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Hydrogen-Bonded Networks in Ethanol Proton Wires: IR Spectra of (EtOH)H*—Lp
Clusters (L = Ar/N2, g < 4,n < 5)
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Isolated and microsolvated protonated ethanol clusters, (EtOH)L, with L = Ar and N, are characterized

by infrared photodissociation (IRPD) spectroscopy in then8 range and quantum chemical calculations.

For comparison, also the spectrum of the protonated methanol dimer, (MdQH3 presented. The IRPD
spectra carry the signature of H-bonded (EtgHH) chain structures, in which the excess proton is either
strongly localized on one or (nearly) equally shared between two EtOH molecules, corresponding to Eigen-
type ion cores (EtObt for g = 1, 3) or Zundel-type ion cores (EtOHHT—HOEt for g = 2, 4), respectively.

In contrast to neutral (EtOH¥lusters, no cyclic (EtOHH™ isomers are detected in the size range investigated

(g = 4), indicative of the substantial impact of the excess proton on the properties of the H-bonded ethanol
network. The acidity of the two terminal OH groups in the (EtGhHH) chains decreases with the length of

the chain ¢). Comparison between (RO with R = CHz and GHs shows that the acidity of the terminal

O—H groups increases with the length of the aliphatic rest (R). The most stable (EtOH), clusters with

n < 2 feature intermolecular H-bonds between the inert ligands and the two available terminal OH groups of
the (EtOH)}H™ chain. Asymmetric microsolvation of (EtOKH* with g = 2 and 4 promotes a switch from
Zundel-type to Eigen-type cores, demonstrating that the fundamental structural motif of the fEt@kdton

wire sensitively depends on the environment. The strength of the H-bonds between L andqtEt@H)
shown to provide a rather sensitive probe of the acidity of the terminal OH groups.

1. Introduction of charged H-bonded cluster networks under controlled solvation
conditions has been limited to a few systems, mainly because

bonded (H-bonded) liquids is of fundamental importance for of th_e_ ei<7per|mental difficulties in producing sufficient ion
various physical, chemical, biological, and industrial phe- densities . ) .
nomena~12 To elucidate microscopic details of these processes, ~ The most sensitive techniques of (cluster) ion spectroscopy
such as energetics and dynamics of proton transfer and transporfn€asure a consequence event induced by the absorption of one
along a proton wire, the characterization of short-lived H-bonded ©F more photor'$:**24 rather than the attenuation of radiation
networks at the molecular level is required. The most direct due to absorptiof>?® Recently, infrared photodissociation
access to such molecular details is provided by spectroscopy(IRPD) schemes have been successfully applied to several
on the experimental side and quantum chemistry on the protonated solvent clusters, including oB)qH" 1418:24.2735
theoretical side. (CH3OH)qH* 36738 (H20)q(CHzOH),H* 37:39-41
Spectroscopic studies of H-bonded liquids are complicated NH3(H20)H",*2-4 and [(CH;)20]q(H20),H* 454 IRPD spectra
by fast dynamical processes such as thermal fluctuations andof HsO;" are consistent with & symmetric structure (Zundel
quantum mechanical tunneling. The resulting large homoge- ion), with the excess proton being equally shared between both
neous and inhomogeneous broadening of spectral lines impliesH20 ligands!#182428.293F hjs conclusion is supported by high-
that only a limited and highly averaged description of the bulk level quantum chemical calculatiofs:>¢ To the best of our
properties can be derivéd.In contrast, size-selected clusters knowledge, spectroscopic characterization of the corresponding
isolated in the gas phase are suitable model systems to unraveprotonated methanol dimer is still lacking. In larger protonated
molecular details of H-bonded networks present in the con- water and methanol clusterg £ 3), the excess proton can be
densed phase. For example, a recent IR spectrum of thestrongly localized on a single solvent molecule or (nearly)

The study of proton solvation and mobility in hydrogen-

protonated water dimer @®,") between 600 and 1900 crh equally shared between two solvent moieties, emphasizing the
provides the basis for the assignment of the liquid-phase importance of protonated monomers (Eigen-type ions) and
spectrum and demonstrates the presencesGkH-type struc- protonated dimers (Zundel-type ions) as fundamental building

tures in aqueous solutidf1%In addition, a deeper understanding blocks in these H-bonded networks$:18.28-32,34-38,57 The
of the properties of protic solvents can eventually be gained by preference for one or the other possibility largely depends on
a stepwise increase of the cluster size in order to approach thedetails of the environment, such as the cluster size, the isomer
bulk limit.16 However, so far the spectroscopic characterization geometry, and the temperature. The recent IRPD spectra of
larger (HO)qH™ clusters (4= q < 28)3%-323435complement
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Figure 1. Calculated minimum structures (B3LYP/6-31G*) of various
C,H;O" and GH;O*—L, isomers. The two possible rotamers of the
ethyloxonium ion are labeletla (gauche C; symmetry) andLb (anti,

Cs symmetry), and the ethyleréanydronium complex €s symmetry)

is denoted as D" —C;H,. The preferred binding motif for & Ar/N;

to 1a/b and HHO*—C;H, is H-bonding to OH groups. As an example,
possible H-bound complexes @& with N, are shown: the anti- and
gauche-bound dimersla—Ny(a) and 1a—Nz(g), and the doubly
H-bound trimer,1a—(N>)..

4a 4a-Ny
being solvated by three & molecules (proton acceptors). gigyre 2. Calculated minimum structures (B3LYP/6-31G*) of repre-
Larger clusters display three-dimensional networks, itk sentative H-bound isomers of (EtQMH)" with q = 2—4, 2a—4a, and

21 being a very stable clathrate cage (magic number). The their H-bound (EtOHH—N, complexes2a—4a—N..

cluster growth of protonated methanol clusters, (Megbt)

is qualitatively different from that of (bD);H*, because the

methyl group cannot participate in the H-bonded network. enthalpy barrier required for dehydration of (EtQH) was
Spectroscopic data for (MeOHJ™ have only been reported  investigated in ion trapping experimeits2® Moreover, the
for 4 < g < 1536-38 H-ponded chain structures have been €nergies required to evaporate one ethanol unit from (E4&H)
postulated forq = 2 and 3%6:3858similar to the most stable  and (EtOH}H™ were estimated from collision-induced dissocia-
(MeOH)H* chain observed by IRPD spectroscdy3® The tion experiments a®o ~ 150 andDo ~ 90 kJ/mol, respec-

IR signature of larger aggregates show the fingerprints of linear tively.?#%These values are consistent with early low-level AM1
(@ < 6), cyclic @ = 5), and bicyclic ¢ = 7) network calculation$® Surprisingly, high-level quantum chemical cal-

structures.38 culations for (EtOH)H* with g > 1 are not availablé®

The present work characterizes for the first time isolated and  In contrast to mass spectrometry, IR spectroscopy provides
microsolvated protonated ethanol clusters, (Et¢pH)-Ln, by a much more direct structural probe of isolated (cluster) ions.
spectroscopy. The complexes are composedqoéthanol The present study extends our recent preliminary report on IRPD

moleculesn weakly bound inert ligands L (Ar, §, and a single spectra and quantum chemical calculations of (EtBIF)-(N2),
excess proton. The spectroscopic results complement the bulkclusters withn < 2,7 which showed that the excess proton is
of previous mass spectrometric studies of (Etgi)5872 As equally shared between both EtOH molecules under symmetric
ion—molecule association processes leading to protonatedsolvation conditions, i.e., fan= 0 and 2 (e.g.2ain Figure 2).
ethanol are central to models describing the synthesis of ethanoMoreover, the properties of the-H bonds in (EtOHH* and

