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lon—molecule complexes of the form Mg§B)Ar,* (n = 1—-8) are produced by laser vaporization in a pulsed-
nozzle cluster source. These complexes are mass-selected and studied with infrared photodissociation
spectroscopy in the ©H stretch region. The spectra are interpreted with the aid of ab initio calculations on
then = 1-5 complexes, including examination of various isomeric structures. The combined spectroscopic
and theoretical studies reveal the presence of multiple isomeric structures at each cluster size, as the argon

atoms assemble around the MH.0) unit. Distinct infrared resonances are measured for argon-on-metal,
argon-on-OH and argon-on-two-OH isomers.

Introduction

lon—molecule complexes provide convenient model systems
for studies of fundamental molecular interactions and the

detailed potential energy surfaces that govern these. Spectro

of the closely related CgH,0) ion 15 More recently, we have
examined MJ(CO;), complexes with infrared photodissociation
spectroscopy in the region of the @@symmetric stretch

vibration?4?5These IR spectroscopy studies have been extended

scopic studies have proven especially valuable for investigating {0 M*(H20) complexes for M=V, Fe, Co, Ni?! In related
the molecular structure of these complexes, including the role infrared research, Inokuchi and co-workers studied the OH-

of isomeric species that may forhd Recently, metal-containing
ions have been included in these studiéddetal ion—water
complexes are particularly interesting systems with which to
explore the details of solvatidn?? Mass spectrometry studie<’

ab initio calculation$%-13 and various spectroscopic methtd%

stretch region of Mg(H20).-3 complexes, revealing the first
appearance of hydrogen bonded waten at 3.22 The present

IR spectroscopy builds on this latter work, examining the
spectral changes that occur as argon atoms cluster around the
Mg*(H.0) system.

have explored the structures and reactions of these systems. The Rare gas or other weakly bound “spectator” adducts with
competition between charge-dipole interactions and the growthion—molecule complexes have been exploited by several
of hydrogen bonding networks have been investigated in severalresearch groups to enhance the measurement of photodissocia-

recent studie3?~22 In the present paper, we describe an infrared
spectroscopic study of the MH,0) complex in the OH stretch

region as this system is progressively “solvated” by argon atoms.

The potential around the catiefwvater system provides multiple

tion spectroscop¥t?224-33 |n the early experiments by Lee and
co-workers, H or N, were employed as the spectatbhut it

is now more common to “tag” complexes with rare gas atoms
such as neon or argon. As such tagging experiments developed,

binding sites for argon atoms, and the IR spectra reveal the it hecame interesting to investigate the spectroscopic effects of

isomeric structures that form.
Magnesium cation complexes with small molecules and rare

the rare gas atoms on the spectrosc®p$? Dopfer and co-
workers have studied the attachment of multiple argon atoms

gas atoms have been the subject of extensive studies in masgn many small cation molecular complex®@snd Johnson and

spectrometry, ® electronic structure calculatiod%;13 and laser
spectroscopy>~17 Collision-induced dissociation methods have
determined various magnesium ieligand bond energies.
Magnesium cationrwater clusters have been studied to inves-
tigate intracomplex reactions leading to charge separatiori (Mg
— Mg?" + e7) and/or hydroxide formatioh®1+13.16 These

reactive processes appear to begin when the cation is solvate

by five or more water molecules. Our research group has
reported electronic spectroscopy of several'™Mti complexes
near the strongly allowed 3s 3p ¢S — 2P) atomic transition

of Mg* using ultraviolet laser photodissociation spectros-
copy1523A detailed investigation of Mg(H.0) determined the
structure of this ion and revealed information on its excited-
state vibronic pattern2A similar study revealed the structure
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co-workers have investigated the influence of Ar atoms on the
spectroscopy of many anion complexés.

Our group has studied the infrared photodissociation spec-
troscopy of metal cationmolecular complexes with CG3*
water?l25 acetylene>32 and benzen& In general, these

Cg:omplexes are more strongly bound than the molecular cations

or anions that have been studied before, and rare gas tagging is
essential for these studies. Our work on metation water
complexes includes studies of"yYCao", Nit, and F& com-
plexed!in addition to the present Mgwork. In the F& —water
system?P we found evidence for isomeric structures in the
attachment of one or two argon atoms and one or two water
molecules. Inokuchi and co-workers found similar effects for
the Mg"(H.O);-3Ar complexes?? In the present study, we
investigate Mg(H2O)Ar, (n = 1-8) complexes with IR
photodissociation spectroscopy and ab initio electronic structure
calculations. This work began as an investigation of the"Mg
interaction with water, but spectra for different argon adducts
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eventually revealed additional interesting features of isomeric Gaussian-type basis sets for Mg and Ar, respectively, generated

clusters based on argon binding sites. by augmenting the 2s2p Mg and 4s4p3d1f Ar basis sets of Stoll
et al®8 with diffuse functions. In the case of Mg, polarization
Experimental Section functions were also taken from the corresponding aug-cc-pVTZ

Clusters for these experiments are produced by laser vapor-basis sets. As in the all-electron calculations, the aug-cc-pVTZ
ization in a pulsed supersonic expansion and mass analyzed irbasis set was employed for the H and O atoms. To establish
a reflectron time-of-flight mass-spectrometer (TOF-MS). The the magnitudes of the errors introduced by the adoption of the
molecular beam apparatus, mass spectrometer, and laser methogiseudopotentials, the= 0—3 clusters were also characterized
used for infrared spectroscopy have been described previusly. using pseudopotentials on the Mg and Ar atoms. In the
The third harmonic of a Nd:YAG (355 nm) is used to vaporize discussion below, the calculations carried out using pseudo-
a rotating magnesium rod, and water is added to the expansionpotentials are referred to as MP2/PP.

