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The ground-state properties of the charge tranfer complexes formed between NH3 and the halogens F2, ClF,
and Cl2 were investigated systematically with the aid of ab initio calculations. Extended basis sets were
applied and electron correlation was included at different levels of Møller-Plesset perturbation theory and
coupled cluster expansions. Not only the level of electron correlation and the basis set chosen are important,
but also the use of the counterpoise correction to the basis set superposition error directly in the course of the
geometry optimization has a significant influence on the calculated equilibrium structures. The trends in
other ground-state properties of these complexes, such as vibrational spectra, infrared intensities, selected
harmonic force constants, dipole moments, and nuclear quadrupole coupling constants are discussed and
compared to experimental data. The strength of the intermolecular interaction in this series increases in the
order NH3-F2, NH3-Cl2, and NH3-ClF.

Introduction

The structures of the gas-phase complexes between NH3 and
the halogen molecules F2, ClF, and Cl2 have been investigated
quite recently with the aid of rotational spectroscopic experi-
ments.1-3 The properties of the heterodimers formed between
amines and halogens have usually been discussed in the context
of electron donor-acceptor (EDA) or charge-transfer (CT)
complexes. For the above three complexes the signature of CT
increases in the series NH3-F2, NH3-Cl2, NH3-ClF. However,
the case of NH3-F2 can be well understood as that of a weakly
bound complex with almost vanishing charge-transfer contribu-
tions, and even NH3-ClF has been described as a complex with
only a small contribution from the ionic valence bond structure
[H3NCl]+‚‚‚F-.2 So far, because of the extreme reactivity of
ammonia with halogens, experimental gas-phase vibrational
spectra of theseprereactiVe complexes are not available yet.
Matrix isolation studies have, however, been reported for the
case of NH3-F2

4 and NH3-ClF.5

Several theoretical investigations have already been performed
on these complexes: NH3-F2,6-16 NH3-ClF,6,7,9,11-14,17,18and
NH3-Cl2.6,7,9,11-14,17-19 With the exception of the early self-
consistent field (SCF) calculations,6,7,17 most of the later
treatments have been done at the Møller-Plesset second-order
(MP2)20 level or using density functional theory (DFT) variants.
A notable exception is the work of Røeggen and Dahl9 in which
an extended geminal model was applied.

In the most recent investigation on NH3-F2,16 an unexpect-
edly large sensitivity of the calculated complex properties to
the level of electron correlation emerged. The range of calculated
intermolecular distancesR(N‚‚‚F) varied by about 0.3 Å when
comparing the results of different Møller-Plesset and coupled
cluster variants. Moreover, as far as the calculated equilibrium
intermolecular distance is concerned, the explicit use of the
counterpoise (CP) correction21 to the basis set superposition error

(BSSE) in the course of the geometry optimization turned out
to be important, too.

This work aims toward a consistent description of the
equilibrium structures and the vibrational spectra of these three
complexes at a reliable methodical level, thereby exploring the
effect of higher-order electron correlation contributions. Instead
of attempting a detailed analysis and assessment of the amount
of charge transfer in these complexes either via population
analysis, integrations of the electron density, or energy partition-
ing schemes, other ground-state properties such as dipole
moments, selected harmonic force constants, and electric field
gradients are computed and used to characterize the intermo-
lecular interaction in these complexes. Further goals of this study
are to clarify whether this striking sensitivity with respect to
the correlation method chosen persists for the other two
complexes as well, and whether the application of the CP
correction in the course of the geometry optimization leads to
significant structural effects. These aspects are important for
future studies on the interaction of halogens with substituted
amines, and probably also for other CT complexes, where the
explicit consideration of extended basis sets in combination with
electron correlation contributions beyond MP2 will, in general,
be too costly and strongly limited by the available computing
resources.

Method of Calculation

In this work, all quantum chemical calculations were per-
formed with the Gaussian 9822 suite of programs. The MP2
method and a series of approaches taking account higher-order
electron correlation contributions up to MP4(SDTQ)23 and
CCSD(T)24-28 were applied. Several extended basis sets were
tried. Here, only the results as obtained with the 6-31++G-
(d,p), 6-311++G(2d,2p), 6-311++G(3df,2p),29-34 and aug-cc-
pVTZ35-37 basis sets are reported. Structural results for the
NH3-F2 complex as obtained with the first three of these basis
sets have already been reported.16 Geometry optimizations were
carried out using analytical gradients where available. In the
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case of MP4(SDTQ), CCSD, QCISD(T), and CCSD(T) calcula-
tions the gradients were determined numerically. Only in the
case of the NH3-Cl2 complex did post-MP2 calculations with
the aug-cc-pVTZ basis set surpass the available computing
resources. Harmonic vibrational frequencies were determined
at the MP2 level only. The CP correction to the BSSE was not
calculated as a correction at the respective optimized geometries
but was computed at each point of pointwise evaluated energy
surfaces. Because of the negligibly small geometry relaxation
of the NH3 moiety in these three complexes relative to the free
NH3 molecule, the scans of the energy surfaces could be reduced
to those of 2D problems with the intermolecularR(N‚‚‚X)
distance and the intramolecular halogen distanceR(X-Y) as
parameters without significant loss of accuracy. The NH3

structure used in these 2D scans was mostly the one obtained
from global CCSD(T) optimizations of the complex within a
given basis set. Only in the case of the larger two basis sets
were the corresponding MP2 structures of the NH3 moiety used.
The difference appears to be negligible. The importance of
including the CP correction in the course of the geometry
optimization has been discussed quite recently in the case of
hydrogen-bonded complexes38,39and has also been encountered
in the recent study on NH3-F2.16

Results and Discussion

A. The Monomers.One of the key requirements for reliable
calculations of the structure and of other properties of the charge-
transfer complexes between amines and halogens is a reasonably
correct description of the equilibrium structure of the halogens.
Whereas the description of the NH3 molecule is quite unprob-
lematic, with structure variations well below 0.01 Å in the N-H
distances and below 1° in the HNH bond angle when applying
the above four basis sets and the different electron correlation
techniques, the sensitivity of the equilibrium distance of the
halogen to the methodical level applied is considerably higher.
To illustrate this point, the dependence of the computedR(F-
F), R(Cl-F), andR(Cl-Cl) values of F2, ClF, and Cl2 on the
electron correlation method applied are shown in Figure 1. MP2-
and CCSD(T)-calculated equilibrium distances are confronted
with experimental values in Table 1. As a general trend, the
computed equilibrium distances are somewhat too large, even
with the two largest basis sets. Since the use of even more
extended basis sets is prohibitive for the complexes, these
methodical errors have to be accepted at the current stage.
Because of the very weak structure modification of the NH3

moiety and because of the close agreement to the experimental
structure, the computed NH3 structural data are not reported in
detail in the following.

