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For the first time, complexes involving carbonyl sulfide (OCS) and water molecules are studied by
FTIR in solid neon. Many new absorption bands close to the known fundamental modes for the
monomers give evidence for at least three (OCS),—(H20), complexes, noted n:m. With the help of
theoretical calculations, two isomers of the 1:1 complex are clearly identified. Concentration effects
combined with a detailed vibrational analysis allow for the identification of transitions for the 1:1,
1:2, and 2:1 complexes. Anharmonic coupling constants have been derived from the observations of
overtones and combinations. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4986403]

. INTRODUCTION

The van der Waals complexes formed by small molecules
and water have attracted considerable theoretical and exper-
imental interest due to their importance in atmospheric and
environmental chemistry.! Several linear triatomic molecules
(CO,, OCS, N,0O, SeCO) complexed with water have been
studied.Z!"! For the OCS-H,O complex, few theoretical
works®>~! have been published, and only one experimental
study in the gas phase exists in the microwave domain.!? The
most stable calculated structure has a Cp, symmetry, which
is consistent with the experimental evidences,!? the sulfur
atom being bonded to the water oxygen; the calculated bind-
ing energy is of 5.5 kJ/mol.*®° Besides, other structures are
predicted®*® with slightly weaker binding energies. For the
1:2 complex, there is no experimental data, and this species
has been the subject of only two theoretical studies.** There
is no data for the 2:1 complex, but the OCS dimer (2:0) has
been well studied in theoretical works'>~'# and the infrared
data were obtained by the McKellar group with a tunable
diode laser in the region of the C—O fundamental stretch-
ing mode.!>"!7 Since no infrared study has been published,
we sought to study the (OCS),—(H,O), complexes in a neon
matrix to obtain new vibrational data from the far to the near
infrared (50-7000 cm™'). Recently, we have shown that it is
possible to obtain some new vibrational data in solid neon for
the hydrated (CO;),—(H20)m complexes.2 We also performed
ab initio calculations with the aim of obtaining homogeneous
results (same method and basis set) to be compared with the
experimental data for the most stable isomers of the 1:1, 2:0,
0:2, 1:2, and 2:1 complexes.

After a brief description of the experimental conditions,
experimental spectra will be presented, an assignment of the
different bands will be proposed and a comparison with our
theoretical results will be discussed.

0 Author to whom correspondence should be addressed: pascale.soulard@
upmc.fr
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Il. EXPERIMENTAL AND THEORETICAL DETAILS
A. Experimental apparatus

Samples were prepared by co-condensing OCS—Ne and
H;O—Ne mixtures at a rate of 2—15 mmol/h onto one of the six
highly polished, rhodium-plated copper mirrors maintained at
3 K using a closed-cycle helium cryostat (Cryomech PT-405).

All the spectra have been recorded at 3 K. The temperature
was measured using silicon diodes and the thermal annealing
in the 8-12 K range was regulated by a Neocera LTC-II temper-
ature controller. The Ne/OCS mole ratio varied between 30 and
30000, and the neon/water mole ratio between 1000 and 20 000
but variable desorption of water from the stainless steel vac-
uum line precluded accurate concentration measurements, and
the uncertainty of the H,O final concentration is around 30%.
Absorption spectra were recorded between 50 and 7000 cm™!
on the same sample using a Bruker 120 FTIR spectrometer
equipped with suitable combinations of light sources (globar,
W filament), beamsplitters (composite, KBr/Ge, Si/CaF,), and
detectors (liquid N,-cooled InSb, liquid N,-cooled HgCdTe
photoconductor, liquid He-cooled Si-B bolometer). The res-
olution was fixed to 0.1 cm™!. A natural water sample was
degassed under vacuum before use. Ne (Air Liquide, 99.995%
purity) and OCS (Aldrich, 99.9% purity) were used without
purification.

B. Computational details

All calculations have been performed with the augmented
correlation-consistent basis set aug-cc-pVTZ (AVTZ) of
Dunning and co-workers.!31% Second order Mgller-Plesset
calculations (MP2) were performed with the Gaussian09 pack-
age,”’ while explicitly correlated coupled cluster calcula-
tions [CCSD(T)-F12a] were performed with the Molpro2012
package.?!??

(0OCS),—(H20)yy (m = 0-2, n = 0-2) species structures
were optimized with “verytight” convergence criteria, fol-
lowed by harmonic frequencies calculation at MP2/AVTZ
level of theory. These calculations lead to equilibrium

Published by AIP Publishing.
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geometries, equilibrium (D) and ground state (Dg) bind-
ing energies, harmonic vibrational frequencies, and infrared
intensities.

Due to computational limitation, only monomers and the
1:1 complex have been fully investigated (geometry opti-
mization and harmonic frequencies calculation) at CCSD(T)-
F12a/AVTZ level of theory. For 2:0, 0:2, 1:2, and 2:1
complexes, single point CCSD(T)-F12a/AVTZ energy calcu-
lations have been performed at MP2/AVTZ optimized struc-
tures to compute equilibrium binding energies (D."), and
MP2/AVTZ zero point energy correction (ZPE) has been used
to compute ground state binding energies (Dg").

lll. SPECTRAL DATA AND ASSIGNMENTS

The infrared absorptions of the HyO monomer, dimer,
and trimer trapped in solid neon are well known for the funda-
mental modes, and for many overtones and combinations.?324
Few studies??® have been done on the OCS monomer in
matrix, and the only available experimental data on the OCS
dimer'>~'7 and trimer?’-*® were obtained by the McKellar
group in a supersonic slit-jet expansion of a He/OCS gas mix-
ture probed with a tunable diode laser in the region of the C-O
fundamental stretching mode.

