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of Aniline *—(N2), (n = 1-5) Complexes

Nicola Solcaand Otto Dopfer*
Institut fir Physikalische Chemie, Urrsita Basel, Klingelbergstrasse 80, CH-4056 Basel, Switzerland

Receied: April 3, 2002; In Final Form: June 3, 2002

Infrared (IR) photodissociation spectra of mass-selected anhiti(é,), complexes witin < 5, produced in

an electron impact (El) cluster ion source, are presented in the range oftHesiMetch vibrations of the
aniline cation (Arf). Analysis of the An—N, spectrum is consistent with a H-bound structure in which the
N ligand forms a nearly linear hydrogen bond to one proton of the §¢bup of An". No other isomers are
observed in the = 1 spectrum, implying that H-bound Ar-N; corresponds to the global minimum of the
dimer potential. This conclusion is supported by ab initio calculations at the UMP2/6-311G(2df,2pd) level,
which predict H-bound Ah—N, (De = 1431 cn1?) to be more stable than other local minima. Systematic
vibrational frequency shifts in the spectra of the larger"A(N,), clusters provide information about the
microsolvation process of Anin a quadrupolar solvent. The first two,Nigands fill a first subshell by
solvating the protons of the amino group (H bonds), whereas further ligands bind to the aromatic rinig of An
(r bonds). Analysis of the photofragmentation branching ratios yields approximate dissociation energies of
the H andz bonds ofDo(H) ~ 1100+ 300 cnt! and Dy(r) ~ 700 &= 200 cn1?, respectively.

1. Introduction z-electron system are optimal in this configuratfo? On the
other hand, IR spectra of Ar-Ar suggest that the H bond in
the cation ground state gpof AnT™—Rg dimers is more stable
that thesr bond, mainly because of the additional induction
orces!?12 As an example for a strongly dipolar ligand,®1
orms a N bond to An in §'2 whereas the Ah—H,O cation

The solvation of an ion by neutral solvent molecules is a
fundamental process for many phenomena in physical, organic,
and biological chemistry; because iorligand interactions
have a much larger strength and longer range than corresponding%
neutral-neutral interaction$Hence, the investigation of struc- L s
ture and stability of ionic complexes of the type AL, is of has a H-bound.global minimum '.nOD ' I .
fundamental interest to model the stepwise solvation of a cation Nz is a polarizable dlatoml(? with a nonvanishing negative
A* by a variable number of neutral ligands. In general, the Shapequadrupole moment. Informatlon about the structure of neutral
of the intermolecular potential energy surface (PES) of a cation AN ~Nz in the two lowest singlet stateso 8nd S, comes from
cluster is rather different from that of the corresponding neutral '¢Sonance enhanced multiphoton ionization (REMP,I)' Ias.er
complex, as the additional charge provides substantial additionalNduced fluorescence (LIF), and IR spectroscopy (combined with
electrostatic and inductive contributions to the PES. In the REMPI).1e720 _A” spectroscopic results are consistent with a
present study, the intermolecular interaction between the aniline”;°0und equilibrium structure of AANz in both $ and §,
cation (An") and molecular nitrogen is characterized by infrared W,'th 'the No molgcule aligned page}llel to the 1””9 pIa?féThg
(IR) photodissociation spectroscopy and quantum chemical bmglng energy in $of ~500 cn* is 130 cnt* larger than in
calculations of Afi—(N), with n < 5. The analysis of the IR o' leading to azsohorter intermolecularbond (3.43 A in §
spectra elucidate the initial microsolvation process of Am and 3.32 A in §.2° The Dy state of the An—N, cation was
molecular nitrogen. This cluster system may be considered asinvestigated by zero kinetic energy (ZEKE) photoelect?dh

a prototype for solvation of a positively charged aromatic amine &nd one-color two-photon ¢i1) REMPHIR spectroscopy?
in a polarizable quadrupolar solvent. Such interactions are The results obtained with both techniques are not conclusive

relevant for biophysical processes in which charged amines qoncerning the most stable.binding site in"ArN,. The vipra-

interact with a hydrophobic environmeht. tional structure observed in the ZEKE spectra, obtalne_d by
Aniline is the simplest aromatic amine and offers several REMPI via then-bound_ggtate of Ar’er,_wasglnterpreted n

attractive ligand binding sites. Possible sites include the €Ms of az-bound equilibrium geometry ind3° On the other

-electron system of the aromatic ring kond), the N atom of hand, the significqnt complexatiqn-induced red shifts of the
the amino group (N bond), and the protons of the aromatic ring N—H stretch wbrgtlons observed in the IR spectra of AN,

(H® bond) and the amino group (H bond). Spectrosocpic studies _(also produ_ced via REMPI of neutr&bognd An=No) were
show that the preferred binding site strongly depends on the INterpreted in terms of a H-bound equilibrium structure 'D
type of ligand and the charge state of aniline. For example, the Iirlor to the present work, all spectroscopic SE‘;%'S? of
nonpolar spherical rare gas (Rg) atoms prefdsonds in the A" —Nzare based on REMPI of the neutral AN, dimer.®
ground electronic state ¢Sof neutral An-Rg dimers, because Recently, it was demonstrated that REMPI techniques for the

dispersion interactions between the Rg atoms and the p0|arizab|@eneratlon and specf[roscoplc cha}racterlzatlon of the most stable
Isomer of an aromatic cluster cation{AL) often suffer from

* To whom correspondence should be addressed. E-mail: otto.dopfer@ the severe restrictions imposed by the FranClondon (FC)
unibas.ch. Fax:+41 (61) 267 3855. Phonet41 (61) 267 3823. principle!12223|n a usual REMPI scheme, mainly the most
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stable neutral AL isomer in $ is formed in a supersonic An* HoO*—(No)4
expansion and subsequently ionized by either one-colbi )1

or two-color (11') REMPI via S to generate A—L dimers An*—N2 l

in Do. As the PES of the cation dimer is often rather different
from the PES of the neutral dimer, the FC factors for the REMPI

process are frequently only favorable for the population of local
minima of the cation dimer. In this case, the most stable isomer Hs50o" Ny .
of a given cation cluster escapes experimental observation be- 110
cause of vanishing FC factors, with the consequence that wrong
conclusions regarding the structure, stability, and dissociation :
energy of the most stable*A-L cluster cation may be drawn.