B. The CT Complexes.At all computational levels probed
in this work each of the three NH3-XY complexes has an
optimized geometry withC3V symmetry and, hence, with a linear
N‚‚‚X-Y structure (see Figure 2). Before going to a detailed
discussion of the results for each of the complexes, the
comparatively high sensitivity of the computed intermolecular
N‚‚‚X distance to the level of electron correlation applied is
illustrated. In Figure 3, the computed N‚‚‚X distances of the
three CT complexes are compared to the optimized N‚‚‚X
distances of the hydrogen-bonded dimers NH3-HF and NH3-
HCl. Results for nine different electron correlation variants are
shown. All these results were obtained with the 6-311++G-
(2d,2p) basis set and without performing the CP correction. The
resulting N‚‚‚X distances vary only by about 0.02 Å in the case
of NH3-HF16 and 0.09 Å in the case of NH3-HCl. In sharp
contrast to these hydrogen-bonded dimers, a much larger

variation is encountered in the CT complexes, with about 0.3
Å for NH3-F2

16 and slightly less than 0.2 Å for NH3-ClF and
NH3-Cl2. Already from this first comparison it becomes clear
that the MP2 results for all three CT complexes are, in general,
in better agreement with those electron correlation methods,
which take account of triple excitations, MP4(SDTQ) and
CCSD(T).

To further illustrate the effect of triple excitations for the three
CT complexes and the two hydrogen-bonded dimers, the results
as obtained with MP2, MP4(SDQ), MP4(SDTQ), QCISD,
QCISD(T), CCSD, and CCSD(T) applying the 6-311++G-

Figure 1. Computed equilibrium distances of F2, ClF, and Cl2 as
obtained with different electron correlation methods and different basis
sets: (squares) 6-31++G(d); (circles) 6-311++G(2d); (triangles)
6-311++G(3df); (diamonds) aug-cc-pVTZ.

TABLE 1: Calculated MP2 and CCSD(T) and Experimental
Equilibrium Distances of F2, ClF, and Cl2 (Å)

basis set method F2 ClF Cl2

6-31++G(d) MP2 1.4336 1.6697 2.0180
CCSD(T) 1.4551 1.6790 2.0425

6-311++G(2d) MP2 1.4099 1.6642 2.0286
CCSD(T) 1.4311 1.6747 2.0484

6-311++G(3df) MP2 1.3972 1.6330 1.9845
CCSD(T) 1.4152 1.6426 2.0054

aug-cc-pVTZ MP2 1.4013 1.6348 1.9987
CCSD(T) 1.4181 1.6464 2.0195

expa 1.4176 1.6318 1.9920
expb 1.4119 1.6283 1.9879

a Calculated from experimental B0 values as reported in refs 1-3.
b Reference 40.

Figure 2. Sketch of theC3V equilibrium structure of the NH3-XY
complexes.
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(2d,2p) basis and again without CP correction are reported. In
Figure 4, the trends for the intermolecular distancesR(N‚‚‚X),
for the widening of the intramolecular distances∆R(X-Y)
(∆R(H-X) in the case of the hydrogen-bonded dimers) and for
the intermolecular interaction energy, are shown graphically.
Figure 4 clearly demonstrates that (i) there is a distinct difference
between the methods that take account of triple excitations, and
the post-MP2 methods which do not and (ii) the results taking

account of triples are bracketed by the MP2 numbers and the
results obtained without triples.

NH3-F2. In Table 2, the computedR(N‚‚‚F) values of the
NH3-F2 complex are compiled. Results as obtained from calcu-
lations without and with the inclusion of the CP correction in
the course of the geometry optimization are shown. The corres-
ponding optimized intramolecularR(F-F) values are collected
in Table 3. MP2/6-31++G(d,p) calculations without CP correc-
tion produce a complex geometry with almost equalR(N‚‚‚F)
andR(F-F) distances, halfway to the gas-phase ion pair.16 This
is an artifact. At all other levels of approximation an intermo-
lecular complex with only a weak perturbation of the intramo-
lecular F-F distance is obtained. The differences in the struc-
tural predictions when applying different post-MP2 approaches
are quite substantial. These trends do not change when improv-
ing the basis set. The modification of the equilibrium structure
when including the CP correction is significant; however, it
remains nearly constant for a given basis set. This correction is
nonnegligible, even with the aug-cc-pVTZ basis set but it is
reduced to 0.04 Å. The best computed value of 2.67 Å for the
intermolecularR(N‚‚‚F) distance as obtained at the CP-corrected
CCSD(T)/aug-cc-pVTZ level is somewhat shorter than the
experimentally deduced 2.708 Å.1 With the exception of MP2
all other approaches lead to the prediction of much larger
intermolecular distances. The computed lengthening of the
intramolecularR(F-F) distance amounts to 0.012 Å at the
CCSD(T)/aug-cc-pVTZ level. Again, the MP2 value is close
to the CCSDT results, all other approaches lead to significantly
smaller elongations. The inclusion of triple excitations appears
to be decisive to achieve agreement with experiment; the close
agreement between the optimized MP2 and CCSD(T) structure
for NH3-F2 is a bit fortuitous. Upon complex formation the
HNH bond angles are widened by about 0.1° only.

