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Previous studies have shown that the weakly bonded H2S dimer demands high level quantum chemical calcula-
tions to reproduce experimental values. We investigated the hydrogen bonding of H2S dimer using MP2 and
CCSD(T) levels of theory in combination with aug-cc-pV(D,T,Q)Z basis sets. More precisely, the binding energies,
potential energy curves, rovibrational spectroscopic constants, decomposition lifetime, and normal vibrational
frequencies were calculated. In addition, we introduced the local mode analysis of Konkoli-Cremer to quantify
the hydrogen bonding in the H2S dimer as well as providing for the first time the comprehensive decomposition
of normal vibrationalmodes into localmodes contributions, and a decomposition lifetime based on rate constant.
The local mode force constant of the H2S dimer hydrogen bond is smaller than that of the water dimer, in accor-
dance with the weaker hydrogen bonding in the H2S dimer.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Investigation of weak intermolecular interactions is of critical con-
cern in many fields, including physics, astronomy, materials, chemistry,
and biology [1–19]. The nature of these weak interactions provides an
unambiguous field for high level ab initio standards [20–22]. Accord-
ingly, there have been numerous studies of H2O dimer compared to
the H2S dimer [23–25]. Consequently, the experimental and theoretical
features of H2O dimer interactions are far advanced. However, because
of the critical role of H2S intermolecular interactions, the accurate as-
sessment of H2S hydrogen bonding has been widely explored
[6,22,26–29]. Indeed, several outstanding contributions to the theoreti-
cal study of vibrational frequencies of H2S dimer were reported
[21,22,27–32]. From these studies, a relevant compilationwith prior ex-
perimental and theoretical results of binding energies, zero point en-
ergy (ZPE), and structural parameters is available [21].

Hydrogen bonding in water has been investigated in awide range of
approaches, where the infrared spectra are an important source for the
knowledge of weak to strong hydrogen bond. The most prominent ef-
fect is regarding the red shift of X-H⋯Y stretching mode, where
anharmonic coupling between low and high frequency modes was

studied beyond the adiabatic approximation [33–40], and the resonance
between the first excited state and two high frequencies, the Davydov
coupling [39].

Ab initio potential energy surfaces (PES) for water dimer are a great
effort in spectroscopic studies [25,41–52]. However, tractable full 12D
nuclear motion is a challenge. These are useful for fitting ab initio PES
with the Terahertz vibration-rotation tunneling (VRT) spectroscopic
data, where accurate PES are needed. Examples include the SAPT level
that was used to generate SAPT-5s water pair potential [41] by fitting
2510 interaction energies associated to 6D frozen monomer, and accu-
rately predict the water dimer spectra with an uncertainty of 0.3 kcal/
mol for the interaction energy [41]. The VRT (MCY-5f) potential depen-
dent on 12 degrees of freedomwas based in water monomer flexibility
to address the prediction of tunneling frequencies [45]. The spectro-
scopic accuracy was achieved, despite the intramolecular infrared shifts
been less satisfactory [45]. Vibrationally averaged VRT spectra were ob-
tained for the water dimer with evaluation of 12D potential energy [46]
with N1012 geometries, leading to a modest improvement of VRT states
forwater dimer low-lying vibration-rotation tunneling states [46]. CCSD
(T) based pair potential (CC-pol) for water was developed using the
2510 grid points of SAPT-5s potential, and the complete 6D potential
surface shows an uncertainty of 0.07 kcal/mol for the interaction energy
[47]. CC-pol prediction of rotational constants, tunneling splitting and
vibrational frequencies presents the lowest RMS values compared
with experimental data of 2.1%, 12% and 4.4%, respectively [47]. Fully
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coupled 6D water dimer VRT levels show sensitive to the shape of
anharmonic potentials [48]. Ab initio 12D potential (CCpol-8sf) with
flexible monomers for water dimer lead to the correct binding energy,
equilibrium geometry and frequency difference b 2 cm−1 [49]. There-
fore, we are conscious that using rigid motions for monomer modes
has to be addressed with special concern and cautiousness for the spec-
troscopic analysis, as shown by the literature for the VRT splittings asso-
ciated with weakly bound dimer.

It is well known that one of the main concerns in the H2S funda-
mental frequencies is the separation between symmetric (v1 =
2614.4 cm−1) and antisymmetric (v3 = 2628.4 cm−1) stretching
modes, which is reported as 14 cm−1 [6,53–57]. In addition to this
small band separation, the issue of weak absorption complicates
the investigation of its infrared spectrum [6,58]. Other behavior of
impact is that H2S aggregates easily in low-temperature matrix ex-
periments forming dimers and higher oligomers [6,28], and in this
case, the hydrogen bond in the H2S dimer was recently confirmed
by microwave spectroscopy [27].

