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We have optimized the lowest energy structures and calculated interaction energies for the
H2O–H2O, H2O–H2S, H2O–NH3, and H2O–PH3 dimers with the recently developed explicitly
correlated CCSD�T�-F12 methods and the associated VXZ-F12 �where X=D,T,Q� basis sets. For
a given cardinal number, we find that the results obtained with the CCSD�T�-F12 methods are much
closer to the CCSD�T� complete basis set limit than the conventional CCSD�T� results. In general
we find that CCSD�T�-F12 results obtained with the VTZ-F12 basis set are better than the
conventional CCSD�T� results obtained with an aug-cc-pV5Z basis set. We also investigate two
ways to reduce the effects of basis set superposition error with conventional CCSD�T�, namely, the
popular counterpoise correction and limiting diffuse basis functions to the heavy atoms only. We
find that for a given cardinal number, these selectively augmented correlation consistent basis sets
yield results that are closer to the complete basis set limit than the corresponding fully augmented
basis sets. Furthermore, we find that the difference between standard and counterpoise corrected
interaction energies and intermolecular distances is reduced with the selectively augmented basis
sets. © 2009 American Institute of Physics. �DOI: 10.1063/1.3159672�

I. INTRODUCTION

Weakly bound complexes are recognized as intermedi-
ates between strictly gas-phase and condensed-phase species
that are important for describing the chemistry of Earth’s
atmosphere.1–3 The formation of complexes can cause
changes to the absorption spectra and chemical reactivities of
the constituent monomers, which can potentially open up
entirely new avenues of chemistry in the atmosphere.4–10

In the present work, we investigate the geometries and
interaction energies of the monohydrated complexes of water
�H2O–H2O�, hydrogen sulfide �H2O–H2S�, ammonia
�H2O–NH3�, and phosphine �H2O–PH3�. The water dimer is
considered as a prototypical system for hydrogen bonded
complexes and has been extensively studied with a variety of
theoretical and experimental approaches. We reference here a
selection of some of the more recent high level
calculations.11–17 The water ammonia complex is more
strongly bound than water dimer and has prompted a few
theoretical investigations.18–23 There are only limited calcu-
lations for the equivalent second row hydride complexes,
H2O–H2S and H2O–PH3.21,22,24–27

We investigate the optimized geometries, harmonic vi-
brational frequencies, and interaction energies for
H2O–H2O, H2O–H2S, H2O–NH3, H2O–PH3, and their
constituent monomers. The motivation for this research is
threefold. First, we intend to test the performance of the re-
cently developed explicitly correlated CCSD�T�-F12 meth-
ods using a series of small hydrogen bonded molecular com-
plexes. The four complexes chosen are small enough that
conventional CCSD�T� calculations of benchmark quality

can be completed and we use these for comparison. The
painfully slow convergence of electron correlation energy
with increasing basis set size is one of the great challenges in
modern computational chemistry. The explicitly correlated
CCSD�T�-F12 methods are claimed to give results using a
triple-� basis set that are better than conventional CCSD�T�
with a quintuple-� basis set.28 However, it is not clear how
well these explicitly correlated methods will describe weak
intermolecular interactions and how they are affected by ba-
sis set superposition error �BSSE�.

Second, it is well established that the inclusion of diffuse
basis functions is important for describing van der Waals
complexes.29 However, it has recently been suggested that
the inclusion of diffuse basis functions on the hydrogen at-
oms of complexes may exacerbate the effects of BSSE when
using large correlation consistent basis sets.30 We investigate
this effect by comparing the results obtained with selectively
augmented basis sets to the fully augmented results and to
the explicitly correlated results. We also compare our con-
ventional CCSD�T� results to the results obtained with coun-
terpoise �CP� correction, which is commonly used to allevi-
ate problems with BSSE.14,17,23,31–38 While CP correction of
correlated wave functions such as MP2 and CCSD�T� has
been theoretically criticized,39–41 it is still routinely used with
these methods and also appears to work well for Hartree–
Fock and density functional methods.39,42,43

Finally, we are also interested in any apparent differ-
ences between the H2O–PH3 complex and the other com-
plexes considered. Phosphine has been detected in the upper
troposphere and it is conjectured that phosphine is less
readily incorporated into aerosol than hydrogen sulfide and
ammonia.44 While not a consummate model, the H2O–PH3
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dimer should be a reasonable first approximation for assess-
ing the mobility of phosphine gas in the atmosphere.

The present investigation serves not only to accurately
calculate the structures of H2O–H2O, H2O–H2S,
H2O–NH3, and H2O–PH3 but provides interaction energies
and intermolecular distances suitable for benchmarking.
Weakly bound complexes are challenging systems to de-
scribe with electronic structure theory. Our present bench-
mark results should be useful for estimating error in lower
level ab initio methods and for calibrating molecular me-
chanics and density functional development.

