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Mid-infrared photodissociation spectra of®t —Ar, (n = 1—14) complexes have been recorded in the vicinity

of the O—H stretch vibrations of the water cation. The rovibrational structure of the transitions in the dimer
spectrum it = 1) are consistent with a planar, proton (H)-bounet®—H—Ar equilibrium geometry. The
slightly translinear intermolecular bond in the ground vibrational state is characterized by a bongg#rgle
175(5), an interatomic H-Ar separatiorR, = 1.929(15) A, and an intermolecular stretching force constant

ks ~ 29 N/m. The assignment of the vibrational transitions is confirmed by spectra of partly deuterated species.
The relaxation dynamics depend strongly on the excited vibrational state and do not obey statistical theories.
Analysis of the spin-rotation constants indicates that the electromagnetic properties gbthedtion in its

2B, ground electronic state are not significantly affected by the formation of the intermolecular bond to Ar.
The vibrational bands in the spectra of larger clusters —14) are assigned to-€H stretch fundamentals

and their combination bands with the intermolecularAt stretch modes. The observed systematic band
shifts as a function of cluster size provide information about the cluster’'s geometries and the occurrence of
structural isomers. The most stable trimer< 2) geometry has two equivalent intermolecular H-bonds. This
stable trimer core is further solvated by two Ar ligands attached to opposite sites of,tbebRal of oxygen

(n = 3,4) and subsequently by less strongly bound Ar ligamds- (5—14) to form an Ar solvation shell,
probably around an interior 40" ion.

I. Introduction have been observed for the dimeans<{ 1), the analysis of which
provided information about details of the intermolecular po-
tential (e.g., structure, binding energy, intermolecular stretching
and bending force constants, nonrigidity, barriers for internal
motions). For larger complexes & 2), usually only spectra at
the level of vibrational resolution have been obtained. Nonethe-
less, the observed systematic shifts in vibrational frequencies
as a function of cluster size, as well as the analysis of
photofragmentation branching ratios, provided useful informa-
tion about the cluster growth (e.g., structures, binding energies,
for a vast number of A—L, combinations and provided some closure of solvation shells, occurrence and stability of different

insight into the cluster growth process (i.e., the closure of SOMers).

solvation shells via the observation of magic numbérs). The HO"—Ar, series differs in several aspects from the
However, these studies are not sensitive to the details of thePreviously studied AH—Ar, systems. (1) HO" is a bent
potential energy surface (PES). During the past28 years, dihydride cation, that is, 0t —Ar, represents a prototype for
the combination of high-resolution spectroscopy and quantum AH,"—Ar, systems having the possibility of forming two proton
chemical calculations has provided a more sensitive probe of bonds!? The analysis of the spectra reveals that this property

lon—ligand interactions are of fundamental importance for
many processes in physics, chemistry, and biofefjylo
understand these phenomena from the microscopic point of
view, detailed knowledge of the interaction potential between
the ion (AF) and the surrounding ligands (L) is required. lonic
complexes (A—L,) isolated in the gas phase are attractive
model systems to investigate ioligand potentials both ex-
perimentally and theoretically. Mass spectrometric studies have
resulted in the determination of iefigand binding energies

the detailed shape of PESs in ionic complekds. significantly influences the cluster growth, which largely differs
The present work reports IR spectra of mass selecs@ H from that of AH"—Ar, with k = 2. For example, AH—Ar,
Ar, (n = 1-14) complexes to investigate the,®f —Ar systems with linear closed-shell triatomic cores (AH OCHT,

interaction and the stepwise microsolvation process of the waterN2H*, SIOH") have icosahedral-like structures with first sol-
cation in argon. The experimental approach is complementedvation shell closure at = 1213713 In contrast, mass spectra of
by ab initio calculations for the smaller species< 0—4), the H.O*—Ar, feature magic numbers at= 3, 5, 7, 9, and 15
results of which are discussed in detail in the preceding paper (but not atn = 12), indicating that the cluster structures must
(henceforth referred to as articlep) Similar theoretical and  deviate significantly from icosahedral-like geometrié€2) As
experimental studies have previously been reported for relateda consequence of the large spin-rotation interactionai*Hn
AHT—Ar, complexes, including A= CO (n=1-13)2 N, (n its 2B; electronic ground staf&the HLO™—Ar dimer is the first

= 1-13)* SiO (h = 1-10)° CH, (n = 1-8),'%and NH; (n ionic complex for which the spin-rotation splitting is resolved.
= 1-7)17"20 |n all these cases, rotationally resolved spectra In addition to the rotational constants, the change in the-spin
rotation constants upon Ar complexation provides valuable
* Corresponding author. E-mail: otto.dopfer@unibas.ch. information about the dimer geometry and the influence of Ar
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complexation on the electromagnetic properties of the electronic . ArH*

ground state of KD™. So far, the only ionic open-shell 6 A

complexes, for which fine structure caused by electron spin have I

been resolved in IR spectra, are the linear proton (H)-bound 4

OH*"—He/Ne? and HNH—He/Ar dimers?+2>which all has’s~ _ A

electronic ground states. (3) Most of the AHAr dimers (e.g., ‘é 2 HO H:0

A = CO, N, SiO, NH, OCO, HCI) possess strongly directional = | T

(near) linear H-bond&-15242627The O™ cation has a partially £ ¢ a0 U C—
filled 2py orbital at oxygen, which can act as electron acceptor ; 40 Ary* 50
and stabilize via partial charge transfer from Ar toQH4 a 5

p-bound HO*—Ar structure (in which the Ar is attached in a : 0.8 H;0*-(H20)2

T-shaped fashion to the gporbital). Although ab initio 2

calculations predict the H-bound minimum of® —Ar to be 04l .
lower in energy than the p-bound minimu#it was hoped to Hs0™-(H0)3 2
observe the p-bound structure in the present experiment. In

addition, the existence of two different competing minima on O " e b

the dimer PES was expected to have strong influence on the 50 60 mass [u] 70 80

cluster growth.

The water ion. which serv he IR chromophore in Figure 1. Mass spectrum of the cluster i'on source in the range 15
e water cation, ch serves as the chromophore 85 u for the expansion of the ;A@/Ar mixture. The AF peak is

the HO™—Ar, c?omplexes_, IS an important 'Or_] _'n the ien saturated. The spectrum is dominated by the cluster ion serigs Ar
molecule reaction chemistry of water-containing plasmas, y+—ar, H,0*—Ar,, HsO*—Ar, and HO*—(H.O). The dimerization
planetary atmospheres, and interstellar mé#fd.The 2B, efficiency, h,ot—alno*, is of the order of 10%. Asterisks indicate the
ground electronic state of " has been characterized in the occurrence of unprotonated {8)»"—Ar, clusters.

gas phase by photoelectron spectrosédy and high-resolu-
tion rotational*-36 rovibrational3’—3° and rovibronic spectros-
copy?24041Neon matrix isolation studies yielded the missing
fundamental frequencies of all H/D isotopomé&t$n addition,

ab initio calculations at various levels of theory have been . .
applied to HO*43-5 and the recent study by Brommer ef@. Ar/H,0 mixture. Small currents of unprotonate.ob(b)n.q Arn
clusters are also observed (marked by asterisks in Figure 1),

reproduces the experimental data to high accuracy. The proper- resumably through ionization of larger neutralb@—Ar

ties of O™ and its isotopomers relevant to the present study P y 9 get Zem Ak

are summarized in Tables 1 and 2 of articlé I. cor:r_lplexessll(sz n) and subsequent cooling by evaporation of
Complexes of HO™ with Ar2-51.52and various closed-shell ArP|gat1ndfs.th | ted in the | : tracted

molecular ligand®2°have been identified in mass spectrometric art of the plasma created in the on source 1s extracte

experiments. Some of them correspond to collisionally stabilized through a skimmer (@ 1 mm) into a first quadrupole mass

intermediates of chemical reactions. However, no spectral data,sb\?ecfltﬁ;n?rﬁzrsé(gsl\eﬂl(sel’tev:/jhIcgréittlégz%t?st?r?errln?oS(?uggyi_nto an
seem to exist on OT—L complexes, except low-resolution m P

photoelectron spectfd5 Hence, the spectrum of JB+—Ar _octopole ion guide, where it overlaps vv_ith the counter propagat-
presented in the present work provides the first high-resolution ing IR laser pulse. Resonant absorption Gf—Ary in the

L : - mid-IR spectral range leads to the excitation of rovibrational
spectroscopic mformatlor_] ab_out structure. and stab|llty of levels atr)Jove the Igwest dissociation limit and subsequent
H,O"—L dimers. The article is organized in the following