For example, REMPI of ArAr and phenot-Ar (Ph—Ar) exclu- JJL_J

sively leads to the production of thebound An"—Ar19.24-27

and PH—Ar28-31 jsomers, although for both complexes the '
global minimum in B corresponds to the H-bound struc- . .
ture112332 A similar situation may apply also to the AN, 50 100 150 200
dimer. Indeed, in analogy to PN, and An"—Ar,11:22.31.3%he m{u]

H-bound dimer is expected to be the global minimum of rigyre 1. Mass spectrum of the electron impact cluster ion source for
An*—N,, and this structure implies a large geometry change an expansion of heated An vapor seeded inThe mass spectrum is
compared to ther-bound global minimum of neutral AAN,. dominated by N™ (with strong even/odd alternation) and ArOnly
Interestingly, the production of the isoelectronic H-bound |itt|§ frqgmentation of An i§ observed upon El ionization. l\_/Iajor (_:I_uster
PH—N, by REMPI does not suffer from the FC restrictions, series include X—(Ny)n, with X = N, and An, and several impurities,
because H-bound PN is more stable tham-bound PhR-N, such as HO and HO..

also in the neutral ground state®* o Ph are replaced by those of An. As discussed in detail in ref
In the present study, the limitations arising from the FC 23 the major production mechanism of An(Ny), complexes

principle are overcome by using an electron impact (El) ion js thought to begin with El ionization of An followed by three-
source (rather than REMPI) for the generation ofA., cluster body association reactions according to

ions. The main production pathway of AL, in this ion source

is the initial generation of A by El of A, followed by three- An+e —An" +2¢ (1a)
body clustering reactions to produce AL,.23 According to

this production scheme, this ion source produces predomina¢ntlyAn+—(Nz)n,1 +N,+M— AnJ’—(Nz)r1 + M

the most stable isomer of a giventAL cluster ion, indepen- with M = N, or An (1b)

dent of the structure of the most stable neutral spééig#s3.32.34

Thus, one major goal of this study is the IR spectroscopic char- This production scheme produces predominantly the most stable
acterization of the intermolecular interaction of the AN, isomer of the Af—(Ny), cluster cations. All major peaks
dimer generated in the El source, in order to unambiguously ghserved in the mass spectrum in Figure 1 can be assigned to
identify the global minimum structure in thegB3tate of this An* and its fragment ion& Nn*, An*—(N>),, and contamina-
cation. The E+IR spectra recorded in this way are compared tions of the type X —(Ny), including X* = H,O" and HO,*.

with previous REMPHIR spectra to discuss the differences  The central part of the expanding plasma is extracted through
between the El and REMPI production of AAN.. In addition, 3 skimmer into a quadrupole mass spectrometer, which is tuned
EI-IR spectra of larger An—(Ng)y clusters withn < 5 are  tg the mass of Ah—(Ny),. The mass selected parent beam is
presented for the first time to elucidate important properties of then injected into an octopole ion guide, where it is overlapped
the microsolvation of Ah in molecular nitrogen, such as cluster with a tunable IR laser pulse created by an optical parametric
geometries, site-specific ligand binding energies, and structurepscillator laser system with a bandwidth of 0.02 dnResonant

of the first solvation shell. As no quantum chemical calculations excitation into vibrational levels above the lowest dissociation

of An*—(N2), have been reported so far, ab initio and density threshold leads to fragmentation of AR(N.), according to the
functional calculations are carried out for clusters witke 2 following laser-induced dissociation (LID) process:

to support the interpretation of the experimental results.

1 1 1
120 130 140

t |
2 4 6 8 10 12 14

An+—(N2)n trg— An+_(N2)n* -

2. Experimental Section An*—(Nz)m+ (- MmN, (2)
El-IR photodissociation spectra of mass-selectet-AiN),
complexes it = 1-5) are recorded in a tandem mass spec- No other fragment channels are observed. Secondary sources
trometer described elsewhéfeBriefly, the ion source combines  of AnT™—(Ny), fragments originating from An—(N,), are
a pulsed supersonic expansion with El ionization. A heated An collision-induced dissociation (CID) caused by residual gas and
sample T ~ 330 K) is seeded in Nat a backing pressure of metastable decay (MD) of hot parent clusters in the octopole.
3—6 bar and expanded through a pulsed nozzle into vacuum.The An"—(N2), fragment ions are selected by a second
lons and weakly bound ionic complexes are produced by El quadrupole mass spectrometer and detected as a function of the
ionization of the An/N gas mixture close to the nozzle orifice IR frequency to obtain the EIIR spectrum of Af—(N2),. To
and subsequent iermolecule and clustering reactions in the discriminate between LID and MD/CID signals, the ion source
high-pressure region of the expansion. Figure 1 shows a typicalis triggered at twice the laser frequency (20 Hz), and the signals
mass spectrum of the El cluster ion source under the presentfrom alternating triggers are subtracted. The IR spectra are
experimental conditions. It is similar to the one discussed in a calibrated to better than 0.2 crhby simultaneously recording
previous study of Ph—(N,), complexes using a PhiNmix- optoacoustic spectra of ammonrfaFor clusters withn > 1,
ture?® with the main difference that signals originating from several fragment channeisare possible, and IR action spectra



Infrared Spectra of Aniline—(N2), Complexes

Pe=162°
Re=3.11A
¥ )
n-bond
De =742 cm™

J. Phys. Chem. A, Vol. 106, No. 32, 2002263

. Re=2.17 A

(0e=176° .\.

H-bond
De = 1431 cm’?

Figure 2. Equilibrium structures of the planar H-bound global minimum andstHeound local minimum of Ah—N; calculated at the UMP2/
6-311G(2df,2pd) level. Both geometries ha@esymmetry. Dissociation energieBd), intermolecular separation&d), and intermolecular bond

angles {.) are indicated.

TABLE 1: Selected Properties of An—(N,), (n = 0—2) Calculated at the B3LYP/6-31G Level

n isomer rnn (A) vp[cm™] vs[em™ va[cm™] De[cm™]

0 1.0156 1627.4 (116) 3388.1 (253) 3490.7 (89)

1 H 1.0203/1.0157 1639.8 (103) 3342.9 (626) 3465.3 (155) 1174
1 7 1.0155/1.0155 1627.7 (114) 3389.1 (246) 3491.7 (87) 206
2 HH 1.0198/1.0198 1650.9 (89) 3328.1 (734) 3428.7 (388) 1105

aHarmonic frequencies are scaled by a factor of 0.95663. IR intensities in km/mol are listed in parentheses.

are taken simultaneously in the two dominant channels. All IR

cm™1), whereas ther-bound isomer is a significantly less stable

spectra are normalized for laser intensity variations measuredlocal minimum Qe = 742 c¢nY). The planar H-bound dimer

with an InSb detector.
A complication arises from the fact that Ar(N2), and
HsO0,"—(N2)p with p = n + 2 have the same mass and cannot

features a slightly nonlinear proton bonge(= 176°) with an
intermolecular H-N separation oR. = 2.17 A. In the-bound
structure, the Bimolecule is attached in a perpendicular fashion

be discriminated by the quadrupole mass spectrometers. Theto the aromatic ring, interacting mainly with the ipso C atom at
mass spectrum in Figure 1 indicates the significant abundancea separation of 3.11 A between the ring plane apdAthough

of both HO," (m = 37 u) and HO,™—N, (m = 65 u) in the
ion source. Thus, the mass-selected™A(Ny), ion beam is
expected to be contaminated by®3+—(Ny), with p = n + 2.

the interaction forz-bound An"—N, is severely underesti-
mated at the B3LYP/6-31Qevel (Table 1), the structures of
st/H-bound An—N, agree qualitatively with those calculated

However, both cluster series can be distinguished by their at the UMP2 level.

different IR spectra and photofragmentation branching ratios
(section 4.2).