Our experiments were performed using different concen-
tration ratios of the OCS/H,O/Ne gas mixture to identify the
transitions of the n:m complexes: low concentration, typi-
cally OCS/H,O/Ne = 0.02/0.5/1000 for the 1:1 complex and
OCS/H,O/Ne = 1/0.2-1/1000 and 1-15/0.06/1000 for 1:m and
n:1 complexes, respectively. Thermal annealing permits diffu-
sion of the molecules in the sample and enhances the intensity
of the bands of many m:n complexes, and especially those of
the 0:2, 2:0, 1:2, and 2:1 ones that will be studied in this work.

Figures 1-7 illustrate the IR spectra in different fre-
quency ranges. Tables I-III summarize our measured vibra-
tional frequencies of (OCS),—(H,0),, complexes: Table I for
the monomers and the 1:1 complex, Table II for the HO dimer
and the 1:2 complex, and Table III for the OCS dimer and the
2:1 complex.

A. OCS spectral regions

Since there is no data on OCS isolated in solid
neon, we first examine the spectrum of OCS/Ne deposition
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FIG. 1. Spectra in the OCS stretching v3 region at 3 K deposition, with dif-
ferent OCS/H,O/Ne concentration ratios. (a) 0.1/0/1000, (b) 0.03/1/1000,
(c) 0.15/1/1000, (d) 1/1/1000.
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FIG. 2. Spectra in the OCS stretching v; region at 3 K deposition, with

different OCS/H,O/Ne concentration ratios. (a) 15/0/1000, (b) 5/1/1000,
(c) 15/0.06/1000, (c") spectrum (c) followed by annealing at 12 K.
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FIG. 3. Spectra in the OCS bending mode v, region at 3 K deposition, with
different OCS/H,O/Ne concentration ratios. (a) 3/0/1000, (b) 15/0.06/1000,
(c) 30/0.06/1000. Each spectrum was normalized with respect to the OCS
monomer intensity.

without water [Fig. 1(a)]. We observe three strong bands, due
to different sites, with a main band located at 2062.2 cm™! for
the v3 '2C—O stretching mode, same value as in gas phase.”’
In all this work, we will use the Hertzberg’s convention for
linear triatomic molecule: v3 and v; for the C-O and C-S
stretching modes, respectively, and v, for the bending mode.
Near the monomer’s fundamentals we observe many bands for
the OCS dimer, especially at higher concentration at 2067.6,
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FIG. 4. Spectra in the H,O bending mode v; region at 3 K deposition, with
different OCS/H, O/Ne concentration ratios. (a) 0/0.3/1000, (b) 0.3/0.06/1000,
(c) 0.5/0.06/1000, (d) 15/0.06/1000, (d’) spectrum (d) followed by annealing
at 12 K. The spectra a, b, and ¢ were normalized with respect to the v, of nrm
H,O0.



234303-3 Soulard, Madebéne, and Tremblay
1:2

3 0.1
c '
© c
2 c
2
o b
<

1 a

0.0 (H,0), (H,0), H,0

3560 3580 3600 3640 _ 3660
wavenumbers (cm™)

FIG. 5. Spectra in the 3550-3670 cm™' region at 3 K deposition, with dif-
ferent OCS/H,O/Ne concentration ratios. (a) 0/0.3/1000, (b) 7.5/0.06/1000,
(c) 15/0.06/1000, (¢’) spectrum (c) followed by annealing at 12 K. The spectra
were normalized with respect to the v of nrm H,O.
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FIG. 6. Spectra in the 3720-3760 cm™' region at 3 K deposition, with dif-
ferent OCS/H,O/Ne concentration ratios. (a) 0/0.3/1000, (b) 7.5/0.06/1000,
(c) 15/0.06/1000, (¢’ spectrum (c) followed by annealing at 8 K, (d) 5/1/1000.

858.3, and 521.3 cm™! (Table III and Figs. 1-3). The anneal-
ing effects confirm these attributions. With addition of water,
in Figs. 1(b)-1(d), two groups of bands appear with a sim-
ilar multiple sites pattern. The first group, more red shifted,
is composed of bands at 2047.3 (the most intense), 2048.7,
and 2050.7 cm™!, and the second with two bands at 2054.1
and 2055.1 cm™' (the most intense). Note that we observe
the band at 2047.3 cm™! in the spectrum with only OCS/Ne
deposition because of the presence of water traces due to wall
degassing.