. o ; fragmentation into KO™—Ar, and @—m) Ar atoms. The
way: after describing the experimental procedure, the results b :
are separately discussed fos®f —Ar, with n = 1, 2, and 3-14 H,O"—Arp, fragment ions are selected by a second QMS located

in strong conjunction with the ab initio calculations presented after the OCtO.pO|e and directed ont_o a D_aly lon detector coupled
in article 112 to a boxcar integrator. A photodissociation spectrum of the

parent cluster ion is obtained by monitoring the fragment ion
current as a function of the IR laser frequency. To separate the
contribution of fragment ions caused by laser-induced dissocia-
Mid-IR photodissociation spectra of,B"—Ar, are recorded  tion from the background signal, which mainly originates from
in a tandem mass spectrometer apparatus described elsé#here. metastable decomposition of hot parent clusters and collision-
The complexes are produced in a cluster ion source thatinduced dissociation in the octopole region, the ion source is
combines a supersonic expansion with electron impact ioniza- triggered at twice the laser frequency, and the signal acquired
tion. Argon is bubbled at a stagnation pressure ofL5 bar with the laser off is subtracted from that with the laser on. This
and room temperature through a reservoir filled with distilled procedure is less important for cluster sizes with 4, because
water, and the resulting vapor is expanded through a pulsedthese evaporate more than one Ar ligand upon mid-IR excitation.
nozzle (@ 1 mm). A 1:1 mixture of ¥0 and BO is used for Metastable decay and collision-induced dissociation processes
the production of HDO—Ar,. Close to the nozzle orifice the lead almost exclusively to the productionrof= n — 1 fragment
expansion is crossed by two electron beams (kinetic energyions, that is, they interfere with the laser-induced dissociation
~100 eV) emitted from heated tungsten filaments. Electron signals only for small cluster sizes & 3). All photofragmen-
impact ionization of the gas mixture is followed by ien tation spectra are normalized for variations in the IR intensity
molecule and clustering reactions to form a variety of (cluster) measured with an InSb detector.
ions. A typical mass spectrum of the ion source (Figure 1) is  Pulsed and tunable IR radiation with a bandwidth of 0.02
composed mainly of the series Ar Ht—Ar,, H,Ot—Ar, cm~1is produced by a seeded Nd:YAG pumped single-mode
H3O"—Ar,, and HO"—(H,0),. The dimerization efficiency, optical parametric oscillator (OPO) laser system operating at
In,0t—arllio, is about 10%. Several other gas mixtures 20 Hz (tuning range 25006800 cntl). The laser frequency

containing H, Oy, He, and Ar in a broad range of mixing ratios
and backing pressures are tried as well; however, #@™H
Ary, currents achieved are in all cases lower than those of the

Il. Experimental Section
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Figure 2. Mid-IR photofragmentation spectra of,&"—Ar (a) and
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Figure 3. TheK, = 1—0 subband of the; transition of HOH —Ar
along with assignments and a simulation based on the molecular
constants in Table 1, a bimodal Boltzmann distribution Witk 6.8
and 18.3 K with equal weight, and a convolution width of 0.06 &m
The forbiddenRy(0) F>—F1 and allowedQo(1) F lines are indicated
by an asterisk and a filled circle, respectively. The spin-rotation splitting
(F1/F2) decreases with increasiigjin both P and R branches.

3302

3300

proton motion along the proton-transfer coordinate. The calcu-

HDO*—Ar (b) with assignments. As the spectra are composed of several lated equilibrium structure of the H-bound HOHAr dimer is
shorter scans recorded separately, only the relative intensities of closely\/ery close to a prolate symmetric tope(= —0.99989) with

spaced transitions are reliable. The weak signal in the blue wimg of

is attributed to sequence bands, + v, ~— vy Wwhere v, are
intermolecular modes. The P branch heads marked by asterisks ar
assigned ta; + vs < vs. In the HDO —Ar spectrum, transitions of
both possible isotopomers, HOBAr and DOH"—Ar, are identified.

is calibrated by optoacoustic reference spéewNHs, HDO,
and GH; recorded with either the signal or idler outputs of the
OPO, and interpolation is facilitated by transmissidalan
fringes of the OPO oscillator. The calibrated rotational line
positions of the HO*—Ar (HDO™—Ar) dimer are corrected for
the Doppler shift induced by the kinetic energy of the ions in
the octopole Exn = 5.5+ 1 eV. The absolute accuracy of
rotational line positions is limited tat0.02 cnt! by a
combination of the laser bandwidth (0.02 tih and the
uncertainty in the kinetic energy of the ions. The Doppler width,
estimated as<0.005 cnt! for the dimer, provides only a minor
contribution to the instrumental line width. For rotationally

e

the a-axis almost parallel to the intermolecular bdddConse-
guently, the transition dipole moment of thgfundamental lies
nearly parallel to the-axis giving rise to a hybrid band with

an intense parallelXK, = 0) and a very weak perpendicular
(AK4y = £1) component. Assuming that the mode is a pure
O—H donor stretch, the intensity ratio between both components
is estimated as-200. Indeed, the band shape of thdransition

is characteristic of a pure parallel transition with overlapping
AK, = 0 subbands, leading to the coarse appearance of single
P, Q, and R branches. The observed sharp P branch head
indicates that the intermolecular separation decreases upon
excitation. Further analysis of thg band contour is presented

in section 111.A.3.

A weaker unresolved band centered at 2904.% cn ! is
interpreted as the; + vs combination band, giving rise to an
intermolecular stretching frequency in thestate,vs = 232.3
+ 1 cntL. Similar to thev; fundamental, the transition dipole
moment of they; + v vibration lies nearly parallel to theaxis

resolved transitions at least three scans are recorded, and th%f the complex, leading to the appearance of a parallel band.

extracted rotational line positions are averaged over the indi-
vidual scans.

Ill. Results and Discussion

A. H,O"—Ar dimer (n = 1). 1. Vibrational analysisFigure
2a shows the mid-IR photodissociation spectrum gDH-Ar
recorded between 2630 and 3410 ¢énfour bands centered at
2672, 2767, 2905, and 3284 cinare assigned to they, 2v,,
v1 + v, andvs transitions of a H-bound HOH-Ar dimer based
on their frequencies, isotopic shifts, IR intensities, and rotational

Weak signals in the blue wing of thg band are attributed to
sequence transitions of the type + vy ~— vy, wherevy are
intermolecular vibrations. Such transitions were previously
observed in related H-bound ionic complexes’?6 The
strongest of them with a strong P branch head has a band origin
at 2705+ 2 cntt and is attributed tentatively to the + vs—
vstransition (indicated by an asterisk in Figure 2a). Combining
this value with thev; + vs position gives rise to a ground-state
intermolecular stretching frequencys = 200 cnt?, in close
agreement with the calculated valug, = 207 cnt1.12 Ap-

structure. The assignments are also supported by the results oproximating HO*—Ar as a diatom, the force constant for the

ab initio calculations described in article!d.The reader is
referred to Figures 1 and 3 of article | for the calculated structure
and normal coordinates of the H-bound dirk&H not stated
otherwise, the experimental data for the dimars< 1) are

compared to the ab initio results obtained at the MP2/aug-cc-

pVTZ# level.

The intense unresolved transition at 2672 ¢iis attributed
to thev; fundamental of HOF—Ar, which corresponds to the
bound G-H stretch. The large observed red shiftg = —541
cm1) from the monomer valuev{ = 3212.9 cmb is
somewhat larger than the predicted shiv( = —477 cnr1),12

intermolecular bond can be estimatedas 29 N/m. A further
broad and unresolved transition centered at 2#65 cnT! is
assigned to the first overtone of the vibration of the dimer
(v2 is the intramolecular HO—H bend). The small red shift
of A2v, = —4 cm! from the monomer value,13 = 2771.3
cm~1,38 compares favorably with the harmonic ab initio predic-
tion of —5 cm1.12

The intense transition centered at 3284 érns assigned to
thevs fundamental, which corresponds to the freel®stretch
vibration of HOHf—Ar. Consequently, its transition moment
has both large perpendicular and parallel components giving

as the calculations underestimate the large anharmonicity of therise to the observed hybrid band. Assuming that the transition
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dipole lies along the free ©H bond of the calculated dimer
geometnyi? the intensity ratio between perpendicular and parallel
components is estimated a®, in qualitative agreement with
the experimental observatior2). The observed complexation
induced blue shiftAvs = 25 cntl, is comparable with the
calculated valueAvz = 17 cnt 112 A blue shift of similar
magnitude £20 cnT1) has been observed recently for the free
Cl—H stretch fundamental of the related H-bound HEHAr
dimer??

