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Infrared (IR) photodissociation spectra of mass selectgd AN,™ complexesit = 1—13) have been recorded

in the 4um spectral range in a tandem mass spectrometer. The dominant features are assigned-to the

mvs (m = 1, 2) combination bands, wherg corresponds to the intramolecular stretch mode ands to

the intermolecular stretching vibration of the first (proton-bound) Ar ligand. Systematic size-dependent
complexation-induced frequency shifts and fragmentation branching ratios enabled the development of a
consistent model for the cluster growth. The-4tN," dimer has a linear proton-bound structure and further

Ar ligands fill two equatorial solvation rings around the linear dimer core, each of them containing up to five
Ar atoms. The attachment of the 12th argon atom at the nitrogen end gf ldads to the completion of the

first solvation shell with an icosahedral structure. Weaker bands in the IR photodissociation spectra are attributed
to less stable isomers. Comparison with previous studies of the relateth®Si* and AL—HCO' complexes

reveals several similarities in the cluster growth. However, due to different charge distributions and anisotropies
of the repulsive walls of the ionic cores, subtle differences occur in the order of shell filling as well as the
occurrence and stability of isomeric structures. These differences are rationalized by two-dimensional
intermolecular potential energy surfaces calculated at the MP2/aug-cctdeiié of theory.

1. Introduction Rare gas (Rg) atoms are the most simple ligands and often
The solvation of ions with neutral ligands plays an important used as structureless probes for the investigation of intermo-
role in many areas of chemistry, physics, and biolégylon— lecular ion-ligand interactions in cluster ions. Various spec-
neutral dimers are often intermediates oftonolecule reac- troscopic te(_:hnlques haye be_en employed to s_,tudy the solvat!on
tions56 The energetics and dynamics of many chemical of small cations and anions in argon. These include photodis-
reactions and other relaxation processes within isolated chargeosoc'ft'zgflszm tZe 'R/ (e.g., C'H’I NH,*, HCO', ";?SJ ’ a(?d
clusters (e.g., proton transferySreactions, caging) depend ~CHs )™ > and UVivis spectra24;imges_(e.g.,+$ photode-
sensitively on the cluster siZel! To rationalize these cluster ~t@chment (e.g., Bt 17, and O),***and time-resolved pump

i —) 10 i ;
phenomena, a detailed understanding of the interplay betweerrorobe gxpenments (e'ga ). . V"?‘”OUS clu§ter size deF’e”.d?'.“
the ion-ligand and liganetligand interactions is required. A properties (spectral shifts, binding energies, electron affinities,

plethora of thermochemical and mass spectrometric studies havee_tc') pr(_)be_q in these spectroscopic studies showed pronounced
established incremental ligand binding energies as a function discontinuities for certain cluster sizes, and these were related
of the cluster size, giving some insight into the cluster growth, to the occurrence of distinct cluster geometries. Far-M

e.g., the formation of solvation shells and the existence of Clusters with small M ions, observed discontinuities at=
isomersb12 12 have been interpreted as the closure of the first solvation

It is well established that high-resolution spectroscopy shell, leading to a stable icosahedral structEhis conclusion
provides direct experimental access to the intermolecular V&S conﬂrmgd by several theoretlcal approaéﬁ@sas well as
interaction potentials in weakly bound comple#&s” In the observation of the magic numbrer= 12 in mass spectra of

contrast to neutral clusters, less spectroscopic information is Afn—M?* cluster ions, where M is egygﬁqlatom ora small
available for ionic complexes due to the difficulties encountered diatom (€.g., M= Ar, O, I, Mg, NO)*=%54% For M* ions
with the production of high number densitis2° The high ~ With alosge‘rus‘llgnlﬂcantly larger than Ar (e.g., M (NO),, Iz,
selectivity and sensitivity achieved by the combination of mass CeHe),103%41-4%he short-range repulsive interactions prevent the

spectrometric and spectroscopic methods can overcome thisclosehapproach Qecessaryl_to form a close-packed icos?hedLon,
problem, and it is mostly by photodissociation techniques that and thus more than 12 Ar ligands are required to complete the

spectra of ionic complexes have been measured as a functiorf'St Solvation shelf? In addition, some small open-shell ions
of the cluster siz&22%23 Mass selection provides in these studies (e.g., C) feature strongly directional intermolecular bonds to
an elegant tool to follow the size-dependent properties of cluster AT ligands, thus also preventing the formation of regular
ions from the monomer to the bulk. In this way, macroscopic

icosahedral structures.
bulk attributes can be related to the microscopic molecular " the present work, the microsolvation of biNin Ar is

propertieg4-26 To this end, systematic studies on size-selected comMpared to that of the previously studied HC@nd SiOH

clusters provide insight into the origin of matrix isolation and SYStems**All three ions are linear closed-shell species arising
other solvation effectd’ from the protonation of isovalent diatomic molecules. Moreover,

HCO" and HN™ are isoelectronic ions. The analysis of solvent-
* Corresponding author. E-mail: dopfer@ubaclu.unibas.ch. induced spectral shifts in IR photodissociation spectra qf-Ar
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HCO* and Ap—HOSI" cluster ions and the size-dependent
photofragmentation branching ratios allowed to monitor the n=1 2 3
cluster growth, deduce structures and binding energies, and !
identify various isomer&>31in the cases of ArHCO" and Ar—
HOSi™, ab initio calculations and high-resolution MW and IR
spectra showed that both dimers possess linear proton-bound
global minima30:31.4446 Viprational spectra of larger Ar
HCO" clusters revealed that further Ar ligands fill two equatorial
solvation rings (containing up to five atoms) around the linear
dimer core, with the 12th and terminal Ar atom completing the _Jk_ﬂ_ o T || L
first solvation shell, leading to an icosahedral-like geométry. N S N
In the case of A—HOSI", only spectra up t; = 10 have 50 00 assu] 0
been Obta'n_ed; however, the formation of solvation rings aroun_d Figure 1. Part of the mass spectrum of the ion source demonstrating
the linear dimer core could also be deduced from the experi- the efficient production of Ar-HN,* complexes. Weaker cluster series
mental and theoretical data. include AR—HNz* (k = 0, 2-5) and Ap—Hs".