in interstellar medid3~7° the potential energy surface (PES) of HsO," are very similar, implying that the acidity of the terminal
C.H;O" has been the subject of a number of experimental and OH groups as well as the topology of the proton-transfer
theoretical investigations. Quantum chemical calculations predict potential are similar for both dimer8.In the present study, a
the two classical rotamers of protonated ethanol, the ethyloxo- large variety of smaller and larger (EtQf)t—L, clusters
nium ion EtOH' (CH3CH,OH,"), to be the lowest energy (L = Ar/N,, g = 1—4, n = 0-5) are investigated to provide
isomers on the @1;0" PES (La/b, Figure 1)2°576.7Protonated spectroscopic evidence for the most stable (EyBIFi)structures
dimethyl ether and various ierdipole complexes, such as and to sensitively probe the (EtO4f§" PES as a function of
H3O"—C;H,4 and CH*—OHCH;, are separated frorha/b by controlled microsolvation by nonpolar ligands L via the
high barriers and/or lie significantly higher in enefgy*63.657678 observation of both inter- and intramolecular vibrations. The
Mass spectrometric studies have mainly focused on the produc-acidity of the OH groups and the related competition of
tion and reactivity of the @1;0™ isomers formed using different  intermolecular binding sites for the inert ligands L is investigated
reactants, and provide information on their structure, stability, for increasing cluster size to elucidate the impact of the
and reactivity?®%36578 Related studies involving larger additional proton on the properties of the H-bonded ethanol
(EtOH)H™ clusters withg > 1 have emphasized the competition network. In addition, quantum chemical calculations are reported
between various unimolecular decomposition reactions, such asto support the interpretation of the spectroscopic results and to
solvent evaporation, dehydration, or loss of ethyl&f&. 70 In provide additional information on the investigated clusters not
general, the gas-phase reactivity of (EtQtH) with neutral available from the experimental approach, such as dissociation
reagents strongly depends on the cluster gi#eRecently, the energies.
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Figure 3. Mass spectrum of the electron ionization source for a
coexpansion of Ar and EtOH gt = 6 bar. The most intense peaks
are assigned to At (n = 1—4), Ar?*, (EtOH)H*, and fragment ions

of EtOH" (k < 2) and their clusters (indicated by asterisks). The
vertically expanded inset«(50) demonstrates the production of weakly
bound (EtOH)—Ar, clusters withq = 1 (filled circles) andy = 2 (open
circles).

2. Experimental and Theoretical Methods

IRPD spectra of mass-selected (Et@Hij—L, clusters are
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Figure 4. Mass spectra obtained by mass selecting EtGHAr, with
QMS1 (= 2) and scanning QMS2 to monitor EtGH-Ary, fragment
ions (m= 0, 1) arising from MD (top) and additional LID atr =
3379 cn1t (bottom) in the octopole. Parts of the spectra are vertically
expanded % 300) to visualize small signals.
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The (EtOHYH—L, clusters of interest are mass selected from
the skimmed supersonic plasma expansion by an initial quad-
rupole mass spectrometer (QMS1) and interact in an adjacent
octopole ion guide with a tunable IR laser pulse generated by
an optical parametric oscillator (OPO) laser system. Resonant
vibrational excitation of the weakly bound (EtQH)"—L,
clusters i = 1) causes laser-induced dissociation (LID) of one
or more of the weak intermolecular bonds:

recorded in a tandem quadrupole mass spectrometer (QMS1/2)
coupled to an ion source and an octopole ion #afhe cluster
ion source combines a pulsed molecular beam expansion with

eAectron lonization (El). A gas mixture, ob‘t;ined Ey pasdsing Only this dissociation process is observed upon single-photon
the carrier gas (L) at a stagnation pressurpscf 5—7 bar an IR excitation for this cluster type. As expected from previous

room temperature over an ethanol sample, expands through gnasq spectrometric studi@s/ for pure (EtOH)H* clusters (i.e.,
pulsed nozzle into a vacuum chamber. El of the gas mixture is

(EtOH),H L, + vg — (EtOH)H —L_ + (n — m)L (3a)

accomplished by electron beants1(00 eV) emitted from two

g = 2 andn = 0), the loss of a single EtOH molecule is observed
under single-photon absorption conditionsna¢ = 200

tungsten filaments close to the nozzle orifice. Protonated ethanOllecmz).ss—ss

is thought to be mainly generated by initial El of EtOH followed
by exothermic H atom abstraction (self-protonation):

EtOH+ e — EtOH" + 2¢
EtOH" + EtOH— EtOH," + EtO

(1a)
(1b)

Subsequent three-body association
(EtOH)}H'—L,, clusters, for example via the following pro-
cesses:

(EtOH), ;H"—L, + EtOH+ M — (EtOH),H —L, + M
(2a)
(EtOH)H™—L, ; +L +M — (EtOH)H"~L,+ M (2b)
Alternatively, EtOH™ and its clusters may also be generated

from neutral (EtOH) precursor clusters by either fast proton-
transfer reactions with Brgnsted ad#sr El of neutral clusters

reactions vyield cold

(EtOH),H" + vg — (EtOH),_,H" + EtOH  (3b)
Although forq = 2 the loss of HO via a $2 reaction may
become competitive with reaction 8b%8.70.72this channel is
not considered in the present work.

The fragment ions produced are selected by a second
guadrupole mass filter (QMS2) and monitored as a function of
the laser frequencyv(g) to obtain the IRPD spectrum of
(EtOH)}H*—Ln. As an example, Figure 4 shows a mass
spectrum obtained by selecting Et@H-Ar, with QMS1 and
scanning QMS2 to monitor metastable decay (MD) and LID in
the octopole. MD signals corresponding to the loss of one Ar
atom are hardly detected<0.05% of EtOH™—Ar,), whereas
the loss of both Ar ligands is below the detection limit,
indicating that the clusters trapped in the octopole are cold. In
contrast to MD, resonant LID of EtOfi—Ar; at vir = 3379

followed by intracluster proton transfer and subsequent evapora-cm* (eq 3a, section 3.2.1) causes exclusive evaporation of both

tive cooling’*81 As an example, Figure 3 shows a mass

Ar atoms (4% of EtOH,™—Ar»). No LID signal is detected in

spectrum of the ion source obtained by coexpanding Ar and the EtOH™—Ar channel. In general, the IRPD spectra discussed

EtOH. As expecte® 7L72EtOH," is roughly 10 times more
abundant than EtOH Major peaks are assigned to the cluster
series Ar™ and (EtOH)H™, Ar2t, and fragment ions of EtOH

(k = 2) along with their clusters (indicated by asteriskKs¥

in section 3.2 are monitored in the dominant LID channel.
Frequency calibration, accurate to better than 0.5¢ns
accomplished by recording optoacoustic spectra of MHd
HDO (using the idler and signal outputs of the OPO laser,

The vertically expanded inset demonstrates the production of respectively) simultaneously with the IRPD speéfras well

(EtOH)}H™—Ar, clusters.

as monitoring atmospheric water absorptions along the IR laser
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TABLE 1: Selected Properties of Different (EtOH),H™*
Isomers, the HO™—C,H, Complex, and EtOH Calculated at
the B3LYP/6-31G* Level (Figures 1 and 2): Relative
Energies E), Dissociation Energies D.), O—H Separations
of the Terminal O—H Bonds (Ron), Their O—H Stretch
Frequencies ¢on), and IR Intensities (Ion)

Erel De Ron VOoH lon

species  [kJ/mol  [kJ/mol]° [A] [em™4¢  [km/mol]
EtOH 0.9690 3632 10
la 0 0.9824 3560 263
0.9825 3472 175

1b 0.4 0.9825 3558 255
0.9825 3472 163

H3;0"—C,H, 62.4 0.9823 3576 311
0.9823 3488 157

1.0884 1939 3145

2a 147.2 0.9751 3591 77
0.9751 3589 133

3a 103.6 0.9712 3631 71
0.9716 3621 54

4a 74.3 0.9707 3633 63
0.9714 3618 39

aCorrected for zero point energyBinding energy of the most
weakly bound EtOH unit¢ Harmonic frequencies are scaled by 0.968.

path8” All IRPD spectra are linearly normalized for laser
intensity variations measured with an InSb detector.

Density functional calculations are carried out for selected
(EtOH)H™—Ln isomers § = 1—4, n = 0-2, L = Ar/Ny)
at the B3LYP/6-31G* leve$® All coordinates are relaxed
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on the GH,O*" PES, such as protonated dimethyl ether, are well
separated from and HO™—C;H4 by much larger isomerization
barriers?®76.78 Consequently, the production of these species
may be excluded in the present experinférit

The properties of the ©H bonds ofla and1b relevant for
the present work are rather similadRdy ~ 0.9825+ 0.0001
A). Both rotamers feature substantially weaker, longer, and more
acidic O—H bonds than neutral EtOHRGy = 0.9690 A).
Coupling of the two (nearly) degenerate-@ stretch local
modes ofla/b generates a lower-frequency symmetnig{(s
and a higher-frequency antisymmetrigof .9 O—H stretch
normal mode, with a splitting of87 cntl. Their center
frequencyyon av~ 3516 cnT?, is substantially lower thanou
of EtOH (3632 cnl), confirming the destabilization of the
O—H bond(s) upon protonation. The ethylertgydronium
complex features a H-bond of O™ to the double bond of
C.H4. As expected, the ©H donor bond is substantially longer
than in bare HO™ (ARoy = 0.1002 A), whereas the two free
O—H bonds contract slightlyARon = —0.0059 A). These
complexation-induced changes in the-B bond lengths are
directly reflected by the corresponding variations in thekD
stretch frequencies, when compared to the average 6tretch
frequency of HO' (von.av = 3466 cntl). The boundvoy of
H3;O"—C;H, is drastically shifted to the red\goy = —1527
cm™1), and the center frequency of the freey s and vou as
modes is slightly blue-shifted\yon = 66 cnml).