Absorbance
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(H20), (H20),
100 120 140 160 180 200
wavemumbers (cm™)

0.0

FIG. 7. Spectra in the 90-210 cm™! region at 3 K deposition, with differ-
ent OCS/H,O/Ne concentration ratios. (a) 0/0.3/1000, (b) 15/0.06/1000, (b”)
spectrum (b) followed by annealing at 12 K.
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TABLE I. Observed frequencies (cm™1) and assignments for OCS and H,O
monomers, and OCS-H, O complex isolated in solid neon. Most intense bands
are in bold.

n:m Assignment oCsS H,0 vi?
1:1 115
(010 v 521.7
1:1 V) 529.3, 530.6
1:1 Vi 857.2, 867.6
0oCS Vi 860.9
(010 2v, 1049.2
1:1 2v, 1063.6, 1066
11 v 1595.0, 1598.0
H,O v, (nrm®) 1595.6
1:1 2v; 1707.2, 1728.1
0oCS 2v; 1714.8
0CS vi+2vy 1896.3
1:1 vi+2v; 1903, 1907.7, 1911.2
1:1 v3 2047.3, 2048.7, 2050.7,
2054.1,2055.2
0oCS v3 2060.5, 2061.8, 2062.2
11 v3+115 2172.3
1:1 Vi+v3 2901.7, 2904.9, 2907.3
0oCS vVi+V3 2920.1
0oCS 2vy+v3 3097.9
1:1 2V2+V3 3101.2
1:1 2v, 3153.0, 3159.6
11 Vi 3656.5, 3658.8
H,0 vi (nrm) 3665.4
1:1 v3 3749.8, 3753.3
H,0 v3(nrm) 3761.0
1:1 v3+115 3862
1:1 2v3 4071.7, 4074.5,
4078.2, 4087.2
(010 2v3 4098
1:1 Vi+Vy 52394
1:1 Vo+V3 5328.5

dv;: frequencies of the intermolecular modes.
bnrm: nonrotating monomer of H>O (see text).

Similar groups of bands are observed near the natural iso-
topic O'3CS v3 (2009.2 cm™!) and '30CS v; (2026.1 cm™")
shown in Fig. S1 of the supplementary material. For each
group of bands, the most intense bands are observed at 1994.8
and 2002.2 cm™!, and at 2011.4 and 2019.8 cm™!, for the
13C and 30 isotopes, respectively. The evolution of all these
bands is therefore linear with the concentration of OCS when
normalized on water monomer signatures. Therefore, they
are assigned to the 1:1 complex. When the OCS concentra-
tion exceeds H,O concentration by nearly 100-500 times,
we observe at 2040.0 and at 2064.3 cm™! (the most intense)
new bands attributed to a 2:1 complex. The natural (O'3CS—
OCS):H,0 isotopic counterpart of the 2064.3 cm~! band is
observed at 1999.5 cm™!. Also, a triplet of bands around 2043
cm™!, with a main band at 2042.4 cm™!, is observed at large
water concentration with their intensities following those of the
water dimer. Hence they are the signature of a 1:2 complex,
and isotopic counterparts are observed for 013CS—(H20)2 at
1989.9 cm™!. For the 1:2 and 2:1 complexes, annealing effects
confirm these attributions because the bands grow significantly
and follow those of water and OCS dimer, respectively. All
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TABLE II. Observed frequencies (cm™1) and assignments for OCS—(H,0),
and (H,0), complexes isolated in solid neon.

n:m Assignment OCS H,0 vi?
1:2 201
1:2 v 1597.2 PA, 1615.6 PD

(H,0), vy 1599.2 PA, 1616.5 PD

1:2 2v; 1699

1:2 v,+201 1802

1:2 v3 2042.4

1:2 2v; 3165.8 PA, 3202.0 PD

(H,0), 2v, 3163.0 PA, 3193.7 PD

1:2 vi OHy,; 3569.5

(H,0), Vi 3590.5 PD, 3660.6 PA

1:2 vi OHy; 3642.1

1:2 v3 OH¢ 3740.6

(H,0), v3 3733.7 PD, 3763.5 PA

1:2 2v3 4061.9

1:2 OHy, +v; 5163.8

12 OHyy+v) 5224.3

1:2 vo+v3 5320.0

1:2 2vy+v3 6869.4

1:2 2v30OHy, 7151.3

2v;: frequencies of the intermolecular modes.

the bands observed for these complexes are summarized in
Tables I-1I1.

Since the C-S stretching vibration (v;) intensity is almost
two orders of magnitude weaker in comparison with the CO
vibration, OCS concentration must be elevated (7.5/1000 or
15/1000) to be observable [Fig. 2(a)]. The signature of v; is
at 860.9 cm™! for OC*2S and at 849.6 cm™! for OC**S. When
water is codeposited with OCS, we attribute the bands at 857.2
and 867.6 cm™! to the 1:1 complex because of their linear
evolution with OCS and water concentration [Fig. 2(b)]. As
in the OCS v3 region, we also observe 2:1 absorption at 855.2

TABLE III. Observed frequencies (cm™ ) and assignments for (OCS),-H,O
and (OCS), complexes isolated in solid neon. Most intense bands are in
bold.

n:m Assignment OCS H,0 v;?
2:1 105
2:1 180
(0CS), v 521.3

2:1 vi 855.2, 866.2

(0CS); Vi 858.3

2:1 Vo 1591.8, 1593.4

2:1 2v 1703.4, 1725.8

2:1 v3 2040.0, 2064.3

(0CS); v3 2067.6

(0CS), Vi+V3 2924.9

2:1 Vi+v3 2922.9

2:1 2v, 3146.6, 3149.1

2:1 v OH, 3648.0

2:1 v3 OHy 3741.0

2:1 v3+180 3923

2:1 vVi+Vv2 5230.9

2:1 V+v3 53249

v;: frequencies of the intermolecular modes.

