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ABSTRACT: This work presents a systematic investigation
into the basis set convergence of harmonic vibrational
frequencies of (H2O)2 and (HF)2 computed with secondorder Møller−Plesset perturbation theory (MP2) and the
coupled-cluster singles and doubles method with perturbative
connected triples, CCSD(T), while employing correlationconsistent basis sets as large as aug-cc-pV6Z. The harmonic
vibrational frequencies presented here are expected to lie
within a few cm−1 of the complete basis set (CBS) limit. For these important hydrogen-bonding prototype systems, a basis set of
at least quadruple-ζ quality augmented with diﬀuse functions is required to obtain harmonic vibrational frequencies within 10
cm−1 of the CBS limit. In addition, second-order vibrational perturbation theory (VPT2) anharmonic corrections yield
CCSD(T) vibrational frequencies in excellent agreement with experimental spectra, diﬀering by no more than a few cm−1 for the
intramonomer fundamental vibrations. D0 values predicted by CCSD(T) VPT2 computations with a quadruple-ζ basis set
reproduce the experimental values of (HF)2 and (H2O)2 to within 2 and 21 cm−1, respectively.

1. INTRODUCTION
Small model systems have long provided critical insight into the
nature of noncovalent interactions. The interactions that
stabilize these systems play crucial roles in a variety of
biological and environmental phenomena.1−3 (H2O)2 and
(HF)2 have served as prototypes for hydrogen bonding
interactions since the ﬁrst ab initio quantum mechanical
(QM) calculations on H-bonded dimers in the 1960s.4−12 The
global minimum energy conformations of these dimers are
depicted in Figure 1, where a mirror plane includes the nuclei

the size of the basis set, typically requiring excitations to be
limited to singles and doubles (CCSD) and possibly a
perturbative treatment of the connected triple excitations as
in the “gold standard” CCSD(T) method.36 However, for
(H2O)2, higher orders of electron correlation through full
quadruple excitations (CCSDTQ) have been included in
benchmark calculations of the dimer’s interaction energy and
geometry.37,38 Relativistic and non-Born−Oppenheimer corrections have been examined with CC computations as well.39
Several benchmark interaction energy databases have been
compiled from high-accuracy QM calculations on noncovalent
dimer complexes.40−46 By documenting the performance of
lower-scaling ab initio methods or density functional theory
(DFT) approximations across a diverse set of chemical systems,
these databases serve as useful guides for selecting appropriate
methods for larger systems. This reference data is also of
interest to those designing DFT functionals or parametrizing
semiempirical methods. While the collection of benchmark
energetics for dimer systems in the literature is substantial,
vibrational frequencies of noncovalent complexes computed
from high-accuracy ab initio QM methods are far less common.
Instead of comparing theory to theory, as is necessary for a
quantity such as interaction energy, computed vibrational
frequencies can be compared directly to an experimentally
measurable property.
The additional computational eﬀort associated with obtaining optimized molecular geometries and calculating force

Figure 1. Global minimum geometries of (H2O)2 and (HF)2.

associated with the hydrogen bond (XH···X). The hydrogen
atoms in the ﬁgure are marked to distinguish them as “donor”
involved in the hydrogen bond or as a “free” or “acceptor”
atom. An accurate description of the water dimer is especially
important in the construction of reliable water potentials,13−24
since the stabilizing intermonomer interactions of larger
clusters are dominated by pairwise interactions.8,25−34
The relatively small size of these complexes makes them
attractive targets for robust electronic structure methods. The
computational demands of accurate coupled-cluster35 (CC)
calculations place signiﬁcant limits on the number of atoms and
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Table 1. Covalent Bond Lengthsa and Key Intermonomer Distances (in Å) Associated with Equilibrium Monomer and Dimer
Structures Optimized with CCSD(T), MP2, and CCSD Methods Using the ha5Z Basis Set
param.
HF monomer
H2O monomer
(HF)2

(H2O)2

a

R(FH)
R(OH)
R(FHd)
R(FHf)
R(F···F)
R(OHd)
R(OHf)
R(OHa)
R(O···O)

CCSD(T)
0.9173
0.9584
0.9230
0.9202
2.7369
0.9647
0.9576
0.9591
2.9127

(+0.0057)
(+0.0029)
(+0.0063)
(−0.0008)
(+0.0007)

MP2
0.9183
0.9583
0.9246
0.9214
2.7413
0.9657
0.9574
0.9592
2.9061

(+0.0063)
(+0.0031)
(+0.0074)
(−0.0009)
(+0.0009)

CCSD
0.9144
0.9555
0.9195
0.9172
2.7509
0.9611
0.9547
0.9562
2.9319

(+0.0051)
(+0.0027)
(+0.0056)
(−0.0009)
(+0.0007)

Changes relative to monomer given in parentheses.

limit with wave function methods MP2, CCSD, and CCSD(T).
We also make direct comparison to experimental spectra with
VPT2 computations.