Induction interactions dominate the attractive part of the-ion
ligand interactions in Rg-M* clusters where M constitutes
a closed-shell ion. The sequence of solvation shell filling will m=4
therefore be largely determined by the charge distribution in
the respective molecular ion and the anisotropy arising from
the repulsive walf* As in HCO' the positive charge is mainly
localized on the H and C atoms, the primary solvation ring in
Ar,—HCO" is located around the €H bond and has thus
contact with the proton-bound Ar ligand, while the second ring
is positioned around the-80 bond Significant charge density
on Si supports a second T-shaped-&iOH" dimer (local
minimum) with the Ar attached to the Si atom, which is only
slightly less stable than the linear proton-bound dimer (global
minimum). Consequently, in the most stable ,AHOSi"
C[usters, thg splvatign ring cgnter.ed .around the Si atom of the mass spectrometer (QMS). The first QMS selected thg-AiN>*
dimer core is filled _f'rSt; that 'S_’ this ring has no contact t_o the parent ion and the laser frequency was set to the resonance at 2618
proton-bound Ar ligand" Various less stable ArHOSI" cm L, Ar,—HN," fragment ions withm = 4 and 5 arise from laser-
complexes have also been identified (for certairalues) from induced dissociation (LID), while the ones with= 7 are produced
their IR spectral shifts, for example, those for 4 which have by collision-induced dissociation (CID) and/or metastable decomposi-
all Ar ligands in the first ring around Si, but none at the proton- tion (MD).
bound site?! ) _

In the present study, the microsolvation of FNn argon is . Part of the plasma was extracted through a ;klmmer into the
investigated by IR photodissociation spectroscopy afAfN,* first quadrupole mass spectrometer (QMS) which was tuned to
complexes if = 1—13). Part of the dimer spectrum has been the mass of the desired ArHN," species. The mass-_selected
analyzed previousl§’ and the relevant results are summarized Parent beam was then deflected by’ $hd focused into an
in section 4.1.1. To complement the experimental approach, two-¢topole ion guide, where it was exposed to the tunable IR laser
dimensional intermolecular potential energy surfaces for Ar PUISe. Resonant excitation into metastable levels above the
bound to HN*, HCO*, and HOSH have been calculated by !owes_tdlssouatmn limit caused the fragmentation of the parent
ab initio methods, and these surfaces are then used to rationalizd®nS into Ai—HN;" and @i — m) Ar atoms. The produced

the experimental results for dimers and the larger clusters of fragment ions were filtered by the second QMS and subse-
these ions with Ar atoms. guently detected with a Daly-type cation detedfoPhotofrag-

mentation spectra were obtained by monitoring the fragment
ion current as a function of the laser frequency.

For Ar,—HN," clusters witn > 1, several fragment channels

Infrared photodissociation spectra of mass-selecteg-Ar  m are possible following photoabsorption. In agreement with
HN," complexes have been recorded in a tandem massprevious studies of related species, the rangerfovas found
spectrometer described in detail elsewh8The cluster ion to be smalf®—3250For example, resonant excitation of the mass
source comprises a pulsed supersonic expansion coupled teselectech = 8 clusters at 2618 cm led only to the production
electron impact ionization. The employed gas mixture contained of the m = 4 and 5 fragment ions (Figure 2). The = 7
N2, Hz, and Ar in a ratio of 1:20:300. Electron impact ionization fragments arise not from laser-induced dissociation (LID) but
is followed by ion—molecule reactions to produce HN Cold from collision-induced dissociation (CID) with background gas
Ar,—HNz" complexes were generated by subsequent three-bodyand/or metastable decomposition (MD) of hot parent complexes
collisions. Figure 1 shows a mass spectrum of the ion sourcein the octopole region. The CID and MD processes led mainly
which reveals Af—HN," as the dominant cluster ion series. to m = n — 1 fragments. They interfered therefore only for
All other complexes can be assigned to eithey-AdNx " (k small clusters with the LID signal, as larger complexes lost more
= 0, 2-5) or Ar,—Hz™. The large amount of Hin the gas than one ligand upon photoexcitation. To distinguish between
mixture led to mass spectra where almost all cluster ions wereLID and CID/MD processes, the source was triggered at twice
protonated species (e.g., noANx™ ions were observed). The  the laser frequency and alternate signals were subtracted.
size distribution of As—HN," could be shifted to highem by Tunable radiation in the mid-infrared spectral range (2500
increasing the stagnation pressure from 3 to 8 bar. 6800 cnT!) was generated by a pulsed optical parametric
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Figure 2. Mass spectrum obtained by scanning the second quadrupole

2. Experimental Section
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Figure 3. D andRe values of one-dimensional radial cuts through the two-dimensional, intermolecular, rigid-monomer potential energy surfaces
of Ar—HN_" (left), Ar—HCO" (middle), and A-HOSI" (right), obtained at the MP2/aug-cc-pVTEvel of theory. The crosses correspond to
calculations where the monomer coordinates were allowed to relax during the search for stationary points.

oscillator (OPO) based laser system with 0.02 Erandwidth. corrected for basis set superposition error (BSSEQne-

The photofragmentation spectra were linearly normalized by dimensional radial cuts through the two-dimensional potential
laser power measured with an InSb detector. Calibration of the energy surfaces were created by cubic splines of the radial points
laser frequency was accomplished by comparison with simul- along each angle, and th&gandDe values are plotted in Figure

taneously recorded optoacoustic spectra gD Rt 3 as a function off. Detailed data of the potential energy
surfaces are available upon request.
3. Ab Initio Calculations To test the significance of the rigid monomer approximation,

Ab initio calculations at the MP2 level of theory were Several stationary points have been calculated allowing all
performed to determine the two-dimensional intermolecular coordinates to relax (indicated by crosses in Figure 3). In these
potential energy surface of the AHN,* dimer. For compari- ~ cases, the dissociation energipeX was corrected for the
son, the A-HCO* and Ar—HOSi* potentials have also been relaxation energy arising from the monomer deformation upon
calculated at the same level of theory. The computations were COmplexatiorf? The effects of the rigid monomer approximation
conducted with the GAUSSIAN 94 program packzgetilizing are most pronounced for the linear proton-bound global
a basis set composed of Ahlrichs VTZ functions for the core Minimum structuresf{ = 0°, Figure 3 and Table 1). They lead
electrons and diffuse and polarization functions taken from the t0 moderate underestimations in bond strengt&4) and bond
aug-cc-pVTZ basis s&8 This led to the following contraction  lengths (<0.08 A). Part of the discrepancy may also arise from
scheme: (6s,3p,2d)> [4s,3p,2d] for H; (11s,7p,3d,2f~ the choice of the relatively large radial step size (0.1 A) which
[7s,4p,3d,2f] for C, N, and O; (13s,10p,3d,2f [8s,6p,3d,2f] causes errors via the splining procedure. In addition, the
for Si; (12s,10p,3d,2f)~ [8s,6p,3d,2f] for Ar. This basis set, ~9geometry optimizations were carried out on surfaces that are
abbreviated in the present work as aug-cc-p¥/Tg of similar not corrected for BSSE, which usually leads to shorter bonds
quality as the aug-cc-pVTZ one and was shown to reliably compared to BSSE-corrected surfaé®3he observed differ-

reproduce the properties of proton-bound dimer interaction ences between the dimer surfaces with rigid and relaxed
potentials?6:54-56 Calculations at the HF level yielded substan- monomers are, however, small compared to the angular de-
tially smaller binding energies due to the neglect of electron Pendencies of the quantiti& andDe. Thus, the rigid monomer
correlation, similar to calculations performed at the MP2 level surfaces are believed to be reliable semiquantitative representa-
with smaller basis sef8:3257As calculations for larger clusters ~ tions of the intermolecular iofligand interactions, and they
at the MPZ/aug_CC_pV'PZeve| are computationally much more will be used below for the discussion of the properties of larger
expensive’ the efforts have been limited to dimers in the presentO”gomerS. It is noted that the theoretical results for the linear
work. Ar—HCO" and Ar—HN," dimers compare favorably with