J. Chem. Phys. 146, 234303 (2017)

(the most intense) and 866.2 cm™! confirmed by annealing and
concentration effects [Figs. 2(c) and 2(c’)].

Near the OCS bending mode (v5) at 521.7 cm™!, when
H,O is added, a new blue shifted signature appears at
529.2 cm™! with a shoulder at 530.5 cm™' that we attribute
to the 1:1 complex (Fig. 3). Peaks at 503.6 and 507.0 cm™!
are assigned to O'>?CS—0'3CS and O'3CS, respectively. No
band is detectable for the 2:1 and 1:2 complexes in this
region.

B. H,O spectral regions

Figure 4 shows the region of the water bending mode
vo. When adding OCS, two bands appear at 1595.0 and
1598.0 cm™! on both sides of the v, of the nonrotating
monomer (nrm) H,O* at 1595.6 cm™!. They are attributed
to the 1:1 complex due to their evolution with concentrations.
Other signatures at 1593.4 and 1591.8 cm™" are observed when
the OCS concentration is high and follow the intensity of the
OCS dimer, so they are assigned to the 2:1 complex. The same
argument can be used for the observed bands at 1597.2 and
1615.6 cm™! which follow the evolution of the H>O dimer, so
we attribute them to the 1:2 complex. The annealing effect at
12 K confirms the stoichiometry of the 2:1 and 1:2 complexes
because it permits diffusion of the molecules in the samples
and enhances the intensity of the bands of the complexes with
higher stoichiometry.

In the v; symmetric O—H stretching region (Fig. 5), aband
at 3658.8 cm™! and a small one at 3656.5 cm™! appear when
OCS is deposited with water, and they are attributed to the 1:1
complex. At higher water concentration, two bands grow at
3569.5 and 3641.3 cm™!, near the v; proton donor (PD) and
proton acceptor (PA) molecules of the water dimer at 3590.5
and 3660.6 cm™!, respectively, and these bands are attributed
to the two bonded OH stretching (OHy) of the 1:2 complex.
At higher OCS concentration, a band attributed to the 2:1
complex appears at 3648.0 cm™!. Other bands at 3521, 3546,
and 3543 cm™! appear when the OCS concentration greatly
exceeds H,O concentration, nearly 100-500 times higher, and
correspond to larger complexes.

The region of the v3 asymmetric O-H stretching mode is
characterized by the absorptions of the PD and PA molecules
of the water dimer at 3733.7 and 3763.5 cm™!, and the P(1)
transition of the monomer at 3735.8 cm™' (Fig. 6). But two
weak bands grow with OCS concentration at 3753.3 and
3749.8 cm™! and are therefore the signature of the 1:1 com-
plex. When the concentration of OCS is very high, a band
at 3741.0 cm™! appears and is associated to the 2:1 com-
plex. We also observe a band at 3740.6 cm™! at higher water
concentration attributed to the free OH stretching of the 1:2
complex.

C. Intermolecular vibrations

We investigated the far infrared to observe the intermolec-
ular modes. In addition to the two water dimer bands and to
the trimer band at 122, 170, and 150 cm™!, respectively, four
new bands appear at 105, 115, 180, and 201 cm™! (Fig. 7).
Due to their concentration evolution, the band at 115 cm™! is
the signature of the 1:1 complex, those at 105 and 180 cm™!

are the signatures of the 2:1 complex, and that at 201 cm™! is
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the characteristic of the 1:2 complex. These assignments for
complexes with n, m > 1 are confirmed by the increase of their
signature intensity under annealing at 12 K [Fig. 7(b")].

D. Multiquanta transitions

Near the 2v; first overtone of the OCS bending mode at
1049.2 cm™!, we observe two bands at 1066.7 and 1063.6 cm™!
spaced by twice the difference between the two v, bands of the
1:1 complex, so we associate them to the 2v, of the 1:1 com-
plex. The 2v; bands are observed at 1728.1 and 1707.2 cm™!
for 1:1, at 1699.0 cm~! for 1:2, and at 1703.4 cm™! for 2:1
(Fig. S2 of the supplementary material) (Tables I-III). Near the
vi+v3 combination bands of OCS at 2920 cm™', we observe
a similar triplet pattern as for the v3 of 1:1 corresponding
to the v;+v3 transition at 2901.7, 2904.9, and 2907.3 cm™!.
Due to concentration effects, another band can be attributed to
the 2:1 complex at 2922.9 cm™'. In the OCS 2v; region near
4101 cm™!, we observe the signatures of 1:1 at4071.7,4074.5,
4078.2, and 4087.2 cm™! and of 1:2 4061.9 cm™!.