The computed stabilization energies are collected in Table
4. The trends parallel exactly those discussed for the complex
geometry. For a given basis set MP2 and CCSD(T) stabilization
energies are very close; those for the other correlation methods
lead to less intermolecular binding by about 0.5 kcal mol-1

considering CP-corrected energies. The use of the aug-cc-pVTZ
basis drastically reduces the CP correction. At the CCSD(T)/
aug-cc-pVTZ level the predicted stabilization energy amounts
to -1.70 kcal mol-1 with a still nonnegligible CP correction of
0.3 kcal mol-1.

Computed harmonic vibrational spectra and infrared intensi-
ties of the NH3-F2 complex as obtained with the three larger
basis sets at the MP2 level together with the frequency shifts
relative to the monomers are shown in Table 5. The four highest-
lying frequencies originate completely from the ammonia
subunit. More important than the absolute values of the
frequencies are the shifts relative to the computed frequencies
of the NH3 molecule, as obtained at the same methodical level.
With all three basis sets, the qualitative description of these
shifts is very similar. The N-H stretching modes and the
degenerate deformation mode are hardly modified or slightly
red-shifted, whereas the totally symmetric deformation mode
is blue-shifted by about 8 cm-1. These small shifts are fully in
line with the very weak structure change of the NH3 subunit
upon complex formation. The intramolecular F-F stretching
mode on the other hand is strongly red-shifted by about-100
cm-1 relative to the F2 monomer mode. The MP2 results for
the F2 harmonic stretching frequency as obtained with the three
larger basis sets are with 964, 989, and 1038 cm-1, respectively,
all considerably higher than theexperimental harmonicfre-
quency of 916 cm-1 or the gas-phase fundamental of 895

Figure 3. IntermolecularR(N‚‚‚X) distance of hydrogen-bonded and
CT complexes as obtained with the 6-311++G(2d,2p) basis and
different electron correlation methods.

Figure 4. IntermolecularR(N‚‚‚X) distance, widening of the intramo-
lecular R(X-Y) distance, and interaction energy∆E of hydrogen-
bonded and CT complexes as obtained with the 6-311++G(2d,2p) basis
and different electron correlation methods.
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cm-1.40 The frequency of the weakly infrared-allowed F-F
stretching mode of the NH3-F2 complex in solid Ar has been
observed experimentally at 781 cm-1,4 red-shifted by-111
cm-1 relative to the Raman-active F2 stretching frequency of
892 cm-1 in solid Ar.41 The frequencies of the five intermo-
lecular modes, two of them degenerate in pairs, could so far
not be determined experimentally. The MP2 values for the
intermolecular stretching frequency obtained in this work are
in good agreement with earlier MP2 calculations in which the
2D energy surface spanned by the intramolecular F-F stretch
and the intermolecular stretch has been subjected to harmonic
and anharmonic analyses.11

NH3-ClF. In Tables 6 and 7, the computedR(N‚‚‚Cl) and
R(Cl-F) distances are collected. In agreement with experiment,
the computed intermolecular distance in NH3-ClF is much

shorter than in NH3-F2. The experimentally determined
R(N‚‚‚Cl) value is 2.37(1) Å,2 which was derived under the
assumption of a frozen NH3 monomer and a ClF subunit
elongated by 0.02 Å relative to the free ClF monomer. The best
computed value in this work (CCSD(T)/aug-cc-pVTZ; CP-
corrected) is 2.35 Å, accompanied by an elongation of the
intramolecular Cl-F distance by 0.056 Å, considerably larger
than the corresponding computed elongation of F2. The HNH
bond angles in the complex are widened by about 2° relative to
the free NH3 molecule. In contrast to the NH3-F2 case just
discussed, the MP2 and CCSD(T) computed intermolecular
distancesR(N‚‚‚Cl) differ by about 0.1 Å, with MP2 leading to
a too short distance, while all the other electron correlation
methods lead to distances too large by 0.05-0.1 Å. Again,
within a given basis set, the effect of taking the CP correction

TABLE 2: Calculated Intermolecular Distances of the CT Complex NH3-F2 As Obtained with Different Electron Correlation
Methods, with Different Basis Sets, and without,R(N‚‚‚F), and with, RCP(N‚‚‚F), CP Correction (Å)

basis set MP2 MP3 MP4(DQ) MP4(SDQ) CCSD CCSD(T)

6-31++G(d,p)a R(N‚‚‚F) 1.85 2.69 2.71 2.64 2.65 2.48
RCP(N‚‚‚F) 2.62 2.84 2.87 2.78 2.80 2.65
∆R(CP) 0.77 0.15 0.14 0.14 0.15 0.17

6-311++G(2d,2p)a R(N‚‚‚F) 2.60 2.82 2.85 2.77 2.79 2.63
RCP(N‚‚‚F) 2.71 2.91 2.94 2.86 2.88 2.74
∆R(CP) 0.11 0.09 0.09 0.09 0.09 0.11

6-311++G(3df,2p)a R(N‚‚‚F) 2.57 2.78 2.81 2.74 2.75 2.60
RCP(N‚‚‚F) 2.70 2.87 2.91 2.83 2.85 2.71
∆R(CP) 0.13 0.09 0.10 0.09 0.10 0.11

aug-cc-pVTZb R(N‚‚‚F) 2.61 2.80 2.84 2.75 2.78 2.63
RCP(N‚‚‚F) 2.65 2.84 2.87 2.80 2.84 2.67
∆R(CP) 0.04 0.04 0.03 0.05 0.06 0.04

a Taken from ref 16.b This work.