The vibrational assignments of the,®t—Ar bands are

J. Phys. Chem. A, Vol. 104, No. 50, 20001705
|:irot =B\ + (A— B)Nf +(C—- B)NzéKal - DNN4 -
DNKN2N§ - DKN;l ()

The term C — B)Nzékal accounts for the small but resolved
asymmetry splitting of each rotational level in tkg= 1 state
into thec andd parity doublets arising frorB — C ~ 0.0013
cm! (0ka = 1 for Ka = 1 anddx, = O otherwise), andB =
(B + C)/2. Because the asymmetry parametés very close to
—1, the asymmetry splitting is only resolved fi§g = 1 at the

supported by the corresponding spectrum of the complex with present spectral resolutih.The Hamiltonian used for the

HDO™ (Figure 2b). In the latter dimer, two structural isomers
may exist: the Ar atom can bind either to the H or D atom of
HDO* to form either HOD —Ar or DOH*—Ar. Vibrational

analysis of the spectrum in Figure 2b clearly reveals the presence .
of both isomers in the expansion. The spectral fingerprints of

DOHt—Ar are considered first. The bound— stretch
vibration of DOH"—Ar (denotedv;) occurs at 2688.5- 1 cnr!
and is shifted 16 cm' to higher frequency than HOH-Ar.
The ab initio calculations predict a significantly smaller blue
shift of ~1 cn1,22indicating that the harmonic approach (with

subsequent scaling) is certainly not sufficient to accurately

predict the shift of this highly anharmonic vibration upon
deuteration of the free ©H bond. Thev; + vs combination
andv; + vs — vs sequence bands are observed at 2918
and 2724+ 1 cnr?, implying vs = 194 and 229 cm' in the
ground and; vibrational states. They are lower than those of
HOH™—Ar (200 and 232 cm?!) owing to the 4% decrease of

description of the spin-rotation interaction in th&" electronic
state of HOH —Ar is appropriate for symmetric tops in doublet
electronic staté;

Hy = ao(NS + NS + RS) +a@NS - NS - NS)
®3)

According to Hund’s case (b), the electron spincouples
with the rotgtionAaI momentumy, to form the total angular
momentumJ = N + S Thus, in a doublet electronic stats (
= 1/2) each rotational level wittN > 1 is split into two
components by the spin-rotation interaction with total angular
momentumJ = N + 1/2 (Fy) andN — 1/2 (F»), respectively.
The selection rules for allowed transitions &e— F; (i = 1,2),

AJ = 0, £1, andAJ = AN. Additional selection rules for the
parallela—type band are\K, = 0, + + < — +, and+ — <

—, whereas transitions in the perpendicutartype band

the reduced mass upon deuteration (treating the dimer as afonnect levels with\Ky = £1, + + < — — and+ — < — +,

diatom). Calculations predict that deuteration of the dangling
proton shifts the free ©D stretch 3 = 2369 cntl) andv;
overtone (2, ~ 2490 cntt) of DOH*—Ar out of the scanning
range of the OPOX2500 cnt1).12 Consequently, they are not
observed in the spectrum of Figure 2b. Similarly, deuteration
of the donating proton shifts the bound-O stretch 1 = 1990
cm™1) and 2/, (~2364 cnt?) of the second isotopomer, HOB
Ar, out of the investigated spectral rantfeHowever, the free
O—H stretch fundamental is observed-a8286.5 cnt, and
the small observed shift upon deuteration2(5 cnt?) is
consistent with the theoretical prediction@.4 cnt?).

All vibrational features in the spectra of ,8"—Ar and
HDO™—Ar in Figure 2 are attributed to the H-bound structure,

which is calculated to be the global minimum on the PES. There
is no spectral signature of a less stable p-bound dimer which is

predicted to be a local minimufd The small population of this

local minimum under the present experimental conditions may ¢

respectively?®

In total, 729 P and R branch transitions in the parallel and
perpendicular components of are assigned (see Figures 3 and
4 for theKy = 1 < 0 andK, = 2 — 1 subbands)2XANk (N)
= Py(4—13), 'Ry(1—21), "Py(2—16), 'Ro(1—13), PP1(2—38),
PRy(1—21),PP5(2—21),PRo(2—6), Py(1—41), 9Ry(0—19), IPy(2—
36), 9IR1(1—24), 9P,(3—29), 9IRx(3—16). One forbidden line is
identified as’Ry(0) F2 < F1 and occasionally single Q branch
lines are resolved, for example, ti@y(1) F, line (Figure 3).
The molecular constants of the ground agdibrational states
of HOH*—Ar obtained from a least-squares fit of the positions
of the identified P and R branch lines to Hamiltonian-@)
are summarized in Table 1. The standard deviation of the fit,
= 0.015 cnt?, is consistent with the observed line width (0.02
cm™1) and the accuracy of the calibration (0.02 @ The
constants in Table 1 reproduce all line positions to within 0.04
m~1. Experimental and fitted line positions are available upon

either be due to a significantly lower binding energy or a small request.

barrier for isomerization to the H-bound global minimum.

2. Rotational Analysidn contrast to all other observed bands,
the v3 hybrid transition of the KO"™—Ar dimer displays
rotational resolution. Adjacent unresolved Q branchealf

= 41 subbands of the perpendicular component are separate

by 2(A'—B')~40 cnt! (Figure 2a), and the overlappingKa
= 0 subbands of the parallel component appear betweek,the
= 10 and G—1 subbands. The Hamiltonian used for the

analysis contains terms for the vibrational and rotational motions

as well as the spin-rotation interaction:
1)

The vibrational HamiltonianAip, gives rise to the band

Figures 3 and 4 show the observed spectra okihe 1 —
0 and K = 2 <— 1 subbands, along with assignments of
identified transitions and simulations using the constants in Table
1 and intensities appropriate for a symmetric top moleétile.

(gor the simulation of thek, = 1 < 0 band, a bimodal

oltzmann distribution using@; = 6.8 andT, = 18.3 K with
equal weights is used. Such a population distribution is obtained
from a Boltzmann plot of théRg line intensities (Figure 5).
For the simulation of th&,; = 2 < 1 subband]; = 30 K and
T, = 90 K are used with equal weights. In agreement with
previous observations for cluster ions produced in the ion source
used, levels with higher rotational quantum numbers have
populations corresponding to higher effective temperati#es.
The vibrational temperature derived from the + vs <~ s
sequence bands of;@*—Ar and DOH"—Ar, T, = 1504 50

origin, vo. For the rotational structure, a standard semirigid K is even higher. The spectra in Figures 3 and 4 illustrate that,
prolate symmetric top Hamiltonian including quartic centrifugal as expected, the spin-rotation splittings decrease with increasing
distortion terms is uséét N, whereas the asymmetry splittings in subbands involipg
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The Q branches of the perpendicular component have similar

E ’ QE) spacings in both spectra, confirming that the bound proton is
£ (Qy(Fy) replaced by deuterium leaving tierotational constant almost
= Thaele unaffected. The spectrum of HOBAr displays a lower
z | . ok signal-to—noise ratio than HOH—AXr, as for statistical reasons
E M , , o/ L v v the parent ion intensity is reduced by a factor of 4: HOH
3330 3335 3340 3345 3350 3355 Ar, HOD™—Ar, DOH™—Ar, and DOD"—Ar occur roughly with
b s Ri(F)) 10 15 the same abundance as they have similar binding enéfgies,
g | D T T and a 1:1 mixture of kD and QO is used to prepare HOD-
z A/WMVWWW Ar (complete H/D scrambling is assumed). Consequently, single
5 . - & P and R branch lines could not be identified for HOPAr
z WWMWWWW preventing a detailed rotational analysis. Only the approximate
§ " de c de positions of the six observed Q branch maxima originating from
E 2\ | 5| | ‘flRl(‘llz) 1 1'3 I |15\ §§OS7 Z sﬁlr?gorteggrf?res anﬂHrlg 0.63—308.?1 é:r::ran)l ;80 =
: ! : ! . s = . , h = . s =
e mmo w0 3264.6 cm, PQ, = 3221.5 cm’, andPQs = 3177.5 cm,

The estimated band origimy = 3286.5+ 0.5 cnTl, is blue-
shifted by~2.5 cnt! compared to the corresponding HOH
Ar transition. Similar to the HD*—Ar spectrum, the HOD—