3. Quantum Chemical Calculations

Ab initio and density functional calculatioffsare carried out
for AnT™—(N2)n (n = 0—2) at the UMP2(fc)/6-311G(2df,2pd)
and B3LYP/6-31G levels of theory to investigate the intermo-
lecular interaction between Anand N, as well as the effects
of N, complexation on the properties of AnPrevious calcula-
tions of isoelectronic Ph—N, demonstrate that the UMP2(fc)/
6-311G(2df,2pd) level correctly reproduces the relative inter-
action energies of different binding sit&sence, this level is
selected to evaluate the relative stability of varioustAiN,
isomers. On the other hand, the lower B3LYP/6-31&vel is
chosen to predict vibrational properties of &a(N2), (n = 0—2)

The vibrational properties of An-(N,), (n = 0-2) are
evaluated at the B3LYP/6-31Cevel, and the results relevant
for the present work are collected in Table 1. The harmonic
frequencies are scaled by a factor 0.95663 to optimize the
agreement between the experimetftaind calculated NH
stretch fundamentals of bare AnThe resonant interaction
between the two equivalent localH\H stretch modes of bare
An' gives rise to the symmetric and antisymmetrie N stretch
normal modesys and v, The resulting coupling is relatively
strong and produces a calculated splitting of 103 tbetween
vaandvs, which is close to the experimental value (93 djif°
In H-bound An"—N,, the N—H bond adjacent to the intermo-
lecular bond is significantly elongated compared to baré An
(Arnn = 0.0047 A), whereas the free-NH bond is less affected
upon complexationAryy = 0.0001 A). Analysis of thes and

relevant for the present study, such as harmonic frequenciesva normal modes in H-bound Ar-N, indicates only partial
and IR intensities. All coordinates are relaxed during the search decoupling into purely bound and free locatN stretch modes.
for stationary points, and all interaction and dissociation energies Consequently, boths and v, feature significant contributions

are counter-poise corrected for basis set superposition®rror.
The optimized geometries ofr-bound and H-bound

of the bound N-H stretch (75 and 25%). Thus, the frequencies
of both modes are reduced upop dédmplexation Avs = —45

AnT—Nj; and their relevant structural parameters calculated at cm™! andAv, = —25 c¢nT?), and their intensities increase (by

the UMP2/6-311G(2df,2pd) level are summarized in Figure 2.
Similar to PhH—Ny,22 the planar H-bound An—N, dimer
corresponds to the global minimum of the PE% & 1431

147 and 74%). In addition to the-N\H stretch fundamentals,
the first overtone of the symmetric in-plane bend of the,NH
group, denoted, is expected in the spectral range investi-
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Figure 3. IR photodissociation spectra of ArN; in the range of the
N—H stretch vibrations: (a) EtIR spectrum; (b) REMP+HIR spectrum

of An*—N; generated by (1) REMPI of neutral Ar-N, (reproduced

from ref 18). Arrows and dotted lines indicate the positions ofithe
andv, fundamentals of bare Anat 3393 and 3486 cm (ref 40).

gated!! The v, fundamental of bare Anis approximated as
1635 cnt! by the experimentaby frequency of z-bound
AnT—Ar and An" embedded in an Ar matri64! in good
agreement with the calculated value of A(L627 cnT?l). The
calculations predict a blue shift upon hydrogen bonding with
N, Av, = +12.4 cnt?, because of the additional retarding force
arising from the intermolecular bond. Moreover, the IR intensity
of vp decreases slightly. In contrast to H bondingz-®&ound

N> ligand has little effect on the properties of the-N bonds.
Consequently, the calculated andv, frequencies ofr-bound
An*t—N, display only a~1 cn ! blue shift upon complexation
and a negligible decrease in the IR intensities (Table 1). The
fact that the B3LYP/6-31Glevel severely underestimates the
interaction forszr bonding is not critical for comparison with
the present experimental data because the effectdbohding

Solcaand Dopfer

TABLE 2: Band Maxima, Widths (fwhm, in Parentheses),
and Shifts (All in cm~1), along with Assignments of
Vibrational Transitions Observed in the EI—-IR
Photodissociation Spectra of Afi—(N), Recorded in the
Dominant Fragment Channel (Figure 4)

n position shift assignmentn position shift assignment
1 3248 (6) 3 3359(10) —34 Vs
1 3277 (10) 7 2y 3 3440(8) —46 Va
1 3372(20) —21 Vs 4 3277 (6) 7 2y
1 3468(12) —18 Va 4 3360(8) —33 Vs
2 3283(7) 13 2p 4 3444 (6) —42 Va
2 3366 (10) —27 Vs 5 3274 (6) 4 2y
2 3433(14) -53 Va 5 3362(7) —-31 Vs
3 3282(8) 12 2y 5 3447 (9) —39 Va

a Shifts ofvs andv, are given with respect to the transitions of bare
An™ atvs = 3393 cn! andv, = 3486 cnt? (ref 40). Shifts of 2, are
given with respect to the transition of H-bound AnAr at 2v, = 3270
cmt (ref 11).

(b, ref 18) in the range of the NH stretch fundamentals. At
least four bands are discernible in the-R spectrum between
3100 and 3600 cmi, and their positions, widths, and assign-
ments are listed in Table 2. The peaks at 3372 and 3468 cm
are unambiguously assigned to theand v, fundamentals of
H-bound Arn"—N,, because of their significant red shift&s

= —21 andAv, = —18 cnt?!) compared to the corresponding
vibrations of bare Ah (indicated by arrows in Figure 3 =
3393 cml, vy = 3486 cntl).*? The corresponding shifts
calculated at the B3LYP/6-31G* level are somewhat larges (
= —45 andAv, = —25 cntl). The same trend was also
observed for the related H-bound AnAr dimer! Moreover,
the small experimental differenc@Avs — Avy = 3 cnrl,
suggests that the decoupling of the two locatM stretch
oscillators in H-bound Ah—N; is much weaker than predicted
by the calculations|Avs — Av, = 20 cnm?). However, both

on the observed spectral features are small. For example, theexperimentally and theoreticallyAvd is larger than|Ava,

experimental N-H stretch frequencies of Anand z-bound
AnT—Ar agree to within 3 ¢cm?11,12,27,40

