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Charge-enhanced hydrophobic hydration is investigated for protonated hydrophobe-containing water clusters
synthesized by a supersonic expansion. The investigation begins with clusters consisting of a protonated
dimethyl ether dimer [(CH).0].H" and one water unit, which can be considered as the prototype of ionic
hydrophobe-water systems. The methodologies involved in this investigation are vibrational predissociation
spectroscopy and ab initio calculations based on density functional theory. Thg@ JQf#H* ions are first
synthesized by corona discharge of dimethyl ettt¢4O mixtures seeded in a continuously operatgdé&bm.
Through supersonic expansion, the protonated hydrophobg){GHH"—O(CHs), forms complexes with

H.0, leading to hydrophobic hydration. Two types of isomers, hydrophobic gbd-eentered, are identified

by a close examination of both hydrogen-bonded and non-hydrogen-bonded OH stretches of the solvent water
molecules. The two isomers display distinctly different OH stretching spectra and, furthermore, a drastic
change of the spectra with the variation of beam temperature. In this work, in addition tg)JOJH *—

H,0, water clusters containing the hydrophobes of protonated methyl ethyl ether dimegy({sEt)O—
H*—O(CH)(C:Hs)], protonated acetone dimers [(@HCO—H™—OC(CHg),], and protonated acetaldehyde
dimers [(CH)HCO—H*—OCH(CH)] are also studied. These clusters together represent four test systems
for the understanding of the nature of hydrophobic interactions in the unusual forr@-oH---O—.

Introduction Calculations of the Ck-H,O interaction energy using a
Lennard-Jones potential yieldedda ~ 0.25 kcal/moE which
is considerably lower than the strengtkq kcal/mol) of the
hydrogen bonding between water molecfleBor the more
complicated dimer, ¢Hs—H>0, although structural determina-
f tion remains inclusivé? an analysis of the far-infrared spectra

Hydrophobic interactions govern various essential reactions
in chemical and biological systems. The complex and fascinating
phenomena, such as protein foldihgyolecular recognitioR,
and self-assembly in organic thin filmMsre all rooted in such
weak intermolecular forces. To understand the nature o . o . .
hydrophobic effectd, particularly the hydrophobic hydration, MPlies that the hydrophobic interaction of this typ&€—H--
studies of molecular clusters in the gas phase have been actively©~ €&n exist via multiple hydrogen bond formation. Solid
undertaken over the past 2 decaBli@e gas-phase study is evidence for the existence of the diree€—H---O— bonding
advantageous over that of condensed phases in one importarifVas first found in unsaturated hydrocarbamater complexes
aspect: structures of the hydrophebeater clusters can be ~ Where proton donation from such hydrocarbon to water is more
systematically investigated by sequentially adding water mol- accessible. In g4,—H0, both microwave and infrared mea-
ecules to the hydrophobe. The systematic investigation cansurements revealed that the lo&al axis of HO is aligned
reveal the microscopic details at varying stages of the hydration collinear with theA rotational axis of acetylene, which acts a
processes. proton donoi?! This finding, however, is not unexpected, since

Some prior studies of hydrophobic hydration have exp|ored acetylene is a well-known Lewis acid and its bonding with water
a prototypica| System, CH-H-0. Sayka”y and co-workefs is markedly different in nature from that between saturated
obtained the first vibrationrotation-tunneling absorption  hydrocarbon and water molecules.
spectrum of this binary complex using a far-infrared laser and  The hydrophobic-C—H-:-O— interactions can be dramati-
concluded that the complexation between ,Cahd HO is cally enhanced in the presence of charges. The charge-enhanced
established by proton donation from the hydrogen atom of water interactions give rise to a binding energy up to 10 kcal/mol,
to methane. Their results were later confirmed by Suenram etwhich is twice as high as the dissociation enerytp = 3.59
al.” who found no evidence of C—H---O— interactions in their  kcal/mol) of the neutral water dim&rAn earlier attempt made
Fourier transform microwave spectroscopic meaSUrementS.by Meot-Ner and Deakyﬁé has investigated the hydrogen
; . . bonding between solvent water molecules and hydrophobic
Berl::r’]re(s;eerr]rtnaa?]c)i;ess. InstitutrfAngewandte Chemie Adlershof, D-12484 quaternary |_ons, such as N(@" and N(GHs)s". From .