constants can be a substantial investment for a method such as
CCSD(T). Recent experimental success47−53 in the formation
and spectroscopic characterization of noncovalent clusters
provides an excellent opportunity to benchmark ab initio
methods against experimentally measured properties.
Theoretical studies of the vibrational spectra of hydrogenbonded clusters often focus on the X−H stretching region, with
particular interest in the shift to lower energy (commonly
referred to as a “red shift”) associated with the donor X−H
bond lengthening upon hydrogen bond formation. For water
clusters, harmonic vibrational frequency computations indicate
that the MP2 method overestimates the shift of the donor O−
H stretch to lower energy, relative to CCSD(T) harmonic
values and experiment.54 A proper comparison between
calculated and experimental vibrational spectra requires an
appropriate anharmonic treatment of the vibrational modes,
such as Rayleigh−Schrödinger vibrational second-order perturbation theory (VPT2).55−58 For the water dimer, Kjaergaard
and collaborators59−65 have improved on the usual double
harmonic approximation to probe the O−H stretching region
with a variety of impressive techniques, using reduced
dimensionality approaches such as local modes (HCAO) and
numerically solving a 1-dimensional vibrational Schrödinger
equation for the donor O−H stretch, in addition to anharmonic
treatments of the complete set of water dimer normal modes
through perturbative approaches VPT2 and cc-VSCF with highaccuracy QM methods including CCSD(T). Cremer and coworkers have also investigated the (H2O)2 spectrum in terms of
local and normal mode of vibrations with CCSD(T)
calculations and VPT2 corrections.66 VPT2 gives the exact
energy levels of a Morse oscillator and thus is well-suited to
describe O−H stretching modes. (H2O)2 stretching frequencies
computed with VPT2 in conjunction with the CCSD(T)
method and a triple-ζ basis set compare favorably with
experimental values, with a maximum deviation less than 30
cm−1 in the fundamental modes.62
In addition to the water dimer, the HF dimer is a useful
hydrogen-bonding model for pursuing near-CBS vibrational
frequencies with correlated QM methods. The structure of this
dimer is similar to (H2O)2, possessing Cs point group
symmetry where all atoms are contained in the mirror plane.
(HF)2 has been the subject of a number of ab initio
investigations.6,12,67−82 Accurate semiempirical and ab initio
potentials83−87 have been developed from QM calculations and
(HF)2 experimental spectra.
In this work, we address the issue of basis set convergence of
harmonic vibrational frequencies in these two hydrogenbonded dimers with a systematic approach toward the CBS

2. THEORETICAL METHODS
Fully optimized geometries were obtained to compute
harmonic and anharmonic vibrational frequencies, utilizing
analytic ﬁrst and second geometrical derivatives. Coupledcluster and MP2 computations were performed with CFOUR88
and Gaussian 09,89 respectively. Anharmonic frequencies were
computed within the VPT2 method by double-sided numerical
diﬀerentiation of analytic second derivatives along normal
modes.90 To examine the basis set convergence of the harmonic
vibrational frequencies, we employed the correlation-consistent
family of basis sets.91 In particular, we used the cc-pVXZ (X =
D−6, i.e., D,T,Q,5,6) basis sets, as well as the fully augmented
aug-cc-pVXZ (aXZ) and “heavy-augmented” versions (haXZ),
where diﬀuse functions were only added to the heavy (i.e., nonhydrogen) atoms. MP2 optimized geometries and harmonic
vibrational frequencies were also calculated on a counterpoisecorrected potential energy surface for each basis set to ﬁrmly
establish CBS estimates and to compare the convergence of the
CP-corrected values to those obtained from the standard
uncorrected potential energy surfaces. Spherical harmonic d, f,
g, h, and i functions were used instead of their Cartesian
counterparts. All calculations were performed with the “frozen
core” approximation (i.e., core electrons were not correlated in
post-HF computations). CCSD(T)/ha5Z harmonic frequencies of (H2O)2 were not calculated analytically. Instead, these
frequencies were evaluated by 3-point numerical diﬀerentiation
of energies computed with Molpro92 at displaced geometries
generated by PSI4.93 The accuracy of this approach was
calibrated using the smaller basis sets, for which CCSD(T)
analytic second derivative computations were feasible.
Harmonic frequencies computed via this ﬁnite diﬀerence
procedure never diﬀered from the analytic values by more
than 1 cm−1. Note that minor modiﬁcation of the CFOUR
source code is required to obtain the correct D0 values with the
VPT2 method, as pointed out by the authors in the CFOUR
mailing list.94
3. RESULTS AND DISCUSSION
3.1. Geometries. Table 1 reports key distances for each
monomer and dimer system. The covalent bond lengths are
tabulated for the CCSD(T), MP2, and CCSD methods
computed with the ha5Z basis set, along with the O···O
distance for (H2O)2 and the F···F distances for (HF)2. Of
particular interest in this study are the changes in the OH and
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Even though the fully augmented a6Z basis set has more basis
functions, we include the ha6Z frequencies in the CBS
estimates because these selectively augmented basis sets tend
to provide interaction energies and geometries closer to the
CBS limit for hydrogen-bonded clusters.95,96 For each normal
mode, Table 2 also shows the maximum absolute deviation of
the MP2/a6Z, MP2/ha6Z, CP-MP2/a6Z, and CP-MP2/ha6Z
frequencies from the corresponding CBS estimate. For the HF
and H2O monomer modes, the MP2/ha6Z and a6Z harmonic
frequencies agree to within 1 cm−1. In the dimers, the MP2/
ha6Z, MP2/a6Z and CP-corrected frequencies are, on average,
within 2 cm−1 of the CBS estimate for (HF)2 and 1 cm−1 for
(H2O)2.
3.2.2. HF and H2O Monomer Modes. The basis-set
convergence of the MP2 harmonic frequencies toward the
CBS limit is illustrated in Figures 2−4. For each normal mode,

FH bond lengths when donating a hydrogen bond. Changes
relative to the monomer are given in parentheses in Table 1,
along with the unique FH and OH covalent bond lengths in the
dimers. Relative to CCSD(T), MP2 slightly overestimates the
distortion of the covalent bonds when the hydrogen bond is
formed, whereas the CCSD method does the opposite. The
CCSD method overestimates the distance between the heavy
atoms in both dimers relative to CCSD(T) values. The MP2/
ha5Z (HF)2 geometry predicts a slightly longer F···F separation
relative to CCSD(T), while the (H2O)2 O···O distance is
slightly shorter at the MP2 level. The CCSD(T)/ha5Z
geometries here are in excellent agreement with previous
benchmark calculations,37,39,82,95 with maximum deviations
from previous CCSD(T) CBS estimates on the order of
0.005 Å for the heavy atom distances, and the agreement
improves by an order of magnitude for the intramonomer
distances. Cartesian coordinates are provided in the Supporting
Information.
3.2. Basis Set Convergence of MP2 Harmonic Vibrational Frequencies. 3.2.1. Estimated MP2 CBS Limit. The
MP2 CBS estimate of each harmonic vibrational frequency in
both the monomers and dimers is listed in Table 2. For each
normal mode, the MP2 CBS estimate was calculated as the
mean of the MP2/a6Z and MP2/ha6Z frequencies. For the
dimers, these two values were averaged along with their
counterpoise-corrected counterparts (CP-MP2/a6Z and CPMP2/ha6Z) for the CBS limit estimate (4 values altogether).
Table 2. CBS Limit MP2 Harmonic Vibrational Frequencies
(in cm−1) of (HF)2 and (H2O)2, Along with MP2 and
CCSD(T) Values Obtained with the ha5Z Basis Set