Figure 4. (a) ExperimentaK, = 21 subband of the; transition of
HOH*—Ar. Asterisks indicate identified Q branch heads of tgband

of NHst—Ar. (b) Comparison of experimental (top) and simulated
(bottom) part of the R branch of th&, = 21 subband with Ar spectrum features absorptions attributed to Q branches of
assignments. The asymmetry splitting (c/d) increases Mitivhereas thevs band of NHD*—Ar (at 3303.2, 3314.9, 3326.6, 3337.9,
the spin-rotation splittingKi/F,) decreases. Asterisks mark unidentified 3349.1 cnl)

rotational lines. The simulation is based on the rotational constants in ) )
Table 1, a bimodal Boltzmann distribution with= 30 and 90 K with
equal weight, and a convolution width of 0.04 tin

3. Discussion Both the vibrational and rotational analyses
of the mid-IR spectrum of O —Ar clearly show that the most
stable isomer of this dimer has a H-bound HOHAr structure,
in agreement with the ab initio calculatioF<Only this geometry
is compatible with the large observed red shift in thenode
and its large intensity enhancement compared with/imsode.
Moreover, the observed constant of the compleXA ~ 22
cm1, is consistent only with geometries in which one H atom
of H,O" lies on the axis of the two heavy atoms. Furthermore,
C,, symmetric structures with two equivalent H atoms (like the
bridged or oxygen-bound geometries in Figure 1 of article 1)
would lead to 1:3 intensity alternations in the spectrum for levels
with A and B symmetry (corresponding to their nuclear spin
statistical weights), in disagreement with the observations. For
similar reasons, the p-bound structure wth symmetry can
be excluded. The inertial defed&tp = 0.112(8) u&, is close to
zero confirming the near-planarity of the complex. It is
approximately two times larger than the value faitH, Ap =
0.053 u&,2® and most of the difference arises from the large
zero-point amplitude of the intermolecular out-of-plane bending
motion of the complex. The related neutral ©80OH complex,

In(I/g) [arb. units ]

0 10 20
E [em]

Figure 5. Boltzmann plot of theé=; andF, components of th&, =
1—0 R branch lines of thes transition of HOH —Ar. The intensities,

I, are approximated by the symmetric top formulas. The parangeter
accounts for the Hd—London and degeneracy factors. The population
of energy levels witlN < 7 is best represented Ay = 6.8 K, whereas
for the higher leveldl, = 18.3 K is obtained in a least-squares fit.

= 1 increase withN. The width of single rotational lines in
|nd|y|dual scans is limited by the Ia§§r bandW|dth (Q.OZé)n which also has a planar H-bonded equilibrium structure with
and independent af, N, andKj,, providing a lower limit to the rotational constants and asymmetsy< 19.83,B = 0.09214,

lifetime of thev; state,73 > 250 ps. C = 0.09127.B—C = 0.00087 cml) similar to HOH—A
Several smaller Q branches are observed at 3330.70, 3341.68, _ . a.much iarger iner.tial defgm)flrglgaijﬁg becauser,of

.3341.'93’ 3342.67, 3353.20, 3354.Q(Tér(1nd|cated by. aSteT'S"S larger out-of-plane zero-point motions in this relatively weakly
in Figure 4a). They can be assigned to the various internal bound comple?
rotation subbands of the; fundamental of the N —Ar dimer p ’ )
investigated previousi:1920The NH;" ion is produced in the The rotational constants of HOH-Ar in Table 1 are used
to estimate the geometrical parameters of the intermolecular

electron impact source from;B and impurities of M Because : et ) m
H,O* has the same mass as NHthe absorptions of N — bond in the ground vibrational state assuming a rigid geometry.
(See Figure 1 of article | for the designation of bond lengths

Ar occur in the photodissociation spectrum of®t—Ar owing
to identical masses of both parent and daughter ions (within @nd angles.) For this purpose, thgdH geometry in the complex
the mass resolution of the QMSs employed). Several weakeriS approximated by the experimental® monomer geometry
P/R branch series occurring in the vicinity of thefundamental ~ (fo = 0.999+ 0.015 A, 6y = 110.5+ 2.5°)?234373%modified
of H,OT—Ar (see for example the weak series marked by by the complexation-induced changes predicted by the ab initio
asterisks in the top panel of Figure 4b) cannot be attributed to calculations fArae= —0.004 A, Arpe= 0.029 A, A6, = 0.4°).12
NH4"—Ar. They probably arise from sequence hot bands of The parameterR = 1.929(15) A andpo = 175(4¥ reproduce
H,O*—Ar of the typevs + vy — vy, Wherevy are intermolecular ~ under these conditions the experimental rotational constants to
modes. within 2% (including the quoted errors in the experimentgDH

The coarse rotational structure of thgband of HOD —Ar structure). They are also compatible with the ab initio values,
is similar to the rotational structure of HOH-Ar (Figure 2). Re = 1.9154 A andpe = 176.2.12
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TABLE 1: Experimental Molecular Constants (in cm~1) of
the Ground and v; Vibrational States of HOH*—Ar
Compared with Calculated Equilibrium Values?

constant ground state v3 State calculated
Vo 0.0 3283.9062(17)
A 21.9795(22) 20.9803(22) 21.4650
B 0.156991(48) 0.156309(50)  0.158476
(B-C) x 10° 1.285(16) 1.348(18) 1.1700
B 0.157634(49) 0.156983(51)  0.159061
cd 0.156349(49) 0.155635(51)  0.157891
Dy x 107 2.96(62) 2.88(68)
Dnk x 10P 0.40(31) 2.54(31)
Dk x 1 4.855(47) 3.622(47)
a 0.21717(100) 0.20391(93)
ap 0.2195(16) 0.2068(15)
€aa —0.6539(26) —0.6146(24)
(€ob + €c)) x 100 —4.6(38) —5.8(35)
A [uA? 0.1120(79) 0.1266(82)

2 Standard deviations are given in parenthe3&guilibrium con-
stants calculated at MP2/aug-cc-pVTZ MP2 level of theory (ref 12).
¢ Absolute accuracy is 0.02 crh ¢ Derived fromB and B—C.

The dissociation energy of the complex is calculated as
Do~2200 cnt1.12 The modest blue shift of the; vibration upon
complexation, Avs = 24.9 cn1l, reflects the relatively small
decrease in the intermolecular binding energy uppexcitation

J. Phys. Chem. A, Vol. 104, No. 50, 20001707

2670 2680

v [ecm!]
Figure 6. Experimental (a) and simulated IR spectrum (b) of the
band of HOH —Ar. The 9Q; (y) andQ; (2) branches and the heads of
the 9P, (w) and9P; (x) branches are indicated. The additional signal in
the blue wing of the experimental transition arises from sequence hot
bands, which are not included in the simulation.

2660

value for the ground stated= 200 cnt?). This observation is
consistent with the increase in the intermolecular interaction
upon vy excitation. The band contour of the paraliel + vs
transition is almost unshaded, as the effective bond lengthening
upon vs excitation approximately compensates for the bond
contraction caused by, excitation.

According to the simulations, the rotational line width in the
experimentab; spectrum has to be 0.4 cn! to completely

(~1%). Itis therefore justified to assume that the large decreasewash out the rotational fine structure (Figure 6), b@t8 cnr?

in the rotationalA constant upom; excitation of 5% B andC
decrease by<0.5%) mainly arises from an effective stretching
of the free O-H bond associated with excitation of one quantum

to still display the observed coarse structure. It is assumed that
the homogeneous broadening arises from fast relaxation pro-
cesses in the state, that is, intracomplex vibrational energy

of this mode. From the change in the rotational constants, the redistribution and/or vibrational predissociation. From the upper

increase in the effective free-€H separation upon; excitation
can be estimated as 0.0220.003 A. A very similar increase
in the interatomic distance is observed ferexcitation in OH
(0.024 A)5° The increase in the inertial defect of 13% upen
excitation of HOt—Ar is contrasted with a decrease of 11%
in the monome#/ presumably because of the large change in
the normal modes upon Ar complexation.

