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Fundamental Vibrational Analyses of the HCN Monomer, Dimer and Associated
Isotopologues

Preston R. Hoobler, Justin M. Turney, Jay Agarwal, and Henry F. Schaefer III
Center for Computational Quantum Chemistry,
University of Georgia, Athens, GA 30602 USA∗

In this work we provide high level ab initio treatments of the structures, vibrational frequencies,
and electronic energies of the HCN monomer and dimer systems along with several isotopologues.
The plethora of information related to this system within the literature is summarized and serves
as a basis for comparison with the results of this paper. The geometry of the dimer and monomer
are reported at the all electron coupled-cluster singles, doubles, and perturbative triples level of
theory [AE-CCSD(T)] with the correlation consistent quadruple-zeta quality basis sets with extra
core functions (cc-pCVQZ) from Dunning. The theoretical geometries and electronic structures are
further analyzed through the use of the Natural Bond Orbital (NBO) method and Natural Resonance
Theory (NRT). At the AE-CCSD(T)/cc-pCVQZ level of theory, the full cubic with semi-diagonal
quartic force field for nine dimer and four monomer isotopologues (the parent isotopologue along
with 15N, 13C, and D derivatives) were obtained to treat the anharmonicity of the vibrations via
second order vibrational perturbation theory (VPT2). Lastly, the enthalpy change associated with
the formation of the dimer from two monomer units was determined using the focal point analysis.
Computations including coupled-cluster through perturbative quadruples as well as basis sets up to
six-zeta quality, including core functions (cc-pCVXZ, X=D,T,Q,5,6) were used to extrapolate to the
AE-CCSDT(Q)/CBS energy associated with this hydrogen-bond forming process. After appending
anharmonic zero-point vibrational, relativistic, and diagonal Born–Oppenheimer corrections, we
report a value of –3.93 kcal mol−1 for the enthalpy of formation. To our knowledge, each set of
results (geometries, vibrational frequencies, and energetics) reported in this study represents the
highest-level and most reliable theoretical predictions reported for this system.

∗ ccq@uga.edu
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I. INTRODUCTION

The study of small, fundamental chemical systems has a rich history within ab initio quantum chemistry.[1] The
ability to predict small spectroscopic effects with high-accuracy and glean insight into the underlying chemical
behavior attracts chemists, both theoretical and experimental, to investigate systems like the hydrogen cyanide
(HCN) dimer. The latest studies on the linear dimer system study both its spectroscopy[2] and stabilization
by complexation with a Lewis acid.[3] The monomer has also been of great interest to those studying pre-biotic
chemistry[4–8] due to the fact that its reactive polymerization can lead to the formation of simple amino acids
via diaminomaleonitrile,[7] a tetramer of HCN.

The linear chains formed by the hydrogen-bonded polymerization of HCN have been of great interest to those
studying the cooperative effect of hydrogen-bonding interactions on polymeric properties within the gas phase.[9–
16] The dielectric constants found in the liquid[17] and crystal phases[18] of HCN also suggest a cooperation of
interactions between monomer units.

The interaction between monomers gives rise to spectral features that are of interest within this study. The
lowest frequency vibrational modes in the spectrum are degenerate inter-monomer bending modes. These modes
have frequencies measured near 40 cm−1 by gas phase IR.[19] Low frequency modes with large amplitudes are
notoriously hard to accurately treat due to the “flatness” of the potential energy surface associated with these
modes. These modes may present a challenge for modern vibrational analysis methods such as second-order
vibrational perturbation theory (VPT2). Also interesting is the coupling of the C–H stretching modes with the
lower frequency modes of the dimer. It is here that a distinction between the proton donor monomer and the
proton acceptor monomer is necessary. In their 1999 study, Nauta and Miller concluded that the internal (donor
monomer) C–H stretch couples more favorably with lower frequency modes than the external (acceptor monomer)
C–H stretch.[20] Coupled analysis of these modes is made more difficult due to the reliance of the internal C–H
stretch upon the highly anisotropic inter-monomer interaction.

Prior experimental work on the dimer system includes crystal studies[18, 21, 22] as well as studies of the dielectric
constant of liquid phase HCN.[17] Several groups employing microwave spectroscopy[23–26] have determined the
rotational r0 structure and rotational constants of the parent and substituted isotopologues of the dimer. Several
IR studies, utilizing matrix isolation,[27–33] gas phase,[2, 19, 34–39] and super-fluid helium,[20] have also added to
the wealth of experimental results available for this dimer system. These experimental findings are complimented
by many theoretical studies.[9, 10, 13, 22, 40–51] The fact that the HCN dimer has been so well characterized,
coupled with the size and symmetry of the system, allows us the opportunity to study the system at a high level
and determine the efficacy of our high-level methods to describe a non-covalently bound system.