HF
H2O

(HF)2

(H2O)2

mode

MP2 CBS
est.a

max abs.
dev.b

MP2
ha5Z

CCSD(T)
ha5Z

ν1
ν2 (a1)
ν1 (a1)
ν3 (b2)
ν5 (a′)
ν4 (a′)
ν6 (a″)
ν3 (a′)
ν2 (a′)
ν1 (a′)
Δν(FHd)
ν12 (a″)
ν11 (a″)
ν8 (a′)
ν7 (a′)
ν6 (a′)
ν10(a″)
ν5 (a′)
ν4 (a′)
ν3 (a′)
ν2 (a′)
ν1 (a′)
ν9 (a″)
Δν(OHd)

4136
1631
3842
3969
159
216
463
566
4001
4094
−135
121
145
149
184
351
621
1632
1651
3738
3834
3937
3957
−105

0
0
0
0
2
2
5
4
1
0
1
1
2
1
1
1
2
0
0
1
0
0
0
1

4137
1632
3843
3970
160
217
465
568
4002
4095
−135
123
146
150
184
352
624
1633
1652
3738
3835
3937
3957
−105

4143
1650
3835
3945
161
217
461
566
4026
4105
−117
125
142
148
185
351
614
1650
1670
3754
3830
3917
3936
81

Figure 2. Basis set convergence of MP2 harmonic vibrational
frequencies of HF (far right) and H2O monomers depicted as
deviations from the estimated CBS limit (in parentheses).

a

Mean of the MP2/ha6Z, CP-MP2/ha6Z, MP2/a6Z and CP-MP2/
a6Z values for dimers and mean of the MP2/ha6Z and MP2/a6Z
values for monomers. bMaximum absolute deviation of the 2
monomer or 4 dimer values used to estimate the MP2 CBS limit
from their mean.

Figure 3. Basis set convergence of MP2 harmonic vibrational
frequencies of (HF)2 depicted as deviations from the estimated CBS
limit (in parentheses).
5428

dx.doi.org/10.1021/ct500860v | J. Chem. Theory Comput. 2014, 10, 5426−5435

Journal of Chemical Theory and Computation

Article

The CP-corrected and uncorrected values tend to converge
from opposite sides of the CBS limit, reminiscent of the
convergence of interaction energies.96 The net eﬀects of the CP
procedure, however, are somewhat mixed. In (H2O)2, for
example, the lowest-energy frequencies (ν12, ν11, and ν8)
computed with smaller basis sets are usually shifted closer to
the MP2 CBS limit when the procedure is applied, particularly
for MP2/haDZ frequencies. In contrast, the CP procedure
increases the deviations from the CBS limit for the lowestfrequency modes in (HF)2 (ν5 and ν4).
The largest diﬀerences in MP2 and CP-MP2 intermonomer
frequencies are observed for the two highest-frequency
intermonomer modes (ca. 350−650 cm−1) in each dimer.
Even with the large a6Z basis set, the diﬀerence between CP
corrected and uncorrected frequencies for (HF)2 grows as large
as 8 cm−1 for ν6 and 6 cm−1 for ν3. In (H2O)2, the largest
diﬀerence between MP2/a6Z and CP-MP2/a6Z frequencies
also occurs in the out-of-plane bending mode (4 cm−1 for ν10).
3.2.4. (HF)2 and (H2O)2 Intramonomer Modes. The basisset dependence of the intramonomer frequencies in these
dimers closely follows what was seen for the isolated monomers
in Figure 2 at the MP2 level of theory. The harmonic
frequencies of the bending modes in the water dimer are within
10 cm−1 of the MP2 CBS estimate with the double-ζ basis sets
and within 5 cm−1 with the triple- ζ basis sets. The two bending
modes in (H2O)2 are excluded from Figure 4 due to this rapid
convergence, but the data can be found in the Supporting
Information.
The intramonomer stretching frequencies are underestimated with the smaller basis sets, by more than 60 cm−1 for FH
donor stretch and 38 cm−1 for the symmetric OH acceptor
stretch computed with the aDZ basis set. As with the
monomers, the quadruple-ζ basis sets are needed to obtain
OH and FH stretching frequencies within 5 cm−1 of the MP2
CBS limit.
The “red-shifted” donor hydrogen stretches (ν2 in (HF)2 and
ν3 in (H2O)2) are aﬀected by the CP procedure much more
than the other intramonomer FH and OH stretching modes
not directly participating in the hydrogen bond. As shown in
Figure 3 for (HF)2, the CP procedure hardly aﬀects the MP2
frequency of ν1, regardless of the basis set. The maximum shift
caused by the CP procedure for this free FH stretch in any basis
set is less than 4 cm−1. For the donor FH stretch ν2, on the
other hand, the MP2 and CP-MP2 frequencies diﬀer by nearly
30 cm−1 with the aDZ and haDZ basis sets. A similar trend is
observed for the OH stretches in (H2O)2. The CP procedure
only noticeably aﬀects the OH donor stretch (ν3), improving
the haDZ and aDZ frequencies by roughly 15 cm−1 relative to
the MP2 CBS limit.
Although the CP procedure tends to move the double and
triple-ζ donor stretching frequencies (ν2 in (HF)2 and ν3 in
(H2O)2) closer to the MP2 CBS limit, it leads to an appreciable
underestimation of the shift to lower energy of these modes
relative to the monomer stretching frequencies Δν(FHd) (and
Δν(OHd) in Table 2). The calculated CP-MP2 double-ζ and
triple-ζ values underestimate the CBS shift by more than 20
and 10 cm−1, respectively. The Δν(FHd) values from the
standard MP2 frequencies are within 8 and 4 cm−1 with these
basis sets. The same pattern can be seen for the Δν(OHd) in
(H2O)2 as well.
3.3. Comparison of Harmonic MP2 and CCSD(T)
Frequencies. Because CCSD(T) harmonic frequency computations with sextuple-ζ basis sets were infeasible, the

