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H I G H L I G H T S

• Discrepancy in experimental gas-phase dissociation energies resolved by computation.

• Computed anharmonic vibrational frequencies closely match experimental fundamentals.

• Computed vibrationally corrected geometry and dipole moment match experimental data.
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A B S T R A C T

Three different experimental dissociation energies (D0) have been reported for the simple HCN HF hydrogen
bonded dimer, but none agree to within their error bars ( ± ±4.42 0.26, 4.96 0.05, and ±5.63 0.03 kcal mol−1). To
help resolve this disagreement, the geometry, dipole moment, fundamental vibrational frequencies, and D0 of
the HCN HF complex are computed with the CCSD(T) and MP2 methods and quintuple- quality basis sets,
including anharmonic corrections from second-order vibrational perturbation theory. Our best estimate of
D0 = 5.56 kcal mol−1 lies within 0.07 kcal mol−1 of the largest experimental values, suggesting that neither of
the older and smaller values based on equilibrium transition intensity measurements are reliable.

1. Introduction

The accuracy of quantum chemical methods can be determined by
comparisons with higher level theory or by comparisons with experi-
mental data [1]. Small molecule dimers are accurately measurable by
experiment and computable by theory, thereby providing a fertile
ground for developing this benchmarking process. Interest in this type
of benchmarking is growing, and a database of small-molecule hy-
drogen bonds has been recently published,[2] with the authors inviting
extensions in “chemical, observable, and quantum mechanical method
space”. Such an endeavor depends on accurate experimental and
computational data for a variety of small molecule dimers. The het-
erodimer of HCN and HF (HCN-HF) is an excellent candidate for study
by theory in this regard, due to extensive experimental investigation,
including three measured values for the dissociation energy which do
not agree within their error bars (vide infra). HF is commonly studied in
prototypical hydrogen bonding systems, and HCN-HF has been ex-
tensively studied and reviewed up to 1986 [3] as a prototypical hy-
drogen bonded system for gas phase study. Here, we model HCN-HF
with modern theoretical methods to resolve the disagreement in re-
ported experimental dissociation energies and confirm other experi-
mental measurements.

The heterodimer of HCN and HF was initially detected in gas phase
in 1971 [4]. Although HF and HCN are both capable of acting as a
hydrogen bond acceptor and as a hydrogen bond donor, only the
complex with HCN as the hydrogen bond acceptor was found in the gas
phase, denoted here as HCN HF (Fig. 1b). Early computational studies
examining both HCN HF and the reversed complex HF HCN (Fig. 1d)
also found that HCN should be the hydrogen bond acceptor in the
complex,[5] confirming the initial experimental findings. In the gas
phase, the HCN HF geometry is linear, with the N on HCN receiving a
hydrogen bond from HF [6]. The heterodimer of HCN and HF has also
been studied in liquid Xe,[7] solid Ar [8] and liquid He [9]. In addition
to the HCN HF complex, the reversed complex HF HCN has been
found in some condensed phase experiments, with HCN donating the
hydrogen bond (Fig. 1d) [8,9]. However, the HF HCN complex is
metastable and easily converts to the linear HCN HF complex when
warmed or photoexcited [8,9]. In addition, preliminary computational
investigations [10] have found HF HCN to be 4.7 kcal mol−1 higher in
energy than HCN HF, with a barrier of approximately
1.5 kcal mol−1 for the HF HCN HCN HF reaction. Because of the
high relative energy and instability of the HF HCN conformer, and
because only the linear HCN HF conformer is found in the gas phase,
the analysis presented here will focus on the linear
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HCN HF conformer.

In the course of the aforementioned investigations, several ob-

servables were measured, including some which are particularly sui-

table for comparison with our computed results. The distance between

N and F ra(N F) in gas phase HCN HF was initially measured at

2.796Å [6] and later updated to 2.8043Å [11]. In both cases the rigid

monomer approximation was used. The dipole moment of the linear

HCN HF complex has been measured experimentally in the gas phase

( 5.6 D) [6,12] and in the condensed phase (5.8 D) [10]. The dipole

moment enhancement in the gas phase (relative to the sum of monomer

dipole moments) was found to be + 0.80 D [12]. All fundamental vi-

brational frequencies [13–17] have been measured for the

HCN HF complex in the gas phase.