Both N—H stretch oscillators are again equivalent in the
planar An*—(N,), trimer in which both N ligands form
intermolecular proton bonds to the amino group of AlkH
isomer,C,, symmetry). The N-H bonds of this structure are
elongated byAryy = 0.0042 A compared to bare An
Accordingly, bothvs andv, display similar total red shifts with
respect to An (Avs= —60 cnT?, Av,= —62 cnTl). Moreover,
the IR intensities ofvs and v, are enhanced by factors 6f3
and ~4, respectively. The H-bound ligands in the trimer
maximize the retarding force for the bending motion of the;NH
group, inducing a total blue shift kv, = +23.5 cnTl. The
binding energy of the Nligands in Anf—(N,), calculated at
the B3LYP level De = 1105 cn1?) is somewhat smaller than
in AnT™—N; (De = 1174 cntl), implying that three-body forces
of H-bound ligands are slightly noncooperative.

In summary, the calculations suggest that the H-bound dimer example, the blue shifts araves

corresponds to the global minimum on the ArN, PES,
whereas ther-bound isomer represents a local minimum (Figure
2). Both isomers can clearly be distinguished by their charac-
teristic N—H stretch frequencies. According to the dimer
potential, the cluster growth in Anr-(N2), begins by the
solvation of the two protons of the amino group= 1,2) and

confirming that thevs normal mode carries a larger contribution
of the bound N-H stretch. This observation is also consistent
with the band contours observed in Figure 3a. Theand at
3372 cn! shows a higher frequency tail, because the inter-
molecular bond becomes shorter upon vibrational excitation of
a proton donor stretch, resulting in a blue shaded band contour
with a band head in the P brantP?4245 On the other hand,

v, features a smaller contribution of the bound-N stretch,
and the intermolecular bond contraction upgrexcitation is
less pronounced, resulting in a more symmetric band profile.
The observed relative intensities of the twe-N stretching
modes [J/la ~ 2.6) are also in qualitative agreement with the
calculated ratiol¢/l; ~ 4).

In general,7-bound ligands in complexes of substituted
aromatic molecules have little influence on the-K stretch
vibrations of the substituent and induce usually only a small
blue shift compared to the corresponding monomer values.
= 1-3 cm?! for
n-bound Ant—Ar1l27.40gnd Ay, = 1—2 cm ! for z-bound
Pht—Ar/Kr.2328 Thus, thevs andv, fundamentals ofr-bound
Ant—N, are also expected to be only slightly blue shifted
compared to Af (see arrows in Figure 3), in agreement with
the predicted frequency shifts (Table 1). However, no signal is
observed in this spectral range in the—R spectrum of

proceeds by the attachment of further ligands to the aromaticAn+_N2 indicating that the abundance afbound Anf—N.

ring (n = 3).

4. Experimental Results and Discussion

4.1. Ant—N, Dimer. Figure 3 compares the IR spectra of
An*—N, produced in the El source (a) and byH1l) REMPI

is below the detection limit. As the El source predominantly
produces the most stable cation isomer, it is concluded that the
global minimum on the PES of Anr-N; corresponds indeed
to the H-bound structure, as predicted by the calculations (Figure
2). Probably, the large difference in the binding energies of both
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isomers and/or a low isomerization barrier from thrdound Ant—(N 2V, Vs Va

toward the H-bound structure are responsible for the low n*—(Np)y

population of ther-bound isomer in the molecular beam. A A A *
similar situation was observed for isoelectronic PiN,, where 51 J\“ ot ;

the H-bound dimer was clearly identified as the most stable ‘ ’

isomer and no signature of threbound local minimum was k *
observed in the EtIR spectrun??23 On the basis of the 41 ; ;
calculated relative IR intensities of the-¥ stretch fundamen- '

tals of z-bound and H-bound Ah-N, (Table 1), the signal- 350 A J\ M *

to-noise ratio observed in Figure 3&10) provides an upper
limit of ~25% for the relative abundance of thebound isomer *
in the expansion. 550 _ _

Besides the assigned-NH stretch modes, no other strong
IR active fundamental of Ah—N is predicted in the spectral
range explored in Figure 3. Thus, the other two observed bands 1—0
must be attributed to overtone or combination bands. The rela-
tively intense peak at 3277 crhis assigned to the first overtone
of the symmetric in-plane bending mode of the Nifioup, 2, vem™]

This transition is also observed for the related"Amr dimer Figure 4. EI—IR photodissociation spectra of Ar(Ny), recorded in

at 3270 cmrL.11 The blue shift of the &, overtone in H-bound  the dominant Afi—(N2)m fragment channel (indicated as-m). The
Ant—N,is 7 cnr larger than for H-bound An—Ar,1 because assignments to An-(N2)n transitions are indicated. Peaks marked with
the additional retarding force upon hydrogen bonding is stronger 2Sterisks originate from the contaminatiogQ* —(No)n+. The arrows
for N> complexation due to the larger interaction. The weak anhe wavenumber scale indicate theandvs fundamentals of bare

2 : n* at 3393 and 3486 cm (ref 40).

transition at 3248 cmt appears also in the REMPIR spectra
of other An"—L clusters (e.g., L= Np, CHs, CHF;, CO)!8

L 1 i I 1 1 ;l lill 1 ]
3100 3200 3300 3400 3500 3600

. oA . fundamentals of bare An These signals may arise from
Howeve(, its interpretation is not p[ear, anq further experiments 0 4 Arf—N dimers which do not undergo isomerization
are required to ascertain a definitive assignment. to the more stable H-bound Ar-N; structure on the time scale

Figure 3b reproduces the {1) REMPHIR spectrum of  of the experiment (the delay between the UV and IR lasers is
An*—N_ reported in ref 18. This spectrum is similar in 50 ns in ref 18).

appearance to the EIR spectrum in Figure 3a. Similar to the 4.2. Larger An*—(No), Clusters (n = 2—5). Figure 4
ElI-IR spectrum, the maxima of the andv, transitions in the compares the EtIR photodissociation spectra of Ar(N.),
REMPI-IR spectrum are clearly shifted to the red of the (n=1-5)in the vicinity of the N-H stretch vibrations of Ah.
corresponding Ah transitions. Moreover, the complexation-  The transitions observed for Ar-N, show systematic shifts
induced shiftsAvs andAv,, observed in the REMPIIR spectra  ypon further N complexation, providing useful information
of An*—L (L = N2, CO, CH;) show a linear correlation to the  ahout the structure of the first solvation shell. The maxima,
proton affinities of the ligands L, indicating that these ligands widths, and assignments of these transitions are listed in Table
form a H bond to the Nkigroup!® Consequently, the peaks 2. Figure 5 visualizes the frequenciesiaf v, their averaged
observed in Figure 3b have tentatively been assigned to H-boundvalue ¢.,), and 2, of Ant—(Ny), as a function of the cluster
Ant—N2.18 As ionization in the REMPHIR spectrum was  size. The spectra of An-(Ny), with n > 2 display additional
accomplished via the 1Sorigin of z-bound An-N,'82 an transition(s) between 3515 and 3565 énfmarked by aster-
isomerization process from-bound to H-bound Ah—N was isks in Figure 4). The carrier of these bands is identified as
invoked to explain this observatidhCloser inspection of Figure  Hs0,"—(Ny)n+2, Which contaminates the Anr-(Ny), mass

3 reveals that the maxima of; and v, observed by in the channel (section 2).

