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Infrared photodissociation (IRPD) spectra of mass-selected clusters composed of protonated gHigke (C

= AnH") and a variable number of neutral ligands=LAr, N,) are obtained in the NH stretch range. The
AnH*—L, complexesif < 3) are produced by chemical ionization in a supersonic expansion of Amnid

L. The IRPD spectra of Ani-L, feature the unambiguous fingerprints of at least two different AnH
nucleation centers, namely, the ammonium isorbgra(d the carbenium iond @nd/or3) corresponding to
protonation at the N atom and at the C atoms in the para and/or ortho positions, respectively. Protonation at
the meta and ipso positions is not observed. Both classes of observed-Aplisomers exhibit very different
photofragmentation behavior upon vibrational excitation arising from the different interaction strengths of
the AnH" cores with the surrounding neutral ligands. Analysis of the incrementafl Ntretch frequency

shifts as a function of cluster size shows that microsolvation of Bathd 1/3 in Ar and N, starts with the
formation of intermolecular H bonds of the ligands to the acidic NH protons and proceeds by intermolecular
7 bonding to the aromatic ring. The analysis of both the photofragmentation branching ratios andHhe N
stretch frequencies demonstrates that theH\bonds in5 are weaker and more acidic than thoselis,

leading to stronger intermolecular H bonds with L. The interpretation of the spectroscopic data is supported
by density functional calculations conducted at the B3LYP level using the 6-31G* and 6-311G(2df,2pd)
basis sets. Comparison with clusters of neutral aniline and the aniline radical cation demonstrates the drastic
effect of protonation and ionization on the acidity of the‘N bonds and the topology of the intermolecular
potential, in particular on the preferred aromatic substratmpolar ligand recognition motif.

Introduction development of sensitive infrared (IR) spectroscopic techniques,
coupled to selective mass spectrometric methods, have allowed
for the first time for the unambiguous structural characterization
of the protonation process of isolated and microsolvated AH
ions'213py direct comparison of experimental IR spectra with
those calculated with quantum chemical techniques. All suc-
cessful approaches rely on infrared photodissociation (IRPD)
schemes performed in tandem mass spectrometers, and details
of their application to (microsolvated) AHions are described

Protonation of aromatic molecules is of central importance
to many chemical and biological phenomena. For instance,
protonated aromatic molecules (AHare invoked as short-lived
intermediates in ionic chemical reaction mechanisms, such as
the electrophilic aromatic substitution reactforf.Fundamental
properties of the protonation process of aromatic molecules
(energetics, dynamics, favorable protonation site) depend sen
sitively on several factors, such as physical conditions (pressure, . . . 8
temperature), the method for AHbreparation, solvation effects, " @ recent review! The two major experimental strategies
and the substitution of functional groups. Studies of*AiBins involve (i) single-photon IRPD spectroscopy of AHor
isolated in the gas phase are required to separate their intrinsic®H " —Ln i0ns in a tandem quadrupole mass spectrometer using
properties from the substantial solvation effects. In addition, NOvel optical parametric oscillator laser systems in the 2500
investigations of size-selected AHL, clusters, in which a 4000 cn1! rangé®31524and (ii) IR multiphoton dissociation
variable numberr() of neutral ligands (L) are attached to a (IRMPD) spectroscopy in a Fourier transform ion cyclotron
central AH" ion, are ideal targets to establish the effects of resonance mass spectrometer or a quadrupole ion trap using
stepwise microsolvation on the properties of Akhd to bridge ~ high-intensity free electron lasers in the 5500 cnt?
the gap toward the condensed phase. To this end, a plethora ofange?> 32
gas-phase studies have been carried out to characterize the In the present work we report IRPD spectra of size-selected
properties of AH ions®811 However, these studies are mainly  AnH*—L,, complexes, in which protonated aniline (AnHis
based on mass spectrometry and the radiolytic approach andsolvated by a controlled numben & 3) of neutral ligands (L
thus provide only indirect and sometimes ambiguous information = Ar, N,). The spectra obtained correspond to the first
about the potential energy surface, in particular about the spectroscopic data for clusters with protonated aniline as a
preferred protonation site in AHions. Recent advances in the chromophore. Thus, they provide a first impression of the
- potential energy surface of protonated arylamines interacting

*To whom corres . : -314- i ili i i
23015, Bhome 248 gg?ffﬁ;%gfgugnﬁgiIf‘déggfesgp@ggﬁ%gﬁﬁ.de. with neutral molecules. Aniline is the most simple molecule to

investigate the competition between protonation of an amino

TPresent address: Laboratorio Cantonale, Via Mirasole 22, CH-6500 sHH
Bellinzona, Switzerland. group and an aromatic ring. Consequently, ArH.,, clusters
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Figure 1. Structures of AnH isomers and H-bound AnH-L dimers.
Protonation of aniline may occur at the aromatic ring in the para ( 1 \0_
Cz,), meta @, Cy), ortho @, C), and ipso 4, C,) positions to form 5 R
carbenium ions or at the nitrogen atoB) Cs) to form the ammonium ] -
ion. The energetic difference between the two rotamers béving Reaction Coordinate

one N-H bond either in the aromatic plangl, shown in the figure) Figure 2. Salient parts of the potential energy surface of AnH
or rotated by 90 (5a, not shown) is negligible. H bonding of ligands  calculated at the B3LYP/6-311G(2df,2pd) level. Relative enerdigs (

L to the acidic NH protons corresponds to the dominant-igand kJ/mol) given with respect t6 are corrected for zero-point energy.
binding motif. As an example, the H-bonded complextefL (Cy) is
shown. for which 7 complexes are minima on the potential energy

. ) surfaces and energetically competitive witcomplexes involv-
with L = Ar and N> are model systems to characterize the 4 N—Me bondsié4° Previous quantum chemical calculations

interaction of protonated arylamines with a nonpolar, hydro- yayea) that the preferred protonation site strongly depends on
phobic, aprotic environment. Although aniline is WeII-k_nown the theoretical level employéd50-57 All sophisticated calcula-

to prgfggl?iite,esl at the N atom in aqueous and superacid solu-igns however, agree thatinds are similar in energy (to within
tions,*233> the preferred protonation site in the gas phase is 4 few kilojoules per mole at the highest level of calculations),
still unclear. Hence, microsolvated clusters of Anbire ideal  \yherea>—4 are significantly less stable. Figure 2 shows the
model systems to investigate the strong impact of solvation on potential energy surface of AnHobtained at the B3LYP/
the protonation behavior. There are two major competing g.311G(2df,2pd) level in the present work. At this level, the
binding §|tes for the interaction bgtween AhHanq the relative energies vary in the ordér< 1 < 3 < 2 < 4; that is,
surrounding solvent molecules. T.h.e ligands L can either fqrm both N and ring protonations in the ortho or para position are
a hydrogen bond to one of the acidic protons (H bond) or bind yg|atively close in energy. It has been noted that the energy
to the aromatier electron system of the aromatic ring ifond). ordering of the AnH isomers may also easily be affected by
Other binding sites are significantly less stat#é’ The IRPD solvation3*5L545859n particular, the ammonium isomBmay
spectra of AnH—L, are recorded in the NH stretch range e preferentially lowered in energy with respect to the carbenium
and thus provide detailed information about the strength and jsomers1—4, because the highly localized chargeSican be
acidity of the N-H bonds, the strength of the ietigand better stabilized by solvation than the extensively delocalized
interaction, and the preferred intermolecularidigand binding  charge in1—4. Similarly, the substitution of functional groups
motif as a function of the solvent type, th(_a degree of solvathn, can heavily affect the relative energies of carbenium and
and the protonation site. Comparison with the corresponding gmmonium isomera.5257.58.6062