H2S dimer infrared modes have been studied in solid Ne [32], Ar
[58–60], Kr [58,59], Xe [58], N2 [59,61], and O2 [62], and the reported
stretching modes are in the range of 2572.5 to 2581.5 cm−1. Most re-
cently, the H2S dimer was studied in the gas phase with vacuum ultra-
violet ionization-detected IR-predissociation spectroscopy [28]; where
the S\\H (νS−H

b ) of the H-bond donating H2S was assigned to a fre-
quency of 2590 cm−1 corresponding to a redshift of 31 cm−1 obtained
in relation to the free H2S molecule. This redshift is smaller than that
found for O\\H of H2O dimer (106 cm−1) [63]. The second frequency
of 2605 cm−1 was assigned to the symmetric S\\H stretch of the accep-
tor H2S moiety (ν1

a). However, the disagreement is within the peak
appearing at 2618 cm−1, it was explained as an overlap of free S\\H
of H-bond donor and the antisymmetric mode of the acceptor moiety
(ν3a) [6,58]. In the same way, Fourier transform infrared spectroscopy
was applied to hydrogen sulfide in solid neon [32], and follows the
same trend. The donor S\\H (νS−H

b ) was assigned to the 2596.5 cm−1

band with intensity of 100 km/mol, and the symmetric S\\H (ν1
a) at

2605.0 cm−1 with intensity of 25 km/mol. However, Soulard and
Tremblay showed that both v3 signatures at 2622.1 cm−1 (intensity of
10 km/mol) could not be clearly attributed to the proton donor or ac-
ceptor [32].

Theoretical and experimental studies have investigated the struc-
tural parameters and vibrational frequencies of the weak interaction
in H2S dimer [21–42,44–53,64–73]. Dreux and Tschumper [22] carried
out high level optimizations at different levels of theory including
CCSD(T)/ha(Q+d)Zwith anharmonic correction to theMP2 harmonic.
Lemke [21] performed CCSD(T)/aug-cc-pVQZ (aQZV) harmonic and
anharmonic studies of H2S dimer, along with a Complete Basis Set
(CBS) limit study. The harmonic stretching frequencies from CCSD(T)/
aVQZ are 2729, 2726, 2714 and 2691 cm−1, while the extrapolated
MP2 anharmonic frequencies are 2629, 2627, 2615, and 2615 cm−1

[21]. These two studies are the most recent theoretical results and will
be used as standards.

The study of weak interactions has developed remarkably in recent
decades thanks to the progress made, both in experimental techniques
generally based on the use of cross molecular beams, spectroscopy and
laser, and in the theoreticalmethodologies of the calculation of potential
energy curves (PECs) [74–76]. The modeling of these systems based on
the first principles is a source of understanding of fundamental trends
and behaviors.

The major goal of this study was to quantify and characterize the
intrinsic strength of the hydrogen bonds in the H2S dimer using local
vibrational force constants derived local vibrational modes and to
decompose the vibrational spectrum in local mode contributions to
characterize the normal vibrational modes. These local vibrational
modes were precisely assigned to the bonds and interactions found
in this dimer. The local mode analysis was complemented by the cal-
culation and analysis of dimer PEC as well as the discussion of

spectroscopic constants, rovibrational energies, and decomposition
lifetime.

2. Computational details

We have studied the H2S⋯H2S interaction at the MP2, and CCSD(T)
levels of theory, where the correlation consistent aug-cc-pV(D,T,Q)Z
(hereafter referred to as aVDZ, aVTZ, and aVQZ, respectively) basis
sets were used. MP2 calculationswere carried out using the Gaussian16
Rev B.01 [77] computational program. All coupled cluster calculations
were performed with the CFOUR program version 2.00 beta [78]. Equi-
librium geometries and analytical harmonic vibrational frequencies
were obtained using the MP2 and CCSD(T). MP2 anharmonic correc-
tions were obtained from second-order vibrational perturbation theory
(VPT2), while for CCSD(T) anharmonic correctionswere obtained using
theMP2 anharmonic frequencies. Binding energies (De)were calculated
for the equilibrium geometry. It is well known that stabilization energy
values of weakly linked molecular complexes are overestimated due to
the fact that each monomer has influence from the basis set that de-
scribes the othermonomer, resulting in artificial and overestimated sta-
bilization. This overestimation is known as the basis set superposition
error (BSSE). To correct for BSSE, the Boys–Bernardi counterpoise (CP)
procedure for thefinal geometrywas utilized. In addition, zero point en-
ergy (ZPE) was also considered for the contributions of vibrational en-
ergy at absolute zero.