II. THEORETICAL METHODS

We have fully optimized the geometries of H2O–H2O,
H2O–H2S, H2O–NH3, H2O–PH3, and their constituent
monomers with the coupled cluster singles doubles and per-
turbative triples �CCSD�T�� ab initio theory using Dunning-
type correlation consistent basis sets. The lowest energy
structure of each complex is shown in the supplementary
deposit.45 With a suitably large basis set, the CCSD�T�
method has been shown to give accurate geometries of small
systems that are in excellent agreement with
experiment.31,46,47 We have used the cc-pVXZ and
aug-cc-pVXZ basis sets �where X=D,T,Q,5 ,6� for first row
elements and the cc-pV�X+d�Z and aug-cc-pV�X+d�Z basis
sets �where X=D,T,Q,5 ,6� for all second row
elements.48–50 For brevity, we refer to these basis sets as
VXZ and AVXZ �where X=D,T,Q,5 ,6� whereby it is as-
sumed that second row elements have the additional tight d
basis functions. We have also constructed basis sets where
only the heavy atoms �i.e., all atoms but hydrogen� are aug-
mented with diffuse basis functions and we refer to these as
A�VXZ �where X=D,T,Q,5 ,6�.40

We have optimized the geometry of the complexes using
both a standard optimization scheme and also a full CP cor-
rected optimization scheme to reduce the effects of BSSE on
our optimized geometry.32 We have recently shown that this
approach gives accurate geometries of monohydrated com-
plexes with an accuracy that is comparable to the precision
of most experimentally determined structures.23,33,51

We have also optimized the geometries of H2O–H2O,
H2O–H2S, H2O–NH3, H2O–PH3, and their constituent
monomers with the newly developed explicitly correlated
CCSD�T�-F12 methods as implemented in MOLPRO

2008.1.52,53 We have used the VXZ-F12 orbital basis sets
�where X=D,T,Q� of Peterson et al.54 that have been spe-
cifically optimized for use with explicitly correlated F12
methods. For a given cardinal number, the VXZ-F12 basis
sets have been designed to be of similar size to the equiva-
lent aug-cc-pVXZ and aug-cc-pV�X+d�Z basis sets. Density
fitting approximations55,56 were used in all explicitly corre-
lated calculations using the VXZ /JKFIT �where X=D,T,Q�
and the AVXZ /MP2FIT �where X=D,T,Q� auxiliary basis
sets of Weigend et al.57,58 We have used the resolution of the
identity �RI� auxiliary basis sets of Yousaf and Peterson59 for
all RI approximations. The default CCSD-F12 correlation
factor ��1 /��e−�r12, where �=1� was used in all explicitly
correlated calculations. Two different approximations are

available for solving the CCSD�T�-F12 energies in MOLPRO

2008.1, denoted as CCSD�T�-F12a and CCSD�T�-F12b. Un-
less specified when we refer to the CCSD�T�-F12 methods
we mean both the CCSD�T�-F12a and CCSD�T�-F12b
methods.

We have extrapolated the CCSD�T� energies to the com-
plete basis set �CBS� limit with the following two parameter
extrapolation for the correlation energy:

EXY
corr =

X3EX
corr − Y3EY

corr

X3 − Y3 �1�

where X and Y are the cardinal numbers of the two basis sets
and EX

corr and EY
corr are the corresponding correlation

energies.60,61 The extrapolated correlation energy EQ5
corr is

added to the HF/AV5Z energy to give an estimate of the
CCSD�T�/CBS limit energy. All energies are obtained
using a fixed CCSD�T�/AVQZ, CCSD�T� /A�VQZ, or
CCSD�T�/VQZ optimized geometry.

We estimate the intermolecular distance of H2O–H2O,
H2O–H2S, H2O–NH3, and H2O–PH3 at the CCSD�T�/CBS
limit by numerically determining the minimum of a CBS
intermolecular potential obtained using Eq. �1�. The potential
used extends from �0.40 to +0.50 Å in 0.05 Å steps about
the equilibrium value of the intermolecular distance. All
other geometric parameters are kept fixed.

Intermolecular vibrational modes in complexes are
known to be highly anharmonic. We estimate the anharmonic
correction to the intermolecular distance by calculating the
expectation value of RO¯O, RO¯S, RO¯N, and RO¯P in the
vibrational ground state. We use the CCSD�T�/CBS limit in-
termolecular potential energy curve described above and
solve the resulting one-dimensional Schrödinger equation us-
ing a finite element method to give the ground state vibra-
tional energy and wave function.62 We estimate the reduced
mass of the intermolecular stretching vibrational mode by
assuming point masses for the H2O, H2S, NH3, and PH3

subunits.
We calculate the thermodynamic parameters and the

equilibrium constant �keq� for the formation of H2O–H2O,
H2O–H2S, H2O–NH3, and H2O–PH3 using simple statisti-
cal mechanics.1,63 We use the rigid rotor and harmonic fre-
quency approximations according to the standard text by
McQuarrie.63 Harmonic frequencies and rotational constants
for the complexes and their constituent monomers are ob-
tained with the CCSD�T�-F12a/VTZ-F12 method.

All coupled cluster calculations assume a frozen core
�O:1s; N:1s; S :1s, 2s, 2p; P :1s, 2s, 2p� and were per-
formed using MOLPRO 2008.1.52 The optimization threshold
criteria were set to gradient=1�10−6 a.u., step size
=1�10−6 a.u., and energy=1�10−8 a.u. All single point
energies were converged to 1�10−9 a.u.

III. RESULTS and DISCUSSION

A. Monomer

In Table I we present the geometric parameters of H2O,
H2S, NH3, and PH3 optimized with the CCSD�T� method
and the explicitly correlated CCSD�T�-F12 methods, as well
as the experimentally determined values. As expected, the
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CCSD�T� optimized geometric parameters converge uni-
formly as the cardinal number of the basis set increases. We
find that bond lengths progressively shorten and bond angles
steadily increase from AVDZ to AV6Z. Unfortunately, this
same attractive convergence as the cardinal number of the
basis set increases is not exhibited for the geometric param-
eters optimized using the explicitly correlated CCSD�T�-F12
methods. However, it is important to note that the variation
between the VDZ-F12, VTZ-F12, and VQZ-F12 results with
the explicitly correlated methods is considerably smaller than
the CCSD�T� results with the equivalent Dunning basis sets.