TABLE 3: Calculated Intramolecular Distances of the CT Complex NH3-F2 As Obtained with Different Electron Correlation
Methods, with Different Basis Sets, and without,R(FF), and with, RCP(FF), CP Correction (Å)

basis set MP2 MP3 MP4(DQ) MP4(SDQ) CCSD CCSD(T)

6-31++G(d,p)a R(FF) 1.686 1.430 1.433 1.448 1.445 1.480
RCP(FF) 1.449 1.427 1.428 1.443 1.441 1.472
∆R(CP) 0.237 0.003 0.005 0.005 0.004 0.008
∆Rmon

b 0.015 0.006 0.003 0.008 0.007 0.015
6-311++G(2d,2p)a R(FF) 1.426 1.402 1.404 1.419 1.414 1.447

RCP(FF) 1.421 1.401 1.402 1.418 1.411 1.443
∆R(CP) 0.005 0.001 0.002 0.001 0.003 0.004
∆Rmon 0.011 0.005 0.003 0.007 0.004 0.012

6-311++G(3df,2p)a R(FF) 1.414 1.390 1.389 1.403 1.400 1.430
RCP(FF) 1.409 1.388 1.388 1.402 1.398 1.428
∆R(CP) 0.005 0.002 0.001 0.001 0.002 0.002
∆Rmon 0.012 0.005 0.005 0.009 0.005 0.013

aug-cc-pVTZc R(FF) 1.418 1.395 1.393 1.409 1.402 1.432
RCP(FF) 1.415 1.393 1.391 1.407 1.400 1.430
∆R(CP) 0.003 0.002 0.002 0.002 0.002 0.002
∆Rmon 0.014 0.006 0.002 0.008 0.004 0.012

a Taken from ref 16.b Lengthening ofR(F-F) in the complex (with CP correction) relative to the F2 monomer.c This work.

TABLE 4: Calculated Stabilization Energies of the CT Complex NH3-F2 As Obtained with Different Electron Correlation
Methods, with Different Basis Sets, and without,∆E, and with, ∆E(CP), CP Correction (kcal mol-1)

basis set MP2 MP3 MP4(DQ) MP4(SDQ) CCSD CCSD(T)

6-31++G(d,p)a ∆E -4.50 -2.55 -2.46 -2.79 -2.70 -3.42
∆E(CP) -1.75 -1.20 -1.15 -1.37 -1.31 -1.71
∆∆E 2.75 1.35 1.31 1.42 1.39 1.71

6-311++G(2d,2p)a ∆E -2.12 -1.52 -1.45 -1.66 -1.60 -2.08
∆E(CP) -1.45 -0.97 -0.93 -1.10 -1.04 -1.39
∆∆E 0.67 0.55 0.52 0.56 0.56 0.69

6-311++G(3df,2p)a ∆E -2.23 -1.59 -1.47 -1.74 -1.64 -2.19
∆E(CP) -1.60 -1.12 -1.02 -1.20 -1.16 -1.55
∆∆E 0.63 0.47 0.45 0.54 0.48 0.64

aug-cc-pVTZb ∆E -2.03 -1.44 -1.34 -1.54 -1.48 -2.00
∆E(CP) -1.75 -1.21 -1.12 -1.31 -1.25 -1.70
∆∆E 0.28 0.23 0.22 0.23 0.23 0.30

a Taken from ref 16.b This work.
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into account in the course of the geometry optimization remains
nearly constant for all methods. Despite the shorter intermo-
lecular distance, this correction is, in general, smaller than in
the NH3-F2 case. This is most probably connected with the
stronger interaction energy and the steeper potential in the NH3-
ClF case. The computed interaction energies are reported in
Table 8. The CCSD(T)-computed and CP-corrected interaction
energies lie between the MP2 answers and the results as obtained
with the other four electron correlation methods. Even with the
aug-cc-pVTZ basis, the CP correction is with 0.7 kcal/mol still
uncomfortably large. The difference between the MP2 and
CCSD(T) computed stabilization energies is with about 1.5 kcal
mol-1 quite significant. The best computed value of the total
interaction energy amounts to-9.4 kcal mol-1.

The calculated vibrational spectra of NH3-ClF are compiled
in Table 9. The shifts of the three higher-lying NH3 modes are
still small, their infrared intensities are, however, considerably
larger than in the NH3-F2 complex. The frequency of the totally

symmetric NH3 deformation mode in the NH3-ClF complex
is substantially blue-shifted by 65 cm-1 relative to that of the
NH3 molecule. Compared to the isolated ClF molecule, the
intramolecular Cl-F stretching frequency in the complex is red-
shifted by-174 cm-1, its infrared intensity is increased by about
a factor of 6. The corresponding experimental shift in an Ar
matrix amounts to-170 cm-1.5 In that case, even the absolute
values of the theoretical harmonic Cl-F stretching frequencies
are close to the experimental values. The MP2/aug-cc-pVTZ
computed harmonic ClF monomer stretching frequency is
computed at 800 cm-1, the experimental harmonic and the
fundamental frequencies are 786 and 773 cm-1, respectively.40

All intermolecular modes of the NH3-ClF complex lie at much
higher frequencies than those of the NH3-F2 complex, despite
the larger mass of the ClF molecule, a consequence of the much
more attractive interaction energy in NH3-ClF.

NH3-Cl2. The calculated structural, energetic, and vibrational
spectroscopic results for the NH3-Cl2 complex are reported in

TABLE 5: Calculated MP2 Harmonic Vibrational Frequencies, Frequency Shifts Relative to the Monomer, and Infrared
Intensities of the CT Complex NH3-F2

a

type of mode symmetry 6-311++G(2d,2p) 6-311++G(3df,2p) aug-cc-pVTZ

deg. N-H stretch E 3670 (-3) [20] 3675 (-3) [24] 3650 (0) [22]
N-H stretch A1 3529 (-4) [1] 3528 (-4) [1] 3502 (-1) [1]
deg. deformation E 1688 (-4) [33] 1670 (-2) [37] 1668 (-1) [32]
deformation A1 1068 (7) [142] 1041 (8) [149] 1046 (8) [136]
F-F stretch A1 893 (-71) [13] 907 (-82) [13] 932 (-106) [10]
intermolecular bend E 185 [63] 183 [48] 170 [45]
intermolecular stretch A1 90 [3] 101 [3] 96 [2]
intermolecular bend E 75 [50] 79 [52] 68 [52]

a Frequencies and shifts relative to the monomers (in parentheses) in cm-1; infrared intensities in square brackets in km mol-1.

