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Identification of Conformational Structures of 2-Phenylethanol and Its Singly Hydrated
Complex by Mass Selective High-Resolution Spectroscopy and ab Initio Calculatiohs
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D-85748 Garching, Germany
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The flexible prototype molecule 2-phenylethanol (2-PE) and its singly hydrated complex have been investigated
in a cold supersonic beam by a combination of high-resolution two-color R2PI spectroscopy and quantum
chemistry ab initio calculations. The existence of two monomer structures separated by a high potential energy
barrier, gauche and anti ones, was proven. Higher energy conformers are supposed to relax to the observed
ones during the jet expansion process. We have identified the conformational structure of the complex between
2-PE and water, which corresponds to water binding to the most stable gauche conformer. No detectable
structural changes of the host 2-PE molecule have been observed upon attachment of a single water molecule.
A conformational relaxation mechanism is suggested also for the-B-RPEcomplex.

I. Introduction SCHEME 1: Atom Labels of the 2-PEH,0O Complex

Many biological processes are regulated by relatively small,
flexible molecules. A typical example for such molecules is

neurotransmitters2 which play an important role in the human H
body. The properties and functionality of neurotransmitters \/
020

depend significantly on their conformational structure, which
is determined by a subtle interplay between weak intramolecular
interactions and intermolecular interactions with the solvent. The
importance of these interactions has been realized, and their
detailed exploration has attracted a lot of scientific interest over
the past decade. In recent investigations the combination of
various spectroscopic techniques in the gas phase with advanced
guantum chemistry computations has allowed the first retrieval
of structural information on a number of neurotransmitters,
Ir:]grlzdlt?g dzri'rﬁ’gfngleegéﬂzmt:g;E,Qe;géaf;gfjﬂgd”néf}u from high-levell ab initiq quantum chemistry calcula.tions:

P ' P P ' ) _ Through a confident assignment of all the observed vibronic

2-Phenylethanol (2-PE) (see Scheme 1 with atom labels) is ;5447 the vicinity of the strongesf @rigin band in the

the hydroxy analogue of the neurot'ransmltte.r molecule 2-phe- spectrum of the 2-PE monomer, we have concluded that two
nyleth¥IS_rTéne. It has been ext_enswely studied over the past conformers, gauche and anti, are observed under the conditions
years:" as a neurotransmitter prototype molecule. The of adiabatic expansion in a cold supersonic beam. The analysis
gauche structure of the most stable.conformer. of the 2-PE of the theoretical potential energy surface corroborates the
monomer has been conclusively established by microtvavel assumption that the higher energy conformers that presumably

h|gh-tresolugpn :jesqtnhant tw;)-phokt]on 10 ?'Zati)on '(tRz%l)(p(IaT exist in the preexpansion region relax to the observed ones, with
ments combinéd with quantum chemistry ab Initio Calculalions. o |auer peing separated by a high potential barrier.

Yet, however, there exist several unclear issues and controversies We also extended the study of 2-PE to its singly hydrated
on the conformatl_onal structures of the bare molecule and the complex. This investigation renders itself as a natural extension
structure of its _smgly hydfated comp!e>_<. The present work of our previous study on the 2-P&r complex!® where the
presents a detailed a”?"ys's of the existing conformers of thestructure is determined by the interplay between the intramo-
.z'tPE monomer a?d dISfCUSSGS posillble' ri[rocesses. Iead_lrnhg t?ecular hydrogen bond and the intermolecular dispersion interac-
n erc_onve{s:of_n d(') C(;n Ormers in | (:‘_ Jeh_ er>]<pansllotr_1. U\(j tions. To our knowledge, this is the first application of mass
experimental findings Irom mass selective hign-resolution resolved high-resolution UV spectroscopy to studying hydrated
two-photon resonance enhanced ionization spectroscopy of aIIcomplexes of flexible biologically relevant molecules, which
pronounced bands in the vicinity of the strongest origin band have been a subject of intense research in recent %%’9@5
are reconciled with the theoretical predictions on rotational The important issues addressed are whether and how éolvent
constants, transition moment ratios, and vibrational frequenciesr,nolecules affect the conformational structure of the flexible
- - - - - - solute molecule and how the flexible molecule adapts its
methf work is dedicated to Prof. S.H. Lin on occasion of his 70th gty cture to the local environment under the combined action
* Corresponding author. Phone:49 89 289 13 388. Fax:+49 89 289 of intra- and intermolecular hydrogen bonds. Another interesting
13 412. E-mail: neusser@ch.tum.de. aspect is whether water stabilizes particular conformers, thus
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acting as an efficient conformational selector. The complex o
between 2-PE and water is a prototype system for microsolvation 0
and is expected to reveal the binding pattern and the influence
of water on the conformational shape and stability of the host
flexible molecule.

