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Infrared Spectra of the OH™ and H,O* Cations Solvated in Solid Argon
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Infrared spectra of various OtHand HO* isotopomers solvated in solid argon are presented. The &id

H,O" cations were produced by co-deposition ofd#Ar mixture with high-frequency discharged Ar at 4 K.
Detailed isotopic substitution studies confirm the assignments of absorptions at 3054.9 and 304Qd cm
the antisymmetric and symmetric-HD—H stretching vibrations of FO" and 2979.6 cm! to the O-H
stretching vibration of OH. The frequencies of ¥0" solvated in solid argon are red-shifted, whereas the
frequency of OH is blue-shifted with respect to the gas-phase fundamentals. On the basis of previous gas-
phase studies and quantum chemical calculations, theaddld HO™ cations solvated in solid argon may be
regarded as the OH-Ars and HO*—Ar, complexes isolated in the argon matrix.

Introduction in solid neon appear approximately 1% below the gas-phase

. . ) values. No argon matrix isolation studies opQ# and OH"
The hydroxyl and water cations are important transient ,ove peen reported. In this paper, we report an infrared

intermediates in many chemical processes, such as the ChemiSt%bsorption spectroscopic study of theQ4 and OH" cations
of earth’s atmosphere, interstellar space, and hydrogen- and

- solvated in solid argon.
oxygen-containing plasmas. The ground states as well as some
excited states of the OHand HO' cations have been , i
extensively studied in the gas phase by various spectroscopicEXPerimental and Computational Methods
method$™16 and by quantum chemical calculatiotis2® Re-
cently, the infrared spectra of the OHand HO"—rare gas
atom open-shell ionic complexes have been obtained by
photofragmentation spectroscopy in a tandem mass spec
trometer?6-29 Rotationally resolved infrared spectra revealed
that the OH—He and OH—Ne complexes possess linear
proton-bound equilibrium structuréjn agreement with quan-
tum chemical simulation®32 Infrared spectra of bOT—Ne?”

and HO"—Ar, (n = 1-14%82%in the vicinity of the O-H
stretching vibrations of the water cation indicated that the
H,O"—Ar and HO™—Ne complexes have a planar proton-
bound equilibrium geometry; the most stableQ4—Ar;
geometry has two equivalent intermolecular H-bonds. The
H,O"—Ar, core could further be solvated by two argon atoms
attached to the opposite sites of the 2p orbital of oxyges (

The HO" and OH" cations in solid argon were prepared by
high-frequency discharge. The experimental setup for high-
frequency discharge and matrix isolation FTIR spectroscopic
‘investigation has been described in detail previoés¥Briefly,
two gas streams containing pure argon ap@#Ar mixture were
co-deposited with an approximately equal amount onto a Csl
window cooled normallyd 4 K by means of a closed-cycle
helium refrigerator. The pure argon gas stream was subjected
to discharge with a high-frequency generator (Tesla coil). The
tip of the Tesla coil was connected to a copper cap on one end
of a quartz tube extending into the vacuum chamber. The other
end of the quartz tube was connected to a copper tube with
ground potential. Discharge takes place between the cap and
the copper tube. The matrix gas deposition rate was typically

3, 4) and subsequently by less strongly bound Ar atoms to form of 2_.4 m][nol pe}r1 hour. In_general, matrix samples were
an Ar solvation shell. The ©H stretching frequencies of OH deposited for j‘rz_ ) . .

and HO* are red-shifted when they are complexed by noble ~ The HO/Ar mixtures were prepared in a stainless steel
gas atomé8 Ab initio and density functional calculations on  Vacuum line using standard manometric technique. Distilled