In the 2v, water region, the 1:1 bands are observed at
3153.0 and 3159.6 cm™! and the 2:1 bands at 3146.6 and
3149.1 cm™'. Signatures of the 1:2 complex are at 3165.8
and 3202.0 cm™!, near the 2v, overtone of the H,O dimer
bending mode. In the near infrared by comparison with data
on the water monomer, we can attribute bands at 5239.4 and
5230.9 cm™! to the v;+v, combination of the 1:1 and 2:1 com-
plexes, respectively. Similarly, bands at 5328.5, 5324.9, and
5320.0 cm™! correspond to the v,+v3 combination for the 1:1,
2:1, and 1:2 complexes respectively. Finally, specifically for
the 1:2 complex, we observe other combinations and over-
tones up to 7150 cm™! (Table II), and the assignment is done
by comparison with data on the water dimer in solid neon.?*

We also observe combinations of intra+intermolecular
modes that confirm the attribution of the intermolecular modes
in the far infrared. Indeed, at 2172.3 cm™! we observe a
1:1 band which is the combination of the OCS v3 with the
intermolecular vibration at 115 cm™'. Two other intra+inter
combination bands are observed at 3862 and 3923 cm™!:
the first one for 1:1, corresponding to HyO v3 + 115 cm™!,
and the last one for 2:1, corresponding to H>O v3 + 180 cm™".
For the 1:2 complex, a band at 1802 c¢cm™~! is the combination
of the H,O v, mode, at 1615.6 (PD) or 1597.2 (PA) cm™!,
with the intermolecular band at 201 cm™!, that give sums of
1615.6 + 201 = 1816.6 or 1597.2 + 201 = 1798.2 cm™!. It is
impossible to determine if it is the combination with the PA or
the PD of the water dimer subunit.

IV. THEORETICAL RESULTS
A. OCS—H,0 complex

Several theoretical studies have been carried out on
the 1:1 complex.>"'® However, a disagreement exists on the
different possible isomers (structures F1, F2, and F3 of
Fig. 8). Wgjcik et al. only found the F2 structure (MP2/6-
314++g**).3 Tatamitani and Ogata'® only found the F1 struc-
ture (MP2 with several double zeta Pople basis set), as well as
Garden et al. [CCSD(T)/aug-cc—pv(T+d)Z].5 Hartt et al. found
the three structures [MP2/AVTZ and CCSD(T)/AVTZ sin-
gle point calculations at MP2/AVDZ optimized geometries].*

J. Chem. Phys. 146, 234303 (2017)

F1 (0 kJ/mol)

)o:-o-o

C/Ob F2 (+0.7 kiJ/mol)

&0 O

AB (n.a.)
&=0=0

FIG. 8. Geometries of the F1, F2, and F3 isomers for the 1:1 OCS-H,0
complex. Relative energies corrected from ZPE computed at CCSD(T)-
F12a/AVTZ level of theory. (n.a.) Relative energy not available at CCSD(T)-
F12a (see text).

Ghosh et al. found the F1 and F2 structures [CCSD(T)/cc-
pvTZ single point at MP2/6-311++G(2d,2p) geometries].®

In agreement with the work of Hartt ez al.* our MP2/AVTZ
calculations lead to the three structures with D, values of
-8.6, —8.9, and —8.7 kJ/mol and Dy values of —6.6, —5.5,
and —5.1 kJ/mol for F1, F2, and F3, respectively. However,
the F3 structure seems to be an artefact of MP2 because all
optimisations of this geometry at the higher level of theory
CCSD(T)-F12a/AVTZ lead to the nearest stable structure F2.
At this level of theory, only F1 and F2 are minima on the
potential energy hypersurface with D, values of —8.2 and
—8.7 kJ/mol and Dg values of —6.2 and —5.5 kJ/mol for F1 and
F2, respectively. The F1 isomer is computed to be the most
stable and corresponds to the one observed in the microwave
study'® with a Cpy symmetry, the sulphur atom interacting
with the water oxygen atom. The F2 isomer is slightly less
stable (+0.7 kJ/mol) and has a weak hydrogen bond between
the oxygen of OCS and a hydrogen atom of water. Cartesian
coordinates, energies, and vibrations of the F1 and F2 iso-
mers are given in the supplementary material as well as those
of monomers for both MP2/AVTZ and CCSD(T)F12a/AVTZ
level of theory.

For larger complexes, our computing resources do not
allow us to optimize and to compute frequencies at CCSD(T)-
F12a/AVTZ level of theory. Therefore, ground state bind-
ing energies were computed from single point CCSD(T)-
F12a/AVTZ calculations at MP2/AVTZ optimized geometries,
corrected from MP2/AVTZ zero point energy for Dy. In the
case of the 1:1 complex, this procedure leads to an error less
than 0.2 kJ/mol with D" values of —8.2 and —8.8 kJ/mol and
Dy values of —6.1 and —5.3 kJ/mol for F1 and F2, respectively.

B. OCS—(H,0), and (OCS),—H,O complexes

According to Hartt et al.,* we found two isomers for the
1:2 complex formed by an OCS molecule interacting with a
water dimer. We only report the most stable complex in Fig. 9
which has a Dy" value of —25.8 kJ/mol, as the other one is
4 kJ/mol less stable. The 1:2 complex is formed by an OCS
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FIG. 9. MP2/AVTZ geometry of the most stable isomer of the 1:2 complex.

molecule linked to a slightly distorted water dimer. Cartesian
coordinates, energies, and vibrations of the two structures of
the 1:2 complex are given in the supplementary material as well
as those of the water dimer at the same level of calculation.

Before studying the 2:1 complex, it is necessary to first
investigate the OCS dimer. Four geometries (S1, S2, S3, and
S4) are found to be probable (Fig. 10), and the calculated Dy*
are equal to —6.4, =5.7, =5.5, =5.2 kJ/mol respectively. These
values are very similar to the results of Refs. 12 and 13. Carte-
sian coordinates, energies, and vibrations of the four structures
are given in the supplementary material.