2.1. Local mode analysis and characterization of normal mode procedure

Computationalmethods frequentlymodel the strength of a chemical
bond through molecular orbital approaches [79,80], dissociation ener-
gies [81–83], or energy decomposition methods [84,85]. Through the
years, these approaches provide more qualitative rather than quantita-
tive results [86,87]. To address this gap in theory, we utilized local vibra-
tional force constants based on the local mode analysis of Konkoli and
Cremer [87–89] to quantify the intrinsic strength of the S-H⋯S interac-
tion responsible for H–S donor, acceptor and S⋯H bond.

2.2. Local vibrational modes and associated local mode properties

In 1998, Konkoli and Cremer [89,90] derived for the first time local
vibrational modes directly from normal vibrational modes by solving
the mass-decoupled Euler-Lagrange equations, i.e. by solving the local
equivalent of the Wilson equation of vibrational spectroscopy [91,92].
They developed the leading parameter principle [89,90] which states
that for any internal, symmetric, curvilinear, etc., coordinate a local
mode an can be defined. an is independent of all other internal coordi-
nates used to describe the geometry of a molecule, which also means
that it is also independent of using redundant or non-redundant coordi-
nate sets. The local mode vector an associated with the n-th internal co-
ordinate qn is defined as [89,90].

an ¼ K−1d†
n

dnK−1d†
n

; ð1Þ

where the local mode an is expressed in terms of normal coordinates Q,
the diagonal matrixK contains the normalmode force constants, and dn

is the n-th row vector of theDmatrix containing the normal vibrational
modes in internal coordinates q [91–93].

dn ¼ bnL; ð2Þ

wherematrix L contains 3Nmode vectors, andmatrix B is the rectangu-
larmatrix of the internal coordinatefirst derivatives. Eq. (1) reveals that
only matrices K and D are needed to determine an, i.e. once the normal
mode analysis is completed, subsequent local mode analysis is straight
forward [89,90].
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To each local mode an local properties can be assigned. The local
mode force constant kna of mode n (superscript a denotes an adiabati-
cally relaxed, i.e. local mode) is obtained via Eq. (3):

kan ¼ a†nKan ¼ dnK−1d†
n

! "−1
ð3Þ

In recentwork, Zou and co-workers proved that the compliance con-
stants Γnn of Decius [94] are simply the reciprocal of the localmode force
constants: kna = 1/Γnn [87].

The local mode mass mn
a of mode n is given by

ma
n ¼ 1=Gn;n ¼ bnM−1b†

n

! "−1
ð4Þ

where Gn,n is the n-th diagonal element of the Wilson G, and M is the
massmatrix [91,92]. The localmode force constant andmass are needed
to determine the local mode frequency ωn

a

ωa
n

# $2 ¼ 1
4π2c2

kanGnn ð5Þ

Apart from these properties, it is straightforward to determine the
local mode infrared intensity [95]. As shown by Konkoli and Cremer
[96,97] the normal vibrational modes can be decomposed into local
mode components for a complete, non-redundant set of Nvib local
modes, leading to the detailed analysis of a vibrational spectrum and
in this way decoding a wealth of information hidden in the vibrational
spectrum [98,99]. Konkoli and Cremer [96,97] introduced the amplitude
Αwhich provides a measure for the contribution of the local vibrational
modes to each normal vibrationalmode. For this purpose they definedΑ
as a function of normal mode Iμ and local mode an

Anμ ¼ f Iμ ; an
# $

ð6Þ

with

Anμ ¼
Iμ ; an
# $2

an; anð Þ Iμ ; Iμ
# $ ð7Þ

The denominator in Eq. (7) normalizes Α so that its value lies be-
tween 0 and 1. The matrix (a,b) in Eq. (7) is expressed as

a;bð Þ ¼
X

i; j

ai f ijb j ð8Þ

where a ∈ [Iμ,an], b ∈ [Iμ,an] and fij is an element of the force constant
matrix Fx expressed in Cartesian coordinates. Once Α is defined, the per-
centage of the localmode contributions to a certain normalmode can be
compared using the following:

A%
nμ ¼

Anμ

∑mAmμ
100 ð9Þ

where ∑mAmμ represents the sum of all amplitudes related to the nor-
mal mode in question.