H,0*—Ar, (n = 0—4) predicted that the most stable structures Water and isotopic ED and Hilgo (Cambridge Isotopic
of HyO"—Ary (n = 1—4) haveCs symmetry (i = 1, 3) andCa, Laboratories) and selected mixtures were used in different

symmetry i = 2, 4)33 experiments. b was cooled to 77 K using liquid Nand was
The OH" and HO" cations embedded in solid rare gas evacuated to remove volatile impurities,@and H*0 were
matrixes can be regarded as ©HNg, and HO™—Ng, with n used without further purification. Isotopic exchange with water
= o (Ng denotes rare gas atoms). The band shifts of matrix- adsorbed on the walls of the vacuum line occurred readily. In
isolated OH and HO™ with respect to the gas-phase values (he experiments with the b sample, HDO and 40 absorp-
provide useful information in determining how many rare gas 10Ns were also presen.ted. .
atoms are necessary to close the first solvation shell and to make The infrared absorption spectra of the resulting sample were
the band shift converged. The;®" cation has been isolated recorded on a Bruker Equinox 55 spectrometer at a resolution
in solid neor® The two stretching frequencies of@* isolated ~ of 0.5 cnT! between 4000 and 400 crhusing a DTGS detector.
After the infrared spectrum of the initial deposit had been
* Author to whom correspondence should be addressed. E-mail: mizhou@ "€COrded, the sample was subjected to broad-band irradiation
fudan.edu.cn. using a high-pressure mercury arc lamp with glass filters, and
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. . . . Figure 2. Infrared spectra in the 3162920 and 23062180 cnt?
Figure 1. Infrared spectra in the 325@®800 cn* region from co- regions from co-deposition of 4/Ar with discharged Ar at 4 K. (a)

deposition of HO/Ar with discharged Ar at 4 K. (a) 0.2%20, 1 h of 0.15% H0/0.015% CCYA, (b) 0.1% H160/0.2% H80/0.02% CCY/

sample deposition, (b) 0.2%.8 + 0.02% CCJ, 1 h of sample Ar. and (c) 0.1% HO/0.2% HDO/0.2% BO/0.02% CCUAT.
deposition, (c) 20 min irradiatiom(> 400 nm) of sample b, (d) 20 ' © 6 HO ’ 0RO ocd

min irradiation ¢ > 290 nm) of sample ¢, and (e) 25 K annealing of TABLE 1: Infrared Absorptions (cm %) of Different OH *

sample d. and H,O" Isotopomers in Solid Argon
selected samples were annealed to different temperatures and " v3 —
more spectra were taken. 28‘3‘3'8 ggf‘é'g gz&
Quantum chemical calculations were performed on thé ©H 3046 1 2997 4 HESO™
Ar, and HO"—Ar, complexes using the Gaussian 03 progfam. 2209.4 2243.1 sEeks
The Becke’s three-parameter hybrid functional with thetee 2979.6 160H*
Yang—Parr correlation corrections (B3LYP) as well as the 2967.2 18OH*
2249.1 160D*

second-order MollerPlesset perturbation theory (MP2) were
used®®3° The 6-3H-+G(d, p) basis set was used for MP2 . ¢ broad-band irradiati ith a 400 |
calculations, while the 6-31+G(3df, 3pd) basis set was used Minutes of broad-band irradiation with a 400-nm-long wave-

; ; .. ~4. length pass filter (400< 4 < 580 nm) destroyed the 3054.9
for B3LYP calculations!® The geometries were fully optimized;
the harmonic vibrational frequencies were calculated with and 3040.0 cm" bands and halved the 2979.6 chband (trace

. ot c). The 2979.6 cm* band disappeared on another 20 min of
analytic second derivatives. broad-band irradiation with a 290-nm-long wavelength pass filter
(290 < 2 < 580 nm) (trace d). These absorptions cannot be
recovered on sample annealing to 25 K (trace e) after broad-