Many microwave studies and rotationally resolved IR studies report values for the rotational constant of the
HCN dimer. The earliest study to report the rotational constant for this dimer system was that of Legon et
al.[23] This study reported rotational constants for the isotopically di-substituted dimers for both deuterium
and 15N. This work was closely followed by Brown et al.[24] who measured a value for the rotational constant
in agreement with that of Legon et al. Along with the parent isotope, they also investigated the rotational
constant of the di-substituted 15N dimer isotope. From their study they were also able to obtain centrifugal
distortion constants (DJ). Buxton, Campbell, and Flygare[25] later measured the rotational spectrum of the
dimer, and reported a rotational constant that was roughly 40 MHz lower than that of the previous studies
for the parent isotope. The Buxton study was able to achieve much colder temperatures[52] (<10K) for their
rotational spectrum leading them to conclude that the previous studies had not measured the vibrational ground
state.[25] Along with corrected rotational constants, they reported a reliable r0 structure for the dimer and
isotopically substituted species.[25] A later study by Fillery-Travis, Legon, Willoughby, and Buckingham[26]
would add rotational constants, centrifugal distortion contants, and nuclear quadrupole coupling constants for
the deuterated, 15N dimer isotopologue. Rotationally resolved IR studies such as that of Jucks and Miller,[19]
have reported rotational constants for the vibrational ground state that support the values measured by Buxton
and co-workers.

The most recent study of the dimer system, published by Mihrin and co-workers,[2] studied the dimer via
Fourier transform tera-Hz spectroscopy. Utilizing this method, they were able to observe, to a very high precision,
the fundamental vibrational frequency, ν8 which they refer to as the “donor libration” vibrational mode. This
represents the first time that this particular mode has been experimentally observed. In addition to the high-level
experiment, they report theoretical results at the CCSD(T)-F12b/aug-cc-pVQZ level of theory.

Another recent vibrational study on the dimer system was performed via superfluid helium nanodroplet infrared
spectroscopy. This study, performed by Nauta and Miller in 1999,[20] reports a frequency of 3308.07 cm−1 for
the acceptor C–H stretch (ν1) as well as a frequency of 3237.57 cm−1 for the donor C–H stretch (ν2). For the
C–N stretching modes, an argon matrix study by Pacansky in 1977 reports frequencies of 2112 and 2093 cm−1

for ν3 and ν4, respectively.[28] Pacansky was also able to assign peaks for the degenerate H-C-N bending for both
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monomer units. The higher frequency of the bending modes belongs to the bonded HCN bend while the lower
frequency belongs to the free HCN bend. Finally, Jucks and Miller[36] were able to assign the lowest frequency
dimer bending mode in their rotational resolved gas-phase IR study.

The goal of this research is to provide a comprehensive, very high level theoretical treatment of the HCN
dimer as an example dealing with a linear polyatomic system that contains important long-range, anisotropic
interactions.

II. THEORETICAL METHODS

Reference geometries for both the monomer and dimer were optimized using the coupled-cluster singles, doubles,
and perturbative triples [CCSD(T)] level of theory. This level of theory was coupled with the cc-pCVQZ basis set,
a large (396 functions for the dimer and 198 functions for the monomer), quadruple-ζ basis set that also includes
tight functions necessary for describing the core (1s-like) electrons of carbon and nitrogen in the HCN monomer
and dimer. By including the core electrons explicitly within the computations we obtain AE-CCSD(T)/cc-pCVQZ
geometries. This pairing of theory and basis set has been shown to provide good results for anharmonic analysis
of linear systems containing carbon multiple bonds.[53, 54] Complimenting these geometry optimizations, natural
bond orbital theory along with natural resonance theory have been used to elucidate meaningful bonding effects
relevant to the dimer geometry. This analysis was done at the B3LYP/cc-pVTZ level of theory within the NBO
5.0[55] computational suite with utilization of natural resonance theory.[56–58]

Vibrational analysis for the monomer and dimer species along with isotopologues was performed via VPT2,
utilizing full cubic and semi-diagonal quartic force-fields. The equilibrium geometry used for each of the iso-
topologues was the AE-CCSD(T)/cc-pCVQZ geometry of the parent. This is valid because without vibrational
averaging, the equilibrium geometry is based upon electronic structure and independent of the mass of nuclei.
In order to compute the semi-diagonal quartic force field, normal coordinates were used, which are by nature
mass-dependent. The result of this was that each istopologue was obtained with a unique set of displacements.
Further analysis testing the effect of removing ν5 and ν9, along with the associated force constants, from the
VPT2 treatment was done using the PYVPT2 program of Agarwal.[59]