=}
Il. Experiment and Data Processing _:D‘ -
The experimental setup used to measure the one- and two- = . A
color resonance enhanced two-photon ionization spectra of 2-PE § Water-free a)
has been described previoudh228 Briefly, the 2-PE vapor 3
is mixed with Ar at a pressure of 3.0 bar and expanded into  § Water-in ~ b)
vacuum through a pulse-operated heatable nozzle with an orifice wWi

Iw ="

diameter of 30um. To increase the vapor concentration of IWLWM 5 ,
X C

2-PE in the nozzle, the substance was heated t€9%0 reduce

the Doppler broadening, a skimmer with an orifice of 1. mm in
diameter is used. The molecular beam is intersected perpen-
dicularly by two counterpropagating laser pulses. To obtain the
one-color low-resolution spectrum, we used a tunable broad- Figure 1. One-color R2PI spectra of tha S S electronic transition
b &y~ 0.4 ol i o hlfmeximum (uh) e 8 2%, T Deeed ste B € B nes
laser (Lgmpda Physik FL 2002) operated Wlth Coumarin 153. the 2-PEH,O complex (c) recorded at itz paremtVg = 140) me{ss
The excitation scheme for producing the highly resolved two- .pannel.

color UV spectra employs two photons: one narrow-frequency

excitation photon promotes the molecules from their ground, measured under water-free conditions by selecting the ion signal
So, electronic state to the first exciteds, ®lectronic state, and 5t the parent mass channel mtz = 122. The spectrum is

a second photon of fixed frequency provided by the above- hreqented in Figure 1a. Thé Gibronic band and the small
mentioned broad-band dye laser ionizes the already excited oy_shifted band at 30 crihhave been discussed in our previous
molecules. The excitation photons are generated by frequency,,neis Here we discuss the blue-shifted vibronic features in
doubling in a BBO (beta barium borate) crystal of the pulsed o spectrum at-42, +48, +58, +136, and+213 cmL.

amplified output of an Af ion laser (Coherent, Innova 400) The second set of s,pectré was recorded under water-in
pumped continuous wave single-mode ring dye laser (Coherent, ., qitions monitoring both the parent mass channehat=

CR 699-21) operating with Coumarin 6 and generating laser 155 anq the mass channel of the singly hydrated 2-REzt
radiation in the green wavelength range with 2 MHz full width 145 The two resulting spectra are shown in Figure 1b,c. The

at half-maximum (fwhm) line width and a power of up t0 250  {hrea most intense vibronic bands measured at the mass channel
mW. The produced narrow-band UV laser pulses have a nearly ;¢ tho 2.pE-water cluster are labeled 12w, and 3w