gas via a few drops of liquid inserted into the gas flow at  several possible isomers were considered forrtihe 0—4
ambient conditions. lonized MgHzO)Ar, clusters are produced  c|ysters, whereas only a single structure was considered for the
directly from the laser vaporization process in expansions of = 5 clyster. In generating the initial structures, we were guided
argon using a pulsed General Valve (1 mm nozzle) at 40 psi py the fact that the Ar atoms are expected to be able to bind to

backing pressure and a 2Q@s pulse duration. The free he H atoms as well as to the Mdon.
expansion is skimmed from the source chamber into the mass-

spectrometer and the ions are extracted into the first drift region
of the reflectron using pulsed acceleration voltages. Specific ) ]
ions are mass-selected by pulsed deflection plates just before (2) Overview of Measured SpectraAs we have described
the reflectron field. Excitation and photodissociation occurs at Previously, infrared photodissociation processes are inefficient
the turning point in the reflectron field, where ions are N small ion-molecule complexes whose bond energies are
overlapped with the output of the infrared laser. Parent and Significant compared to the infrared photon energies employed
daughter ions are mass-analyzed in the second flight tube and© €xcite vibrational fundamentals. In the Mgi;O) complex,
mass spectra are recorded with a digital oscilloscope (LeCroy the cation-water bond energy is 28.4 kcal/mol (9940 thy®e
WaveRunnerLT342). The data are transferred to a PC via an and thus one-photon photodissociation is not possible in the
IEEE interface. Infrared resonance enhanced photodissociation3500-3800 cnt* region of the OH stretching vibration. The
(IR-REPD) spectra are obtained by monitoring the intensity of Only possible exception to this occurs when there is incomplete
the fragment ions as a function of wavelength. All spectra are ¢0oling in the cluster growth process, as seen by Nishi and co-
recorded in the mass channel corresponding to the loss of onevorkers? In this case, a small fraction of the complexes may
argon atom from the selected parent ion. have S|gn|f_|cant (about 6000 cnt?) |ntern_al energy that a_dds
The infrared laser is an optical parametric oscillator (OPO/ together with the photon energy to achieve fragmentation. In
OPA) system (Laser Vision) pumped by a Continuum 9010 Nd: Such a case, the hot clusters have broad spectra. In our
YAG. This has two 532 nm-pumped KTP crystals in the grating €XPeriment, the cluster source is designed for more efficient
tuned oscillator section and four KTA crystals in the amplifier €00ling, and no IR photodissociation of the isolatedig;O)
section. The idler output from the oscillator is combined with complex is detected. To improve the photodissociation yield of
residual 1064 nm in the amplifier, and difference frequency Mg (H20), Inokuchi and co-workers employed the rare gas
generation here provides the tunable near-IR output from 2.2 t2gging method?® by making complexes containing a single
to 4.9um (4500-2050 cnt). In this experiment, the OPO is ~ argon atom. The binding energy for diatomic My is 1295
unfocused to prevent power broadening. Near 35800 cn?, cm™ 1.2 Therefore, mixed Mg(H20)Ar, complexes can dis-
the laser pulse energies range from 8 to 10 mJ/pulse with anSociate by elimination of argon following absorption in the OH
approximate line width of 0:30.5 cnt. Typical spectra are stretch region of the spectruftP Ip the present work, we also
obtained at~1.0 cn steps and averaged over 250 laser shots USe the argon tagging method with the Mig20) complex, and

Results and Discussion

per step. we examine changes in the spectra that take place as multiple
argon atoms are added to this system.
Computational Methodology Figure 1 reports the IR photodissociation spectrum of the

Ab initio electronic structure calculations using the Gaussian Mg*(H>O)Ar complex under different experimental conditions.
03 program packagéwere carried out to aid in assigning the As shown in the upper trace, several bands are observed in the
observed vibrational structure of the MgH,O)Ar, (n = 0—5) 3500-3800 cnt! region, even though only two IR-active
clusters. For each cluster, the geometries were optimized at thevibrations corresponding to the symmetric and asymmetric
MP2 level for various possible isomers differing in the locations stretches of water are expected. We therefore anticipate the
of the Ar atoms. For each stationary point identified, the possible role of isomeric structures for these complexes. Indeed,
vibrational frequencies were calculated in the harmonic ap- Inokuchi and co-workers have reported two isomers, differing

proximation, again using the MP2 method. For thes 0—3 in the position of the single argon atom for the MEi,0)Ar
clusters, calculations were carried out treating all electrons complex??® We therefore investigated the spectrum under
explicitly and using the aug-cc-pVTZ basis $&t° For then different cluster source and dissociation laser conditions. In the