The focalpoint analysis (FPA)[60–63] was used to accurately determine the enthalpy of formation of the dimer
from two monomer units. Using the aforementioned reference geometries, single point energies computed with
coupled-cluster theory up through perturbative quadruple excitations [CCSDT(Q)], utilizing Dunning’s core basis
sets through six-ζ quality (cc-pCV6Z). Extrapolations to the complete basis set (CBS) limit were made via
Feller’s[64] three-point scheme for Hartree–Fock (HF) energies

EHF(X) = E∞HF + ae−bX (1)

and Helgaker’s[65] two-point extrapolation scheme for correlated methods:

Ecorr(X) = E∞corr + aX−3 (2)

Within single-point energy computations, approximations were accounted for using several well-known cor-
rections. In order to account for possible non-adiabatic effects the diagonal Born–Oppenheimer correction was
computed at the HF/cc-pCVTZ level of theory. Corrections for the non-relativistic assumption concerning the
wave function were computed using second-order direct perturbation theory of the Dirac equation (DPT2)[66–70]
computed at the CCSD(T)/cc-pCVTZ level of theory. The final correction to the electronic energies was the ad-
dition of zero-point vibrational energies. These corrections were based upon the anharmonic frequencies obtained
from the VPT2 treatment previously described. The enthalpy of formation of the dimer from monomer units was
determined as the difference in twice the monomeric enthalpy and the final enthalpy of the dimer.

All optimized geometries, force constants, and single point energies were obtained using CFOUR 2.0.[71]

III. RESULTS/DISCUSSION

A. Geometry

The geometry for the dimer may be compared with previous studies. Buxton and co-workers[25] reported a
rotationally determined r0 structure for the dimer with an inter-monomer C· · ·N of 3.2874 Å. By adding the C-H
and N· · ·H distances of our re geometry we can report this distance at 3.2879 Å. This result is closer to experiment
than should be expected when comparing r0 to re structures. However, when paired with the computed rotational
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FIG. 1. The equlibrium geometry of the HCN monomer and dimer obtained with the AE-CCSD(T)/cc-pCVQZ level of
thoery. All bond lengths labeled in Angstroms.

TABLE I. Rotational constants (MHz) for the HCN dimer and several isotopomers obtained at the AE-CCSD(T)/cc-
pCVQZ level of theory.

Isotopologue Be B0 B0 exp.
HC14N· · ·HC14N 1748.115 1740.547 1745.810a

HC15N· · ·HC15N 1686.742 1679.399 1684.288a

HC15N· · ·HC14N 1732.607 1724.884 1729.921a

HC14N· · ·HC15N 1702.388 1695.337 1700.302a

DC14N· · ·DC14N 1661.720 1657.209 1661.18b

DC15N· · ·DC15N 1605.445 1600.933 1604.495c

DC15N· · ·HC15N 1607.496 1601.122 1605.695c

HC15N· · ·DC15N 1684.941 1679.569 1683.374c

a - Buxton et al.[25] b - Georgiou et al.[72] c - Fillery-Travis et al.[26]

constant at the AE-CCSD(T)/cc-pCVQZ which shows excellent agreement (Table I), we can be confident that
we have the correct structure for the dimer.

It can be seen that the monomer-like fragments of the dimer show some distortion with respect to the lone
monomer. In fact, three of the four bonds within the monomer units show at least a slight lengthening with
the largest such increase occuring in the proton-donor C–H bond. The only bond to contract slightly is the
proton-acceptor C–N triple bond. These results may be viewed in light of the current understanding of hydrogen-
bonding as studied by electronic structure theory. Our NBO-NRT results, discussed below, will become helpful
in resolving these trends.

Comparing the orbital occupations for the monomer and dimer, it may be seen that the electron population
within the antibonding σ∗CH orbital of the proton donor increases with dimer formation. In fact, the population
more than doubles, going from a natural population of 0.011 in the lone monomer to 0.023 in the dimer, according
to NBO theory. The populations of the σ∗CH orbitals are reported in Table II. The σ∗CH of the proton acceptor
actually sees a slight decrease in population which alone would cause the bond length to contract. However,
this effect is met with a corresponding decrease in population of the σCH orbital. These effects appear to nearly
perfectly cancel out, and the result is a bond length that is only slightly elongated.

The changes to the lengths of the triple bonds present in the dimer can be better understood through this same

TABLE II. Comparison of the Natural Populations of the C-H σ∗ orbitals within the HCN monomer, and analogous
monomer-like units within the dimer.

σ∗CH Population

Monomer 0.011
Donor HCN 0.023

Acceptor HCN 0.010
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TABLE III. Natural population analysis comparing the HCN monomer and dimer systems.