Figure 4. Basis set convergence of MP2 harmonic vibrational
frequencies of (H2O)2 depicted as deviations from the estimated
CBS limit (in parentheses).

the MP2 aXZ and haXZ deviations from the MP2 CBS limit
estimates are plotted across the D−6 progression, marked by
circles and squares connected by solid lines, respectively. For
the dimers, the corresponding CP-corrected deviations are
shown as triangles with dotted lines. Under the label for each
normal mode, the MP2 CBS values are given in parentheses.
Figure 2 illustrates the MP2 basis set convergence in the
H2O and HF monomer harmonic vibrational frequencies. The
water bend (ν2) converges quickly, as the MP2/haDZ ν2
frequency is within 2 cm−1 of the MP2 CBS estimate. The
HF and OH stretching frequencies converge much more
slowly. The MP2/aDZ values underestimate the corresponding
CBS frequencies by more than 30 cm−1 in each stretching
mode. Increasing the basis set to haTZ or aTZ improves the
predicted MP2 stretching frequencies to within ca. 10−20
cm−1. Agreement to within 5 cm−1 of the MP2 CBS limit is
achieved with quadruple-ζ basis sets for each mode.
3.2.3. (HF)2 and (H2O)2 Intermonomer Modes. There are
four intermonomer modes in the HF dimer (ν5, ν4, ν6, and ν3)
and six in (H2O)2 (ν12, ν11, ν8, ν7, ν6, and ν10). See refs 62 and
87 or Tables S7 and S13 in the Supporting Information for a
description of each of these intermonomer normal modes. As
can be seen in Figures 3 and 4, the basis-set convergence of the
intermonomer frequencies toward the MP2 CBS limit is very
similar in both complexes. For both dimers, the slowest basisset convergence for the MP2 harmonic frequencies is seen in
the 2 highest-frequency intermonomer modes ca. 350−650
cm−1 (ν6 and ν3 for (HF)2 and ν6 and ν10 for (H2O)2). In each
complex, these 2 modes consist of one in-plane (a′) and one
out-of-plane (a″) bending motion of the XH···X angle
associated with the donor hydrogen involved in the H-bond.
Although MP2 frequencies computed with triple-ζ basis sets are
within 10 cm−1 for the lowest-energy intermonomer modes
(<250 cm−1), basis sets of at least quadruple-ζ quality are
required to be within 10 cm−1of the MP2 CBS limit for the
more challenging higher-energy intermonomer modes above
350 cm−1. We note that the energetic ordering of the nearby
modes ν11 (a″) and ν8 (a′) in (H2O)2 is reversed in the
harmonic frequencies computed using the double-ζ basis sets,
with the exception of CP-MP2/aDZ.
5429
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comparison between MP2 and CCSD(T) frequencies utilizes
results obtained with the ha5Z basis set. The MP2/ha5Z
harmonic frequencies in the penultimate column of Table 2 are
within a few cm−1 of the MP2 CBS limit. Even though the
eﬀects of the CP procedure will not be identical for the MP2
and CCSD(T) methods, the CCSD(T)/ha5Z harmonic
frequencies in the last column of Table 2 are expected to lie
close to the CCSD(T) CBS limit.
For the HF monomer stretch listed ﬁrst in Table 2, the MP2
value agrees well with the CCSD(T) result, underestimating
the harmonic frequency by 6 cm−1. However, the MP2/ha5Z
H2O monomer harmonic frequencies show larger deviations
from the corresponding CCSD(T)/ha5Z values. MP2 underestimates the bending mode (ν2) by 18 cm−1 but overestimates
both of the stretching frequencies (by as much as 25 cm−1 for
ν3).
Comparing the (HF)2 and (H2O)2 CCSD(T) and MP2
intermonomer modes, the MP2 frequency values are in
excellent agreement with CCSD(T). Only ν10 in (H2O)2
diﬀers by 10 or more cm−1 between the methods. The average
absolute deviation between MP2 and CCSD(T) intermonomer
frequencies is only 3 cm−1 with the ha5Z basis set for all 10
intermonomer modes (ν5, ν4, ν6, and ν3 for (HF)2 and ν12, ν11,
ν8, ν7, ν6, and ν10 for (H2O)2).
For the intramonomer bending and stretching modes, much
larger discrepancies are observed between MP2/ha5Z and
CCSD(T)/ha5Z harmonic frequencies, and they tend to mimic
the diﬀerences seen for the isolated monomers. MP2
consistently overestimates the free OH stretches relative to
CCSD(T). The discrepancy is as small as 5 cm−1 for the
symmetric acceptor OH stretch (ν2), and it is large as 20−21
cm−1 for the two highest-frequency OH stretching modes in
(H2O)2 (ν9 and ν1). For the HOH bending modes in (H2O)2,
the MP2/ha5Z harmonic frequencies are always smaller by 17−
18 cm−1 than the CCSD(T) results, just like the monomer. In
(HF)2, the MP2 computations underestimate the free FH
stretch by 10 cm −1 , while the bound FH stretch is
underestimated by 24 cm−1 relative to CCSD(T).
The last row in Table 2 for each dimer gives the shift of the
donor stretching mode relative to the monomer stretch,
denoted Δν(FHd) and Δν(OHd), computed at the same level
of theory (symmetric OH stretch in the case of H2O). A
negative value for Δν implies a shift to lower energy (a.k.a. a
red-shift). The magnitude of the shift is overestimated in both
dimer systems at the MP2 level. The overestimation is more
severe in the water dimer (−105 cm−1 vs −81 cm−1 at the MP2
and CCSD(T) levels, respectively). Recall the XH bond
lengthening (Table 1) associated with hydrogen bond
formation (and the red-shifted XH stretching mode) is also
larger at the MP2 level for each dimer complex here, as
discussed in Section 3.1.