TABLE 6: Calculated R(N‚‚‚Cl) Distances of the CT Complex NH3-ClF As Obtained with Different Electron Correlation
Methods, with Different Basis Sets, and without,R(N‚‚‚Cl), and with, RCP(N‚‚‚Cl), CP Correction (Å)

basis set MP2 MP3 MP4(DQ) MP4(SDQ) CCSD CCSD(T)

6-31++G(d,p) R(N‚‚‚Cl) 2.34 2.49 2.50 2.46 2.48 2.43
RCP(N‚‚‚Cl) 2.43 2.58 2.59 2.55 2.57 2.52
∆R(CP) 0.09 0.09 0.09 0.09 0.09 0.09

6-311++G(2d,2p) R(N‚‚‚Cl) 2.24 2.42 2.42 2.37 2.39 2.33
RCP(N‚‚‚Cl) 2.31 2.49 2.50 2.45 2.46 2.40
∆R(CP) 0.07 0.07 0.08 0.08 0.07 0.07

6-311++G(3df,2p) R(N‚‚‚Cl) 2.23 2.41 2.43 2.38 2.40 2.33
RCP(N‚‚‚Cl) 2.28 2.47 2.49 2.45 2.46 2.38
∆R(CP) 0.05 0.06 0.06 0.07 0.06 0.05

aug-cc-pVTZ R(N‚‚‚Cl) 2.24 2.41 2.42 2.37 2.39 2.32
RCP(N‚‚‚Cl) 2.26 2.43 2.45 2.40 2.42 2.35
∆R(CP) 0.02 0.02 0.03 0.03 0.03 0.03

TABLE 7: Calculated R(Cl-F) Distances of the CT Complex NH3-ClF As Obtained with Different Electron Correlation
Methods, with Different Basis Sets, and without,R(ClF), and with, RCP(ClF), CP Correction (Å)

basis set MP2 MP3 MP4(DQ) MP4(SDQ) CCSD CCSD(T)

6-31++G(d,p) R(ClF) 1.730 1.693 1.694 1.710 1.702 1.722
RCP(ClF) 1.720 1.689 1.690 1.704 1.698 1.718
∆R(CP) 0.010 0.004 0.004 0.006 0.004 0.004
∆Rmon

a 0.050 0.026 0.025 0.032 0.029 0.039
6-311++G(2d,2p) R(ClF) 1.747 1.697 1.697 1.716 1.708 1.738

RCP(ClF) 1.736 1.691 1.691 1.708 1.697 1.728
∆R(CP) 0.011 0.006 0.006 0.008 0.011 0.010
∆Rmon 0.072 0.035 0.034 0.044 0.035 0.053

6-311++G(3df,2p) R(ClF) 1.710 1.661 1.661 1.679 1.671 1.698
RCP(ClF) 1.702 1.658 1.657 1.671 1.666 1.692
∆R(CP) 0.008 0.003 0.004 0.008 0.005 0.006
∆Rmon 0.069 0.033 0.031 0.038 0.036 0.049

aug-cc-pVTZ R(ClF) 1.714 1.667 1.668 1.682 1.676 1.705
RCP(ClF) 1.712 1.665 1.666 1.680 1.674 1.702
∆R(CP) 0.002 0.002 0.002 0.002 0.002 0.003
∆Rmon 0.077 0.036 0.036 0.043 0.040 0.056

a Lengthening ofR(Cl-F) in the complex (with CP correction) relative to the ClF monomer.
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Tables 10-13. The general trends observed for this complex
are very similar to that of the NH3-F2 complex. As already
mentioned before, the NH3-Cl2 complex could not be treated
at post-MP2 levels when using the aug-cc-pVTZ basis. How-

ever, with the aid of the results on the two other complexes,
the MP2/aug-cc-pVTZ data, and the calculations with the three
smaller basis sets, a quite reliable estimate is possible for the
CCSD(T)/aug-cc-pVTZ numbers. The estimated intermolecular

TABLE 8: Calculated Stabilization Energies of the CT Complex NH3-ClF As Obtained with Different Electron Correlation
Methods, with Different Basis Sets, and without,∆E, and with, ∆E(CP), CP Correction (kcal mol-1)

basis set MP2 MP3 MP4(DQ) MP4(SDQ) CCSD CCSD(T)

6-31++G(d,p) ∆E -11.35 -8.90 -8.70 -9.43 -9.05 -10.08
∆E(CP) -9.02 -7.05 -6.92 -7.46 -7.18 -7.88
∆∆E 2.33 1.85 1.78 1.97 1.87 2.20

6-311++G(2d,2p) ∆E -12.37 -8.78 -8.49 -9.36 -9.00 -10.47
∆E(CP) -10.54 -7.44 -7.19 -7.90 -7.63 -8.73
∆∆E 1.83 1.34 1.30 1.46 1.37 1.74

6-311++G(3df,2p) ∆E -11.99 -8.76 -8.34 -9.11 -8.78 -10.30
∆E(CP) -10.32 -7.46 -7.09 -7.82 -7.47 -8.72
∆∆E 1.67 1.30 1.25 1.29 1.31 1.58

aug-cc-pVTZ ∆E -11.82 -8.50 -8.06 -8.87 -8.53 -10.11
∆E(CP) -10.96 -7.89 -7.48 -8.24 -7.93 -9.38
∆∆E 0.86 0.61 0.58 0.63 0.63 0.73

TABLE 9: Calculated MP2 Harmonic Vibrational Frequencies, Frequency Shifts Relative to the Monomer, and Infrared
Intensities of the CT Complex NH3-ClFa

type of mode symmetry 6-311++G(2d,2p) 6-311++G(3df,2p) aug-cc-pVTZ

deg. N-H stretch E 3675 (2) [78] 3676 (-2) [81] 3653 (2) [76]
N-H stretch A1 3527 (-6) [17] 3521 (-11) [16] 3497 (-6) [14]
deg. deformation E 1673 (-19) [51] 1659 (-13) [55] 1657 (-12) [51]
deformation A1 1130 (69) [142] 1095 (62) [123] 1103 (65) [114]
Cl-F stretch A1 596 (-155) [227] 619 (-177) [237] 626 (-174) [232]
intermolecular bend E 528 [46] 513 [34] 510 [34]
intermolecular stretch A1 248 [107] 232 [104] 237 [104]
intermolecular bend E 207 [8] 212 [10] 206 [10]

a Frequencies and shifts relative to the monomers (in parentheses) in cm-1; infrared intensities in square brackets in km mol-1.