spectra of clusters of neutral anili¥e*! and the aniline radical The numerous experimental studies available for isolated
catiorfo4243demonstrates the significant effects of both ioniza- AnH+ are allbased onmass spectrometric techniBfRdcss 58.60-69
tion and protonation on the intermolecular aromatic moleeule  The results were interpreted with the presence of ring- and/or
hydrophobic ligand recognition motif and the acidity of the NH  N-protonated AnH isomers, although the exact protonation site
proton donors* on the ring could not be determined. In addition, the preference
Possible AnH structures are illustrated in Figure 1. Proto- for C or N protonation strongly varies with the experimental
nation of aniline can occur at the C atoms of the aromatic ring conditions, in particular with the method of generation (e.g.,
in the para, meta, ortho, and ipso positions to form the carbeniumprecursor, protonating agent, pressure, temperature, degree of
ions 1—4 (aminobenzenium) and at the N atom to form the complexation). Despite the plethora of available mass spectro-
ammonium ion5 (phenylammonium, anilinium). Only metrical data, their analysis is still inconclusive about the ener-
complexes (C or N protonation of anilink;-5) are considered,  getically most favorable protonation site (C or N) and in parti-
becauser complexes of aromatic molecules with small elec- cular about the preferred C atom in the carbenium isomers. The
trophiles (such as H are saddle points on the AHpoten- analysis of the evaporation kinetics and magic numbers in mass
tial.1>45This is in contrast to a variety of metal cation complexes spectra of large Ani—(H,O), clusters generated in an elec-
of aniline (An—Me™, with Me = alkali or transition metals)  trospray ionization source indicated that N protonation of AnH
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in nanodroplets is favored in a microhydration environn¥ént. . v o No)H*
Similarly, NMR spectra of AnHi in superacid solutions suggest oN*

that anilines are N protonated in the liquid ph&&sie, agreement v Ar"‘+_(N2)n
with calculations which predict isomérof AnH™ to be about v v AnH*-(Np),

50 kJ/mol more stable thahin aqueous solutioff: The present
work on AnH"—L, clusters presents the first spectroscopic
attempt to unambiguously determine the protonation sites ob-

served for isolated and microsolvated AhH J
[ ]
o

Experimental and Computational Methods A

IRPD spectra of mass-selected AhHL,, complexes (L= 90 100 110 120 130
Ar, Ng; n < 3) are recorded in a tandem quadrupole mass
spectrometer (QMS1/2) coupled to a cluster ion source and an o
octopole ion trag? Briefly, the cluster ions are produced in a
pulsed supersonic plasma expansion obtained by electron and cgz o ®
chemical ionization in a molecular beam. The gas mixture, Y20 20 60 80 100 120 140
generated by passing carrier gas of the compositigh  a ml

ratio of 1:20 at room temperatur_e ‘?“d sta_lgnan_o_n pressures OfFigure 3. Mass spectrum of the electron ionization source obtained
ps = 5—15 bar through a reservoir filled with aniline, expands ¢, g expansion of kN, (ratio 1:20) and aniline vapor @t = 5 bar.
through a pulsed nozzle into a vacuum chamber. Electron The intense signals of N and (Ny)H* are indicated by open and filled
ionization of the gas mixture close to the nozzle orifice is circles, respectively. Ahand AnH, as well as their Nclusters, are
achieved by two electron beamB& ¢& 100 eV) emitted from _marke_d by open and filled triangles, respectively. Part of the spectrum
heated tungsten filaments. lemolecule reactions in the high-  is vertically expanded by a factor of 10 to visualize smaller peaks,
pressure region of the expansion form Bransted acids §éy., such as those for the AnH-N, clusters. The asterisk indicates the
- . o . ., strongest fragment of An upon electron ionization € 66 u, HNC
X = H; and L), which subsequently protonate aniline via rapid

123
exothermic proton transfé#:13 loss).
AnH'-Ary —>  AnH*-Ary, + (n-m)Ar |
XH* + An— X + AnH* (1)

(b) LID @ 3401 ' n=2
An alternative route for the production of ArHinvolves
electron ionization of neutral Anclusters prepared in the
molecular beam followed by intracluster proton transfer and
evaporative cooling® However, the lack of AnH ions in mass m=0 ~
spectra for similar expansions withous k the carrier ga$43 h m1_1 x10
demonstrates that this mechanism plays only a minor role under -
the employed ion source conditions. Similarly, bimolecular self- L
protonation reactioriscan be neglected. After AntHgeneration, (a)CID
weakly bound AnH—L,, aggregates are formed by three-body
association reactions in the collision-rich region of the expan-
sion:

N S S—]
AnH'-L,_,+L+M—AnH'-L,+M (M =L, An, H,) 80 100 120 140 160 180

m[u]
(2) Figure 4. Mass spectra obtained by selecting ArHAr; clusters with

) ~ QMS1 and scanning QMS2 to detect AnHAr, (m < 2) fragments.

As an example, Figure 3 shows a mass spectrum of the ionSpectrum a is obtained by introducing—fmbar of N gas into the
source for an expansion of aniline vapor in/N, at ps = 5 octopole, which induces CID into them = 0 andm = 1 fragment
bar. The mass spectrum is dominated by Nons (with the channels. Spectrum b is recorded with resonant LIDv(at= 3401
expected everodd intensity alternation, open circléis43.7274 c_m‘l)._ Part of the spectrum is vertlcally t_axpanded by a factor of 10 to

" - . visualize the small fragment peaks arising from metastable devay (
and (N)H™ clusters (filled circles), as well as An(open = 1) and LID (= 0)
triangles) and AnH (filled triangles) and their weakly bound '
N2 clusters (vertically expanded inset in Figure 3). The intensity AnH*—L,, induces the rupture of one or more intermolecular
ratio of the AnH (m= 94 u) and A (m= 93 u) mass peaks  bonds according to
of ~2.5 confirms the efficient protonation of An via reaction

1, mainly achieved with XH=H3" and (N.),.H". The intensity AnH =L+ hwjg — AnH =L, + (n — m)L 3)

ratio of AnH" (m= 94 u) and AnH—N, (m= 122 u) of~60

is indicative of the generation of weakly bound AhH(N2), No other fragment channel is observed under the single-photon
ion—ligand complexes. absorption conditions employéd’®> The AnH"—L, fragment