For a given cardinal number, geometric parameters opti-
mized using the explicitly correlated methods are in much
better agreement with experiment than geometric parameters
optimized with conventional CCSD�T�. The CCSD�T�-F12
optimized geometries obtained with the VTZ-F12 basis set
are comparable to the CCSD�T�/AV5Z results and in very
close agreement with the experimental values. Impressively,
geometric parameters optimized with the VDZ-F12 basis set
are of similar accuracy to the CCSD�T�/AVQZ results and
are at least an order of magnitude less computationally de-
manding.

There are small differences between geometric param-
eters optimized with the two different F12 approximations.
We find that bond lengths obtained with the CCSD�T�-F12a
method and a given basis set are consistently slightly longer
than those obtained with the CCSD�T�-F12b method. Simi-
larly, we find that bond angles calculated with the CCSD�T�-
F12a method are consistently slightly larger than those cal-
culated with the CCSD�T�-F12b method. From the current
limited data set, it appears that geometries optimized with
the CCSD�T�-F12b method are in slightly better agreement
with the experimental results than geometries optimized with
the CCSD�T�-F12a method.

In Table II we present the harmonic fundamental fre-
quencies of H2O, H2S, NH3, and PH3 calculated with the
CCSD�T� method and the explicitly correlated CCSD�T�-
F12 methods. Similar to what was observed for the geomet-

ric parameters, the CCSD�T� harmonic frequencies converge
uniformly as the cardinal number of the basis set increases
from AVDZ to AV5Z. Again somewhat troublesome, the ex-
plicitly correlated results do not appear to converge as the
cardinal number of the basis set increases, although the os-
cillation is small.

In general, harmonic frequencies obtained using the ex-
plicitly correlated methods and even the smallest basis set
are very close to the CCSD�T�/AV5Z results, in agreement
with the recent findings of Rauhut et al.65 If we exclude the
VDZ-F12 results for H2S, we find that the explicitly corre-
lated harmonic frequencies differ by only a few wave num-
bers as compared to the CCSD�T�/AV5Z results. Interest-
ingly, the H2S harmonic frequencies obtained with the VDZ-
F12 basis set are overestimated by �8 cm−1 compared to the
CCSD�T�/AV5Z results. We suggest that perhaps the VDZ-
F12 basis set for sulfur is not as well optimized as for the
other atoms.

B. Intermolecular distance

The lowest energy structure of H2O–H2O, H2O–H2S,
H2O–NH3, and H2O–PH3 exhibits a near linear hydrogen
bond with one of hydrogen atoms of the water subunit acting
as the donor atom. Here we limit the discussion to just the
intermolecular distances of the complexes, with the full op-
timized geometries given in Tables I–XII of the supplemen-
tary deposit.45 The intermolecular distance can be considered
a guide to how well a particular ab initio method and basis
set describes the intermolecular interactions between two
monomers in a complex.

We have previously found the CP corrected CCSD�T�/
AVQZ optimized geometries of H2O–H2O and H2O–NH3 to
be in good agreement with the respective experimental ge-
ometries determined by microwave spectroscopy.23,51,66,67

The largest variation between the calculated and experimen-
tal geometries occurs for the intermolecular geometric pa-
rameters. These parameters are generally accepted to be the

TABLE I. Optimized geometric parameters �in angstrom and degrees� of H2O, H2S, NH3, and PH3.

CCSD�T�-F12a CCSD�T�-F12b CCSD�T�

Expt.aVDZ-F12 VTZ-F12 VQZ-F12 VDZ-F12 VTZ-F12 VQZ-F12 AVDZ AVTZ AVQZ AV5Z AV6Z

H2O
ROH 0.9588 0.9587 0.9584 0.9585 0.9586 0.9583 0.9665 0.9616 0.9590 0.9584 0.9584 0.958
�HOH 104.36 104.40 104.46 104.34 104.40 104.45 103.94 104.18 104.37 104.43 104.45 104.5

H2S
RSH 1.3367 1.3382 1.3379 1.3366 1.3381 1.3378 1.3500 1.3391 1.3383 1.3379 1.3378 1.336
�HSH 92.19 92.28 92.36 92.19 92.28 92.36 92.37 92.25 92.35 92.36 92.36 92.1

NH3

RNH 1.0123 1.0124 1.0121 1.0122 1.0124 1.0121 1.0237 1.0149 1.0128 1.0123 1.0122 1.012
�HNH 106.59 106.59 106.64 106.58 106.60 106.64 105.93 106.41 106.54 106.59 106.62 106.7

PH3

RPH 1.4140 1.4149 1.4146 1.4140 1.4149 1.4145 1.4287 1.4167 1.4151 1.4147 1.4145 1.42
�HPH 93.48 93.54 93.57 93.48 93.53 93.56 93.42 93.46 93.56 93.57 93.56 93.3

aEquilibrium bond distances �Re� from Harmony et al. �Ref. 64�.
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most difficult to calculate and to accurately determine from
experiment because of the relatively flat potential energy sur-
face and anharmonic vibrational issues �vide infra�. To our
knowledge, the geometries of H2O–H2S and H2O–PH3 have
yet to be determined experimentally.

In Table III we present the CCSD�T� optimized intermo-
lecular distances of H2O–H2O, H2O–H2S, H2O–NH3, and
H2O–PH3. If we first consider the standard
CCSD�T� /AVXZ results, we find that the intermolecular dis-
tances of all four complexes become progressively shorter as
the cardinal number of the basis set increases. This same

trend is mirrored for the intermolecular distances obtained
using the CP corrected optimization scheme. As expected,
we find that the CP correction increases the intermolecular
distance as compared to the distance obtained with the stan-
dard optimization scheme. The magnitude of the CP correc-
tion is greatest with the AVDZ basis set and becomes in-
creasingly smaller for the AVTZ and AVQZ basis sets. We
find that for a given cardinal number, the standard optimized
CCSD�T� intermolecular distances are in slightly better
agreement with the CBS limit than the CP corrected
CCSD�T� intermolecular distances.