To map the two-dimensional dimer intermolecular potentia| eXiSting calculations on these SyStemS at similar levels of theory,
energy surfaces, interaction energies have been calculated foRdding confidence in the presented surfef¢és.

a grid of Jacobi coordinate® and R. 6 measures the angle To rationalize the topologies of the dimer potentials, charge
between the vectdr, pointing from the center-of-mass of the and dipole moment distributions have been calculated using the
core ion to the Ar atom, and the linear ion axts=€ 0° for the “atoms in molecules” (AIM) analysis (Figure 43.52 The AIM

proton-bound configuration). The structure of the ionic core was analysis was preferred over the Mulliken one, as the latter one
kept frozen at the optimized monomer geometry (rigid monomer depends sensitively on the basis ¥¢€Indeed, in all cases the
approximation). Interaction energies were calculated for 9 values AIM multipole moments drastically deviated in magnitude and
of 0, equally spaced between 0 and 188nd at least 10 radial  sometimes even in sign from those obtained with the Mulliken
points for each angle (spaced by 0.1 A). All energies were and natural bond orbital analysis. As can be seen from Figure
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TABLE 1: Geometries, Binding Energies, Harmonic Frequencies and IR Intensities (in km/mol, in Parentheses) of ABHlons
(AB = Ny, SiO, and OC) and the Proton-Bound Global Minima of their Complexes with Ar Evaluated at the MP2/
Aug-cc-pVTZ# Level

species ra [A]  req[Al  ruar[A]l Re[A] Delem™]  wi[ecm™ w2 [cm™] wslcm™]  ws[em™]  wp[em™Y]

NoH* rel  1.1058 1.0331 3368.8 (652)  720.8 (250) 2144.4 (16)

NaH*—Ar rel 1.1070 1.0838 1.8363 3.42  2880.5 2603.0(2332) 919.0 (144) 2041.7 (753) 209.7 (73) 211.5(35)
NaH*—Ar rig 1.1058 1.0331 1.95 3.48>  2699.3

SIOH* ref  1.5500 0.9650 3811 (596) 424 (472) 1127 (132)

SIOH*—Ar rel* 15477 0.9764 2.0990 4.02 1117 3555 (1826) 662 (155)  1141(92)  121(26)  87(6)
SIOH*—Ar rig 15500 0.9650 2.20 4.09 1120

OCH* rel  1.1152 1.0899 3260.6 (285)  934.1(34)  2148.1 (40)

OCH*—Ar rel 11161 1.1090 2.0850 3.77 1551.4  2982.0 (1055) 1080.6 (18) 2111.8(246) 149.4(46) 170.9 (82)
OCH*—Ar rig 1.1152 1.0899 2.18 3.8  1543.1

aReference 31 Uncertainty ca. 0.05 A due to limited step size on the dtigor the complexes the values are given for the rigid (rig) and
relaxed (rel) monomers.

- Qi +049 023 +074 4043 021 +0.71 +g NNH' A have been reported and their rotational analyses showed that
H_. H_. .............. -Ar .. . . . .
L4066 056 005 +065 057 004  +038 they originate from the ground vibrational state of this linear
X proton-bound complex. The common feature of these bands was
qi -0.84 +1.39 +045 -0.86 +1.34 +0.48 +0.04 i i i i i i
oope &G rigr 045 om0 lae 048 ¢ ® ocH-Ar I tr,1e lack of rotational lines terminating in levels below a certain
Mz 006 -120 007 -096 -133 -006  +030 z J' and this observation was explained by their stability against

dissociation. The observed sudden onset in the photodissociation
o Gielzd 149 4076 472 150 4075 w003 cross section allowed an accurate determination of the binding
SioH! @ —@—e @ —@—e- @ SiOHw-Ar energy asDo = 2781.5+ 1.5 cnt, which is comparable to

Hzi+157 4040 -0.05 +1.58  +0.43 -0.05 +0.24 1
Figure 4. AIM charges §; in €) and dipole moments:(; in D) obtained the calculated valu®. = 2880.5 cm* (Table 1;Do = 2800

for the HN:*, HCO*, and HOST monomers and their linear complexes €M™ * after including zero-point energies in the harmonic
with Ar (relaxed monomers) calculated at the MP2/aug-cc-p\M&Zel. approximation). Analysis of the ground-state rotational constants
resulted in a center-of-mass separatiyr= 3.429(4) A and a
harmonic intermolecular stretching frequengy= 195(4) cnt?

and force constarits = 37.8(1.5) N/m” in good agreement
with the ab initio values in Table 1 and ref 57.

The vibrational assignment for the two strongest transitions
at 2505.4 and 2755.6 cthasvy + mws (m= 1, 2) was tentative
and based on following argumerfs-or the related RgHCO™
and Rg-HOCO" series (Rg= He, Ne, Ar), a linear relation
between the complexation-inducedred shift Ay, = »,monomer
— v1comPiey and the proton affinity (PA) of the Rg atom has
been found*55 Application of this rule to Rg-HN,™ gives an
extrapolated; frequency of 2280 crmt for Ar—HN, ™, implying
a red shift of~950 cnt?! from the monomer value (3233.95
cm~1).%6 The harmonic red shift calculated in the present work
amounts only to 766 cni. But due to the strong interaction of
the proton with the Ar ligand, the potential for the proton motion
experiences a significant distortion upon Ar complexation. This
effect causes large anharmonic corrections even for the funda-
mental frequency, and a one-dimensional anharmonic treatment
resulted inv; = 23304 100 cnT157 The corresponding red
shift of 9004 100 cnt? is in good agreement with the one
obtained from the\v, vs PA relation. As the; fundamental is
predicted to lie below the dissociation threshold of the complex,

X . . . . it cannot be observed in the present photodissociation experi-
.A _det_alled comparison .Of the d|me_r potentials, multipole ment. HighJ levels of thev; state are actually metastable with
distributions, frequency Sh'f.ts’ and their effec_ts on the cluster_ respect to dissociation; however, the transitions into these levels
structures of the three considered cluster series is presented iNvould () be very weak due to small thermal lower state
section 4.2. populations and (ii) occur outside the scanning range of the
employed laser system. Preliminary searches to locateithe
fundamental in the 21802410 cn! range by direct IR

4.1. Ar,—HN," Spectra. Figure 5 shows the mid-infrared  absorption utilizing a tunable diode laser spectrometer combined
photodissociation spectra of mass-selecteg—AN," com- with supersonic slit expansion failed so far, possibly due to the
plexes (= 1—13) recorded in the dominant fragment channels incomplete spectral coverage (with gaps up to 10¥9rtypical
(indicated asn — m). The centers and widths of the observed for laser diodes. The sensitivity of this technique should be
bands are summarized in Table 3. sufficient to detect;, as the weaker; + vs band at 2505.4

4.1.1. Dimer Spectrum (& 1). Part of the dimer spectrum  cm™* could be observe#f.58
has been analyzed previously and the relevant results can be The mid-infrared spectra of HeHN," and Ne-HN," feature
summarized as follow¥. Three rotationally resolvel—= type strong transitions attributed to the fundamental of HN" and
bands with band origins at 2755.6, 2707.3, and 2505.41cm weaker transitions associated with combination bands with

4, there is only little charge transfer upon complexation. The
strong dipoles induced on the Ar ligand reflect the important
contributions of polarization interactions to the attractive part
of the intermolecular potential. Moreover, there are large net
dipole moments in the HCOand HOSt ions, whereas that of
HN_" is close to zero.