3.1.2. (EtOHYH™ Clusters (2 = q < 4). The systematic

during the search for stationary points and the identification of search for the preferred (EtOf)* structures withq > 1 is

minima is confirmed by vibrational analysis. To account for
anharmonicity and to facilitate comparison with experimental

complicated by the large variety of different isomers on the
intermolecular PES. For example, 24 minima were found on

frequencies, the harmonic frequencies are scaled by a factor ofthe PES of neutral (EtOHY° Significantly, the global minima
0.968 to optimize the agreement between experimental andon the (EtOH)H* PES with 2< g < 4 are clearly proton-

calculated frequencies of EtQH-L, and (EtOH)H'—L.
Intermolecular dissociation energied¢] of the weak bonds
to N, and Ar are corrected for basis set superposition &fror.
For la/b and (EtOH),H"—L, clusters, as well as for 4D*
and MeOH*, calculations are carried out also at the
B3LYP/6-311G(2df,2pd) level, and the results for
(EtOH)XH"—(N,)o—2 were discussed previously.This level

bound structure®®6567.79 similar to the related protonated
methanol cluster¥:3858As a detailed theoretical investigation

of these structures is beyond the scope of the present work,
only a single representative H-bound geometry is considered
for each cluster size 2 q < 4 (2a—4a, Figure 2, Table 1).
This strategy appears to be justified because, similar to the
rotamers of (EtOHH™ with = 1 (1a/b) andq = 2,’° also the

provides a more quantitative comparison with experimental various rotamers af = 3 and 4 are expected to have comparable
data but has been too demanding to obtain results for O—H bond properties.

(EtOH)ssH™—L,, with the computer resources available. If not

The excess proton in (EtOH ™ is either strongly localized

are discussed.

3. Results and Discussion

3.1. Theoretical Results. 3.1.1. EtObt". Figure 1 shows the
structures calculated for differentig;O" isomers relevant for

corresponding to clusters containing Et9HEigen-type) or

EtOH—H*—HOEt (Zundel-type) ion cores. In general, the
preference for one or the other ion core depends on the number
and position of EtOH molecules. In contrast to early low-level
AML1 calculations, which predict an Eigen-type structure for

the present work, and selected properties of these ions are(EtOH)H,58 recent calculations at higher theoretical levels
summarized in Table 1. In agreement with previous calcula- predict the Zundel-type geometry to be the most stable structural

tions59:6576.7"protonated ethanoll( ethyloxonium= EtOH,")
is identified as the global minimum on thel;O™ PES (Eigen-
type ion). The most stable conformation bfcorresponds to

motif (Figure 2, Table 1}° For example, in the considered dimer
2a with C, symmetry, the excess proton is exactly midway
between both EtOH unit®py = 1.2083 A), and also the lengths

the gauche orientation of the oxygen lone pair with respect to of both terminal free &H bonds are identicaRon = 0.9751

the CH; group (La, C; symmetry), whereas the anti orientation
(1b, Cs symmetry) is a local minimum slightly higher in energy
(Ere = 0.4 kd/mol). As reported previoushy576.77the elec-
trostaticz-complex HO*—C,H,4 (Cs symmetry) is a further local
minimum on the PESHeg = 62.4 kJ/mol). Sophisticated
calculations yield for this complex a comparable stabilization
energy ofE,~50 kJ/mol with respect tha/b, and the activation
barriers required to interconvettand HO™—C;H,4 are on the
order of ~84 and~42 kJ/mol for the forward and backward
reaction, respectiveliy/. Other ions and electrostatic complexes

A). Alternative conformations obtained by internal rotation of
the ethyl groups display very minor displacements of the central
proton toward one ethanol moleculeR = 0.0119 A), implying
only negligible perturbations of the-€H™—O proton bridge

in 2.7° The investigated (EtOHH™ structure 3a, corresponds

to an Eigen-type core solvated by two roughly equivalent EtOH
ligands. The central EtOF ion features short ©H bonds
(Ron = 1.0410+ 0.0007 A), whereas the intermolecular bonds
with the two EtOH ligands are much longdRdy = 1.5004+
0.0002 A). Analysis of theRoy values in the calculated
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TABLE 2: Selected Properties of Different H-Bound EtOH,™—L, Isomers and HsO*—C,H4—L,, (Figure 1) Calculated at the
B3LYP/6-31G* Level: Intermolecular Dissociation Energies De), H—L Distances Ry ), Intermolecular Stretch Frequencies ¢s),
Complexation-Induced O—H Bond Length Changes ARon), O—H Stretch Frequencies {on), and IR Intensities (Ion)

De R Vs ARoy VOH lon
cluster [cm™ [A] [cm Y2 [A] [em Y2 [km/mol]
la—Ar(g) 882 2.2882 119 —0.0008 3536 311
0.0060 3387 583
la—Ar(a) 773 2.3111 98 —0.0006 3533 282
0.0062 3386 673
1b—Ar 837 2.2913 120 —0.0005 3531 286
0.0062 3385 596
H3O"—CoHs—Ar 810 2.2933 115 —0.0004 3546 349
0.0066 3396 595
—0.0160 2112 3244
1a—Na(g) 2676 1.8594 184 —0.0018 3539 250
0.0161 3216 1169
la—Na(a) 2799 1.8438 168 —0.0017 3536 218
0.0168 3202 1404
1b—N; 2747 1.8488 187 —0.0017 3536 225
0.0163 3207 1236
HzO"—CH4—N3 2823 1.8363 188 —0.0018 3555 271
0.0183 3193 1248
—0.0319 2307 3246
la—Ar; 825 2.2976 94 0.0048 3444 849
747 2.3148 124 0.0053 3381 513
1b—Ar; 780 2.2987 100 0.0052 3441 842
780 2.2987 137 0.0052 3380 460
H:Ot—CHs—Ar; 792 2.2918 94 0.0058 3445 1009
792 2.2918 138 0.0058 3389 417
—0.0275 2250 3213
la—(Ny)2 2499 1.8758 156 0.0122 3298 1422
2372 1.8904 190 0.0115 3266 923
1b—(N2)2 2430 1.8853 163 0.0118 3298 1493
2430 1.8853 200 0.0118 3266 747
H3O"—CHs—(N2)2 2541 1.8713 165 0.0136 3277 1748
2541 1.8713 199 0.0136 3261 669
—0.0499 2553 2966

aHarmonic frequencies are scaled by 0.968.

