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We report a benchmark-quality equilibrium-like structure of the Xe:---OCS complex, obtained from
microwave spectroscopy. The experiments are supported by a wide array of highly accurate
calculations, expanding the analysis to the complexes of He, Ne, Ar, Kr, Xe, and Hg with OCS. We

Received 20th January 2020, investigate the trends in the structures and binding energies of the complexes. The assumption that the

Accepted 19th February 2020 structure of the monomers does not change significantly upon forming a weakly bound complex is also

tested. An attempt at reproducing the r'2 structure of the Xe---OCS complex with correlated

wavefunction theory is made, highlighting the importance of relativistic effects, large basis sets, and
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1 Introduction

Nicolas Cage once said that “‘every great story seems to begin
with a snake.” Our story began with the COBRA microwave
spectrometerq undergoing maintenance, after which we’ve
decided to check the instrument by recording a spectrum of
carbonyl sulphide (OCS). In the field of microwave spectro-
scopy, OCS is probably the most often intentionally studied gas.
Every rotational spectroscopy lab has buckets of this stinky
stuff: it is not particularly expensive, it has been well charac-
terised since the 60’s," it has a well-defined spectrum with
easily populated transitions, a precise value of its dipole
moment is known,? and it is stable. Therefore, it is quite useful
for setting up instruments, calibrating Stark plates, and due to
its pungent aroma, it is also easy to notice leaks.

For one reason or another, our bottle of OCS was mixed with
xenon as the carrier gas. The fact that we could observe the
Xe- --OCS complex is not particularly surprising, as many OCS
complexes have been studied previously, including complexes
of OCS with a single atom®™® or a di-/tri-atomic partner.'*™?
Initially, we thought that somebody must have studied this
complex before, as it is the last one in series of OCS complexes
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inclusion of diffuse functions in extrapolation recipes.

with non-radioactive noble gases. However, it does not seem to
be the case, and it is up to us to fill this particular gap in this
series of homologues.

However, despite the somewhat serendipitous impetus
behind this opus, the Xe---OCS complex is far from a gap-filler.
There are 6 stable and relatively abundant (>4%) isotopes of Xe,
in addition to the abundant "*C and **S isotopologues of OCS. As
only 6 structural parameters are necessary to fully define the
geometry of any tetratomic species (4 parameters, if we assume
OCS is linear and the complex is planar), it is possible to obtain a
purely experimental near-equilibrium structure of Xe---OCS. We
have previously investigated three of the rare gas (Rg) complexes of
OCS, providing semi-experimental equilibrium structures (r5¥)
of the Ne, Ar, and Kr isomorphs.”® In the current work we (i)
determine analogous 75" structures of the He, and Xe complexes,
completing the Rg: - -OCS series, and also include the Hg: - -OCS
complex for comparison. Then we (ii) report the fully-experimental
#2) structure of the Xe---OCS complex. Finally, we (iii) push the
limits of correlated wavefunction theory (WFT) to explain the
differences between the observed rﬁ) structure and the calculated
r. and semi-experimental 75¥ structures of the Xe- --OCS complex.
As foreshadowed in the title of the current work, particular
attention will be paid to relativistic effects, and the deformation
of the O—C=—S monomer upon complexation.

2 Experimental methods

After initial discovery of possible Xe---OCS transitions, broad-
band spectra were collected on the In-phase/quadrature-phase
Modulation Passage-Acquired-Coherence Technique (IMPACT)
spectrometer."* The presence of the xenon complex was quickly
confirmed thanks to the distinctive pattern of the six main

Phys. Chem. Chem. Phys., 2020, 22, 5615-5624 | 5615


http://orcid.org/0000-0002-4359-5003
http://orcid.org/0000-0001-5533-1163
http://orcid.org/0000-0002-6417-4013
http://orcid.org/0000-0002-2663-8091
http://crossmark.crossref.org/dialog/?doi=10.1039/d0cp00334d&domain=pdf&date_stamp=2020-02-25
http://rsc.li/pccp
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0cp00334d
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP022010

Open Access Article. Published on 20 February 2020. Downloaded on 12/4/2025 8:04:00 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

132X e

600 129X e

400

Intensity (uV)

131 Xe
200

16660

View Article Online

PCCP

134Xe 136X e

16680 16700

Frequency (MHz)

Fig.1 The 6,4 « 6,5 transitions for the six most abundant xenon isotopes. The intensity pattern follows the relative abundances of each isotope, with
the exception of *Xe, which is split into nuclear hyperfine components (lsie = 3/2). The spike at 16 700 MHz is a carrier frequency signal.

xenon isotopologues: ***Xe (26.9%), **Xe (26.4%), *'Xe (21.2%),
134%e (10.4%), **Xe (8.9%), and *°Xe (4.1%). An example transi-
tion is shown in Fig. 1. This spectrum can also serve as a
pedagogical example of how isotopic shifts of transitions can be
related to changes in mass in a nearly-rigid rotor.