The local mode analysis has successfully characterized covalent
bonds [88,100–105] in addition to weak chemical interactions such as
halogen [106–108], chalcogen [109–111], pnicogen [112–114], and
tetrel bonds [115], as well as including H-bonding [98,116–118]. Local
vibrational force constants could also clearly illustrate that a shorter
bond is not always a stronger bond [90,96,97,102], and recently the
local mode analysis was extended to periodic systems and crystals
[119]. The local mode analysis and the characterization of normal
modes study was performed with COLOGNE2019 [120]. In order to de-
termine the covalent versus electrostatic character in weakly bonded
donor-acceptor complexes, the energy density H(r) originally intro-
duced by Cremer and Kraka [118,121] was applied. A covalent interac-
tion has a stabilizing negative H(rc) = Hc value at the bond critical

point rc(AB) of the electronic density distribution ρ(r) between atoms
A and B forming the bonding in question. Noncovalent interactions
(electrostatic or of dispersion type) are characterized by positive or
close to zero value of Hc [118,121]. The electron density analysis was
performed with the AIMAll program [122].

2.3. Spectroscopic constants

PECs were obtained by performing several single-point CCSD(T)/
aVTZ calculations (fixed optimized geometries of the dimer) and vary-
ing the distance between monomers at the optimized geometry. The
PEC was fitted using the following extended Rydberg analytical form
[123]:

V Rð Þ ¼ −De 1þ
XN¼10

k¼1

ck R−Reð Þk
" #

e−c1 R−Reð Þ; ð10Þ

where De is the dissociation energy, Re is the equilibrium distance, and
ck are the coefficients thatwill be determined. Said parameterswere de-
termined through the Powell method [124]. The rovibrational spectro-
scopic constants were obtained using the Dunham method [125]
given by the following expressions [9,75,76]:

ωe ¼
1
24

141 ε1;0−ε0;0
# $

−93 ε2;0−ε0;0
# $

þ 23 ε3;0−ε1;0
# $% &

ð11Þ

ωexe ¼
1
4

13 ε1;0−ε0;0
# $

−11 ε2;0−ε0;0
# $

þ 3 ε3;0−ε1;0
# $% &

ð12Þ

ωeye ¼
1
6

3 ε1;0−ε0;0
# $

−3 ε2;0−ε0;0
# $

þ ε3;0−ε1;0
# $% &

ð13Þ

αe ¼
1
8

−12 ε1;1−ε0;1
# $

þ 4 ε2;1−ε0;1
# $

þ 4ωe−23ωeye
% &

ð14Þ

γe ¼
1
4

−2 ε1;1−ε0;1
# $

þ ε2;1−ε0;1
# $

þ 2ωexe−9ωeye
% &

; ð15Þ

where εv,j represents the rovibrational energies whichwere obtained by
solving the nuclear Schrodinger equation with the discrete variable
method (DVR) [126–128].

Slater presents theory for the polyatomic unimolecular gas reaction
based onmodels from the vibrations of themolecule with the quadratic
potential function [129]. From this theory it is possible to calculate the
unimolecular decomposition of the complex accounting for electronic
dissociation energy, De. In this case, when the frequency of decomposi-
tion is correlated to the vibration, where the rate constant is in term of
this frequency given by [129,130]

k Tð Þ ¼ ωee
−
De−ε0;0

RT : ð16Þ

Thedecomposition lifetime is the reciprocal of the rate constant. This
method was recently applied for the analysis of van der Waals com-
plexes [74] and is determined by [129,130]

τ Tð Þ ¼ 1
k Tð Þ

e
De−ε0;0

RT : ð17Þ

3. Results and discussion

3.1. Local vibrational mode analysis

Fig. 1 depicts the structure of hydrogen sulfide dimer. The equilib-
rium geometry of the dimer is similar to that of water dimer of Cs sym-
metry [23–25]. The donor bond S1-H3 is directed toward S4 of acceptor
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(Table S1 of Supplementary information), and this is one important dis-
tance for the local vibrational mode analysis.

Table 1 presents the optimized geometry results. The distance be-
tween the two monomers, H3⋯S4, is in the range of 2.743 and
2.801 Å, in accordance with an experimental microwave spectroscopy
value of 2.778(9) Å [27], and high level theoretical values of 2.830 Å at
CCSD(T)/ha(Q + d)Z [22], and of 2.787 Å using MP2-CP/aV(Q + d)Z
[73]. The largest deviation from the experimental interatomic distance
is b1.3% for MP2/aVTZ. CCSD(T)/aVDZ and CCSD(T)/aVTZ with 2.795
and 2.801 Å give errors of 0.8 and 0.6% in the relation to the experimen-
tal value, respectively. It is interesting to note that this distance is larger
(2.743–2.801 Å) than the analogous interaction in water dimer of al-
most 2.020 Å [23].