Table 3. Deviations between VPT2 Fundamental Transition
Energies and Experimental Vibrational Frequencies of HF
and (HF)2 and Dissociation Energy (D0) (in cm−1) of (HF)2
Computed with CCSD(T), MP2, and CCSD Methods with
the haQZ Basis Set
HF
(HF)2

ν1
ν5 (a′)
ν4 (a′)
ν6 (a″)
ν3 (a′)
ν2 (a′)
ν1 (a′)
Δν(FHd)
D0

exp

CCSD(T)

MP2

CCSD

3961a
125b
161c
380d
475e
3868f
3931f
−93f
1062g

+2
+7
+11
+9
−22
+1
−1
−1
−2

+1
+6
+11
+23
−14
−17
−7
−18
−24

+52
+4
+3
+7
−34
+65
+51
+13
−60

a

Ref 97 (gas). bRef 87 (gas). cRef 86 (gas). dRef 99 (gas). eRef 100
(gas). fRef 101 (gas). gRef 102 (gas).

Table 4. Select VPT2 Overtone and Combination Levels (in
cm−1) of HF and (HF)2 Computed with MP2, CCSD, and
CCSD(T) Methods with the haQZ Basis Set
HF
(HF)2

2ν1
2ν2
2ν1
ν2+ν5
ν2+ν4
ν1+ν5
ν1+ν4
ν1+ν3

exp

CCSD(T)

MP2

CCSD

7751a
7550b
7683c
4001d
4049d
4058d
4099d
4418e

−4
0
+8
+5
+6
+4
+3
−27

−2
−39
−2
−12
−8
−2
−2
−24

+98
+136
+117
+65
+63
+53
+48
+13

a

Ref 97 (gas). bRef 104 (gas). cRef 105 (gas). dRef 103 (gas). eRef
101 (gas).

Table 5. Deviations between VPT2 Fundamental Transition
Energies and Experimental Vibrational Frequencies and
Dissociation Energy (D0) (in cm−1) of (H2O)2 Computed
with CCSD(T), MP2, and CCSD Methods with the haQZ
Basis Set
H2O

(H2O)2

4. ANHARMONIC VIBRATIONAL FREQUENCIES AND
DISSOCIATION ENERGIES
Tables 3−6 summarize the VPT2 frequencies of the HF and
H2O monomers and dimers computed with CCSD(T), MP2
and CCSD methods and the haQZ basis set. The VPT2 results
for each electron correlation method are given as deviations
from the experimental values, where the sign convention is such
that a positive value implies an overestimated frequency relative
to the experimental reference. For the reference values, gasphase values are given when possible.

a

ν2
ν1
ν3
ν12
ν11
ν8
ν7
ν6
ν10
ν5
ν4
ν3
ν2
ν1
ν9
Δν(OHd)
D0

exp

CCSD(T)

MP2

CCSD

1595a
3657a
3756a
88b
108b
103b
143c
311d
523d
1599d
1616d
3602e
3651e
3730e
3745e
−55e
1105f

+3
−2
−6
−9
+3
0
0
−18
−28
0
0
+3
−1
−3
+2
+6
−21

−14
+12
+27
−16
+39
0
−1
−27
−18
−10
−21
−6
+15
+37
+14
−18
−2

+18
+46
+38
−26
−6
0
−5
−25
−50
+25
+14
+61
+47
+47
+48
+15
−81

HITRAN 2006 values from ref 62. bRef 107 (gas). cRef 108 (gas).
Ref 109 (Ne matrix). eRef 52 (gas). fRef 110 (gas).

d

4.1. Monomers. The ﬁrst row of data in Table 3 compares
the experimental HF stretching fundamental to VPT2 results.
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This is due to strong Darling−Dennison resonance,98 which is
unaccounted for in the standard VPT2 implementation used
here. An approach such as that undertaken in ref 98 would shift
the CCSD(T) 2ν1 and 2ν3 values closer to the experiment. The
OH stretching combination band ν1+ν3 is unaﬀected by this
resonance, and the CCSD(T)/haQZ frequency of 7239 cm−1 is
in good agreement with the measured value of 7250 cm−1. The
MP2 and CCSD methods overestimate the energy of the ν1+ν3
transition by more than 40 and 80 cm−1, respectively.
4.2. (HF)2. Table 3 compares VPT2 fundamental frequencies
of (HF)2 computed with CCSD(T), MP2, and CCSD using the
haQZ basis set to experimental results.86,87,99−105 Note,
however, that the experimental values for the lowest-energy
transitions are actually indirect estimates.86,87,99,100 The largest
deviations from the experimental values occur for the same
intermonomer modes that exhibited the slowest convergence to
the MP2 CBS limit (ν6 and ν3 in Figure 3). MP2 overestimates
the ν6 fundamental by +23 cm−1 whereas CCSD and CCSD(T)
underestimate ν3 by −34 cm−1 and −22 cm−1, respectively.
In contrast to the monomer, the CCSD(T)/haQZ VPT2
intramonomer frequencies of (HF)2 are in far better agreement
with experiment than MP2/haQZ values. The CCSD(T)
calculated FH stretching fundamentals are within 1 cm−1 of the
experimental values, and the Δν(FHd) is within 1 cm−1 as well.
MP2 underestimates both HF stretching fundamental frequencies by −7 cm−1 and −17 cm−1 for FHf and FHd stretches,
respectively. In contrast, the CCSD method overestimates these
stretching modes by +51 cm−1 for ν1 and +65 cm−1 for ν2.
In the last row of Table 3, the calculated D0 values are
compared to the experimental value of 1062 cm−1.102 The
CCSD(T) D0 is within 2 cm−1 of this reference value. Although
this remarkable level of agreement is somewhat fortuitous, it
can be understood in light of the recent work of Ř ezáč et al.82
They have computed the dissociation energy of the HF dimer
with a series of high-level ab initio calculations, including full
quadruple excitations via CCSDTQ, relativistic eﬀects and a
diagonal Born−Oppenheimer correction. They concluded that
the sum of those corrections to D0 amounts to less than 2 cm−1.
That work also computed CCSD(T) VPT2 frequencies with
the fully augmented aug-cc-pVQZ basis set, which overall agree
with those computed here. The only substantial diﬀerences
between the two calculations occur in the intermonomer
modes, where ν6 is shifted 20 cm−1 higher with the aug-ccpVQZ basis set. However, the computed frequencies for ν6
have been shown to be extremely sensitive to small changes in
the basis set.80
Vibrational overtone and combination band transition
energies for the HF dimer are presented in Table 4. For this
dimer, the CCSD(T) VPT2 energy levels predict the 2ν1 and
2ν2 transitions to within 8 cm−1 of experiment. The ﬁrst
overtone of the donor FH stretch observed at 7550 cm−1 is
perfectly matched at the CCSD(T)/haQZ level. The
combination bands in the 4000−4100 cm−1 range, corresponding to excitations in one HF stretching mode and one
intermonomer mode, are also captured very well by the
CCSD(T) method, with a maximum absolute deviation from
experiment of only 6 cm−1. The combination band involving ν3
in the last row reveals larger discrepancies, although only
slightly more than the deviation seen for the ν3 fundamental in
Table 3. With the exception of the 2ν2 transition predicted 39
cm−1 too low, the MP2 overtones and combination bands are
also rather close to the experimental values. The CCSD method
consistently overestimates the stretching overtones and