Three experimental values for the dissociation energy D0 of

HCN HF are available in the literature. The first experimental determi-

nation of D0 was 4.42 ± 0.26 kcalmol−1 based on equilibrium transition

intensity measurements of the complex in the gas phase [18]. Another

experimental determination gave 4.96 ± 0.05 kcalmol−1 based on a si-

milar experimental method [19]. Finally, an additional dissociation energy

measurement based on vibrational predissociation gave

= ±D 5.63 0.030 kcalmol−1 [20]. None of these experimental values for

D0 agree with the others to within their error bars. In addition to direct

measurement, dissociation energies have been estimated by model po-

tentials built on extensive experimental frequency data. One model po-

tential derived D0 of 5.83 kcalmol
−1,[21] significantly higher than the

same author’s 4.96 kcalmol−1 experimental value [19]. Another model

potential derived from experimental data gave De=6.94 kcalmol−1, al-

though experimental D0 values were used in developing that model [22].

More recently, Rivera-Rivera and Hren generated a potential for

HCN HF from experimental data, including Miller and Oudejans’ D0,

which returned the same D0 that was used to fit the potential.

At the time Miller and Oudejans’ D0 was published, no theoretical

D0 was available for HCN HF with sufficient accuracy to discriminate

between the experiments [20]. Since that time, additional authors have

computed De values [23–27]. However, none of these included anhar-
monic ZPVE correction in an attempt to resolve the disconnect between

available experimental values. The highest-level computed De available
is 7.45 kcal mol−1 from a data set of De values for dimers computed by
Boese of CCSD(T) energetics near the complete basis set limit, including

contributions from core-valence and scalar relativistic effects [24].

However, Boese’s study focused on theory benchmarking and did not

examine zero-point contributions to the dissociation energy or compute

other properties for comparison with experimental results.

When dissociation energies are computed via the supermolecular

method, finite sized basis sets introduce an inconsistency commonly

referred to as basis set superposition error or BSSE [28,29]. The

counterpoise (CP) procedure can be used to evaluate the significance of

BSSE on energies and geometries [30–32]. For the HCN HF complex,

the magnitude of the counterpoise correction to D0 with double-

quality basis sets can be larger than the difference in energies between

the experimental reported values for D0. For example, Simon et al. [32]

found a counterpoise correction of 1.31 kcal mol−1 for MP2/6-

31G(d p, ) and 2.48 kcal mol−1 for MP2/D95++(d p, ). In contrast, the

difference between the closest two previously mentioned experimental

D0 values is 0.7 kcal mol
−1. In addition, Simon et al. found that N F

distance computed by MP2/6-31G(d p, ) changed by 0.083 Å with

counterpoise correction, while intramolecular covalent bond distances

were minimally effected ( 0.001Å). Therefore, we will use larger basis
sets to provide results accurate enough to compare to experimental

values, and the convergence behavior of the counterpoise correction

and the intermolecular distance will be monitored to determine close-

ness to the complete basis set limit.

For similar dimers, ab initio methods such using CCSD(T) with at

least QZ quality basis sets for energies and harmonic frequencies and

VPT2 anharmonic correction from MP2 have been successful at

matching experimental fundamental frequencies and dissociation en-

ergies [33]. Ab initio methods have also been used to highlight dis-

crepancies between experimental and theoretical dissociation energies

[34]. In addition, anharmonic estimates based on VPT2 have been used

to provide frequencies comparable to experiment [33–36]. In this work,

a similar level of theory to the previous examples is employed to resolve

the discrepancy in measured dissociation energies and to confirm the

measured fundamental vibrational frequencies, geometries, and dipole

moments.