The d(S1⋯S4) interatomic distance is also in reasonable agreement
with the experimental value of 4.112(1) Å. CCSD(T)/aVDZ and CCSD
(T)/aVTZ S1⋯S4 distances are 4.147 and 4.138 Å giving errors of 0.3
and 0.5%, respectively. Dreux and Tschumper calculated a distance of
4.16 Å at the CCSD(T)/ha(Q + d)Z level of theory [22]. Lemke reported
a value of 4.146 Å using CCSD(T)/aVQZ [21], while the equilibrium ge-
ometry at CP corrected potential energy surface was 4.178 Å [21]. The
S⋯S interatomic distance of 4.112 Å is larger than the related 2.977 Å
O⋯O distance of water dimer [23], which is correlated to theweaker in-
teraction found for H2S dimer. We also report the equilibrium distance
of the center of mass that will be used for the local force constant anal-
ysis. The theoretical result of 4.106 Å reported for the MP2 level [26] is
close to our results. The average calculated S-H⋯S angle connecting
monomers is 173.4°, a 0.9% error compared to the experimental angle
of 175.0° [27]. Moreover, the literature value for the aforementioned
angle was previously calculated as 171.0° at the CCSD(T)/ha(Q + d)Z
level of theory [22].

Table 2 shows the H2S dimer computed energies. The experimental
binding energy is 7.06 kJ mol−1 [65]. CCSD(T)/ha(Q + d)Z [22] was

reported with the De of 6.65 kJ mol−1 (with CP), while CCSD(T)/aVQZ
[21] showed the value for De of 7.38 kJ mol−1 and including CP of
6.87 kJ mol−1. Therefore, our calculated De with CP and including ZPE
are supported by experimental and theoretical data. CCSD(T)/aVTZ cal-
culations have the smallest error of 0.1% for De (7.05 kJ mol−1). De in-
cluding ZPE values shows the same trend found in the literature, being
3.01 kJ mol−1 for the CCSD(T)/aVTZ. The binding energy (corrected
with CP and ZPE) reported for optimized geometry at MP2/aug-cc-
pVTZ is 3.39 kJ mol−1, while the De is 7.32 kJ mol−1 [28]. CCSD(T)/ha
(Q + d)Z [22] was reported with the De of 6.65 kJ mol−1 (with CP),
while including ZPE was 3.34 kJ mol−1 [22]. Enthalpy of formation for
the dimer is −2.58 kJ mol−1 at CCSD(T)/aVTZ, while the Gibbs free en-
ergy is 16.81 kJ mol−1, compared to the values of −2.30 and
12.80 kJ mol−1 at CCSD(T)/ha(Q + d)Z [22].

The harmonic normal mode frequencies calculated via analytical
second derivatives are shown in Table 3, while the Konkoli-Cremer
local mode frequencies and local force constants are shown in Supple-
mentary information (Tables S2 and S3). Fig. 2 shows the normal
mode decomposition into local mode contributions from the CCSD(T)/
aVTZ level of theory. The experimental S\\H (νS−H

b ) mode of H-bond
donating is assigned to the frequency of 2590 cm−1 [28,32]. Our result
of normal mode frequency at CCSD(T)/aVTZ is 2686 cm−1 with an in-
tensity of 51.237 km/mol, while the CCSD(T)/aVDZ value is
2673 cm−1 and has an intensity of 35.296 km/mol. Anharmonic compu-
tation from second-order vibrational perturbation theory (VPT2) cor-
rects this frequency to 2606 cm−1 at CCSD(T)/ha(Q + d)Z [22]. This
mode was assigned by the local vibrational mode analysis to the S1-
H3 of the H-bond donating H2S in accordance to the theoretical and ex-
perimental results of the literature [21,22,28,32]. This νS−H

b normal
mode frequency corresponds to a redshift of 33 cm−1 for CCSD(T)/
aVTZ (30 cm−1 for the CCSD(T)/aVDZ), in accordance with the experi-
mental 31 cm−1 in relation to the central frequency of v1 and v3 of

Fig. 1. Optimized structure of H2S dimer showing the notation used for the atoms
throughout the text. H-bond donor left side, H-bond acceptor right side. Yellow for
sulfur and white for hydrogen.

Table 1
Interatomic distances (Å) and bond angles (°).

H3⋯S4 S1⋯S4a R(A⋯B) S1-H3⋯S4

MP2/aVDZ 2.750 4.097 3.897 173.2
MP2/aVTZ 2.743 4.076 3.855 172.7
MP2/aVQZ 2.752 4.080 3.863 171.8
CCSD(T)/aVDZ 2.795 4.147 3.942 173.5
CCSD(T)/aVTZ 2.801 4.138 3.911 172.2
Experiment [27] 2.778 4.112 – 175.0

(A⋯B) stands for the center-of-mass interatomic distance. H-S-Hd is the donor angle A(3
−1−2).

a The S1⋯S4 distance values were also reported by Lemke [21].