Table 6. Select VPT2 Overtone and Combination Levels (in
cm−1) of (H2O)2 Computed with MP2, CCSD, and
CCSD(T) Methods with the haQZ Basis Set
exp
H2O

(H2O)2

2ν2
2ν1
2ν3
ν1+ν2
ν2+ν3
ν1+ν3
2ν5
2ν4
2ν3
2ν2
2ν1
2ν9
ν3+ν4
ν2+ν5
ν9+ν5
ν1+ν4
ν1+ν3
ν9+ν2

a

3152
7202a
7445a
5235a
5331a
7250a
3163b
3194b
7018b
7193c
7362b
7442b
5219d
5243b
5329d
5345d
7240c
7250c

CCSD(T)

MP2

CCSD

+10
+21
−43
+2
−3
−11
+5
+3
+46
+24
−49
−44
−10
−9
−3
−19
+18
−17

−23
+52
+27
−2
+12
+43
−14
−37
+17
+57
+34
−18
−41
−5
+4
+1
+57
+17

+38
+122
+46
+66
+56
+85
+53
+31
+172
+122
+56
+50
+63
+66
+69
+46
+123
+80

a

HITRAN 2006 values from ref 62. bRef 109 (Ne matrix). cRef 113
(gas). dRef 114 (gas).

The CCSD(T) and MP2 values computed with the haQZ basis
set are in excellent with the experimental value of 3961 cm−1,
each within 2 cm−1 of the reference. The CCSD method
overestimates the ν1 position by more than 50 cm−1. For the
ﬁrst overtone of the HF stretch in Table 4, the absolute
deviation from experiment approximately doubles for each
method, as the CCSD(T) and MP2 2ν1 positions are within 4
and 2 cm−1 of the experimental spectrum, respectively.
The H2O VPT2 fundamental frequencies are shown in the
ﬁrst rows of Table 5. For the 3 normal modes, the CCSD(T)/
haQZ values are much closer to experiment than the MP2
predicted frequencies. The largest deviation with the CCSD(T)
method is only a 6 cm−1 underestimation of the antisymmetric
OH stretch ν3. As with the harmonic vibrational frequencies,
the MP2 method predicts OH stretching frequencies too high,
compared to CCSD(T) calculations, while the bending mode
ν2 is predicted too low at the MP2/haQZ level. The CCSD/
haQZ fundamentals are the farthest from experiment, with the
frequencies of the OH stretching modes overestimated by more
than 40 cm−1 on average.
The ﬁrst overtones and combination bands of the H2O
vibrational modes are shown in Table 6. For the ﬁrst bending
overtone (2ν2) and the combination bands involving the
bending mode (ν1+ν2 and ν2+ν3), the CCSD(T)/haQZ VPT2
results are again in good agreement with experiment. 2ν2 is
within 10 cm−1 of experiment, while the two combinations
bands only deviate by 2 and 3 cm−1. Because the MP2 method
overestimates the fundamental stretching frequencies and
underestimates the H2O bending frequency, rather good
agreement is obtained for the combination bands between
5200 and 5350 cm−1 due to a rather favorable cancellation of
errors. For example, MP2 underestimates the bending mode ν2
by −14 cm−1 and overestimates the symmetric OH stretch ν1
by +12 cm−1, and the deviation from the experimental value of
the combination band ν1+ν2 is −2 cm−1.
The ﬁrst OH stretching overtones in H2O calculated with
CCSD(T) show much larger deviations relative to experiment.
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combination bands, by more than 100 cm−1 in the case of 2ν2
and 2ν1.
4.3. (H 2O) 2. Table 5 compares VPT2 fundamental
frequencies of (H2O)2 computed with CCSD(T), MP2, and
CCSD using the haQZ basis set to experimental results.52,106−110 Note that experimental values for (H2O)2
vibrational frequencies can vary by several cm−1 due to
diﬀering experimental conditions. For example, the rotational
temperatures have been estimated to be around 5K for gasphase measurements of the intermonomer fundamentals,107,108
but the vibrational degrees of freedom “may have diﬀerent
eﬀective temperatures or even non-thermal distributions”52
depending on the expansion conditions. Refs 61 and 106
provide thorough reviews of the various experimental vibrational frequencies that can be found in the literature. Also note
that several (H2O)2 vibrational transitions have only been
measured in Ne matrix environments, where interactions with
the dimer shift (H2O)2 fundamentals by as much as 20%
relative to gas-phase values.109,111 Lastly, the relatively large
tunneling splittings112 in (H2O)2 are unaccounted for in the
VPT2 calculations.
As with (HF)2, the CCSD(T) fundamental vibrational
energies of (H2O)2 tend to agree quite well with the measured
transitions (column 3 of Table 5). For the four lowest-energy
vibrations, the CCSD(T) results show a maximum deviation
from experiment of −9 cm−1 (ν12) and an average absolute
deviation around 3 cm−1. For the MP2 and CCSD VPT2
frequencies (last two columns in Table 5), the maximum
deviations in these four modes are appreciably larger at +39
cm−1 and −26 cm−1, respectively (ν11 and ν12).
The two highest-energy intermonomer vibrations (ν6 and
ν10) are particularly challenging. Although all three methods
consistently underestimate these frequencies with respect to
experiment, none of them reproduce either of the experimental
ν6 or ν10 frequencies to within 17 cm−1. This results is perhaps
not too surprising in light of the slow basis set convergence
exhibited by the MP2 harmonic frequencies for these two
modes as discussed in Section 3.2.3.
Looking at the intramonomer fundamental frequencies near
the bottom of Table 5, the CCSD(T) VPT2 transitions for
these six modes show remarkable agreement with the
experimental values. All of the OH-stretching fundamental
transitions computed with CCSD(T) are within ±3 cm−1 of the
gas-phase positions, with Δν(OHd) within 6 cm−1 of
experiment. Deviations from experimental intramonomer
vibrational frequencies are signiﬁcantly larger for the VPT2
results computed with the MP2 and CCSD methods, as with
the H2O monomer. The average absolute deviation in the six
intramonomer modes is 17 cm−1 with MP2 and 41 cm−1 with
CCSD. MP2 overestimates the shift associated with the donor
stretching mode (Δν(OHd)) by nearly 20 cm−1, whereas
CCSD underestimates the shift by −15 cm−1. These deviations
are nearly identical to those seen for the harmonic frequencies
in Table 2. It is interesting to note that the order of the two
highest-energy MP2 stretching frequencies changes with the
anharmonic corrections. This reordering also occurs for VPT2
frequencies computed with the haDZ and haTZ basis sets (see
Supporting Information).
D0 values computed with each correlated method are given
in the last row of Table 5. The D0 values computed with
CCSD(T) and MP2 methods compare fairly well with the
experimental value110 of 1105 cm−1 (−21 cm−1 and −2 cm−1,
respectively). With the haQZ basis set, the CCSD(T)