Atom Natural Charge Core Valence Rydberg Total

HCN Dimer
H 0.231 0.000 0.768 0.001 0.769
C 0.131 1.999 3.840 0.029 5.869
N −0.350 2.000 5.318 0.032 7.350
H 0.240 0.000 0.758 0.002 0.760
C 0.078 1.999 3.891 0.032 5.922
N −0.330 2.000 5.301 0.030 7.330

HCN Monomer
H 0.222 0.000 0.776 0.002 0.778
C 0.078 1.999 3.892 0.031 5.922
N −0.300 2.000 5.271 0.030 7.300

NBO analysis. According to the NBO analysis, there are relevant donations from the σ C-N bonding orbitals
into the adjacent σ∗ C-H antibonding orbitals on the same monomer unit. At the same time, NBO shows a
donation from the σ C-H bonding orbitals into the adjacent σ∗ C-N antibonding orbitals. The combined effect
of these donations should lead to a bond stretching. Overall, the outer C-N triple bond experiences a slight
stretching although very slight and is almost unchanged due to dimer formation. The internal C-N triple bond,
however, shows a slight contraction, meaning that another effect is overtaking the loss of bonding and increase in
anti-bonding character. This result is likely explained via the natural population analysis which shows that the
nitrogen is becoming more negatively charged while the carbon becomes more positively charged. These results
have been reported in Table III. This favorable shift in charges most likely results in an attractive electrostatic
force which leads to the observed bond contraction.

As noted by a referee, this contraction of the triple bond could also be attributed to changes in the dipole
moment of each of the monomer units. Contraction of the CN bond in the acceptor along with elongation of the
CH bond in the donor increases the dipole moment for each monomer unit. This in turn leads to an increase in the
attractive electrostatic dipole-dipole forces during the formation of the dimer. A recent study by McDowell[73]
shows results for related systems that would be consistent with this view.

B. Fundamental Frequencies

1. Dimer Frequencies

We report the theoretical vibrational frequencies in Table IV along with frequencies reported from experimental
studies for comparison.

VPT2 analysis occasionally experiences issues with Fermi resonance type terms based upon accidental near
degeneracy between fundamentals and vibrational hotbands or strong interactions observed as large cubic force
constants.[74] Our results show no Fermi resonances between the modes. This is determined using the default
CFOUR[71] cutoffs of 50 cm−1 for the difference between cubic force constants and 80 cm−1 for cubic force
constants themselves as indicators of resonances which may have adverse effects upon the vibrational analysis.
Therefore, we are able to report clean results at our level of theory for every mode present in both the monomer
and dimer.

Several gas-phase vibrational frequencies have been reported for the dimer, which are most useful for comparison
with our results. We also include frequencies obtained in liquid helium droplets[20] which show only minor
differences from gas-phase values and argon matrix frequencies which show minor differences from the gas-phase
values. Nevertheless, all these values represent high-level experimental work that has been done on this system,
and are thus worthy of discussion.

The gas-phase frequencies reported within two 1988 studies performed by Jucks and Miller[19, 36] are a reliable
experimental source for comparison with our computed frequencies. It can be seen that the frequencies we
report for both the acceptor (3310 cm−1) and donor (3248 cm−1) C–H stretching fundamentals, ν1 and ν2
respectively, show close agreement with the reported gas-phase values (3308.32 and 3241.56 cm−1 for ν1 and ν2
respectively). In particular, the value of the fundamental frequency for ν1 shows remarkable agreement with
the gas-phase experiment. It can be seen that ν2 shows somewhat poorer agreement between our results and
gas-phase experiment than its counterpart. The general difficulty of modeling the modes involving the hydrogen
bond, which is evident throughout our results, will be discussed at the end of this section.
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TABLE IV. Harmonic and anharmonic vibrational frequencies (in cm−1) obtained at the CCSD(T)/cc-pCVQZ level of
theory with comparison to experiment.

AE-CCSD(T)/cc-pCVQZ Expt. Values
Mode Description ω δν ν

ν1(σ) Acc. C–H str 3440 −130 3310 3308.32a,3308.07b

ν2(σ) Don. C–H str 3363 −115 3248 3241.56a,3237.57b

ν3(σ) Acc. C–N str. 2147 −32 2114 2104.6c,2112d

ν4(σ) Don. C–N str. 2127 −27 2100 2094.7c,2093d

ν5(σ) H · · · N str 118 −6 112 101e

ν6(π) Don. HCN bend 814 −41 773 796f

ν7(π) Acc. HCN bend 735 −9 726 733f

ν8(π) (HCN)2 bend 136 −16 120 119.12g

ν9(π) (HCN)2 bend 46 −9 37 40.75a

a - Jucks and Miller[19, 36] - Gas-phase IR b - Nauta and Miller[20] Superfluid He c - Dyke et al.[75] Raman
d - Pacansky et al.[28] Ar Matrix e - Legon et al.[72] Microwave
f - Satoshi et al.[76] Ar Matrix g - Mihrin et al.[2] THz Radiation

The same gas-phase studies[19, 36] reported a value for the intermolecular bending mode as the difference
between the combination band ν1 + ν9 and the hot band originating from a state in which one quantum of
vibrational energy was already present in the ν9 mode. By subtracting the band origins for both of these
transitions, they estimate that the fundamental frequency for ν9 is 40.75 cm−1 which is in satisfactory agreement
with the value of 37 cm−1 that we report for this fundamental within our analysis.