TABLE II. Harmonic frequencies �in cm−1� of H2O, H2S, NH3, and PH3.

CCSD�T�-F12a CCSD�T�-F12b CCSD�T�

VDZ-F12 VTZ-F12 VQZ-F12 VDZ-F12 VTZ-F12 VQZ-F12 AVDZ AVTZ AVQZ AV5Z

H2O
v1 1651.1 1649.8 1649.0 1653.8 1651.2 1649.8 1638.2 1645.9 1650.1 1650.1
v2 3833.8 3831.3 3834.1 3837.7 3833.4 3834.7 3786.5 3810.4 3830.6 3834.2
v3 3942.6 3941.3 3944.9 3945.8 3943.1 3945.4 3904.5 3919.5 3940.3 3944.6

H2S
v1 1217.6 1212.6 1211.5 1218.5 1213.6 1212.7 1197.9 1211.1 1211.6 1212.0
v2 2731.3 2722.1 2724.1 2732.9 2722.8 2725.2 2704.9 2716.0 2722.2 2722.8
v3 2746.9 2737.5 2738.7 2748.1 2738.0 2739.7 2725.6 2731.4 2738.0 2738.4

NH3

v1 1058.8 1056.1 1055.4 1061.1 1056.1 1055.9 1070.2 1062.8 1059.1 1057.7
v2 1678.6 1674.4 1674.4 1680.3 1675.2 1675.2 1650.5 1672.4 1673.8 1674.7
v3 3481.1 3477.3 3479.9 3482.7 3478.2 3480.3 3433.4 3463.9 3476.1 3479.0
v4 3611.6 3609.3 3612.2 3612.5 3610.1 3612.4 3571.0 3592.7 3607.2 3610.5

PH3

v1 1010.9 1011.0 1010.9 1010.9 1011.3 1011.5 1010.5 1012.8 1012.3 1011.6
v2 1142.7 1141.8 1142.4 1142.9 1142.2 1143.0 1138.4 1142.9 1143.0 1142.7
v3 2424.9 2421.2 2422.4 2425.5 2420.9 2422.6 2395.0 2408.9 2421.0 2421.4
v4 2431.7 2429.3 2439.5 2431.8 2428.9 2439.5 2406.8 2416.1 2428.5 2429.3

TABLE III. CCSD�T� intermolecular distances �in angstrom� for H2O–H2O, H2O–H2S, H2O–NH3, and
H2O–PH3. �The intermolecular distance is between the two heavy atoms, i.e., RO¯O, RO¯S, RO¯N, and RO¯P.�

H2O–H2O H2O–H2S H2O–NH3 H2O–PH3

Standard CP Standard CP Standard CP Standard CP

AVDZ 2.9253 2.9875 3.5038 3.6034 2.9588 3.0106 3.6238 3.7322
AVTZ 2.9137 2.9375 3.4801 3.5154 2.9388 2.9597 3.5999 3.6308
AVQZ 2.9095 2.9212 3.4785 3.4936 2.9376 2.9479 3.5972 3.6101
CBSa 2.9125 3.4806 2.9395 3.5999

A�VDZ 2.9338 2.9892 3.5602 3.6221 2.9650 3.0126 3.7004 3.7707
A�VTZ 2.9177 2.9419 3.4898 3.5234 2.9419 2.9627 3.6085 3.6371
A�VQZ 2.9123 2.9221 3.4867 3.4983 2.9392 2.9475 3.6031 3.6137
CBSb 2.9126 3.4773 2.9396 3.5976

VDZ 2.9245 3.0638 3.6318 3.7635 2.9479 3.1107 3.7508 3.9267
VTZ 2.9163 2.9815 3.5272 3.5845 2.9584 3.0139 3.5916 3.7067
VQZ 2.9101 2.9397 3.5095 3.5260 2.9465 2.9701 3.6191 3.6433
CBSc 2.9169 3.4880 2.9460 3.6126

aExtrapolation to the CBS limit utilizes the AVQZ and AV5Z results.
bExtrapolation to the CBS limit utilizes the A�VQZ and A�V5Z results.
cExtrapolation to the CBS limit utilizes the VQZ and V5Z results.
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The partially augmented CCSD�T� /A�VXZ results dis-
play similar trends to the fully augmented basis sets with the
standard and CP corrected intermolecular distances decreas-
ing as the cardinal number of the basis set increases. Inter-
estingly, we find that the difference between the standard and
CP corrected intermolecular distances is smaller for the
CCSD�T� /A�VXZ results than for the CCSD�T� /AVXZ re-
sults. This suggests that the effects of BSSE are reduced
when only the heavy atoms are augmented with diffuse basis
functions. For completeness, if we now consider the
CCSD�T� /VXZ results, i.e., with no diffuse basis functions,
we find that the difference between the standard and CP cor-
rected CCSD�T� intermolecular distances is greater than for
either the AVXZ or A�VXZ results.