electronic dissociation energy (De) of 1752 cm−1 is slightly
larger than the estimated CCSD(T) CBS limit (within the
frozen core approximation). With the ha5Z basis set, the
CCSD(T) De computed here is reduced to 1745 cm−1, in good
agreement with the CCSD(T) CBS estimate of 1743 cm−1
obtained by Lane37 utilizing geometries near the CCSD(T)
CBS limit. The MP2 De values obtained in the present study
with the haQZ and ha5Z basis sets are 1747 and 1740 cm−1,
respectively. Despite the much larger errors for MP2/haQZ
fundamental frequencies, some favorable error cancellation
leads to an MP2/haQZ D0 that is within 2 cm−1 of the
experimental value.
The bottom part of Table 6 shows (H2O)2 combination
band and overtone transition frequencies for which experimental data109,113,114 is available for comparison. The CCSD(T) bending overtones (2ν5 and 2ν4) are within 5 cm−1 of the
experimental positions.109 However, the stretching overtones
(2ν3, 2ν2, 2ν1, and 2ν9) show much larger deviations at the
CCSD(T) level. As discussed for the H2O monomer overtones
in Section 4.1, a Darling−Dennison resonance is the origin of
these large discrepancies.98
The VPT2 transition energies of the intramonomer
combination bands are shown near the bottom of Table 6.
The CCSD(T) transitions involving the bending modes
between 5200 and 5400 cm−1 compare favorably with
experiment, underestimating the energy of each transition by
a maximum of 20 cm−1 and less than 10 cm−1 on average.
CCSD(T)/haQZ VPT2 results for the stretching combination
bands in the last two rows of Table 5 are in better agreement
with experiment than the stretching overtones, reproducing the
experimental values to within 20 cm−1. The performance of
MP2 for these combination bands is inconsistent. Three of the
MP2 transitions are predicted to within 5 cm−1 of experiment,
while the lowest-energy combination band deviates from the
experimental value by −41 cm−1, and the combination band
arising from excitations in both donor stretching modes
(ν1+ν3) deviates by +60 cm−1.