The central part of the plasma expansion is extracted from ions are selected by QMS2 and monitored as a function of the
the ion source through a skimmer into QMS1, which is tuned laser frequency ®r) to obtain the IRPD spectrum of the
to the mass of the AnH-L,, cluster under investigation. The AnH'™—L, parent cluster. As an example, Figure 4 shows mass
mass-selected AnH-L, parent ion beam is subsequently spectra obtained by mass selecting Anthr, with QMS1 and
injected into an octopole ion guide where it interacts with a scanning QMS2 to detect AnH-Ar, fragment ions withm <
tunable IR laser pulse generated by an optical parametric2. Spectrum a is obtained by introducingl0~> mbar of N,
oscillator laser system. Resonant vibrational excitation of gas into the octopole region, which induces collision-induced
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dissociation (CID~1 eV center-of-mass collision energy) into 8 < 26 < 90 <« 157 kJ/mol); that is, both N and ring
the m = 0 andm = 1 fragment channels. The exclusive protonations in the ortho and para positions are close in energy.
observation of the loss of one and two Ar atoms upon CID The latter observation is consistent with the ortho/para-directing
indicates that the ions witth = 174 u selected with QMS1 are  nature of the amino group in electrophilic aromatic substitu-
indeed only clusters of the type AndH-Ar,. Spectrum b is tion.12 Interestingly, the energy order @fand5 is reversed at
recorded without collision gas in the octopofe< 107 mbar) the B3LYP/ 6-31G* level { <5 <3<«2<«4,0<13<17
but with resonant laser-induced dissociation (LIDyat= 3401 < 97 < 169 kJ/mol), indicating that the relative energies for
cm 1, resonance B. Part of the spectrum is vertically expanded ring and substituent protonation are sensitive to the theoretical
by a factor of 10 to visualize the small fragment peaks arising level employed. A similar basis set effect was recently also noted
from metastable decgy and LID in the octopole region. ifh.e. for the relative energies of ring and O protonation of phenol,
= 1 fragment peak arises solely from metastable decomposition,for which also the larger basis set resulted in a significant
and its low intensity {0.3% of n = 2) suggests that the  additional stabilization of the oxonium ion with respect to the
AnHT—Ar; parent ions probed in the octopole are rather cold. carbenium isomer® The interconversion between 3, and5
Them = 0 fragment peak+1% of n = 2) is merely produced  of AnH* involves very high isomerization barriers (9830
by resonant LID, and its weak intensity is indicative of the kJ/mol), suggesting that these three isomers could readily be
relatively low efficiency for this process under the present produced and collisionally stabilized in observable concentra-
experimental conditions. For larger AfHLn clusters > 1) tions in the employed plasma expansion. In contrast, protona-
several LID channelsm < n, may be observed, and this tions in the meta and ipso positions are energetically unfavorable
information has proven to be useful for both isomer identifica- processes and require less than 35 kJ/mol for isomerization
tion'?21.7%and evaluation of experimental ligand binding ener- toward eitherL or 3. Hence, the concentration 2fand4 in the
gies* For AnH*—L, (L = Ar, Np) withn < 2, all LID signals  molecular beam is expected to be small. In fact, although
oceur in the AnH channel ( = 0). However, LID of  yiprational frequency analysis af-5 confirms their identifica-
AnH—(Ny)s clusters is observed in both te= 0 andm = tjon as minima on the potentiad, appears to become unstable
1 channels, which turns out to be key information for assigning \yith respect to intramolecular 1,2 H-shift towa®l after
the features observed in the IRPD spectra of all clusters jnciysion of zero-point energy corrections. Hence, ipso proto-
|nvest|g+ated. Consequently, the= 0 and 1 fragment channels  pation is not considered further for the evaluation of the
of AnH"—(N2)3 are monitored in the same scan by switching - gpectroscopic properties of the ARHL,, clusters. The calcu-
the mass of QMS2 for each IR laser frequency. Calibration of |5ted proton affinity of 901.6 kd/mol for N protonation compares
vir IS accomplished by recording optoacoustic spectra of yoa50nably well with previous higher level calculations (878,
ammonid’ simultaneously with the IRPD spectra. 87651 88557 87755 87656 and 8743 kJ/mol) as well as the
To facilitate the assignments of the vibrational bands observed experimental value (882.5 kJ/m@falthough the exact proto-
in thf IRPD spectra, density functional theory calculations of nation site is not well-known in the experimental studies.
— 1 - *
AnH 75';” are carrled.oult at the B3LYP/6 3.16 level of Table 1 summarizes the properties of the M bonds in the
theory’8 This level qualitatively reproduced the intermolecular AnH* isomers1-5, such as bond lengthsR(x), harmonic
interaction and complexation-induced frequency shifts for related stretch frequencie%H) and IR intensitiesl(\,HF; ’As will be
H-Eonded Alg;g_L" cc‘)lrznglexes with 7|§= Arand NZ’.SUCh as shown, the differences in these properties are significant for
A = phenolt*Paniline;*443and indole’® The properties of the . : : : :
. . . . certain AnH" isomers and will be used below to identify
isolated AnH isomers are also investigated at the B3LYP/ . : - .
. . . -~ . different isomers in the experimental IRPD spectra of the
6-311G(2df,2pd) level. This level provides a reliable description AnH*—L - clusters. The N-H bond lenaths are similar fat
of the potential energy surface of isoelectronic protonated d n A- ianif v sh 9 f A
phenol, with an accuracy similar to that of the MP2/ and3 (~.1_0093 ). significantly s grter OP (~1.0043 A),
6-311G(2df,2pd) level® In general, all coordinates are relaxed fgtgiirr]g?)lg Igr;goezrsf; i (}t.gslgif&H)E):r?gI(L%n%ﬁs\;[a];?e:tig%?
during the search of stationary points. The identification of translate d'réctll into d?l.‘ferences in the freg encies of the
minima and transition states is verified by harmonic frequency dl' I\a)L/HI iret Ih | ! des. Th au b 'es ot
analysis. Intermolecular interaction energies are counterpoisefcor,:eSpt(\)lc 'ng | sdre ¢ no:mla rnge?. " ﬁcard emur;:‘l(%ns
corrected for basis set superposition effdlarmonic frequen- ea u_rbe t'o (nlear y) I_egenerzlat_e ocl sfre Cch moaes, w ICt .
cies are employed to correct energies for vibrational zero-point via vibrational coupling resuit in a lower frequency symmetric
and a higher frequency antisymmetric-N stretch normal

motion. The population analysis of the charge distribution in .
the various AnH isomers is carried out using the atoms-in- mOde’”’.NH(S) andwnn(as). The splitting betwee.n bo.th normal
molecules (AIM) approach (6-31G* basis set). modes is on the order of 1.00 cifor all carbenium isomers,
and the absolute frequencies follow the or@er 1~ 3 > 4.
The three N-H stretch normal modes of both rotamers5of
are quite similar (with differences of less than 2dnfior 5a
Figure 2 summarizes the salient parts of the potential energyand5b), indicating that the nearly free internal rotation of the
surface of protonated aniline evaluated at the B3LYP/ NHzgroup has almost no effect on the geometric and vibrational
6-311G(2df,2pd) level. Only complexes corresponding to C  coupling parameters of the-\H bonds. In general, the N\H
and N protonation are considered, becamseomplexes of stretch frequencies & are, however, significantly lower than
protonated aromatic molecules are saddle points on the potenthose of all carbenium isomers, due to the much longer and
tial.1>4581Similar to that of isoelectronic toluerfégthe barrier weaker N-H bonds in the former ions. Significantly, the
for internal rotation of the Nklgroup in the anilinium ion is calculated IR stick spectra of isomers5 in the N—H stretch
rather low. The energetic difference between the two rotamersrange (Figure 5) clearly demonstrate that, with the exception
having one N-H bond in the aromatic planely, shown in of 1 and 3, all AnH* isomers can unambiguously be distin-
Figure 1) or rotated by 90(5a) is calculated to be only 0.3  guished by their N-H stretch spectra. This is in contrast to the
kJ/mol. The relative energies of the carbenium and ammonium relative energies, which are quite similar for the three most stable
isomers vary in the ordeb < 1 < 3 < 2 <« 4 (0 < and thus most relevant isomets3, and5 (Table 1, Figure 2).

Quantum Chemical Results
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TABLE 1: Selected Properties of AnH" Isomers Evaluated at the B3LYP/6-311G(2df,2pd) Level: Relative Energie€(), N—H
and Aliphatic C—H Bond Separations Rnu, Ren), and N—H Stretch, Aliphatic C —H Stretch, and Selected N-H Bend

Frequencies (nH, Och, Op)?