Fourier traqsform limited line width of 100 MHz (fwhm),.an'd respectively. It has been found that the positions of peaR
pulse duration of 10 ns (fwhm). The energy of the excitation . .:-1i4 the monomer mass channel and peak Bwhe 2-PE-
photons is scanned over the rotational structure of selected,, oo cluster mass channel coincide. Therefore HetgenT L
vibronic bands_ of the S— S transition. B_Oth lasers are pumpe_d is likely to originate from fragmentation of the 2-Pivater
by a XeCl excimer I{:\ser (Lambda Physik EMG 203) generating ¢|ster. However, adding water does not change the relative
pulses at 308 nm with an energy of 240 mJ and a pulse duration;yensity of this band. This leads us to the conclusion that 3w
of 20 ns (fwhm). The energies of the excitation and the g 5 mixture of two close-lying bands: one of the 2-PE monomer
ionization laser pulsgs after fre.quency doubling are up to Q.5 and the other one of the 2-FHEO complex. A clear evidence
a“‘? 1.5 mJ, respeqt|ve!y. The ions are agceleratgd by the ion¢oy the nature of this band is provided only by high-resolution
optics of a home-built WileyMcLaren-type tlme-_of-fllght mass spectroscopy, and is presented below. There is a stronger
spectrometer an_d sub_sequently detected by mlc_rochannel plateﬁagmentation behavior of band 2un comparison with the
whose output signal is integrated by a gated integrator. The jihar pands (1wand 3w) observed at this mass channel. This
absolute frequency is measured with an accurate wave metermay be tentatively explained by the existence of 2HMD
(Atos 007 v/Av = 10°). The relative calibration of the measured ¢, ster conformers of differing stability. The remaining smaller
spectra is performed by simultaneous recording of the fringe \;pqnic hands in the spectrum of Figure 1c measured at mass
pattern of a confocal FabryPerot interferometer. The laser scan .t annelmyz = 140 do not correspond to any of the bands in
and the data acquisition are controlled by homemade softwareFigure 1b measured at the mass channel of the monomer. As a
operating in th_e LabVIEW environment. next step, to elucidate the conformational structures giving rise
The analysis of the highly resolved spectra has been i, the ghove-described vibronic bands of 2-PE and its singly

performed using our hom_emnggzirscitational fit computer routine hydrated cluster, we measured the bands under discussion with
based on genetic algorithm? Cross correlation was ' ch higher resolution.

employed as a fitness function. The typical number of genera- g High-Resolution Spectra.1. Monomer BandsThe highly

tions was 200 with 200 individuals in a generation. resolved UV spectra of all blue-shifted bands recorded at the

monomer mass channel under water-free conditions are shown

in Figures 2-6. In all bands, a well-pronounced rotational
A. Low-Resolution Spectra.We have recorded low-resolu-  structure covering a range from 3 to 5 cthis resolved. The

tion one-color resonant two-photon ionization (R2PI) spectra rotational structure of the bands-a#2,+136, and+213 cntt

monitoring three different mass channels in the vicinity of the is similar to the that of the publisheq‘} ©@and?® It is charac-

S, — S electronic transition of 2-PE under two different terized by a central dip, a small Q branch on the red side of the

experimental conditions. In the first case, the spectrum was dip, and well-defined P and R branches. The spectra of these

T T T T T
37600 37700 37800
Wavenumber [cm’']

Ill. Results
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2-PE gauche cor:fonner v, = 37663.697(7) cm’” 2-PE anti conformer v, =37679.516(7) cm’
SI<— SU. +42 cm S1<— SU, +58 cm”
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Figure 2. High-resolution two-color UV R2PI spectrum of vibronic  Figure 4. High-resolution two-color UV R2PI spectrum of vibronic
band+42 cnt! in Figure 1, recorded atvz = 122. The band is band +58 cnt? in Figure 1, recorded atvz = 122. The band is
assigned as a progression of the gauche confoinef the 2-PE assigned as a tunneling splitting of the anti conforef the 2-PE
monomer with its rotationless transition centered at 37 663.697(7).cm  monomer with its rotationless transition centered at 37 679.516(7).cm
Upper trace: experimental spectrum. Lower inverted trace: the best- ypper trace: experimental spectrum. Lower inverted trace: the best-
fit simulated spectrum yielding the parameters in Table 1 (for details, fit simulated spectrum yielding the parameters in Table 1 (for details,

see text). see text).
2-PE anti conformer v, = 37669.601(2) em’ 2-PE gauche conformer v =37756.894(4) cm”!
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Figure 3. High-resolution two-color UV R2PI spectrum of vibronic ~ Figure 5. High-resolution two-color UV R2PI spectrum of vibronic
band +48 cnt! in Figure 1, recorded atz = 122. The band is band+136 cnt?! in Figure 1, recorded atvz = 122. The band is
assigned as a vibrational progression of the anti confolnef the assigned as a vibrational progression of the gauche conf@wfethe
2-PE monomer with the rotationless transition centered at 37 669.601- 2-PE monomer with its rotationless transition centered at 37 756.894-
(2) cnTL. Upper trace: experimental spectrum. Lower inverted trace: (4) cntl. Upper trace: experimental spectrum. Lower inverted trace:
the best-fit simulated spectrum yielding the parameters in Table 1 (for the best-fit simulated spectrum yielding the parameters in Table 1 (for
details, see text). details, see text).