In contrast tovs, excitation ofv; has a great effect on the
intermolecular interaction. The observed red shift; = —541
cm™1, implies that the dissociation energy of the complex

and lower limits for the line width, the lifetime of the state

can be bracketed as = 10 + 5 ps. In contrast, the lifetime of
the higher-lyingv; state is much longer{ > 250 ps), implying
that the relaxation dynamics are highly mode selective and
cannot be rationalized by statistical theories. In general, the
coupling strength between intramolecular and intermolecular
degrees of freedom is correlated with the complexation-induced
frequency shift of the excited intramolecular state: the larger
the shift, the stronger the coupling, and the shorter the
lifetime 10.24.63-66 For example, in H-bound AH—B dimers

increases by as much as 20%. This is consistent with theinvolving ions with more than 1 equivalent proton (e.g., HNH
observed increase of the intermolecular stretching force constantAr or HsO"—Hy)?485the bound A-H stretch states always have

from 29 to 39 N/m. The’; mode is mainly a stretching motion
of the O—H donor bond, and vibrational excitation leads to an
enhanced proton shift toward the Ar atom, with the effect of
stabilizing and shortening the intermolecular bond. This effect
is typical for neutral and ionic hydrogen bonds and its magnitude
is related to the interaction strendgth?8:61.62The intermolecular

significantly shorter lifetimes and larger frequency shifts than
the free A—H stretch states. The values for HOHAr (71 ~

10 ps,t3 > 250 ps,Av; = —541 cnttandAvs; = 25 cntl) are
qualitatively similar to those of the related HNHAr complex
(1~ 25 ps,73 > 130 ps,Av; = —3004 50 cnm?, andAv; =
—73.6 cn1).2* The HOH"—Ar dimer has a larger binding

bond contraction is indicated by the heads in the P branches ofenergy De = 2484 cn1t) compared to HNFI—Ar (De ~ 1750

the overlapping\K,; = 0 subbands of the; fundamental. Figure

6 shows the experimental contour of theband together with

a simulation using the molecular constants of Table 1 for the
ground state, a convolution width of 0.2 chand Boltzmann
distributions with temperatures of 20 K fét, = 00, 90 K

for Ka = 22, and 20 and 90 K (with 9:1 weight) fdf, =
1—1. Ther; state constants are approximated by the ground-
state parameters, except= 2672.22 crmt, B' = 0.1615 cnr?,

and A = 21.64 cnt!, which are adjusted to reproduce the
observed band profile (ADk’, andvg are highly correlated).
The change in thB constant (which could reliably be estimated
from the Q and P branch heads of tdg = 1—1 subband)

cm~1), which accounts for the stronger coupling, the larger
red shift, and the shorter, lifetime.

The rotational structure of the; band of HO™—Ar allows
for the determination of the spitrotation constants in both the
ground andvz vibrational states. The derived spin-rotation
constantsa and ap are listed in Table 1. (The spin-rotation
parameterb is set to zero, as ¥*—Ar is very close to a
symmetric top.) The, ap, andb constants are related to another
equivalent set of constants, namely, ep, and ec,>” which
are more convenient for comparison with the corresponding
constants of KHO'.3% In the present case, ondya andepp + €cc
can be determined for each vibrational state (Table 1). Assuming

corresponds to an intermolecular bond contraction of the order that the electromagnetic properties of #g electronic ground

of 0.05 A uporw; excitation, a value typical for related AH-
Ar complexest®1524The intermolecular stretching frequency
in thev; state (232 cmt) is 16% higher than the corresponding

state of HO™ are not affected by the weak interaction with Ar,
the ¢ parameters of fO™ and HO™—Ar are related to each
other by scaling them with the ratios of the respective moments
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TABLE 2: Comparison of Several Properties of Proton-bound AH"—Ar Dimers
AHT—Ar SiOHT—Ar2 OCH*—Arb HNH*—Ar¢ HOH™—Ar OCOH—Ard NNH*—Are
APAs_a [kI/mol]f 410 225 221 224 171 125
De[cm™] 1117 1541 1773 2484 2379 2881
Avi[cm™] —217 —274 —300+ 50 —541 —704 —728
ks[N/m 13 17 20 29 38
Ry-ar [A] 2.19 2.13 2.06 1.93 1.90

aRef 15.P Refs 13 and 14¢ Ref 24.9 Ref 26.¢ Refs 10, 82, and 83.Refs 80 and 81.

of inertia. Moreover, the rotation of the inertial axis system upon
complexation by an angle around thec-axis has to be taken

Table 2 compares several properties gOf—Ar with those
of related H-bound AH—Ar dimers studied by the same

into account. From the structures derived from the analysis of experimental and theoretical methods. The listed binding

the rotational constants, a value@f= 34° is obtained for the

energies are calculated at the MP2/aug-cc-p¥&xel, whereas

ground vibrational state. This value differs somewhat from that the v, red shifts ¢, = va—_p stretch), the intermolecular

estimated from the spin-rotation constants= 26 + 1°. The

separations Ry—ar), and the intermolecular stretching force

difference may arise from small changes in the electronic wave constants K;) are experimental values. All considered AH

function of O™ upon Ar complexation and/or the neglect of
nonrigidity arising from large amplitude motions in the dimer.
Excitation ofv3 leads to a 5% decrease in theconstant of
H,O™—Ar, compatible with the 6% reduction .

The preliminary analysis of IR spectra of,®f—He and
H,O"—Ne reveals splittings that are attributed to hindered
internal rotation of HO™".%7 To estimate the magnitude of the
tunneling splittings in HO™—Atr, two tunneling paths for proton
exchange are considered: internal rotation e®H around its
b- and c-axes, respectively. Both tunneling motions are ap-

Ar complexes feature (near) linear H-bonds and the relative
strengths of the AH and H—Ar bonds are related to the
difference in the proton affinities (PA) of the two bases,
APAs_ar = PAA — PAp101569 As PAL > PA,, for all
considered bases (& SiO, CO, NH, OH, CQ, and N), the
AH*—Ar dimers are composed of an AHon, which is more

or less perturbed by the Ar ligand. The perturbation results in
a flattening of the potential for the proton motion, which is
reflected in the red shift of the AH stretch vibrationAv;. In
general, the smalleAPAs_ar, the stronger and shorter the

proximated by one-dimensional potential expansions of the form jntermolecular bond (i.e De and ks increase, whereaR_ar

\Y/

Vig) = Y (1~ costw)) (4)

The one-dimensional Schdimger equation is solved using
the B and C rotational constants of #* as internal rotor
constants, respectivel8g = 12.42 cnt?, Co = 8.47 cnr1).36
The potential for the in-plane rotation (i.e., rotation around the
c-axis) is obtained by fitting the coefficient4, to the points of
the rigid monomer PES along the minimum energy path
calculated at the MP2/aug-cc-pVTZevelz V, = —1742.2,
—745.0, 748.2, and-224.3 cm! for n = 1—4. The tunneling
splitting obtained for this potential is of the order of 0.002¢m
for the ground vibrational state. The potential for rotation around
the b (=C,) axis of O™ is approximated by a 2-fold barrier;
theV, parameter is estimated to be larger than 550%mvhich

corresponds to the difference between the energies of the
H-bound and p-bound minima calculated at the MP2/aug-cc-

pVTZ# level 12 An upper limit for the tunneling splitting arising
from this motion is derived as 0.003 cffor the ground

decreases) and the larger the perturbation offAkpon Ar
complexation (i.e., the magnitude ofv; increases). The
intermolecular bond in KD™—Ar appears to be somewhat
stronger than expected from the PA of OH, and this effect may
be attributed to the radical character of34 in its 2B, electronic
ground state (see article 1.

Comparison of the properties oL,8"—Ar with those of the
corresponding neutral dimer reveals that ionization greatly
influences the PES. The PES of,®FAr derived from
microwave and IR data (AW2 potential) features also a planar
global minimum with a translinear H-borifl. However, in
contrast to HO™—Ar,12 the bond is much weakeb¢ ~ 140
vs 2484 cm?) and the barriers to internal rotation are much
smaller {/, < 60 vsV, > 500 cnT?). The latter are comparable
to the HO rotational constants leading to only slightly hindered
internal rotation. In general, the presence of the charge causes
the cationic complex to be more rigid with a much stronger
and more directional intermolecular bond. This effect is, for
example, visible in the significantly different intermolecular
stretch frequenciesv{ ~ 30 vs 200 cm?! for H,O—Ar vs

vibrational state. Based on these simple one-dimensional model 20" —Ar). Moreover, the effects of Ar complexation on®

calculations, the expected tunneling splittings arising from

are very small and, as a result of the weak coupling, the

proton exchange are well below the experimental resolution. A predissociation lifetimes are long and the complexation-induced

similar situation was recently observed for the related HCHH

Ar and HNH"—Ar complexe<427 Tunneling splittings of the
order of -2 cnm! are observed in the spectra of'H-Ar and
NH,"—Ar,1988 and these have been rationalized by the larger

frequency shifts are smalk(few cnr1).71.72

B. H,O*—Ar, Trimer (n = 2). According to the IR spectrum
and the calculated PES of,&"—Ar,'2 the H-bound configu-
ration corresponds to the most stable dimer structure, whereas

ratios of the effective internal rotor constant and the barriers other binding sites (e.g., the p-bound structure) are less stable.