In addition to interaction energies and geometries, Table 1
lists harmonic vibrational frequencies and IR intensities for the
monomers and the proton-bound dimers (with relaxed intramo-
lecular coordinates). The most relevant results for the present
study concern the XH stretch vibration @1). This mode is
for all monomers the vibration with highest IR oscillator
strength. Complexation with Ar results in a large red shift of
its frequency, accompanied by a strong increase of the IR
intensity. These observations are typical for proton-bound
dimers® The properties of all stationary points found on the
Ar—HCO" surface are compared in Table 2. The frequency and
IR intensity of w; of HCO" are much less affected by Ar
complexation in the antilinear and T-shaped geometries com-
pared to the linear structure. These large differences clearly
emphasize that vibrational spectra provide a very sensitive probe
of the geometry and interaction strength in charged clusters.

4. Experimental Results and Discussion
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TABLE 2: Geometries, Binding Energies, Harmonic Frequencies,

Dopfer et al.

and IR Intensities (in km/mol, in Parentheses) of Stationary

Points on the Ar—HCO™ Dimer Potential Energy Surface Evaluated at the MP2/Aug-cc-pVTZ Level®

structuré roc[Al reu[Al 60 R[A] De[em™ w1 [cm™] w2 [em™] ws[ecm™ ws[cm™ wp[cm™U
linear (GM)C., ~ 1.1161 1.1090 © 3.77 15514 2982.0{1055) 1080.64/18) 2111.8¢/246) 149.4(/46) 170.9 (/82)
antilinear (TS) G, 1.1155 1.0896 180 3.77 303.6 3260.7(303) 903.94/36) 2141.2¢/38) 58.4(/22) —35.1(1/74)
T-shapel(LM) C, 1.1156 1.0878~62° ~3.18 1088.8 3279.1(R40) 937.7 (4/15) 2148.3 (439) 163.7 (4101) 61.3 (45)

a2 GM = global minimum, TS= transition state, LM= local minimum.? O
relaxed structures.

895.4 (&/5)
OCH=178.6, OCHAr = 86.2°. ¢ All values are given for completely

TABLE 3: Band Centers and FWHM (in Parentheses) of
Observed Transitions in the Photodissociation Spectra of

n—m Vi+Vg Ar,—HN,* (—Ar ,—HN,") in the Range of thev; + vs and v,
+ 2vs Bande
—_ 138 V./\/\/\—\ V1+2VS v+ vs v+ 2vs (v1+ 2ve)— v1 (Avs)
2z A n m exptl exptl (v1+ ve) exptl calcd
= 1 0 25054 2755.6 250.2 2255 (979)
2 117 Jw 2 1 2533(8) 2765 (10) 232 2301 (933)
S, 2548 (8)
= A 2522 (8)
5 | 106 ‘L‘~_A_ 2562 (10)
6 95 __J\k\_____/; 3 1 2562(10) 2778(13) 216 2346 (888)
= 2568 (10)
S | 854 (.\ A 4 1 2578(12) 2788 (10) 210 2368 (866)
= 5 2 2591(10) 2797 (8) 206 2385 (849)
£ |74 6 3 2504(10) 2805 (7) 211 2383 (851)
2 * 2603 (10)
= 7 4 2606 (7) 2813 (5) 207 2399 (835)
g |63 S\ A 2614 (7)
2 8 4 2618(10) 2821 (6) 203 2415 (819)
& 152 A A 2631 (10)
ZN 9 5 2627(8) 2828 (6) 201 2426 (808)
T |41 Jo\ 2646 (8)
' 10 6 2634(7) 2834 (7) 200 2434 (800)
2 3—>1 /-\ 2643 (8)
11 7 2641(9) 2837 (7) 196 2445 (789)
251 /.\/\\4\ 12 8 2649 (8) 2846 (7) 197 2452 (782)
AN 13 8 2634 (6)
1—901- - e 2650 (6)
L L L ) aBand originst’ ° For the most stable isomer the values for ¢
2500 2600 2700 2800 2900 2vg) — (v1+ vs) and the derived predictions for andAv; in harmonic
v [em'] approximation are also listed. All values are given iném

Figure 5. Mid-infrared photodissociation spectra of mass-selectget Ar
HN>" complexes if = 1—13) recorded in the dominant #+HN,*
fragment ion channel (indicated as—~ m). Although the spectra have
been normalized for laser intensity variations assuming a linear power
dependence, only the relative intensities of close-lying peaks are reliable.
The dots indicate the, + vs transition of the most stable isomer.

intermolecular bendingvg) and stretching 1) modes6.6°
Consequently, the stror¥r-X type transitions at 2505 and 2755
cmtin the A—HN," spectrum were assigned 1@ + vs and

v1 + 2vs combination bands. This results in an intermolecular
stretching frequency of approximately 250 ¢iconsistent with
the ab initio calculations (Table 1 and ref 57) and the rotational
constants of the involved vibrational levéfsExcitation of vy
leads to a significant increase in the intermolecular interaction
(indicated by the large; red shift) due to the vibrationally
enhanced proton transférThe intermolecular stretching fre-
quency is therefore expected to increase upgmexcitation,
which is compatible with the present assignmeang & 200
cm~1for »; = 0, andws ~ 250 cnT? for »; = 1). Though the
assignments of the two considered bandsite- mvs (m= 1,

below.) Strong anharmonic coupling betweenand ws may
explain the large IR oscillator strengths of the + mvs
combination bands observed in the dimer spectrum. A detailed
account of the other transitions observed inrihe 1 spectrum
will be published separately.

4.1.2. Larger Cluster Spectra (a 2—13).In contrast to the
dimer, the photofragmentation spectra of larges-AiN," (n
= 2—13) complexes lack rotational structure, similar to previous
observations for related systed{s! Contour simulations for
reasonable cluster geometries show that, at least for the trimer,
the laser bandwidth of 0.02 cthshould be sufficient to resolve
individual rotational lines. Possible line broadening mechanisms
include (i) homogeneous broadening due to rapid intracluster
vibrational energy redistribution or predissociation and (i)
inhomogeneous broadening due to spectral congestion arising
either from sequence hot bands involving low-frequency
intermolecular modes or from the existence of several isomers.