2. Computational details

Full geometry optimizations were performed on HCN HF

(Fig. 1ab) and and its monomers using the CCSD(T) [37,38] and MP2

[39] methods with mixed basis sets haXZ (cc-pVXZ on H and aug-cc-

pVXZ on C, N, and F) where X=T, Q, 5 [40,41]. To assess the impact of

diffuse functions on hydrogen, MP2 computations were also performed

using Dunning’s aug-cc-pVYZ basis sets, abbreviated as aYZ, where Y=

T and Q. In each case, harmonic vibrational frequency computations

Fig. 1. Relative electronic energies (kcal mol−1) with respect to the C v global minimum HCN HF (b) for dissociated monomers (a), the Cs Transition State
connecting HF HCN and HCN HF (c), the Cs HF HCN local minimum (d), and the C v Second Order Saddle Point close to HF HCN (e) at indicated method and

basis.
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were performed to confirm HCN HF and its monomers as minimum
energy structures with no imaginary frequencies.

CCSD(T)/haXZ and MP2/haXZ (X = T, Q, 5) geometry optimiza-
tions were also performed on the reversed complex HF HCN (Fig. 1d),
the transition state which connects the two minima (Fig. 1c), and a
second order saddle point found by forcing HF HCN into a linear
configuration (Fig. 1de). Harmonic vibrational frequency computations
were performed on the MP2/haXZ (X= T, Q, 5) and CCSD(T)/haYZ
(Y= T, Q) optimized geometries to confirm them as minima, transition
states, or second order saddle points with zero, one, or two imaginary
frequencies respectively. Although CCSD(T)/ha5Z optimized geome-
tries were computed for HF HCN, the transition state, and the second
order saddle point, the corresponding CCSD(T)/ha5Z frequencies were
skipped for cost considerations.

In addition, second order vibrational perturbation theory (VPT2)
computations [42–45] were performed on HCN HF and its monomers
using MP2/haXZ and CCSD(T)/haTZ. These computations allowed de-
termination of equilibrium dissociation energy De , zero point vibra-
tional energy (ZPVE) corrected dissociation energies D0, harmonic and
VPT2 vibrational frequencies, vibrationally averaged dipole moments
µ , and distance between vibrationally averaged atomic positions ra.

Gradients and Hessians were computed analytically. Force constants
for VPT2 were computed numerically from finite differences of analytic
second derivatives [46]. The 1s character core orbitals were frozen on
C, N, and F in the MP2 and CCSD(T) computations. To examine the
significance of BSSE [28,29] for these systems, the electronic dis-
sociation energies were computed for HCN HF using the CP procedure
[30,31]. Results of the CP computations are summarized in the
Supplementary Material. All computations were performed in the
CFOUR package [47].

3. Results and discussion

The first part of this section discusses the geometry and properties of
four stationary points found on the HCN-HF potential energy surface.
VPT2 computations on the global minimum of the HCN HF complex
allow direct comparison with the available experimental dipole mo-
ment, geometry data and the fundamental vibrational frequencies to
evaluate the accuracy of the theoretical treatment of anharmonic effects
for this system. Finally, the computed dissociation energies of
HCN HF are presented and discussed, including a composite D0 of
sufficient accuracy to resolve the discrepancy between published ex-
perimental D0 values.

3.1. Stationary points and relative energies

Fig. 1 provides a schematic of the isolated HCN and HF monomers
(Fig. 1a) and and the four stationary points of the HCN-HF complex
(Fig. 1b-1e) investigated along with their relative electronic energies
computed with the CCSD(T) and MP2 methods utilizing the haXZ fa-
mily of basis sets (X = T, Q, 5). Cartesian coordinates of optimized
structures and details on convergence of geometric parameters with the
MP2 and CCSD(T) methods and various correlation consistent basis sets
are in the Supplementary Material. The only complex observed in the
gas phase is the linear HCN HF global minimum with C v symmetry
(Fig. 1b). The best gas phase experimental geometric parameter of
HCN HF available for comparison with our calculations is the distance
between the average N and F positions, ra(N F). Experimental values
for ra(N F) are based on the rigid monomer approximation and range
from 2.796 Å [6] to 2.8043 Å [11]. In order to compare computational
and experimental values, vibrational averaging is included in the
computational model via VPT2. Our anharmonic estimate for ra(N F),
using re of 2.781 Å from CCSD(T)/ha5Z with vibrational averaging
correction of 0.026 Å from MP2/ha5Z, provides ra(N F) at 2.807 Å, in
line with experimental values. Vibrationally averaged dipole moment