i thermochemical measurements of hydrogen bond enthalpies

* Present address: Department of Chemistry, Dong-Hwa University, Hua- *''© ) - )
Lien, Taiwan, R.O.C. using a pulsed high-pressure mass spectrometer, an interaction
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energy of 9.0 kcal/mol between N(GH' and HO was denoted as HB,(H,O),. The investigation starts with the
determined. The bonding of the second water molecule to hydrophobe, [(CH),0—H*—0O(CHs)], which is synthesized
N(CHs),"—H,0 stays strong, with AH°p = 9.4 kcal/mol. The from ionization of a mixture of dimethyl ethemwater—H, in a
authors further obtained information concerning the structures corona discharge ion source. Hydrophobic hydration is estab-
of the clusters from ab initio calculations and predicted that lished by a supersonic jet expansion of the gaseous mixture
the water molecule in N(Chly"—H,O prefers to attach elec- through a 75um nozzle to form protonated dimethyl ether
trostatically to a cavity created by protons of three;@irbups water clusters. The jet-synthesized clusters, after size selection
rather than to be hydrogen-bonded to one proton or to one of by a sector magnet mass spectrometer, are injected into a radio
the four methyl groups. The studies of these unconventional frequency (RF) octopole ion trap for temperature measure-
ionic hydrogen bonds are important from the perspective that ments!®1° The typical internal temperature of these clusters is
they are directly correlated with the hydrophobicity of amino estimated to be around 170 K, which can be varied over the
acids. range of+30 K by properly adjusting the nozzle temperature
Correlations between the hydrophabicity of hydrocarbons and and beam expansion conditions. Inside the RF trap, irradiating
the structure of their hydration shells have been a subject of the size-selected cluster ions with resonant infrared photons

extensive investigations, both experimentdllgand theoreti-  induces a unimolecular dissociation as
cally,”* in condensed phases. Contemporary stdeliésem-
ployed a variety of spectroscopic methods to investigate the H'B,(H,0), + v —H'B,(H,0),; + H,0 (1)

structures of hydrogen-bonded hydration shells around the

hydrophobic sites of amino acids. Compared to that of bulk vjprational predissociation spectra of both non-hydrogen-bonded
water, an increase in hydrogen bonding, along with a decrease(free) and hydrogen-bonded OH stretches 6By{H-0), are

in entropy, between water molecul_es surrounding dis_solvgd obtained by counting the number of-B(H-0),_1 generated
hydrocarbon molecules has been inferred from calorimetric 55 5 function of laser frequency.

measurements of molar heat capaéitp similar feature was B. Ab Initio Calculations. The ab initio calculations for
revealed by Fourier transform infrafééind Raman scatteritfy H*By(H-0), are carried out using the commercial program
spectra of ordered water layers over the hydrophobic side Chainspackage GAUSSIAN 92° All the computational results pre-
of amino acids. It has, however, been noted that amino acids insented in this article are obtained based on density functional
solution phases are mostly charged in positive, negative, Of theory (DFT) with the Becke3LYP functional and the 6433
zwitterionic forms; hence, the nature of the charge-supported pasis set. This combination of method and basis set has been
hydrophobic hydration could be markedly different from that successfully applied to neutral benzeneater clusterd and
inferred from the hydrophobicity measurements concerning the 3 1ymonia hydrate clusté&before. We optimize the geometries
solubi_lity of hydrocarbons in water and the partition coefficients f the clusters of interest using analytical gradients and obtain
of various solutes between aqueous and nonpolar pfia$es.  the harmonic vibrational frequencies using analytical second
question of how a charge can alter the hydrophobicity of amino gerjyatives for various isomers. The structural optimizations are
acid side chains remains open and awaits to be addressed.  symmetry-unconstrained with the binding energies corrected by
Vibrational spectroscopy of valence bond stretches has beenzero-point vibrational energy (ZPVE) and basis set superposition
a powerful technique for elucidating the nature of hydrogen- errors (BSSE) following the procedures suggested by Boys and

bonded ionic species in both gaseous and condensed phases. IBernardi2® The calculated total energies of the clustering

this study, we systematically monitor the vibrational spectra of

the free-OH and hydrogen-bonded OH stretches of hydrated H'B. + H.O— H.O"—B )
cluster ions as a function of structure, particle size, and internal 2z 8 2

temperature. Adjoined with ab initio calculations, this experi-

mental endeavor provides useful information concerning the

interactions between water and the hydrophobic sites of charge- N N

carrying molecules. The charge-enhanced hydrophobic hydration H'B;, + H,O0—H"B,—H,0 ()

in clusters consisting of a protonated hydrophobe and one single

water molecule is the focus of the present examination. The are compared to experimental values to ensure the validity of
hydrophobes to be closely examined are the protonated dimethyithe computation. The calculated vibrational frequencies are
ether dimer [(CH),O—H*—O(CHs),], the protonated methyl  scaled by a single facto(.973) with respect to the free-OH
ethyl ether dimer [(CH)(C;Hs5)O—H™—O(CHs)(C:Hs)], the stretches of two- and three-coordinategCHn protonated water
protonated acetone dimer [(@HCO—HT—0OC(CHg),], and the clusters

protonated acetaldehyde dimer [(HCO—H*—OCH(CHy)].