= 0—2 clusters calculations were also carried out using the aug- upper trace of Figure 1, the cluster source was adjusted away
cc-pVQZ basis sétPcto examine the suitability of the smaller ~ from its optimum settings by increasing the vaporization laser
aug-cc-pVTZ basis set, and CCSD{¥aug-cc-pVTZ calcula- power above its normal level and moving the its timing away
tions were carried out to explore the role of high-order from the most intense part of the pulsed gas expansion. These
correlation effects. Comparable all-electron calculations on the conditions produce clusters with incomplete cooling. The

n = 4-5 clusters would be computationally prohibitive, and infrared laser was used at the highest laser pulse energy possible
therefore, to examine these species, pseudopoténfitigere (~20 mJ/pulse) in a “double-pass” configuration, producing a
adopted on the Mg and Ar atoms. The pseudopotentials werespectrum with rather broad vibrational resonances. In the center
employed in conjunction with contracted 4s4p3d2f and 5s5p3d2f trace, the vaporization laser power and timing were adjusted to
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a Figure 2. IR photodissociation spectrum of the Mg.O)Ar, n =
1-4, complexes. The multiple peaks observed in each case suggest
the presence of isomeric structures.
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Figure 1. IR photodissociation spectrum of the Mgi,O)Ar complex
under different experimental conditions.

our normal settings known to produce colder clusters. The the OH stretch vibrations, whereas binding of an Ar atom to an
resulting spectrum contains essentially the same bands, but theo site should lead to an additional sizable red shift to the
lines are narrower and the intensity ratios have changed. Finally,o—n stretching vibrations. These expectations are confirmed
the lower trace was obtained by reducing the laser pulse energypy detailed theoretical studies, as described below.

(~10 mJ/pulse) using only a single pass from the IR laser |, yrinciple, rotational band contours could be used to derive

system. The bands are again relatively narrow, but the intensity o me structural information about these complexes. However,

ratios have changed again. In particular, the band near 3531, find that the line widths measured here are independent of

cm! has dropped to a level where it is almost missing. These {na |aser line width in the range 0-3.0 cnTL. This suggests
patterns make sense if the bands at 3579/3650 and 3531/3624 4t the complexes here are rotationally quite cold, and that the

cm* correspond to two different isomeric species, with the |ine widths are determined by the dynamics of the dissociation
higher energy isomer being produced more effectively at higher qcess rather than by rotational contours. We therefore focus

temperature, and its weaker lines rising in relative importance o, the comparison of vibrational bands with theory to determine
at higher IR laser power because the more intense bands fromya structures of these complexes.

the lower energy isomer are saturated.
These scans demonstrate that care must be taken with th R
conditions used to record spectra, particularly when different
isomeric species are present. The relative intensities of different
bands corresponding to different isomers can vary significantly
depending on the experimental conditions. In principle, the
relative isomer concentrations could be estimated via infrared
absorptionline intensities and calculated absorption strengths.
However, we do not measure absorption spectra, but rather
dissociation spectra, whose line intensities depend on both the
absorption strength and the relative tendency for each isomer
to dissociate. Therefore, we can detect the presence of differen

isomers but cannot be quantitative about their concentrations.) 14 to be located along the side of Mg axis. As we and

Figure 2 shows the spectra for the Mgf20)Arn, n = 1-4, others have discussed previou¥ly# the binding of a water
complgxes obta!ned from measurements done under the COIO\igand, with the negative end of the dipole oriented toward the
condmons de§crlbed above. The spectra O.hh‘:"l_3 clusters cation, induces a strong polarization of the 3s orbital, producing
contain multiple bands, again suggesting the presence of2 lobe of negative charge in the region along@exis opposite
Isomeric structures. A”.Of the observed bands are shifted to the water monomer. Subsequent ligands, in this case Ar, avoid
the,ied of the _symmetrlg (3657 cth) and asymmetnq (3.756 this negative charge region and instead bind along the side of
cm*) stretch vllbrat'lons in the free water molecule (indicated the first ligand. This backside screening of the metal ion causes
by dashed vertical lineg}.Such red shifts are expected because bent structures to form for Mg-L, complexes and trigonal

th_e metal cation wnhqlraws bonding elec_tron density fror_n the pyramid structures to form for Mg-L s complexes?241t also
highest molecular orbitals of water, and this reduces the stlffness"mits the number of argon atoms that can bind to the' N

of the OH bondg£! The cation-water binding is so strong that - . . .

only theCy, structure is expected for the MEH,0) subsystem The blndlng energies reported in Table 1 were obtained from
) . . MP2 calculations using

of the complex. Thus the multiple bands seen here likely arise

from isomers differing in the binding sites for the argon atoms. N N

Binding of an Ar atom to Mg should not significantly perturb BE = E[Mg " (H,0)Ar,] — E[Mg " (H,0)] — nEAT]

(b) Calculated Structures and EnergeticsTo interpret these
spectra, we investigate the structures and energetics of
isomeric Mg (H.0)Ar, complexes with various levels of ab
initio calculations. The low-energy isomeric structures found
for these complexes are presented in Figure 3. The Ar-atom
binding energies and the OH stretch vibrational frequencies
calculated for the various isomers are summarized in Tables 1
and 2. As seen from Figure 3, the Ar atoms can bind to the
Mg™ ion as well as to the OH groups. Surprisingly, the binding
energies in these two sites are comparable, and this influences
the relative energetics of all the structures investigated. In
fisomers with Ar atoms bound to the Mgpon, the Ar atoms are
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Figure 3. Geometries of the MgH2O)Ar,, n = 1-5, complexes, optimized using the MP2 procedure.