Erel REH WNHC Rew(sp) wcH(sp)°® wp°
AnH* (kJ/mol) (A) (cm™) (A) (ecm™) (cm™)

1(Ca) 8.1 1.0093 3663 (h88) 1.1001 2993 (p5) 1702 (a, 428)
1.0093 3553 (g 228) 1.1001 2989 (a19)

2(Cy 89.9 1.0044 3720 (a60) 1.1064 2944 (a51) 1673 (4 223)
1.0041 3607 (a159) 1.1064 2935 (3 21)

3(Cy 26.4 1.0090 3661 (a84) 1.0978 3024 (5 5) 1700 (4 263)
1.0096 3551 (a222) 1.0978 3005 (a12)

4(Cy 156.6 1.0104 3627 (232) 1.1681 2423 (a64) 1671 (4 65)
1.0104 3539 (a66)

5a(Cy) 0 1.0226 3473 (3 84) 1653 (4 46)
1.0226 3451 (2102)
1.0243 3385 (a56)

5b (Cy) 0.3 1.0222 3474 (a83) 1652 (4, 43)
1.0237 3449 (3, 106)
1.0237 3386 (255)

An (Cy 902 1.0073 3657 (9 11) 1664 (4, 127)
1.0073 3562 (a13)

An* (Cz) 1.0108 3647 (b 92) 1676 (4 109)
1.0108 3535 (g 251)

a Corresponding data for An and Arare also included Corrected for zero-point energyIR intensitieslyy, Icn, andl, (km/mol) as well as

vibrational symmetry species are listed in parentheses.

1 1 1 1 1 1 1 | 1 I
3400 3500 3600 3700
o [em™]
Figure 5. Theoretical IR stick spectra of the-NH stretch vibrations

of all possible AnH isomers calculated at the B3LYP/
6-311G(2df,2pd) level (Table 1).

In addition to the N-H bond lengths and stretch frequencies,
the positive partial charges on the amino protapg provide a
measure for the acidity of the NH protons and their ability to
form H bonds to neutral ligand8.The AIM charges increase
in the order2 < 1~ 3 < 5 (gu/e = 0.45< 047~ 0.47 <
0.49). Hence, the weaker and longer thellbonds, the lower
the wny values, the larger thgy values, and the more acidic
the NH protons in the various AnHisomers.

Table 1 also compares the bond lengtRs and the two
C—H stretch frequencies of the aliphatic €lgroups of the
carbenium isomersufcy). The CH group corresponds to the

isomersl and 3 is probably due to slight differences between
the CH normal coordinates and the effective reaction coordinate
for the ring protonation process. In general, the IR intensities
of the aliphatic C-H stretch vibrations are significantly lower
than those of the intense-NH stretch modes. The aromatic
C—H stretch modes occur to slightly higher frequency than the
aliphatic ones and feature even lower IR intensities. Conse-
quently, both types of €EH stretch modes are not observed in
the experimental IRPD spectra of AMHL,, discussed below
and will not be considered further.

In addition to the N-H stretch modes, the IRPD spectra of
AnHT—L,, clusters display the signature of an overtone of a
N—H bend vibrationwy. For the carbenium isomefs-4, wy,
corresponds to the in-plane scissoring mode of the bidup.
Similarly, for the ammonium ionswy corresponds to a
scissoring-type NH bend mode of the Nigroup, where two
N—H bonds vibrate against the third one. Consequently, their
frequencies and IR intensities are also included in Table 1.

The two major ior-ligand binding motifs in small
AnHT—L,, clusters with L= Ar and N; involve H bonding of
the inert neutral ligands to the acidic NH protons andonding
to the aromatic ring. Previous combined IRPD spectroscopic
and quantum chemical studies of related aromatic AH),
complexes with L= Ar and N\;,** including A= (halogenated)
phenol13.18.19.37.72,79.8aphthol!* aniline*2438¢indole,/® and
imidazole3® revealed that H bonding to the acidic functional
group is usually preferred over bonding to the ring. The
electrostatic and inductive forces, which favor H bonds, override
in these types of clusters the dispersion forces, which favor
bonds?* Moreover, H bonds to aliphatic and aromatic CH
protons in aromatic A(H)—L clusters are usually less stable

reactive center of these arenium ions in the electrophilic aromatic than those to OH and NH proto#s**Hence, the most favorable

substitution reaction mechanism. The bond lengRs, vary
in the orded > 2 > 1 = 3, and the corresponding frequencies,
wch, Sshow the opposite trend, < 2 < 1 ~ 3. Interestingly,

sequential cluster growth in AnH-L, clusters is expected to
begin with the formation of NHL H bonds to all available
NH donors, which is followed by the formation of intermo-

these trends are also roughly reflected in the relative energieslecularz bonds. The analysis of the experimental AnH.,

of the carbenium isomerg,;e, which decrease in the ordér>

2 > 3 =~ 1. Apparently, the bond lengths and vibrational
frequencies of the aliphatic Glgroup provide a rough indicator
for the acidity and corresponding proton affinity of the arenium
ions for the various protonation sités.The fact that this
correlation does not strictly hold for the energetically close lying

spectra is fully consistent with this scenario. Consequently, only
H-bonded AnH —L, clusters are investigated computationally
in the present work at the B3LYP/6-31G* level of theory. This
theoretical level was shown to qualitatively describe the
properties of the H bonds in related cluster systems, in particular
the complexation-induced vibrational frequency sHi#t&
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Figure 6. Theoretical IR spectra of the \H stretch vibrations of
AnH*—L, (n < 3) for L = N; (top) and L= Ar (bottom) calculated
at the B3LYP/6-31G* level using a convolution width of 5 cmPeaks
arising from the various An#H isomers1—3 and 5 are indicated.

Corresponding transitions are connected by dashed lines. All isomers

are assumed to occur with the same abundance.

Intermolecular z bonds in AnH—L, cannot properly be

described by B3LYP calculations due to the importance of
dispersion forces. Hence, their properties are not evaluated in

Pasker et al.

and NH™—Ar revealed tunneling splittings arising from internal
NH3"/NH,4" rotation87-95 As such tunneling motions are largely
guenched irb—L and 1/3—L due to substitution oa H atom

by the aromatic phenyl ring, no splittings are detected in the
corresponding IRPD spectra, and thus, no efforts have been
undertaken to investigate intermolecular isomerization barriers
and resulting tunneling splittings in AnH-L. Inspection of
Figure 6 reveals that the complexation-induced frequency shifts
are larger for AnH—(Ny), than for AnH—Ar, due to the
stronger intermolecular interaction in the former complexes. In
addition, as the acidity of the-NH bonds decreases in the order
5> 1~ 3 > 2, the H bond strength decreases in the same
order. The calculated H bond energies Bggcm™1 = 1370>
895~ 907 > 602 and 410> 240~ 246 > 144 for the5—L,

1-L, 3—L, and2—L dimers with L= N, and Ar, respectively.
These binding energies are directly reflected in the intermo-
lecular separations, which increase in the orfgigr/A = 2.11