Infrared Spectra. A series of experiments have been done band irradiations.
using various HO concentrations (ranging from 0.05% to 0.5% Similar experiments were also done using isotopic labeled
in argon) and various discharge powers. In addition to the strong H,'0, DO, and H%0 + H,'80, H,0 + HDO + D,0 mixtures
H,O and (HO), absorptions, condensation of®YAr with high- for product identification on the basis of isotopic shifts and
frequency-discharged Art@ K produced new absorptions at  splittings. The infrared spectra in the 3168920 and 2306
3547.9, 3451.6, 3054.9, 3040.0, and 2979.6 trithe 3547.9 2180 cm! regions from co-deposition of various isotopic
cm! band was previously assigned to the OH radf¢alhe samples with discharged At 4 K are illustrated in Figure 2.
3451.6 cm?! band is due to the #©—OH complex!2 The The band positions of the new product absorptions with different
3054.9, 3040.0, and 2979.6 cibands have never been isotopic samples are listed in Table 1.
reported in previous discharge experiments. The intensities of H,O". The new absorptions at 3054.9, 3040.0, and 2979.6
the product absorptions depended strongly on the power levelscm™! are photosensitive, which suggests that these absorptions
of discharge. The OH and—OH absorptions were strong are due to charged species. The charged species identification
at high power of discharge, whereas the 3054.9, 3040.0, andcan be verified by CGldoping. The role of CGlas an electron
2979.6 cnt! absorptions were favored with relatively lower trap in laser-ablation experiments and in discharge experiments
power of discharge. Weak HOO absorptions at 3412.1, 1388.3,has been discusséti*> The CClL molecule has high electron
and 1100.7 cm!“3® were also observed at high power of capture cross section. During sample condensation, the added
discharge. The spectra in the 324ZB00 cnt? frequency region CCly; molecules capture most of the electrons produced by
are shown in Figure 1. Trace a shows the spectrum taken afterdischarge, thus reducing the yield of other anions and facilitating
1 h of co-deposition of 0.2% #D in argon with discharged Ar  the survival of more cations. As demonstrated in Figure 1, the
at 4 K. Traces be show the spectra from another experiment intensities of the 3054.9, 3040.0, and 2979.6 tmbsorptions
with the same experimental conditions as trace a but with 0.02%increased relative to the neutral OH angdHOH absorptions,
CCl, doped in the reagent gas. The OH angDHOH neutral which indicates that the new product absorptions are due to
absorptions are about the same with and without,@@ping, positively charged species.
but the intensities of the 3054.9, 3040.0, and 2979.6cm The 3054.9 and 3040.0 cthbands can be grouped together
absorptions in the Cgldoping experiment (trace b) are about because of their consistent behavior upon irradiation and
twice as strong as those without G@bping (trace a). Twenty  annealing, indicating that they are due to different vibrational

Results and Discussion
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modes of the same species. These two bands shifted to 3042.5

and 3033.7 cmt with H»'80/Ar and to 2243.1 and 2209.4 cfn
with the D,O/Ar sample, which gave the isotopi/1€0 ratios

of 1.0041 and 1.0021 and the H/D ratios of 1.3619 and 1.3759,
respectively. These ratios are characteristic of HOH stretching

vibrations. The 3054.9 cm band exhibits a slightly largéfO/
180 ratio and a smaller H/D ratio than the 3040.0¢érband.

The 3054.9 cm! band is appropriate for an antisymmetric, while

the 3040.0 cm! band is appropriate for a symmetric HOH
stretching mode. The spectrum with a mixegtd®d + H,%0

sample (Figure 2, trace b) clearly shows that only one O atom
is involved in the vibrational modes. In the spectrum with a

mixed HO + HDO + D,O sample (Figure 2, trace d), two
intermediate absorptions at 3046.1 and 2227.4 cwere

observed, which indicates that two equivalent H atoms are
involved. The above-mentioned experimental observations

pointed to the assignment of the 3054.9 and 3040.0'drands
to the antisymmetricis) and symmetric ;) HOH stretching
vibrations of the HO™ cation. The 3046.1 and 2227.4 cin
absorptions in the mixed experiments are due to thedHand
D—O stretching modes of the HDQzation. The bending mode

of H,O" is expected to be much weaker than the two stretching

modes and was not observed in the present experiments.
The spectra and electronic structures @O have been the

subject of considerable experimental and theoretical studies. The
band centers of the antisymmetric and symmetric HOH stretch-

ing vibrations of the ground-state;@" cation were determined
to be 3259.0 and 3212.6 crhin the gas phas®. These two
modes were observed at 3219.5 and 3182.7%dmsolid neon
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Figure 3. Optimized structures (bond lengths in A, bond angles in
degrees) of the ¥D™—Ar, (n = 0—4) complexes at the B3LYP/