where the Md(H20)Ar, energies include the counterpoise both with planar structures, were identified for Mgl.O)Ar.
correction for basis set superposition ed®t? Table 2 reports One isomer (1a) has the Ar atom bound to an H atom and the
the results of a more detailed study of the Nig,O)Ar, (n = other (1b) has it bound in the vicinity of the Mgon. The
1-2) complexes at different levels of theory, and Figure 4 ArMgO angle in 1b is calculated to be 73.3This strong
reports the relative energies for the isomers at each cluster sizedeviation from a linear ArMgO arrangement is due to the
In examining the trends in the calculated binding energies, polarization of the valence s orbital of the Mgn by HO, as
we first consider results of the all-electron calculations on the discussed above. Even though 1b is referred to as Mg-bound,
n= 1-3 clusters. At the MP2/aug-cc-pVTZ level, two isomers, the Ar atom in this isomer also interacts strongly with one of
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TABLE 1: Calculated Binding Energies (cm™1), OH Stretch

the ZPE correction should exclude the isomerization coordinate.
Frequencies (cntt), and Intensities of the Mg"(H,O)Ar ,, n

In that case the barriers for +a 1b and 1b— 1a isomerization

= 05 Clusters' are calculated to be 25 and 57 chirespectively, which leads
Vs Va us to conclude that it should be possible to observe both la
isomers BEw/oZPE BE with ZPE freq Mt freq inf and 1b experimentally.
H,O 3646 6 3766 75 Four isomers were characterized for the Ng.0)Ar;
0 3565 87 3653 223 complex. Three of these, 2a, 2b, and 2c, have planar structures.
3565 88 3653 227 Isomer 2a has one Ar atom bound to each H atom. Isomers 2b
1a 770 587 3515 368 3635 278  gpnd 2¢ have one Ar atom bound to an H atom and the other Ar
1b Z‘;?ﬂ% ggi ?:;553(7)2 333 ggg% gg atom bound near the Mgion in trans- and cidike arrange-
n/a n/a nfa nla nla nla  Mments, respectively. Isomer 2d can be viewed as arising from
2a 1505 1169 3505 313 3578 648 an Ar dimer bound to the side of the MH,O) complex. In
1548 1215 3500 319 3571 661 this complex, one Ar atom lies close to the approximate Mg
2b 1427 1163 3522 361 3639 315 (H,0) plane and the other is located out-of-plane. 2a is
o 1;‘% 1%% 32/2% g/ﬁ) 32/3‘:"9 2/5‘6 calculated at the MP2/aug-cc-pVTZ level to be 78, 135, and
1393 1130 3503 322 3635 o267 334 cnrlmore stable than 2b, 2c, and 2d, respectively. Attempts
2d 1171 1013 3575 78 3667 227 to locate a local minimum with the two Ar atoms bound on
1173 1017 3573 78 3664 232  opposite sides of the Mgion failed at the MP2/aug-cc-pVTZ
3a 2077 1677 3515 331 3588 559 |evel; i.e., the optimization collapsed back to 2a. The net Ar-
2121 1726 3510 336 3583 577 4i9m binding energies of 2a, 2b, 2c, and 2d, after allowing for
3b 1845 1530 3531 280 3644 281 . - . .
1869 1554 3526 290 3641 283 Dasis setexpansion, high-order correlation effects, and ZPE are
3c 1586 1396 3578 76 3670 218 calculated to be 1275, 1302, 1256, and 1201 tmespectively.
n/a n/a nla nla nla nla  The net Ar-atom binding energies in these clusters are ap-
3d 1570 1209 3504 321 3576 683  proximately twice as large in magnitude as those for the single
1612 1256 3499 326 3570 696 Ar atom of 1a and 1b.
4da 2594 2161 3526 310 3596 440 . . .
4b 2580 2135 3514 305 3589 606 Four isomers were identified for M@H,O)Ars. At the MP2/
4c 2468 2056 3515 267 3592 632 aug-cc-pVTZ level the most stable of these 3a has an Ar atom
4d 2310 1969 3527 368 3645 285  bound to each H atom, and the third Ar atom bound near the
1‘? 22128221 11;3615 3?5?83 3?428 5’55;3 ggz Mg ion. The three higher-energy isomers, 3b, 3c, and 3d, are
4 2183 1765 3500 354 3581 596 calculated at the MP2/aug-cc-pVTZ level to be about 232, 491,
9 .
4h 1677 1297 3498 330 3568 729 and 507 cm! less stable than 3a, respectively. 3b has an Ar
5a 3025 2543 3525 298 3598 490 atom bound to one of the H atoms and an Ar dimer bound near

a2Results obtained at the MP2 level of theory, with all binding the Mg" atom, with one of the Ar atoms of the dimer located
energies being corrected for BSSE by means of the counterpoise@P0Ve and the other below the Mgi.0) plane. 3c can be
procedure. The results indicated in bold are from the all-electron Viewed as being derived from an Ar trimer bound to the side of
calculations using the aug-cc-pVTZ basis set. The remaining results the Mg"(H.O) complex with the two Ar atoms closest to Mg
are from pseudopotential calculations. The harmonic vibrational being located above and below the plane of the™{#O)

frequencies obtained from the all-electron and pseudopotential calcula-
tions have been scaled by 0.9%4ntensities are in units of km/mol (1
km/mol = 6.25 x 10?8 cm/molecule)€ 1b, 2b, and 3c isomers were
found to be a local minimum in the all-electron but not found in the
pseudopotential calculations.