=µ 5.63 D and dipole moment enhancement on complexation
= +µ 0.80 D for HCN HF computed with CCSD(T)/haTZ also line

up well with experimental values ( =µ 5.612exp D [12] and
= +µ 0.80exp D [12]), giving further support to the computed geo-

metry and the use of the VPT2 model for vibrationally averaged para-
meters for this system. Additional details on the dipole moment com-
putations are included in the Supplementary Material.

The non-linear HF HCN complex with Cs symmetry in which the
hydrogen bond donor/acceptor roles are reversed (Fig. 1d) is
4.48 kcal mol−1 above HCN HF according to CCSD(T)/ha5Z elec-
tronic energies, consistent with the experimental finding that
HF HCN is not seen in the gas phase. The Cs transition state connecting
these minima (Fig. 1c) was also characterized. The CCSD(T)/ha5Z
electronic barrier for the isomerization from this high-energy local
minimum back to the global minimum (i.e., HF HCN HCN HF) is
0.54 kcal mol−1. This low barrier is consistent with the experimental
observation that when HF HCN is formed in low-temperature helium
nanodroplets [9] or a solid Ar matrix [8], it is easily converted to
HCN HF upon photoexcitation or warming, respectively. Finally, a
linear second order saddle point (Fig. 1e) is located only
0.10 kcal mol−1 above the nearby HF HCN minimum at the CCSD(T)/
ha5Z level of theory. This second order saddle point has two degenerate
imaginary frequencies dominated by HFH bending, connecting
equivalent forms of the HF HCN local minimum.

Table 1
Harmonic vibrational frequencies (in cm−1) for HCN HF and the corresponding anharmonic corrections and estimates from VPT2, compared to gas phase ex-
perimental data.

harmonic VPT2 correction VPT2

MP2 CCSD(T) CCSD(T) MP2 MP2 MP2 CCSD(T) best
ha5Z ha5Z haTZ haTZ haQZ ha5Z haTZ est.a Exp

1 3843 3889 −161 −163 −168 −169 3719 3720 3716b

2 3464 3437 −128 −125 −127 −128 3296 3309 3310b

3 2071 2155 −35 −40 −40 −40 2105 2116 2121b

4 188 185 −9 −9 −11 −11 176 174 168c

5
1 738 737 −14 −10 −8 −9 718 729 727b

6
1 641 626 −79 −76 −68 −69 554 557 550d

7
1 79 80 −7 −7 −8 −5 76 75 76e

a CCSD(T)/ha5Z harmonic frequencies with MP2/ha5Z anharmonic correction.
b Ref. [16].
c Ref. [14].
d Ref. [15].
e Ref. [13].
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3.2. Vibrational frequencies

Frequency data for the HCN HF complex are aggregated in
Table 1. The first two columns of data in Table 1 show the harmonic
vibrational frequencies computed with the MP2 and CCSD(T) methods
and the ha5Z basis set. For each method, the haQZ and ha5Z harmonic
frequencies differ by less than 4 cm−1, showing that MP2 and CCSD(T)
harmonic frequencies and harmonic zero point energy corrections are
both well converged at ha5Z. (See Supplementary Material for MP2/
haQZ and CCSD(T)/haQZ frequencies.) Although both are near their
complete basis set (CBS) limits, MP2 and CCSD(T) give quite different
results for some modes, with MP2/ha5Z predicting the CN stretch 3
84 cm−1 below the value computed by CCSD(T)/ha5Z.