This fundamental study of charge-supported hydrophobic in- Previous Studies

teractions is expected to be biologically significant, since the  |mportant thermochemical measurements have been previ-
solvation and folding of peptides or proteins in water largely qysly made for protonated dimethyl ethevater mixed clusters.
involve ionic hydrogen bonding. Successful studies of these kenarle and co-worke?sstudied the temperature dependence
model cluster systems should provide a solid basis for future of the equilibrium constants for reactions involving successive
investigation of more complex reactions, such as the hydration 5qgition of water or dimethyl ether molecules to protonated
of amino acids, in the gas phase. cluster dimers. The determined enthalpies for the addition

reactions are
Methods

A. Vibrational Predissociation SpectroscopyAn integrated ~ H ' [(CH3),0l, + H,0 — H'[(CH,),0],(H,0),
system® of a tandem mass ion trap spectrometer and a pulsed AH°® = —16.3 kcal/mol (4)
infrared laser is employed to obtain the OH stretching spectra
of water clusters containing protonated ether or keto dimers, and
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(CHy),OH" —H,0 + (CH;),0 — H"[(CH,),01,(H,0),
AH°® = —18.5 kcal/mol (5)

indicating that a relatively higher energy is required to induce
the unimolecular loss of (CHLO instead of the loss of 4D
when exciting H[(CH3)20]2(H20). This is in line with the
finding that the proton affinity of dimethyl ether exceeds that
of water by 24 kcal/maF and with the result of our metastable
dissociation measurements that the water loss channet of H
[(CH3)20]2(H20) is about 4 orders of magnitude more accessible
than the ether loss channel at the cluster temperature of 170 K.
While the thermochemical measurements reveal useful informa-
tion about bond strengths, they furnish little knowledge concern-
ing the structure of the cluster isomers created in the high-
pressure mass spectrometérs.

Graul and Squiré8 deduced the structural information on
H*[(CH3)20]m(H20), from collision-induced dissociation studies
of these clusters in a flowing afterglow mass spectrometer. On
the basis of preferential loss of the ether, they concluded that a
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Figure 1. Vibrational predissociation spectra of"iCH3).O](H20)

hydronium ion must be the center of the mixed dimethyl ether ~ synthesized using a room-temperature nozzle with a backing pressure
of (a) 60, (b) 160, and (c) 260 Torr, respectively. The corresponding

water clusters. A similar conclusion was reached by Schindler internal temperatuires of the clusters are roughly (@) 200, (b) 170, and
29 i : ,

et al* who found exceptlonally'stable*I-E(CZH5)20]m(HgO)n (c) 150 K. The dramatic temperature dependence of the spectra indicates

clusters appearing at the solvation numbeno# n + 2. The the presence of more than one stable isomer in the supersonic jet.
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finding of these “magic” numbers was attributed to the presence
of the hydrophobic ethyl groups, which can effectively block
hydrogen bonding. No evidence, however, was yet provided
for the existence of hydrophobic isomers by these studies.
Theoretical calculations, meanwhile, examined the geometry
of a system closely resembling the protonated dimethyl ether
water clusters: H[(CH3),0],. Hirao et al*? investigated the
dimethyl ether dimer and predicted that the excess proton in
this cluster is located between two monomer units in a
symmetric manner. A third dimethyl ether molecule can

MMEI

approach this binary complex at a long distance, forming a stable MMEI
trimer by the—C—H---O— linkage. Such an unconventional %f
hydrogen bond has an experimentally determined bond strength >,

of AH°p = 10.1 kcal/moPk® This strength, comparable to that
of N(CHz),™—H-0, is remarkably enhanced because of elec-
trostatic forces.

The other system that has been actively studied in the past is

the mixed acetonewater clusters, H[(CHz)2COJn(H20)n.3 The
thermochemical data readily available in the literaturé?are

H'[(CH,),CO], + H,0 — H'[(CH,),COL,(H,0),
AH° = —11.7 kcal/mol (6)

and

(CH,),COH"—H,0 + (CH,),CO— H'[(CH,),CO],(H,0),
AH° = —21.2 kcal/mol (7)

Again, from time-of-flight measurements of metastable unimo-
lecular and collision-induced dissociation of fICH3),COl,-
(H20), only a hydronium-centered structure was inferred for
this cluster!