The observed spectral shifts show a systematic dependence
on the cluster size and thus provide information concerning the
spectral assignments as well as cluster structures and relative

2) are not unambiguous, this interpretation is presently favored stabilities of isomers. As can be seen from Figure 5, the two
and will be used as the basis for the rest of this paper. The strongest features in each spectrum shift simultaneously by
larger cluster spectra discussed below are compatible with suchapproximately the same amount in the same direction as the
an assignment. (The most probable alternative interpretation ascluster size increases, supporting their assignment o mvs.

1+ mvs, m= 0 and 1, does not affect the conclusions derived The spectra oh = 1-3 feature several other absorptions in
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1/cm a — Avif@qn — 1), is gradually decreasing from 46 ci(n =
2)to 7 cnt! (n = 12). (The predictea frequency fom = 12,
240 L (V1H2V)-(V 1 +V0) vicale = 2452 cntl, lies still below the scanni_ng range of the
ITE¥s/TV 1T s employed OPO system.) Parallel Ao1¢3¢, the intermolecular
stretching vibration decreases in the harmonic model from 250
20 cm1 (n = 1) to about 200 cmt (n = 12) with a rateAws(n)
= w¢(n)—wg(n — 1) decreasing gradually from 18 ci(n =
200 L 2) to almost zeror{ = 12). Thus, complexation of the Ar
. HN,* dimer core with further ligands weakens the intermo-
0 lecular bond to the first Ar ligand (leading to a decreasedn
l/em b which in turn causes the \H bond to become stronger again
950 - (indicated by the increase incal).
Av,cale The changes ims and Av;¢@¢ are actually not monotonic in
900 - n over the whole investigated size range (Figure 6). Disconti-
nuities betweem = 5 and 6 for both quantities are interpreted
850 | . . ) .
as a result of partial shell closing. The dimer potential has a
800 1 deep minimum at the linear configuration indicating that sites
4 with small & are favorable in energy. Thus, further Ar ligands
0 2L . ; 46 #é . 1'0 7, (n = 2-5) fill a solvation ring around the NH bond of the

n linear dimer core. The observed discontinuities suggest that at

Figure 6. Plot of the measured spacings between the bands assigned? = 6 the second ring starts to be filled (Figure 7, bottom

to v; + 2vs andvy + vsin the A—HN,* spectra as a function of the ~ Sequence). Four ligands in the first ring correspond to the
cluster sizen (a). Calculated; red shifts obtained fromwg + 2vg)— coordination number six for the proton, which appears to be a
(v1 + v¢ assuming the harmonic approximation (b). For both plots stable configuratior?

only the most intense bands corresponding to the most stable isomers

are considered. Closer inspection of the spectra in Figure 5 reveals that for

the size range = 6—10 weaker satellite bands appear slightly
to the blue ofv1 + vs. Moreover, their positions follow smoothly
and monotonically as a function of(without a discontinuity)
those of thev; + vs absorptions fom < 6. These bands are
attributed to the/; + vstransition of a less stable isomer. Based
pn a van der Waals radius of 1.85 A for Arthe first ring is
expected to be close to the calculated point on the dimer
potential surface witl9 = 67.5°, R, = 3.26 A, andD, = 920
cm~1 (neglecting three-body effects; see below). For these
structural parameters, four to five Ar ligands can fit into this
ring. As a consequence, two isomers may coexist in the size
rangen = 6—10, one with four and the other one with five
ligands in the first ring (Figure 7). In a later section it will be
argued that the isomer with four Ar atoms in the first ring is
the more stable one giving rise to the more intenget v
band (marked by dots in Figure 5). For= 12 the first solvation
shell is complete and the complex has a slightly distorted
icosahedral geometry, with two Ar ligands on the #Naxis

(at the H and N ends) and two five-membered solvation rings
around the linear core (Figure 7). Only omg + vs band is

thev; + vsrange, which probably arise from further combination
bands and/or overtones. They may gain intensity fiam- v

via a Fermi resonance, which would explain why the corre-
spondingv; + 2vs range is less congested. Ror= 4—12, the
spectra are somewhat cleaner, possibly because the Ferm
resonances in the, + vs range are destroyed due to different
spectral shifting of the interacting levels. These spectra feature
only two strong absorptions that are associated with- mws
(m=1, 2). As stated above, the combination bangds- mvg
have enhanced IR intensity due to strong anharmonic coupling,
which is nearly independent of the cluster size. This supports
cluster structures where the linear dimer core is only weakly
perturbed by off-axis Ar ligands; that is, tg mode in larger
clusters corresponds mainly to a stretching vibration of the
intermolecular bond to the first proton-bound Ar ligand.

Figure 6a shows the differencei(+ 2vy)—(v1 + vs) as a
function of the cluster size (see also Table 3). In the harmonic
approximation, this spacing correspondsde wsin they; =1
state. Subtracting this frequency fram+ vs gives an estimate - S S
for v1, which in turn can be used to calculate the complexation- S€€N fom = 12 confirming that this isomer is significantly more
induced red shiftAv;°@¢ as a function of the cluster size stable than any other configuration.

(Figure 6b). This procedure results Av;%a¢ = 979 cn and Interestingly, two bands in the; + vs range are again
ws= 250 cnr? for the dimer, in good agreement with theoretical observed fom = 13. One features an incremental red shift of
and thermochemical considerations outlined above. In Figure 15 cnT* suggesting that for this isomer the 13th Ar atom is
5 and Table 3, the assignmentsigf+ vs for n = 2 and 3 were close to the first ligand of the As—HN," icosahedron, thus

made so that a smooth and monotonic dependencAifgelc producing the significant change in theand/orys frequencies.
is obtained in the size range= 1-5. Such smooth depend_ At this site the attraction by the Chal’ge will force the 13th Ar
encies were also observed for, AHCO" and Ar,—HOS;+ 2031 ligand to slightly push on the proton-bound Ar, with the effect

The direction and magnitudes of the spectral shifts deduced Of strengthening the intermolecular bond and destabilizing the
for v, and ws can be understood in following cluster growth ~N—H bond. The almost unshifted band may be associated with
model (Figure 7). The experimental and theoretical data isomeric structures having the 13th Ar atom further away from
demonstrate that the dimen & 1) has a linear proton-bound  this sensitive position, i.e., between the two solvation rings or
configuration. No other minimum has been located on the dimer near the N end of Hh'.
potential energy surface. As the difference between the PA of As can be seen from Figure 6, the calculatedrequency
N, and Ar is relatively small (124.6 kJ/mof},complexation has not converged at= 12—13. This indicates that the second
of HN2™ with Ar results in a strong intermolecular bond and a and possibly also higher order solvation shells still provide
large v, red shift. Further Ar ligands cause the vibration to significant contributions to the monomer-bulk shift. It appears
shift back to the blue, whereby the incremental shift;ca9n) that no Ar matrix isolation studies on HN have been
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Figure 7. Sketch of isomeric geometries of ArHN," clusters. The bottom sequence corresponds to the most stable isomers. Isoelectronic Ar

HCO' complexes have similar structures.

performed, making it impossible at this stage to compare the magnitudes and directions of thre shifts of the larger clusters

cluster band shifts with the bulk limit. For= 12, the absolute
shift from the monomer value amounts to 24% of the monomer
frequency, which is very large compared to usual vibrational
shifts observed in Ar matrices (typically 1.2%)27 Incomplete

can also be rationalized by the dimer potential, which reflects
the dependence of the electronic structure of the H@®@ upon
the position of the Ar atom.