species. The high-energy isomer 3d has an Ar atom bound to
one H atom and an argon dimer bound the other H atom in an
approximately linear arrangement. Attempts to optimize a planar
Mg™(H2O)Ar; isomer with one Ar atom bound to an H atom

and the remaining two Ar atoms bound to the Mipn on

the protons. The all-electron MP2/aug-cc-pVTZ calculations OPPOSite sides of the MgO bond proved unsuccessful as such

give Ar-atom binding energies of 770 and 682 drfor 1a and structures were unstable with respect to collapse back to 3a.
1b, respectively. Both expansion of the basis set from aug-cc- The pseudopotential calculations give Ar-atom binding ener-
PVTZ to aug-cc-pVQZ and inclusion of high-order electron dies and vibrational frequencies for the M&l20)Ar,, n=1-3,
correlation effects act to preferentially stabilize 1b with respect clusters very close to the corresponding all-electron results. One
to 1a, with the latter correction being more important. Vibra- difference is that the pseudopotential calculations fail to give
tional zero-point energy (ZPE) corrections also stabilize 1b Minima for isomers 1b and 2b. This is not surprising because
relative to 1a, and when the various corrections are combined,the all-electron MP2/aug-cc-pVTZ calculations gave a barrier
1b is predicted to be slightly~27 cntl) more stable than 1a. of less than 1 cmt for conversion of 1b to 1a. The barrier for
The transition state for conversion of 1b to 1a is predicted to isomerization of 2b— 2a is not calculated at the MP2/aug-cc-
lie energetically less than 1 crhabove 1b at the MP2/aug-cc- PVTZ level but is probably very low. It is anticipated that with
pVTZ level. However, at the CCSD(T)//MP2/aug-cc-pvQz the use of a more flexible basis set and inclusion of high-order
level, the 1a— 1b and 1b— 1a barriers are calculated to be 60 correlation effects, the pseudopotential calculations could locate
and 28 cm?, respectively. Finally, with the inclusion of the 1band 2b minima.
vibrational ZPE's calculated using MP2/aug-cc-pVQZ level Eight isomers were identified for MgH,O)Ar,. All of these,
harmonic frequencies, the barrier for isomerization of 1a to 1b with the exception of 4d, have Ar atoms bound to each H atom.
is calculated to be 9 cmt and that for the reverse process is The three most stable isomers, 4a, 4b, and 4c, all have one Ar
calculated to be 36 cmi. The harmonic frequencies of the atom bound to each H atom. In the most stable of these, 4a, the
bending mode corresponding most closely with motion along remaining Ar atoms are bound to Mgn either side of the
the isomerization pathway are calculated at MP2/aug-cc-pVQZ Mg*O bond. The second most stable isomer of tgpO)Ar,,
level to be 33 and 42 cm for 1a and 1b, respectively. Actually, 4b, has the other two Ar atoms bound as a dimer to thé Mg
in constructing the adiabatic potentials for 1a/1b isomerization, ion with one Ar above and one Ar below the Mg.0) plane.
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TABLE 2: Ar Atom Binding Energies (cm ~1)2 and Relative Zero-Point Energies (cm?) for Mg *(H,0)Ar,, n = 1-2, at

Different Levels of Theory

isomer MP2/T2  MP2/QZ CCSD(T)/TZ/IMP2/TZ  CCSD(T)/QZ/IMP2/QZ AZPE/TZ AZPE/QZ total/TZ total/QZ
1la 770 813 772 810 183 175 589 634
TS 682 728 713 750 115 125 599 625
1b 682 737 723 778 121 117 602 661
2a 1505 1587 1512 1583 336 309 1175 1275
2be 1427 1515 1466 1554 264 252 1202 1302
2c 1370 1465 1421 1512 265 256 1156 1256
2d 1171 1272 1258 13859 157 158 1100 1201

aAll binding energies include the counterpoise correction for BS3&Eom MP2/aug-cc-pVTZ optimizations From MP2/aug-cc-pVQZ
optimizations .4 The CCSD(T) calculations were carried out at MP2/aug-cc-pVTZ or aug-cc-pVQZ optimized geom@td&E = ZPE[MgH(H,0)Ar]
— ZPE[Mg"(H,0)] at MP2/aug-cc-pVTZ or MP2/aug-cc-pVQZE(total/TZ) = E(CCSD(T)/TZ/IMP2/TZ)+ E(AZPE/TZ), andE(total/QZ) =
E(CCSD(T)/QZ/IMP2/QZ)+ E(AZPE/QZ).9 This nonminimum structure has one Ar atom bound near Mg and the other boundta H atom
in a trans-like arrangemeritEstimated valuesE(CCSD(T)/QZ//MP2/QZ) is estimated Wg(MP2/QZ) + E(CCSD(T)/TZ/IMP2/TZ)— E(MP2/

T2).
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Figure 4. Average Ar atom binding energies per Ar atom for the'Mg
(H20)Ar, isomers calculated MP2 theory level. These results fonthe
= 1-3 clusters are from all-electron MP2/aug-cc-pVTZ calculations
and those for the large clusters are from MP2/PP calculations.
Corrections for BSSE and for vibrational ZPE's have been applied.
The latter corrections come from the MP2-level harmonic frequencies
scaled as described in the text.

Isomer 4c has an Ar dimer bound above the plane of th&-Mg
(H20) in the vicinity of the Md. 4d has an Ar trimer bound
along the MgO axis, with the fourth Ar atom bound on the

The OH stretch frequencies of the MgH,O) complex are
calculated to be 3565 (symmetric stretch) and 3653 cm
(asymmetric stretch), which are shifted to the red by 92 and
103 cnl, respectively from the measured frequencies of the
OH stretch vibrations of the isolated water molectiiés for
the isolated water molecule, the asymmetric OH stretch vibration
has the higher frequency. These red shifts are due to charge
transfer from the water toward the metal, as we have discussed
previously?! Unfortunately, the infrared spectrum for the
untagged Mg(H,O) complex has not been measured, so
comparison of theory with experiment is not possible for this
species.