Results and Analysis

The vibrational predissociation spectra showing the OH
stretching modes of H(CH3),0]2(H20) within the frequency
range 3306-3800 cnt! are given in Figure 1. A simple

Figure 2. DFT-optimized structures of H(CH3)20]2(H20). The C,
O, and H atoms are denoted by gray solid, large open and small open
circles, respectively.

asymmetric free-OH stretches of the proton-accepting water
molecule in the first solvation shell {}, and the band at 3690
cm! represents the free-OH stretching mode of the two-
coordinated HO™ ion core. The independent changes of the
absorption band intensities with cluster temperature clearly
indicate that these three bands are derived from two structurally
different isomer48 In obtaining these three spectra (Figure 1),
we varied the cluster temperature only roughly from 150 to 200
K, but the effect is dramatic. The origin of this dramatic effect
within such a small temperature range will be thoroughly
discussed in a later section.

Ab initio calculations performed at the B3LYP/6-BG* level
yielded two optimized geometries for the"HICH3),0]2(H20)

temperature-dependence measurement revealed a drastic changduster (cf. Figure 2). Figure 3 compares the calculated stick

in the spectrum of free-OH stretches. In line with previous
assignments for protonated water clus#@ithe bands at 3635
and 3719 cm! are ascribed, respectively, to the symmetric and

diagrams of these two isomers, denoted as MMEI (g©H
[(CH3)2,Q]2) and MMEII (or [(CHs).O].HT—H20), with the
experimental spectra. Both isomers display spectral features to
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TABLE 1: Ab Initio Calculated Energies (kcal/mol) of the Clustering via Channel I, BoH* + H,O — H3O™—B,, or Channel I,
B,H* + H,0 — B,HT—H,0, Where B = (CH3),0, (CH3)(C2Hs)O, (CH3),CO, or (CH3)HCO, at 298 Ka

species isomets AE°® AH?298¢ AG?%8¢

H*[(CH3)20]2(H0) MMEI —11.3 (-10.7) —12.2 (-11.4) —3.2(-3.1)

MMEII —6.2 (-5.8) —6.5 (-5.8) +2.4 (+2.0)
H*[(CH3)(C2Hs)O]2(H20) MEEI -11.0 -11.6 -4.3

MEEII —6.4 —6.5 +1.5

MEEIII —6.2 —6.2 +0.9
H*[(CH3).CO](H.0) ATI -10.0 -9.9 —2.2

ATII —5.8 —-5.8 +1.7

ATII —-3.8 —-3.9 +4.1
H+[(CH3)HCOL(H0) AAI -9.4 -10.3 -2.2

AAIl —6.8 —6.9 +1.0

AAlll —6.0 —6.2 +2.3

AAIV —6.6 —6.5 +0.5

AAV —4.2 —-3.9 +1.8

a Calculated using B3LYP/6-38G*. AE represents the interaction energy with both basis set superposition errors and zero-point vibrational
energies corrected.Structures illustrated in Figures 2, 6, 9, and 10he numbers in parentheses are those calculated using B3LYP/aug-cc-pVDZ.

(a)
(a)
W, socncell

(b)

(b)

MMEI |
©
MMEIH
.M.Aﬂmf\AMMJ\ .Y iy
| | 3300 3400 3500 3600 3700 3800
3300 3400 3500 3600 3700 3800 Frequency (cm™)
Frequency {cm™) Figure 4. Vibrational predissociation spectra of ICH3)(C;Hs)O]J--

Figure 3. Comparison of the vibrational predissociation spectra with (H20) synthesized using a room-temperature nozzle with a backing
the DFT-calculated stick diagrams of*[iCHs).0].(H.0) for both pressure of (a) 50, (b) 80, and (c) 120 Torr, respectively. The dramatic
isomers MMEI and MMEIL. temperature dependence of the spectra indicates the presence of more

than one stable isomer in the supersonic jet.

be in good agreement with the observations in the frequency 31+G* was obtained, with-AH2%8 = 11.4 kcal/mol for MMEI
range 3308-3800 cntl. Notably, isomer MMEI is HO*- and 5.8 kcal/mol for MMEIl (Table 1). An independent
centered and its subunits are linked by two conventier@a- calculation using the MP2 method and the 6+&3* basis set
O---H—0O— hydrogen bonds, whereas MMEII is*+tentered was further applied to MMEI. It yields a hydration enthalpy of
and its subunits are held together by charge-enhanced hydro—AH?2%8 = 10.0 kcal/mol, even smaller than the DFT-calculated
phobic forces such asC—H---O—. The theoretically predicted  value. At present, the origin of this large discrepaney kcal/
interaction energiesAE) between [(CH).0O].H* and HO to mol) between theory and experiment is unclear, but it does imply
form isomers MMEI and MMEII are-11.3 and—6.2 kcal/ that a remeasurement of the hydration enthalpy is needed to
mol, respectively (Table 1); hence, thg®t-centered form is resolve the difference. Despite being significantly underesti-
more strongly bound than the hydrophobic one by about 5 kcal/ mated, the calculated hydration enthalpy\#12%8~ —12 kcal/