for hindered internal rotatiofY. It appears that in H-bound
AH,"—Ar dimers the probability for proton exchange is smaller
than for related Ald—Ar dimers withk = 3,4. This observation
follows the rough rule of thumb for A —Ar dimers: the more

H atoms in the A" ion, the shorter the tunneling path between
equivalent minima and the smaller the barriers for internal
rotation, giving rise to higher tunneling probabilities between
these minimd?%1°

Consequently, the most stable®t—Ar, trimer geometry is
expected to have two H-bonds leading to a planar AOH"—

Ar structure withC,, symmetry (Figure 1f, article 1). Indeed,
the IR spectrum of HO"—Ar, (Figures 7 and 8, Table 3) is
consistent with such a trimer structure. Similar tgCH, both
O—H bonds are equivalent in AtHOH™—Ar and the O-H
stretch normal modes are symmetric and antisymmetric com-
binations of the two ©&-H local oscillators,y; and vs. Com-
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Figure 7. Mid-IR photodissociation spectra of,8*—Ar, (bottom)
and HDO —Ar, (top) with assignments.
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Figure 8. Mid-IR photodissociation spectra of,8*—Ar, recorded
in the dominant KHO*—Ary, fragment channel (indicated as— m).
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TABLE 3: Band Maxima and Widths (Full Width
Half-Maximum) of Vibrational Transitions Observed in the
IR Photodissociation Spectra of HO™—Ar,, with
Assignments

position position
n (fwhm) assignments n (fwhm) assignments
1 2672.2p 7 7 3045(15) s
2705 (20) v+ vs— vs 3220 (10) w3+ v
2767 (25) 2,
2904.5 (15) vy + vs 8 3014(8) ws(ll)
3283.92 V3 3029 (8)  wa(lll)
3038 (14) wv3
2 2700 (50) v (1) 3185 (11) wvz+v&(ll)
2821 (10) V3 3201 (6) vz + v (lll)
2875 (13) V1 3213 (9) vzt wd
2990 (9) vz + vs(a)
3077 (8) vz + v(by) 9 3022(6) wvs
3324 (30) va(I) 3195 (11) wvz+vd
3 2956 (9) V3 10 3027 (6) w3
2973 (8) V1 3188 (16) w3+ v
3078 (8) v3+ v
3098 (8) v+ s 11 3018 (6) ws(ll)
3120 (10) 3033(7) wvs
3166 (7) vz + vd 3173 (8) vz +wvl(ll)
3190 (10) v+ v 3184 (10) w3+ vl
4 3008 (15) valvy 12 3026 (8) ws(ll)
3199 (9) vz +vd 3039(8) w3
3184 (16) wvz+ v
5 3038(9) V3
3216 (10) vz + vd 13 3024 (7) ws(ll)
3037 (10) wvs
6 3027 (6) V3 3185 (10) wvz+ v
3059 (8) va(Il)
3208 (13) vz + vd 14 3033(8) ws(ll)
3234 (10) vz + v&(ll) 3042(8) v
3183 (6) vz +ws(ll)
3191 (10) w3+ v

aJl and Ill are attributed to less stable isoméet&and origins.

overlappingAK, = 0 subbands. The; andvs modes in Ar-
HOD*—Ar are localized G-D and O—H stretch oscillators and
the spectrum features thus only one transition in the 2800
2900 cnTl range, corresponding to the- stretch ¢s, Figure

7). In agreement with the theoretical prediction, the measured
frequency of 2844 cmt lies roughly midway between the
andvz modes of A-HOH™—Ar.12 The O-D stretch of A

As the spectra are composed of several scans, the relative intensitesHOD*—Ar (calculated as~2040 cnt?) is shifted out of the
of widely separated bands are not reliable. In particular, the spectra of investigated spectral randg.

n = 1—-4 are recorded with two different mirror sets @nd =3000

cm™1), while the spectra ofi > 4 could be recorded with one set. The

connecting lines indicate the bands assigneghta;, andvs + v of

The Ar—HOH™—Ar spectrum shows two further transitions
at 2990 and 3077 cm. Inspection of the spectra of larger

the most abundant isomer of each cluster size. The arrows show theclusters (Figure 8) shows that these bands shift together with

position of thev, and vz band origins of bare y0*. Absorptions
assigned to a less stable isomemncf 2 (denoted Il) are indicated by
asterisks.

plexation with Ar weakens the -©H bonds, leading to
substantial red shifts of both vibrations with respect t®OH
(Figure 8). Thev; andvs fundamentals of ArHOH*—Ar occur
as strong transitions at 2875 and 2821 ¢rFigure 7) and the
derived red shifts of—337 and —438 cnt! are in good
agreement with the calculated values3Q3 and—410 cnt?).12

Thewvs band is more intense than and the order of both modes
inverts upon complexation with two Ar atoms, again in

the v3 (andv;) bands as the cluster size increases. They must
therefore be attributed to combination bandsofor v1) with
intermolecular modes. Ab initio calculations predict for the
trimer only two intermolecular modes in the frequency range
50—300 cnt?l, namely the symmetric and antisymmetric linear
combinations of the intermolecular+Ar stretching modes,
vs(ay) = 166 cnT! andvd(by) = 208 cnm .12 The most probable
assignment of the two observed bands at 2990 and 307¥ cm
is thusvs + v& andvs + v, yielding v = 169 cntt andvs

= 256 cnt! in the v3 state. The average value of the twg
frequencies is 213 cm, about 20 cm?® lower than the dimer

vs value in thev; state (232 cml). Apparently, the formation

agreement with the theoretical predictions. The assignments ofof the second intermolecularHAr bond weakens the first one.

v1 andvz are also supported by the observed band profilgs:
is a broader perpendicular band with unresolved, = +1

subbands, whereag is a narrower parallel band composed of

Ab initio calculations predicDg = 2200 and 1800 cri for
the binding energies of the first and second Ar ligand,
respectivelyt? This large and noncooperative three-body effect
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is also indicated by the average valuevgfandv; in the Ar—
HOH™—Ar trimer (2848 cm!) which is substantially higher
than the bound ©H stretch of the dimeriyy = 2672 cnt?),
implying that the proton donor-©H bonds in the trimer are
stronger than that of the dimer. The-AHOD*—Ar spectrum
features a weak transition at 3059 thhwhich is separated by
215 cnt! from the corresponding ©H stretch transitionys.
This value is close to the average value of the and v&
frequencies of AFHOH™—Ar in the v3 state (213 cm?). Such
avsvalue is expected if the two intermoleculartAr stretches
decouple upon single deuteration. Indeed,ithenode in Ar—
HOD*—Ar is a localized G-H stretch, which via efficient
coupling selectively strengthens the intermolecularAd bond
but not the B-Ar bond. Thus, the two intermolecular+Ar
and D—Ar oscillators are decoupled in thg state of HDO —
Ar, (owing to different force constants), and the observed band
at 3059 cm? is hence attributed tes + v, wherevs is the
localized H-Ar stretch.