Up to this point, all measurements were made using 1% OCS
(Air Products) in pure Xe. To save on the expensive xenon,
further measurements were made with a mixture of 1%
OCS and 1% xenon in argon. Signals were slightly better in
argon expansions than in pure xenon. Backing pressures of
0.7-1.5 bar absolute pressure were used for both carrier gases.
With the broadband spectra and assignments as a guide,
the sample was brought back to the Coaxially Oriented Beam-
Resonator Arrangement (COBRA) spectrometer to complete the
measurement of the nine reported isotopologues. The strongest
transitions were observed for the gy, selection rule, the p, dipole
transitions were observed only for the most abundant isotopo-
logues. Fit results of the parent isotopologue are shown in
Table 1 where they are compared to selected computational
methods. Fits for all isotopologues, including centrifugal dis-
tortion constants and inertial defects for the parent species, are
included in the ESIL.i

3 Computational details

All density functional theory (DFT) calculations are performed
using Gaussian,'® using the G09.E01 and G16.A03 revisions.
The three density functional approximations (DFAs) used in the
current work are chosen to explore the trends in anharmonic
vibration-rotation interaction constants (¢;) when climbing
the “Jacob’s ladder” of DFT: they are the generalized gradient
approximation BLYP,"®'” the global single hybrid B3LYP,'®"°

Table 1 Vibrational ground state average rotational constants (Bo) including
centrifugal distortion terms calculated using BLYP, B3LYP, and B2PLYP are
compared to the experimental results for the **?Xe- - -2602C32S species. The
DFAs are applied with a counterpoise correction, D3(BJ) dispersion correction,
and an augmented 3-{ basis set

BLYP B3LYP B2PLYP 132%e
Ao (MHz) 6308.90 6450.10 6484.08 6555.58843(43)
B, (MHz) 774.967 783.848 778.667 770.764639(77)
Co (MHz) 688.036 686.789 692.998 687.367332(40)
N — — — 131
RMS (kHz) — — — 1.6
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and the double hybrid B2PLYP.?® All three functionals are
always applied with the D3(BJ) empirical dispersion correction,***
counterpoise correction,” and the Dunning-type 3-( basis
set augmented by diffuse functions,>® with the appropriate
effective core potentials (PP) for Xe*® and Hg.”® For the B2PLYP
functional, frozen-core approximation is always applied. In the
following text, BLYP, B3LYP, and B2PLYP are used instead of the
CP-[B,B3,B2P|LYP-D3(B]J)/aug-cc-pVTZ-[PP] notation. Tighter
geometry convergence criteria for forces (max. <2 pE, 2o ',
RMS <1 UE;, 3, ') and displacements (max. <6 pag, RMS <4 pay)
and a “superfine” (250, 974) grid are applied in all DFT
calculations.

The anharmonic vibration-rotation interaction constants
determined at the coupled cluster level of theory®” for the He,
Ne and Ar complexes are calculated using Cfour.”® The basis
sets used here are identical to the 3-{ augmented basis sets
used with in the DFT calculations. Frozen-core approximation
is always applied. The geometries are optimized with a threshold
for RMS of the gradient <10 pEh a, '. In the following text,
CCSD(T) is used instead of the FC-CCSD(T)/aug-cc-pVTZ notation.

The symmetry adapted perturbation theory (SAPT) calculations
are performed in Psi4*® version 1.3. The SAPT2+(CCD)SMP2
variant is applied with the 3-{ augmented basis sets, following
the recommendation of Parker et al.>° The 5-{ variants are used
as density fitting bases. The 5" structures based on B2PLYP
corrections are used in this set of calculations. In the following
text this method is simply called SAPT.

The extrapolated WFT calculations are performed in Psi4>’
version 1.3rcl and later. The extrapolation recipe consists of a
Hartree-Fock component (HF/cc-pwcV[TQ5]Z), a MP2 compo-
nent (MP2/cc-pwcV[Q5]Z), and a CCSD(T) correction to the MP2
correlation (ACCSD(T)/cc-pwcV[TQ]Z). All correlated levels of
wavefunction theory are used with the frozen-core approxi-
mation, with density fitting used throughout. The weighted
core-valence basis sets®" of 3-, 4-, and 5-( quality are used here,
with the appropriate effective core potentials (ECP) for Kr, Xe,
and Hg atoms. The default auxiliary basis sets for density fitting
(up to def2-QZVPPD) are used throughout this work. The
extrapolation is performed using the “cubic” Helgaker extra-
polation formulas.®® This extrapolation method is called MP2+5(T)
in the following text.

Further corrections are applied to the MP2+3(T) level of
theory in the study of the Xe---OCS complex: the all-electron
correlation, denoted Oec, is estimated by the difference of
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CCSD(T)/TZP calculations with and without frozen core
approximation. To gauge relativistic effects, calculations at
the CCSD(T)/TZP-DKH level with the 2nd or 4th order
Douglas-Kroll-Hess Hamiltonian are compared to the CCSD(T)/
TZP calculations. This correction is denoted 02", and it is
computed using the DKH interface®® in Psi4, with conventional
CCSD(T) used instead of the density-fitted variant in the MP2+3(T)
recipe. The TZP-DKH and TZP basis sets are the 3-{ quality basis
sets from Campos and Jorge® designed for use with and without
the Douglas-Kroll-Hess Hamiltonian. Finally, to estimate the
effects of diffuse functions on the structure, the aug-cc-
pwCV[TQ5]Z basis sets for O, C and S are paired with the
cc-pweV[TQ5]Z-PP basis set for Xe, augmented by diffuse func-
tions from the aug-cc-pV[TQ5]Z-PP basis sets. The results of this
calculation are denoted as aug-MP2+5(T).