mol. It is important to emphasize here that sueG—H---O— mol for isomer MMEI agrees quantitatively well with the
interactions, while involving multiple bond formation between measurement, corroborating the suggestion that the structure of
H and O (Figure 2), should not be characterized in terms of H'[(CH3),0]>(H20) existing under thermochemical equilibrium
conventional hydrogen bonding, since no significant donation conditions is predominantly hydronium-centered at room tem-
of the lone-pair electrons from the oxygen to the hydrogen atom perature.

occurs. Similar to that of N(Cklst—H20,12 the intermolecular An attempt was also made to observe the bonded-OH
interactions are purely electrostatic, dominated by chadgmle stretches of isomer MMEI. The frequencies of these vibrations,
forces. however, are all much red-shifted and they fall in a region below

In comparison to the experimentally measured hydration 2700 cnt?, which is inaccessible using the present laser system.
enthalpy of—~AH°(298)= 16.3 kcal/mol in eq 42 the calculated We conclude from the spectral comparison in Figure 3 that two
values of—~AH298 = 12.2 and 6.5 kcal/mol in Table 1 are both structurally different cluster isomers have been synthesized by
significantly underestimated. It leads us to use a larger and morethe corona-discharged supersonic expansion and are successfully
polarizable basis set, aug-cc-pVBZ,in the calculations. transported to the octopole ion trap detection region. Table 2
However, a result essentially identical to that of B3LYP/6- gives the detailed assignments of these three absorption bands,



Downloaded by NATIONAL TAIWAN UNIV on September 10, 2009 | http://pubs.acs.org

Publication Date (Web): October 14, 1999 | doi: 10.1021/jp991832q

Hydration in Ether and Keto Dimers

J. Phys. Chem. A, Vol. 103, No. 44, 1999757

TABLE 2: Frequencies, Width (cm~1), and Assignments of the OH Stretching Features of kD*—B, or B,H*—H,0, Where B

= (CH3)20, (CH3)(C2H5)O, (CH3)2CO, or (CH3)HCO

species frequenéy fwhm® isomers§ assignments
H*[(CH3)20]2(H20) 3719 7 MMEII asymmetric free-OH of’1H,0O
3690 19 MMEI free-OH of HO™
3635 5 MMEII symmetric free-OH of1H,O
H*[(CH3)(C2Hs)O]2(H20) 3723 13 MEEII, MEEII asymmetric free-OH of H,0O
3688 18 MEEI free-OH of KO
3639 10 MEEII, MEEIII symmetric free-OH of°1H,0
H*[(CH3)2COl,(H.0) 3723 9 ATII asymmetric free-OH of"1H,0O
3668 31 ATI free-OH of HO™
3640 7 ATII symmetric free-OH of 1H,O
H*[(CH3)HCO]x(H20) 3723 7 AAIl, AAIV asymmetric free-OH of 1H,O
3663 27 AAI free-OH of HO™
3638 5 AAIl, AAIV symmetric free-OH of 1 H,O
aUncertainty in frequency measurements-is cni L. ° Full width at half-maximum (fwhm)¢ Structures of the isomers are illustrated in Figures
2,6, 9 and 10.
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Figure 5. Comparison of the vibrational predissociation spectrum of
cold H'[(CH3)(C:Hs)O]2(H20) cluster ions with the DFT-calculated
stick diagrams of isomers MEEI, MEEIIl, and MEEIIl. The weak
features appearing at 2968100 cm! can be attributed to the CH
stretches of isomer MEEII. Note that, according to the calculations,
there is no significant enhancement in the absorption strength of the
bonded-CH stretches of both isomers MEEII and MEEIII

with the corresponding structures of the two low-energy isomers
depicted in Figure 26

Figure 6. DFT-optimized structures of H(CHs)(CHs)OJ(H20)
isomers. The C, O, and H atoms are denoted by gray solid, large open
and small open circles, respectively.

tion bands centered at around 3000éncannot be clearly
detected (Figure 5), thereby disallowing unambiguous identi-
fication of them. Tables 1 and 2 list, respectively, the calculated
relative energies of these three isomers and assignments of the
observed vibrational features.