three bands manifest a hybrd, b-, andc-type character with  shape with a fwhm of 150 MHz. The best-fit results for the
prominentb contribution. They do not consist of single rotational bands are shown in the inverted spectra in Figure§.2The
lines but we observe peaks produced by aggregation of severabimulated spectra (the lower inverted part) agree well in both
rotational lines resulting in a minimum value for the peak width peak positions and peak intensities with the experimental ones
of 250 MHz fwhm. To find the rotational constants for the (upper trace). The achieved cross correlation between the
ground, §, and the first excited, S electronic states, the experimental and simulated spectra is as high as 95%. The
transition moment ratio, the rotational temperature, and the experimentally obtained values of the rotational constants, the
origin position,vo, we used the computer-assisted rotational fit transition moment ratios, and the rotational temperatures are
procedure based on genetic algorithm described edttigrAs summarized in Table 1. Comparing the experimental values for
starting values for our fits, we used the values resulting from the rotational constants with the results from the ab initio
ab inito calculations of the ground state rotational constants for calculations, we can clearly assign the bands-42, +136,

the anti and gauche conformers. To minimize the number of and+213 cnt? to the most stable gauche structure. However,
simultaneously fitted parameters, we used a stepwise approacltlifferences are observed for the measured transition moment
to determine the experimental values of all parameters. As aratio of the+ 42 cnt! band from the+136 and+213 cnrt

first step, we constrained the ground state rotational constantsbands and from theory. The experimental values for#i86
within 0.5% of their initial value and allowed the search space and+213 cnt! bands (18:74:8) are the same as the ones of
for the excited state rotational constants and for the other the (8 band?® but differ from the theoretically predicted one at
parameters to be relatively broad. In a second step, we usedhe MP2/cc-pVDZ level of theory (1:96:3). The measured mixed
the values obtained in the first step and fixed the transition a- andb-type spectrum with transition moment ratio (42:50:8)
moment ratios but let the other parameters be free. The producedf the +42 cnt?! band yields a transition moment orientation
theoretical stick spectrum was convoluted using a Gaussian linewhich is not predominantly along theprincipal axis of inertia
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Figure 6. High-resolution two-color UV R2PI spectrum of vibronic
band+213 cnt? in Figure 1, recorded atvz = 122. The band is
assigned as a vibrational progression of the gauche conf@&wigthe
2-PE monomer with its rotationless transition centered at 37 833.949
cm L. Upper trace: experimental spectrum. Lower inverted trace: the
best-fit simulated spectrum yielding the parameters in Table 1 (for
details, see text).
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Figure 7. High-resolution two-color UV R2PI spectrum of band 1w

in Figure 1, recorded atvz = 140. The band is assigned as ttfe 0
origin band of conformemB of the 2-PEH,O complex with the
rotationless transition centered at 37 641.19(2) tnpper trace:
experimental spectrum. Lower inverted trace: the best-fit simulated
spectrum yielding the parameters in Table 1 (for details, see text).
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been measured under high resolution. The low intensity of band
2w; did not allow this band to be rotationally resolved. Band
3w; yields relatively high intensity when measured by two-
photon two-color ionization and spans a fairly broad (ca. 4'gm
range. The band is superimposed on a high background, and
its overall profile is characterized by two pronounced P and R
branches and a shallow central dip with a weak Q branch. Itis
worth pointing out that the high intensity band 3does not
feature a resolved rotational microstructure. This precluded its
rotational fit analysis.