The Ar—HOH"—Ar spectrum displays two weak and broad
transitions at 3324t 15 and 2700+ 25 cnt? (indicated by
asterisks in Figure 8), that is, in the range of the free and bound
O—H stretch vibrations of the H-bound dimer. These absorptions
can be assigned tentatively to a less stable isomer,6ftH
Ar, (denoted isomer Il in Table 3) featuring a H-bond and a
p-bond. Both binding sites are minima on the MP2 potential of
the dimert2 Complexation at the p-bound site slightly strength-
ens the G-H bonds. For example, the calculated blue shifts of
the p-bound HO*—Ar dimer compared with bare @+ amount
to 48 and 69 cm! for v; andvs, respectivelyt?2 For H,Ot—Ar,
the measured blue shifts for the bound and freeHDstretch

Dopfer et al.
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Figure 9. Complexation induced red shift of (—Awvz) and intermo-
lecular stretching frequency in the state {3 + v&#—v3) of the most
stable isomers of ¥D"—Ar, (n = 2—14).
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Figure 10. Comparison of experimental (a, Table 3) and calculated

fundamentals upon attachment of the second Ar at the p-boundy, " taple 11 in article Iy and v; frequencies of BD*—Ar, (n =

site of the H-bound KO™—Ar dimer are 28+ 25 and 40+ 15
cm™%, respectively. Because the intensities of bothHDstretch

transitions of this isomer are much weaker than the correspond-

ing bands of the most stable trimer featuring two H-bonds, its
population in the molecular beam must be significantly smaller.
All vibrational transitions of the D™—Ar, complex are only
observed in the O™ —Ar fragment channel. No signal has been
detected in the BO™ channel. This observation implies that the
absorbed photon energy (2708320 cnt?) is not sufficient to
evaporate both Ar ligands of either isomer, a conclusion
consistent with the calculated binding energies-@D00 cnr!
for the first two Ar ligands in the most stable isomer (two
H-bonds) and~3500 cnt? for isomer Il (one H-bond and one
p-bond)!2 In addition, it can be concluded that the complexes

0-4).

a weaker satellite band located 5800 cnt? to the blue of

v, which shifts in the same way ag as the cluster size
increases. It is assigned to a combination bandsafith the
antisymmetric combination of the two intermolecular—Ar
stretch oscillators (denoted?) by comparison with the Ar
HOH"™—Ar spectrum and the ab initio calculatiosApparently,
thevs andv& normal modes and their IR intensities in®t—

Ar, are not much affected upon complexation of the strongly
bound Ar-HOH"—Ar chromophore with further Ar ligands.
Figure 9 shows that the red shift of and thevs? frequency in

the v3 state have very similar cluster-size dependencies. This
correlation may be expected, because both modes are coupled

probed in the octopole are cold and two-photon processes aréhrough the intermolecular H-bondss is the asymmetric ©H

not observed at the laser intensities use@.¢ mJ/mm).

C. Larger H,Ot—Ar, Clusters (n = 3—14). Figure 8
compares the IR spectra of,@"—Ar, for n = 1-14. The
observed band maxima are summarized in Table 3, along with

stretch and/ the asymmetric HAr stretch. The weaker the
intermolecular H-Ar interaction (i.e., the lower$), the stronger
the intramolecular &H bonds (i.e., the higher; and the

smaller|Avs)).

the suggested assignments. Typical bandwidths of the unresolved The prominent bands in the IR spectra ofG4—Ar; and

transitions range from 5 to 15 crh The bands show distinct
shifts and splittings as a function of cluster size, which are used

H,O"—Ar, are interpreted in terms of cluster geometries where
one or two Ar atoms, respectively, are attached to opposite sites

to discuss possible cluster structures. The dimer PES featuref the 2g orbital of theC,, symmetric A-HOH*—Ar trimer

two deep H-bound minima, whereas all other binding sites are

core (i.e., structures witlCs and Cy, symmetry forn = 3 and

considerably less stable. Under the realistic assumption that4). Both O—H stretch modes;; andvs, feature blue shifts with

three-body forces are not very important for the larger clusters,
the O™ —Ar, structures withn = 3 will be composed of a
relatively stable Ar-HOH™—Ar trimer core (with two strong
H—bonds), to which further ligands are weakly attached. This
scenario is supported by the spectra e OH—Ar, with n >2,
which are similar in appearance to the trimer spectrum. The
dominant band in each spectrum is assigned torhebration

of H,O™ within the O™ —Ar,, cluster. Each spectrum features

respect tax = 2 (135 and 187 cm' in v3), because of the effect

of O—H bond contraction upon Ar complexation at the p-bound
site. This effect is caused by partial charge transfer from Ar to
the 2p orbital of O'2 The observed shifts are nonadditive
implying that the p-bonds in the = 4 complex are somewhat
weaker than that in the= 3 complex. A similar noncooperative
three-body effect for the first two H-bonds has been discussed
in section Il1.B. Figure 10 compares the experimentabnd



IR Photodissociation Spectra ob&"—Ar,

v3 frequencies fom = 0—4 with those calculated at the HF/
aug-cc-pVTZ level (Table 11, article 132 Although the

magnitude of the calculated shifts is smaller than the experi-

J. Phys. Chem. A, Vol. 104, No. 50, 20001711

Moreover, splittings of the; band (and also; + v&) indicate
the presence of more than one isomerrfer 6, 8, and 1+14.
These splittings are not attributed to the appearanee sfifted

mental ones (due to the underestimation of the intermolecular away fromvs, because the relative intensity ratios of the various

interaction at the HF level), both the relative shifts and the
intensity ratios are reproduced qualitatively, facilitating the
spectral assignments. The splitting betweeandv; decreases
(they overlap fom = 4), and the calculated intensity of is
about four to five times higher than that ef, in qualitative
agreement with the observed ratio o2. The measurea?
frequencies in thes state are 256, 210, and 191 cthior n =

components depend on the expansion conditions. Further support
of this interpretation is provided by the spectra of HD@Ar,

(n = 6), because one band should be largely red-shifted upon
single deuteration if the splitting arises from thgvs doublet

of a single isomer. However, the occurrence ofithandvs; +

v doublets form = 6 is independent of single deuteration, as
expected if they stem from two different isomers. As the band

2—4 and show the same qualitative trend as the values calculatecat 3027 cm! is always more intense than the 3059 ¢rhand,

at the HF level for the ground vibrational state (140, 133, and

it is attributed tovs of the most stable = 6 isomer (Figure 8,

127 cnml). Again, the calculated values are lower, because the Table 3). The data in Figure 9 are plotted only for the most

HF level underestimates the interaction.

There are additional weaker transitions observed imtke
3 spectrum (Figure 8, Table 3). The band at 3078 tmay
tentatively be assigned ta + v, wherevs is the symmetric
intermolecular H-Ar stretch. The value ofs is lower forn =
3 than forn = 2 (122 vs 169 cm!) owing to the weaker
intermolecular H-bonds in then = 3 complex. Possible
assignments for the bands at 3098 and 3190'came v, + v
andv; + v& In this case, the deriveds andvs frequencies in
the v; state (125 and 217 cm) would be similar to those of
the v3 state (122 and 210 cm¥). Such a situation is expected,
because both the, andv; frequencies are shifted by a similar
amount from the KD* values, indicating that the intermolecular
interaction is similar in both intramolecular vibrational states.

Because no calculations are available for the clustersmith
> 5, the interpretation of further cluster growth relies only upon

stable isomers of each cluster size. The absorptions of less stable
isomers, denoted Il and Ill, are listed in Table 3.

No Ar matrix isolation studies on#* have been performed,
making it impossible at this stage to compare th®©H-Ary,
band shifts with the bulk limitr{ = ). It is also not clear how
many Ar ligands are necessary to close the first solvation shell
and whether the shifts are converged at the largest cluster size
investigated f = 14). The present work is limited to cluster
sizesn < 14 by the mass range of the mass spectrometers and
not by signal-to-noise. Large incrementalshifts are observed
up ton ~ 5 and subsequent changes are much smaller (Figure
9). For example, the incremental shifts areza0 cnt? for n
< 5, whereas they are less than 20@rfor n = 6—14. Thevs
frequencies oh = 6—14 are all within 3034+ 12 cnt? (for
the most stable isomers). Far= 14, the absolute red shift
with respect to the monomer is 217 th(~6.7%). This value

the spectroscopic information and is less certain. According to is much larger than the usual shift observed for stable and

the ab initio calculations, the; band is~5 times weaker than
v3 in the monomer, and complexation with two Ar atoms does
not drastically change this ratio. Similarly, thgband of HO™"
deposited in a neon matrix is significantly stronger tha?

As larger HO*t—Ar, clusters are composed of the= 2 core,

it is expected thats will be much more intense than also in
complexes with r 2. Consequently, the single intense band of
then = 5 cluster in the G-H stretch region (at 3038 crd) is
assigned tovs (similar to then = 4 cluster, the weaker;
fundamental may be blended by the strongdyand). Inspection
of Figure 9 reveals that the= 5 complex has a smalleg red
shift thann = 2—4, that is, the intermolecular H-bonds are
weakened by the attachment of the fifth Ar atom. Moreower,
= 5 appears to have a special geometry, becausevhatidvs
display “singularities” at this cluster size. A possible “magic”
structure is one where the fifth Ar atom is attached tG,a
symmetric HO"™—Ar4 on theC, axis, where it can interact with
all four other Ar ligands. In this configuration, the fifth Ar atom
may weaken the intermolecular bonds to the first two H-bound
Ar ligands, explaining the blue shift in; and the relatively
small vs frequency.