As a comparable case, the experimental spectra, calculated To develop further insight into how the behaviors of

structures, and predicted stick diagrams of protonated methyl
ethyl ether-water clusters [H[(CHs)(C;Hs)O]2(H20)] are
obtained and shown in Figures-8. The temperature-dependent
spectra (Figure 4) of this cluster, bearing similarities to those
of HT[(CH3).0]2"(H20), also reveal that at least two types of
stable isomers prevail in the supersonic jet. The B3LYP/6-
31+G* calculations predict the existence of three low-energy
isomers, denoted as MEEI, MEEIIl, and MEEIII in Figure 6.
Among these three isomers, the®t-centered MEEI is most
strongly bound, containing two normalC—0O---H—0O— bonds,
whereas both MEEIlI and MEEIII are Hcentered and their
formation is made possible by the unconventional proton-
enhanced bonding; C—H---O—. Interestingly, isomer MEEII

is only slightly lower in energy (by 0.2 kcal/mol) than MEEIII,
which involves the bonding to two ethyl groups rather than to
two methyl groups. According to this calculation, it is likely
that both MEEIl and MEEIII, in addition to MEEI, are present

hydrophobic hydration change with the functional groups of the
hydrophobes, the present investigation is extended to the studies
of protonated ketewater clusters. Vibrational predissociation
spectra of the water clusters containing protonated acetone
dimers [(CH),CO—HT™—0OC(CHs),] and protonated acetalde-
hyde dimers [(CH)HCO—H*—OCH(CHs)] as the hydrophobes

are displayed in Figures 7 and 8. They are compared systemati-
cally with the stick diagrams of various DFT-calculated isomers
whose structures are depicted in Figures 9 and 10. For the
hydronium-centered forms, they can be clearly identified from
the characteristic free-OH stretching absorption at 3668 and
3663 cnt? for isomers ATI and AAI, respectively. Structural
identification of the hydrophobic isomers, however, is compli-
cated by the presence of more than one stable isomeric form.
This is particularly true for the protonated acetaldehyde hydrates,
where more than three stable [(HCO],H"—H,0 isomers

are found and, furthermore, they are comparable in stability.

in the supersonic beam. A scan of the laser to the bonded-CHOnN the basis of the calculated energetics in Table 1, an
stretching region was made to distinguish these two types of assignment of the observed spectral features of §&EH

hydrophobic isomer. Unfortunately, such CH stretching absorp-

COH"—H,0 and [(CH)HCOLHT—H0 is suggested in Table
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Figure 7. Vibrational predissociation spectra of CHz3)2,COl,(H20) The C, O, and H atoms are denoted by gray solid, large open and small
synthesized using a room-temperature nozzle with a backing pressure®Pen circles, respectively.
of (&) 50 and (b) 200 Torr. Shown underneath are the DFT-calculated

stick diagrams of isomers ATI, ATIl, and ATIIl. The dramatic

temperature dependence of the spectra indicates the presence of more }
than one stable isomer in the supersonic jet. O\:Q/D 0-'8’0 N~

(a) O Y~

AAll AAIl
(b)

AAI | o,

y — & s
AAI | O\d AN | \O/O

AAIN [

1 AAIV AAV
AAIV J &({) &
{ N —___F
AR | o-i L. .t e gy "
. 1 ) ~: = lof
3500 3600 3700 3800 g \ ~" T 3 4y
-1
Frequency (om ™) Figure 10. DFT-optimized structures of H(CH3)HCO]x(H20) iso-
Figure 8. Vibrational predissociation spectra of HICH3)HCO,(H.0) mers. The C, O, and H atoms are denoted by gray solid, large open

synthesized using a room-temperature nozzle with a backing pressureand small open circles, respectively.
of (a) 150 and (b) 250 Torr. Shown underneath are the DFT-calculated

stick diagrams of isomers AAI, AAIl, AAIIl, AAIV, and AAV. The  thermodynamically more stable form. Initially, this stands in
g;anToﬂCt:gRpc?r:gtgtr:b(ljsri)s::mi?(i:re] ?r:eth;uz‘;‘fscéﬁc'”jg'tcates the presencgsniradiction to our observations (cf. Figure 1) that the band
’ intensity of the free-OH stretches of MMEI (MMEII) diminishes

(increases) as the cluster temperature decré&€ese, however,
can understand this surprising observation in terms of clustering
kinetics together with the dissociation probability of each isomer
as follows.

