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ABSTRACT

RGp-Co"(H,0) cation complexes (RG = Ar, Ne, He) are generated in a supersonic expansion by pulsed laser vaporization. Complexes are
mass-selected using a time-of-flight spectrometer and studied with infrared laser photodissociation spectroscopy, measuring the respective
mass channels corresponding to the elimination of the rare gas “tag” atom. Spectral patterns and theory indicate that the structures of the
ions with a single rare gas atom have this bound to the cobalt cation opposite the water moiety in a near-C,, arrangement. The O-H stretch
vibrations of the complex are shifted compared to those of water because of the metal cation charge-transfer interaction; these frequencies
also vary systematically with the rare gas atom attached. The efficiencies of photodissociation also vary with the rare gas atoms because of their
widely different binding energies to the cobalt cation. The spectrum of the argon complex could only be measured when at least three argon
atoms were attached. In the case of the helium complex, the low binding energy allows the spectra to be measured for the low-frequency H-O-
H scissors bending mode and for the O-D stretches of the deuterated analog. The partially resolved rotational structure for the antisymmetric
O-H and O-D stretches reveals the temperature of these complexes (6 K) and establishes the electronic ground state. The helium complex
has the same *B; ground state as the tag-free complex studied previously by Metz and co-workers [“Dissociation energy and electronic and
vibrational spectroscopy of Co*(H,O) and its isotopomers,” ]. Phys. Chem. A 117, 1254 (2013)], but the A rotational constant is contaminated
by vibrational averaging from the bending motion of the helium.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0041069

INTRODUCTION

Metal cation solvation by water occurs in numerous contexts
throughout chemistry and biology."” The binding of the individ-
ual water molecules interacting with a metal ion determines their
structures, how they bind to and polarize subsequent molecules in
the coordination/solvation sphere, and the mobility of ions moving
through solution. Unfortunately, these molecular details of coor-
dination and solvation are extremely difficult to measure in solu-
tion. Consequently, isolated metal ion-water complexes of finite size
have been studied and modeled with theory to elucidate this chem-
istry. The reactions and energetics of metal ion-water complexes
have been studied in the gas phase using mass spectrometry.” *’

Computational studies have provided insight into structures of
complexes in various charge states and with different numbers
of water molecules interacting with the metal.”' " Spectroscopic
studies have combined mass spectrometry and laser excitation in
either the UV-visible’” "’ or infrared regions™’ " using the method
of photodissociation spectroscopy. Many photodissociation experi-
ments employ rare gas atom “tagging” to enhance photodissociation
yields with the hope that this will not adversely perturb the intrinsic
structure and spectroscopy of the system. Ions with strong bonding
may not photodissociate efficiently, but if a weakly bound rare gas
atom is attached, it can be eliminated upon optical excitation, pro-
viding an efficient way to detect absorption. However, the effects of
tagging are not often investigated or documented. In this report, we
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employ infrared photodissociation spectroscopy and computational
studies on the cobalt-water cation complex tagged with different
rare gas atoms to investigate the effects of tagging on the structure
and spectroscopy of this system.

Metal ion-water complexes have been studied extensively, and
many of their structural and spectroscopic properties are well doc-
umented. In mass spectrometry, methods such as collision-induced
dissociation (CID) have been employed to determine binding ener-
gies.” **'*1219%0 Computational studies elucidate binding energet-
ics and structures, including the role of specific metal ion spin states
in bonding.”' " Infrared spectroscopic studies have revealed that
significant charge transfer occurs from the water toward the metal
cation in these complexes.”” " Related to this charge transfer, the
bonding electron density of water is redistributed, producing cor-
responding changes to vibrational frequencies and intensities. The
O-H stretches generally shift to frequencies 30-50 cm ™, lower than
those of the isolated water molecule, and the usually weak sym-
metric stretch becomes comparable in intensity to the antisymmet-
ric stretch. Additionally, the partially resolved rotational structure
seen for certain complexes shows that the water molecules are dis-
torted structurally by the binding to metal, with expansion of the
H-0O-H bond angle.:’\‘“‘“” 0777 In multi-water complexes, the
coordination numbers have been determined.’””*"'**0>0%7175.77.78
The gas phase values for coordination numbers around singly
charged cations (3-4 molecules) are generally lower than those
expected for corresponding di-cations in solution.

The Co* (H,0) complex is a particularly interesting system with
which we study rare gas atom tagging interactions. The spectroscopy
of this ion has been studied previously by Metz and co-workers,”’
who obtained rotationally resolved electronic spectroscopy for the
tag-free complex. IR-optical double resonance experiments mea-
sured the O-H stretch vibrations.”’ Ohashi and co-workers stud-
ied larger Co"(H,0)n complexes (n = 4-6) via infrared photodis-
sociation and the elimination of water molecules.”” Because of d
electron contraction, the cobalt cation and other late-period tran-
sition metal cations have small ionic radii, resulting in strong ion-
induced dipole bonds to rare gas atoms.”” ** Electronic spectroscopy
of Co"-Ar by Brucat and co-workers found a dissociation energy
of 4200 cm™',”’ whereas a similar measurement of Co*-Ne by our
group found a dissociation energy of 930 cm™'.** Computational
studies have suggested that the bond energy of Co"~He would be
only somewhat smaller than that of Co'~Ne.””"" These energetics
suggest that complexes of each of these rare gases could be formed
with Co" (H,0), allowing a study of its spectroscopy and the depen-
dence on the tag atom employed. In the present work, we describe
such a study by infrared photodissociation of various RG-Co* (H,O)
complexes.

EXPERIMENTAL AND COMPUTATIONAL DETAILS

RG-Co"(H,0) complexes are produced in a pulsed supersonic
expansion by laser vaporization.”’ Pure rare gas expansions were
used for the argon and helium complexes; a 70:30 mix of Ne:He
was employed for the neon complexes. The rare gas was passed
through tubing containing a few drops of water at room temperature
before expansion into vacuum. Laser vaporization was accomplished
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with a Spectra Physics INDI laser operated at 355 nm, using the so-
called “off-set” sample rod configuration,”’ with a rotating metal
rod mounted at a position displaced a few mm from the main
expansion-gas flow axis. Mass analysis and selection were carried
out using a reflectron time-of-flight spectrometer.”* Mass-selected
ions were studied by infrared photodissociation using a LaserVi-
sion OPO/OPA passing through the reflectron, and retro-reflected
by a gold concave mirror producing a focal point on the ion beam.
Spectra were measured by recording the elimination of He, Ne,
or Ar from the respective RG-Co"(H,0) complexes. Other details
of the experiment are similar to those reported in our previous
work.”’