For isomer 1a of Mg(H,O)Ar, the calculations predict the
symmetric and asymmetric OH stretch vibrations to have
additional red shifts of 50 and 18 cr respectively, compared
to the corresponding vibrations of M(H,0). The interaction
with the Ar atom causes some localization of the vibrations,
making the use of the “symmetric” and “asymmetric” labels
only approximate. The more red-shifted transition is that
associated with the OH stretch vibration more localized on the
OH to which the Ar atom is attached. The binding of the Ar
atom to OH causes a small increase in the length of the
associated OH bond (calculated increase of 0.0036 A), and this
in turn is accompanied by a red shift of the associated OH stretch
vibration. In contrast, for isomer 1b of M¢H,O)Ar, in which
the Ar atom is located near the Ngion, the calculated
frequencies of the OH stretch vibrations are weaklyg&ni?)
blue shifted relative to the corresponding frequencies oftMg
(H20). The inductive effect that causes a red shift in the OH

remote H atom. Isomer 4e has one Ar atom bound to each H stretch vibrations of M§(H,O) relative to those of a free water

atom and an Ar dimer bound between two OH groups and
perpendicular to the plane of M¢{H,0). The sixth and seventh
isomers of Mg (H20)Ar, lie appreciably higher in energy and
have an Ar atom bound to one H atom, an Ar dimer bound to
the other H atom, and a single Ar atom bound to™Mdhe
least stable isomer identified for M¢H,0)Ar,, 4h, has an Ar

molecule is partially mediated when an Ar atom is bound to
the metal ion, thus slightly reducing the red shifts.

The symmetric and asymmetric OH stretch frequencies of
isomer 2a of Md(H2O)Ar,, with Ar atoms bound to each H
atom, are predicted to be red shifted by 60 and 75%m
respectively, compared to the corresponding vibrations of-4Mg

dimer bound to each H atom. The only isomer characterized (H20). The calculated frequencies of OH stretch vibrations of

for Mg™(H2O)Ars has an Ar atom bound to each H atom, and
three Ar atoms bound near the Mdon, with two of these
located out of the Mg§(H,O) plane.

(c) Calculated Vibrational Spectra. To facilitate comparison

the “trans” and “cis” isomers 2b and 2c are less red shifted
than those of 2a and are, in fact, close to those of 1a, which
has only one Ar atom bound to OH. The symmetric and
asymmetric OH stretch frequencies of isomer 2d, with two Ar

between theory and experiment, the calculated OH stretch atoms bound to Mgion, are predicted to be blue shifted relative

vibrational frequencies have been scaled by a factor of 0.954,

to the corresponding vibrations of M¢{H,0O) by 10 and 14

chosen so as to bring the calculated harmonic frequencies atcm™?, respectively.

MP2/aug-cc-pVTZ of the OH stretch modes of the free water
monomer into close agreement with its well-known experimental

The calculated OH stretch frequencies of isomer 3a of Mg
(H20)Ar3 are close to those of 2a, again consistent with the

frequencies. The scaled frequencies are summarized in Tableobservation that an Ar atom bound near the*Magn has little

1.
employed.

In the ensuing discussion, these scaled frequencies areeffect on frequencies of the OH stretch vibrations. Similarly,

the calculated frequencies of the OH stretch vibrations of 3b
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Figure 5. Summary of the calculated OH stretch frequencies of th&(MgD)Ar, clusters. The left axis denotes the calculated OH stretch frequencies

(cm™) for the asymmetric stretch (pink) and symmetric stretch (blue) for each complex. The histograms at the bottom are referenced to the right
axis to denote the number of Ar atoms bound to*Magn in each complex.

3650

are close to those of 2c, and the calculated frequencies of 3c
are close to those of 2d. Finally, isomer 3d has OH stretch Mg*(H,0)Ar

frequencies nearly identical to those of 2a, demonstrating that
the binding of an Ar dimer to one of the OH groups (as in 3d)
has nearly the same impact on the OH stretch frequencies as
the binding of a single Ar atom.

The above discussion of the influence of the Ar atoms on
the frequencies of the OH stretch vibrations of Mig.0)Arn,
n = 1-3, clusters was based on the results of the all-electron
calculations. For these species nearly the same vibrational
frequencies are obtained from the pseudopotential as from the
all-electron calculations. Thus we can confidently adopt the
pseudopotential procedure for discussing the trends in the
vibrational frequencies for the larger clusters.

The calculated OH stretch frequencies of the 4a isomer of
Mg™(H.0)Ar, with an Ar atom bound to each OH group and
two Ar atoms bound to the Mgion fall slightly to the blue to

Isomer la Isomer 1h
§ Ar 1
Ar
3400 3500 3600 3700 3800

-
cm

those calculated for 3a, whereas the calculated frequencies Ofgre 6. Comparison of calculated and measured vibrational spectra

4b and 4c are essentially identical to those of 3a. Isomers 4e,
4f, and 4q are all predicted to have similar OH stretch vibrations,
red shifted by about 17 cr with respect to those of 4a, whereas
4h, with an Ar dimer bound to each H atom, has the most red
shifted OH stretch vibrations of the various Mg,0)Ar,
isomers. However, the last four isomers of Mi,0)Ar, are
calculated to be about 400 cthless stable than 4a and are
unlikely to be very important under the conditions of the
experiments.