(EtOH)H™T isomer,4a, demonstrates that this conformer has a TABLE 3: Selected Properties of Different H-Bound

core structure intermediate between Eigen- and Zundel-type.(EtOH)(H*—L, Isomers (Figure 2) Calculated at the

The values ofRoy ~ 1.109 and 1.346 A for the central [B)SIEYP/6-361€G’; Lle\t/elz Dlissolciatéct)n tE?]e'Egies De),_H_(/L)
O—H™—O proton bridge imply that the excess proton is 2!S!ances Ky ), INtermoiecular Stretch Frequencies by,
displaced by 0.119 A from the center. As the chain length Complexation-induced O—H Bond Length Changes ARo),

: ) O—H Stretch Frequencies ¢on), and IR Intensities (Ion)?
increases, the terminal-€H bonds become shorter and less

acidic Ron ~ 0.9751, 0.9714, 0.9711 A far = 2—4), in line De = Ru v = ARow  von = loy
with the sharp decrease of the binding energy of the terminal cluster fem™] [A] [em ] [Al [em 1> _fkm/mol]
EtOH unit in the chain e = 147, 104, 74 kJ/mol fog = 2a—Ar 367 24877 99 *8-88&6) gg% 383
2—4). Along the seried > 2 > 3~ 4, the average e_H bond 2a-Ar, 331 25048 78 00018 3567 245
lengths Ron) decrease, the ©H stretch frequencieson,av 331 25048 103 0.0018 3554 303
increase, and the corresponding IR intensitigg decrease 2a—N, 1648 1.9986 157 —0.0016 3606 81
(Table 1). According to the calculations, the terminal EtOH units 0.0090 3448 680

in 3a and in 4a are only slightly perturbed by their interior ~ 2a—(Nz). 1382 2.0479 140 0.0051 3511 421
(EtOH)sH* cores, resulting invop.ay of 3a/4aonly slightly N iggg g-‘l"l‘gg ﬂg _o%-ggfl 332581 56167
lower thanvoy of neutral ethanol£3626 vs 3632 cmt). The 2 ' '

. 8 0.0035 3584 398
correlation between the terminaH® bond lengths and stretch  33-(N,), 999 2.1307 135 0.0026 3589 187

frequencies demonstrates that IR spectroscopy in thédO 926 2.1593 147 0.0033 3588 488
stretch range is a suitable tool to probe the size-dependent acidity4a—N: 920 21484 128 —0.0002 3619 38
of the free G-H bonds in (EtOH)H" proton wires. 0.0028 ~ 3600 352

3.1.3. (EtOHYH —L, Clusters (L = Ar, No). According & (N2 900 27538 123 - 0.0026 3609 209
to the experimental data discussed in section 3.2, the most stable - ' _
(EtOH)qH+—L1/2 clusters, denoted—4—L.y,, feature nearly ) aOnly ;he two terr_nlnal OH groups of (EtOK)* are considered.
linear intermolecular H-bonds between the terminal OH groups ~ Harmonic frequencies are scaled by 0.968.
of 1—4 and the nonpolar ligands £ Ar/N; (Figures 1 and 2). N, molecule toward the positive charge of the cafi6i*The
The preference for this binding motif is not surprising, and has weak intermolecular H-bonds to Ar and; Mduce significant

been reported for related catieh,, systemg’81.9%114 |nter- changes in the ©H bond properties of—4, and relevant intra-
molecular H-bonds in catierAr complexes are mainly stabi-  and intermolecular parameters of selectedi—L,, clusters are
lized by charge-induced dipole interactiorig10.114The corre- summarized in Tables 2 and 3. The acidity order of the free

sponding intermolecular catierN, bonds are additionally = O—H bonds in barel—4 discussed in section 3.1.2 correlates
stabilized by chargequadrupole interaction, which aligns the with the strength of the intermolecular H. bond(s) in
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nm EtOH,*—(Ny) TABLE 4: Band Maxima, Widths (Fwhm, in Parentheses),
" and Assignments of Vibrational Transitions Observed in the
IRPD Spectra of (EtOH){H*—L, (Figures 5-7)
position
31 - L g n band [cm] mode cluster
Ar 1 1 B  3547(22) wons 1-Ar
1 C  3458(15) wortvs 1—Ar
1 A 3377 (25) VOH,b 1-Ar
1 b  3325(16) a a
1 a 3228 (18) a a
2 B 3424 (22)  Vonas 1-Ar;
2 A 3379 (16) VOH,s 1—AI’2
2 b 3355(14) a a
2 a 3287(14) a a
g N, 1 1 B 3551(23) wous 1-N;
EtOH,"-Am 1 C  3333(20) woutvs 1-N,
1 A 3158 (28)  voup 1-N2
1 b 3112(16) a a
1 a 2956 (23) a a
2 C 3414 (28) ’VOH+V5 1—(N2)2
2 B 3270 (15) VOH,as 1_(N2)2
2 A 3221 (20) VOH,s 1—(N2)2
2 b 3110(16) a a
120 2 a 2957 (18) a a
[ U T S TR S TR S SR 3 B 3289 (24)  Vonas 1—(N2)s
2900 3000 3100 3200 3300 3400 3500 3600 3700 3800 3 A 3232(24)  voms 1—(Na)s
VIR [cm'1] 3 a 3136 (24) a a
Figure 5. IRPD spectra of EtOkt—L, recorded in the EtOH—L % g g gggg ((fgg zg:f g—Ar
fragment channel (L= Ar/N,), indicated asn — m (eq 3a). The 1 A 3571 (20) Yorib 2—Ar
observed transitions are assigned in Table 4. Corresponding transitions N, 2 1 B 3633 (20) VOH’f 2-N,
are connected by dotted lines. 1 A 3490 (24)  vous 2—N,
2 D 3524 (20)  wvon 2—(N2)2
1—4—L,. This trend is demonstrated by the increasing inter- 2 B gggg (ig) Vo 5:(“2)3
molecular separationsR§.) and the decreasing dissociation 5 D 3544 %243 ZOH 2—§N234
energiesDe) along the serieg—L, — 2—L, — 3—L, — 4—L, ~ 3 0 D 3639(34) von 3
for bothn =1 and 2, respectively. As already discussed inref N, 3 1 B 3652 (18)  vou 3—N,
79, asymmetric (micro)solvation may induce a switch from 1 A 3609 (15)  VoHp 3—N,
Zundel-type to Eigen-type ion cores. For example, complexation 2 D 3613(18)  won 3—(N2).
of 2 with a single Ar/N ligand causes such a switch, resulting 40 D 3649(30)  von b
. . . . N2 4 1 B 3662 (8) VOH,f 4—N2
in the Eigen-type structur2—L (e.g.,2a—N; in Figure 2). In 1 A 3632(14)  voms 4N,
contrast, attachment of a second ligand to the free OH group of 1 E 3604 (8) Vorb 3—N,—EtOH
2—L restores a symmetric solvation environment, leading again 1 F 3360 (140) vop (EtOH)H*—N?
to Zundel-type structures foR—L,.”® A related solvation- g 2 gggi EE)Z) VoH E;Et(or\jH))4H+_(N2)2e
nden metry chan f the internal (E re i Von —\N2)2
dependent geometry change of the internal (E#BH)core is 5 E 3603 (6) Vot 3—(N)—EtOHF

also predicted fod: conformer4a, which features a central

(EtOH)YH™* core intermediate between Eigen- and Zundel-type  2Probably hot bands ofl—L,. ® Contributions of less stable
structures, switches to a clear EtgHtype structure when (EtOH)H™—(Ny), isomers cannot be excludedlentative assignment.

forming 4a—N (Figure 2). In general, formation of the weak
intermolecular bonds betweeb—4 and L destabilizes the
terminal intramolecular ©H bond(s) involved in H-bonding

dThe detailed vibrational and isomer assignment is ambiguous (see
text). ¢ Less stable (EtOHIH™—(N,), isomer with at least one free OH
group.

(ARon > 0), induces red shifts for the corresponding modes fundamentals of—L. In the dimer spectra, A and B correspond
(Avon < 0) and an enhancement of their IR intensities (Tables to the bound and free ©H stretch modes of H-bount—L,
1-3). Again, the magnitude of these trends decreases along thevonn andvons, respectively. The blue shaded band profile of
seriesl—L, — 2—L, — 3—L, — 4—L, for bothn =1 and 2. A, with a sharp P branch head and sequence hot bands involving
Finally, all effects described are larger for= N, than for intermolecular modes to higher frequency from the band origin
L = Ar, because of the stronger interaction in the former of the fundamental, is characteristic for proton donor stretch

complexes arising from the larger polarizability and the ad- vi-

ditional quadrupole moment of Noy = 2.38 A3, ® = —5.00 brations?7:100.107109 Thjs shape arises from the stronger and
C m?) as compared to Aro; = 1.64 A3).17.114 shorter intermolecular HL bond in thevon, = 1 excited state.
3.2. Experimental Results. 3.2.1. EtObW"™—L, Clusters In contrast, thevon s band (B) is rather symmetric, consistent
(L = Ar, Njy). Figure 5 compares the IRPD spectra of with the small influence of this vibrational excitation on the
EtOH,*—L, recorded in the EtOF—L, fragment channel, intermolecular interactio#f%19%199 Both thevon p and thevon ¢

indicated asn — m (eq 3a). The positions, widths, and frequencies calculated for the various isomer-eAr (~3386
assignments of the transitions observed are listed in Table 4.and ~3533 cn1?! for 1a/b—Ar) compare favorably with the
The spectra are dominated by two bands, denoted A and B. Oncorresponding experimental frequencies of A and B, 3377 and
the basis of their positions, profiles, and complexation-induced 3547 cntl. Similar agreement is observed betwegs , and
band shifts, as well as the comparison with the quantum voy;frequencies calculated for tHe-N; isomers £3208 and
chemical calculations, they are attributed to the tweHDstretch ~3537 cnt! for 1a/b—N,) and the corresponding measured
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frequencies (3158 and 3551 ¢t Moreover, also the calculated