6-311++G(3df,3pd) and MP2/6-3t+g(d, p) (in parentheses) levels

of theory.

matrix 34 which deviate by 1.2% and 0.9% from the gas-phase TABLE 2: Calculated Stretching Vibrational Frequencies
(cm™1) and Intensities (km/mol) of the HLO™—Ar, (n = 0—4)
Complexes at the B3LYP/6-31%+G(3df, 3pd) and MP2/
6-31++G(d,p) Levels of Theory

band centers. These modes of thgDH cation in solid argon
were observed at 3054.9 and 3040.0 énwhich were red-
shifted by 204.1 cm! (6.3%) and 172.6 cni (5.4%) from the

gas-phase band centers, respectively. These deviations are much B3LYP MP2
larger than the matrix shifts observed for the ground-state N V1 V3 V1 V3
fundamentals of most transient species isolated in solid &jon. 0 3330.2 (116) 3372.6 (453) 3442.7 (143)  3533.1 (489)

Such large matrix shifts suggest that strong interactions betweenl 2672.8 (905)  3414.6(348) 3135.5(1216) 3522.5 (376)
H,O" and rare gas atoms should be considered. 2 2875.0(2165) 2920.5(320) 3228.1(447) 3245.0(1909)
L . . . 3 3220.9(1096) 3270.3(1451) 3270.9 (458) 3307.0 (1707)
Complexes of HO™ with Ar have been identified in the 4 3284.0(471)" 3356.8(1253) 3299.2 (400)  3343.4 (1590)

previous mass spectrometric studié4® More recently, the
infrared photodissociation spectra of® —Ar, complexes with
n=1-14in the gas phase have been recorfethe HO*— as many as four argon atoms. The optimized structures of
Ar and HO"—Ar, complexes were determined to be proton- H,0+—Ar, (n = 0—4) are shown in Figure 3, and the HOH
bound. They; andvs modes were observed at 2630 and 3284 stretching vibrational frequencies are listed in Table 2. MP2
cmt for H,O*—Ar and at 2821 and 2875 crh for H,Ot— calculations predicted that the antisymmetric and symmetric
Ar,. The HO"—Arz and HO"—Ar, geometries were interpreted  HOH stretching modes of #0*—Ar, red-shifted by 189.7 and

as one or two argon atoms attached to opposite sites of the 0143.5 cnt! with respect to those of #*, in reasonable

2p orbital of theCp, symmetric HO*—Ar, that is, structures  agreement with the experimental shifts. However, the B3LYP
with Cs and Cz, symmetry for HO™—Arsz and HO"—Ar,, calculations gave much smaller shifts (15.8 and 46.2%m
respectively. Ar complexation at the oxygen atom causes partial  OH™*. The 2979.6 cm! band is also due to a cation species
charge transfer from Ar to the 2p orbital of oxygen and results on the basis of its photosensitive behavior and intensity
in blue-shifting of thevs frequency with respect to 4% —Ar». enhancement upon CCtloping. This band shifted to 2967.2
Large incrementals shifts were observed for small complexes cm! with H,180/Ar, and to 2249.1 cmt with D,O/Ar. The