< 224~ 2.23 < 2.33 and 2.55< 2.65~ 2.64 < 2.73 for
5-L, 1-L, 3—L, and2—L with L = N, and Ar, respectively.
The dominant contribution to the attractive part of H-bound
AnH*—Ar complexes arises from charge-induced dipole inter-
action, leading to nearly linearNH—Ar bonds? The interac-
tion in H-bound AnH—N, complexes is stronger than in
AnH*—Ar, because of the larger polarizability of ;Nas
compared to Ard, = 2.38 vs 1.64 &) and the nonvanishing
quadrupole moment of N(® = —5.00 C n?), giving rise to
additional charge quadrupole interactioff-7-%The anisotropy

of the long-range chargeguadrupole and chargénduced
dipole attraction favors a nearly linear¥i—N—N arrangement

n AnH'—N, over a perpendicular approach of the; N
|igand_18,36,43,44,71,73,74,79,9101

Spectroscopic Results

IRPD Spectra. Figure 7 compares the experimental IRPD

the present work. On the other hand, previous studies on relatedspectra of AnH—L, for L = Ar (n=1, 2) and L= N2 (n =

systems suggest that the weak intermoleculbonds have only
negligible effects on the vibrational frequencies of the AnH
isomers in the considered spectral range (mainly theHN
stretch modes}.72

Sequential H bonding of the available NH protons in both
the carbenium and ammonium isomers with Ar andibands
induces changes of the-NH bond properties which are quite
typical for H bonding. Significantly, the proton donor bonds
involved in the NH-L H bonds are destabilized and elongated,

1-3) recorded in the range of the-NH stretch fundamentals
(3100-3600 cn1Y). The IRPD signals of all clusters investigated
occur solely in the AnHFi channel, with the notable exception
of AnH™—(Ny)s, for which dissociation into both the Antand
AnH™—N, channels is observed (indicated as>30 and 3—

1 in Figure 7). The transitions observed are labeled aD4

and their positions and suggested vibrational and isomer
assignments are listed in Table 2. The80 spectrum of
AnH*—(Ny)3 (m= 178 u) is slightly contaminated by contribu-

which leads to a reduction in the frequencies of the correspond-tions of An*—(N2)s (m = 177 u), because the low signal levels
ing N—H stretch local modes and an IR enhancement. As the of AnH*—(N2)3 required a slight reduction of the mass

N—H stretch modes are strongly coupled in all Ahldomers,

resolutions of QMS1/2 to increase the ion transmission. The

all N—H stretch normal modes are somewhat affected upon eachtransitions assigned to Ar-(Ny); are indicated by asterisks in
H-bonding step. Figure 6 reproduces theoretical IR spectra of Figure 7 and could readily be identified by comparison with

the N—H stretch vibrations of AnH—L, (n < 3) for L = N,
(top) and L= Ar (bottom) calculated at the B3LYP/6-31G*
level. Several isomers are possible for most of the AnH,
clusters for given L and, arising from the various AnHcore

previous spectroscopic studies of An(N,),.*3 In contrast to
previous experiments on (protonated) phenol clusfetsthe
signal-to-noise levels for the protonated aniline clusters are
insufficient to detect thé3C contamination of An—L, clus-

ions and the different sequences for solvation of the slightly ters”*%in the mass channels of the normal isotopomers of the
nonequivalent NH donors. However, as the predicted IR spectraAnH—L, clusters. The typical width of individual vibrational

are similar for AnH—L,, clusters with the same AnHcore
but different solvation sequence at the Mgroup, only one
type of isomer is considered for each L amd~or5—L, isomer

transitions is on the order of 5 cth which mainly arises from

unresolved rotational fine structure.
Vibrational and Isomer Assignments. The comparison

5b is assumed to be the core ion and the solvation sequencebetween the 3~ 0 and 3— 1 spectra of AnFi—(Ny)s provides

begins with H bonding of the first ligand to the-NH bond
lying in the aromatic plane obb. For 2—L, and 3—L,, the
solvation is assumed to begin at the-N bond, which is located

a key for the isomer assignments of the various transitions
observed in all AnH—L, spectra. The transitions; Bind G
are only detected in the-3 0 spectrum, whereas the transitions

in trans orientation to the protonation site. Previous rotationally A; and D, are solely observed in the 3> 1 spectrum.

resolved IRPD spectra of Nfi—Rg dimers (Rg= He, Ne, Ar)

Consequently, both types of transitiong/@ and A/D, can
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A3 TABLE 2: Band Maxima and Assignments of Vibrational
b Transitions Observed in the IRPD Spectra of AnH —L,
AnH-(Np)3 ' Ay 31 (Figure 7)
position
L n band (cm™) mode isomer
. Ar 1 B, 3491 vnu(as)  1/3—Ar
AnH™-(N2)3 B, 3402 wiu(s)  13-Ar
As 3324 ’VNH(S) 5—Ar
Az 3294 wh(2)  5—Ar
AnH*—(N2)2 C]_ 3294 z/b l/3—AI’
Ar 3242 wh(l)  5—Ar
D, 3175 Dy 5—Ar
2 Bz 3480 VNH(aS) 1/3—Ar2
B1 3401 ’VNH(S) 1/3_Ar2
A3 3321 VNH(3) 5—Ar2
Ci 3294 Dy 1/3—Ar;
A2 3283 ’VNH(Z) 5—Ar2
Ax 3240 mi(l)  5—Ar,
D, 3172 2y 5—Ar;
AnH*-Ar, N> 1 B, 3480 vnu(@s)  1/3—N;
B1 3398 VNH(S) 1/3_N2
A3 3329 ’I/NH(S) 5—N2
Ci 3301 2y 1/3—N;
AnH*-Ar Az 3291 h(2) 5—N,
— ) A1 3195 van(L) 5—N;
3100 3200 3300 3400 3500 3600 D: 3165 e BN
v [em™] 2 B 3453 v(@s)  1/3—(Na):
Figure 7. IRPD spectra of AnFi—L, forL = Ar (n=1, 2) and L= gi ggg; va/:(s) ig_g“g;
N2 (n = 1-3) recorded in the range of the-\H stretch fundamentals. As 3305 vn(3) 5—(N2),
The spectra of AnH—L, with n < 2 are monitored in the AnH A, 3261 i(2) 5—(N2):
channel, whereas Ant(Ny)s spectra are recorded in both the AhH A 3200 van(l) 5—(N2)z
and the AnH—N, channels (indicated as 3- 0 and 3— 1). The D, 3168 D 5—(N2)2
positions and suggested vibrational and isomer assignments of the 30 B 3462 vu(@s)  1/3—(N2)s
transitions observed (AD;) are listed in Table 2. Transitions marked * 3440 mu(as)  An—(N2)s
by asterisks arise from AR-(N2), clusters, which are not fully B, 3394 Yn(S) 1/3—(No)s
discriminated by the quadrupole mass spectrometers. * 3359 YNH(S) ANt—(N2)s
Ci 3310/3302 2y 1/3—(N2)s
be attributed to (at least) two distinguishable ArHN2)s3 * 3282 2 An*t—(Ny)s
isomers with different types of AnHion cores. The AnH 3D As 3271 mH(3)  5—(N2)s
isomers involved feature rather different interaction energies Az 3271 iH(2) 5=(N2)s
. . . . . Al 3200 ‘VNH(l) 5_(N2)3
with the surrounding Blligands, leading to a different number D, 3170 By 5—(N)3

of ligands evaporated upon single IR photon absorption in the
N—H stretch range (31688500 cnT?). Indeed, the calculations  5nparmonic effects of NH stretch frequencies derived at the
demonstrate that the ammonium ifeatures much more acidic  g3| yp/6-31G* level (0.95663 for Ah, 0.9589 for in-
N—H bonds than all carbenium ions, leading to lowey
frequencies and stronger H bonds to neutral ligands. Conse-
quently, the transitions ;D in the 3— 1 spectrum are assigned
to 5—(Ny)3, whereas the bands/B; are attributed td/3—(Ny)s.
Similarly, the corresponding transitions observed in the other
AnH't—L, spectra are assigned @®-L, and 1/3—L,. The
contribution of complexes with the AntHcore ions2 and 4
can be excluded because of their relatively low stability (Figure
2) and their differentny frequencies (Figure 5).