For comparison to the C–N stretching modes (ν3 and ν4) of the dimer, we look to the experiments of Dyke
et al. who observed frequencies for the dimer via coherent anti-Stokes Raman spectroscopy for ν3 and infrared
spectroscopy for ν4.[75] They also obtained frequencies for the deuterated system which we will discuss later in
this paper. The frequencies reported in their study show excellent agreement again with our computed frequencies
although some variance is seen. As with the C–H stretching modes, we see that our computed fundamental for an
external (C–H for the acceptor monomer and C–N for the donor monomer) vibrational motion (ν4) shows better
alignment with experiment than that for the the internal vibrational motion.

The intermonomer stretch, ν5 was observed as a vibrational satellite in the rotational study of Legon and
coworkers.[72] We do see a large percent error, roughly 10% (but only 11 cm−1), between the experimental
frequency and theory. Legon and coworkers do not directly observe the vibrational band but determine the value
based upon a fit to their observed rotational spectrum. Their fit was based upon fixed monomer geometries which
raises some concern given that the monomer units show some distortion upon formation of the dimer. We find no
reason to doubt the efficacy of our theoretical methods based upon this discrepancy, though further investigation
of this mode presents an interesting avenue for future study.

The only dimer bands that have not been assigned in the gas-phase are the analogs of the degenerate monomer
unit bends ν6 and ν7. These bands have been identified via argon matrix isolation.[76] It can be seen that
our values differ somewhat from those found in the matrix. Looking at the reported spectrum of Satoshi and
coworkers, it can be seen that the peak at 796 cm−1 is very broad which is not surprising given that it is the
bending modes associated with the proton donor monomer unit. The spectrum shows a significant tail feature
which, if taken into account, would bring the results into much better agreement with our computed frequencies.
The lower peak they report at 733 cm−1 is a much sharper and intense peak. We see a much smaller difference
of 7 cm−1 (< 1% difference) associated with this mode. We conclude that with the proper considerations, our
theoretical frequencies are in acceptable agreement with these experimental results.

The last mode to be discussed is the most recently observed. Mihrin and coworkers[2] very recently observed
the ν8 band via THz spectroscopy utilizing synchrotron radiation. Our value matches to within one wavenumber
and represents an excellent comparison for our VPT2 results.

Mihrin and coworkers[2] also did a high-level theoretical workup of the vibrational spectrum of the HCN dimer
species, though they did not go beyond the harmonic approximation. They report frequencies at the CCSD(T)-
F12b explicity correlated level of theory while utilizing an augmented quadruple-ζ quality basis set (aug-cc-pVQZ).
This represents a different, comparable theoretical approach which can lead to worthwhile discussion, even if
restricted to the harmonic level. The augmented functions they use can help describe long range interactions such
as the hydrogen bonding interaction which forms the dimer. Core basis functions, included in our research, are
used with the intention of describing the densely populated multiple bonds within the monomer units themselves.
As it is, the theoretical harmonic frequencies reported in both studies show overall agreement, never differing by
more than 10 cm−1. This may mean that quadruple-ζ basis sets are large enough that they may be reaching the
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TABLE V. Comparison of fundamental frequencies obtained while removing the lowest frequency modes from the VPT2
analysis

Modes Removed
No Modes Removed ν9 ν5 ν9,ν5 ν8 ν9,ν8,ν5

Mode ω δν ν δν ν δν ν δν ν δν ν δν ν
1 3440 −130 3310 −135 3305 −130 3310 −136 3304 −132 3308 −136 3304
2 3363 −115 3247 −119 3244 −117 3246 −121 3242 −127 3236 −132 3231
3 2147 −34 2113 −35 2112 −34 2113 −33 2113 −39 2107 −29 2117
4 2127 −28 2099 −32 2094 −28 2099 −32 2094 −44 2083 −27 2100
5 118 −6 112 −11 107 0 118 0 118 −4 114 0 118
6 814 −40 773 −38 775 −39 775 −35 779 −31 782 −25 788
7 735 −9 726 −12 724 −9 726 −11 724 −10 726 −12 723
8 136 −16 120 −19 117 −15 121 −18 118 0 136 0 136
9 46 −11 35 0 46 −7 39 0 46 −21 26 0 46

saturation point of basis functions where only very small effects will be observed by increasing basis set size.