According to the thermochemical measurements [eqs 4 and
5],%° the clustering of [(CH).O],H" is energetically favored

A. Structural Isomerization. Dependence of the vibrational over (CH),OHt—H,O upon supersonic expansion. Loose
predissociation spectra on beam temperature is dramatic for allassociation of KO with [(CHz),0],H" can follow to form
hydrophobe-containing water clusters presently investigated. MMEIIl. To convert MMEII to the energetically more favored
However, this dramatic temperature dependence is not directlyisomer MMEI, a structural isomerization barrier must be
connected to a drastic change in population of the two isomeric overcome. Ab initio calculations indicate that this barrier has a
forms, since the observed band intensities in these action spectrdieight slightly higher than the dissociation barrier leading to
are folded with the dissociation probability of the vibrationally the products [(CH).O],H" and HO37 A cartoon of the
excited cluster isomers. Considering[FCH3),0]»(H20) as an calculated potential energy surface for this isomerization process
example, both the ab initio calculations and thermochemical is depicted in Figure 11. It contains a transition state, with a
measurememnt? indicate that isomer MMEI should be the four-membered ring geometry, lying-1.3 kcal/mol above

2. Similar to those of the ether analogues, the CH stretching
absorption bands of the keto dimers are too weak to provide
useful structural information.

Discussion
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10 stretching absorption bands of the hydrophobic isomers are
9(5 H'E-W + E always narrower than those of the hydronium-centered coun-

terparts by roughly a factor of 2.
B. Spectral Frequency Shifts.A close comparison of the
vibrational predissociation spectra of FICH3),0]>(H>0) and
iy H*[(C,Hs)OJ2(H,0) reveal a significant difference in band
position of the free-OH stretches of the hydrophobic isomers.
] In [(CH3),0]o.HT—H,0, both the symmetric and asymmetric
stretching frequencies are red-shifted from those of {)€H
(CoHs5)OJHT—H,0 by 4 cnt. This frequency shifting is regular
) and significant and appears to correlate well with the conclusion
M reached by solution-phase studfethat ethyl groups are more
iw‘,; ] hydrophobic than methyl groups. It implies that the magnitude
MMEI of the frequency red shifts can be used as a direct measure for
MME! the hydrophobicity of hydrocarbon groups. For these two
hydrophobic clusters, a simple Mulliken population anafy/sis
Reaction Coordinate of atomic charges indicates that the positive charge originating
Figure 11. Potential energy diagram of #{CHs):0]:(H,0). The from the proton is spread over the entire ether dimers and, as a
transition state is calculated to be 1.3 kcal/mol higher in total energy '€sult of the charge rearrangeméhtihe hydrogen atoms
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than that of (CH),0—H*—0O(CH), and HO (denoted as FE—E + involved in the hydrogen bonding carry more positive charge
W) and is 5.1 kcal/mol lower than that of (GHO—H*—OH, and than the remaining hydrocarbon hydrogen atoms. The atomic
(CH3),0 (denoted as FE—W + E). Hence, the calculated total  charges on the excess proton in MMEII and MEEII @639
interaction energy of the clustering, (kOH"—H,0 + (CH3),0 — and+0.645, respectively.

H3O'[(CH3)20]s, is AE = —17.7 kcal/mol. - X _ _
Additional important information conveyed by the frequency
[(CH3)20],.H* and HO. As predicted by this calculation, some red shifts is the multiple hydrogen bond formation in these

internal energies are required for the clusters to overcome thehydrfphObiC isomerlsg.?’!ln our recent studies of(H,O), and
isomerization barrier to form the hydronium-centered isomer. NHa"(H20)n clusters,®**we found that the frequencies of the
Otherwise, they can be easily trapped in the MMEII configu- free-OH stretches of proton-gcceptmg(H_are sensitive to the
ration. number of hydrogen bonds involved. Since the solvent water

A second factor, which also contributes to the intensity molecules are linked to the protonated ion core (eithgdH

+ H H o —
anomaly in Figure 1, is the dissociation probability. This factor or NHs") thrqugh smglg hydrogen bond's wittH b= 10-13 .
is particularly important in the case when the cluster ions are kcal/mol, their symmetric and asymmetric stretching frequencies

ithi 1
generated with a sufficient amount of internal energy to populate !l within t?le§)32ange 36483650 and 37383740 cnt,
both the MMEI and MMEIl states. We have previously respectivelyt®1°36However, as the water molecule_beh_aves like
demonstrated that the vibrationally induced dissociations in- a doubleh prfoton accgptorf 'rr'] a fourf—membered rlr;]g |n4NHd
volved in this experiment are predominantly one-photon pro- (H20)5'dt ﬁ.ﬁre(?uenmes of t g two reg;]OH eretc Ing mr? es
cessed8 The presence of excess internal energies allows the /€ r€d-shiité to 3631 and 3714 : Furt ermore, the
dissociation to occur upon excitation of the clusters at 3300 absorption bands become narrower since the orientation of this