The next four columns of data in Table 1 show the anharmonic
frequency corrections for CCSD(T)/haTZ and for MP2 at different basis
set cardinality. The VPT2 corrections never differ by more than
5 cm−1 between CCSD(T)/haTZ and MP2/haTZ, justifying the use of
MP2 for anharmonic frequency correction. As MP2 is less computa-
tionally demanding than CCSD(T), the MP2 VPT2 corrections are
computed up to MP2/ha5Z. The MP2/haQZ and MP2/ha5Z anharmonic
corrections never differ by more than 1 cm−1, indicating that basis set
convergence has been reached for anharmonic correction at MP2/ha5Z.

The seventh column of data in Table 1 shows the fundamental fre-
quencies computed with CCSD(T)/haTZ. These values differ from ex-
perimental gas phase frequencies (last column of data) by up to
9 cm−1 for the intermolecular modes and up to 16 cm−1 for the in-
tramolecular modes. An improved anharmonic estimate is generated
when MP2/ha5Z anharmonic corrections are used with CCSD(T)/ha5Z
harmonic frequencies. This anharmonic estimate differs from experi-
mental values by at most 7 cm−1 for the intermolecular modes and at
most 5 cm−1 for the intramolecular modes, showing that this composite
VPT2 model captures the anharmonic effects for this system reasonably
well.

3.3. Dissociation energies

Table 2 contains the dissociation energies and related terms com-
puted at the MP2 and CCSD(T) levels of theory. The final rows of
Table 2 show the experimental values for D0. The two experimental
values with the smallest error bars (± 0.05 and ± 0.03 kcal mol−1) still
differ by 0.67 kcal mol−1. The first column of data shows the computed
electronic dissociation energy De . Even at ha5Z, which should be close
to the complete basis set limit for both methods, CCSD(T) and MP2
differ in De by 0.20 kcal mol−1, indicating a significant effect from

higher-order electron correlation.
CCSD(T)/ha5Z gives De of 7.43 kcal mol−1, identical to the extra-

polated CBS limit found by Boese [24] based on a two point CCSD(T)/a
{Q,5}Z extrapolation with corrections for additional effects, such as
relativistic and core-valence correlation. It is also close to a composite
best estimate of 7.45 kcal mol−1 found by the same author when in-
cluding additional corrections beyond CCSD(T). These results indicate
that our values obtained with the ha5Z basis set are very close to the
CBS limit where BSSE vanishes by definition. Consequently, dissocia-
tion energies computed with the CP procedure have been relegated to
the Supplementary Material.

The second and third columns of data in Table 2 show how the
harmonic zero point vibrational energy changes the dissociation energy
( ZPVE) as well as the resulting dissociation energy (D0) that includes
the harmonic ZPVE. As noted previously, MP2/ha5Z and CCSD(T)/
ha5Z give substantially different harmonic frequencies for
HCN HF which leads to harmonic zero point vibrational energies of
the complex that differ by roughly 0.1 kcal mol−1. However, a similar
effect for monomers leads to a fortuitous cancellation, and MP2 and
CCSD(T) give similar harmonic ZPVE values for the overall reaction. In
any case, ZPVE is remarkably consistent between MP2 and CCSD(T)
near 2.00 kcal mol−1, regardless of basis set size.

The corresponding anharmonic values from VPT2 computations are
given in the last two columns of data in Table 2. The VPT2 treatment
only decreases the magnitude of the ZPVE corrections by 0.13 to
0.17 kcal mol−1, which ultimately leads to slightly larger dissociation
energies. This anharmonic correction to ZPVE and D0 is similar to that
obtained for the closely related H2O HF system for which the change is
roughly twice as large [34]. A Fermi resonance is present [48] in
HCN HF between 2 7 and 4, but its treatment is neglected because
these intermolecular modes have only a small effect on the anharmonic
zero point vibrational energy and corresponding D0.

The final column of data in Table 2 shows the computed anhar-
monic dissociation energy for each level of theory. The same composite
scheme used to obtain accurate anharmonic vibrational frequencies in
Table 1 is adopted here for the anharmonic ZPVE data in Table 2.
Therefore, our best anharmonic estimate of =D 5.560 kcal mol−1 is
constructed from the CCSD(T)/ha5Z harmonic D0 (5.43 kcal mol−1)
and an anharmonic correction of + 0.13 kcal mol−1 from the MP2/ha5Z
VPT2 computation.