. . VI VI (EtOH)H*~(Np)y b n—-m

and experimental IR intensity ratios @by and vonp, Show
qualitative agreement for both the Ar and the ddmplexes. MM 52

Further solvation of the H-bounti—L dimer by a second
ligand leads to doubly H-bound structurgésL, (Figure 1),
featuring two (nearly) equivalent intermolecular-H bonds. 41
The vons mode of 1-L transforms into the boundop as
vibration of 1-L, and causes a pronounced complexation- 30
induced red shift of band B. In contraggy , of 1—L transforms
into the boundvons mode and, as a consequence, band A A
experiences a small blue shitt108-110 The experimental shifts o 20
for A and B,+2 and—123 cnt! (Ar) and+63 and—281 cnt? Jk 5
(N2), compare favorably with the corresponding calculated shifts o 1-0
of ~+5 and~—90 cnt?! (Ar) and ~+58 and~—240 cnt? .

B

(N2). As both OH donor groups dfin doubly H-bonded—L, (EtOH)H™-Ar
are solvated, the corresponding-@ stretch transitions display 1-0
blue shaded profiles. Moreover, the lack of IR signals above

3500 cnttin the EtOH™—L, spectra confirms that H-bonding (EtOH),H* D

to the OH donor groups is the preferred Asid¢cognition motif

of 1, whereas other binding sites are significantly less stable.
The binding sites for further ligands in largérL, clusters T S T U

(n > 2) are less certain and include H-bonding tel& donors 3100 3200 3300 3400 3500 3600 3700 3800

of the ethyl group or further solvation of the oxonium group. vir [em™]
In general, these ligands are expected to cause only minOrgigyre 6. IRPD spectra of (EtOHH'—L, recorded in the
perturbations of the ©H bonds of the doubly H-bondeld-L , (EtOH)H*—Ly, fragment channel (1= Ar/N,), indicated asn — m

core. Indeed, both ©H stretch vibrations of1—(N,); are easily (eq 3a). The (EtOHH™ spectrum is obtained in the EtOH loss channel
identified in the EtOH*"—(N)3 spectrum at 3232 (Ayon.9 and (eq 3b). The observed transitions are assigned in Table 4. Corresponding
3289 (B, vona) cm and display only minor blue shifts of transitions are connected by dotted lines.

+11 and+19 cnt ! from the corresponding—(Ny), transitions,
respectively. Hence, the thirdbMgand has a small destabilizing
effect on the two intermolecularHN bonds ofl—(N,),, which

in turn strengthens both intramolecular—8 bonds. Such
noncooperative three-body effects arise from nonadditive induc-

tion interactions which are typical for ion solvation by nonpolar
|igandS:_L7,81,91,93,96,98,100,101,19305,108,109,11—1114

isomerization of internally excitedl toward HO™—C;H,4
followed by three-body associative cooling reactions involving
L. The calculatedoy frequencies of BOT—C,H4—Lp, however,
compare unfavorably with the experimental bands a/b (Table
2, Figure 5). As discussed in section 3.1.1, other ions and
electrostatic complexes on thel;O™ PES are not likely to
- be produced in the present experiment. Further possible carriers

In addition to both G-H stretch fundamentals df—Ln (A of bands a/b in the EtOfi—(N>), spectra are contaminations
and B), other weaker features are present in the BEtOH, of the form HO*—(N2)n+1, which have the same mass. Indeed,
spectra. Bands C are assigned to combination bands of bounghe mass spectrum in Figure 3 shows a smajDH signal
O—H stretch vibrations with their corresponding intermolecular (m = 19 u) arising from small water impurities in the gas inlet
H—L stretch modes ;). Similar combination bands were gsystem. On the other hand, the bands a/b also appear in the
previously observed for related H-bound catidm clus- corresponding EtOpt —Ar, spectra, which cannot be contami-
ters!7:91.97.98.100.167109 For the EtOH*—L dimers, vou,ytvs at nated by such clusters. Most likely, bands a/b arise from hot
3458 (Ar) and 3333 () cm* give rise tovs = 81 and 175 pands of EtOR—L,, originating from intermolecular vibrations
Cm71 f0r 1-Ar and 1_N2 iﬂ the UOH,b = 1 State, S|m|lar to the and terminating at ©H Stretch fundamenta%
calculatedvs fundamentals ofc112 (Ar) and~180 (N;) cm 4, 3.2.2. (EtOH)H*—L, Clusters (L = Ar, N). Figure 6
respectively (Table 2). Band C in the Et@H-(N2), spectrum  compares the IRPD spectra of (EtQHY —L, with L = Ar
occurs 193 and 144 cm to the blue ofvons (A) and vou as (h =< 1) and N (n < 5). The bare (EtOHH* spectrum is
(B) and is attributed to a combination bandvefy s and/orvou,as monitored in the EtOH loss channel (eq 3b), whereas the
with one of the two possible intermolecular stretch modes ( (EtOH),H*—L,, spectra are obtained in the— m fragment
andvsag. The calculations prediatss andvsasas~160 and  channels (eq 3a). The positions, widths, and assignments of the
~195 cn?, leading to possible assignments for 8gstvsas  transitons observed are listed in  Table 4. The
and/orvop,astvs sof 1—(Ny)2, or less specificallyontvs (Table (EtOHYH™—(N2), spectra withn = 0—2 have already been
4). The decreasing IR intensity of theontvs bands for  discussed in ref 79. Band D at 3625 chin the (EtOHYH*
increasing cluster size prevents detection of these transitions inspectrum arises from the unresolvesh s andvon asmodes of
the EtOH"—Ar; and EtOH*—(N,)s spectrat?®.19 Zundel-type (EtOHH* structures2 (e.g.,2a in Figure 2)7°

The assignment of the remaining weak bands in the As the photon energy of 43 kJ/mol is well below the binding
EtOH,*—L, spectra (denoted a/b) is not straightforward, and energy of2 (Do & 150 kJ/mol)é456only internally excited ions
species other than EtQH-L,, cannot be completely ruled out are detected under the employed single-photon absorption
as carriers of these bands. As described in section 3.1.1, theconditions?3-85 giving rise to the large width of D (94 crd).
H3O™—C,H4 complex is a local minimum on the;8;0" PES, Similar to EtOH*—L,, the (EtOHYHT—L,, spectra demon-
and is separated from the global minimdrby an isomerization strate that the most stable intermolecular bond2-, are
barrier of~42 kJ/mol?’” Consequently, bands a/b may originate H-bonds of L to terminal OH donor groups 2f Complexation
from O—H stretch modes of gD —C,Hs—L,, complexes. Such  with a single ligand L induces a switch from the (nearly)
clusters may be formed in the ion source, for example, by symmetric EtOH-HT—HOEt core to a rather asymmetric
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EtOH,"—EtOH core (e.g.2a—N, in Figure 2)7° As compared
t0 Yo s/asOf 2, the voyp mode (band A) o2—L is shifted to
lower frequency byAvoy = —54 (Ar) and—135 (Nb) cm™1, in

good agreement with the shifts predicted &a—L, Avony =

—44 (Ar) and—142 (N;) cm~2 In contrast, the free ©H stretch
vibration of 2—L (band B) is close taon s/asOf 2 (band D),
vont = 3625 (Ar) and 3633 (B cmL.