All ro, 73, and rl1®) structures are fit directly to the
rotational constants using STRFIT*® version 8a.X.2016.°
All Gaussian, Cfour, and Psi4 input/output files are included
in the ESL%

4 Results and discussion
4.1 Semi-experimental structures with DFT corrections

The experimental rotational constants at the vibrational zero-
point level (By) can be used to determine a vibrationally
averaged ground state structure (7). Assuming the OCS mono-
mer remains rigid upon complexation with a rare gas atom, the
C---Rg distance and O-C- - -Rg angle are enough to determine
the structure by fitting the measured rotational constants. The
same process can be applied to rotational constants, that are
corrected towards their equilibrium counterparts (B.). A semi-
experimental correction uses the anharmonic vibration-rotation
interaction constants o; to calculate the vibrational corrections
ABZFT from eqn (1).

ABPFT — %Z % )

The summation runs over all i vibrational modes for each rota-
tional constant. The o; values are obtained from second order
vibrational perturbation theory®” applied to potential energy
surfaces calculated using DFT. The semi-experimental equilibrium
rotational constants can then be calculated according to eqn (2)

By = B. + AB>FT (2)

In principle, both electronic and vibrational effects should
be considered in the AB. terms. However, the electronic
contribution to the ABEFT corrections is in the kHz range for
the OCS complexes,"® well within the uncertainty of the vibra-
tional correction. Therefore, we have omitted it in this work. As
in our previous investigation,'® the r, and 75F structures are
fitted to the rotational constants along the a and ¢ axes. The
planar structure of the complexes means the rotational
constants are correlated, and the inclusion of the third con-
stant would lead to a decreased quality of the fit. It could be
argued, that all experimentally available information should be

This journal is © the Owner Societies 2020
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r(C-Rg) (A) a(0-C-Rg) (°)
3.3873(4) 73.319(19)
3.4325(8) 81.550(57)
3.5712(121) 82.950(1200)
3.7136(2) 83.161(25)
3.8906(3) 83.829(30)
3.7135(1) 87.384(11)

Fig. 2 The rgf structures of the six OCS complexes obtained with B2PLYP
corrections. Note: the r(C—Ar) with the 80O isotopologue excluded is
3.5598(3) A.

used in the fit, and that any associated decrease in the quality of
the fit reflects the errors in either the ABPY™ or the fit itself. We
have considered this issue, and prefer to remain consistent with
previous work. As mentioned above, the equilibrium structure of
the OCS monomer is kept rigid and linear. The bond lengths of
Morino and Matsumura® are used for all 7, and 5 structures.

Unlike in the previous work, the initial fit reported here
takes into account all available isotopologue data.| The result-
ing r5¥ structures obtained with B2PLYP corrections are shown
in Fig. 2. The structures obtained using B3LYP and BLYP are
listed in the ESL}

The monomer separation increases down the rare gas group.
The O-C- - -Rg angle increases with increased molecular weight
of the Rg atom. An exception is the Hg- - -OCS complex, which
has a monomer separation comparable to the Kr complex,
despite the Hg atom being significantly heavier than Kr and
even Xe. This shorter distance hints at a different bonding
mechanism in the complex.

For the heavier complexes, the S structures obtained with
B2PLYP, B3LYP, and BLYP are comparable. This lends confi-
dence to the quality of the structures. In Hg- - -OCS the B2PLYP
structure differs from B3LYP and BLYP by less than 3 mA,
attributed to the different AB2™" along the ¢ axis (1.2 vs. 2.1 and
2.2 MHz, respectively). For Xe- - -OCS the three structures agree
within 1 mA. The largest relative deviation in the obtained
rotational constants is observed for the A rotational constant, as
shown in Table 1. In the case of Kr- - -OCS the B3LYP structure
differs by 7 mA from the other two due to an outlier in
ABPFT along the A axis for the parent isotopologue.

| For He---OCS: the parent, *C, and **S isotopologues;’ for Ne:--OCS: the
parent, >'Ne, **Ne, **0, **C, **s, and *S isotopologues;® for Ar- - -OCS: the parent,
70, "0, *C, and *'S isotopologues;® for Kr---OCS: the *’Kr, %*Kr, and ®°Kr
isotopologues;® for Hg---OCS: the '*®*Hg, '*°Hg, °°Hg, **'Hg, ***Hg, and **'Hg
isotopologues;* for Xe---OCS: the *?Xe, '*°Xe's, *°Xe, *'Xe, **Xe, **Xe'’C,
132xe?'s, 131Xe, and **Xe isotopologues.

Phys. Chem. Chem. Phys., 2020, 22, 5615-5624 | 5617
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In Ar- - -OCS, the B2PLYP-based ABP*" results are affected by
an inconsistency in the *®0 isotopologue, for which the correc-
tions to B, and C, are opposite in sign compared to the parent
isotopologue (see ESI})."® Hence the somewhat large error in
the bond length shown in Fig. 2. A CCSD(T) calculation of the
parent isotopologue produces vibration-rotation interaction
constants in line with the B3LYP and B2PLYP results. With
the '®0 isotopologue excluded from the B2PLYP-based fit, the
B3LYP and B2PLYP structures agree to 1 mA with r(C---Ar) =
3.5598(3) for the B2PLYP variant."® This structure is used as
the 73* in the following text. The BLYP functional predicts a
43 mA longer separation.