TABLE 10: Calculated R(N‚‚‚Cl) Distances of the CT Complex NH3-Cl2 As Obtained with Different Electron Correlation
Methods, with Different Basis Sets, and without,R(N‚‚‚Cl), and with, RCP(N‚‚‚Cl), CP Correction (Å)

basis set MP2 MP3 MP4(DQ) MP4(SDQ) CCSD CCSD(T)

6-31++G(d,p) R(N‚‚‚Cl) 2.63 2.74 2.77 2.73 2.75 2.68
RCP(N‚‚‚Cl) 2.80 2.87 2.89 2.87 2.88 2.83
∆R(CP) 0.17 0.13 0.12 0.14 0.13 0.15

6-311++G(2d,2p) R(N‚‚‚Cl) 2.55 2.71 2.74 2.71 2.71 2.63
RCP(N‚‚‚Cl) 2.66 2.83 2.85 2.83 2.84 2.75
∆R(CP) 0.11 0.12 0.11 0.12 0.13 0.12

6-311++G(3df,2p) R(N‚‚‚Cl) 2.61 2.73 2.76 2.73 2.74 2.66
RCP(N‚‚‚Cl) 2.70 2.84 2.87 2.84 2.85 2.77
∆R(CP) 0.09 0.11 0.11 0.11 0.11 0.11

aug-cc-pVTZ R(N‚‚‚Cl) 2.59 2.64a

RCP(N‚‚‚Cl) 2.63 2.68a

∆R(CP) 0.04 0.04a

a Estimated.

TABLE 11: Calculated R(Cl-Cl) Distances of the CT Complex NH3-Cl2 As Obtained with Different Electron Correlation
Methods, with Different Basis Sets, and without,R(ClCl), and with, RCP(ClCl), CP Correction (Å)

basis set MP2 MP3 MP4(DQ) MP4(SDQ) CCSD CCSD(T)

6-31++G(d,p) R(ClCl) 2.056 2.054 2.050 2.058 2.055 2.077
RCP(ClCl) 2.047 2.048 2.046 2.050 2.049 2.068
∆R(CP) 0.009 0.006 0.004 0.008 0.006 0.009
∆Rmon

a 0.029a 0.020 0.017 0.018 0.017 0.026
6-311++G(2d,2p) R(ClCl) 2.070 2.060 2.056 2.061 2.061 2.079

RCP(ClCl) 2.059 2.055 2.050 2.058 2.055 2.071
∆R(CP) 0.011 0.006 0.006 0.008 0.011 0.010
∆Rmon 0.030 0.016 0.013 0.019 0.016 0.023

6-311++G(3df,2p) R(ClCl) 2.017 2.019 2.015 2.018 2.018 2.032
RCP(ClCl) 2.011 2.013 2.010 2.013 2.013 2.025
∆R(CP) 0.006 0.006 0.005 0.005 0.005 0.007
∆Rmon 0.027 0.016 0.016 0.015 0.016 0.020

aug-cc-pVTZ R(ClCl) 2.034 2.049b

RCP(ClCl) 2.028 2.043b

∆R(CP) 0.006 0.006b

∆Rmon 0.035 0.030b

a Lengthening ofR(Cl-Cl) in the complex (with CP correction) relative to the Cl2 monomer.b Estimated.
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R(N‚‚‚Cl) distance amounts to 2.68 Å, somewhat shorter than
the experimental value of 2.73( 0.03 Å.3 Compared to the
free Cl2 molecule an increase of the intramolecular Cl-Cl is
distance in the complex by about 0.03 Å is calculated. The HNH
bond angles are widened by about 0.7°. The CCSD(T)/aug-cc-
pVTZ interaction energy is estimated as-4.4 kcal mol-1.

Experimental vibrational spectra are not available for the
NH3-Cl2 complex. The calculated intramolecular NH3 vibra-
tions of the complex show shifts qualitatively similar to those
in the NH3-F2 case. The infrared intensities of these four modes
and that of the Cl-Cl stretching mode are halfway between
that of the NH3-F2 and NH3-ClF complexes. The computed
red shift of the intramolecular Cl-Cl stretching frequency
amounts to-68 cm-1. The three intermolecular modes are all
higher than in the complex with F2. Thus, the stronger binding
overcompensates the larger mass of Cl2.

Trends in the Series NH3-F2, NH3-ClF, and NH3-Cl2.
Rather than to try to establish the amount of charge transfer
between NH3 and the halogens directly, which is a notoriously
difficult problem, a pragmatic point of view is taken to illustrate
the strength and the character of the interaction in this series.
The trends in several expectation values thought to be connected
with the strength of the intermolecular interaction are monitored
and discussed in the following. The structural, energetic, and
vibrational properties as obtained with the aug-cc-pVTZ basis
at CCSD(T) and MP2 levels for the three complexes are
recollected. In addition to these data, MP2/aug-cc-pVTZ-
calculated zero point energy (ZPE) corrections, ZPE-corrected
stabilization energies, dipole moments, dipole moment enhance-
ments relative to the sum of monomer dipole moments, the
harmonic force constants of the 2× 2 submatrix spanned by
R(X-Y) andR(N‚‚‚X), the diagonal harmonic force constants
for the bending of the linear N‚‚‚X-Y subunit and for the
bending of theC3 axis of the NH3 molecule relative to the N‚
‚‚X connection, and, finally, electric field gradients on N, F,
and Cl atoms together with the nuclear quadrupole coupling
constantsø(14N) andø(35Cl) are shown in Table 14.