Subsequent solvation of H-bounZ—-L with a second
H-bound ligand restores a symmetric microsolvation environ-
ment for 2 within 2—L,, resulting in a symmetric
EtOH—H™—HOETt core. As a consequence of the weak coupling
between the two ©H oscillators engaged in H-bonding with
the two ligands, thevons and vounas fundamentals of
2—(Ny), are not resolved (the splitting calculated &a—(N>)
amounts to 10 cmt) and appear as a single band (D) in the
(EtOH),H"—(N2)2 spectrum. The observed shifts of band D of
2—(Ny), from bands A and B 0o2—N,, +34 and—109 cn1?,
are consistent with the shifts predicted &a—(N,),, +53 and
—95 cnTl. The observation of a single band in the-B stretch
range demonstrates that both terminaldgroups have similar

bond strengths. This observation is only compatible with a

(nearly) symmetric GH*—O proton bridge (Zundel-type
structure). If the (EtOHH"—(N,). cluster were to have an

asymmetric proton bridge (Eigen-type structure), then both

EtOH molecules in the cluster would be very different, i.e.,
EtOH," —OHEt—(N5),. One terminal G-H donor bond would
then be similar to the ©H bond of neutral EtOH, whereas the
other one would be similar to the-€H bonds of EtOH"™. As
these two G-H donor bonds have significantly different
acidities, the strengths of the H-bonds to the corresponding N
ligands in EtOH*—OHEt—(N,), would be rather different,
leading to largely separated-® stretch bands, in contrast to
the experimental observation.

Peak D is easily identified also in the spectra of larger
(EtOH)XH*—(Ny), clusters withn > 2. The lack of absorptions
other than D in the ©H stretch range is again taken as evidence
for the detection of Zundel-typ2—(N,), structures in the size
rangen = 2—5, featuring a nearly symmetric-@H™—0O proton
bridge. In contrast to H-bonding to OH donor groups, othgr N
binding sites only marginally perturb the Zundel-type
EtOH—H*™—HOEt core. Nevertheless, the small incremental
blue shifts forvop sjasof 2—(N2)n (Avon sias= 5—8 cnrt for n
= 2—b5) indicate a stabilization of the (nearly) equivalent
terminal O-H bonds upon sequentiabficrosolvation. Similar
to EtOH,—L,, this observation is attributed to noncooperative
induction forces.

J. Phys. Chem. A, Vol. 109, No. 28, 2005181

(EtOH)3H*~(N2)q (EtOH)4H*~(N2)q A
n—m n—m
2—0 2—0
A
B
1-0 1-0
D D
n=0 n=0
1 1 1 1 1
3400 3600 3800 3400 3600 3800
vR [em™] vR [em™]
Figure 7. IRPD spectra of (EtOHH"—(N2), recorded in the

(EtOH)H*—(N2)m fragment channel fog = 3 and 4, indicated as

— m (eq 3a). The (EtOH)H* spectra are obtained in the EtOH loss
channel (eq 3b). The observed transitions are assigned in Table 4.
Corresponding transitions are connected by dotted lines.

EtOH (Do =~ 90 kJ/mol)®46However, as less internal excitation
is required for LID of3 as compared t@ (46 vs 107 kJ/mol),
peak D is narrower for (EtOHH™ than for (EtOH)H™
(fwhm = 34 vs 94 cm?') due to colder spectra.

Band A at 3609 cm! in the (EtOH}H*—N, spectrum is
attributed tovopp of 3—No>. Its red shift fromvoy of 3 is a
clear spectroscopic signature of the intermolecular H-bond of
N to one of the two terminal ©H bonds of3. The vou¢
vibration of 3—N is identified at 3652 cmt (B), which is closer
to von of 3 (3639 cnTl). These assignments are consistent, with
respect to both frequencies and relative IR intensities, with the
corresponding’oy modes calculated faa—N, (Table 3).

The lack of detection of free ©H stretch modes in the
(EtOH)XBHT—(N2)2 spectrum confirms that intermolecular
H-bonds of N to 3 are significantly more stable than any other
binding motif. Moreover, this result demonstrates that the
(EtOH)%HT isomers observed have only two free-8 bonds
available. The appearance of a single narrow band at 3618 cm
(D) implies that the coupling between the two (nearly) equivalent
N> solvated G-H oscillators in3—(Ny), is small. This conclu-
sion is supported by the theoretical splitting of only 1dm

In general, the complexation-induced shifts caused by the predicted for3a—(N.)..

weak intermolecular bonds with L are much smaller for
(EtOH),H—L, than for EtOH"—L,, consistent with the weaker

Comparison of the8—(N,), bands with the corresponding
transitions of2—(N_), reveals that the terminal-€H bonds of

intermolecular bonds in the former clusters and the smaller 3 are considerably less acidic than those2ofFor example,

acidity of the free G-H bonds of2 as compared to those &f
(section 3.1).

3.2.3. (EtOHRH™—(N2), Clusters. The IRPD spectra of
(EtOH)%H*—(Ny), are compared in Figure 7. The spectrum of
bare (EtOH)H™ is recorded in the EtOH loss channel (eq 3b),
whereas the (EtOHH*—(N2), spectra are obtained in the
(EtOH)/sHT—(No)m fragment channels, indicated ms> m (eq

von,p 0f 3—N3z is much higher in frequency tharyn p of 2—N3
(3609 vs 3490 cmt). N, solvated G-H stretch bands arising
from Zundel-type3—(N2), structures are expected to occur in
the range of the correspondig-(N2), transitions (34563550
cm1). As the (EtOH}H™—(N,), spectra do not feature any
resonance below 3580 cth the most stabl8—(N,), conform-
ers are concluded to be composed of a central EtQéh core,

3a). The positions, widths, and assignments of the transitionssolvated by two EtOH and N; ligands @ < 2). This view is

observed are listed in Table 4. Peak D at 3639 tin the
(EtOH):H™ spectrum is assigned to the two overlapping free
von Vibrations of internally excited chain structures suct3as

in accord with the calculate8la—(N2)o-2 structures. In particu-
lar, both the spectra and the calculations reveal that the excess
proton is localized on the central EtOH molecule3aéind not

(Figure 2), in agreement with the calculated values of 3621 and on one of the terminal EtOH units.

3631 cnr! (Table 1). Similar t&2, also for3 the photon energy
of 44 kJ/mol is well below the energy required to eliminate

3.2.4. (EtOH¥H™—(N2), Clusters. The IRPD spectra of
(EtOH)}HT—(N,), are compared in Figure 7. The (EtQH)"
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spectrum is monitored in the EtOH loss channel (eq 3b), whereasof the 3—(N2),—EtOH isomer (Il). The very weak detection of

the (EtOH)H*—(N,), spectra are obtained in the
(EtOH)H*—(N2)m channels, indicated as— m (eq 3a). The

B (free O—H stretch) is explained with the minor presence of
(EtOH),H*—(N2)2 isomers with (at least) one free terminal OH

positions, widths, and assignments of the transitions observedgroup (e.g., isomer ).

are listed in Table 4. In contrast to (EtQH)"—(N2), with g <

3, the interpretation of the (EtORH™—(Ny), spectra is less
certain. The single peak D at 3649 cthin the (EtOH}H™
spectrum is assigned to the two overlapping freg vibrations

of internally excited H-bonded chain structures, suckdam
Figure 2. This band is blue shifted by 10 thifrom vou of
(EtOH)H™, consistent with weaker and longer terminat-B
bonds in3. On the other hand, calculations féa and4ayield
more similarvon ay andRop values for these bonds. This slight
discrepancy may indicate that either the employed theoretical
level is insufficient for the prediction of vibrational frequencies

in these H-bonded chains or that the properties of the most stable

(EtOH)}H* conformer detected in the experimert) (are
somewhat different from those calculated fa Although the
detection of a single transition with a symmetric band profile

strongly suggests the presence of a symmetric chain structure

with a Zundel-type central core, the relatively large width of D
(30 cnmh) does not allow for unambiguous structural conclu-
sions.

The (EtOH)H™—N, spectrum displays three sharp bands,
denoted A, B, and E. The detection of more than two transitions
points toward the contribution of different isomeric
(EtOHYH™—Nj clusters. On the basis of its high intensity, band
A at 3632 cni! is attributed tovoy, of the preferredd—N,
cluster denoted isomer I, in which;Ninds to one of the two
free O—H donor groups o#. In line with the smaller acidity of
4 as compared t8, the complexation-induced red shift ey
is smaller for4—N, than for3—N; (Avoy = —17 vs—30 cnt?).

The less intense band E is tentatively assigneadi@, of a
second, less stable—-N, isomer (ll). In contrast to A, band E
at 3604 cm! occurs very close toop, of 3—N3 (3609 cn1?)
suggesting that, similar to the most stal3eN, structures,
isomer Il of4—N, may be composed of&-N; core complexed
with an additional weakly bound EtOH ligand, i.e.,
3—N,—EtOH. The latter ligand may, for example, be only
weakly van der Waals bonded 8-N, rather than H-bonded.
Finally, band B is attributed toons of both 4—N, isomers.
The substantial blue shift of B from D, 13 ch is the same as
the shift detected foB—N,, implying a similar stabilizing effect
of the free OH group at one end of the H-bonded chain upon
N, complexation at the OH group at the other end.