In the lightest two complexes, some of the DFAs yield
negative frequencies when anharmonic corrections are applied
to the (positive) harmonic frequencies. Two negative frequencies
can be observed in the BLYP results for Ne---OCS, one can be
observed in both B2PLYP and B3LYP results for the He:--OCS
complex. The weakly bound intermonomer mode is always one of
those problematic degrees of freedom. For the Ne- - -OCS complex
the B2PLYP and B3LYP corrections are comparable and the
5" structures differ by less than 3 mA. However, the CCSD(T)
results for the parent isotopologue are inconsistent with the DFT
calculations.

The story is similar in the He- - -OCS complex. The B2PLYP-
based r3F follows the trend in bond lengths of the rare gas
group, but the obtained angle is significantly different. On the
other hand, the anharmonic frequencies obtained with BLYP
do not have negative artefacts, and the angle in the BLYP
structure of the He complex is more consistent with the rest
of the dataset. However, the intermonomer separation obtained
with BLYP is 3.7514(3) A, which is longer than Kr---OCS and
therefore unrealistic. The CCSD(T) structure has an angle
similar to the BLYP structure, but the intermonomer separation
of 3.233 A is too short, even shorter than the B2PLYP result.
Furthermore, the vibration-rotation interaction constants
for the parent isotopologue are completely different between
the CCSD(T) and the three DFAs. Therefore, the presented
r5F structures for the He and Ne complexes are unreliable.

4.2 Binding and interaction energies

The overall binding energy of a complex (Dg) can be defined as
the experimentally observable change in the energy upon bind-
ing of the monomers. Ignoring basis set and size consistency
errors, it can be thought of as the difference of the zero-point
corrected energy of the complex from the sum of the zero-point
corrected energies of the relaxed monomers. Alternatively, it can be
thought of as a sum of the interaction energy (Ein), the deforma-
tion energy (AEp) and the change in the zero-point energy (A Ezpg).
The interaction energy is widely used as a benchmark quantity
for computational methods, as calculating Ej,; requires no geo-
metry optimisation, but just a handful of single-point energy
calculations.

As a first look on the trends in the interaction energies in
this set, we have applied the SAPT decomposition to the
B2PLYP-based 7* geometries. The contribution of the SAPT
components of the interaction energy is shown in Fig. 3.
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The interaction with the rare gases is completely dispersion
dominated, with electrostatic contribution increasing slightly
down the group. The trend can be attributed to an increasing
polarisability of the atoms (1.38, 2.66, 11.08, 16.78, 27.32, and
33.91 a.u. for He, Ne, Ar, Kr, Xe, and Hg, respectively®®). The
sole exception is the non-rare gas Hg---OCS complex, where
the interaction contains a significant induction contribution.
The second-order Eﬁﬁfc’l)r(A « B) induction terms are responsible for
this behaviour. In the rare gas complexes, the Eﬁoyr[Rg < 0OCS)
and the E2Y(OCS « Rg) terms are approximately equal, while in
Hg: --OCS, the F29),(Hg « OCS) term is ~10x higher than E29),
(OCS < Hg). At infinite separation, these contributions would be
determined by the polarisation of A in the unperturbed static
multipole of B.>> As shown above, the difference in the static
polarisability of Xe and Hg is smaller than between Kr and Xe,
therefore this behaviour must have a different cause: at finite
separations, the polarisation propagators of the monomers
become important.*® It has been previously shown, that a simple
electrostatic model is able to reproduce the induced dipole in
the Rg---CO, series, while it fails for Hg---CO,.** In the OCS
complexes, the predicted dipole moment along the Rg: - -C direc-
tion decreases along the group from 0.33 Debye for He down to a
minimum of ~0.17 Debye in the Kr and Xe complexes. In
Hg---OCS the calculated dipole moment is higher again at
0.28 Debye. We attribute this behaviour to the empty p-orbitals
on Hg, which enable additional flexibility in the polarisation of the
system compared to the noble gas complexes.

The SAPT interaction energies are compared to the
counterpoise-corrected MP2+3(T) interaction energies at the
optimized geometries in Table 2. Literature counterpoise-
corrected CCSD(T)/aug-cc-pVTZ values of Ej, for the Ne® and
Ar*! complexes, along with a CCSD(T)/aug-cc-pVQZ value for
the He"* and Kr complexes®® are also shown in Table 2. For the
lighter two complexes, the literature values are in a great
agreement with our SAPT results. This is not surprising as
the geometries used by Feng et al.** are not too different from

our r3¥’s. However, our MP2+3(T) results differ significantly
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Table 2 Interaction (Ej,) and binding (Dg) energies of the OCS com-
plexes, in kJ mol™?, calculated using SAPT, MP2+8(T), from literature. 84174
An experimental estimate obtained with a Lennard-Jones fit and the
diatomic approximation is included for comparison. For a further set of
De values, see the ESI

SAPT Lit. CCSD(T) MP2+5(T) Experiment
Complex  Eine @ ro”  Eine En@re Dp@re D@ ro
He---OCS —-0.510 —0.519 —0.478 —0.035 —0.152
Ne---OCS —0.964 —0.975 —0.709 —0.381 —0.518
Ar---OCS —2.491 —2.653 —2.434 —2.007 —1.943
Kr---OCS —-3.079 —3.249 —3.314 —2.871 —2.536
Xe---OCS —3.665 —_ —4.025 —3.827 —3.158
Hg---OCS —5.015 — —4.570 —4.148 —3.157

from the other results. For the Ne---OCS complex the signifi-
cantly different geometry (~0.1 A) is a likely cause. For the
other complexes, the use of the 3-{ basis sets in the literature
and SAPT data introduces a basis set incompleteness error. The
MP2+3(T) values reported here should be of significantly higher
accuracy: the energies are calculated at the respective fully-
relaxed minima, and the correlation is obtained from larger
basis sets, as well as extrapolated towards the complete basis
set limit.