Computational studies were initially carried out at the complete
active space self-consistent field (CASSCF) level with the MOLPRO
computational package to generate potential energy curves and eval-
uate the multi-reference character of Co*(H,0).” The active space
consists of the eight valence electrons of Co" in 11 orbitals, which
correspond to the 4s, 3d, and an additional set of d orbitals of cobalt
at infinite separation. The latter orbitals were found to be necessary
for smooth convergence. These calculations revealed single refer-
ence character in the equilibrium region of these complexes, and
allowed us to obtain structures and energetics at the coupled clus-
ter singles, doubles, and perturbatively connected triples [CCSD(T)]
level of theory. The tagged He-Co* (H,0), Ne-Co* (H,0), and Ar;-
Co"(H,0) species have relatively high (Cyy except for Ars) symme-
try and were studied using the same methodology. The cc-pVTZ
basis set is used for all of the atoms. The isotropic Fermi contact
couplings and harmonic vibrational frequencies were obtained at
the CCSD level in Gaussian 16."° Density Functional Theory (DFT)
calculations were also done for the structural investigation of the
larger Ar;—Co"(H,0) complex and the estimation of vibrationally
averaged rotational constants of all species. For the latter, the VPT2
code was used as implemented in Gaussian 16. We selected the
MN15 functional, since it has shown good performance for tran-
sition metal compounds and helped us bypass convergence issues
with other functionals.”” Scaling factors for the bend and stretches
of water were determined with MN15 by comparing the frequencies
computed for the isolated water molecule to its known experimental
values.”” A scaling factor of 1.001 was applied for the HOH bend,
and a factor of 0.951 was applied for both O-H stretching modes.
The MNI5 functional has not been employed extensively to the
vibrational frequencies of cation-molecular complexes. Therefore,
we validated this method by applying it to the previously studied
Ti"(H,0) complex,”” as described in the supplementary material
(Table S4).

RESULTS AND DISCUSSION

Laser vaporization under conditions similar to those employed
in previous work produced cation masses of the form RGy-
Co"(H20)m. The efficiency for attaching rare gas atoms to these
complexes varied significantly with the three rare gases. As expected,
argon binding was most efficient, allowing multiple atoms to be
attached, whereas neon and helium complexes were more difficult
to produce. Representative mass spectra for each of these systems
are shown in the supplementary material (Figs. S1-S4). The use of
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the off-set configuration of the cluster source, in which the rotating
sample rod is mounted slightly off to the side from the gas flow from
the nozzle,” is critical to our ability to produce the neon and helium
complexes. This configuration produces cold ions, but it also seems
to limit the mobility of electrons from the vaporization plasma into
the cold core of the supersonic expansion. This inhibits the rate of
electron-ion recombination, which tends to neutralize the coldest
ions.” With lower electron density here, a greater fraction of the
coldest cations survive for the experiment.

Comparison of spectra in the O-H stretching region

Infrared photodissociation could not be detected for the
Ar-Co*(H>0) or Ar,-Co"(H,0) complexes in the O-H stretch-
ing region, presumably because the argon binding energy to cobalt
in these complexes is too high. However, efficient photodissoci-
ation was detected for Ar;—-Co'(H,0), producing the fragment
ion corresponding to the loss of one argon atom. Likewise, the
photodissociation of Ne-Co*(H>0) was also extremely difficult to
detect, even though the parent ion intensity was substantial. It
is not clear whether the lack of dissociation here is caused by a
high binding energy for neon or other factors. Fragmentation of
the He-Co"(H,0) complex via the loss of helium was relatively
efficient.

3756
3633 | 36°7

Ar;-Co™ (H,0) |

Ne-Co™(H,0)

He-Co™(H,0)

LI L L B Y N N B L B I B B B I IR B

3600 3650 3700 3750
cm’

FIG. 1. The photodissociation spectra of Co*(H,0) tagged with Ars, Ne, and He in
the OH stretching region.
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The infrared photodissociation spectra of Ar;-Co"(H,O),
Ne-Co"(H,0), and He-Co*(H,O) in the O-H stretching region
are shown in Fig. 1. The argon complex spectrum has a greater
signal level because of the larger abundance of the parent ion and
the greater fragmentation yield than that found for the neon or
helium complexes. Two bands in the argon complex spectrum are
found at 3633 and 3707 cm™. The neon complex spectrum is very
weak because of the extreme difficulty in fragmenting this ion. It has
barely discernable features at 3615 and 3687 cm ™. The helium com-
plex spectrum has signal levels more like those of the argon complex,
with a single band at 3618 cm™ and a multiplet of peaks at 3681,
3695, and 3703 cm™'. The frequencies of the symmetric and anti-
symmetric O-H stretches of water at 3657 and 3756 cm ™" are shown
as red dashed vertical lines in this figure.”’ The two bands seen
for each of the rare gas complexes are therefore at frequencies 20—
60 cm™" lower than the two water vibrations. Following assignment
patterns seen previously for other metal ion-water complexes,”” we
associate the two bands in each of these complexes with the symmet-
ric and antisymmetric O-H stretches of water, which are shifted to
lower frequencies by the binding to the metal cation. As we have
discussed in a recent review,”’ such a red shift has been seen for
many other metal cation-water complexes and associated with the
charge transfer interaction in these systems. Bonding electron den-
sity in the water orbitals is polarized toward the metal ion, reducing
the bond strengths and consequently reducing the frequencies of
the O-H stretches. Another aspect of the charge transfer is that the
bands associated with the symmetric and antisymmetric stretching
vibrations have roughly equal intensities, in contrast to the much
greater intensity seen for the antisymmetric stretch of water itself.
The behavior here is similar to that seen for many other cation-water
complexes.