In addition to A, B, and E, the (EtOR)*—N, spectrum
features the onset of a broad band below 35007%c(F). At
present, the interpretation of this band is less clear. One
possibility may be an assignment to an (EtGHt)—N, isomer
possessing a neutral (EtOHYnit. The bound G-H stretch
modes of bare (EtOH)isomers occur near 3540 cAr1®

4. Further Discussion

Spectroscopic information aboutld;O™ isomers in the gas
phase is of considerable interest, for example, for the direct
identification of these species in various plasma environments.
The EtOH™—L, spectra in Figure 5, combined with the results
of quantum chemical calculations, enable the accurate prediction
of the O—H stretch frequencies of the bare ethyloxonium ion,

|EtOHz+, from the corresponding EtOf—L, cluster data.

Related studies on H-bound protonated phenol complexes,
CeH7O"—L,, showed that the B3LYP/6-311G(2df,2pd) level
yields quantitative vibrational ©H stretch frequencies for
protonated phenol after the application of an appropriate scaling
factor derived from the cluster dat®. Comparison of the
experimental G-H stretch frequencies of EtQH-L4/, in Table

4 (L = Ar, N) with the B3LYP/6-311G(2df,2pd) data results
in a scaling factor of 0.961%3:116 Applying this factor to the
calculated harmonic frequencies bé yields 3511 and 3593
cm~1 as best prediction for the experimental values®f sand
von,as respectively. Theseoy values are used as experimental
reference frequencies fdrin the discussion below.

To elucidate the substituent-dependent acidity in oxonium
ions of protonated aliphatic alcohols (R@H), it is interesting
to compare the properties of the-®l bonds in protonated water
(R = H), protonated methanol (R= CHg), and protonated
ethanol (R= C;Hs). The proton affinity (PA) for protonation
at oxygen in ROH increases in the order PATH < PA(MeOH)
< PA(EtOH) (691< 754.3< 776.4 kJ/mol}” demonstrating
the decreasing acidity for RQH along this series. The present
B3LYP/6-311G(2df,2pd) calculations fully support this conclu-
sion: vop av iNcreases (3506< 3546 < 3552 cntl) and Roy
decreases (0.9793 0.9745 < 0.9739 A) along the series
H3;Ot — MeOH," — EtOH,". These trends indicate that the
properties of the lower part of the intramolecular-B bond
potential ¢onaw Ron) can be correlated with the strength of
the O—H bonds (PA). Available experimental data fog®t
(vom,av= 3499 cnr! andRoy = 0.974 A}18compare well with
the theoretical results, confirming that the chosen level reliably
reproduces the properties of the R@Otbns. The stronger ©H
bonds in ROH™ ions with longer aliphatic chains are rational-
ized by the more effective delocalization of the positive charge.
In general, the incremental effects become smaller as the length
of the aliphatic chain increases.

The IR spectra of bare (EtOH}H™ clusters are directly
compared in Figure 8a. They are interpreted by H-bonded
network chains and do not provide any evidence for the
existence of less stable isomers, such as cyclic structures. Similar

Cooperative effects, induced by the presence of the nearbyty (MeOH)H*' clusters withq = 536 cyclic (EtOH)H'

positive chargé>114strengthen the H-bond of a (EtOH)Nit
within a (EtOHYH™—N, cluster giving rise to additional red
shifts.

The (EtOH)H*—(Ny)2 spectrum provides further support for

structures are supposed to display sharp bands between 3400
and 3500 cm?, which are clearly absent in the measured IR
spectra. The preference for chain isomers in small (REIH)
clusters may be explained by the high localization of the positive

the assignments given for the bands A, B, and E. As comparedcharge. As chargedipole interactions provide a major contribu-

to (EtOHYyH™—N_, the intensity ratio of B and A decreases
dramatically (2:5 vs 1:9), indicating that the seconglijand

in the most abundamt—(Ny), isomer (l) binds to free ©H
bond of 4—N,, forming a (nearly) symmetrically solvated
conformer. Consequently, A is attributed to the two overlapping
N2 solvatedvoy modes of a Zundel-typé—(N,), structure. Band

E is again tentatively assigned to the $blvated O-H stretch

tion to the attraction in these clusters, they prefer roughly linear
O—H™—0 H-bonds resulting in chain-type geometries. The
steric constraints required to form small cyclic geometries
prevent optimal chargedipole orientations and suppress the
generation of these less favorable isomers in the plasma
expansion. The drastic effect of the excess positive charge on
the intermolecular interaction is also reflected by the very
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Figure 8. (a) Experimental and theoretical IR spectra of (MegH)
and (EtOH)H*. The EtOH* and MeOH" spectra are simulations using

the scaled (0.9613) vibrational frequencies and IR intensities obtained

at the B3LYP/6-311G(2df,2pd) level and a convolution width of 50
cm L. (b) Red shifts of theron frequencies of the two terminal-€H
bonds in (EtOH)H™ and (MeOH)H™ relative to the corresponding
fundamental of the most stable ROH species.drer 1, the averaged
shifts are used. The data point for (MeQHJ is taken from ref 36.

~

different interaction energies of (EtOH)*, Do 150
kJ/mol8486 and neutral (EtOH) Do ~ 10 kJ/mol%° In contrast
to (ROH)}H™, cyclic isomers are dominant for neutral (RQH)

clusters ¢ = 3),11>119pecause the attraction in these systems

is maximized by the larger number of H-bonds. Thus, pro-
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Figure 9. Plots of the average ©H stretching frequencies of the
terminal O-H bonds in (EtOHH*—(N.), as a function of the length
of the EtOH chain (a) and the number of weakly bounditands (b).

of isolated EtOH (3678 cml) and MeOH (3681 cmi),

tonation has a striking impact on the intermolecular PES of Avopron VS the cluster size. A larger red-shift implies a

alcohol clusters, including both structure and binding energy.

stronger perturbation of the terminal ROH units by stronger

The present data provide experimental evidence for the mostintermolecular bonds to the interior protonated moiety. As a

stable (EtOH)H™ structures in the size range<lq < 4. Eigen-
type ions are preferred fay = odd and Zundel-type isomers
dominate forq = even. The preference for one or the other

result, their O-H bonds are weaker and more acidic. Inspection
of Figure 8b shows that the terminal-® bonds become
stronger and less acidic for increasing cluster gjdeading to

chain motif is strongly dependent on the position and type of smallerAvopron Interestingly, although foq = 1 the O-H
additional solvent molecules, as well as on the isomer confor- bonds in EtOH' are weaker than in MeOH, the decrease is

mation. For example, asymmetric solvation2oWith a single
N or Ar ligand induces a switch from a EtGHHT™—HOEt to

less pronounced for (EtOKH* than for (MeOH)H". Appar-
ently, the substitution of methyl by ethyl groups leads to a

a EtOH* core, whereas a second ligand restores a symmetricsignificant increase in the strength of the H-bonds along the

environment leading again to a EtG#™—HOEt core. More-

over, the (EtOH)H™—(N,), spectra suggest that the most stable
4—(N2)2 Zundel-type structure may coexist with a less stable
Eigen-type conformer composed of3a-(N2), core, which is

complexed by an additional weakly bound EtOH ligand, i.e.,
3—(N2),—EtOH. In general, the experimental detection of both
Eigen- and Zundel-type ions are in line with the predictions of

(ROH)H* chains. A similar effect has also been reported for
neutral (EtOH) and (MeOHj) clusters!!® Possibly, this observa-
tion is of relevance for explaining subtle differences in the proton
transfer mechanisms in liquid alcohols via locally protonated
H-bonded network chairfs.

Figure 9 plotsyop,ay Of the terminal G-H bonds in the most
stable (EtOH)H"—(Ny), isomers vs the cluster size for variable

the quantum chemical calculations. However, it is noted once size of both the interior (EtOH|)™ network,q (Figure 9a), and

again that the structures calculated for (EtgH)and (EtOH)H™,

3a and 4a, are possibly not the most stable conformers
(rotamers) of these clusters and may slightly differ from the
ones observed experimentally.