2. Removal of Low-Frequency Modes

Modes that are difficult to treat at second order of perturbation theory may negatively influence the analysis
for each of the other modes. Low-frequency modes can be problematic for VPT2. Bending modes, in particular
ν9, can be difficult to describe via vibrational perturbation theory. It is worthwhile to determine the effect of
removing these more problematic modes. We have done this analysis for the lowest frequency modes ν5 and
ν9. The analysis was done using the PYVPT2 program of Agarwal.[59] It is worth mentioning that the VPT2
equations and cutoffs for defining resonances used within this program are identical to those used in CFOUR.
The only difference between these results and those in Table IV is the removal of low-lying modes and their
force constants from the VPT2 procedure. In Table V, we present this analysis, completed for only the parent
isotopologue. From the results in Table V, it can be seen that removal of the lowest frequency modes has some
marginal effect on the frequencies observed. The removal of only ν9 appears to bring our results into the best
agreement with the experimental results found in Table IV. Although the agreement for ν1 gets slightly worse,
most of the other modes show some sort of marginal improvement. The most improved mode appears to be ν5,
which sees a change of 5 cm−1 with respect to the initial analysis. This 5 cm−1 change brings the theoretical
value closer to experiment by roughly half of the difference found in Table IV. The other π modes show very
small changes, with ν6 seeing slight improvement and ν8 seeing slight detriment with respect to experiment.

Another mode where our results are less than perfectly matched with experiment was that of ν5, which prompts
us to consider it in this analysis. Removal of ν5, the lowest frequency mode of σ symmetry, from our analysis
yields less favorable results than that of ν9. None of the σ modes changes by more than a wavenumber. The
π modes show small corrections with the exception of ν9 which shows a change of 4 cm−1. This does bring the
computed frequency into better agreement with the experimental frequency reported in Table IV. However, the
fact that these two modes both show a strong effect on one another, coupled with the fact that they show the
largest percent differences within our original results leads us to examine the effect of removing both modes from
our analysis. The frequencies obtained in this way can be seen in Table V. One can readily see that this has
adverse effects upon ν1 but shows mild improvement or has no effect upon the remaining σ modes.

3. Monomer Frequencies

The vibrational frequencies for the monomer have been known for much longer than the dimer. Observed in
1956 by Plyler and coworkers,[77] the frequencies have been reported in this paper. Their values of 3311.4 cm−1,
2096.61 cm−1 and 711.90 cm−1 agree well with our results shown in Table VI. Much like what was found for
the dimer, our results are in best agreement with the C–H stretching mode, ν1(σ). We do very well with all of
the monomer modes showing that our method very effectively treats the monomer. Because within the dimer we
still see very monomer-like behavior, our success with the monomer lends additional weight to the validity of our
dimer results.

We also include vibrational frequencies of three isotopologues in Table VI. The effects shown by isotopic
substitution can be seen to be very similar to those in the dimer. The greatest effect can be seen with deuterium
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substitution, and though its largest effect can be seen, as expected in the C–D stretch, the C–N stretch and
bending modes also show large shifts of 8% and 20% relative to the frequencies of the parent isotopologue.
Substituting nitrogen-15 has a much smaller effect, which is in line with previous discussion. The relative change
in mass by substitution of deuterium is much larger than the relative change in mass from nitrogen-15. This in
turn has a much larger effect upon the reduced mass associated with each of the vibrational modes. The larger
isotopic shift by deuteration is in contrast with smaller shift caused by addition of nitrogen-15 that we observe,
as expected.

TABLE VI. Anharmonic vibrational frequencies (in cm−1) of the HCN monomer, parent and associated isotopologues,
obtained at the CCSD(T)/cc-CVQZ level of theory. Experimental frequencies from Plyler et al.[77] are included for
comparison with the with the parent isotopologue.

ν1(σ) ν2(σ) ν3(π)
This work 3313 2102 715

Plyler et al. 3311.4 2096.61 711.90
DCN 2632 1930 571

HC15N 3312 2070 715
DC15N 2624 1905 570
H13CN 3295 2069 710

4. Isotopologues

Given the amount of research that has been produced for the isotopologues of the dimer system, we seek
to provide a comprehensive theoretical set of predictions for comparison with existing experimental data and
for prediction of properties of non-standard isotopologues which have not been studied before. Specifically, we
have chosen to study isotopologues for which rotational constant data exists, but no vibrational frequency data
has been reported. For reference, the rotational results, along with our predicted rotational constants, can are
reported in Table I.