Potential Energy Curves for Co-(H,0)
CASSCF/cc-pVTZ

70
Co*('D; 3d®)

~ 504

o

£

§ Co*(3F; 4s13d")
3 Co*(°F; 4s13d7)
[0)

C

L

1.5 2 2.5 3 35 4
R Co-(H,0) (A)

FIG. 2. CASSCF/cc-pVTZ potential energy curves for the approach of a water
molecule to the lowest four electronic states of Co* in the C,, point group.
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Structures, energetics, and spectra from theory

It is clear that the rare gas binding energies of these com-
plexes would be useful to know to explain their dissociation behav-
ior. Likewise, the differences in the spectra, including the details of
vibrational band shifts, also require explanation. We have therefore
conducted extensive computational studies on these complexes to
investigate their structures, energetics, and spectra. Initially, we con-
structed the potential energy curves (PECs) for the approach of a
water molecule to Co* in its first four electronic states. As shown in
Fig. 2, the PECs indicate that the lowest energy states of the complex
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originate from the ground state of Co"(*F; 3d®). We then optimized
the first triplet state of each irreducible representation of Cyy (3A1,
3A5,°By, 3Bz) and the lowest quintet state (SBZ) to make sure that the
optimization did not change the energy order of triplets and quin-
tets. The CASSCF wavefunctions for these states showed high single
reference character, which then allowed us to perform the geom-
etry optimizations at the more accurate CCSD(T) levels of theory,
using MOLPRO."” The resulting optimized geometrical parameters
(R distances in A and 6 angle in degrees) along with the dominant
electronic configuration and the relative energy (AE in cm™) of
these five states are presented in Table I. The order of lowest energy

TABLE 1. Geometric parameters and relative energies of Co*(H,0), He-Co*(H,0), Ne-Co*(H,0), and Ar3—Co*(H,0) pre-
dicted by theory at the CCSD(T)/cc-pVTZ level except where indicated for MN15/cc-pVTZ. The orbitals corresponding to the
indicated configurations are shown in Fig. S7 in the supplementary material.

Co"(H,0)

State R(Co-O) R(O-H) 6(H-O-H) AE(cm}) Configuration

’B, 1.975 0.964 106.6 +0.0 0, 20478, 182

A, 2.003 0.963 106.6 +17.9 o My 0q' 8,78

A, 2.004 0.963 106.6 +31.6 0"y 0q' 8,18

*B, 2.013 0.963 106.8 +711 o'y 048,18

5B, 2.052 0.967 106.8 +5321 oy 'me'my% 04" 8,28

3B," 1.936 0.967 108.9

He-Co*(H;0)

State  R(Co-O) R(O-H) O(H-O-H) R(Co-He) AE (cm ™)

A, 1.987 0.963 106.8 1.801 +0.0

A, 1.987 0.963 106.8 1.801 +14.6

B, 1.953 0.964 106.8 1.882 +348.8

3B, 1.990 0.963 107.0 1.884 +1075.6

’B," 1.922 0.967 109.1 1.849

Ne-Co"(H,0)

State R(Co-O) R(O-H) 6(H-O-H) R(Co-Ne) AE (cm™)

3B, 1.960 0.964 106.8 2.320 +0.0

A, 1.998 0.963 106.7 2.345 +95.5

PA; 1.998 0.963 106.6 2.349 +110.0

’B, 1.998 0.963 107.0 2.326 +730.1

’B," 1.927 0.967 109.0 2.260

AI'3—CO+ (HzO)

State R(Co-O) R(O-H) 6(H-O-H) R(Co-Ar) R(Co-Ar’)" AE (cm ™ 1)
SA; 2.041 0.962 106.4 2.490 2.701 +0.0
A, 2.030 0.962 106.5 2.467 2.769 +406.8
3B, 2.040 0.962 106.7 2.468 2.719 +596.8
3B, 1.958 0.963 106.9 2.379 3.488 +1043.5
3B, 1.968 0.966 108.9 2.452 2.578

*Ar’ indicates the two argon atoms that are not in the HOH plane; the Ar’CoO angles are 91.5°, 92.2°,91.7°, and 99.1° for 3Ay,

*A,, By, and By, respectively.
l’Computed with MN15/cc-pVTZ.
€Ar’CoO angle is 93.6°.
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TABLE II. Computed energies and ligand binding energies for RG-Co*, Co*(H,0), and RG-Co*(H,0) complexes (kcal/mol
and cm—" in parentheses; zero-point corrected). The binding energies for tag-free complexes are for the elimination of water;
for all others, it is the energy required to eliminate one rare gas atom from the complex.

ZPVE Binding energy Binding energy
Ton corrected E. (h) MN15/cc-pVTZ CCSD(T)/cc-pVTZ
Co"He —1385.568 242 4.3 (1500)
Co"Ne —1511.528 490 5.4 (1890)
Co*Ar —1910.122236 13.4 (4690)
Co*(H20) —1459.075 256 47.4 (16 580)
Co"(D;0) —1459.081 597 47.7 (16 680)
He-Co"(H,0) —1461.999 877 3.5(1220) 2.94" (1030)
He-Co*(D;0) —1462.006 225 3.5 (1220)
Ne-Co*(H,0) —1587.959 693 4.3 (1500) 2.95" (1030)
Ar-Co"(H,0) —1986.553 665 12.4 (4 340)
Ar,-Co"(H,0) —2514.023 756 7.2 (2520)
Ar;-Co*(H20) —3041.476 646 1.8 (630) 4.86" (1700)

*Zero-point correction using CCSD/cc-pVTZ frequencies.

bZero—point correction using MN15/cc-pVTZ frequencies. This value is the average of the three bonds.

state to the highest was found to be *By, A, *A;, and °B,. The
three lowest states were found to be within 32 cm™ of each other.
Both the relative energies and geometric parameters computed here
for Co"(H,0) are in close agreement with the values reported by
Metz and co-workers using CCSD(T) computations.”’ The 5B, state
is confirmed to lie higher in energy.