The final three rows of Table 2 contain D0 values based on experi-
mental measurements. Even the computed harmonic D0 values suggest
the dissociation energy of 5.63 kcal mol−1 measured by vibrational
predissociation [20] is correct. Anharmonic corrections further improve
agreement with that experimental D0, with our best estimate of D0
giving a deviation of only 0.07 kcal mol−1 between experiment and
theory. The other experimental values, based on equilibrium intensity
measurements from Ref [19,18], deviate by at least
0.60 kcal mol−1 from all of our anharmonic estimates.

With experiment and theory having converged on a D0 for the mixed
HCN HF dimer near 5.6 kcal mol−1, it is interesting to note that this
value is significantly larger than D0 for either of the corresponding
homogeneous dimers (ca. 3.0 kcal mol−1 for (HF)2 and
3.9 kcal mol−1 for (HCN)2) [33,49,50]. An analogous result is seen for
the dimers of H2O and HF where D0 for the heterogeneous
H2O HF dimer (ca. 6.2 kcal mol−1) [34] is approximately twice that of
either homogeneous dimer ( 3.1 kcal mol−1 for (H2O)2 and (HF)2).

4. Conclusions

The linear HCN HF global minimum in which HCN accepts a hy-
drogen bond from HF has been examined with the CCSD(T) method and
large basis sets, along with the Cs HF HCN local minimum in which
the donor/acceptor roles have been reversed, and the transition state
connecting them. Several properties of the experimentally relevant
HCN HF complex have been computed, with good alignment with

Table 2
MP2 and CCSD(T) dissociation energies (De and D0 in kcal mol−1) and zero
point vibrational energy corrections ( ZPVE in kcal mol−1) based on the har-
monic approximation or anharmonic values from VPT2, for the
HCN HF complex.

harmonic VPT2

De ZPVE D0 ZPVE D0

MP2/haTZ 7.82 −2.03 5.79 −1.88 5.94
MP2/haQZ 7.72 −2.01 5.70 −1.88 5.84
MP2/ha5Z 7.63 −1.99 5.64 −1.86 5.77

CCSD(T)/haTZ 7.63 −2.05 5.58 −1.89 5.74
CCSD(T)/haQZ 7.52 −2.03 5.40 −1.90a 5.62a

CCSD(T)/ha5Z 7.43 −2.00 5.43 −1.87a 5.56a

Experimental Ref. [18], equilibrium
transition intensity

4.42 ±
0.26

Experimental Ref. [19], equilibrium
transition intensity

4.96 ±
0.05

Experimental Ref. [20], vibrational
predissociation

5.63 ±
0.03

ausing MP2/ha5Z anharmonic correction of + 0.13 kcal mol−1.
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experimental data. Our anharmonic estimate for the distance between
the average N and F positions, ra(N F) = 2.807 Å, is within 0.02 Å of
experimental values. In addition, CCSD(T)/haTZ with VPT2 gives vi-
brationally averaged dipole moment =µ 5.63 D and dipole moment
enhancement on complexation µ =+ 0.80 D both within 0.02 D of
experimental values. The fundamental frequencies computed from
CCSD(T)/ha5Z harmonic frequencies and MP2/ha5Z anharmonic cor-
rection differ from experimental frequencies by at most 7 cm−1. Finally,
an anharmonic estimate for =D 5.560 kcal mol−1 has been computed,
close to the most recent experimental value of 5.63 kcal mol−1 from
Oudejans and Miller determined by vibrational predissociation [20]. As
the older equilibrium transition intensity measurements [18,19] have
approximately an order of magnitude larger deviation from our an-
harmonic estimate, vibrational predissociation likely provides the best
currently available experimental value of D0 for this small and rela-
tively simple hydrogen bonded dimer. Given the encouraging results
obtained here for the HCN HF dimer, the computational analysis
employed in this work will be extended to closely related hydrogen
halide analogues such as HCN HCl and HCN HBr.
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