A set of experimental estimates of the binding energy is
obtained from experimental rotational constants (B, C) and is
also shown in Table 2. A diatomic approximation is used to
estimate the force constant between the two monomers (k)
from the centrifugal distortion constant (eqn (3)). Then this
force constant is used to fit a Lennard-Jones model (eqn (4)).**

o 16m°4* Ro® (3B* + 3C* + 2B°C?)
- hDJ

3)

1
ks Rem” (4)

DE =
Here R.,’ is the center-of-mass separation of the monomers
obtained from the experimental ground-state geometries (7,), i
is the reduced mass of the complex, % is the Planck constant,
and Dy is the centrifugal distortion constant. While the Ren?
should be derived from the equilibrium geometries,** we have
opted to base this analysis on experimentally observed results.
The substitution of r, and Bybased values for r3* and
BSE-derived ones, respectively, causes only a negligible differ-
ence in the binding energies of at most 40 J] mol '. For a
comparison of Dy values based on 7y, 73, and r2*", see Table
S12 in the ESLi The rotational and centrifugal constants are
taken from the original publications.® ®° Where necessary, the
constants are refit with Watson’s S-reduced Hamiltonian®
using Kisiel’s Conve utility (version 11.XIIa.1998).%°
Such experimental binding energies are generally valid
under two assumptions: (i) the center-of-mass axis of the
monomers is approximately parallel with the a axis of inertia,
and (ii) the centrifugal distortion is mainly due to a single
vibrational mode along the center-of-mass axis. While the latter
is true for all of the studied complexes, the former approxi-
mation is only valid from Ar---OCS down the group.

This journal is © the Owner Societies 2020
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The agreement between the experimental estimates and
the calculated Dy data is remarkably good for the rare gas
complexes (within “chemical accuracy” of 0.4 k] mol %), given
how naive such a fit to a Lennard-Jones model is. The Hg- - -OCS
complex is again an outlier: the experimental binding energy is
significantly weaker than the calculated value. Relativistic
effects are likely to play a significant role in both Hg and Xe
complexes. Such effects are “included” implicitly in the experi-
mental value, but in MP2+3(T) they are treated only in the ECP
of the basis set. See further remarks on relativistic effects
below. For Hg- - -OCS, a rough estimate of the relativistic effects
in the interaction energy can be obtained at the MP2+5(T) level
by replacing the 60-electron relativistic ECP by a 60-electron
non-relativistic one. The non-relativistic Ejye of —2.918 k] mol ™!
is 1.562 kJ mol " lower than the result with the relativistic ECP.
The better agreement with the experimental value is likely
purely coincidental. For Xe---OCS, we had to resort to an
estimate using CCSD(T) with all-electron [TQJZP and [TQ]ZP-
DKH basis sets** used with and without second order Douglas—
Kroll-Hess Hamiltonian, respectively. The non-relativistic Ejy,
is 1.306 k] mol™' lower than the relativistic one, similar in
magnitude and direction to the Hg- - -OCS case.

The Lennard-Jones model can be in principle cross-checked
for validity using calculated data. This is achieved by using the
Rem’s from the r22"™F structures, along with the associated
rotational constants, as well as the centrifugal distortion
constant DJ*"™" obtained using second-order vibrational
perturbation calculations. The results are shown in Table S12
in the ESLi The binding energies obtained using the super-
molecular approach (i.e. from E¢ompiex — 2 Emonomers) Should be
identical to the Lennard-Jones model when B2PLYP-derived
data is used in both. The large discrepancy between the
rB2PLYP results and all other results is due to the significant
underprediction of the centrifugal distortion constants: for
instance, in the He---OCS complex, B2PLYP and second-order
vibrational perturbation theory predict a DJ*"™" of 79.05 kHz,
while the experimental value is 438.63 kHz.

Predicting accurate centrifugal distortion constants is a
difficult task. In diatomics, the predicted Dy’s from wavefunction
theory (CCSD(T)/aug-cc-pVTZ) and density functional theory
(B3LYP/aug-cc-pVTZ) are comparable, within 10% of experimental
values.*® The agreement worsens significantly for the polyatomic
CH,PCl: CCSD(T)/cc-pVQZ results are within 25% of the experi-
ment, while upon application of second-order vibrational pertur-
bation theory, or single-hybrid DFAs, the deviation from
experiment increases.?” Therefore, the disagreement between the
binding energies from the supermolecular and Lennard-Jones
approach reflects the innacurate D}*"*" as opposed to an invalidity
of the Lennard-Jones model.