To validate the energetics of our MNI15 computations, we
compared them with our CCSD(T) results on selected com-
plexes [He-Co"(H20), Ne-Co"(H,0), and Ar;-Co*(H,0)], with
zero point corrections using CCSD frequencies. As shown in the
supplementary material, the structures obtained with MN15 and
CCSD(T) are similar. The Co*-RG and Co*-RG bond lengths are
systematically shorter with MN15 by up to 0.07 A. The MN15 O-H
bond lengths are all within 0.004 A of those computed with
CCSD(T), although the HOH bond angles predicted by MN15 are
consistently 2° larger. Likewise, as shown in Table II, the bind-
ing energies vary only slightly between the two methods, estab-
lishing that the structures and energetics obtained with MN15
are reasonably reliable. Co'-RG bond energies are found to be
consistently greater when calculated with MN15. He-Co"(H,0)
and Ne-Co*(H,0) are found to have Cy, structures at both the
CCSD(T) and MN15 levels of theory, and Ar-Co™(H>0) is found to
have the same symmetry with MN15. Ar,-Co*(H,0) (MN15) and
Ar;-Co"(H,0) [MN15 and CCSD(T)], each have two argon
atoms located in a plane perpendicular to the Co*-H,O plane;
Ar3-Co*(H20) has a third argon above this plane and in the same
plane as the Co*~H,O. Table I lists the structural parameters deter-
mined for all these complexes. Figure 3 shows a summary of the
key aspects of the structures of these complexes, using geometries
determined from the complete set of data at the MN15 level.

As shown in Fig. 3, all of the RG-Co*(H,0) complexes retain
the basic structure of the core Co* (H,O) ion, whose bond distances

Co*(H,0)
[

1.94
.—(los.w
HeCo*(H,0)
.
1.85 1.92
. H 109.1°

. NeCo™(H,0)

226 1.93 >
¢ H09.0°

. .
ArCo"(H,0)

2.32 1.92 ot
® O w2

¢ Ar,Co"(H,0) ® Ar;Co*(H,0)

1.94 2.45

9% o 109.0° .
H ® 197 1089

242 2.57

(- 257
®

FIG. 3. Structures determined by theory for the tag-free and tagged complexes
of Co*(H,0) at the MN15/cc-pVTZ level. These calculations were not symme-
try restricted and the Co*(H,0), Ar-Co*(H,0), Ne-Co*(H,0), and He-Co*(H,0)
each converged to By electronic states. The Ar,—Co*(H,0) and Ars—Co*(H;0)
complexes converged to °B, states.
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and H-O-H bond angles vary only slightly with the addition of dif-
ferent rare gas atoms. The structures shown here for the di- and
tri-argon complexes are the most stable, but as shown in the supple-
mentary material, there are other isomers with argon atoms attached
to the OH of water. The 1.94 A Co"-OH, bond distance in the tag-
free complex decreases very slightly to 1.92 A in the singly tagged
complexes of each of the rare gas atoms, which have the rare gas
bonded opposite the water in a complex with overall C,, symmetry.
The Co*~OH, bond distance is also found to decrease upon attach-
ment of He or Ne with CCSD(T) within the *B; electronic state by
0.022 and 0.015 A, respectively. However, CCSD(T) predicts a 3A,
ground state for He-Co*(H,O) to be 348.8 cm”! lower in energy,
which has a 0.034 A longer Co"™-OH, bond distance than the *B;
state. The trend is reversed in the di- and tri-argon complexes, which
have the same and an even longer bond distance, respectively, as
the tag-free complex. Presumably, this is because of the more sym-
metric ligand environment around the cobalt ion, which reduces the
polarization along the C; axis. Even a minimal charge delocalization
among the argon atoms results in a reduced charge on the cobalt
ion and a weaker polarizing effect on the water. MN15 NBO cal-
culations predict a natural charge of 0.936 on Co" for Co"(H,0)
and 0.549 for Ar;-Co"(H,0), though this effect may be overes-
timated by MN15 that yields RG-Co" bond energies larger than
those predicted by CCSD(T). The bond distance change is related
to the change in the H-O-H bonding angle. In the tag-free com-
plex, this angle is 108.9°, which is expanded from the corresponding
angle in the isolated water molecule (104.5°). This angle expan-
sion has been reported previously for many cation-water complexes,
and attributed to the polarization of the lone-pair electron density
of water toward the metal.”” This effect is also enhanced slightly
in the singly tagged complexes which each have an H-O-H angle
of 109.1°, but it is relaxed again to smaller values more like the
tag-free complex in the di- and tri-argon complexes. However, all
of these structural variations induced by the rare gases are quite
small and do not change the qualitative structure of the Co*(H,0)
ion.

The binding energies of these ion complexes help to explain
their photodissociation behavior. The calculated MN15 ener-
getics of Co*-RG, Co'(H,0), Co*(D,0), RG-Co*(H,0), and
RG-Co*(D,0) are presented in Table II. For comparison, selected
complexes were done also at the CCSD(T) level. The bond dissocia-
tion energies are those for the elimination of water in the tag-free
ions, and for the elimination of one rare gas atom in the tagged
complexes. The tendency of DFT to overestimate binding ener-
gies is illustrated in the binding energies of Co"Ne and Co"Ar,
whose computed values of 5.4 and 13.4 kcal/mol can be compared
to the experimentally determined values 2.7*" and 12.8" kcal/mol,
respectively. The strong bonds found in these Co*~-RG complexes
are a result of the small ionic radius of cobalt, and the resulting
polarizing effect of the more concentrated charge. Likewise, the
binding energy of 47.4 kcal/mol computed for Co'(H,0) can be
compared to its experimental values of 39-40 kcal/mol.” * Where
comparisons are possible for He-Co"(H,0) and Ne-Co" (H,0), the
MNI15 results are systematically higher than the CCSD(T) results.
Therefore, the MN15 binding energies computed should be con-
sidered overestimated by a few kcal/mol, but they do provide
some guidance in these experiments. The helium and neon bind-
ing energies in these complexes are comparable; apparently, the
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larger Ne-Co" distance compensates for the polarizability differ-
ence. This effect has been discussed previously in computational
studies of RG-Co" complexes.””"" Our failure to photodissociate
Ar-Co*(H,0) in the O-H stretching region is consistent with
the high binding energy predicted. Our ability to dissociate He-
Co*(H,0) and Ar;-Co* (H,O) is consistent with their low predicted
binding energies. However, our failure to dissociate Ne-Co*(H,0)
and Ar,-Co*(H,0) seem to be caused by issues other than dissoci-
ation energies. In these cases, parent ion densities seem to be ade-
quate, and therefore, the dissociation rate may be the source of these
difficulties. This rate depends not only on the bond energy but also
on the efficiency of intramolecular vibrational redistribution (IVR)
from the O-H stretches excited initially to the RG-Co™ dissociation
coordinate.