On the basis of these arguments, the bandarml B can

dole™).4243.73In general, the calculations reproduce qualitatively
the complexation-induced frequency shifts. A more quantitative
agreement requires calculations at a higher theoretical level to
better describe the effects of complexation on both theHN
bond strengths and the coupling between the twedH\stretch
oscillators. The derived scaling factor can be employed to
estimate the unknown experimental; frequencies of isolated

1/3 asvnu(S) = 3412 cnt andvyn(as)= 3518 cn! (indicated

by filled squares in Figure 8a), respectively. The significant

safely be attributed to the symmetric and antisymmetrig-N effects of the first two ligands on both-N\H stretch frequencies
stretch modes ofl/3—Ly, rnu(s) and mu(as), respectively. indicate that H bonding to the two available acidic Nbfotons

According to the calculations, the properties of thebonds is indeed the preferred ierligand binding motif in1/3—Ly
are rather similar fol—L, and3—L,. As a consequence, their glustfers withn < 2. Intermolecularr bonding to the.aromatlc'
van frequencies are rather similar as well, which prevents an fing is apparently much less stable. The sequential formation
unambiguous spectroscopic distinction between both clusterof the H bonds of the first two ligands to the two available
isomers in this spectral range. The apparent broadening and théicidic NH; protons reduces the frequencies of boih(s) and
partly resolved splittings in some of the/B, bands may be ~ vnu(@s) in each solvation step due to the relatively strong
attributed to overlapping transitions of both isomers. Figure 8a coupling between both iH stretch local modes. Interestingly,
compares the experimentain(s,a) frequencies af/3—L, (n the splitting betweemyy(s) andvyn(as) increases upon attach-
= 1-3) with those calculated fol—L, (n = 0—2) at the ment of the third N ligand in1/3—(Ny); from 56 (1 = 2) to 68
B3LYP/6-31G* level. The latter values are scaled by a factor (n = 3) cnr’?, indicating that intermolecularz bonding

of 0.9604 obtained by optimizing the agreement between significantly increases the coupling between bothHNstretch
experimental and theoretical values in a least-squares fit. Similarmodes in1/3—(Ny), with n > 3. In general, the trends in the
scaling factors have recently been applied to account for the cluster-size-dependentyy band shifts of1/3—L, are quite
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Figure 8. Experimental and calculated vibrational frequencies (B3LYP/
6-31G*) of AnH'—L,, clusters with L= Ar (filled circles) and L= N,
(open circles) as a function of the cluster sing ((a) experimental
vnu(S) andvwn(a) frequencies ofl/3—L, are compared to calculated
values of 1-L, (scaling factor of 0.9604); (b) experimentabp2
frequencies ofl/3—L, are compared to calculated values IfL,
(scaling factor of 0.9604); (c) experimentaly(1—3) frequencies of
5—L, are compared to calculated valuessiii—L,, (scaling factor of
0.9620). The scaled theoretical values for= 0 are included in the
plots of the experimental data (as filled squares).

similar to those observed previously for the related"Ah,
radical cation cluster&4+3

In addition to the bands Band B assigned tany(s) and
vnH(as) of 1/3—(Np)s, the 3— 0 spectrum of AnH—(Ny)s
displays a third transition, £which occurs as a doublet at 3302
and 3310 cm?. This band is assigned to the first overtone of
the symmetric in-plane bend vibration of the Nkroup
(scissoring), 2y, of 1/3—(N2)s. The same overtone transition

Pasker et al.

(see dashed lines in Figure 7), because of spectral overlap of
2v, of 1/3—L,, with the N—H stretch fundamentals &—Lp
(denoted A). As expected, they, frequency is little affected
upon zr bonding. In generalyy, increases slightly upon H
bonding of ligands to the NHgroup, because such intermo-
lecular bonds generate additional retarding forces for the NH
scissoring motiort? Hence, as predicted by the calculations,
the frequency of &, of 1/3—L, is expected to slightly increase
in the ordem =0 < 1 < 2 and in the order A N,. Figure
8b compares the experimental,Zrequencies oll/3—L, (n =
1-3) with those calculated fdt—L, (n = 0—2) at the B3LYP/
6-31G* level (2v, scaled by 0.9604). Again, the calculations
reproduce qualitatively the complexation-induced frequency
shifts observed experimentally. The best experimental estimate
for the frequency for 2, of isolated1/3 is 3294 cn1?! (filled
square in Figure 8b).

Comparison between the spectra calculated for the
AnHT—Ar isomers involving various AnH ion cores (Figure
6) and the IRPD spectrum of AnH-Ar (Figure 7) strongly
suggests that the three bands denotediA= 1—3) in the
experimental spectrum arise from the three-H stretch
fundamentals o5—Ar, denotedvyi(i) with i = 1—3. From the
relatively straightforward assignments a§4(i) of 5—Ar, the
corresponding transitions &f-L, can be assigned by comparing
the predicted and observed changes in theHNstretch
fundamentals 06 upon sequential solvation with both Ar and
N». Figure 8c compares the experimentgh(1—3) frequencies
of 5—L, (n = 1—3) with the values calculated at the B3LYP/
6-31G* level fH = 0—3). The latter ones are scaled by a factor
of 0.9620 obtained by optimizing the agreement between
experimental and theoretical values in a least-squares fit. This
scaling factor can be employed to estimate the unknown
experimentalyn(1—3) frequencies of baré as 3246, 3317,
and 3340 cm! (indicated by filled squares in Figure 8c),
respectively. Again, the calculations reproduce qualitatively the
observed complexation-induced frequency shifts, and this agree-
ment supports the conclusion that H bonding to the three
available acidic NH protons of5 is the preferred iortligand
binding motif in 5—L clusters withn < 3. Similar to that of
1/3—Ly, intermoleculart bonding to the aromatic ring is
apparently much less stable than the formation of H bonds. In
general, the trends in the cluster-size-dependgnband shifts
of 5—L, are quite similar to those observed previously for the
related NH*T—Ar, %9 NHst—Ar, 878991 and GHz™—(N2)n
clusters’6:98,102

In addition to the Abands {( = 1—-3) assigned to the three
N—H stretch modes of the ammonium ion5a-(N>)3, the 3—
1 spectrum of AnH—(N,); displays a fourth transition, Dat
3170 cn. Similar to the A bands, Q is only seen in the 3~
1 spectrum and not in the-3 0 spectrum. Consequently, band
D, is also attributed to th&—(Ny); isomer of AnH —(N,)s,
and comparison with the B3LYP calculations strongly suggests
an assignment to the first overtone of a scissoring-typeHN

has been detected with high intensity in the IRPD spectra of bend motion of the Nklgroup, 2p. The calculations predict

the related An—L, clusters at 2, ~ 3270 cn1l.4243 The
B3LYP calculations predict harmonic frequenciesugf= 1676,
1702, and 1700 cnd for An*,43 1, and3, respectively. Hence,
2vp, of 1/3 is expected to occur roughly 4®0 cnT?! higher in
frequency than 2, of An™, i.e., close to 33163320 cntl,
which is in reasonable agreement with the position of band C
The small splitting of this transition may again be attributed to
2y of 1—(Ny)3 and 3—(Ny)s. It is difficult to unambiguously
identify this transition in the spectra of ArfH-L, with n < 2

the harmonic frequency of this\H bend mode o0b (wp) to
be ~1650 cm?, i.e., around 50 cm below that of the
corresponding scissoring mode 18 (Table 1). Hence, 3, of