Table 2
Energies for the H2S dimer in kJ mol−1. Thermodynamic quantities are given at 298.15 K.
ZPE using harmonic frequencies.

De De,cp ΔH ΔG De,cp + ZPE

MP2/aVDZ 9.87 6.49 −4.20 18.37 1.68
MP2/aVTZ 8.91 7.32 −3.38 17.11 3.04
MP2/aVQZ 8.45 7.70 −2.96 17.03 3.55
CCSD(T)/aVDZ 9.04 7.17 −3.56 14.93 2.55
CCSD(T)/aVTZ 7.90 7.05 −2.58 16.81 3.01

Table 3
Harmonicω (cm−1) and anharmonic v (cm−1) vibrational frequencies. The last column is
the shift of lowest frequency (cm−1) regarding the mean value of calculated monomer
frequencies.

ω1 ω2 ω3 ω4

Harmonic
MP2/aVDZ [28] 2719 2750 2769 2775 −49
MP2/aVTZ [28,32] 2730 2769 2784 2789 −57
MP2/aVQZ [21] 2731 2771 2786 2791 −54
CCSD(T)/aVDZ 2673 2689 2706 2710 −30
CCSD(T)/aVTZ 2686 2708 2720 2725 −33
CCSD(T)/aVQZ [21] 2691 2714 2726 2729 −34

Anharmonic
MP2/aVDZ 2634 2652 2670 2674 −36
MP2/aVTZ 2651 2671 2684 2688 −34
MP2/aVQZ 2654 2674 2688 2691 −34
CCSD(T)/aVDZa 2588 2591 2607 2610 −16
CCSD(T)/aVTZa 2607 2610 2621 2623 −10
CCSD(T)/aVQZ [21]a 2615 2615 2627 2629 −13
Experiment [28] νS−H

b ν1
a νS−H

f ν3
a

Gas phase 2590 2605 2618 2618 −31
a vi[CCSD(T) / aVXZ] = ωi[CCSD(T) / aVXZ] + vi[MP2 / aVXZ]− ωi[MP2 / aVXZ].
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H2S [28]. The S1-H3 bond distance is the largest of the SH group dis-
tances (Table S1), which is in accordance with the H-bond formation,
and with the lowest local force constant of 4.151 mdyn/Å at CCSD(T)/
aVTZ.

VPT2 anharmonic correction (Table 3) for the frequency shift shows
better agreement at MP2 level, while the harmonic frequencies overes-
timate this shift. The reverse was found for the CCSD(T) using the com-
posite method [22] combining the MP2 anharmonic correction, where
the harmonic frequencies are in better agreement to the shift value
than the anharmonic. It is interesting to note that the shift value (in re-
lation to themonomer frequencies) is almost the same as the difference
between the two frequencies associated to the donor modes, νS−H

b and
(νS−H

f ). This trendwill also support the assignment of 2618 cm−1 vibra-
tional frequency to the free donor S\\H bond.

The experimental value of second vibrational mode is at 2605 cm−1

and corresponds to the symmetric S\\H stretch of the acceptor H2Smoi-
ety (ν1

a) [28]. The local vibrational mode analysis assigned this fre-
quency to the S4-H5 and S4-H6 bonds of the acceptor moiety, which
is in agreement with experimental and theoretical literature values
[22,28,32]. This mode has the intensity of 0.144 km/mol, much smaller
than the νS−H

b mode, in accordance to experimental data reported that
the intensity of νS−H

b mode is 10 times greater than the ν1
a. The

anharmonic correction at CCSD(T)/ha(Q+d)Z of Dreux and Tschumper
leads to the value of 2610 cm−1 [22]. It was shown by Cremer and Kraka
that local mode analysis is based on normal mode frequencies, then the
calculated frequencies do not require anharmonic corrections [86].

According to experiment, the last two modes are v3 signatures at
2618 cm−1 [28] or at 2622 cm−1 with intensity of 10 km/mol [32];
the authors however could not attribute these modes to the proton
donor or acceptor [32]. The local vibrational mode analysis is able to re-
solve this vibration, and assigned the mode at 2720 cm−1 for the free
S1-H2 (νS−H

f ) of the donor moiety. This trend is in agreement with ob-
servations of water dimer [116]. Complementary to the H-bonding,
the force constant associated to the S1-H2 (νS−H

f ) of 4.245 mdyn/Å at
CCSD(T)/aVTZ is the largest force constant compared to the SH group
force constants. In general, these force constants are smaller than the
same found for the water molecule, of 7.641 mdyn/Å [116]. It is also re-
markable that the force constants show the same trend independent of

method and basis set used. The vibrational mode at 2725 cm−1 is the
same found for the 2708 cm−1, the stretching of S4-H5 and S4-H6
bonds of the acceptor moiety of H2S.