Encouragingly, we find that extrapolation of either the
CCSD�T� /AVXZ or the CCSD�T� /A�VXZ results yields
CBS intermolecular distances that are very similar. For the
first row complexes, these CBS extrapolated intermolecular
distances are essentially identical ��0.0001 Å�, whereas the
second row complexes differ by �0.003 Å. We suggest that
the diffuse basis functions on the hydrogen atoms of the
AVXZ basis sets are supplementing the basis set require-
ments of the second row elements and that perhaps addi-
tional basis functions on the heavy atoms are necessary. Ex-
trapolation of the nonaugmented CCSD�T� /VXZ results
gives CBS limit intermolecular distances that are slightly
longer by �0.004–0.015 Å, as compared to the fully and
partially augmented CCSD�T�/CBS limits. For H2O–H2O,
our CCSD�T� /AVXZ CBS intermolecular distance is in
good agreement with the value of 2.909 Å by Min et al.
obtained using a slightly different CBS extrapolation scheme
that was directly applied to the CCSD�T�/AVTZ and
CCSD�T�/AVQZ optimized intermolecular distances rather
than constructing an intermolecular potential.16

It may seem somewhat surprising that our CCSD�T�/
CBS intermolecular distances are slightly longer than the
quadruple-� results when there has been a progressive con-
traction of the intermolecular distance from double-� to
quadruple-�. However, the AVXZ and A�VXZ CCSD�T�/
CBS intermolecular distances are in excellent agreement
with the explicitly correlated CCSD�T�-F12 results �vide in-
fra�. Furthermore we find that for H2O–H2O, the
CCSD�T� /A�V5Z optimized intermolecular distance is
2.9127 Å, which is slightly longer than the
CCSD�T� /A�VQZ value and is in close agreement with the
CBS distance. We suggest that this nonasymtopic conver-
gence of the intermolecular distance represents competition
between basis set incompleteness error and BSSE in our
calculations.

It is important to note that the calculated intermolecular
distances presented in Tables III and IV are equilibrium bond
lengths �Re� and represent the minimum of the potential en-
ergy surface. These calculated values are not directly com-
parable with the experimentally determined intermolecular
distances of H2O–H2O and H2O–NH3, which are measured
in the vibrational ground state �R0� and do not allow the
monomer geometries to relax.66,67 The intermolecular poten-
tials of H2O–H2O and H2O–NH3 are highly anharmonic
and as such the value of R0 is expected to be significantly
longer than the value of Re. To facilitate a more fair com-
parison between the calculated �Re� and experimental �R0�
intermolecular distances we have calculated a ground state
anharmonic vibrational correction to our calculated equilib-
rium distances. We calculate the expectation value of the
one-dimensional RO¯O, RO¯S, RO¯N, and RO¯P intermo-
lecular stretching potentials in the vibrational ground state.
This procedure is described in more detail in Sec. II. We find
that the anharmonic correction to the intermolecular distance
is inversely proportional to the interaction energy �vide infra�
and is +0.031 Å for H2O–NH3, +0.035 Å for H2O–H2O,
+0.037 Å for H2O–H2S, and +0.038 Å for H2O–PH3.

The anharmonic vibrational correction that we estimate
for H2O–H2O is similar to the +0.029 Å estimated by Odu-
tola and Dyke in the original experimental investigation us-
ing a one-dimensional normal mode approach with low level
ab initio parameters.67 If we add our one-dimensional anhar-
monic vibrational correction to the CCSD�T�/CBS limit Re

value we get a calculated value for R0 of 2.947 Å. This value
is very similar to the often quoted estimated “experimental”
equilibrium distance for water dimer of 2.946 Å.67 However,
this simple procedure to estimate the anharmonic vibrational
correction to the intermolecular distance can clearly be im-
proved by considering the effects of other vibrational modes.
We have calculated the difference between Re and R0 to be
0.06 Å using vibrational second-order perturbation theory
�VPT2� as implemented in ACES II with the CCSD�T�/AVTZ
method.15,68 The magnitude of this correction is very similar
to the 0.06 Å difference between R0 and Re previously deter-
mined by Leforestier et al.69 using the CC-pol-8s potential
energy surface.70 If we add our VPT2 anharmonic vibrational
correction of 0.06 Å to the CCSD�T�/CBS limit of Re we get
R0=2.972 Å, which is in excellent agreement with the ex-
perimental value of 2.976 Å.67

For H2O–NH3, our estimate of R0 using the one-
dimensional anharmonic vibrational correction is 2.9703 Å,
which is �0.02 Å shorter than the experimentally deter-
mined R0 of 2.989 Å.66 We anticipate that a VPT2 anhar-
monic vibrational correction for H2O–NH3 would increase

TABLE IV. CCSD�T�-F12 intermolecular distances �in angstrom� for H2O–H2O, H2O–H2S, H2O–NH3, and
H2O–PH3. �The intermolecular distance is between the two heavy atoms, i.e., RO¯O, RO¯S, RO¯N, and RO¯P.�

H2O–H2O H2O–H2S H2O–NH3 H2O–PH3

F12a F12b F12a F12b F12a F12b F12a F12b

VDZ-F12 2.9145 2.9171 3.4636 3.4694 2.9414 2.9446 3.5853 3.5917
VTZ-F12 2.9132 2.9131 3.4789 3.4792 2.9393 2.9397 3.6009 3.6013
VQZ-F12 2.9131 2.9128 3.4807 3.4792 2.9395 2.9395 3.6007 3.6004
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the intermolecular R0 distance further. Unfortunately, we
were unable to use VPT2 to determine the anharmonic vibra-
tional correction to the intermolecular distances of
H2O–NH3 or the other complexes as there are numerical
stability problems when calculating cubic and quartic force
constants of low frequency vibrational modes �harmonic fre-
quency of �100 cm−1�.