Table VII contains the harmonic and fundamental vibrational frequencies for the parent isotopologue and each of
the relevant non-standard isotopologues. The predictably large shifts in C–H frequencies upon deuteration provide
the most readily apparent trend that can be seen in the results in Table VII. This is due to the combination of
the fact that these are the largest frequency modes and the fact that deuteration has the largest impact on the
reduced mass associated with these modes. The opposite argument can be used to rationalize the computed lack
of shifts in the intermonomer hydrogen bond stretching mode.

By suggestion of a referee, we look to an interesting analysis utilized by Buckingham and Fan-Chen[78] which ex-
plores the difference in energy between hydrogen bonds and deuterium bonds. They’re analysis, using the frequen-
cies reported by King and Nixon[27] they predict DCN· · ·HCN would be energetically favored over HCN· · ·DCN
by 5 cm−1. Using our values for the modes computed here, we find that we agree qualitatively that the hydrogen-
bonded dimer should be energetically favored but only by 3.5cm−1. Despite the fact that this is a very small
energetic difference, the difference between hydrogen and deuterium bonds represents an interesting area of
thought and research.

Upon deuteration and addition of 15N, these modes show very little shift. The low frequency of this mode and
the relatively large reduced mass of these modes mean that the isotopic substitution has very little effect upon
the frequencies. Thus there are no shifts of greater than 4 cm−1 for these modes.

One of the more interesting results that can be seen is the shifts in the C–N stretching modes due to deuteration
of the monomer unit. The large isotopic shifts, 177 cm−1 for ν3 and 186 cm−1 for ν4, are partly due to the large
frequencies. These shifts represent a shift of less than 10% of the modes of the standard isotopologue, compared
to the 20% isotopic shifts that we see in the C–H stretching frequencies. Though they are smaller, they speak
to the fact that hydrogen/deuterium is involved in the vibrational mode, despite it being labeled a C–N stretch.
Looking at the displacements, the H/D–C moiety behaves as a single entity, leading to an isotopic shift when
each monomer unit is deuterated.

Our results within Table VII also include data for the carbon-13 substituted dimer systems. It can be seen
that the heavier isotope does cause a shift in the C–H stretching modes. This effect is much less than that of
deuteration but is observable with a difference of 17 cm−1 for the acceptor stretch with the acceptor carbon
substituted and 18cm−1 for the donor C–H stretch with the donor carbon substituted with the heavier isotope.
These shifts are roughly 0.5% with respect to the fundamentals of the parent isotope which is significantly smaller
than the effect of deuteration.
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The last observation of note regards the degree to which the individual monomer units maintain their own
identity, despite the somewhat strong hydrogen bond between them. It is clear from the results in Table VII that
an isotopic change in one monomer unit has little to no effect on the vibrational frequencies computed for the
other monomer. This is observed unanimously and may be rationalized by the fact that the electronic structures
of the monomer units themselves are not changed much upon dimerization. The subtle charge transfer effects
discussed in the NBO section of this paper, although they lead to an attractive interaction between the monomers,
do not have a large effect on the monomer-like molecular orbitals. In the end, this means that the normal modes,
with the exception of the intermonomer modes, which only exist upon dimerization, remain monomer-like, as
they result from forces on the nuclei which are similar to the forces felt within the monomers.

C. Energetics

The results of the focal point analysis of the 2 HCN → (HCN)2 association energy are presented in Table VIII.
It can be seen that the system shows excellent convergence both with regard to correlation and basis set size.
Looking at the purely electronic results, we can use the highest level of correlation [(Q)] with the cc-pCVTZ basis
set increment as a rough estimate in the error of our answer. This gives our electronic energy at this geometry
a rough error estimate of 0.01 kcal mol−1. Given the earlier discussion of the quality of our geometry, this
electronic energy can definitely be considered trustworthy for comparison to other reported values. The largest
correction to the electronic energy is, unsurprisingly, the anharmonic zero-point vibration energy (AZPVE). The
AZPVE correction is positive, thus reducing the computed binding energy. This positive correction is expected
due to the fact that the dimer contains additional inter-monomer vibrational modes not present in each individual
monomer unit. By appending this correction we report a value that is more accurately described as an enthalpy
of formation rather than a purely electronic energy. The other two corrections we use to refine our computations
are of a smaller magnitude with only the relativistic correction from DPT2 appreciably affecting our results.

If we compare our results to those previously obtained via theory and experiment, we expect that our value
of −3.93 kcal mol−1 to be highly reliable. A smaller (in absolute energy) value of −3.4 kcal mol−1 was reported
Kofranek et al.[10] The enthalpy was computed at the HF level of theory using a custom double-zeta quality
basis set. The ZPVE correction used was based upon harmonic vibrational frequencies computed with a smaller
custom basis set.

The energy of the hydrogen bond of the dimer has been studied by King and co-workers[79] at the MP2/6-31G*
level of theory. Utilizing this method, they report a bond energy of 4.96 kcal mol−1. If we apply our AZPVE
correction of 0.8 kcal mol−1 to their reported bond energy we obtain an enthalpy of bond formation of 4.16 kcal
mol−1 which aligns reasonably well with the results of our focal point analysis.