4.2. Comparison of Ar,—HN,", Ar,—HCO™, and Ar,—

shielding of the charge by the first solvation shell has also been HOSi™. The interaction potentials of Ar bound to HN HCO",

observed in other ionic clusters systethd>Another reason for
an unusually large shift for, of HN,™ might be that this ion
mainly exists as a proton-bound AHN," dimer in the Ar
environmeng’.73

Two effects are considered to explain the direction and

and HOST reveal that all three complexes have a linear proton-
bound global minimum structure. As the PA increases in the
order N < CO < SiO (493.8< 594.0< 777.8 kd/moly? the

intermolecular bond strengths in the complexes of their proto-
nated ions with Ar decrease in the same order. This effect is

magnitudes of the shifts as a function of the cluster size: a visible in the decreasing values B, ks, Av1, and Aw;, and

“steric” and an “electronic” effect. The large red shift for

the proton-bound dimer arises from a destabilization of théIN
bond upon formation of the linear proton bond. As the dimer
potential has a deep minimum ét= 0°, the first solvation
ring is expected to be close to the proton-bound Ar atom. This
ring may slightly push on the proton-bound Ar atom, thus
weakening this intermolecular bond and simultaneously stabiliz-
ing the N—H bond. As Ar ligands within the ring are roughly
equivalent, the effect will be almost additive, resulting in nearly
linear dependencies of; and vs upon the number of atoms

the increase iRa—y (Table 1, Figure 3, and Table 4 in ref
31). The calculated values are in good agreement with the
spectroscopic daf®;314” adding confidence to the quality of
the calculated dimer potentials.

Although N,, CO, and SiO are isovalent, the topologies of
the surfaces in Figure 3 are quite different. While the-BiN,*
surface features only one deep linear proton-bound minimum,
the potential of the isoelectronic AHCO' complex has an
additional shallow T-shaped local minimut 4 62°). The Ar—
HOSi" surface has also a second minimum, however this

added to the ring. Members of the second ring may press onminimum occurs for a larger angl® (~ 103’) and is more

the first ring, which in turn pushes on the terminal ligand.

pronounced compared to AHCO". The topologies of these

Consequently, members of the second ring will cause effects surfaces can qualitatively be rationalized by considering the
similar to those of the first one, but they will be less pronounced charge and dipole moment distributions in the respective ions
due to the weaker bonds. Such a steric model, based on thgFigure 4) and the anisotropies arising from the repulsive walls
subtle interplay between attractive and repulsive forces, was (Figure 3). The attractive part of the potential is governed by

invoked in ref 30 to explain the dependencies af; andvsin
Ar,—HCO" which parallel those of the isoelectronic AHN,+
complexes.

the induction interaction of the atomic charges (and to lesser
extent the atomic dipoles) of the ionic core with the induced
dipole on Ar. In HN:* the positive charge is mainly localized

The dimer potentials in Figure 3 suggest that changes in the on the proton and the net dipole moment is close to zero. The
electronic properties of the central ion may also provide some charge-induced dipole interactioB(), calculated with the point

contribution to the observed solvation-induced frequency shifts.
This will be outlined in more detail for the AtHCO™ dimer,

charges in Figure 4 at the respective equilibrium separations,
strongly favors the linear dimer configuratioBcfy ~ —4800

as its intermolecular potential surface features three stationarycm1) over the antilinear one(g &~ —300 cnt?). The situation

points (Figure 3 and Table 2): the linear global minimufn (
= 0°, De = 1551 cn1?), the T-shaped shallow local minimum
(6 ~ 62°, Do = 1089 cn1l), and the antilinear transition state
(6 = 180", De = 304 cnt1?). Increasing) from 0 to 180 causes
the intermolecular bond to become weaker, wherebyRhe
dependence does not correlate with bwedependence due to
the anisotropy arising from the short-range repulsive forces
(Figure 3). Approximating the’; normal mode by the €H
stretch local mode, they frequency is correlated with the-GH
bond length. The harmonic shiftsw; andArcy are calculated
as—278.6,+18.5, and+0.1 cnt! and+0.0191,—0.0021, and
—0.0003 A for the linear, T-shaped, and antilinear structures,

is very similar for A—HCO* where the point charges in HCO
again make the linear configuration much lower in energy than
the antilinear oneHgjq ~ —3150 cnt? for 0 = 0°, E¢jg ~ —100
cm ! for & = 18C°). The large dipole moments on C and O
pointing in the—z direction however slightly stabilize (desta-
bilize) the antilinear (linear) structure, as they are parallel
(antiparallel) to the induced dipole moment on Ar. In the case
of SIOH', the atomic point charges contribute roughly equally
to the binding energy & = 0 and 180 (Egq ~ —800 cn1?Y),

and it is the large atomic dipole moments on Si and O that
stabilize the linear over the antilinear configuration. Thus, the
induction interactions arising from the atomic multipole mo-

respectively (Tables 1 and 2). The experimental incremental ments explain why all three cluster ions prefer the linear rather

shifts observed for A—HCO" amount to—273.6,+30.6, and
+3.2 cntt for n = 1, 2, and 12, respectivef. Thus, the

than the antilinear geometry. It also explains the decrease in
binding energy for the proton-bound minimum in the series
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HN,™ > HCO' > HOSI*. The high positive charge densities
on C in HCO" and on Si in HOSI are responsible for the
T-shaped local minima of the dimers. A detailed distributed
multipole analysi¥®74to quantitatively rationalize the dimer ab
initio surfaces is, however, beyond the scope of this paper.

The dimer surfaces in Figure 3 will be used below to deduce
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As Si has a larger radius than C, O, and N, five Ar atoms can
easily fit into the first ring (in contrast to HCOand HN.™).
Thus, they; shifts for the most stable isomer do not feature the
discontinuity ain = 6 observed for HCOand HN.". However,
a less stable isomer with four Ar atoms in the first ring has
also been observed for ArHOSI* in the size ranga = 6—10.

the most stable structures of larger clusters and their isomersTheir v shifts show a discontinuity at = 6, similar to the

using the concept of pairwise additive interaction potentials.