The only isomer characterized for M@dH,O)Ars, 5a, has three
Ar atoms bound in the vicinity of the Mgion, and one Ar
atom bound to each OH. 5a is calculated to have nearly the

of the Mg"(H20)Ar. The calculated spectrum of isomer la is shown
in blue, and that for 1b is shown in red.

with binding of Ar atoms on H atoms and the small blue shifts
resulting from the binding of Ar atoms near Nare readily
apparent.

(d) Comparison between Calculated and Measured Vi-
brational Spectra. i. Mg*(H2O)Ar. Figure 6 compares the
measured vibrational spectrum of Mgf,O)Ar to the calculated
spectra for the 1a and 1b isomers. The experimental spectrum
has strong vibrational transitions at 3579 and 3650%mwith
weaker transitions at 3531, 3624, and 3739 triWeak bands
in the 3706-3800 cn1! region are present in the vibrational

same OH stretch vibrational frequencies as 4a which also hasspectra of many N(H,0)Ar, complexes and are due to

one Ar atom bound to each H atom. The extra Ar atom bound
to Mg" in 5a has only a minor effect on the OH stretch

combination bands involving Ar vibratio#$ Thus we conclude
that the 3739 cmt feature in the spectrum of MgH,O)Ar is

frequencies. The calculated OH stretch frequencies are sum-a combination band involving OH stretch and either-4t or

marized in Figure 5, from which the large red shifts associated

Ar—MgT stretch. In this work, we are primarily interested in
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Figure 7. Comparison of calculated and measured vibrational spectra Figure 8. Comparison of the spectrum measured for #¢:0)Ar,
to that for Mg"(H,O)Ar, whose major bands arise from isomer 1b.

of the Mg"(H20)Ar.. The calculated spectrum of isomer 2a is shown
g (H0)Ar, o peciru I ! W The weak bands at 3581 and 3653 ématch almost perfectly with

in blue, and that for 2b is shown in red. : O 3 i .
the bands for the 1b isomer, providing evidence for a minor population
of an isomer with both argons bound to Mg

the assignments of the OH stretching fundamentals and will
not further consider weak structure due to combination bands.

The relative intensities of the observed strong and weak = .
transitions of Mg (H.O)Ar depends on the experimental condi- Mg (H,0)Ars
tions, as shown in Figure 1, indicating the presence of two
isomers. The spectrum shown in Figure 6 is the one measured
under our coldest conditions, which is assumed to favor the
most stable isomer. The calculated OH stretch frequencies of
isomer la (indicated by blue peaks) correspond closely to the
positions of the two weak peaks in the experimental spectrum, Isomer 3a

Isomer 3b

and the calculated OH stretch frequencies of isomer 1b "® 4
(indicated in red) to the two intense peaks. Although la is " @\:A
calculated to be 88 cm more stable than 1b at the MP2/aug- e N 2ie &
cc-pVTZ level of theory, expansion of the basis set (from aug- /Q/Q\»\

cc-pVTZ to aug-cc-pVQZ), inclusion of high-order correlation b P A ’ .

effects (at the CCSD(T) level), and correction for vibrational
zero-point energy (calculated at the MP2/aug-cc-pVQZ level) , . : . . v . . 3
act to stabilize 1b relative to 1a. As noted above, combination ol 300 Ll 4260 388
of all these corrections leads to the conclusion that 1b is about _ ) o
27 cnT! more stable than 1a. This conclusion is consistent with F19ure 9. Comparison of the experimental spectrum for the't#0)-
the experiment, as the two strongest peaks in the spectrum matcfg‘r3~ complex with the predictions of theory. The calculated spectrum
. . . . f isomer 3a is shown in blue, and that for 3b is shown in red.

well the predicted bands for 1b in both position and relative
intensity. Because there are no argons bound to an OH, such an isomer

ii. Mg*(H.0)Ar. The experimental and calculated spectra would be expected to have OH stretch frequencies close to those
of Mg*(H2O)Ar, are compared in Figure 7. The measured of 1b. As shown in Figure 8, the spectrum of the 1b isomer
spectrum has an intense peak at 3539%mn intense “doublet” matches almost exactly with the weak bands observed near 3581
at 3627 and 3633 cm, and weak features at 3581 and 3653 and 3653 cm. Therefore, it appears that we do have a small
cm1. The intense bands fall very close to the frequencies amount of this “two-argons-on-Mg isomer, and little or no
predicted for isomers 2b and 2c (although, only a single line is concentration of isomer 2a.
predicted in the vicinity of the intense doublet). The doublet iii. Mg*(H,O)Ars. Figure 9 compares the experimental and
observed near 3630 cth may indicate that both of these cis calculated spectra of Mg@H,O)Ars. The experimental spectrum
and trans isomers are contributing to the experimental spectrum.has intense peaks at 3531, 3547, 3592, and 3637.cithe

The weak band observed at 3581¢ris close to the position  frequencies of the two more intense peaks are close to those
predicted for the higher frequency vibration of the 2a isomer, calculated for isomer 3b, and the frequencies of the two less
but there is no peak in the experimental spectrum correspondingintense peaks correspond closely to those calculated for isomer
to the lower frequency OH stretch vibration of 2a, which is 3a. Although the MP2/aug-cc-pVTZ calculations predict isomer
calculated to occur at 3505 cth We also have an unassociated 3a to be about 232 crd more stable than 3b, upon inclusion
shoulder at 3653 cmi. This feature plus and the 3581 cin of vibrational ZPE, the energy difference is calculated to be
band could conceivably derive from an isomer with Ar atoms only 147 cnTl. On the basis of results for MgH,O)Ar and
bound to Mg on either side of the MgO axis. Although such Mg*(H,O)Ar,, it is anticipated that calculations using the more
a species was not found to be a minimum at the MP2 level, flexible aug-cc-pVQZ basis set and including high-order cor-
such a species could be a local minimum at the CCSD(T) level, relation effects would predict 3b to be slightly more stable than
particularly after inclusion of vibrational ZPE corrections. 3a, consistent with slightly more intense peaks associated with
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Figure 10. Comparison of the experimental spectrum for the™™Mg
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respectively.