In Table IV we present the CCSD�T�-F12 optimized in-
termolecular distances of H2O–H2O, H2O–H2S, H2O–NH3,
and H2O–PH3. In general, the intermolecular distances ob-
tained with the explicitly correlated methods are in very
good agreement with the CCSD�T�/CBS limits in Table III.
For a given cardinal number, we find that the
CCSD�T�-F12 /VXZ-F12 intermolecular distances are in
much better agreement with the CBS limit than the conven-
tional CCSD�T� intermolecular distances obtained with or
without CP correction. However, as was previously observed
for monomer geometries �Table I�, there is no clear conver-
gence of the intermolecular distances as we increase the car-
dinal number of the VXZ-F12 basis sets.

The intermolecular distances for H2O–H2O and
H2O–NH3 obtained with the CCSD�T�-F12 methods appear
to be in slightly better agreement with the CBS limit than the
intermolecular distances for H2O–H2S and H2O–PH3. We
suggest that these differences are perhaps due to the addi-
tional basis set requirements of second row elements. We
find that the two CCSD�T�-F12 methods perform equally
well when describing the intermolecular interactions in
H2O–H2O, H2O–H2S, H2O–NH3, and H2O–PH3.

In summary, we recommend optimizing small molecular
complexes with either the CCSD�T�-F12a or CCSD�T�-F12b
methods and the largest practicable VXZ-F12 basis set.
When these explicitly correlated methods are not possible we
suggest optimizing with the CCSD�T� method and the largest

practicable A�VXZ basis set. We believe that selectively aug-
menting only the heavy atoms in a molecule with diffuse
basis functions is preferable to the use of a CP corrected
optimization scheme. The results of the former approach are
likely in closer agreement with the CBS limit and at lower
computational cost.

C. Interaction energies

In Table V we present the standard and CP corrected
CCSD�T� interaction energies for H2O–H2O, H2O–H2S,
H2O–NH3, and H2O–PH3. If we first consider the
CCSD�T� /AVXZ results, we find that both the standard and
CP corrected interaction energies systematically converge to
the CBS limit but from opposite directions. As expected, the
CP corrected interaction energies are smaller than the equiva-
lent standard CCSD�T� interaction energies obtained with the
same basis set. In general, we find that the standard
CCSD�T� interaction energies obtained with the AVDZ and
AVTZ basis sets are in better agreement with the CCSD�T�/
CBS limit than the CP corrected CCSD�T� interaction ener-
gies. For the larger AVQZ and AV5Z basis sets, where BSSE
is smaller, standard and CP corrected interaction energies are
similar and it is not consistent which of the two approaches
is closest to the CCSD�T�/CBS limit.

We find that extrapolation of either the CCSD�T� /AVXZ
or the CCSD�T� /A�VXZ results yields CBS interaction en-
ergies that are essentially identical �within 0.01 kcal mol−1�.
This indicates that both the fully and selectively augmented
basis sets are describing the dimers reasonably well. In con-
trast we find that extrapolation of CCSD�T� /VXZ results
yields CBS limit interaction energies that are slightly larger
��0.05–0.10 kcal mol−1� than the CBS limit obtained with
the CCSD�T�/AVXZ or CCSD�T� /A�VXZ results.

TABLE V. CCSD�T� interaction energies �in kcal mol−1� for H2O–H2O, H2O–H2S, H2O–NH3, and H2O–PH3.
�All calculations are carried out at the CCSD�T�-F12a/VQZ-F12 optimized geometry.�

H2O–H2O H2O–H2S H2O–NH3 H2O–PH3

Standard CP Standard CP Standard CP Standard CP

AVDZ �5.30 �4.39 �3.34 �2.41 �6.84 �5.66 �2.69 �1.91
AVTZ �5.22 �4.75 �3.18 �2.76 �6.62 �6.18 �2.67 �2.35
AVQZ �5.10 �4.91 �3.00 �2.85 �6.51 �6.33 �2.55 �2.46
AV5Z �5.03 �4.94 �2.95 �2.88 �6.45 �6.37 �2.52 �2.48
CBSa �4.99 �2.91 �6.40 �2.49

A�VDZ �5.15 �4.39 �2.85 �2.36 �6.47 �5.55 �2.20 �1.78
A�VTZ �5.05 �4.69 �2.92 �2.65 �6.46 �6.07 �2.49 �2.26
A�VQZ �5.01 �4.87 �2.91 �2.81 �6.43 �6.28 �2.50 �2.42
A�V5Z �4.99 �4.93 �2.91 �2.87 �6.41 �6.35 �2.49 �2.47
CBSb �4.98 �2.91 �6.40 �2.50

VDZ �7.00 �3.75 �2.67 �1.59 �7.67 �4.72 �1.90 �1.17
VTZ �5.88 �4.34 �2.77 �2.23 �7.03 �5.50 �2.31 �1.87
VQZ �5.40 �4.69 �2.85 �2.60 �6.68 �5.98 �2.48 �2.22
V5Z �5.12 �4.87 �2.91 �2.80 �6.46 �6.25 �2.49 �2.39
CBSc �5.07 �3.01 �6.46 �2.55

aExtrapolation to the CBS limit utilizes the AVQZ and AV5Z results.
bExtrapolation to the CBS limit utilizes the A�VQZ and A�V5Z results.
cExtrapolation to the CBS limit utilizes the VQZ and V5Z results.
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Interaction energies obtained with the partially aug-
mented A�VXZ basis sets appear smaller than the corre-
sponding AVXZ interaction energies and are closer to the
CBS limit. In general, we find that restricting diffuse basis
functions to the heavy atoms only results in standard inter-
action energies that are more accurate than the interaction
energies obtained with a fully augmented basis set of the
next cardinal number, i.e., A�VDZ is better than AVTZ,
A�VTZ is better than AVQZ, etc. We also find that the dif-
ference between the standard and CP corrected CCSD�T�
interaction energies with the A�VXZ basis sets is smaller
than the difference between the full AVXZ basis sets. This
behavior indicates that including diffuse basis functions on
the hydrogen atoms contributes significantly to BSSE in
these weakly bound complexes.30 Interestingly for all four
complexes, we find that the standard CCSD�T� interaction
energies obtained with the A�VXZ basis sets are in better
agreement with the CCSD�T�/CBS limit than the correspond-
ing CP corrected CCSD�T� interaction energies.