3800 cnt! (hw = 9—11 kcal/mol). A simple estimation based double-pro_ton-accepting B is _fixed _in spacé? In aII_ the_
on the harmonic oscillator approximation for all the DFT- hydrophobic clusters presently investigated, the OH vibrational

calcualted vibrational modes suggests that isomers MMEI and featquzs are re!atively sharp, with an average bandwidthef 9
MMWII contain an internal energy of 2.7 and 2.9 kcal/mol, 4 CnM " and typical resonant frequencies of 368& and 3723

respectively, at 170 K. Since inducing the unimolecular loss of + 3 ¢M* (Table 2). The frequencies are all significantly lower
water in MMEI requires an energy of 16.3 kcal/mol (according than+that of the single-proton-accepting water if(H,0),,
to the measuremendj, a large portion of such vibrationally ~ NHa'(H20), and other water-associated clustér.reasonable
excited molecules cannot dissociate. As the content of internal Nterpretation for this difference is that the solvent water
energy (and so the effective dissociation probability) decreasesMelecules in these hydrophobic isomers are all bound to the
with cluster temperature, the spectral features of MMEI diminish protonated hydrophobes through multiple hydrogen bonds, a
correspondingly at a lower temperature. The behavior notably picture in accord with the result of the DFT calculations.
differs from that of isomer MMEII, which is held together by C. Various Hydration Sites. An alkyl group can interact
the proton-enhanced hydrophobic force withld°p of 6 kcal/ with the solvent water molecule in a variety of ways. This is
mol. Since the supply of internal energy is not needed to break readily demonstrated by the calculations foif¢€H3)(CzHs)O].-
these multiple-C—H---O— bonds, the dissociation probability ~ (H20), where two structurally similar hydrophobic isomers are
of this hydrophobic isomer is always unity, independent of found. In isomer MMEII, the linkage between [(GRO]H"
cluster temperature. and HO is established by three hydrogen bonds involving three
The large difference~7 kcal/mol) in dissociation energy ~ Separate methyl groups, whereas it is the binding £ Mith
between the hydronium-centered and the hydrophobic isomersthe H atoms in the methylene groups that stabilizes MEEII. One
leads to the suggestion that they may substantially differ in can expect the pattern of the interactions to vary sensitively
cluster temperature upon the investigation. While both isomers With the electronic structures of the hydrophobes. Indeed,
are created under the same supersonic expansion conditions¢onsiderably more hydrophobic isomers are predicted to exist
the latter is expected to be colder, since evaporative cooling for keto-containing water clusters, which adopt a less compact
can promote it more effectively to a lower temperature state, structure, and the excess proton is more accessible by the water
namely, lower than 170 K. The expectation is indeed in accord molecule than in their protonated ether analogues.
with our bandwidth measurements in Table 2 that the free-OH  The DFT-based calculations forecast that at least three isomers
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can exist for H[(CH3)2COJ2(H20), as depicted in Figure 9. H+t—OC(CHs);]—H-0, and [(CH)HCO—H*—OCH(CHs)]—
Among them, the hydrophobic isomer ATIl is the second lowest H,O, have been thoroughly studied both theoretically and
in energy and is less strongly bound than th#OHcentered experimentally. They share the common feature in charge-
ATI by 4.2 kcal/mol. Notably, the strength of this bondinfgHpp supported hydrophobic interactions of the typ€—H---O—,
= 5.8 kcal/mol) is comparable to that of MMEIl and MEEII,  which distinctly differ from conventional hydrogen bonding.
despite the water molecule being situated exclusively on one From the diverse interaction patterns displayed by these clusters,
side of the acetone monomer unit and being linked to the ion it is suggested that they may serve as model molecules for a
core by only two ionic hydrophobic bonds. The DFT calcula- better understanding of the hydration of charged hydrophobic
tions also found the third isomer ATIII, which has a bridged sites in biomolecules.
structure with one of the two H atoms of the water molecule A natural choice of the species for future study is the use of
attached to the carbonyl group of the acetone, forming a ring. charged amino acids and peptides as the ion cores. Studying
This structure is the least energetically favoree? (kcal/mol the microsolvation of solitary amino acid molecules may provide
higher than that of ATIl) among the three isomers. Figure 7 an alternative means to measure the hydrophobicity of amino
compares the DFT-calculated stick spectra between them. Aacid side chains, which has been mostly performed in bulk
combination of the energetics and frequency calculations leadssolution phase¥1® A new definitiorf2 of hydrophobicity is
to assignments (Table 2) of the spectra to isomers ATl and ATII, possible to be derived from the spectroscopic measurements of
which are the dominant species in the supersonic expansion.these gas-phase clusters.
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