REMPI-IR spectrum (3382 and 3476 c) are significantly As discussed in section 4.1, in the most stablé AN, dimer,
shifted to higher frequencies (by 10 and 8 Cjnfrom the the N ligand forms a H bond to one proton of the NH
corresponding bands observed in the-BR spectrum (3372 group of Ant. Thus, the second Nigand is expected to solvate
and 3468 cm?). This discrepancy is attributed to different the second proton of the NHgroup, leading to a planar
cluster temperatures in both IR spectra. The H-boundt-Ax, An*—(Ny), trimer with two equivalent intermolecular H bonds
dimers produced in the El ion source are vibrationally cold be- (HH isomer,C,, symmetry, Figure 6). The ElIR spectrum of
cause of their formation in a three-body association reaction in An*—(N,), confirms this expectation. Similar to the dimer,
a supersonic beam (eq 1b). In contrast, the H-bount-A\, attachment of the second ligand induces a noticeable red shift
dimers probed in the REMPIR spectrum are produced by of vs andv, because both modes contain a significant contribu-
(1+1) REMPI of r-bound An-N> with an excess energy of  tion of the free N-H oscillator in the H-bound dimer (section
~5000 cnt! and subsequent isomerization. Hence, most of these 3). The incremental complexation-induced shi(n) = v(n)
H-bound An"—N, dimers are expected to have significant exci- — v(n — 1), is larger forv, than forvs, Avg(2) = —35 cnr?
tation of intermolecular degrees of freedom. Accordingly, the andAvy(2) = —6 cnT%, because, features a larger contribution
transitions observed in the REMPIR spectra are probably not  of the free N-H stretch. The corresponding calculated shifts
due tovs andv, fundamentals of H-bound AR-N; but arise areAvy(2) = —37 cntandAv(2) = —15 cnT?, in qualitative
mainly from sequence transitions of the fomy, + vx — vy, agreement with the experiment. The total red shift is larger for
wherevy are intermolecular vibrations. Such sequence transitions v, than forvs (—53 vs —27 cnt?), implying that the coupling
occur usually at a higher frequency than the corresponding between both N-H stretch local modes in An-(Ny), is
fundamentals of proton donor stretch vibratidi#g3>4344The significantly smaller than in Ah: v, — vs = 93 and 67 cm?!

vgia bands in the REMPHIR spectrum of AfM—N, display for n =0 and 2, respectively. In addition, excitationigfhas
weaker unresolved shoulders close to the position ofvthe a stronger stabilizing effect on the intermolecular bonds than
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Figure 5. Plots of various vibrational frequencies of An(N2)» as a function of the cluster size (Table 2): ta)vs, and their averaged valug,;
(b) the 24, overtone; (c) the difference,—vs. The open square in b corresponds to an extrapolationsipoRbare Ant.

n

n

n=3

n=4

Figure 6. Sketch of the most stable cluster structures of A(N2), with n =0 (Cy,), 1 (Cs), 2 (C2), 3 (Cy), and 4 Cy,), visualizing the sequential

cluster growth deduced from the IR spectra.

excitation ofvs. As a consequence, the formatioineoP branch
head is more pronounced fog.

The average frequency of andv,, va, is @ measure of the
N—H bond strength in Ah—(Ny),. The nearly additive interac-
tion of the first two N ligands with the amino group of An
results in an almost linear red shift afv,, ~ —20 cnT! per

5b). The EFIR spectrum of Afi—(Ny), is dominated by the

Vs, Va, @nd 2y, transitions of the most stable trimer (i.e., the HH
isomer) and does not show any convincing evidence for the
presence of less stable clusters, such as thattlszzr isomers.
This observation provides further evidence that the proton bonds
in AnT—(Ny), are more stable than thebonds. For complete-

N, ligand, indicating that three-body forces are small and ness, it is noted that the Ar-(N,), spectrum features two very
noncooperative (Figure 5a). The corresponding calculated valueweak but clearly reproducible transitions at 3253 and 3297 cm

amounts to~—30 cnt! per N, molecule. The first overtone of
vpin AnT—(Ny)2 is 6 cnT! shifted to the blue compared to the
dimer. Assuming additivity forA2v, upon sequential N
complexation, 2, of bare An" is estimated as 3271 crh This
value approaches that of H-bound AnAr (3270 cnr?),1!
which closely approximates the frequency of bare” ARigure

The first one probably correlates with the 3248 ¢rband of
An+—N2.

Both NH, protons are solvated in An-(Ny)2, implying the
closure of the first subshell within the first solvation shell (Figure
6). As the An—Nj; interaction is much stronger than the
No—N; interaction De < 102 cm™), further ligands are expected
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to fill a solvation shell around an interior Ancation. For Ant—(N 2vp, Vv v
example, N ligands can form ar bond to the ipso C atom n"—(Np)s s a
(Figure 2). Alternative binding sites include binding to one or
two neighboring H atoms of the aromatic ring (linear or bridged
HC bonds). Bothr bonding and K bonding can be rationalzed

by considering the analysis of the charge distribution irf Ah n—m
which features significant positive atomic charges on the ipso
C atom (+0.60 e) and each ring H atom-0.12 e). The large 551

charge on the ipso C atom favarsbonding over other ring
binding sites due to the stronger electrostatic and inductive
interaction with the quadrupolar, polarizable Iijands. More-
over, dispersion interactions between &hd thesn-electron

system of the aromatic ring also faverbound geometries. 59

Hence, the third and fourth Nigand are expected to form L . ! A L L

bonds as shown in Figure 6, and the analysis of the IR spectra 3100 3200 3300 3400 3500 3600

of AnT—(Nz); and An"—(N)4 described below confirm this vem™]

prediction. Figure 7. Comparison of the EtIR photodissociation spectra of

The average NH bond length decreases slightly upon further  An*—(N;)s recorded simultaneously in the ArN, (m = 1) and
solvation of An"—(N,),, manifesting itself as a small averaged An™—(N2), (m= 2) fragment channels. The transition marked with an
increase inAva(n) of ~1.5 cnt® per N ligand (W = 3-5 asterisk at ~ 3550 cnt? originates from the O,"—(N2)7 contamina-