with n up to 4, and subsequent changes are much smaller. The'®0/180 isotopic ratio of 1.0042 is about the same as that of the
v3 frequencies fon = 4—14 are all within 3006-3050 cnt?, HOH stretching mode of the J@* cation, whereas the H/D
which are only slightly lower than that observed in solid argon ratio of 1.3248 is significantly smaller than that of theQ+
matrix (3054.9 cm?). As the authors pointed out, the initial  cation. This implies that there is less hydrogen involvement in
four Ar atoms are more strongly bound than the subsequent Arthe 2979.6 cm! mode than that in the HOH stretching mode
atoms (| = 5—14). We suggest that the,@" cation observed of H,O" cation. The band position and isotopic frequency ratios
in solid argon may be described as aCH—Ar, complex are suggestive of an-€H stretching vibration. In the mixed
isolated in the argon matrix. The, mode of HO"—Ar, was H,1%0 + H,'80 (Figure 2, trace b) and 4@ + HDO + DO
observed at 3008 cm in the gas phase, which is only 46.9 (Figure 2, trace c) spectra, only the pure isotopic counterparts
cm! lower than the argon matrix value. This difference is were observed and clearly indicated that only one O atom and
compatible with typical Ar matrix shift4¢ Consistent with this one H atom are involved in this mode. Accordingly, we assign

notion, our calculations showed that®i™ could only bound
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Figure 4. Optimized structures (bond lengths in A, bond angles in
degrees) of the OH-Ar, (n = 0-5) complexes at the B3LYP/
6-311++G(3df,3pd) and MP2/6-3t+G(d, p) (in parentheses) levels
of theory.

the 2979.6 cm! band to the G-H stretching mode of the OH
cation in solid argon.

The OH' cation has been well studied in the gas phage.
This cation has &~ ground state with an equilibrium bond
distance of 1.0279 A. The band center of the i stretching
fundamental was determined to be 2956.3 &nSimilar to the
H,O" cation, the OH cation can form a complex with rare

Zhou et al.

TABLE 3: Calculated OH Stretching Vibrational
Frequencies (cnt?t) of the OH*—Ar, (n = 0—5) Complexes
at the B3LYP/6-311++G(3df,3pd) and MP2/6-3H+G(d, p)
Levels of Theory

frequency

n B3LYP MP2

0 3041.7 3238.0
1 1912.8 2507.0
2 2776.0 2743.6
3 3054.4 2864.3
4 3138.8 2926.9
5 3169.4 2946.6

binding to the oxygen atom decreases theHDbond length
and results in blue-shifting of the-€H stretching frequency.
According to the MP2 calculations, the global minimum of
OH"™—Ar, has a linear or near-linear proton-bound structure for
n = 1-5 (Figure 4). As shown in Table 3, the argon
complexation induced a red-shift of the—® stretching
frequency. The red-shift decreases as the number of argon atoms
increases. In contrast to the MP2 calculations, B3LYP calcula-
tions predicted that the ©©H stretching frequency of OH-

Ar, first red-shifted but blue-shifted onece> 3. As has been
pointed out previously$4?°DFT and MP2 calculations are
expected to provide poor vibrational frequency predictions on
the weakly bound rare gas complexes. Apparently, higher level
calculations will have to be performed to fit the experimental
value.

Conclusions

The OH" and HO™ cations have been produced by co-
deposition of HO/Ar mixture with high-frequency-discharged
Ar at 4 K. Infrared absorption spectra of various ©&hd HO*
isotopomers solvated in solid argon were recorded. On the basis
of isotopic substitution studies, absorptions at 3054.9 and 3040.0
cm ! are assigned to the antisymmetric and symmetricOHH
stretching vibrations of KD™, and absorption at 2979.6 ¢t
is assigned to the ©H stretching vibration of OH. The
frequencies of KO solvated in solid argon are red-shifted,
whereas the frequency of OHs blue-shifted with respect to

gas atoms. Recent investigations have shown that the openthe gas-phase fundamentals. Both the™Gihd HO™ cations

shell OH' cation forms linear proton-bound complexes with
He and Ne. The ©H stretching vibrational origins of the
complexes red-shifted by 66.3 and 169.9¢mith respect to
the free OH cation2® Quantum simulations indicated that the
O—H stretching frequencies of the OHNeg, complexes are
red-shifted with respect to OH The red-shift approaches a
value of about 110 cmi for largen, and hence, the frequency

can form complexes with argon atoms, and the cations solvated
in solid argon may be regarded as the OtArs and HO™—

Ar, complexes isolated in the argon matrix on the basis of
previous gas-phase studies as well as of quantum chemical
calculations.
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