We observe a slightly different convergence behavior for
the CCSD�T� interaction energies obtained without any dif-
fuse basis functions �the VXZ basis sets� as compared to the
AVXZ and A�VXZ results. For the first row complexes,
H2O–H2O and H2O–NH3, the standard and CP corrected
interaction energies again systematically converge to the
CBS limit but from opposite directions. However, even with
the V5Z basis set, the difference between the standard and
CP corrected results is much larger than with the AV5Z or
A�V5Z basis sets. For the second row complexes, H2O–H2S
and H2O–PH3, we see that both the standard and CP cor-
rected interaction energies approach the CCSD�T� /VXZ
CBS limit from the same direction, becoming progressively
larger as the cardinal number of the basis set increases. This
behavior can be rationalized if we consider that the more
spatially diffuse electrons of the second row elements are
likely to require more diffuse basis functions for an accurate
description.

In Table VI we present the CCSD�T�-F12 calculated in-
teraction energies for H2O–H2O, H2O–H2S, H2O–NH3,
and H2O–PH3. Unlike the CCSD�T�-F12 geometric param-
eters and harmonic frequencies in Tables I, II, and IV, the
CCSD�T�-F12 interaction energies systematically converge
to the CBS limit as the cardinal number increases. We find
that CCSD�T�-F12 calculated interaction energies obtained
with the VTZ-F12 basis set are in better agreement with the
CCSD�T�/CBS limit �Table V� than the conventional

CCSD�T�/AV5Z results. Interaction energies calculated with
the VDZ-F12 basis set are of equal accuracy to the
CCSD�T�/AVQZ results and are significantly cheaper.

In summary, we recommend the use of the explicitly
correlated CCSD�T�-F12 methods for determining the inter-
action energy of a complex. These newly developed methods
perform very well, giving results that are close to the
CCSD�T�/CBS limit results. When these explicitly correlated
methods are not possible we suggest calculating the interac-
tion energy using the CCSD�T� method and the largest prac-
ticable A�VXZ basis set. We find that interaction energies
obtained with even modest A�VXZ basis sets are in very
good agreement with the CCSD�T�/CBS limit and are gen-
erally more accurate than CP corrected CCSD�T� interaction
energies obtained with the equivalent AVXZ basis set.

D. Atmospheric implications

In Table VII we compare thermodynamic parameters and
the equilibrium constant of formation for H2O–H2O,
H2O–H2S, H2O–NH3, and H2O–PH3. We have calculated
these values with a simple statistical mechanics approach,1,63

which should be adequate to explain the relative trends be-
tween the complexes. More sophisticated approaches are
available to determine the thermodynamic parameters of
weakly bound complexes but these are highly individualized
and often include experimental data.71–73 For example, the
equilibrium constant of formation for H2O–H2O has been
previously calculated to be �0.05 using an ab initio potential
energy surface that is fitted to experimental vibrational-
rotation-tunneling transitions.73 This previously calculated

TABLE VI. CCSD�T�-F12 interaction energies �in kcal mol−1� for H2O–H2O, H2O–H2S, H2O–NH3, and
H2O–PH3. �All calculations are carried out at the CCSD�T�-F12a/VQZ-F12 optimized geometry.�

H2O–H2O H2O–H2S H2O–NH3 H2O–PH3

F12a F12b F12a F12b F12a F12b F12a F12b

VDZ-F12 �5.08 �5.04 �3.02 �2.98 �6.50 �6.44 �2.59 �2.55
VTZ-F12 �5.02 �5.02 �2.95 �2.94 �6.44 �6.44 �2.51 �2.51
VQZ-F12 �4.99 �5.00 �2.93 �2.94 �6.41 �6.42 �2.51 �2.51

CBSa �4.98 �2.91 �6.40 �2.50

aExtrapolation to the CBS limit utilizes conventional CCSD�T� A�VQZ and A�V5Z results.

TABLE VII. Thermodynamic parameters �in kcal mol−1� and the equilib-
rium constant of formation for H2O–H2O, H2O–H2S, H2O–NH3, and
H2O–PH3. �All calculations are carried out at the CCSD�T�-F12a/VQZ-F12
optimized geometry.�.

H2O–H2O H2O–H2S H2O–NH3 H2O–PH3

Interaction energya �4.99 �2.93 �6.41 �2.51
ZPVEb +2.08 +1.41 +2.19 +1.26
� fH�298 K� �3.34 �1.55 �4.65 �1.11
T� fS�298 K� �5.95 �4.91 �4.80 �4.00
� fG�298 K� +2.61 +3.37 +0.15 +2.89

keq�298 K� 0.01 0.003 0.8 0.008

aCCSD�T�-F12a/VQZ-F12.
bObtained with CCSD�T�-F12a/VTZ-F12 harmonic frequencies.
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equilibrium constant is �5 times larger than our present
value �vide infra�.

