-C35Cl3.
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Table 3
Harmonic wavenumbers (in cm−1) and absolute IR intensities (in km mol−1; in parentheses) for totally symmetric vibrations of HCCl3, Cl−· · ·H-CCl3 and the
corresponding deuterated species (CCSD(T)/avqz-mod)

Band HC35Cl3 35Cl−· · ·H-C35Cl3 DC35Cl3 35Cl−· · ·D-C35Cl3

ω1(∼CH, CD) 3175 (1.1) 2803 (1150) 2337 (0.1) 2075 (540)
ω 657 (64) 664 (3.5) 634 (64)
ω 374 (6.9) 368 (0.3) 372 (7.6)
ω 140 (41) 140 (41)

�

g
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e
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F
C
s

2(∼CCl3 symmetric stretching) 683 (3.8)

3(∼CCl3 symmetric bend) 371 (0.3)

s(intermolecular stretching)

R̃ ≤ 4 Å and −0.3 Å ≤�r ≤ 0.8 Å and includes relative ener-
ies with respect to the energy minimum at �R̃ = �r = 0 up
o 10,000 cm−1 (or 119.6 kJ mol−1), is shown in Fig. 3. Already
or the first contour line at 400 cm−1, the deviation from an
llipse (which would correspond to the harmonic approximation
f the potential) is clearly obvious. The highest almost closed
ontour line at 5600 cm−1 extends to (�R̃,�r) values of ca.
4.0 Å, 0.36 Å), far off from the corresponding situation for the
armonic limit.

While spectroscopists talk of “mechanical anharmonicity”
hen deviations of the potential from the quadratic (harmonic)

hape are considered, non-linearity of the electric dipole moment
unction (EDMF) is denoted as “electrical anharmonicity”. Like
n the DH approximation dealt with in Section 3.2, the varia-
ion of the electric dipole moment (�μ) with the intermolecular
tretching vibrational coordinate�R̃ plays the major role. How-
ver, as is shown in Fig. 4, plots of �μ (�R̃) for four different
alues of �r show both a significant deviation from linearity
nd a significant dependence on �r. Curves showing �μ as
function of the CH stretching coordinate �r, with all other

oordinates kept fixed at their equilibrium values, are displayed
n Fig. 5. Both are very flat around �r = 0 and show highly
on-linear character.
Results of the dimensionality-reduced variational calcu-
ations for HCCl3, Cl−· · ·H-CCl3 and the corresponding
euterated species are given in Table 4. Good agreement with
xperimental gas-phase values is observed for the totally sym-

ig. 3. Dependence of the CCSD(T)/avqz-mod potential energy surface of
l−· · ·H-CCl3 on the intermolecular coordinate �R̃ (Cl−· · ·H) and the CH

tretching coordinate �r.

Fig. 4. Variation of the electric dipole moment of 35Cl−· · ·H-C35Cl3, evalu-
ated in the center-of-mass coordinate system, with the intermolecular stretching
coordinate �R̃ (for four different values of �r, the CH stretching coordinate).

Fig. 5. Variation of the electric dipole moment with the CH stretching coordinate
�r for HCCl3 (upper curve) and 35Cl−· · ·H-C35Cl3 (lower curve).
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Table 4
Anharmonic wavenumbers (in cm−1) and absolute IR intensities (in km mol−1; in parentheses) for totally symmetric vibrations of HCCl3, Cl−· · ·H-CCl3 and the
corresponding deuterated species (CCSD(T)/avqz-mod)

Band HC35Cl3a 35Cl−· · ·H-C35Cl3 DC35Cl3b 35Cl−· · ·D-C35Cl3

ν1 3047 (0.3) 2553 (5745) 2268 (0.01) 1949 (2691)
ν2 679 (3.9) 647 (290) 661 (3.6) 625 (276)
ν3 370 (0.3) 375 (32) 367 (0.3) 372 (33)
νs 142 (71) 141 (69)
ν1 + νs 2706 (104) 2096 (15)
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a Experimental values: ν1 = 3032.9 cm−1 [35], ν2 = 676.6 cm−1 [36] and ν3 =
b Experimental values: ν1 = 2264.8 cm−1 [38], ν2 = 657.6 cm−1 [38] and ν3 =

etric fundamentals of HC35Cl3 and DC35Cl3. The largest
rror of the present calculations (14.6 cm−1) occurs for ν1 of
C35Cl3 and is mainly a result of the approximations made in

he dimensionality-reduced calculation of vibrational states. For
he ν2 and ν3 bands of both isotopomers, the deviations from
xperiment do not exceed 4 cm−1. Calculated anharmonicity
ontributions for the wavenumbers of the symmetric bend-
ng vibrations of all species are only of the order of 1 cm−1.
nharmonicity effects on the CCl3 stretching vibrations of the
ormal and deuterated complex are larger, but do not exceed
0 cm−1. Somewhat surprisingly, anharmonicity effects on the
ntensities of the ν2 and ν3 bands of 35Cl−· · ·H-C35Cl3 and
5Cl−· · ·H-C35Cl3 are quite large. In particular, the symmet-
ic Cl3 stretching vibrations are calculated to have intensities of
90 and 276 km mol−1 in the anharmonic treatment while the
H approximation yields only a common value of 64 km mol−1

or both isotopomers. As is expected for a complex with a
ather strong hydrogen bond, anharmonicity effects have the
argest influence on the hydrogen-bonded CH(D) stretching
ibrations. Compared with the DH approximation, the ν1 band
f 35Cl−· · ·H-C35Cl3 experiences an intensity enhancement by
factor of 5.0 and practically the same factor is obtained

or 35Cl−· · ·D-C35Cl3. In both cases, electrical anharmonic-
ty plays the decisive role, since calculations including only
he linear parts of the EDMFs (those for 35Cl−· · ·H-C35Cl3
nd 35Cl−· · ·D-C35Cl3 are slightly different) yield 1041 and
07 km mol−1, very close to the results of the DH approxima-
ion.