Lemke [21] showed a CCSD/aVQZ harmonic frequency of 261 cm−1

and an extrapolated anharmonic of 197 cm−1. The local mode assign-
ment for the harmonic normal mode of CCSD/aVTZ at 271 cm−1 is for
the H2-S1-H3-S4 and H5-S4-H3-S1 torsions connected to the out of
plane bending of acceptor. The CCSD/aVTZ at 153 cm−1 through the
local mode is related to the acceptor wag. The most important of this
group is the CCSD/aVTZ at 77 cm−1, which is related to the hydrogen
bond stretching and has contribution of the donor bending. The local
mode analysis suggests that local mode S1-H3 stretching dominates νS
−H

b, the S4-H5 and S4-H6 local mode stretchings ν1a, the local mode S1-
H2 stretching νS−H

f and the local mode S4-H5 and S4-H6 stretching ν3a,
providing a comprehensive analysis of these normal vibrational modes.

The H2S molecule shows a v2 mode observed at 1183 cm−1 corre-
sponding to the H-S-H bending [53,62]. Our calculated vibrational
mode of the H2S free molecule is at 1206 cm−1 for the CCSD(T)/aVTZ
level, while the dimer shows a shift to 1205 and 1212 cm−1. The local
modes have assigned to the acceptor (H5-S4-H6) and donor (H2-S1-
H3) bending modes, respectively. These results are close to the experi-
mental values of 1179 and 1183 cm−1 for the H2S dimer [32]. The CCSD
(T)/aVQZ harmonic frequencies was reported at 1207 cm−1 (acceptor)
and 1213 cm−1 (donor), while the anharmonic modes were reported at
1180 cm−1 (acceptor) and 1182 cm−1 (donor) [21]. This assignment is
in the same order found for water dimer, for the local and normal
modes, both theoretical and experimental results [116]. This feature is ex-
plained by the local mode decomposition analysis, where the main con-
tribution to the 1205 cm−1 is from the local mode of acceptor H-S-H
bending, with a small contribution of donor bending. Otherwise, the
1212 cm−1 from the local mode is mainly from the donor bending with
a small contribution of acceptor bending. The agreement in the band
shifts compared to experiment data has to be treated cautiously, as the
simple treatment of the nuclear motion was used, while the weakly
bound hydrogen sulfide dimer goes complicated nuclear motion.

Table 4 shows the local vibrational mode analysis for the H⋯S bond
and density properties of theH2S dimer. Local stretching force constants
obtained with the harmonic approximation are expected to provide a

Fig. 2.Decomposition of CCSD(T)/aVTZ normal modes into local mode contributions, given in %. The normal modes with their irreducible representations are given as a bar diagram, and
the local modes are color-coded according to the legend.
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reliable descriptor of the relativeH-bond strength [86]. Despite the large
range of interatomic distances regarding the center-of-mass of eachH2S
molecule (Table S1) between 3.8552 Å (MP2/aVTZ) and 3.9424 Å (CCSD
(T)/aVDZ), the related ka(A⋯B) shows closer force constant values asso-
ciatedwith the interaction between these twomonomers. Furthermore,
the force constant of H3⋯S4 (H-bonding) is almost twice theA⋯B value,
and H3⋯S4 force constant is smaller than the 0.085 mdyn/Å of water
[116]. The smallest force constants and frequencies are in accordance
with the weak interaction of the H2S dimer. As shown in Table 4 the
H⋯S bond is characterized by a small positive Hc value independent
on the model chemistry used, while the H⋯O hydrogen bond in the
water dimer has a negative value (−0.005 h/Å3) [118,121]. The positive
sign of Hc for H⋯S suggests a noncovalent interaction. In contrast, the
negative sign of Hc identifies the hydrogen bonding in the water
dimer as covalent.

3.2. Rovibrational constants

The experimental value for the (B+C) / 2 rotational constant for the
H2S dimer was determined as 0.05834 cm−1 [27], and has been studied
usingMP2with a several basis sets and found values between 0.054844
and 0.057940 cm−1 [26],while the theoreticalMP2/aVDZ shows a value
of 0.059052 cm−1 (1770.3 MHz) [27]. Based on microwave spectros-
copy, the fitting of rotational constants gives B = 0.058477 cm−1

(1752.9 MHz) and C = 0.058144 cm−1 (1745.7 MHz) for the lower
state, and B = 0.058470 cm−1, C = 0.058232 cm−1 for the upper
state [27]. Our calculated CCSD(T)/aVTZ B and C rotational constants
are close to the experimental data, being 0.058130 cm−1 and
0.057840 cm−1, respectively. The calculated A rotational constant
value at CCSD(T)/aVTZ is 3.20743 cm−1 (96,156.4 MHz).