5 is expected to occur roughly 100 cinlower in frequency
than 2y, of /3. The latter transition corresponds to bandao®
1/3, which is observed around 3300 chin the IRPD spectra
of /3—L,. Hence, 2y, of 5—L, is predicted to be around 3200
cm™1, in reasonable agreement with bang dbserved in the
spectra of AnH—L,, (Figure 7, Table 2). Similar to that of/2
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TABLE 3: Comparison between Experimental and
Calculated Dissociation Energies of AnH—N, Isomers

J. Phys. Chem. A, Vol. 110, No. 47, 20062801

TABLE 4: Estimated Experimental Vibrational Frequencies
of Selected AnH" Isomers (cnT1)2

Do Dea
isomer (cm™) (cm™)
1/3—Na() 800+ 300
1/3—Na(H) 950+ 450 895/907
5—N2(H) 1400+ 300 1370

a Evaluated at the B3LYP/6-31G* level.

of 1/3—Ly, the frequency of 2, of 5—L, is very little affected
by complexation.

Photofragmentation Channels and Binding EnergiesAfter
assignment of the vibrational transitions of the various
AnH*—L, isomers, the photofragmentation branching ratios are
evaluated. According to eq 3, several AnHL,, fragment
channels may be observed for a given ArH., parent complex
with n > 1. The number of ligands evaporated upon single-
photon absorption depends sensitively on the ligand type (Ar,
N,), the size of the complexn), and the AnH isomer acting
as the cation core in AnH-L,. Previous studies on related

cluster systems using the same experimental setup have

demonstrated that the range of observed fragment chammls (
is rather narrow. This information has been employed to roughly
estimate ior-ligand binding energies using a simple model
described in detail elsewhet&?072103The basic assumption
of this model is that the total energy of the absorbed IR photon
can be used to sequentially evaporate the most weakly boun
ligands in the complex. Furthermore, the ligands are classified
into H-bound andz-bound ones, with dissociation energies of
Do(H) > Do(r), respectively. The observation that a photon
energy of 3300 cmt is sufficient to evaporate two but not three
H-bound N ligands of5—(Ny)3 implies Dg(H) ~ 1400+ 300
cm %, in good agreement witB(H) = 1370 cn1? calculated

for H-bound 5—N,. The photon energy of 3300 crhis
sufficient to evaporate all three ligands ©88—(N5)s, giving

rise to the relation Ro(H) + Dg(r) < 3300 cnTl. Together
with the conditionDg(H) > Do(7), this relation results iDo-

(7r) < 1100 cn1?. Previous experimental data showed tbat

() of N, complexed to an aromatic cation is relatively
insensitive to the type of aromatic ion and on the order of500
1100 cnmr1.16:44 For example Do(:r) = 700 & 200 cn? for
AnT—N,.%3 Under the realistic assumption th@g(r) > 500
cm1 also for1/3—Nj, Do(r) can be bracketed as 8@0 300
cmL. This estimate enableBy(H) of 1/3—(Ny); to be deter-
mined as 95@k 450 cnT?, again consistent witDe(H) = 895

and 907 cm! calculated for H-boundl—N, and 3—Nj,
respectively. The available experimental and calculated dis-
sociation energies of isomeric AifH N, dimers are summarized

in Table 3. The corresponding binding energy datalf8rAr
and5—Ar derived from the IRPD spectra of AntH-Ar, (n <

2) are much less informative. Essentially, the spectra provide
only upper limits forDo(H) of 1/3—Ar and 5—Ar as 1600 and
1700 cn1l, respectively.

Further Discussion

The IRPD spectra of AnH-L, reveal the unambiguous
spectroscopic fingerprints of (at least) two different AnH

isomer vibration frequency isomer vibration frequency
13 VNH(S) 3412 5 ’VNH(l) 3246
vNH(a) 3518 ’VNH(Z) 3317
2vp, 3294 var(3) 3340
2vp 3170

aExtrapolated from IRPD spectra of AdHL, to zero solvation
conditions (i = 0, Figure 8).

the relative stabilities of the observed Ahlisomers, because
several factors affect the relative intensities of the observed
vibrational transitiong318including (i) the production ratio for
the bare AnH isomers, (ii) their efficiency to form AniH—L,
clusters, and (iii) the IR oscillator strengths. Previous experi-
ments on protonated phenol showed that the production ratio
for the bare protonated phenol isomers can strongly depend on
the experimental conditions, such as the composition or pressure
of the expansion ga$.Thus, the AnH isomer ratio is not only
controlled by energetic but also by kinetic factors.}A8, and
5 are separated from each other by large isomerization barriers,
they can be collisionally stabilized in a wide range of abundance
ratios, which sensitively depend on the expansion conditions.
Similarly, even for a given AnH isomer ratio, the resulting
AnH*—L,, cluster ratio will depend on the relative efficiency
for cluster formation, which again is controlled by both
thermodynamic and entropic factors. For example, the stronger
intermolecular H bonds iB—L,, compared to those iftv3—L,
will favor the detection of the former over the latter complexes.
The IR spectra of AnFHi—L,, allow for an accurate extrapola-
tion of the N—H stretch and bend frequencies of the isolated
AnHT isomersl/3 and5 by comparison to theoretical calcula-
tions and extrapolation to zero solvation= 0, Figure 8). The
results obtained are compared in Table 4. The center frequencies
(vNH,av) Of van(S) andvnu(as) of 1/3 and vyu(1), van(2), and
vnH(3) of 5 provide a measure for the-NH bond strength in
both types of AnH isomers. The experimental estimates of
VNH,av = 3465 and 3301 cri for 1/3 and5 are in accord with
the corresponding theoretical valuesgfy v = 3607 and 3436
cm~1 (Table 1), respectively. The difference of around 170°&m
in vnH,av cONfirms that the N-H bonds in5 are much weaker
and more acidic than those 1M3. Comparison with the average
N—H stretch frequencies of neutral aniline and the aniline radical
cation,vyn.av = 3464.5 and 3439.5 cm,*0 reveals that the NH
bond strength varies in the order An1/3 > An* > 5. These
observation are in line with the variations in calculateeti
bond lengthsRyn a/A = 1.0073~ 1.0093< 1.0108< 1.0273,
and harmonic stretch frequencieg o/cm—! = 3609.5~ 3607
> 3591> 3436 (Table 1). Apparently, ionization of An slightly
weakens the NH bonds, protonation at the ring in the ortho
and para positions has nearly no effect, and protonation at the
N atom leads to a large destabilization. Comparisob wfith
NH4" reveals the effects of substitutiohaH atom by a phenyl
group on the acidity of the ammonium ion. The averaged
frequency of the N-H stretch fundamentals of Nf, v av ~
3318 cnr1,104105js glightly larger than the value f&, vnH,av
~ 3301 cn1?, an indication that H— CgHs substitution has a
destabilizing effect on the NH bonds. This observation is

isomers in the supersonic plasma expansion: the ammoniumconsistent with the calculated values Ry (1.0240 vs 1.0273

isomer ) and the para- and/or ortho-protonated carbenium
isomers /3). Complexes of meta-protonate®) (and ipso-
protonated 4) aniline are not observed. Thus, in line with the
theoretical predictions, the IR spectra demonstrateZizaid 4

are substantially less stable thHB8 and5. It is difficult to infer
from the IRPD spectra further quantitative conclusions about

A) and wnh.ay (3450 vs 3436 cmt) for NHs+ and 5, respec-
tively.