Such a procedure is only meaningful in cases where the three-

most stable structures of AfHCO"™ and Ar—HN,™.
The first solvation ring in Ay—HOSI" has no contact with

body interaction terms are small compared to the anisotropy of the proton-bound Ar ligand. Therefore, theshifts arise mainly

the dimer ior-ligand potentials. The dominant three-body terms

from complexation-induced changes in the electronic structure

in charged complexes of ions surrounded by rare gas atoms aris®f SiOH". In the case of A—HCO" and Ar—HN," both

from induction interaction*¢°The main term originates from
the interaction of the dipole moments induced in two Ar ligands
by the charge distribution on the core ion. Assuming that the
two Ar ligands are separated by 3.75 A (approximately the Ar
Ar separation in A3 and 3 A away from a point charge, this
repulsive three-body interaction term amounts60 cnt 1,30

i.e., it is of the order of the attractive AAr van der Waals
interactiort® of ~100 cnT?, but much smaller than the angular
variation of the binding energe in the dimer potentials in
Figure 3. Thus, to a first approximation, three-body terms as
well as ligand-ligand interactions can be neglected in develop-
ing coarse structures for the larger clusters.

In the previous section, the spectra of,AHN,™ complexes

electronic and steric effects may operate. Foy-A1CO", the
incrementab; shifts were almost constant within the two rings
(25 and 4 cmYligand, respectively), whereas for ArHOSI"

and Ar—HN_" these shifts decrease significantly within each
ring (34-12 and 50 cmY/ligand, and 46-17 and 16-11
cmYligand). This may tempt the speculation that nearly
constant incremental shifts within one ring are related to steric
effects, while decreasing ones may be related to electronic
effects. If this rule holds, the frequency shifts are dominated
by steric effects in A—HCO' and by electronic effects in A+
HN,* and AL—HOSI". The local minimum in the ArHCO™
dimer surface with a relatively short and strong bond close to
the position of the first ring may force Ar ligands in this ring

have been explained by global minimum structures where the t0 push on the proton-bound Ar ligand in order to minimize

first Ar atom occupies the linear proton-bound configuration
and subsequent Ar ligands fill primary and secondary solvation
rings around this dimer core, each containing up to five atoms.
The solvation shell is then closed by the 12th Ar ligand at the
N end (Figure 7). This scheme is supported by the dimer

the total energy, thus slightly destabilizing the intermolecular
bond to the proton-bound Ar. In contrast, the-AtN," surface

is quite flat near the anglefor the first ring @ ~ 65°), causing
less steric hindrance in A+HN,™ compared to A;-HCO".

As was mentioned in the Introduction, A+ M= cluster ions

potential surface and the observed spectral frequency shifts. Asappear to have stable closed-shell icosahedral-like geometries

the coarse topology of the AHCO™ dimer potential is similar

to that of Ar—HN;*, the cluster growth should be analogous.
Indeed, the spectral shifts in the ArHCO™ spectra show the
same behavior as for A-HN,* supporting this conclusion. In
the case of A;—HCO", the relative spectral intensities of the
less stable isomers (five Ar atoms in the first ring) compared
to the more stable ones (four Ar atoms in the first ring) in the
size rangen = 6—10 are much lower than those of ArHN™,
indicating that it is energetically more difficult to fit five Ar
atoms in the first ring around the AHCO" core. This is
supported by the ab initio dimer surfaces which show that the
Ar atoms atf ~ 65° are more strongly bound to HCQhan to
HN_* (with largerDe and smalleR. values), which may produce
more steric hindrance for the fifth Ar atom to enter this ring.

The dimer potential of ArHOSI" differs from that of Ar-
HN," and A—HCO" by having a second deep local minimum

only in cases where the size of the centrat Nbn is not
significantly larger than that of an Ar atom. Approximating
HAB™ by AB* and the length of AB by the sum of the van
der Waals radiP of A and B plus the ab initigag separation,
HN,* and HCO' can fit inside a regular Ag shell. In contrast,
due to the large radius of Si, more than 12 Ar ligands may be
necessary to close the first solvation shell in,AHOSI".
Unfortunately, spectra of ArHOSi have been recorded only
for n up to 10. Therefore, the question concerning the size of
the first Ar solvation shell around HOSiremains open.

4.3. Comparison with Hg,—HN;", Ne;—HN2", and (Hz)n—
HNy*. The spectra observed for ArHN,™ may be compared
with those of Ng—HN," (n = 1-5)°¢ and Hg—HN," (n =
1,2)% Due to weaker interactions in the Ne- and He-containing
complexes, their investigations were limited to smaller cluster
sizes. All three Rg-HN;" dimers have linear proton-bound

which is almost as stable as the global minimum. Indeed, the minima, and the interaction strengths scale with the proton

T-shaped dimer has been identified experimentally by its
characteristio’; blue shift3! (In contrast, the T-shaped isomer
of Ar—HCO" has not been identified in the experimental
spectrum, probably due to its small isomerization barrier 80
cm! toward the linear configuration.) The existence of two

affinity of the rare gas atom®¢ = 492, 896, and 2881 cm

for He, Ne, and Ar). Accordingly, the observedred shifts of

76, 181, and~980 cn1? increase in the same order. A more
detailed comparison of the structures, frequencies and intermo-
lecular bond strengths of these three dimers may be found in

deep minima on the dimer surface also determines the structuregefs 56 and 47.

of larger clusters of SiOH with Ar atoms. The most stable
complexes fom = 1—3 have the first Ar atom in the linear
configuration and further Ar ligands in a ring around the Si
atom @ ~ 103). A second, less stable isomer in this size range
has all Ar atoms in this ring and no proton-bound one. Both
isomers have been observed experimenfalljhe most stable
isomers up tn ~ 10 are formed by filling first a ring near the
Si atom around the linear dimer core with five Ar atoms and
then a second ring that is probably centered on théHbond.

In analogy to Ap—HN_*, for Ne,—HN,t and Hg—HN," the
large red shifts in the; frequency fom = 1 are contrasted by
much smaller incremental blue shifts for clusters witk 1.

In the case of Ne, these shifts amounttd0 cnt!forn=2,3
and~1—-2 cm! for n = 4, 5 and in the case of He the blue
shift is 6 cnT! for n = 25669 These shifts suggest that the He-
and Ne-containing complexes also grow around a linear Rg
HN," dimer core. However, as the interaction in the latter
complexes is weaker than in the Ar-containing ones, their larger
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cluster structures may be less rigid. Consequently, the trend to
form distinct primary and secondary solvation rings around the
Rg—HN," dimer core may be less pronounced in the case of
He and Ne ligands due to larger radial and angular delocaliza-

tion. Moreover, as the van der Waals radii decrease in the order

Ar > Ne > He (1.8> 1.2 > 1.1 A)’® and the intermolecular
separations to the HN core are not too different for the three
rare gas ligand%}%6 more than 12 ligands may be necessary
for closing the first solvation shell in the case of He and Ne.