For the 2:1 complex, four stable forms, Al, A2, A3, and
A4 (Fig. 11), have been found with Dy equal to —17.0, —16.6,
—16.5, and —15.0 kJ/mol, respectively. Al has a Cs symmetry
and is formed by a non-polar OCS dimer S1 with a hydrogen
bonded to an oxygen of OCS. A2, A3, and A4 are formed by
a nonpolar (S1), a polar (S2), and a nonpolar (S3) tilted OCS
dimer, respectively, where H>O is intercalated between the
OCS molecules. Cartesian coordinates, energies, and vibra-
tions of the four isomers are reported in the supplementary
material.

As A4 is the less stable isomer, the difference of stability
compared with the others forms is between +1.5 and +2 kJ/mol,

OO0
*=0=0

S3
(+0.9 kJ/mol)

O=ee
e=0=
S1
(0 kJ/mol)

N
-0
S2

O

S4
(+0.7 ki/mol)| (+1.2 kJ/mol)

FIG. 10. Calculated geometries of the 2:0 complex. Relative energies com-
puted at CCSD(T)-F12a/AVTZ from MP2/AVTZ structures and corrected
from MP2/AVTZ ZPE.
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A
==

o= =
]
0=

Al A3
(0 ki/mol) |(+0.5 kJ/mol)
oo® POS)

A D
*e=-Q O-eoo

A2 A4
(+0.4 kJ/mol)|(+2.0 kJ/mol)

FIG. 11. Calculated geometries of the 2:1 complex. Relative energies com-
puted at CCSD(T)-F12a/AVTZ from MP2/AVTZ structures and corrected
from MP2/AVTZ ZPE.

which is rather high so it will be dismissed from the vibrational
assignments and discussion.

V. VIBRATIONAL ASSIGNMENTS AND DISCUSSION

For such weak van der Waals complexes, following the
effect of complexation by using the vibrational shift between
the monomer and complexes (AV = Vinono — Veomplex) 1S @ good
spectroscopic diagnosis to match the observed bands with
modes of the different complexes. The comparison between the
theoretical and experimental Av values is helpful to attribute
the experimental observations.

A. OCS—H,0 complex

The fundamental bands of the 1:1 complex are easily
assigned without ambiguity due to concentration effects. Some
of them are multiple and they cannot be only different trap-
ping sites since the frequency shifts between the bands are
too large.>' The experimental and calculated vibrations for

TABLE IV. Comparison of frequencies (em™!) and shifts (Av = Vmono
= Veomplex) for F1 and F2 1:1 complexes between observed and calculated
(MP2/AVTZ) data.

H,0 modes OCS modes
Calc. Exp. Calc. Exp.
F1 F2 F1 F2 F1 F2 F1 F2
v 3941 3939 37533 3749.8 2073 2082 2047.3 20552
3 (82)*  (80) 10)° (3.5)  (680) (650) (1000)¢  (170)
Av +7 +9 +7.7 +11.2 +11 +2 +14.4 +7.0

3816 3812 3658.8 3656.5 883 894 857.2 867.6
ao; 3  ©2 13 3 @ @3 (05
Av  +6 +10 +6.6 +8.9 +5 -6 +4.0 =7.0

v 1630 1622 1598.0 15950 532 523 529.2 529.2
2 (72)  (150)  (40) (33) (1) (1) 9.8)¢ 9.8)¢
Av 2 +6 2.4 +0.6 -9 0 -1.5 -1.5

2Calculated intensities in km/mol in parentheses.
bExperimental intensities relative to OCS v3 (I v3 = 1000) in parentheses.
€Sum of matrix sites intensities.
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the two 1:1 isomers as well as the intensities and the shifts
are given in Table IV, and calculated harmonic frequencies
values at the MP2 level for the HO and OCS monomers
are given in the supplementary material as well as the inter-
molecular modes of the 1:1 complexes. Some calculated shifts
between the two isomers are significantly different and will be
helpful to attribute the experimental observations to a specific
isomer.

As theoretical calculations have found two stable close
energy isomers, we compare the experimental and theoretical
vibrational shifts to interpret the observed signatures by the
presence of these two isomers. The calculated frequencies are
comparable with those given by the literature.*® The assign-
ments of the different vibrations to F1 and F2 isomers are also
summarized in Table I'V.

In the water v3 region, the bands attributed to 1:1 at 3753.3
and 3749.8 cm™! are attributed to F1 and F2, respectively,
since the experimental shifts are +7.7 and +11.2 cm™! and
the calculated ones +7 and +9 cm™! for F1 and F2. A similar
attribution can be done for the two bands of the v; and v,
modes, observed at 3658.8 and 3656.5 cm~! and at 1598.0
and 1595.0 cm™!, respectively (Table IV).

The v3 vibration of the OCS submolecule is composed of
two groups of bands red shifted with respect to OCS monomer
absorption. The main band of the first one has a Av of +14.4
and the calculated one is +11 cm™! for F1. The main band of
the second one has a Av of +7.0 cm™! and this value is higher
than those calculated at +2 cm™! for the F2 isomer. Since the
calculated and observed vibrational shifts between the two
isomers F1 and F2 is the same, 9 and 8 cm™!, respectively, we
attribute the more red shifted band to the F1 isomer, and the
other to the F2 one.