We have used CCSD�T�-F12a/VTZ-F12 harmonic fre-
quencies to determine the zero point vibrational energy cor-
rection and CCSD�T�-F12a/VTZ-F12 harmonic frequencies
and rotational constants for the thermodynamic parameters.
For the monomer subunits, this level of theory produced fre-
quencies in excellent agreement with the CCSD�T�/AV5Z
results �Table II�. The complete CCSD�T�-F12a and
CCSD�T�-F12b harmonic frequencies obtained with the
VDZ-F12 and VTZ-F12 basis sets are included in Tables
XIII and XIV of the supplementary deposit.45

We find that H2O–NH3 exhibits the largest interaction
energy followed by H2O–H2O, H2O–H2S, and H2O–PH3.
Furthermore, we find that first row complexes are more
strongly bound than the equivalent second row complexes,
i.e., the interaction energy of H2O–H2O is greater than
H2O–H2S. Our present best estimates of the interaction en-
ergy of H2O–H2O and H2O–NH3 are slightly lower than the
values we previously determined using a CBS extrapolation
using CCSD�T�/AVTZ and CCSD�T�/AVQZ results.23,51 As
expected, the ZPVE correction is approximately proportional
to the magnitude of the interaction energy. Complexes that
are more strongly bonded exhibit higher frequency intermo-
lecular vibrational modes and more perturbed intramolecular
vibrational modes than weakly bonded complexes. We find
the enthalpy of formation �� fH�298 K�� to be most negative
for H2O–NH3, followed by H2O–H2O, H2O–H2S, and
H2O–PH3. The entropy of formation �T� fS�298 K�� for
H2O–H2O and H2O–H2S is approximately 1 kcal mol−1

larger than for H2O–NH3 and H2O–PH3. Consequently, the
change in the Gibbs free energy �� fG�298 K�� is smallest
for H2O–NH3, followed by H2O–H2O, H2O–PH3, and
H2O–H2S. The effect of the smaller entropy change in the
formation of H2O–PH3 as compared to H2O–H2S is the
primary reason for the change in the order of the Gibbs free
energy of these two complexes.

While the four complexes exhibit raw interaction ener-
gies that differ by a factor of 2, the equilibrium constants of
formation �keq�298 K�� span more than two orders of mag-
nitude. The laboratory work of Glindermann et al.44 found
that PH3 was much less readily absorbed into water aerosol
than H2S or NH3. We can consider the H2O–H2S,
H2O–NH3, and H2O–PH3 complexes to be simple models
for this aerosol incorporation process. Our current results
would indicate that NH3 is certainly much more readily in-
corporated than H2S or PH3, as it has an appreciably larger
interaction energy and equilibrium constant of formation.
However, the interaction energy of H2O–H2S is only slightly
larger than that of H2O–PH3 and the equilibrium constant of
formation of H2O–PH3 is actually slightly higher than that
of H2O–H2S. Hence, it appears that the H2O–H2S, H2O
−NH3, and H2O–PH3 monohydrated dimers are not an ad-
equate model for the incorporation of H2S, NH3, and PH3

into aerosol. At a macroscopic level, H2S gas is an order of
magnitude more soluble in liquid water than PH3 gas at at-
mospherically relevant temperatures with NH3 more than
three orders of magnitude more soluble.74 These experimen-
tal aqueous solubilities somewhat corroborate the work of

Glindermann et al.44 However, we suggest that molecular
dynamics simulations including many water molecules and
other aerosol substituents are necessary to properly under-
stand the mobility of H2S, NH3, and PH3 in the atmosphere.
Our current ab initio calculations of H2O–H2O, H2O–H2S,
H2O–NH3, and H2O–PH3 should be useful as a benchmark
for calibrating subsequent molecular dynamics models.

IV. CONCLUSIONS

We have calculated optimized geometries, harmonic vi-
brational frequencies, and interaction energies for
H2O–H2O, H2O–H2S, H2O–NH3, H2O–PH3, and their
constituent monomers with conventional CCSD�T� theory
and the newly developed explicitly correlated CCSD�T�-F12
method. We find that geometric parameters of H2O, H2S,
NH3, and PH3 monomers calculated with the CCSD�T�-F12
methods are in impressive agreement with the experiment
and with results obtained using much larger basis sets using
conventional CCSD�T� theory.

For the hydrated complexes, we find that the explicitly
correlated CCSD�T�-F12 methods perform very well in cal-
culating intermolecular distances and deliver interaction en-
ergies that are in close agreement with the CCSD�T�/CBS
limit. There is no significant difference in the results ob-
tained with either the CCSD�T�-F12a or CCSD�T�-F12b
methods. In general, we find that CCSD�T�-F12 interaction
energies obtained with the VTZ-F12 basis set are in better
agreement with the CCSD�T�/CBS limit than conventional
CCSD�T� results obtained with the AV5Z basis set.

We have also investigated two different ways to reduce
the effects of BSSE with conventional CCSD�T�, namely, the
popular CP correction and limiting diffuse basis functions to
the heavy atoms only. We find that for a given cardinal num-
ber, these selectively augmented correlation consistent basis
sets yield CCSD�T� results that are closer to the CCSD�T�/
CBS limit than the corresponding fully augmented basis sets.
We find that the difference between the standard CCSD�T�
and CP corrected CCSD�T� interaction energies and intermo-
lecular distances is significantly reduced with the selectively
augmented basis sets as compared to the fully augmented
basis sets. This indicates that for the complexes considered,
BSSE is appreciably smaller when diffuse basis functions are
restricted to the heavy atoms only. We suggest that when
using the CCSD�T� method, a careful selection of diffuse
basis functions can significantly reduce BSSE, avoiding the
need for computationally expensive CP correction.
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