Fromn = 6 onward, the changes vy and v¢& are rather
small compared witm < 6 (Figures 8 and 9). Apparently,
further Ar ligands are attached to binding sites with little
influence on both the ©H and H-Ar bonds. The cluster
growth probably proceeds by filling the first Ar solvation shell
around an interior BD" ion. The alternative formation of
clusters where kD™ is located on the surface of anAtluster
is less likely, as the dimer MP2 potential features optimal
interaction energies dmin > 350 cnT! between Ar and kD"
for any angular orientation. This is much larger than the
Ar—Ar interaction of about 100 cr.” The details of solvation
shell filling are not obvious from the spectra in Figure 8.

unstable species in Ar matrixes 2%)./4 This may indicate that
the vz shift in H,O*—Ar, is far from being converged at =

14 (owing to incomplete shielding of the positive charge) and
further solvation shells may provide significant contributions
to thevs shift of H,O™ embedded in an Ar matrix. Alternatively,
the shift may be converged at= 14; in this case the resulting
large Ar matrix shift can be explained by the fact that th©H

ion can only exist as a stable, small, and distingOiH—Ar,
unit within the Ar matrix. For example, considering the= 4
complex as such a stable core, the shift ofrthee 14 complex
with respect to then = 4 complex is less than 1% and
compatible with typical Ar matrix shift$* Similar models have
been invoked to rationalize unusual large shifts of related AH
ions embedded in neon matrixesind argon clusters.

Previous mass spectra ob®t—Ar, showed discontinuities
in the intensity distribution which have been attributed to
enhanced stabilities for certain cluster sizes1 = 9 was
observed to be a strong magic number, whereas 3, 5, 7,
and 15 are weakly enhanced. In contrast, fér-Mr, with small
closed-shell ions (e.g., M= Ar™),”® magic numbers have been
found forn = 12, corresponding to the first solvation shell with
icosahedral structur€. Similarly, systematic band shifts ob-
served in IR spectra of AH-Ar, (A = CO, N, SiO)315
suggested that the first Ar solvation shell around these ions is
also filled atn = 12 and composed of two staggered equatorial
five-membered solvation rings around a linear—H"—Ar
trimer. In the latter cases, the linear closed-shell core ion is of
similar size as Af, so that the AH—Ar;; geometries are
slightly distorted icosahedrons with a nearly spherical (impurity)
ion in the center. The fact that the mass spectra #H-Ary,
do not show the magic numbar= 12 was taken as evidence
that the Ar solvation process is different for,®".2! In
particular, the structure of the strongly magie 9 cluster was
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suggested to have a geometry where all nine ligands areTABLE 4: Photofragmentation Branching Ratios for the

equivalently solvated around the centrald4 ion. However, l\R/Ieactlondl—bOth—APrn 7; p/l" - H20f+?]Ar mB+ (g—mf) ﬁr, "

such an isotropic structure is difficult to rationalize considering Measured at the Peak Maxima of thevs Bands of the Most
. ; . Stable Isomer$

the large anisotropy calculated for the®t—Ar interaction

potential2 Although the IR spectra in Figures 8 and 9 are clearly _ " 1 2 3 4 5 6 ’
more sensitive to the structures ob® —Ar, than the mass m 0(1.0) 1(1.0) 2(1.0) 2(0.8) 3(1.0) 3(0.5) 4(1.0)
spectra, it is difficult to infer more details of the cluster growth 3(0.2) 54(((?'32))

for clusters withn = 5 owing to the lack of reliable theoretical

. . . . m—md 1.0 1.0 1.0 1.8 2.0 2.2 3.0
information!?2 The H,O™—Ar, spectra reveal noticeable dis-

continuities in thevs andv; + v&® frequencies fon = 6 and 9 n 8 9 10 11 12 13

(for the most stable isomers, Figures 8 and 9). These discon- 4(1.0) 5(1.0) 5(1.0) 6(L0) 6(0.2) 6(0.1)
tinuities are not necessarily indicative of an enhanced or 7(0.8) 7(0.45)
decreased stability of these specific cluster sizes (like magic 8(0.45)
numbers in mass spectra). In contrast, the observed frequency®™—mt 4.0 4.0 5.0 5.0 5.2 5.65

shifts are sensitive to the structures of the complexes and in  aThe average number of Ar atoms losh—miis also given.
particular to the influence of the Ar ligands on the strengths of Uncertainties are estimated #9.05. Channels contributing less than
the O—H (v3) and H-Ar (v&) bonds. Similans andv& shifts 5% are neglected.

are expected for Ar ligands occupying equivalent positions

within the complex:# For example, in OCH—Ar, the five Ar ligands attached at similar binding sites are assumed to have
ligands in each of the two equatorial rings around the linear the same binding energy (three-body effects are neglected).
OCH"—Ar dimer core shift the A-H stretch frequency roughly Based on the dimer PES calculated in articléthe Ar ligands

by equal amounts in the same directidiClearly, the IR spectra i H20"—Ar, are classified into three groups: H-boun=t
reveal that the cluster growth inB*—Ar, is largely different ~ 1,2), p-boundf = 3,4) and other ligandsn(= 5-10). Using
from that in AR and AH —Ar, (A = CO, Np). However, '_the p_ho_tofragment_atlon branchlng r§t|os in Ta_ble 4, the follow-
this result may be expected, as the calculated potential for theind limits are derived for the binding energies of the three
H,Ot—Ar interaction is rather different from the other AH classes: 1400 cmt < Do(1,2) < 2800 cnr?; 1100 cnm* <

Ar potentials; it has lower symmetry and larger angular Do(3:4) < 1500 cnt; 600 cnit < Do(5-10) < 750 cm™.
anisotropy. Owing to the two main attractive centers (the two 1"€se values compare favorably with the binding energies
H-bound sites) and the open-shell character (giving rise to the €xPected from the pO*—Ar PES: Do = 2200 cni* for the
attraction at the p-bound sites)z®!" cannot be approximated ~ H-bond and 1300 cnt for the p-bond. Other binding sites are
by a spherical or cylindrical central ion within slightly distorted ~ C@lculated to ?e less stable with binding energies between 350
icosahedral-like Ay clusters. A definitive assignment of the ~@nd 1000 cm’. From Table 4 it is evident that the average
spectral features to the individual & —Ar, isomers has, number of'Ar atoms lost upons expltatlon,lih—mDmcreases
however, to await a reliable theoretical treatment of the larger as a function Qf cluste.r size and is not coqvergeq at 12.
clusters, which is beyond the scope of the present work. In T_h|s_ observation g:onflrm_s the decrease in the incremental
neutral BO—Ar, the strength and anisotropy of the interaction _blndlng energy for increasing as tlze absorbed photon energy
is very weak compared with4®™—Ar. Consequently, the larger is roughly constantig ~ 3000 cm ): .

H,O—Ar, clusters are calculated to have icosahedral-like . Forn= 1_3' the photofragmentation ratios of the twdands
geometries (similar to Ar1) with an almost spherical interior  differ considerably. For the 3037 cth band the observed
H,O impurity and first shell closure at = 12.78 Comparison fragment qh;tnbgﬂon isn = 6 (10%),m = 7 (45%), andn =
between NH*—Ar, and HO*—Ar, reveals that in both cases 8 (45%) giving rise to an average loss 5.65 Ar atoms. For the

1 istribution i1 = —
Ar atoms are first attached to the protons forming equivalent 3024 cnt band the distribution i = 5 (20%),m = 6 (20%),

; - = 7 (40%), andm = 8 (20%) yielding an average loss of
H- h further | less f | m : :
Sitggﬂ,ds’ whereas further ligands occupy less favorable blnd|n96.40 Ar atoms. The observation of largely different fragmenta-

Ph o f LD A | hei tion behavior for two closely spaced bands confirms the
otoexcitation of O™ —Ar, parent complexes at theig conclusion above that the two bands arise franabsorptions
band maxima leads to the observation of severg)H-Arn,

oF of two different isomers rather than from andvs bands of a
(m < n) fragment channels (Table 4). For example, feOH— single isomer. A similar strategy has been used recently to

Ar4 two fragment channels are evident:;(f—Ars (~80%) identify isomers of H(CHzOH)sH,0.79
and HO'T—Ar; (~20%). Figure 8 shows the spectra recorded

in the dominant fragment channels. They are in most cases very Acknowledgment. This study is part of the project no. 20-
similar to the spectra obtained in the less probable channels.g55085 98 of the Swiss National Science Foundation. R.V.

imi i i 18 . . . .
Similar to previous studies on related systém¥:® the Olkhov is thanked for valuable assistance in the experimental
observed range ah for a givenn is rather narrow (Table 4).  nart of this study.

This information can be used to estimate rough values for
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