The frequencies predicted by theory for the vibrations of the
various RG-Co" (H,0) complexes allow the spectral trends in Fig. 1
to be investigated. Figure 4 shows the predicted positions of the
water scissors bend and O-H stretching modes for the tag-free
Co*(H,0) complex and those tagged with Ars, Ne, and He. The

E 1612 3608 . 369I1
| ArCo'(H,0)
i ]
' 1618 3504|  '|3673'
E NeCo*(H,0) E E
e |
' | 1618 3502| 1| 3671:
| HeCo'(H,0)
1619 3503|  ![3671!
Co*(H,0)
| | |
— T
1500 1600 1700

3500 3600 3700 3800
cm™’

FIG. 4. Stick spectra showing the predicted positions of H,O vibrational transitions
for tag-free Co* (H,0) and for this ion tagged with Ars, Ne, or He, based on scaled
harmonic computations at the MN15/cc-pVTZ level. These calculations were not
symmetry restricted and arrived at the *By, ®By, °By, and °B; electronic states,
respectively. The positions of these transitions are nearly unchanged for tagging
with Ne or He. The red dashed lines show the positions of the experimental fre-
quencies for these vibrations in the isolated water molecule (bending mode at 1595
cm~"; O-H stretches at 3657 and 3756 cm~', respectively).
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Ar; complex data here are for the most stable structure, which
has all three argon atoms attached to the cobalt ion. As shown in
Fig. S19 in the supplementary material, this is the structure whose
predicted band patterns agree with our measured spectrum. The
frequency shifts expected for mono- and di-argon complexes are
presented in Figs. S17 and S18. The frequencies determined here
for the tag-free complex at the DFT/MNI15 level of theory are in
reasonably good agreement with those reported by Metz and co-
workers at the DFT/BHandHLYP level.”” Our frequencies for the
OH stretches are within 11 cm™" of those predicted by Metz. How-
ever, the H-O-H scissors bend predicted by Metz is 36 cm ™" lower
than our value. All of the O-H stretches predicted by our calcu-
lations are shifted to frequencies lower than those of the isolated
water molecule, consistent with the experiment. In addition, con-
sistent with the experiment, the bands of the Ar;-Co*(H,0) com-
plex appear at higher frequencies than those of the other complexes,
indicating a smaller red-shift from the frequencies of the isolated
water molecule. This may be caused by a slightly lower effective
charge of the cobalt ion caused by delocalization of charge among
the argon ligands, leading to less polarization of the water. Consis-
tent with this idea, the Co"-O bond distance for the Ar;Co" (H,O)
complex is longer than it is for the other complexes (1.97 vs 1.92—
1.93 A). Likewise, the Ars complex has a bending mode that is less
shifted than those of the other complexes. In both the O-H stretch-
ing region and the H-O-H bending region, the band positions of
the tag-free complex and those tagged with He or Ne are all within
2 cm™! of each other. This shows that the smaller rare gases con-
tribute vanishingly small perturbations to the vibrational structure
of the molecule. Rare gas tagging is usually employed with the hope
that the frequencies of the tagged complex are nearly the same as
those of the tag-free complex. This is apparently a good approx-
imation for both He-Co*(H,0) and Ne-Co*(H,0), but not for
Ar;-Co' (H,0).

Spectra of helium tagged Co*(H,0) and Co*(D,0)

Because helium and neon are now established as inert tags, and
because the binding energy of helium to Co"(H,0) is quite low,
helium tagging should be useful to investigate a wider range of the
spectrum of this ion. We, therefore, used this to measure spectra in
the lower frequency region for He-Co"(H,0O) and to do the same
for the deuterated He-Co*(D,0) complex. The spectra measured
for these ions are shown in Fig. 5. Single peaks are observed for
the H,O bend and symmetric stretch, whereas the multiplet struc-
ture is seen in the region of the antisymmetric stretch, as shown in
more detail in Fig. 1. Both the symmetric and antisymmetric O-H
stretches are shifted about 60 cm™ lower than the frequencies of
these vibrations in the isolated water molecule due to the interaction
with Co™. The H,O scissors bend vibration at 1618 cm™! is shifted
23 cm™! to higher frequency from this interaction. This vibration
has not been accessible in previous studies of metal ion-water com-
plexes. Apparently, the ligand polarization that opens the H-O-H
bond angle affects the potential in such a way so as to make the
bending motion slightly more rigid. Like the O-H stretches, the D,O
O-D stretches experience a red shift from the interaction with Co™.
The symmetric and antisymmetric stretches of the He-Co"(D,0)
complex at 2638 and 2743 cm™' are comparable to the vibrations
at 2671 and 2788 cm™! for D,0, respectively.” No D,0 bend was
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FIG. 5. Infrared photodissociation spectra of He-Co*(H,0) and He-Co*(D,0).

detected, presumably because of either a low fragmentation yield
or the lower laser power available in this region of the spectrum.
The bend vibration of isolated D,O occurs at 1178 cm™1,* which
is close to the predicted dissociation threshold for the elimination
of helium from He-Co™*(D,0), and this vibration in the Co*(D,0)
complex would be expected at slightly higher energy than this if the
interaction is like that of Co*(H,O).