The deformation energies for all complexes are negligible
when compared to the overall binding energies. In the rare gas
complexes, the OCS deformation energies are in the 1-3 ] mol
range. For these complexes, the O-C-S angle bends towards the
rare gas atom by at most 0.2°. In the Hg- - -OCS the deformation
energy is slightly higher at 18 J mol™', and the O-C-S bend
reaches 0.3°. While it would seem that the deformation of the
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OCS monomer increases with increasing binding energy, this is
not true for OCS complexes in general. The CS,- - -OCS complex
has an interaction energy of ~8 kJ mol ', but the OCS
molecule is deformed by less than 0.1° at a similar level of
theory.® The zero point energy differences show no particular
trends, with the lowest difference calculated for Xe---OCS
(0.196 k] mol ') and the highest for He- - -OCS (0.442 kJ mol ).

4.3 Interaction energy surfaces

An interaction energy surface of the He- - -OCS dimer calculated
with SAPT is shown in Fig. 4. The energy surfaces of the other
dimers differ only quantitatively. The two adjusted parameters
are the C. - -Rg distance and S-C- - -Rg angle. The OCS monomer
was held at the equilibrium bond length."

The potential surface of the He complex contains the global
minimum, as well as two local minima: the linear conforma-
tions He- - -SCO and SCO- - -He. The sulphur-bound conformer
is more strongly bound of the two, with an interaction energy of
~70% of the global minimum. The oxygen-bound conformer is
more weakly bound, and for heavier complexes (Kr onwards)
this stationary point becomes a transition state. The SAPT
surfaces show the same features as the potential surfaces of
He," Ne,® Ar,"" and Kr---OCS* complexes. The shape of the
potential surface near the global minimum is extremely flat and
asymmetric. In fact, for the He- - -OCS species with a calculated
Dg of —35 J mol™ ' (at 0 K, see Table 2), it is surprising an
experimental observation of the complex was possible at all.

4.4 Mass-dependent structures of Xe- - -OCS and Ne- - -OCS

An appealing alternative to the semi-experimental method for
obtaining near-equilibrium structures is the mass-dependent
approach of Watson.*® As above, the equilibrium moments of
inertia (I.) can be obtained from the experimental moments of
inertia at the vibrational ground state (/) and a vibrational
zero-point correction (g). In a departure from the semi-
experimental treatment, in the mass-dependent structures the
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Fig. 4 SAPT interaction energy surface of the He---OCS complex. Ener-

gies in kJ mol™. Blue contours represent binding (spacing 0.025 kJ mol™),
red represent repulsion (spacing 1 kJ mol™).
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vibrational corrections are fitted to experimental data according to
eqn (5).

N 1/(2N—2)
[Tmi

e = c(le)"*+d —’M (5)

Here my; is the mass of atom i, N is the total number of atoms in the
species, and M is the total mass of the species. The parameters ¢
and d are two sets of fitted constants. The ¢ correction terms
account for the isotope dependence of &,, while the d correction
terms are designed to remedy issues with small atomic
coordinates.’® Structures where only c, values are determined
(@ = A, B, C) are denoted A, When both ¢, and d, are fitted, the
structures are denoted 7). For covalently bound linear triatomics,
the 72) structures can be expected to be accurate to ~1 mA of the
true r. structure.”® While the differences are likely to be larger for
van der Waals complexes, the mass-dependent structures are
“probably the best currently available tool for determining mean-
ingful geometries for weakly bound clusters on the basis of only
the ground state rotational constants.”*

With a measurement of 9 isotopologues of Xe---OCS, it is
possible to fit the 5 structural parameters required to fully
define the structure of the planar complex, as well as the ¢ and
d coefficients. The fitted parameters are the C- - -Xe, C=0, and
C=S lengths, and the O-C- - -Xe, and O-C-S angles. Additionally,
the full set of ¢,’s as well as d, and dy, are fitted. The dihedral angle,
as well as d, are not fit to ensure planarity. In total, 10 parameters
are fitted to the 27 rotational constants to obtain the 72 structure
of Xe- - -OCS. The ') structure was obtained analogously.

The only significant difference between the two mass-
dependent structures is in the O—C bond length. In the r2
structure the bond is 20 mA longer than the equilibrium
distance of OCS. In the ) the difference is only 10 mA. When
the O—C bond is held fixed to the shorter equilibrium bond
length in OCS, the remaining structural parameters (O—C—S
angle, C=S bond length and the Xe-dependent parameters)
remain within the uncertainty of the fits and the degree of fit
decreases slightly. Both r,,, structures also show a bend in the
OCS monomer of ~1°. From this data alone it is impossible to
judge whether the distortion of the OCS monomer is an artefact
of the fit.

The most striking difference between the rﬁ) and 75F struc-
tures is in the 30 mA shorter C---Xe distance in the mass-
dependent structure (see Fig. 5, as well as Fig. 2 for the
r3F structural parameters). The 1.3° higher O-C---Xe angle is
mainly due to the 1.1° bend of the O—C=S unit from a linear
shape. The intermonomer potential in the r?) structures is
shifted slightly towards the S atom.