5. CONCLUSIONS
In this work, we have established benchmark values for the
harmonic vibrational frequencies of (H2O)2 and (HF)2 with
correlated wave function methods and large correlationconsistent basis sets. MP2 harmonic vibrational frequencies
have been computed with basis sets as large as aug-cc-pV6Z on
both standard and counterpoise-corrected potential energy
surfaces. In addition, we have calculated anharmonic vibrational
frequencies with these correlated methods and the haQZ basis
set by way of VPT2 computations. The main conclusions for
this investigation are as follows:
i. To obtain harmonic vibrational frequencies that are
consistently converged to within 10 cm−1 of the CBS
limit, a basis set of quadruple-ζ quality is needed
according to our analysis at the MP2 level of theory with
the haXZ and aXZ families of correlation-consistent basis
sets. For these dimers, the haQZ basis set gives
frequencies exhibiting average absolute deviations from
the MP2 CBS limit of less than 3 cm−1. In particular, the
harmonic frequencies of the OH and FH stretching
modes are greatly improved with these quadruple-ζ basis
sets compared to their triple-ζ counterparts. The
maximum absolute errors in the stretching modes
decreases from 10−20 cm−1 in the haTZ basis set to
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1−3 cm−1 with the haQZ basis set. Use of the fully
augmented aQZ basis set or application of the counterpoise procedure does not improve the MP2/haQZ
harmonic frequencies relative to the CBS values in either
of the dimers, despite the additional computational eﬀort.
Counterpoise corrections aﬀect the MP2 harmonic
vibrational frequencies in diﬀerent ways, depending on
the nature of the normal mode. The standard MP2
harmonic calculations tend to overestimate the frequencies of the intermonomer modes, while the CP
corrections tend to result in underestimated intermonomer frequencies. This is similar to the convergence
patterns seen for binding energies in hydrogen-bonded
dimers.96 The intramonomer modes are hardly aﬀected
by the CP correction, with the exception of the donor
stretch. The CP procedure for the double- and triple-ζ
basis sets examined here moves the donor stretch
frequency position to higher energy and closer to the
MP2 CBS estimate. Unfortunately, the net result is an
underestimated “red shift” that is farther from the
estimated CBS limit.
CCSD(T) anharmonic vibrational frequencies computed
with VPT2 and the haQZ basis set show excellent
agreement with available experimental values, particularly
for the intramonomer fundamental vibrational transitions. The CCSD(T) intramonomer frequencies agree
with experiment to within a few cm−1 for both the (HF)2
and (H2O)2 dimers. The low-energy intermonomer
fundamental frequencies are predicted well by CCSD(T), typically within 10 cm−1, while the deviations exceed
20 cm−1 for the highest-energy intermonomer modes.
The accuracy of the CCSD(T) predicted anharmonic
vibrational transitions decreases slightly for the overtones
and combination bands. The combination bands and
overtones between 3000 and 6000 cm−1 are typically
within 10 cm−1 of experiment, while the deviations can
exceed 50 cm−1 for the ﬁrst OH stretching overtones
located above 7000 cm−1, calculated within the standard
VPT2 implementation.88 All of the (HF)2 overtones and
combination bands agree well with experimental spectra,
with no computed transitions diﬀering by more than 20
cm−1 from experiment and only one transition diﬀering
by more than 8 cm−1.
The CCSD(T)/haQZ dissociation energies computed
with VPT2 for these dimers agree very well with
experiment. The predicted D0 for (H2O)2 of 1084
cm−1 underestimates the experimental value by only 21
cm−1 and that for (HF)2 of 1060 cm−1 is only 2 cm−1
below experiment. These results demonstrate the
accuracy that can be realized for computing vibrational
properties of small clusters, using the CCSD(T) method
in conjunction with suﬃciently large basis sets as well as
an appropriate treatment of anharmonic eﬀects with
VPT2.

Article

AUTHOR INFORMATION

Corresponding Author

*E-mail: tschumpr@olemiss.edu.
Notes

The authors declare no competing ﬁnancial interest.

■

ACKNOWLEDGMENTS
This material is based upon work supported by the National
Science Foundation under Grant Nos. EPS-0903787 and CHE1156713. The authors also thank the Mississippi Center for
Supercomputing Research for providing computational resources.

■

REFERENCES

(1) Pimentel, G. C.; McClellan, A. L. The Hydrogen Bond; W.H.
Freeman: San Francisco, 1960.
(2) Jeﬀrey, G. A.; Saenger, W. Hydrogen Bonding in Biological
Structures; Springer-Verlag: Berlin, 1994.
(3) Stone, A. The Theory of Intermolecular Forces; Clarendon: Oxford,
1997.
(4) Morokuma, K.; Pedersen, L. J. Chem. Phys. 1968, 48, 3275−3282.
(5) Kollman, P. A.; Allen, L. C. J. Chem. Phys. 1969, 51, 3286−3293.
(6) Kollman, P. A.; Allen, L. C. J. Chem. Phys. 1969, 52, 5085−5093.
(7) Morokuma, K.; Winick, J. R. J. Chem. Phys. 1970, 52, 1301−1306.
(8) Hankins, D.; Moskowitz, J.; Stillinger, F. J. Chem. Phys. 1970, 53,
4544−4554.
(9) Del Bene, J.; Pople, J. J. Chem. Phys. 1973, 52, 4858−4866.
(10) Del Bene, J. E.; Pople, J. J. Chem. Phys. 1973, 58, 3605−3608.
(11) Kistenmacher, H.; Lie, G.; Popkie, H.; Clementi, E. J. Chem.
Phys. 1974, 61, 546−561.
(12) Dill, J.; Allen, L.; Topp, W.; Pople, J. J. Am. Chem. Soc. 1975, 97,
7220−7226.
(13) Burnham, C. J.; Xantheas, S. S. J. Chem. Phys. 2002, 116, 1500−
1510.
(14) Bukowski, R.; Szalewicz, K.; Groenenboom, G. C.; van der
Avoird, A. Science 2007, 315, 1249−1252.
(15) Cencek, W.; Szalewicz, K.; Leforestier, C.; van Harrevelt, R.; van
der Avoird, A. Phys. Chem. Chem. Phys. 2008, 10, 4716−31.
(16) Huang, X.; Braams, B.; Bowman, J. M.; Kelly, R. E. A.;
Tennyson, J.; Groenenboom, G. C.; van der Avoird, A. J. Chem. Phys.
2008, 128, 34312.
(17) Shank, A.; Wang, Y.; Kaledin, A.; Braams, B. J.; Bowman, J. M. J.
Chem. Phys. 2009, 130, 144314.
(18) Wang, Y.; Shepler, B. C.; Braams, B. J.; Bowman, J. M. J. Chem.
Phys. 2009, 131, 54511.
(19) Wang, Y.; Huang, X.; Shepler, B. C.; Braams, B. J.; Bowman, J.
M. J. Chem. Phys. 2011, 134, 94509.
(20) Wang, Y.; Bowman, J. J. Chem. Phys. 2011, 134, 154510.
(21) Leforestier, C.; Szalewicz, K.; van der Avoird, A. J. Chem. Phys.
2012, 137, 14305.
(22) Babin, V.; Medders, G. R.; Paesani, F. 2012, 3, 3765−3769.
(23) Medders, G. R.; Babin, V.; Paesani, F. J. Chem. Theory Comput.
2013, 9, 1103−1114.
(24) Babin, V.; Medders, G. R.; Paesani, F. J. Chem. Theory Comput.
2014, 10, 1599−1607.
(25) Clementi, E.; Kołos, W.; Lie, G.; G, R. Int. J. Quantum Chem.
1980, 17, 377−398.
(26) Koehler, J.; Saenger, W.; Lesyng, B. J. Comput. Chem. 1987, 8,
1090−1098.
(27) Hermansson, K. J. Chem. Phys. 1988, 89, 2149−2159.
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