Experimentally, Buxton and co-workers fit the binding of the dimer to a Leonard-Jones potential using their
observed force constant for the intermolecular stretching mode and equilibrium monomer separation. Using the
depth of their computed potential well, they report a binding energy of 4.4 kcal mol−1 for the dimer.[25] This too,
shows fair agreement with our theoretical results. The latest value from Mihrin and coworkers[2] for the energy of
dimer formation is a so-called “semi-experimental” result which uses the CCSD(T)-F12b/aug-cc-pV5Z association
energy corrected by the zero-point vibrational energy of experimental frequencies. They also approximate the
zero-point energy contributed by ν6 and ν7, for which gas-phase data is unavailable. They obtain a value of
4.11 kcal mol−1. This is in decent agreement with our values which include both higher order coupled-cluster
corrections and a purely theoretical zero-point vibrational energy correction which is 0.69 kcal mol−1 larger than
their semi-experimental value.

IV. CONCLUSIONS

We present here a comprehensive theoretical treatment of the HCN monomer, dimer and several isotopologues,
many of which allow for direct experimental comparison. This high-level treatment performed at the CCSD(T)/cc-
pCVQZ level of theory should provide excellent results for the dimer geometry. This is supported through the
comparison of experimental rotational constants in Table I. Further investigation of the dimer geometry was done
through the use of NRT as part of NBO analysis. The NBO method reveals the presence of charge transfer effects
from the nitrogen lone pair of the proton acceptor monomer to the antibonding orbital of the proton donor C–H
antibonding orbital. The effects of the transfer lead to the changes in monomer-like geometries discussed within
the geometry section of the paper.

Further, the anharmonic frequencies obtained through VPT2 analysis were compared to existing experimental
vibrational frequencies and found to be in good agreement with the existing gas-phase results. For the two modes
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TABLE VIII. Focal point analysis for the enthalpy of formation of the HCN dimer from two monomer units.

RHF MP2 CCSD CCSD(T) CCSDT CCSDT(Q) ∆Ee

DZ −4.72 −0.78 +0.42 −0.10 +0.02 −0.01 [−5.18]
TZ −4.21 −0.75 +0.29 −0.10 +0.01 −0.01 [−4.77]
QZ −4.14 −0.75 +0.27 −0.11 [+0.01] [−0.01] [−4.73]
5Z −4.11 −0.76 +0.26 −0.12 [+0.01] [−0.01] [−4.71]
6Z −4.10 −0.77 +0.26 −0.12 [+0.01] [−0.01] [−4.72]

CBS LIMIT [−4.10] [−0.79] [+0.27] [−0.12] [+0.01] [−0.01] [−4.74]
∆H0 (AE-CCSDT(Q)/CBS) = ∆Ee[AE-CCSDT(Q)/CBS]

+ ∆EAZPVE[VPT2/AE-CCSD(T)/cc-pCVQZ]
+ ∆rel[DPT2/AE-CCSD(T)/cc-pCVTZ] + ∆DBOC[RHF/cc-pCVTZ]

= −4.74 + 0.80 + 0.01 + 0.00 = −3.93 kcal mol−1

where gas-phase data have not been reported, we discuss the effects of solid-argon matrices upon molecular
vibration frequencies. Theoretical comparison was made between our results and those computed recently by
Mihrin and coworkers.[2] With only subtle differences between the results for the harmonic frequencies computed
in the two studies, it was suggested that the basis sets, in both cases quadruple-ζ quality, are near basis set
saturation. Increasing basis set size will have only marginal effects on the theoretical frequencies. This makes
our treatment of the anharmonicity in the molecule even more valuable as it represents fundamental frequencies
with a large basis set for the system.

The vibrational section of the paper finished with a discussion of the effects of isotopic substitution on the
vibrational frequencies. Several observed isotopic shifts were rationalized based on the isotopic effect upon the
reduced mass of normal modes. At the end of the analysis, it was determined that the normal modes remained
primarily monomer-like upon formation of the dimer.

The final section of the paper presents the enthalpy of formation of the hydrogen bond determined using
the FPA. The FPA yielded an energy at the AE-CCSDT(Q)/CBS level of theory of 4.74 kcal mol−1. After
appending diagonal Born–Oppenheimer, relativistic and anharmonic ZPVE corrections to our focal point result,
we report a value of 3.93 kcal mol−1 for the enthalpy of formation. This was compared to previous theoretical
and experimental results and found to be in fair agreement..

Overall, this study represents the most comprehensive theoretical study of the HCN dimer system and provides
a discussion of many different relevant molecular effects.
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