The most important computed quantity is the intermolecular
distanceR(N‚‚‚X) because it can be reliably determined from
the experimental side. The CP-corrected and CCSD(T)/aug-cc-
pVTZ-calculated values of 2.67 Å for NH3-F2, 2.35 Å for
NH3-ClF, and 2.68 Å for NH3-Cl2 are satisfactorily close and
consistently below the corresponding experimentally deduced
values of 2.71,1 2.37,2 and 2.733 Å, respectively. Compared to
previous calculations on these complexes, the agreement with

TABLE 12: Calculated Stabilization Energies of the CT Complex NH3-Cl2 As Obtained with Different Electron Correlation
Methods, with Different Basis Sets, and without,∆E, and with, ∆E(CP), CP Correction (kcal mol-1)

basis set MP2 MP3 MP4(DQ) MP4(SDQ) CCSD CCSD(T)

6-31++G(d,p) ∆E -5.58 -4.64 -4.35 -4.65 -4.53 -5.21
∆E(CP) -3.81 -3.17 -2.99 -3.17 -3.09 -3.48
∆∆E 1.77 1.47 1.36 1.48 1.44 1.73

6-311++G(2d,2p) ∆E -6.17 -4.73 -4.39 -4.70 -4.61 -5.41
∆E(CP) -4.71 -3.62 -3.37 -3.59 -3.53 -4.05
∆∆E 1.46 1.11 1.02 1.11 1.08 1.36

6-311++G(3df,2p) ∆E -6.03 -4.90 -4.51 -4.79 -4.71 -5.53
∆E(CP) -4.47 -3.57 -3.28 -3.49 -3.44 -4.02
∆∆E 1.56 1.33 1.23 1.30 1.25 1.41

aug-cc-pVTZ ∆E -5.46 -4.96a

∆E(CP) -4.92 -4.42a

∆∆E 0.54 0.54a

a Estimated.

TABLE 13: Calculated MP2 Harmonic Vibrational Frequencies, Frequency Shifts Relative to the Monomer, and Infrared
Intensities of the CT Complex NH3-Cl2a

type of mode symmetry 6-311++G(2d,2p) 6-311++G(3df,2p) aug-cc-pVTZ

deg. N-H stretch E 3673 (0) [42] 3674 (-4) [40] 3649 (-1) [38]
N-H stretch A1 3527 (-6) [5] 3523 (-9) [7] 3498 (-5) [2]
deg. deformation E 1681 (-11) [44] 1665 (-7) [44] 1663 (-6) [20]
deformation A1 1078 (17) [107] 1050 (17) [125] 1060 (22) [108]
Cl-Cl stretch A1 484 (-56) [61] 511 (-67) [42] 505 (-68) [45]
intermolecular bend E 327 [54] 283 [46] 287 [46]
intermolecular stretch A1 152 [51] 146 [30] 138 [34]
intermolecular bend E 116 [17] 103 [17] 100 [9]

a Frequencies and shifts relative to the monomers (in parentheses) in cm-1; infrared intensities in square brackets in km mol-1.

TABLE 14: Trends in Selected Ground-State Expectation
Values in the Series NH3-XY As Obtained at the CCSD(T)
and MP2/aug-cc-pVTZ Level

property NH3-F2 NH3-ClF NH3-Cl2

R(N‚‚‚X) (Å) 2.67 2.35 2.68
∆R(X-Y) (Å)a 0.012 0.056 0.030
∆E (kcal mol-1) -1.70 -9.38 -4.42
∆E(ZPE) (kcal mol-1)b -0.97 -7.18 -3.22
∠HNH (deg)c 106.9 108.9 107.5
∆∠HNH (deg)c 0.1 2.1 0.7
µ (D)c 1.99 5.67 3.40
∆µ (D)c,d 0.47 3.23 1.88
∆ν(X-Y) (cm-1)c -106 -174 -68
ν(N‚‚‚X) (cm-1)c 96 237 138
f(X-Y) (mdyn Å-1)c 5.06 3.13 2.85
f(X-Y/N‚‚‚X)

(mdyn Å-1)c
0.21 0.55 0.26

f(N‚‚‚X) (mdyn Å-1)c 0.07 0.50 0.17
∆f(X-Y) (mdyn Å-1)c -0.62 -1.51 -0.83
f(N‚‚‚X-Y) (mdyn Å)c 0.087 0.63 0.27
f(H3N‚‚‚X) (mdyn Å)e 0.0096 0.13 0.041
efg N (au)c 0.783 (-3.72)f 0.569 (-2.70)f 0.719 (-3.41)f

efg X (au)c -6.17 -7.09 (-136)g -5.74 (-110)g

efg Y (au)c -5.86 -3.21 -4.90 (-94)g

a Lengthening ofR(X-Y) relative to the monomer.b ZPE- and CP-
corrected CCSD(T) interaction energy; ZPE corrections from MP2/
aug-cc-pVTZ frequencies.c MP2/aug-cc-pVTZ.d Difference to the sum
of monomer dipole moments.e Diagonal force constant for tilting the
C3 axis of NH3 relative to N‚‚‚X connection.f Values in parentheses
are nuclear quadrupole coupling constantsø(14N) in MHz. g Values in
parentheses are nuclear quadrupole coupling constantsø(35Cl) in
MHz.
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the rotational spectroscopic data is considerably improved. In
this series, the widening of the HNH bond angles in the
complexes display the same trends as the other structural
parameters. The computed modifications of the HNH bond
angles range from 0.1° in NH3-F2 to about 2.0° in NH3-ClF,
with an intermediate value of 0.7° in NH3-Cl2. The assumption
of frozen monomers often used in the interpretation of the
rotational spectroscopic data appears to be justified for the NH3

subunit in all three complexes. The computed elongation of the
ClF bond of 0.056 Å is a bit larger than the 0.02 Å assumed in
ref 2 on the basis of an earlier ab initio calculation. It should
be stressed that effects due to vibrational averaging over
intermolecular coordinates are not treated in this work.