The combination tones between CH(CD) stretching and inter-
olecular stretching vibrations, termed ν1 + νs, are predicted

t 2706 cm−1 for 35Cl−· · ·H-C35Cl3 and at 2096 cm−1 for
5Cl−· · ·D-C35Cl3. Together with the values for the fundamen-
als ν1 and νs, this allows for an approximate calculation of the
nharmonicity constants X1s according to

1s ≈ (ν1 + νs) − ν1 − νs.
he results are 11.1 cm−1 (35Cl−· · ·H-C35Cl3) and 6.5 cm−1

35Cl−· · ·D-C35Cl3). The former value is slightly smaller than
he corresponding value for the Cl−· · ·HCCH (see Table 3 of
ef. [5]; X24 corresponds to X1s). Positive values of this type of
nharmonicity constants are quite characteristic for hydrogen-
onded complexes.

o
a
s
c
m

cm−1 [37].
cm−1 [38].

.4. MP2 results for the asymmetric vibrations and
rediction of D0 value for Cl−· · ·H-CCl3

In order to predict the ground-state dissociation energy
0 of Cl−· · ·H-CCl3 with a precision of ca. 1%, the zero-
oint vibrational (ZPV) contribution to D0 has to be known
ith an accuracy of about 40 cm−1. In an attempt to achieve

his goal, we proceed as follows: the contribution arising
rom the totally symmetric (a1) modes, which involve the
H stretching vibration with its significant change in anhar-
onicity occurring upon complex formation, is taken from the

dimensionality reduced) variational calculations. The result
in cm−1) is �ZPV = (2099 − 1954) = 145. The corresponding
alue as obtained within the harmonic approximation, using
ata collected in Table 3, is 128. For the contribution of the
ntramolecular asymmetric vibrations of e symmetry, MP2 cal-
ulations with the conventional aug-cc-pVTZ basis set and
mploying the harmonic approximation, are expected to pro-
ide a sufficiently accurate value according to the lines requested
bove. The result of such calculations is −51 cm−1. The remain-
ng doubly degenerate intermolecular bending vibration which,
ccording to the rather large mass of the chloride ion, is of
elatively low amplitude and should be described reasonably
ell within the harmonic approximation. The MP2/avtz calcu-

ations yield 53 cm−1 for its wavenumber and consequently a
ontribution of −53 cm−1 to D0. Summing up the described
ontributions leads to the result that the zero-point vibrational
nergy of H-C35Cl3 is higher than the corresponding value for
5Cl−· · ·HC35Cl3 by 41 cm−1, which also corresponds to the
ifference D0–De for the complex. According to the above dis-
ussion, the assumption of a maximum error of ca. 40 cm−1 in
his quantity appears to be appropriate. Together with a recom-

ended De value of≈6240 cm−1 (see Section 3.1) we thus arrive
t a D0 prediction of ≈6280 cm−1 (75.1 kJ mol−1), expected to
e accurate to ca. 1%.

. Conclusions

High-level ab initio calculations have been carried out in
rder to investigate important regions of the potential energy

nd dipole moment surfaces of the Cl− + HCCl3 system. Various
pectroscopic properties are predicted for the hydrogen-bonded
omplex 35Cl−· · ·H-C35Cl3 and its deuterated species, which
ay be of help to experimentalists in forthcoming spectroscopic
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nvestigations, e.g., by means of argon predissociation spec-
roscopy. The hydrogen-bonded CH stretching vibration with
alculated band origin at 2553 cm−1 should be a good candidate
ince its intensity increases from 0.3 km mol−1 in free HCCl3 to
745 km mol−1 in the complex. This large value corresponds to
transition dipole moment of 0.947 D, substantially higher than
revious calculated for Cl−· · ·HCCH (0.388 D, see Ref. [5])
nd not too far from the value of 1.333 D obtained for strongly
ound ClHCl− [19]. Interestingly, as much as 82% of the inten-
ity of the ν1 band of 35Cl−· · ·H-C35Cl3 arises from electrical
nharmonicity, i.e., the deviation of the electric dipole moment
unction from the linear approximation. So far, the effects of
ibrational anharmonicity (mechanical and electrical) on the
R intensities of anionic complexes have been largely unex-
lored and the present paper is expected to provide an important
nvestigation to this field.

A major topic of the present work concerns the prediction of
n accurate dissociation energy D0 for Cl−· · ·H-CCl3. A com-
osite procedure, making use of basis set extrapolation and a
horough investigation of the zero-point vibrational contribution,
s employed. The result is D0 = 6280 cm−1 which is expected to
ave an uncertainty of ca. 1%. For comparison, the D0 value for
l−· · ·HCCH was predicted to be 3600 cm−1 [5].
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