Full determination of internal quantum states is required to any
property calculation at low temperature, where the H2S dimer popu-
lates exclusively low lying levels. Consequently, we must also properly
take into account all degree of freedom of the interacting H2S dimer, in-
cluding vibration and bending of each non frozen monomer. Neverthe-
less, origin andmeaning of the PEC exploited in this study indicates that
it can be used to assess these properties at sufficiently high tempera-
tures. Under these circumstances, the intermolecular stretching could
play the principal role, while the other degrees of freedom of monomer
(mostly the bending modes) contribute as statistical averages over all
accessible H2S orientations internally to each monomer.

From the solution of the nuclear Schrödinger equation using theDVR
method and the calculated CCSD(T)/aVTZ PEC described by Eq. (10), we
found eighteen vibrational levels for theH2S⋯H2S system. The structure
was treated as a pseudo-diatomic molecule in which both monomers
are essentially spherical. To calculate the system rovibrational energies
a total of 500 Gaussian quadratures were used and only those energies
smaller than the dissociation energies of the system are described in
their respective potential energy curves. Table 5 presents the H2S
dimer rovibrational constants determined by bothmethods of Dunham

and Eqs. (11)–(15). Rovibrational energies and the coefficient for the
CEP of order 10 are in Supplementary information (Table S4). The com-
plex has a (B + C) / 2 rotational constant from Dunham of
0.057785 cm−1, which is close to the experimental value [27]. The har-
monic vibrational constant of almost 68 cm−1 using Dunham or DVR
methods shows the weak stability of this complex. The obtained disso-
ciation energywas used to calculate the lifetime of the decomposition of
the complex (Fig. 3) as a function of temperature (from 200 to 500 K).
The lifetime shows a value higher than 1 ps for the complete tempera-
ture interval. Therefore, following the Slater theory [129,130], the com-
plex is considered stable.

4. Conclusions

In thiswork,we investigated the intrinsic hydrogen bond strength of
H2S dimer using the MP2/aug-cc-pV(D,T,Q)Z and the CCSD(T)/aug-cc-
pV(D,T)Z. The local vibrational mode analysis achieved a resolution for
the free S\\H vibration (νS−H

f ) of the donor moiety. These results pro-
vide an outline for the main question of the literature about the vibra-
tional mode assigned to the bond stretching of H2S donor and
acceptor. The H2S dimer local force constants were compared to the
water dimer of the literature. It was verified from this comparison that
the local force constant of hydrogen bonding in the hydrogen sulfide
dimer is smaller than the value for the water dimer. The smaller force
constants are in accordance with the weaker hydrogen bonding in the
H2S dimer. Furthermore, the lowest energy vibrational v2 modes were
also assigned by the local modes to the donor and acceptor bending
modes. The rotational constants are supported by the experimental re-
sults of the literature. The potential energy curve rotational constant is
also close to the experimental value, and the lifetime for the complex
decomposition shows a stable dimer.

Table 4
Properties of local modes analysis and energy density distribution associated to H⋯S
bonding in the H2S dimer.⁎

ka

(A⋯B)
ωa ka

(H3⋯S4)
ωa ρ

(e/Å3)
Hc

(h/Å3)
Hc/ρ
(h/e)

MP2/aVDZ 0.029 148 0.057 316 0.071 0.003 0.036
MP2/aVTZ 0.024 134 0.052 301 0.072 0.005 0.063
MP2/aVQZ 0.022 131 0.049 293 0.071 0.004 0.051
CCSD(T)/aVDZ 0.027 142 0.054 305 0.064 0.003 0.053
CCSD(T)/aVTZ 0.021 125 0.046 283 0.063 0.006 0.098

⁎ Local mode force constants ka inmdyn/Å, frequencyωa in cm−1, electron density ρc at
the bond critical point in e/Å3, energy density Hc at the bond critical point in Hartree/Å3,
and energy density per electron Hc/ρ in Hartree. ka(A⋯B) is relative to the center-of-mass
of the two monomers.

Table 5
Rovibrational spectroscopic constants (cm−1).

DVR Dunham

ωe 68.4561 68.4350
ωexe 2.01936 2.00714
ωeye 1.89517 × 10−3 2.26089 × 10−3

αe 1.40216 × 10−3 1.40529 × 10−3

γe 2.89517 × 10−5 2.67738 × 10−5

Fig. 3. Lifetime (ps) for the complex decomposition.
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