An important expectation value to characterize charge transfer
is the dipole moment of the complex. Experimental dipole
moments are not yet available. The computed dipole moment
is largest in the case of NH3-ClF and smallest for NH3-F2.
The same order occurs for the dipole moment increase relative
to the sum of monomer dipole moments. Suitable indicators
for the strength of interaction are the shifts of the intramolecular
modes, in particular of the X-Y stretching frequency, and the
frequency of the intermolecular stretching mode. While the latter
behaves in this series as the other properties discussed so far,
there appears to be a small deviation from the general trend
when inspecting the trends for the shift of the X-Y stretching
frequency. Again, this red shift is largest for NH3-ClF, but the
relative order is reversed for the other two complexes. This is,
however, merely a consequence of the much lower-lying
vibrational frequency of Cl2 as compared to that of F2. A detailed
analysis of the 2× 2 harmonic fields reveals that the decrease
of the intramolecular stretching force constant∆f(X-Y) obeys
the expected order. From the experimental analysis of centrifugal
distortions,1-3 effective intermolecular force constants have been
determined for these three complexes. Values of 0.047, 0.343,
and 0.127 mdyn Å-1 have been reported. While these force con-
stants cannot be compared directly to the harmonic f(N‚‚‚X)
values reported in Table 14, for a number of reasons, the two
sets of values correlate quite nicely as shown in Figure 5.

Apart from the stretching degrees of freedom, the intermo-
lecular bending frequencies and the bending force constants
f(N‚‚‚X-Y) and f(H3N‚‚‚X), the latter describing the tilt of the
C3 axis of NH3 relative to the N‚‚‚X bond, provide also useful
insight into the intermolecular bonding and the flexibility of
these complexes. There are two degenerate pairs of bending
frequencies, one lower and one higher than the intermolecular
stretching frequency. Those of the lower bending frequency are
computed at 68, 206, and 100 cm-1 for the complexes with F2,
ClF, and Cl2 at the MP2/aug-cc-pVTZ level. The frequencies

of the higher-lying bending mode are computed at 170, 510,
and 287 cm-1, respectively. The force constantsf(N‚‚‚X-Y)
andf(H3N‚‚‚X) in this series show the varying angular flexibility
of these complexes in an even more clear fashion.

Other interesting quantities which are often used to character-
ize the intermolecular interaction are the nuclear quadrupole
coupling constantsø. These may be evaluated from computed
electric field gradients on the nuclei. Experimental quadrupole
coupling constants are available for14N in the case of NH3-
F2

1 and NH3-ClF,2 and also for free NH3.42 Moreover,35Cl
nuclear quadrupole coupling constants have also been deter-
mined for NH3-ClF,2 NH3-Cl2,3 ClF,43 and Cl2.44 Strictly
taken, the direct comparison between experimental and com-
puted values forø(14N) and ø(35Cl) is not possible without
additional assumptions because the experimental quantities
correspond to vibrational averages over the large-amplitude
intermolecular bending coordinates. From their experimental
work, Legon and co-workers1-3 derived values for NH3-F2,
NH3-ClF, and NH3-Cl2 of 25, 15, and 15° for the average
bending of theC3 axis of NH3 relative to the line connecting
the center of masses of NH3 and the halogen and values of 20,
10, and 7.5° for the average bending of the halogen axis relative
to the line connecting the center of masses of NH3 and the
halogen. In Figure 6, the computedø(14N) and ø(35Cl) are,
nevertheless, confronted with the experimental values. In the
case ofø(35Cl) (see Figure 6b) this averaging is probably less
problematic because of the larger mass of the halogen and the
smaller angular distortions. The description of the changes
brought about by the intermolecular interaction and the differ-
ence between ClF and Cl2 molecules appear to be well described,
although the computed values are all too high by about 5-8
MHz. In the case ofø(14N) (see Figure 6a), the agreement
between computed (nonaveraged) and experimental values
appears acceptable in the cases of NH3 and NH3-ClF, but there
is a large discrepancy for NH3-F2, the origin of which is most
probably the soft bending potential in that weakly bound
complex, which gives rise to the large angular distortions, as
discussed in the experimental work.1

Figure 5. Comparison of MP2/aug-cc-pVTZ-calculated harmonic force
constantsf(N‚‚‚X), open circles, with experimentally deduced values,
open squares. Experimental values taken from refs 1-3.

Figure 6. Comparison of calculated and experimental quadrupole
coupling constantsø(14N) (a) andø(35Cl)(b): (squares) Experimental
values taken from refs 1-3 and 42-44; (circles) MP2/aug-cc-pVTZ
computed.
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Summary and Conclusions

A large-scale systematic study of the three heterodimers
NH3-F2, NH3-ClF, and NH3-Cl2 has been presented. An
excellent agreement between experimentally determined struc-
tures and CP-corrected CCSD(T)/aug-cc-pVTZ-optimized ge-
ometries is achieved. Because the CP correction is still
nonnegligible at this level of approximation, it has to be taken
into account in the process of geometry optimization. The
sensitivity of the computed geometry parameters to the basis
set and electron correlation method chosen, as observed previ-
ously for the case of NH3-F2, persists also for the other two
complexes. From all other correlation methods probed, the MP2
results are closest to the CCSD(T) answers. The very close
agreement between these two approaches appears, however,
fortuitous in the case of NH3-F2. In the other two cases the
MP2 computed distances are too short. All computed quantities
point to an increase of the intermolecular interaction in the order
NH3-F2, NH3-Cl2, and NH3-ClF.
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