Figure 11. Spectra for the Mg(H-O)Ar, complexes fom = 5—8.
3b than 3a in the observed spectrum. Isomers 3¢ and 3d areno Ar atoms bound to OH are observed for thes 1 and 2
calculated to be 281 and 465 chiess stable, respectively, than  clusters. These species have OH frequencies that are red shifted
3a at the MP2/aug-cc-pVTZ level with ZPE corrections, and it from those in the isolated water molecule due to the effect of
is unlikely that either of these has appreciable population underthe metal ion withdrawing bonding electron density from the

the experimental conditions. water molecule. Isomers that have one argon atom bound to
iv. Mg*(H20)Ar,. Figure 10 compares the calculated and OH are observed for each of tine= 1—4 clusters. These are
experimental vibrational spectra of M(H,O)Ars. The experi- of minor importance for the = 1 and 4 clusters and of major

mental spectrum displays intense peaks near 3538 and 359Gmportance in then = 2 and 3 clusters. The red shifts of the
cm 1, together with weak features near 3550 and 3637'cm  OH stretch vibrations of these isomers are greater than for those
The frequencies associated with the two observed intense peakssomers with no Ar atoms bound to OH. The third type of isomer
are close to those calculated for the OH stretch vibrations of has Ar atoms bound to each OH group. These isomers
isomers 4a and 4b, with the calculated frequencies being 3526experience significant additional red shifts compared to those
and 3596 cm! for 4a and 3514 and 3589 crhfor 4b. The species with only one Ar atom on OH. This type of isomer is
frequency differences between 4a and 4b are great enough thahpparently present only as a minority species for rihe 2
if both were highly populated, the experimental spectra should cluster. However, for the = 3 cluster this type of isomer (3a)
display two pairs of intense doublets. Because doublets are notwith Ar atoms bound to each OH group has roughly the same
observed, we conclude that only one of these isomers is presenpopulation as the isomer with only one Ar on OH (3b), and in
in high population in the experiment. The MP2/pseudopotential then > 4 clusters, isomers with Ar atoms bound to both OH
calculations with the inclusion of ZPE corrections predict 4ato groups dominate. The binding of additional argon atoms on the
be 26 cnt! more stable than 4b. However, the relative stability metal ion has a relatively minor effect on the OH frequencies,
of the two isomers could be reversed upon adoption of a more regardless of the exact position.
flexible basis set and inclusion of high-order correlation effects. It is encouraging that the electronic structure calculations
Support for this possibility is provided by the experimental identify the major isomers detected in the experiments and
spectrum because each intense line is accompanied by a weakuccessfully account for the dominant peaks in the measured
shoulder to the blue. Thus we favor the interpretation that the vibrational spectra. However, as the more extensive calculations
two intense lines are due to 4b, with the weak shoulders to the on the smaller clusters illustrate, it is a significant challenge to
blue being due to 4a. The OH stretch frequencies calculatedestablish the correct energy orderings of the isomers. Not only
for isomer 4c are very close to those of isomer 4b, and it is are very large basis sets and inclusion of high-order correlation
possible that this isomer is also present experimentally. The effects (e.g., at the CCSD(T) level) required, but also vibrational
calculated OH stretch frequencies of 4d match well with the ZPE corrections are important. Given the weak binding of the
weak bands observed at 3550 and 3637 tnThe higher  Aratoms to the Mg(H.O) core, the ZPE energies should clearly
frequency OH stretch bands of 4e, 4f, and 4g isomers arepe calculated by allowing for vibrational anharmonicity, a
calculated to fall between 3579 and 3581 ¢mclose to the daunting task when ab initio energies are used.
shoulder of weak intensity near 3580 cinHowever, the lower (e) Larger Clusters. Figure 11 shows the IR spectra
frequency OH stretch band of each of these isomers is predictedmeasured for the larger MgH20)Ar, clusters § = 5—8). All
to fall at 3509 cm* and there is no evidence of a low energy of these spectra consist of only two vibrational bands (although
shoulder on the observed intense line at 3538crfihe fact the higher frequency band is split into a doublet in the: 7
that the 3550 and 3637 bands fall very close to the positions of cluster) which shift to the blue with increasing number of Ar
the bands seen for the 3b isomer of M20)Ars, supports  atoms. Atn = 5, the two bands occur at 3543 and 3604 &m
the interpretation that 4d is present at low population. slightly to the blue of the positions of the corresponding bands
Theory and experiment agree that there are basically threein the spectra of th@ = 4 complex at 3538 and 3596 ct
isomer types for tha < 4 Mg*(H20)Ar, clusters. Isomers with  The only isomer of Mg(H.O)Ars investigated theoretically, 5a,
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has vibrational bands predicted at 3525 and 3598cwery for examining Ar-atom binding to metal ierwater systems and
close to the observed bands. 5a has three Ar atoms bound tdo other cation-cluster complexes.
the metal ion and one bound to each OH site of the water
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