The significant cluster-size-dependent frequency shifts of the
N—H stretch modes demonstrate that the microsolvation se-
guence ofl/3 and5 with Ar and N, ligands begins with the
solvation of all available NH protons and proceeds by the
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formation of intermolecularz bonds. Related complexes of frequencies and photofragmentation data of Artd, confirms
substituted A(HJ ions featuring an acidic YkKgroup, such as  the simultaneous production of two different types of AnH

A = phenol and naphthol (YH= OH),’274 aniline (YH¢ = isomers in the employed plasma expansion of Ap, ahd L,
NH),*243 and imidazolé® and indolé3 (YH, = NH), show a namely, the anilinium ios and the carbenium ions3. There
very similar cluster growth. The availabkeacidic proton(s) of is no evidence for the generation of the other carbenium isomers
the YH group are solvated first, and bonds are formed 2 and 4, which are predicted to be significantly less stable
subsequently. In contrast to these substituted A(bis, small species on the AnHpotential energy surface thdi3 and>5.
cluster ions of A= benzene with nonpolar ligands show The different AnH isomeric core ions in the AnfH-L,, clusters
exclusively intermolecularr bonding?>16.1%Hence, H bonds  are identified not only by their different vibrational frequencies
of nonpolar ligands to CiHand CH groups of A(H) ions are but also by their different photofragmentation behaviors. The

generally less stable than H bonds to acidic\groups andz vibrational spectra demonstrate that the preferred microsolvation
bonds to the aromatic rings. Previous IRPD experiments on sequence of bott/3 and5 in both Ar and N is characterized
small, nonaromatic cluster ions of the type XHL, with by first forming intermolecular H bonds of L to all available

nonpolar ligands (L= Rg, N, Hp), such as X" = OH*,107 acidic N—H protons and then formingr bonds to the six-
OCH,99.103.108\ 4+ 109-112 O,H* 113 SjOH*, 1001140 COH* 115 membered rings. Both the photofragmentation ratios and the
NH* 167118 NH3*,94.95 NH,* 87 and HO™, %1112 revealed  N—H stretch frequencies demonstrate that theHhNbonds in5

that the firstk ligands in XH"—Ln form strong intermolecular  are significantly weaker than if/3, resulting in stronger H
XH*—L proton bonds before other and less stable binding sites ponds to the neutral solvent molecules. This observation
are occupied. These systematic studies also showed that theorresponds to the first spectroscopic probe of the acidity of
strengths of the intermolecular XHL proton bonds are  the NH protons of the various AnHisomers under isolated
correlated with the proton affinities of both bases X and and microsolvation conditions. In general, protonation of aniline

L.97:100,108Ag the protogAaﬁinity. of Ar is lower than that Of"{\.l induces chemically significant changes of the properties of its
(369+ < 494 kJ/mol}}* the intermolecular H bonds in  N—H ponds, and the magnitude of the effects strongly depend
AnH"—Ar, are weaker than those in AritH(No)n. on the protonation site. While protonation in the ortho and para

Comparison of Ar-Ln, An*—Ly, and AnH —L, clusters with  positions has nearly no impact on the-N bonds, they become
L = Arand N; reveals the drastic effect of both ionization and much longer, weaker, and more acidic for protonation at the N
protonation on the preferred recognition motif between these atom. Thus, the present data on weak stepwise solvation provide
prototypical arylamines and nonpolar solvent molecules. Neutral 3 quantitative molecular level explanation for the known
An—Ar and An—N; dimers prefer intermolecular bonding in observation that aniline prefers protonation at the N atom in
the ground electronic stat&;*! because dispersion interactions  the condensed phase. Comparison with clusters of neutral An
between An and L provide the dominant contribution to the and the Arf radical cation demonstrates the drastic effect of
attractive part of_ the intermolecular potential. H-bound protonation and ionization on the acidity of the-N groups
An—Ar and An—N; isomers have not been detected so far. The ang the topology of the intermolecular potential, in particular
topology of the interaction potentials of ArL and AnH"—L on the preferred aromatic substratenpolar ligand recognition
differs qualitatively from that of neutral AnL, because of the it \Whereas neutral AnL dimers with L= Ar and N\, prefer
significant additional electrostatic and inductive attraction arising bonding of L to the aromatic ring, H bonding to the acidic
from the excess positive charge. As a consequence, theAn NH protons is the most stable binding site in AhHL and
and AnH"—L complexes with Ar and Mprefer H bonding over An*—L. In many aspects, the protonation and subsequent
7 bonding, demonstrating the large impact of protonation and microsolvation processes of aniline are similar to those of
ionization on the most stable binding motif. A simitar— H isoelectronic phenol. Moreover, the AAHL, spectra demon-
swytch. in Fhe aromatic m.olecu’rsolvent recognition induced ¢t ate that the IRPD process can be employed in an elegant way
by ionization or protonation has recently been observed for a to prepare a spectroscopically clean ion beam of selectedAnH
variety of acidic aromatic molecules (phenol, indole, imidazole, ;symers (for example, eith&ror 1/3) because of their different
naphthol) interacting with nonpolar ligands (see ref 44 for a ,4ragmentation behaviors. Such an isomer-clean ion beam
detailed review on this topic). Very recently, the dynamics of may subsequently be assayed by the large body of mass

Lh'z Chﬁ.[ge"nduce.?t _t; Hbswnch ftr)org; fhy(th:Opfho?'f o spectrometric techniques available to probe the different reac-
ydrophilic recognition nhas been probed for the NIrSt Ume Iy iies of isomer-selected or 1/3 toward a variety of neutral

real time by p|cosec9nd pumnnrqbe Spectroscopy of the molecular reactants. Future studies aim at the characterization
phrototyéncal ?henoJrAr |nftera(;;[!0nf, yl(ejldlng a “I”!e constlant (I)n of the protonation process of aniline as a function of the degree
?sc?m(()arrizee:tign ;rrigeg;z or this fundamental Intermolecular of microhydration to characterize the interaction of protonated
' arylamines with a controlled number of water ligands. Such

interactions may be relevant for biophysical processes where
protonated biomolecular building blocks containing aromatic

IRPD spectra of size-selected AhHL, complexes (L= Ar, rings and amino groups in_terapt With a limited number of water
Ny; n < 3) are analyzed in the NH stretch range to probe the molecules. Other future _dlrectlo_ns mclyde the measurement of
protonation sites of aniline and the subsequent microsolvation |/RMPD spectra of AnH in the fingerprint range using a free
process of AnH in an inert solvent. The spectra obtained €lectron laser (5082000 cn*) as well as IR(M)PD spectra
correspond to the first spectroscopic data for clusters with Of AnH™ (clusters) generated by different techniques to prepare
protonated aniline as a chromophore. Thus, they provide a first Selectively a single Ani isomer®®
impression of the biophysically relevant potential energy surface
of protonated arylamines interacting with neutral molecules. In  Acknowledgment. This study was supported by the
addition, the spectra present the first spectroscopic attempt toDeutsche Forschungsgemeinschaft (Grant DO 729/2) and the
unambiguously determine the protonation sites observed for Fonds der Chemischen Industrie. Part of this work is taken from
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Concluding Remarks
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