A comparison with the equilibrium structure obtained using
MP2+§(T) reveals that the chosen level of wavefunction theory
predicts a significantly shorter monomer separation compared
to the mass dependent as well as the semi-experimental struc-
tures (by 43 mA and 73 mA, respectively). The O=C- - -Xe angle
from MP2+3(T) is almost identical with the r5° structure.
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reSE @ iv
reMP2+6(T) rm(z) reSE
r(C-Xe) (A) 3.8184 3.8602(3) 3.8906(3)
r(0=C) (&) 1.1578 1.1774(29)  1.1570
r(C=S) (A) 1.5641 1.5548(10)  1.5608
a(0-C-Xe) (°) 83.914 85.156(27)  83.829(30)

a(0-C-S) (°) 179.838

¢o

Fig. 5 The semi-experimental (r2f)
(r¥P2+2®) structure of Xe---OCS.

178.949(36) 180.0

, mass-dependent (r;yy), and theoretical

The OCS monomer in the 75¥ structure is only slightly distorted
from the equilibrium values, with a 0.2° inward bend. This
leads us to two conclusions: (i) the OCS monomer remains at
near-equilibrium values, and the significant deviations of the
OCS moiety from its equilibrium shape in both ry, structures
can be attributed to the fitting process, and (ii) an effect
unaccounted for in the MP2+3(T) method leads to a larger
monomer separation in the experimental results.

As 7 isotopologues of the Ne---OCS complex have been
measured by Xu and Gerry,® it is possible to apply the above
fitting process to that set of rotational constants. The resulting 72)
structure is compared to the ri¢ structure with B2PLYP-based
corrections and the A7*"°™ structure in Fig. 6.

The issues with the 5F structure are obvious at the first
glance: the C- - -Ne distance is longer by ~140 mA compared to
the other two structures, and the angle is also significantly
different. As a very similar 75* structure has been obtained with
B3LYP-based corrections, this inaccuracy is unlikely due to the
DFA itself, but more likely a failure of the vibrational perturba-
tion theory for such shallow modes. The frequency shift of the
C---Ne stretch into the imaginary region upon anharmonic
correction supports this argument.

There are significant differences in the 72 and r2™ struc-
tures. The position of the O-atom in the 72 structure is trouble-
some, despite including the *#0 isotopologue in the fit. At 1.094 A,
the O=C bond is unphysically short, and the O-C-S angle is over
180°, meaning the OCS molecule deflects away from the Ne atom.
Unfortunately, fixing individual OCS parameters leads to a much
poorer fit. When the O—C distance is fixed to the equilibrium

2+3(T)
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r MP2+6(T) rm(z) reSE
e
r(C-Ne) (A) 3.3162 3.2754(168) 3.4325(8)
r(0=C) (A) 1.1575 1.0940(164) 1.1570
r(C=S) (A) 1.5642 1.5336(194) 1.5608
a(0-C-Ne) (°) 79.638 82.520(1072) 81.550(57)

a(0-C-S) (°) 179.976  182.466(1469) 180.0

@0 O

Fig. 6 The semi-experimental (rs)
(r""2**M) structure of Ne---OCS.

, mass-dependent (r'?) and theoretical

value, the structure fit doesn’t converge, unless both C—S length
and O-C-S angle are also fixed. The best option seems to be to fix
the O-C-S angle to 180°. This forces the O—C bond to shrink even
further, but brings the C---Ne bond length within 14 mA of the
MP2+5(T) value. Finally, while the d-contributions in the 72 fit are
associated with a large uncertainty, simply removing them doesn’t
alleviate the issues with the structure. The rlnll) and rﬁ) structures
are essentially identical.

4.5 Chasing experimental accuracy with wavefunction theory

The MP2+3(T) recipe contains a Hartree-Fock component
calculated from a [3,4,5]-( extrapolation. The correlation energy
is calculated from two components: a second-order Mgller—
Plesset component calculated in an extrapolated [4,5]-( basis,
and a higher-order correlation correction obtained from a
difference in CCSD(T) and MP2 energies in an extrapolated
[3,4]¢ basis.

The Hartree-Fock component is likely to be converged to the
complete basis set limit.>" The convergence of the correlation
energy is not so certain, and can be improved in three ways: (i)
by calculating correlation at a higher level of theory, (ii) by
using a larger basis set or adding diffuse and/or midpoint
functions, or (iii) by correlating all electrons in the calculation.
Higher level correlation in dispersion-dominated complexes of
similar interaction energies was studied by Reza¢ and Hobza:*>
the CCSDT(Q) correction to a CCSD(T) energy accounts for only
1-3% of the interaction energy. Due to the enormous computa-
tional cost of CCSDT(Q) calculations, we currently cannot
investigate higher order effects on this system.
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Fig. 7 The potential energy surface of Xe:--OCS. Left: The MP2+38(T) surface overlaid with points showing the effect of increasing basis set size (green)
and the all electron correction (gray) on the structure. Right: The MP2+8(T) + d,o* surface overlaid with points showing increasing order in the DKH
Hamiltonian (purple). The results of the calculation with additional diffuse functions in the basis sets (aug-MP2+3(T)) are also shown (black). Points
corresponding to the semi-experimental and mass-weighted structure (red) are included for comparison. Contours correspond to energies above the

MP2+38(T) minimum, in kJ mol™.

Basis set incompleteness at the CCSD(T)/[3,4]-( level is about
~50 mA in the very weakly bound Ar---Ar complex, and
decreases to ~5 mA for a more strongly bound complex, such
as NH;- - -HF.” The effect of increasing basis set size in the 5(T)
component of the MP2+3(T) recipe is shown in Fig. 7, in the left
panel. Note that the O—C- - -S angle in the #2 structure (V) is
adjusted here by assuming the OCS monomer is linear. With
increasing basis set size (0), the intermonomer distance hardly
changes, and the main difference is in the O=C-: - -Xe angle.
This further confirms that the structure is likely near conver-
gence with respect to basis set size.