Analysis of thevoy frequencies of the terminal EtOH units
in (EtOH),H* demonstrates the change in their acidity as a
function of the chain lengtly (Figure 8). In addition to the
(EtOH),—4H* spectra, Figure 8a includes the IRPD spectrum
of (MeOH)YH™. To the best of our knowledge, this is the first
IR spectrum of this fundamental dimer. Along with the available
(MeOH)YH™ spectrunt® 38 it allows us to probe important
properties of the intra- and intermolecular bonds in (RgH)
chains as a function of both the cluster sigand the length of

the number of the Pligands,n (Figure 9b). As discussed above,
for n = 0 and increasingj, the terminal G-H bonds become
shorter and less acidic, leading to an increasedfay along

the seriedl > 2 > 3 > 4 (Figure 9a). Interestingly, this effect
is enhanced for successive solvation of the two available
terminal O-H bonds in (EtOH)H™" by one or two weakly bound
N2 ligands 6 = 1, 2). As these H-bound Nigands cause the
O—H bonds in (EtOH)H"—(N2)1» to become weaker, the,N
solvated OH groups provide a more sensitive indicator for the
acidity of the (EtOH)H" chain, because they lead to larger
g-dependentop ay shifts for (EtOH)H*—(N2)1/> as compared

to bare (EtOHyH™ (n = 0). The same trends as derived from
Figure 9a are also evident in Figure 9b. For a gigemon av

the chain R. For this purpose, Figure 8b plots the red shifts of experiences substantial incremental red shiftrfar 2 arising

the voy frequencies of the two terminal €H bonds in
(EtOH)}H' and (MeOH)H™ relative to thevon fundamentals

from the H-bonds of the first two Nigands to the two available
terminal O-H bonds of (EtOH)H™. In line with the decreasing
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acidity along the seriet > 2 > 3 > 4, however, the H-bonds

to N, become weaker and the red shifts decrease. For example,

the total red shifts fon = 2 are 8.6% for EtOhI", 2.8% for
(EtOH)XH™, 0.7% for (EtOH}H™, and 0.4% for (EtOHH™.
The preferred binding sites of further ;Nligands in
(EtOH)}HT—(N2)» with n > 2 are not obvious and include
H-bonding to C-H bonds of the ethyl groups or further
solvation of the excess proton. The minor increasegpfay to
higher frequencies fan > 2 for a givenq in Figure 9 is typical
for noncooperative induction forces. Solvation of the
(EtOH)}HT—(N2)2 cluster ions with additional N ligands
weakens the H-bonds to the first two, Nigands, thereby
strengthening the terminal-€H bonds. The closure of the first
solvation subshell forn 2 confirms the detection of
(EtOH)}HT—(N2)n clusters featuring an interior (EtO*
chain with one available acidic-€H group at each end.
According to eq 3a, several (EtOf*—L, fragment chan-
nels may be observed for a given (EtQHJ—L, parent
complex withn > 1. The number of evaporated ligands L,
n — m, depends sensitively on the cluster simgd), the type
of ligand (Ar, Ny), and the excitation frequency. Similar to

Solcaand Dopfer

5. Concluding Remarks

In conclusion, the fruitful combination of IR spectroscopy,
mass spectrometry, and quantum chemistry is shown to provide
a powerful tool to characterize fundamental properties of size-
selected proton wires isolated in the gas phase. IRPD spectra
of (EtOH)}H"—L, are interpreted with H-bonded chain struc-
tures composed @f EtOH units,ninert ligands L, and an excess
proton. Depending on the number, position, and type of solvent
molecules, as well as on the isomer conformation, the excess
proton in (EtOH)H* is either strongly localized on one or
(nearly) equally shared between two EtOH molecules, resulting
in Eigen-type or Zundel-type structural motifs. According to
the IR spectra, the most stable (EtQH) geometries cor-
respond to Eigen-type structures fipr= 1 and 3 and Zundel-
type structures fog = 2 and 4. In the case of (EtOk", minor
spectral features are interpreted with the detection of less stable
Eigen-type conformers, suggesting that the strict even/odd
alternation becomes less pronounced for longer chains. The
acidity of the two terminal OH groups in the (EtQH)" chains
decreases with the length of the chaijh Comparison between
(ROH)H* with R = CH3; and GHs shows that the acidity of

previous studies on related systems using the same experimentdfe terminal O-H groups increases with the length of the

setups®114the range of observed fragment channeldor a
given n is rather narrow. For all (EtOHH*™—L, clusters

aliphatic rest R. In contrast to neutral (EtQHlusters but
similar to (MeOH)H* and (HO)H™ clusters, cyclic (EtOHH*

considered, only one dominant fragment channel is observed,'SOMers are not detected in the size range investigated4),

and this channel carries between 70 and 10

signal (e.g., Figure 4). This information can be used to estimate
approximate ligand binding energies, assuming a simple statisti-

cal model for the evaporation process. The basic assumption
of this model are outlined in refs 91 and 100. The model

assumes that all the energy of the absorbed photon can be use
for ligand evaporation (only single photon absorption processes
are observed). Hence, the photon energy must be larger tha

the binding energy of the — m evaporated ligands but smaller
than the sum of the dissociation energies of the m + 1
most weakly bound ligands. Moreover, ligands solvated at

S

0% of the total LID indicative of the substantial impact of the excess proton on the

properties of small aliphatic alcohol networks. The preferred
microsolvation motif between (EtOgHi* chains and weakly
bound nonpolar ligands E Ar/N, corresponds to H-bonding
of the first two ligands to the two available terminal OH groups
f (EtOH)H*. Subsequently, less favorable binding sites are
ccupied. Asymmetric solvation of (EtOy* with Zundel-
type ion coresd = 2, 4) induces a switch toward Eigen-type

Structures. Similar effects have also been reported for solvation

of (H20)qH™ with weakly bound ligand&328As the chain length
of (EtOH)}H™ increases, the terminal €H bonds become
shorter and less acidic so that, for example, in (EbH)-N,

(roughly) equivalent positions are assumed to have the samegher igand binding sites become competitive with H-bonding.

binding energy. For this purpose, the ligands L are classified
into H-bound 6 = 1, 2) and other ligandsn(> 2), with
dissociation energies @y(H) > Do(0), respectively. First, the
EtOH,™—L clusters are considered. The EtOHAr, (n < 2)
clusters evaporate all ligands upon excitation wigh> 3300
cmL. This observation results iDp(H) < 1700 cnt?, consistent
with the calculated value®e(H) ~ 800 cnt?! (Table 2). For
the EtOH™—(Ny), clusters, the photofragmentation data suggest
Do(H) = 2400+ 800 cnt! andDg(0) < 1600 cnt?, again in
good agreement with the predicted binding enef@yH) ~
2700 cnt™. In general, the binding energies in (EtQHY —L,
are much weaker than in EtQH-L,, because the OH groups
in (EtOH)XH* are less acidic and the positive charge is
distributed over a larger ion core. In particular, for
(EtOH)LH*—(Ny), the fragmentation data sugg&s(H) = 1300

+ 500 cmrt andDg(0) < 1200 cn1?, in line with the calculated
value, De(H)~1600 cmil. The fragmentation data for
(EtOH)H*—(N2), with g = 3 and 4 are less detailed as
compared tay < 2. However, the experimental limits derived,
Do(H) < 1800 cnt?, are again compatible with the theoretical
values, Dg(H) ~ 1000 and 900 cm* for g = 3 and 4,

respectively. In general, both the experimental and theoretical

binding energies in (EtOK|H*—Ln, Do(H) and De(H), drop
substantially with increasing chain lengihconsistent with the

decreasing acidity of the terminal OH groups already deduced g

from the O-H stretch frequencies (Figure 9).

In general, the (EtOHH" —L,, data illustrate the high sensitivity

of IR spectroscopy for probing the acidity of cluster ions. The
weakly bound ligands enable cluster dissociation under single-
photon absorption conditions, lead to the detection of narrow
bands of cold cluster species, and drastically enhance the effects
of the length of the (EtOHH™ chain on the acidity of their
terminal OH groups. Similarly to (4D),H*,424 (EtOH)H*
clusters will be ideal targets for IR multiphoton dissociation
(IRMPD) studies in the frequency range below 2500 émrsing

high power free electron lasers, to directly probe the vibrational
motions of the excess proton in (EtQH)" proton wires.
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