. . - tion. The ratio of the integrated transition intensities observed imthe
Figure 5a). At the same time, the intermolecular proton bonds ;" 1" fragment channel (in %) are given for the v, and

become weaker and the frequency ef decreases accordingly. 2, resonances of An-(N)s, respectively. The accuracy of these values
The evolution ofAv,(n) andA2vp(n) for n = 3 does not provide is estimated as-5%.

conclusive information to clearly distinguish betweehonding
and other ring binding sites. However, the coupling of theHN

. . 2v v v
stretch modes of the amino group appears to be very sensitive n—m b S a * p—q
to the degree of solvation (Figure 5c) and may contain more l l l
specific information about the sequence of the solvation process. © 2—0 M . W \,\ 450

For Ant and Anf—(Ny), with n > 2, the magnitude of the
splitting va—vs is a direct measure of the coupling between the
two (solvated) local N-H oscillators of the amino group. H
bonding strongly reduces this splitting from 93+ 0) to 67
cm™1 (n = 2), probably due to the destabilization of the-N by 2—=0 4—2
bonds (Figure 5c). The force constants of the (solvatedHN
bonds are not changing much upon further solvation, as Mu\'\” 4—> 1
demonstrated by the little increase &f,(n) for n > 3. Thus, (a)
the large observed increaserip— vs fromn= 2 (67 cnt?) to L . L L
n = 3 (81 cnt?) indicates a noticeable structural change of the 3200 3300 3400
(solvated) N-H bonds. As K bonds are unlikely to induce such v[em™]
an effec_t, this obser_vanon is taken as stfong eVIdence_that theFigure 8. Comparison of E+IR photodissociation spectra obtained
third N ligand forms indeed a bond to the ipso C atom (Figure  for setting the first quadrupole @ = 149 u, corresponding to the
6), implying Cs symmetry for the Af—(N,); structure. The mass of Arf—(Ny), and HO,"—(N2)s. The spectrum in trace a is
fourth ligand probably forms alsozabond but on the opposite ~ recorded for the second quadrupole sette- 65 u, corresponding to

side of the aromatic plane (Figure 6), leadingXg symmetry the mass of D, —N,. The spectra in traces b and ¢ are recorded for
for An*—(N5)s. The much smaller increase in - v from n the second quadrupole setrio= 93 u, corresponding to the mass of
. S

_ _ . An* and HO,"—(Ny).. The spectra of traces b and ¢ are obtained before
=3 (81 cn?) ton=4 (84 cn?) suggests that the equivalent ;4 afier (almost completely) removing An from the gas inlet system.

7 bonds in Arf—(N,), are significantly weaker than thebond Spectra a and b are recorded simultaneously. The transitigns,
in An*—(N2)s. Such noncooperative three-body forces have and 2, are assigned to An-(Ny),, whereas the transition marked with

previously been observed and calculated for similar p bonds in an asterisk is attributed tosB2*—(Nz)a.

related ionic complexes, such as €HArp,*® H,Ot—Ar,,4247

and NH;*—Ar,,#>48 The binding sites of the fifth and further  |eading to blue shifts i,y and red shifts in 2. Further ligands

ligands are not obvious. The coupling of the two-N occupy less favorable ring binding sites with smaller effects on

oscillators in Arf—(No)s (va — vs = 85 cnt?) is very similar the vibrational properties of the amino group.

to An™—(Ny)4, indicating that further changes in the geometry According to eq 2, several An-(Ny)n, fragment channels

of the (solvated) amino group are very small. This observation may be observed for a given An(Ny), parent cluster witm

is compatible with binding sites for the fifth ligand far away > 1 (abbreviated as — min Figures 4, 7, and 8). The number

from the NH group. of evaporated ligands depends sensitively on the cluster size,
In conclusion, the structure of the first solvation shell in the excitation frequency, and the internal energy prior to

An*—(N2), suggested in Figure 6 is clearly recognizable in the photoexcitation. For example, Figure 7 shows the IR spectra of

frequency shifts of both,, and 2, as a function of the cluster ~ An*t—(N,)s recorded in the Ah—(N,), and An"—N, fragment

size (Figure 5). The first two Nligands form equivalent H channels, corresponding to the loss of 3 andx4igdands upon

bonds to the amino group of Anleading to red shifts inay vibrational excitation. Table 3 summarizes the fragmentation

and blue shifts in 2,. After this first subshell is completed, the branching ratios measured faog excitation of An"—(No)p.

next two ligands form probably bonds to the ipso C atom,  Similar to related A—L, cluster systems studied previously

L ]
3500 3600
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TABLE 3: Photofragmentation Branching Ratios (in %) of on the An concentration in the expansion. This is demonstrated
An*—(N;), Complexes for the Photoinduced Reaction in Eq by the spectra in Figure 8 parts b and c for 2, which have
2 Measured at the Band Maxima of they; Transition been recorded before and after (almost completely) removing
n m=20 m=1 m=2 An from the gas inlet system. Comparison of both spectra clearly
1,2 100 confirm that all transitions in Figure 4 assigned to™Ar(Ny),
3 90 10 are indeed originating from this cluster series, whereas the
4 5 95 asterisk transitions have to be assigned to a different carrier.
5 60 40 The contamination must be of the form™X(N),, as the
2 The accuracy of the values is estimatectesb. corresponding CID (recorded by adding He as collision gas to

) ) the octopole) and LID signals are observed in fragment channels
with the same experimental approdef>“244404%5the range  spaced by M mass units Am = 28 u). Moreover, the CID
of observed fragment channels is rather narrow. With the excep-gpectra of ions with the mass 93 u show sequential loss,of N
tion of then = 5 complex, the action signal of all Ar-(N2)n  jigands down to mass 37 u ¢B,"), indicating that both An
clusters investigated appears with more than 90% in a single 5nq HO,*—(N,), provide significant contributions to the signal
fragment channel. This information can thus be used to derive j, the 93 u mass channel. The presence of water ligands in the
approximate ligand binding .energies, assuming a'simple stat'isti-|arger HO,*—(N,), impurity ions is confirmed by their CID
cal model for the evaporation process. The basic assumptlonsspectra’ showing the loss 0@l according to HO," dissocia-
of this model are outlined in refs 23 and 35. The model assumes;;yn, into H,O* and HO. In addition, the ©-H stretch vibrations
that the energy of t.he absorbed photon is used for ligand ¢ HsO2*—(N), clusters are expected in the spectral range be-
evaporation (only single photon absorption processes are,aan 3500 and 3700 crh5! The appearance ofgd;*—(N2)p