The cluster structures of A+HN,™ may also be compared
with those of (H),—HN,".7276The charge-quadrupole interac-
tion arising from the positive quadrupole moment of &hd
the positive charge on HN favors a proton-bound T-shaped
configuration for the H—HN," dimer, a conclusion that was
confirmed by ab initio calculations and vibrational band shifts
in the IR spectrunt® For larger clusters, no spectroscopic
information is available. However, bond enthalpies determined
from thermochemical studies on the clustering reactiof){H
HNo™ + Hz — (H2)n+1—HN2t and ab initio calculations

Dopfer et al.

TABLE 4: Photofragmentation Branching Ratios for the
Reaction Ar,—HN3t + hv — Ar,—HNy" + (n — m)Ar,
Measured at the Peak Maxima of thev; + vs Band of the
Most Stable Isomep

n 1 2 3 4 5 6
m 0(1.0) 1(1.0) 1(1.0) 1(0.61) 1(0.02) 2(0.02)
2(0.39) 2(0.73) 3(0.94)

3(0.25) 4 (0.04)

m—md 1.0 1.0 2.0 2.61 2.77 3.02

n 7 8 9 10 11 12
m 4(1.0) 4(0.60) 5(1.0) 5(0.04) 6(0.21) 7(0.04)
5 (0.4 6(0.96) 7(0.79) 8 (0.96)

m—md 3.0 360 4.0 404 421 4.04

a Uncertainties are estimated as 0.05. The average number of Ar
ligands lost (h — m0) is also given.

atom pointing toward its cent&f. However, such structures
appear not to be compatible with the IR spectra of A1CO"
and Ar—HN,", as they would not give rise to the obseruad

suggested cluster geometries with a strongly bound T-shapedshift dependencies. Thus, the different intermolecular forces

dimer core £AH® = 9 kcal/mol~ 2065 cnT1).”2 The next
four ligands form a solvation ring around HNleading to a
stable structure with a six-fold coordination of the central proton,
similar to the most stable structure suggested foy—-AtN,*.
(H2)n—HNy™ geometries witm > 6 were argued to be more
floppy than those forn = 1-5 with the sixth H ligand
completing the first solvation ring. In contrast to AHN",
where subsequent Ar atoma ¢ 6) are believed to further
solvate the HM"™ ion near the N end (Figure 7),.Higands
seem to prefer bonds to the first Higand’2 This discrepancy
may be attributed to the different nature of the intermolecular
ion—ligand and liganetligand interactions and/or different
ligand sizes in both complexes. Future IR spectroscopic work
on (Hx)n—HN2" may shed some more light on their structures
than is possible through thermodynamic studies. In these
clusters, ligands can also be vibrationally excited and their
frequency shifts have proven to be an extremely sensitive probe
of their positions within the clustéf.””

4.4, Comparison with Ar,—HF. The Ar,—HN>" complexes
may be compared with related neutral Ar-containing complexes,
the best known system probably being,AHF.1>7882 Theo-
retical ( = 1—14) and high-resolution spectroscopic=t 1—4)
data revealed that the AHF dimer also has a linear hydrogen-
bonded equilibrium geometry. As the interaction in/iF is
considerably weaker than that in AHN,;t (Dg = 101.7 vs
2781.5 cn1l), the Ar—H bond is significantly longer = 2.62
vs 1.90 A) and the complexation inducegred shift is smaller
(9.65 vs~980 cntl). Due to the different interactions in both
systems, the optimal structures of largerAHF clusters differ
largely from those of Af—-HN,". HF points to the midpoint of
an Ar, dimer forn = 2 (T-shaped(,,), to the center of a regular
Arztriangle forn = 3 (Cg,), and to the face of an Atetrahedron
for n = 4.15 While in clusters up ton = 8 the HF molecule is
bound to the surface of an Amicrocluster, it is located inside
of Ar,in larger systems. As—HF has a very stable icosahedral
structure with an almost freely rotating HF unit at the center.
Thewv, (H—F) red shifts directly reflect these ArHF minimum
configurations®! The total red shift increases monotonically
toward the bulk limit, which is already reached for= 12,
implying that for this system only the first solvation shell
significantly contributes to the bulk shift.

Cluster structures similar to those of small,AHF com-
plexes have previously also been invoked fog-AHCO™, with
HCO" being located on the surface of an,&tuster and the O

acting in the neutral and charged systems lead to very different
cluster structures, at least for those with a small number of
ligands.

4.5. Branching Ratios and Binding EnergiesPhotoexci-
tation of Ar,—HNz" parent clusters at theig + vs band maxima
led to the observation of several £&rHN,™ (m < n) fragment
channels. Similar to previous studies of related systems, the
range ofm was quite small for a givem (Table 4). This
information can be used to provide a rough estimate of
incremental binding energieBy(n). Neglecting kinetic energy
release and differences in internal energies of parent and
daughter ions, the absorbed photon energy must be larger than
the sum of the binding energies of the evaporated Ar lig&htfs.
Under the additional assumption that Ar ligands within one ring
have the same bond strengths, the following limits for incre-
mental binding energies have been deriv&d: > 2600 cnt?!
for n = 1, 650 cnT! < Dy < 870 cn1! for n = 2—6 (first
ring), and 520 cm! < Dy < 650 cn1?! for n = 7—11 (second
ring). These values may be compared with the experimental
binding energyDo = 2781.54+ 1.5 cnt! (n = 1)*” and the
theoretical values extracted from the dimer surface in Figure 3
of De = 2699 cnt! for n = 1, 916 cn for n = 2—6 (0 =
67.5, approximate position of first ring), and 442 cifor n
=7-11 (¢ = 135.0, approximate position of the second ring).
The approximations involved in the different methods for the
determination of the incremental binding energies prevent better
guantitative agreement; however, the qualitative agreement may
be regarded as further support for the microsolvation model
developed from the spectroscopic data.

5. Conclusions

The microsolvation of HM" ions in argon has been inves-
tigated by IR photodissociation spectroscopy of mass-selected
Arp,—HN"™ (n = 1—13) complexes. The analysis of systematic
size-dependent spectral shifts and fragmentation branching ratios
enabled the development of a consistent cluster growth scheme,
including the identification of shell formation and existence of
less stable isomers. The derived cluster structures are compatible
with the two-dimensional intermolecular dimer potential energy
surface calculated at the MP2 level of theory. Comparison with
other charged and neutral RgM®) cluster series revealed that
the microsolvation process sensitively depends on the nature
of the solute-solvent and solventsolvent interactions (type
and strength of the interactions, the charge distributions on the
central core, the sizes of the solute and solvent molecules, etc.).
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Most similarities have been found for the structures of the iso-

electronic Ar—HNz* and ARL—HCO" species. Hopefully, high-
level ab initio calculations on larger oligomers will soon become
feasible and allow inclusion of the effects of three-body

interactions, zero-point energies, and entropy. The most promis-

ing experimental methods for further investigations of the
structure and dynamics of small ArHN," complexes appear

to be microwave or far IR spectroscopy in slit jets, as with these
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