We have investigated two additional basis set effects:
counterpoise correction for the basis set superposition error,
and the effect of diffuse functions. The former has no signifi-
cant effect on the structure, as the difference in the monomer
separation obtained from MP2+3(T) and CP-MP2+3(T) is only
0.001 A. On the other hand, the aug-MP2+§(T) structure
obtained with cc-pwCV[TQ5]Z basis sets augmented by diffuse
functions (see in Fig. 7) is remarkably close to the experimental
2 structure, with a disagreement in the monomer separation
of only 15 mA. While this is most certainly a step in the right
direction, the increased computational cost compared to
cc-pwCV[TQ5]Z calculations is immense: the augmentation of
the basis set increases the number of basis functions by 20%,
and the amount of memory required for the computation of the
connected triples (i.e. the (T) component) more than doubles.
Notably, additive terms obtained from the differences of
augmented and unaugmented 3-{ calculations that are used
in various extrapolation recipes do not perform well for non-
covalent complexes.”*** Therefore CCSD(T) computations with
augmented 4-( basis sets might be unavoidable. Unfortunately,
the currently available set of ‘‘aug-cc-pwCVnZ’-quality basis
sets is limited to the first two periods in the main group and
first row transition metals, and appropriate density fitting basis
sets are also unavailable.

5622 | Phys. Chem. Chem. Phys., 2020, 22, 5615-5624

When the effect of correlating all core electrons is added to
the MP2+3(T) potential surface (o), the minimum in the
potential moves even further away from the 72 and r5F results.
This could be an incompatibility of the cc-pwcV[TQ]Z-PP basis
sets used for the frozen-core components with the all-electron
TZP basis set used to calculate the 53¢ (as AE-CCSD(T)/TZP -
FC-CCSD(T)/TZP). An all-electron 4-{ CCSD(T) geometry opti-
misation is currently prohibitively expensive.

On the right panel of Fig. 7 we illustrate the effect relativistic
corrections have on the potential energy surface, as well as on
the minimum structures. By adding 4-th order corrections
using the Douglas-Kroll-Hess Hamiltonian to the MP2+5(T)
potential, we obtain a global minimum that is within 10 mA of
the r2) structure. The O—C---Xe angle is also essentially the
same when a linear OCS is assumed in the r2) structure.
However, it is worth noting that the relativistic effects are
double counted in the right panel of Fig. 7: both scalar as well
as spin-orbit effects are incorporated into the Xe effective core
potentials,> the addition of the Douglas-Kroll-Hess correction
treats the scalar relativistic effects a second time. These results
confirm relativistic effects play an important role in the stabi-
lisation of the Xe---OCS complex, but the agreement of the
MP2+3(T) + O.e* results with the r2) structure is a case of
obtaining a correct answer for the wrong reasons.

5 Conclusion

We present a (i) systematic computational study of OCS
complexes with the noble gas group, (ii) an accurate structure
of the Xe---OCS complex based on rotational spectroscopic
data, and (iii) a detailed investigation into the geometry of
the OCS monomer upon complexation.

The semi-experimental structures for the He and Ne
complexes based on corrections obtained with DFT are unreliable.

This journal is © the Owner Societies 2020
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This is attributed to a suspected breakdown of the second order
vibrational perturbation theory for such flat intermolecular
potentials. For the complexes of heavier atoms (Ar, Kr, Xe,
Hg), the presented 75 structures are significantly more reliable.

The binding mechanism in the rare gas complexes is dis-
persion dominated. In the Hg complex a small proportion of
induction contributes to the binding, due to the empty p-shell
of Hg. The calculated MP2+3(T) binding energies Dy are in a
good agreement with the experimental values using the
Lennard-Jones model for complexes up to Kr. This agreement
breaks down with in heavier complexes likely due to relativistic
effects. The minor disagreement in the interaction energies
compared to previous CCSD(T) literature data can be explained
by basis set incompleteness in the literature results. The
deformation of the OCS monomer from its equilibrium struc-
ture upon complexation is predicted to be minimal, with the
largest bend of 0.3° predicted for Hg- - -OCS.

The mass-dependent 72 structures of the Xe and Ne
complexes differ significantly from the 3 structures. The bond
lengths and angles in the OCS monomer are distorted in the
112D fits, especially the position of the O-atom. However, with
the OCS monomer constrained to its equilibrium geometry,
the mass-dependent structures are likely the most accurate
structures ever obtained for the two complexes. The 43 mA
difference in the monomer separation in the MP2+3(T) and rZ)
structures can be partially explained by the lack of diffuse
functions in the cc-pwcvVnZ basis sets: upon augmentation
the difference drops to 15 mA. The closest agreement with
the r?) structure could be obtained by adding the 4-th order
relativistic correction (+3,¢") to the MP2+3(T) results, highlight-
ing the importance of relativistic effects. However, this proce-
dure cannot be generally recommended, as the scalar
relativistic effects are double-counted. The inclusion of diffuse
functions into at least 4-{ basis sets is a more systematic way of
converging towards experimental structures.
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