) " B

observed for the employed laser intensities-d m.J’”_‘”*’)- signals in the IR spectra of An-(N2), in Figure 4 requires not
Hence, the photon energy must be larger than the binding energyonly the coincidence of the parent ion mass but also of the

of then — m evaporated ligands but smaller than the sum of daughter ion mass; that is, the same numberdfddnds have

f.he délssolaanon en?_rglesdof tk}e—tm d+ tl most \;veet\kly b_;)_und to be evaporated upon vibrational excitation. This condition is
Iganas. Vloreover, ligands solvated at equivalent positions are only fulfilled for n > 1. The An"—N, dimer spectrum is free

assumed to have the same binding energy. For this purpose : ; T g .

the N molecules in Ari—(N,), are classified into H-bound and f4r)0 rgéggir;eeriagiigshc?rﬁsgi c 6(12'22)3”?; Tézrglgﬁlgﬂ;a(gégl(l;e

7r-bound ligands with dissociation energies{H) andDo(x), single photon withy ~ 3400 cnT?® cannot break covalent bonds

reslpleocéi\ﬂltelél(.)(')l'he aP alyjig of the c;%tg Iin ;—gg le 3 IlegdBo(blzj in An™), whereas the second complex evaporates two ligands.

;greement WitrchIH)al 12??1) (;VnTl andD (n)cr;T7,4|2 g?rgl Comparison of parts a and b of Figure 8 shows that the
° : N L .. transition(s) of HO,™—(N,)4 appear in both the $#D,™—N, and

calculated at the UMP2 level (Figure 2). The relative intensities Hs0," —(N>), fragment channels (loss of 3 and 2 Ngands)

gfngog?r? orzglr?tgczzrrllif;lgfc'i&eﬁg:llé)%}oipﬁfs ré?(%ilgtfgﬁnf; 1uenc whereas the Af—(N), bands can only be seen in the #n

. 9 P : . d yfragment channel (loss of 2 ligands). All mentioned observations
(Figure 7). In g_eneral, th_e larger the avallg_ble internal energy unambiguously identify D,"—(Na), as the carrier of the
after IR excitation, the higher the probability for the loss of asterisk bands. A detailed analys?is of these transitions is

more N ligands. For example, the ratio of the integrated
transition intensities in then = 1 and 2 fragment channel however, beyond the scope of the present work.

increases from 45% for thev@band at 3274 crrt to 75% for 4.3. Further Discussion.Owing to the additional charge, the
the v, band at 3447 crii-. In addition, the widths of the bands ~ intermolecular PES of the An-N cation is rather different
recorded in then =2 Channel are s“ght'y narrower than those from that Of the neutral dimer. Hence, |t iS not SurpriSing that
in them = 1 channel. This observation indicates that the parent both complexes have very different equilibrium geometries.
complexes contributing to thmn = 1 channel contain more  Spectroscopy at the level of rotational resolution is compatible
internal energy prior to IR excitation than those contributing to With azz-bound sandwich-like equilibrium geometry for neutral
the m = 2 channel and can thus evaporate more ligands after An—Nz in both the $and § states?® with the N; ligand lying
vibrational excitation. In contrast to the widths and relative above the aromatic ring in a parallel configuration. Such a

intensities, the peak positions are nearly independent of thestructure is favored by dispersion forces and the electrostatic
fragment channel. guadrupole-quadrupole interaction. Calculations at the MP2/

In the following discussion, the carrier of the transitions 6-31G* level performed in the present work confirm that the
marked by asterisks in Figures 4, 7, and 8 is identified as sw-bound structure is indeed the global minimum on the PES in
HsO>*—(Nj), contamination of the Ah—(N2), mass channel  the S state, whereas the H-bound structure is less stable. In
with n = p + 2. The observation of ¥D," (37 u) and the cation ground state, significant additional contributions to
HsO,t—N, (65 u) in the mass spectrum of the ion source the attractive part of the intermolecular potential arise from the
suggests that largers®,"—(Ny), clusters are also produced in  €lectrostatic and induction forces of the charge distribution in
the expansion (section 2). Thus, two processes have to beAn' interacting with the negative quadrupole moment and
considered for the analysis of the An(Ny), IR action spectra: anisotropic polarizability of M In general, the anisotropy of

the latter long-range forces aligns the Ijand in such a way
AnT—(N,), + vr =~ An"—(N,),,+ (n— mN, (3a) that it points toward the positive char$g?435253The analysis
of the charge distribution in Ahreveals large positive partial
H502+—(N2)p+ Vg H502+—(N2)q + (p— 9N, (3b) charges on the ipso C atom and both protons of the gitbup?!
Hence, the Mligand is roughly directed to the ipso C atom in
The following arguments confirm that process 3b witk= n m-bound Anf—N, and forms a nearly linear proton bond in
+ 2 andg = m + 2 gives rise to the transitions marked by H-bound An"—Nj; (Figure 2). Contrary to neutral AnN,, the
asterisks. The relative intensities of thev,, and 2y, transitions H-bound structure of Ah—N; is far more stable than the
of Ant—(N,), and the “asterisk transitions” strongly depend z-bound isomer.
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The ionization-induced structural effects observed for
An—N, are similar to those of the related Arr complexi!
Neutral An—Ar has az-bound global minimum in the S
state~8 whereas H-bound AnAr is calculated to be a less
stable local minimund! On the other hand, the global minimum
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minimum toward the H-bound global minimum of ArN; is
substantial. Hence, to overcome the isomerization barrier the
excitation of intramolcular vibrations oft-bound An"—N,
above this barrier is required in the#1) REMPI process.
Moreover, these vibrations have to be either below the lowest

of AnT—Ar corresponds to the H-bound structure, whereas the dissociation threshold of Anr-N; or, if this is not the case,

m-bound geometry is a less stable local minimtn¥ The
intermolecular bonds in H-bound amdbound AnF—Ar'! are,
however, significantly longer and weaker than in %ArN,,
mainly owing to the additional charge&uadrupole attraction
present in the latter compléX.For example, the dissociation

predissociation from these levels has to be slower than 50 ns.
In both cases, ionization of-bound An-N is followed by
isomerization to produce vibrationally excited H-bound
An*—N, dimers, which contribute to the REMPIR spectrum

in Figure 3b. In contrast to the REMPIR spectrum of

energies calculated at the UMP2/6-311G(2df,2pd) level are AnT—Ny, the corresponding REMPIR spectrum of the related

De(r) = 454 and 742 cmt andD¢(H) = 513 and 1431 cmt
for Ant—Ar and An"—N,, respectively. The stronger intermo-
lecular bonds in Ah—N;, lead to larger vibrational frequency
shifts. For exampleAvs = —21 andAv, = —18 cnt! for
H-bound An"—N; and Avs = —12 andAv, = —9 cm'! for
H-bound Anf—Ar. In line with the stronger intermolecular

Ant—Ar complex does not reveal transitions of the global
H-bound minimun®’ Thus, the isomerization process after
(14+1) REMPI does not occur for-bound Ant—Ar, either
because of its lower dissociation energy or shorter predissocia-
tion lifetimes of its intramolecular vibratiors.