For the two bands of the v; mode at 867.6 and 857.2 cm™!,
the assignment to F2 and F1, respectively, is easy since these
bands are blue and red shifted, respectively, and this is the main
difference between the two isomers. For v,, the weaker funda-
mental mode, we conclude that we only observe the F1 isomer
because the experimental shift is very near to the calculated
one. We do not see the F2 isomer signature which is in agree-
ment with the calculation which predicts this band very near
the monomer one. Finally, we associate the observed inter-
molecular band at 115 cm™! to the calculated one at 109 cm™!
(intermolecular in plane H,O bending, see the supplemen-
tary material) of F1, most populated form, because it is the
calculated most intense mode in the observed region.

By comparison between experimental and theoretical fun-
damental modes, we have identified two isomers in solid neon,
not surprising because they are calculated close in energy. The
calculated intensities of the modes for the isomers are very
near, and as the experimental bands intensities of the F1 iso-
mer are more intense than those of F2, it could indicate a higher
F1 concentration formed in the matrix which is in agreement
with the fact that F2 is computed to be 0.7 kJ/mol less stable
than F1.

For the multiquanta transitions, we clearly observe two
combinations with the only observed intermolecular mode,
at 115 cm™!, with the water and OCS v3 modes (Table I).
These combinations show a small anharmonicity coefficient
Xij, in agreement with other water-molecule complexes.>?*32
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For the combination mode at 2172.3 cm™!, we can deduce an
anharmonicity coefficient of +8.6 cm™!, near the value for the
similar combination in the CO,-H,O cornplex.2

For H,O modes, the Xj;, Xz, and Xj3 values
(-17.4, -18.2, and -22.8 cm™', respectively) are very
similar to those of the H,O monomer (-17.0, —19.0,
and —19.4 cm™!, respectively), and the couplings between
the water modes are not perturbed by the presence
of OCS. For the OCS modes, we observe the 2vi,
2vy, and 2v3 overtones and the v;+2v,, vi+v3, and
2vy+v3 combinations (Table I). The deduced anharmonicity
coefficients X] 1, X]z, X]3, X23, X22, and X33 (—3.5, —6.9, —3.0,
-6.8,+2.9,and—13.6cm™!, respectively) are the same in com-
parison with those of the OCS monomer (-3.5, —6.9, -3.0,
-6.8, +2.9, and —13.6 cm™!, respectively). Also, the obser-
vation of the vi+v3 is important because the observed value,
2901.7 cm™!, is the combination of the bands at 2047.3 and
857.2 cm™!. It fully confirms that these bands belong to the
same isomer F1, in agreement with the calculations.

We should mention that frequency shifts obtained
at CCSD(T)-F12a/AVTZ level of theory (not reported in
Table IV) are very similar to those obtained with MP2/AVTZ
and lead to the same attribution of observed frequencies. This
confirms that MP2/AVTZ is sufficient to assign the bands
observed for the 1:2 and 2:1 complexes presented in the
following paragraphs.

B. OCS—(H,0), complex

The water vibrations of 1:2 are compared with those of
the water dimer (Table V). The effect of OCS on the stretch-
ing modes of the water dimer is significant (around 20 cm™1),
while the bending is slightly perturbed. The most stable cal-
culated geometry of the 1:2 complex (Fig. 9) is clearly a water
dimer where the oxygen of the OCS molecule is linked to a
hydrogen of the water dimer. The calculated shifts agree quite
well with the experimental ones except for the v3 OCS mode
without explanation. The observed intermolecular frequency
at 201 cm™! can be identified as the most intense calculated
one at 267 cm™~! and can be unambiguously assigned to the
intermolecular in plane H>O bending with the help of ab initio
calculations (see the supplementary material).

At 1802 cm™!, we observe a combination of one water v,
mode (PA or PD) and the intermolecular mode at 201 cm™!, and
we can deduce anharmonicity coefficients equal to —14.6 cm™
for PD mode or +3.8 cm™! for PA mode but we cannot conclude
which one of these two modes is observed.

TABLE V. Experimental and calculated (MP2/AVTZ) frequencies shifts
(cm™1) between the 1:2 complex and the H,O dimer, and the OCS monomer.

Av =v(Hy0), — v(1:2) Av =v(0CS) — v(1:2)

Exp. Calc. Exp. Calc.
Avz +22.9 PA +16 PA +19.8 0
Av, +19 PA +24 PA
+21 PD +32PD
Avy +2 PA -1PA
+0.9 PD -3PD
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TABLE VI. Experimental and calculated (MP2/AVTZ) frequencies shifts (cm™1) between the 2:1 complex and

the OCS monomer, dimer, and the H,O monomer.

Av =v(H;0) —v(2:1)

Av =v(0CS) - v(2:1)

Av =v(0CS); —v(2:1)

Exp. Al*® A2 A3  Exp. Al A3 Exp. AISI® AIS2 AIS3 AlS4
e F200 420 413417 205 4 6 433 45 ") 6 4
3 +21.2 420 +9 +7 +12 +18 +17
gy T4 4200 414417 53 8 5 80 -9 7 5 7
Vi +57  +4 3 431 43 ") +6 +5

Avy +2.2 -2 +5 +1

2A1, A2, and A3 are the three calculated isomers for the 2:1 complex.
S1, S2, S3, and S4 are the four calculated isomers for the OCS dimer (Fig. 10).
“For each OCS vibration, the first line corresponds to the out-of-phase vibration and the second line to the in-phase vibration (see

text).