Further details of the symmetric and antisymmetric stretch
bands of He-Co"(H,0O) are shown in Fig. 6. By comparison with

. 58,60,66,75—
the spectra of many other metal cation-water complexes, """

we can conclude that these bands have partially resolved rotational
structure. The symmetric stretch and bending modes are parallel-
type vibrational bands, whose contours are dominated by overlap-
ping AK = 0 subbands (i.e., K'=0-K =0K'=1-K =1,
etc.). The K” = 0 and 1 levels both survive down to the lowest
temperatures because of their respective nuclear spin symmetries.
The antisymmetric stretch is a perpendicular-type band with more
widely spaced multiplet structure caused by the large value of the A
rotational constant, which corresponds to rotational motion involv-
ing primarily the light hydrogen atoms moving around the C; axis.
Three AK = +1 subbands are prominent at low temperature corre-
sponding to the K'=0-K=1,K'=1-K =0,and K" =1
— K’ = 2 transitions. We use the spectroscopic program PGo-
pher”’ to simulate this rotational structure for two possible kinds
of electronic states in the lower two traces in the figure. Because
the B and C rotational constants are nearly equivalent and much
smaller than our resolution, these simulations are done with a pro-
late symmetric-top approximation. The band origin and A rotational
constant are adjusted in the simulation to match the appearance
of the spectrum; the B and C constants are taken from theory.
The simulation includes the 3:1 (or 1:3) nuclear spin weighting for
K" states of the fermionic hydrogens, which varies with the elec-
tronic state symmetry. If the electronic ground state is symmet-
ric (i.e., the 3A, or 3A1), there is a 1:3 degeneracy factor applied
to even:odd values of K”, and the transitions originating in the
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FIG. 6. The measured spectrum of He-Co*(H,0) in the O-H stretching region
(upper trace) compared to pGopher simulations of the spectrum for two possible
electronic states.

K" =1 level (those split away from the center of the spectrum) are
more intense. If the electronic ground state is antisymmetric (i.e., *B
or 3Bz), the degeneracy switches to 3:1 for even:odd K" states, and
the transitions originating in K = 0 near the center of the spectrum
are more intense. Additional details about this kind of rotational
structure are given in Ref. 50. The simulation also includes the spin-
rotation interaction, which introduces an additional small splitting
to transitions originating in K" = 0. As shown previously by Metz
and co-workers, it is necessary to explain the multiplet structure seen
for Co*(H,0),” and we find it necessary to include here as well. A
spin-rotation interaction was also necessary to explain the spectrum
of Ti*(H,0) measured previously by our group.”” The various con-
stants determined from these rotational simulations are shown in
the figure.

As shown, the experimental spectrum matches the pattern pre-
dicted for an antisymmetric electronic state quite nicely. The rota-
tional temperature of 6 K is consistent with the expectations for
an ion that is cold enough to form a helium complex. Our calcu-
lations predict that He-Co" (H,O) has low-lying 3As, 2Ay, and °B,;
states, with a °B, state lying much higher in energy, and, therefore,
excluded from consideration. The rotational structure in this spec-
trum is inconsistent with that predicted for the *A, or A, states
and, therefore, indicates that the ground state is the antisymmetric
3B, state. The *B; state was found experimentally to be the ground
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state for the tag-free Co" (H,0) complex by Metz and co-workers,”’
and this state was also found as the ground state by our theory and

that of Metz"’ for the tag-free complex. However, our CCSD(T)

results predict a >A; or A, ground state for the helium complex.
Higher electron correlation effects may be necessary for these sys-

tems. However, selected computations with larger basis sets did not

change the state ordering. Because the *B; state is the ground state
for the tag-free complex, it is conceivable that during He attachment,

the B state is conserved, and survives as a metastable excited state,

simply because the system has not relaxed to the >A;, ground state.

Metastable states can be formed and can survive in experiments like
these, and there are examples of this in the literature.”’ However, in
this case, it is difficult to see what could trap the *B; state. The spin

of both states is the same, so there is no spin-forbidden transition.
The geometry is essentially the same, so there is not likely to be any
barrier to go from one to the other. The only difference is the orbital
occupation, and it seems that the system would naturally choose the
lower energy configuration.

Figure 7 shows a similar expanded view of the partially
resolved rotational structure for the antisymmetric stretch of the
He-Co"(D,0) complex compared to the same kind of rotational
simulations. In this case, not only is the rotational constant smaller,
but the nuclear spin statistical weighting changes because D is a
boson. If the electronic ground state is symmetric (i.e., 3A, or 3A1),

He-Co*(D,0)
2752

Nl i
1,0

3A2 ground state
2,1 =K K"

A"=A"=536cm’
B"=B'=0.18cm™ L
C'=C'=0.18 cm

- -1
€y,= 0 cm 3B, ground state
S=1 1,0
T=6K 0,1 2.1
V,=2736 cm”’

By

LA LIS L L LI L L L B LB B |

2550 2600 2650 2700 2750 2800 2850
-1
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FIG. 7. The measured spectrum of He-Co*(D,0) in the O-D stretching region
(upper trace) compared to pGopher simulations of the spectrum for two possible
electronic states.
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there is a 2:1 degeneracy factor applied to even:odd values of K",
and the transitions originating in the K = 0 level (those near the
center of the spectrum) are more intense. If the electronic ground
state is antisymmetric (i.e., 3B, or 3Bz), the degeneracy switches to
1:2 for even:odd K" states, and the transitions originating in K" = 1
away from the center of the spectrum are enhanced. As shown, the
patterns expected are significantly different for the symmetric vs
antisymmetric electronic ground state, and again, the experimental
pattern matches with that for the antisymmetric B, state. The rota-
tional structure in both He-Co*(H,0) and He-Co*(D,0) there-
fore confirms that the ground state of these complexes is the *B;
state.