The strength of the intermolecular interaction in proton-bound

proton bonds, the retarding force for the intramolecular bending complexes AH—N; is related to the proton affinity (PA) of

motion of the NH group is also larger for complexation with
N2 than with Ar. Consequently, thevg overtone of H-bound
AnT—N,is 7 cnT® blue shifted compared to the same vibration
in H-bound An"—Ar.

The large structural changes upon ionization of-A» have
important implications for the interpretation of its photoion-
ization spectra, including the ZEKE and REMRR spectra
of An™—N,. The large differences in the global minima of
An—Nj; in S ; and Oy imply that the global H-bound An-N,
minimum is not directly accessed by vertical (REMPI) ionization
of neutralzr-bound An—N; because of vanishing FC factors.
Consequently, the ZEKE spectra@fbound An—N; reported
in refs 19 and 21 correspond almost certainly to ionization into
the z-bound AnF—N; cation. However, as the position and ori-
entation of the Mligand is rather different im-bound An—N
and An"—N,, the transitions observed in the ZEKE spectra
correspond to significant excitation of low-frequency intermo-
lecular modes (including stretching, bending, and internal
rotation motions). Moreover, the origin transition between
s-bound An-N; (S;) andzz-bound An"—N; (Do) has probably

been missed in the ZEKE spectra, and the conclusions abouttomplexe

the dissociation energy of-bound An"—N, derived from the
assignment of a wrong adiabatic ionization energy (AIE) are
not reliable!® For example, the upper limit of the dissociation
energy of ther-bound An"—N; is derived as 470 cmt from

the dissociation energy af-bound An—N in the S state 420

cm Y17 and the incorrect AIE (shif50 cnm?) determined in
ref 19. This dissociation energy is significantly lower than the
more reliable value of 70& 200 cnt! determined in the present
work. As the H-bound isomer of An-N, is much lower in
energy than ther-bound isomer, the adiabatic IE determined
by ZEKE spectroscopy of-bound An-N; is clearly not the
true AIE of this dimer (as stated in ref 19). Similar incorrect

the base A.The smaller PA(A), the stronger and shorter the
intermolecular bond. For example, agHsNH andc-CsH, have
similar PAs (950 and 934 kJ/mdt},the intermolecular bonds
in H-bound An*—N, andc-CsHs—N> have similar dissociation
energies and intermolecular-HN separation8® the values
calculated at the MP2/6-311G(2df,2pd) level &= 1431
and 1227 cm! andRe = 2.17 and 2.18 A, respectively. On the
other hand, stronger intermolecular AHN, bonds are observed
for bases A with smaller PAs, such as SiO angHgD 2243 1n
line with PA(Ar) < PA(Ny), the interaction in H-bound
Ant—Ar is weaker than in H-bound An-N..

It is interesting to compare the structures and interaction
strengths of the isoelectronic AN, and PR-N, complexes
and their cations. In contrasttebound An-N,, Ph—N prefers
the H-bound over ther-bound structure in the neutraly S
state31-33because the dipotequadrupole interaction (favoring
the H-bound structure) overrides the dispersion and quadradpole
qguadrupole interactions (favoring thebound structure). On
the other hand, the additional chargguadrupole interaction
clearly favors H-bound equilibrium structures for both cation
$2.23,31.33In general, the microsolvation of Anand
Ph" in molecular N is very similar. The first M ligand(s) form
nearly linear H bond(s) to the NOH group of An/Ph’, and
further ligands bind to the aromatic ring. In line with PAKGO)
< PA(C¢HsNH),5456 the measured dissociation energy of the
H bond in PH—N is larger than in Afi—N,: Do(H) = 1640
#+ 10 and 110Gk 300 cn1?, respectively” On the other hand,
ther bonds feature similar binding energies for both aromatic
ions: Do(r) = 7504 150 and 700t 200 cnTl, respectively?3

5. Concluding Remarks

The intermolecular interaction between theAgation and
inert N, ligands is investigated by means ofHR spectroscopy

determinations of AIE values derived from photoionization ang quantum chemical calculations of AA(N), clusters with
spectra have previously been reported for related systems, suchy < 5. Both the IR spectrum and the calculations agree that the

as Ph-Ar and An—Ar.11.23

Interestingly, the REMPHIR spectrum of Afi—N, obtained
by (1+1) REMPI of 7-bound An—N, (excess energy of5000
cm~1) shows the signature of H-bound AnN, (Figure 3b).

global minimum on the PES of the Ar-N, dimer corresponds
to a H-bound structure, in which the;lNgand forms a (nearly)
linear H bond to one proton of the amino group of AiThe

st-bound An—N; structure, in which the Nmolecule binds in

This observation indicates that isomerization can occur after a perpendicular fashion to the ipso C atom offAis calculated
ionization on the time scale of 50 ns (the delay between the to be a local minimum on the PES. This isomer is not detected

ionization and IR laser pulse¥)The ZEKE spectra of-bound
An*™—N, show regular vibrational structure in the intermolecular
bending vibration along the isomerization coordingtsug-
gesting that the barrier to isomerization from théound local

in the EIR spectrum of the dimer. In general, the structures
of the H-bound andr-bound An"—N, cations are rather
different from the neutralz-bound An—N; global minimum
structure, demonstrating the drastic effects of ionization on the



7270 J. Phys. Chem. A, Vol. 106, No. 32, 2002

Solcaand Dopfer

shape of the PES. The photofragmentation branching ratios and (26) Piest, H.; von Helden, G.; Meijer, G. Chem. Phys1999 110,

systematic vibrational frequency shifts in the IR spectra of
Ant—(Ny), provide information about the microsolvation
process of Afi in a quadrupolar polarizable solvent. The first
two N ligands fill a first subshell by solvating the protons of
the amino group (H bonds), and further ligands bind to the
aromatic ring £ bonds). The dissociation energies of the H and

m bonds are estimated from the photofragmentation data as

Do(H) ~ 1100+ 300 cnt! and Do() ~ 700 £ 200 cnr?,

respectively. These values are in good agreement with the

corresponding well depths &fg(H) = 1431 cnm! andDg(r) =
742 cnr! calculated at the UMP2/6-311G(2df,2pd) level. In
general, the Ah—(N,), microsolvation process is found to
be similar to those observed for ArAr, and isoelectronic
Pht—(N2)n.
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