For OCS modes, the 1:2 complex has the same X33
coefficient (~11.5 cm™") compared to the 1:1 complex. For
H>0 modes, the coefficients X, X2, X22, and X3 {-65.5,
[-15(PA),-21.3 (PD)],[-12.1 (PA),—14.6 (PD)],-17.8 cm™'}
are comparable with those of the water dimer {-57.3, [-17
(PA), -15.8 (PD)], [-17.7 (PA), —19.7 (PD)], =20.2 cm™'}.

C. (OCS),—H,0 complex

Our work is the first report on experimental and calcu-
lated data on the 2:1 complex. In Table VI we compare the
experimental shifts with the theoretical ones for the three
calculated 2:1 isomers [Al, A2, and A3 (Fig. 11)]. The com-
parison between the water vibrations with those in the H,O
monomer shows that the v, mode is weakly perturbed (Av
= +2.2 cm™}) in contrast to the stretching modes vz and v,
(Av = +20 and +17.4 cm™!, respectively). The observed OCS
v3 and v; bands are minimally red shifted due to the OCS
monomer or dimer, so the OCS dimer is weakly perturbed
by the presence of one water molecule. If we focus on the
shifts between experimental and calculated of Av = v(H,0)
— v(2:1), A2 isomer can be discarded. The comparison with
the OCS monomer is more complicated since the 2:1 complex
contains two OCS molecules, and there are two intramolec-
ular vibrational fundamentals associated with the v3 and v
monomer stretch fundamentals (the in-phase and the out-of-
phase vibration of the two monomers). For this reason, there
are two lines in Table VI for the OCS vibrations. The best
match with the experimental shifts is clearly obtained for the
Al isomer. Finally, the comparison with the four calculated
OCS dimers shows that the calculated shifts for the S3 and
S4 isomers are too different from the experimental ones. The
agreement of the experimental shifts with those from the OCS
dimers S1 and S2 are very similar. In our study we cannot
conclude which OCS dimer is observed in the Ne matrix. The
McKellar group has observed in gas phase the OCS dimers
S1'3 and S2!%!7 in the v; region at 2069.3 and 2072.0 cm™!,
respectively, and our Ne values is at 2067.6 cm™!.

We observe two signatures of the 2:1 complex in the inter-
molecular region at 105 and 180 cm~'. When we compare
them with the intense calculated modes for the Al isomer,
these bands can be assigned to the modes at 97 cm™! (the
intermolecular out of plane H,O bending) and 214 cm™' (the
intermolecular in plane H,O bending, see the supplementary

material), respectively. The attribution of the band at 180 cm™!
is confirmed by the observation at 3923 cm~! of the
combination between this intermolecular mode and the v3 band
at3741 cm™! that gives an anharmonicity of 2 cm™'. This weak
value is in agreement with intra+inter combination in a water
dimer, trimer, or hydrated complex.?*->+32

As well, we can compare the deduced anharmonicity coef-
ficients X and X3 equal to —3.5 and +2.4 cm™ !, respectively.
For the H,O modes, the X,, value, —18.8 cm™!, is very sim-
ilar to that of the HyO monomer and 1:1 complex (—19.0
and —18.2 cm™!, respectively) but the X, and the X,3 val-
ues (—10.0 and —9.5 cm™!, respectively) are nearly half the
value of those in the H,O monomer (-17, —19.4 cm™!) and
1:1 complex (-14.0, —22.8 cm™!). Note that the large decrease
of these coefficients is correlated to the decoupling of the two
OH oscillators, as suggested in the literature.>

VI. CONCLUSION

For the first time, a neon matrix isolation study of the
(OCS),(H20)p complexes has been carried out from the far to
the near infrared spectral range. On the basis of concentration
and annealing effects, and with the support of theoretical cal-
culation, the existence of two isomers has been highlighted for
the 1:1 complex with the observation for each isomer of the
three water modes perturbed by OCS, and for two OCS modes
perturbed by water. The 1:2 and 2:1 complexes have been
identified and compared with the 2:0 and 0:2 dimers. Careful
examination of the far infrared region allows the assignment of
1:1,2:1,and 1:2 intermolecular modes, confirmed by the obser-
vation of intra+intermolecular combinations. Anharmonicity
coefficients Xijj have been deduced, thanks to the observation
of overtones and combination bands. So the isolation neon
matrix technique allows to implement the study of very weak
binding complexes (E < 5.9 kJ/mol) potentially useful for gas
phase experiment and to highlight the existence of different
isomers for the 1:1 complex. Some anharmonic experimental
data will be useful for new theoretical investigations at the
anharmonic level.

SUPPLEMENTARY MATERIAL

See supplementary material for Cartesian coordinates,
energies, harmonic frequencies, and intensities computed for
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OCS and water monomers, and the most stable isomers of
the 1:1, 2:0, 0:2, 1:2, and 2:1 complexes. Two figures in this
show the OCS stretching v3 region of the O'3CS-H,0 and
130CS-H,0 complexes and the 2v; overtone region of the
OCS.
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