Having assigned the rotational structure, we can determine
the band origins for the symmetric and antisymmetric stretches
to within the accuracy of our spectral linewidths. The experi-
mental linewidths (5-7 cm™) are larger than the laser linewidth
(2 em™) and are determined by a combination of unresolved
AJ transitions determined by the temperature of the experiment,
as well as any contribution from predissociation. The symmet-
ric and antisymmetric stretches of He-Co*(H,O) are, therefore,
3618 and 3688 cm™’, respectively, whereas those for He-Co*(D,0)
are 2638 and 2736 cm™'. The He-Co'(H,0) values can be com-
pared to the frequencies determined by Metz and co-workers
in an IR-optical double resonance experiment on the tag-free
Co*(H,0) ion.”’ The symmetric stretch reported in that experi-
ment was 3610 cm™' and the antisymmetric stretch band origin
was 3680 cm™'. The K, K” = 1,0 subband position for the tag-
free complex was 3693 cm™, compared to our value of 3695 cm™"
The very slight disagreement between the tag-free and helium-
tagged band positions are likely caused by the different tempera-
tures/linewidths in the two experiments (~5 cm™" for our 6 K spec-
tra; 10-12 cm™* for Metz at 15 K). Another possible issue affecting
the exact band origin is the different spin-rotation constants used
in the two experiments (see below). However, it is clear that the
helium induces an extremely small shift, if any, to these vibrational
frequencies.

An interesting aspect of these spectra is the values of the rota-
tional constants suggested by the simulations. The A constants
are determined accurately by the main spacings in the spectra
for the antisymmetric stretch and have the values of 12.0 and
536 cm™! for He-Co*(H,0) and He-Co*(D,0), respectively. In
both cases, these values are significantly lower than those for the
corresponding H>O and D>O molecules (14.5 and 7.27 cmfl)‘\“\‘
and also lower than the values predicted by theory for the
He-Co"(H,0) and He-Co™(D,0) complexes [Table III; 13.96
and 6.98 cm™' at the CCSD(T) level]. The He-Co"(H,0) and
He-Co"(D,0) constants determined here are also lower than those
obtained by Metz and co-workers for the tag-free Co*(H,0) and
Co*(D,0) ions (13.74 and 6.87 cm™").”" Apparently, the presence
of the helium changes (reduces) the rotational constants. The con-
stants derived from theory are for the equilibrium structures, which
have the helium in a position opposite the water and on the C,
symmetry axis. In this position, the helium should not affect the
A constant. Consistent with this, the values from theory are virtu-
ally identical for the tag-free or helium-tagged ion. The helium can
affect the rotational constant only if it is located off the C, axis.
Bent equilibrium structures are ruled out by the consistent compu-
tational results from different levels of theory. The only remaining
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TABLE |II. Equilibrium (Aeq”’, Beq”’, and Ceq”’) and vibrationally averaged (Ay”,
By”, and Cy"’) rotational constants. Vibrational averaged values were derived from
anharmonic computations at the MN15/cc-pVTZ level using VPT2 in Gaussian 16.

CCSD(T)/cc-pVTZ
Ton Aeq” Beq” Ceq”

He-Co'(H,0)’A, 1400 021 0.1
He-Co'(H,0)’A; 1400 021 0.1
He-Co'(H,0)’B;  13.96 022 0.1
He-Co'(D,0)°A,  7.01 019 0.19
He-Co'(D,0)°A, 701 019 0.19
He-Co"(D,0)°B, 698 019 0.19

MN15/cc-pVTZ
IOD Aeq" Beq// Ceq// AOII BO” C()”

Co*(H,0) *B, 1350 030 030 1336 030 0.29
Co*(D,0) *B, 676 026 025 671 026 025
He-Co"(H;0)>B; 1347 022 022 1258 022 022
He-Co"(D,0)°B; 674 020 019 651 020 0.19
Ne-Co"(H;0)>B; 1349 0.0 0.10 1191 0.10 0.09
Ar-Co*(H,0)>B; 1347 006 0.06 1286 0.06 0.06
Ar-Co*(H,0)®B, 007 006 0.03 007 006 003
Ar;-Co*(H,0)®B, 006 003 0.02 006 0.03 002

possibility is dynamical bending, i.e., through vibrational averag-
ing involving the bending modes. If the helium atom position is
slightly off-axis on average because of such bending, this would
lower the A rotational constant. This effect has been suggested
in previous work on singly tagged RG-M'(H,0O) complexes.
Table 111 shows the results of calculations for the rotational con-
stants through a VPT2 treatment of vibrational averaging. As shown,
the A constants for the He-Co* (H,0) and He-Co™ (D,0) constants
are indeed reduced by this effect, although the magnitude of the
effect is under-estimated. Nevertheless, this seems to be the best
explanation for the smaller-than-expected values of the A rotational
constants.

Another more subtle effect in these spectra is the splitting
induced by spin-rotation coupling, which results from the interac-
tion of both orbital and electron spin angular momenta with the
rotational angular momentum. As shown in Fig. 6, the simula-
tion for the *B; ground state matches the experimental spectrum
for He-Co*(H,O) nicely, including the splitting that gives rise to
the 3695/3703 cm™" doublet. This doublet arises from the spin-
rotation interaction, and is determined by the magnitude of the
spin-rotation coupling constant, €. Epsilon is a tensor with differ-
ent components, and we find that the egg component is the only
one that allows us to match our spectrum. Without the inclusion of
this interaction for He-Co*(H,O), we cannot reproduce the exper-
imental pattern. On the other hand, we find that the inclusion of
this constant destroys the agreement between the simulation and
the experiment for the He-Co"(D,0) complex. The same kind of
spin-rotation interaction produced prominent doublets in the spec-
trum of Ti*(H,0),” and indeed, Metz and co-workers included
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this in their simulations of the rotational structure of the tag-free
Co*(H,0) ion.” The spin-rotation coupling constant employed
by Metz to explain their spectrum for Co*(H,0) (-6 cm™') was
much larger than the value used here (-2.8 cm™), and they used
the different e4q component of this. However, the resolution in
the Metz experiment was limited so that the constant does not
appear to be highly determined. Metz although also found a much
smaller constant for the D,O complex than they did for the H,O
complex. It is therefore not clear whether or not the addition of
helium in our experiment has a significant effect on the spin-rotation
interaction.

A final aspect of these spectra is that the rotational patterns
are described well by employing the normal nuclear spin statisti-
cal weighting expected for a system with identical H (or D) atoms.
This is consistent with our findings for several other transition
metal ion-water complexes studied previously”” """ but is in con-
trast with our recent results for the argon- and neon-tagged vana-
dium and niobium cation-water complexes.i“ In the latter systems,
ortho-para interconversion took place depending on the symme-
try of the ground electronic states, eliminating the usual alternat-
ing line intensities resulting from nuclear spin statistics. This was
interpreted to arise from a nuclear spin coupling with the hydro-
gen atoms through a large Fermi contact interaction. To explore
this effect in the present system in which such ortho-para intercon-
version apparently does not occur, we employed CCSD/cc-pVTZ
computations to calculate the isotropic Fermi contact interaction for
Co*(H;0). The Fermi contact term Ak was found to vary between
zero and —1 MHz for all electronic states with both hydrogen and
deuterium. These values are significantly smaller than those found
for vanadium and niobium cations (A = 2-4 MHz), consistent with
the lack of ortho—para interconversion in the present cobalt cation
complexes.

From these various data on the spectra of Co"(H,0) with dif-
ferent tag atoms, we can make some general conclusions about the
effects of these tag atoms on the structure and spectroscopy of metal
cation complexes. First, these computations at the reliable CCSD(T)
level of theory, complemented by DFT/MN15 computations, show
that the binding energies of the rare gas atoms to Co" are quite
substantial. The helium and neon binding energies are compara-
ble, with values near 3 kcal/mol, whereas the argon binding energy
is much greater and near 12 kcal/mol. This explains how we are
able to photodissociate the helium complex and not the single-argon
complex, but the failure to dissociate the neon complex cannot be
explained because of the binding energy. Similar energetic patterns
are expected for the rare gas complexes of other late transition metal-
containing ions. Although the binding energies are substantial, the
addition of argon, neon, or helium to the Co*(H,0) complex does
not change the structure of the core ion in any significant way. In
contrast, the vibrational spectra are affected, most substantially by
argon. Vibrational shifts are extremely small for the neon or helium
complexes. However, all the rare gas vibrational shifts are much
smaller than the shifts induced on the water vibrations by binding
to the cobalt.

Rotational information is obtained here only for the helium
complex. Its analysis confirms the structures of the He-Co*(H,0)
and He-Co"(D,0) complexes and allows the determination of the
electronic ground state for these ions. Surprisingly, the ground elec-
tronic state predicted by CCSD(T) computations for the helium
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complex ions does not match with that of the experiment, presum-
ably because the effect of the helium binding on the electronic inter-
action is slightly overestimated. An interesting surprise is that the
helium tag atoms affect the rotational constants of these complexes,
reducing them slightly by vibrational averaging of the structures
through off-axis bending motion. This effect is likely to be more sig-
nificant for neon or argon complexes, which have heavier masses
in motion. Indeed, several previous examples of Ar-M*(H,0) com-
plexes have been studied, which have the same kind of partially
resolved rotational structure seen here.”” "> In several cases, the
measured A rotational constant was lower than expected on the
basis of theory, and in some cases, this was attributed to larger
H-0O-H bond angles on the water ligand. In light of the observa-
tions here, these previous data may also have been influenced by
the effects of rare gas vibrational averaging. It, therefore, seems that
rare gas tagging, especially with neon or helium atoms, provides
a non-perturbing view of vibrational spectra, but not as clear as a
view of the rotational structure. The behavior seen here for metal
ion complexes with water can be contrasted to that seen for non-
metal protonated ions. In the case of the (H,O)H"(NH3) complex,
for example, Johnson and co-workers found that helium tag atoms
exhibited “quantum delocalization” and had no significant effect on
rotational constants.”’

CONCLUSIONS

Co"(H,0) complexes produced with laser vaporization have
been studied with infrared laser spectroscopy using the method of
tagging with rare gas atoms. To explore the effects of tagging, com-
plexes with argon, neon, and helium were investigated with pho-
todissociation spectroscopy and computational chemistry at differ-
ent levels. Computations provide a more complete picture of the
spectroscopy than experiments because the experiments are limited
by dissociation yields to complexes containing three argon atoms or
one helium atom. The spectra of these complexes agree with those
predicted by theory, validating the computational methods. The-
ory finds that the attachment of rare gas atoms to the Co’(H;O)
ion causes only insignificant changes to the structure of the core
ion. Binding energies for single-argon complexes lie above the ener-
gies of vibrational fundamentals, whereas those for neon or helium
complexes lie below the energies of O-H stretching and bend-
ing modes. Although energetically possible, the photodissociation
yield of neon complexes is extremely low, prohibiting detailed spec-
troscopy. The dissociation of helium-tagged complexes is efficient,
providing high quality spectra for the O-H stretching and scissors
bending vibrations of Co*(H,0) as well as the O-D stretches of
Co"(D,0). The stretching modes of both complexes are shifted to
lower frequencies by the metal binding, consistent with trends seen
previously for other cation-water complexes. The scissors bend-
ing vibration is observed here for the first time and found to shift
slightly to higher frequency by the metal binding. The stretch vibra-
tions in the helium-tagged complex are compared to those of the
tag-free Co"(H,0) complex studied previously and found to have
insignificant vibrational shifts induced by the helium. The rotational
structures of the antisymmetric stretch vibrational bands for both
He-Co*(H,0) and He-Co™ (D,0) are consistent with the same *B;
ground electronic state found for the tag-free Co*(H;O) ion. Theory
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predicts this same ground state for the tag-free ion but finds the > A,
state to be lower in energy for the helium-tagged ion. The A rota-
tional constants found from analysis of the antisymmetric stretch
vibration for both He-Co*(H,0) and He-Co'(D,0) are slightly
lower than those for the tag-free complexes, and this is attributed
to vibrational averaging caused by the bending of the helium. For
Co*(H;0) and related cation-water complexes, helium and neon
rare gases are concluded to be “inert” with regard to vibrational
frequency perturbations, but caution is recommended regarding
structural conclusions based on the values of rotational constants.

SUPPLEMENTARY MATERIAL

See the supplementary material for optimized geometries and
harmonic frequencies of all computed isomers. Additional figures
present infrared spectra of other argon-tagged isomers.
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