The experimental highly resolved spectrum of band Isv
presented in Figure 7 (upper trace). The spectrum covers a
relatively narrow frequency range of ca. 1.5¢mit has a well-
resolved structure built up of separate peaks with a line width
of 250 MHz resulting from aggregations of closely spaced single
rotational lines. The spectrum lies on a small background, and
features a prominent Q branch in the center and less intense P
and R branches with irregular but resolved structures. We fitted
the spectrum by the computer-aided routine based on genetic
algorithms outlined above and derived the molecular parameters
of the species producing it. The simulated stick spectrum was
convoluted by a Gaussian profile with a line width of 150 MHz.
The resulting best-fit simulated spectrum is depicted in Figure
7 (lower inverted trace). The simulation reproduces fairly well
both the overall profile and peak positions. The so-obtained
rotational constants for the ground, &nd the first excited, S
states, the transition moment ratio, the band origin positign,
and the rotational temperatur€, are summarized in Table 2.

C. Ab Initio Calculations. Ab initio quantum chemistry
calculations for various conformations of the 2-PE monomer
and its singly hydrated complex have been performed using the
Gaussian 03 program packaerive different conformations
of the 2-PE monomer and six different conformational structures
of the 2-PEH,O complex have been considered.

1. 2-PE MonomerTo find the stable conformations of the
2-PE monomer, we performed a potential-energy grid search
at the MP2/cc-pVDZ level of theory. The grid search was
realized by scanning the C2C7C809 and C7C809H19 dihedral
angles of the 2-PE molecule. The so-obtained potential energy
surface is depicted in Figure 8 (for the sake of clear visualization
the potential energy surface is inverted). Five potential energy
minima have been predicted. The deepest one (global minimum)

as is theoretically expected. On the other hand, the experimentalcorresponds to the gauche conformer (confor@ein which
rotational constants for both ground state and excited state arethe terminal OH group of the side chain points to thelectrons

close to the ones of conformé@r

of the aromatic ring. Two other higher energy structures

We used the above-described procedure to assign the spectréconformerl and conformeB) separated from each other, and

of the +48 and+58 cnt?! vibronic bands in Figures 3 and 4,

from the main minimum, by low potential barriers correspond

fitting with a differing rotational band structure characterized also to gauche conformations but with different orientations of
by a minor central dip, a very small Q branch on the red side the OH group (different C7C809H19 dihedral angles). The
of the dip, and well-resolved P and R branches. Again, there is conformations with the side chain pointing away from the
a good match in peak positions and peak intensities of measuredoenzene ring (conforme¥ and conformee) are referred to as
and simulated spectra with achieved cross correlations of 96%anti conformers, and they give rise to the other two potential
and 95%, respectively. There is a good agreement between theenergy minima. The two structures in question are separated

values of rotational constan& and C in Table 1 and those
found by our ab initio calculations of the anti conforn&efor
the ground, § and the first excited, 5$ electronic states (cf.
Table 3). Only the experimental and calculated values for the
ground rotational constatare somewhat different. In addition,
the experimental values for the transition moment ratios of the
two bands (4:96:0 and 8:92:0, respectively) are very close to
the one calculated (0:100:0) for confornter

2. Water Complex Band$wo of the vibrational bands, 4w
and 3w, measured at the parent mass chanmét & 140) of
the singly hydrated complex of 2-PE (see Figure 1) have also

by a low potential barrier from each other, and by a high barrier
along the C2C7C809 angle coordinate from the gauche
conformers. The conformational structures corresponding to the
potential energy minima have been subjected to a further full
structural optimization and calculation of their energetics at the
MP2/cc-pVDZ level of theory for the ground,Selectronic
state, and at the CIS/cc-pVDZ level of theory for the first
excited, 3, electronic state. In addition, a frequency analysis
for both ground, & and first excited, § electronic states has
been performed at the same level of theory, respectively. The
presence of only positive frequencies is a verification that the
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TABLE 1: Experimental Rotational Constants for the Ground, S, (A", B", C"), and the First Excited, § (A’, B', C'), Electronic
States, the Transition Moment Ratio,u.%un%u2, the Band Origin Frequency, vo, the Rotational Temperature, T, and the
Best-Fit Cross Correlation Obtained from the Rotational Fit of Bands +42, +48, +58, +136, and+213 cnt! Shown in Figures
1-62

band

parameter +42 cnrt +48 cnrt +58 cnTt +136 cmt +213 cmt
A", cmt 0.111 6(11) 0.147 65(19) 0.147 85(30) 0.111 3(22) 0.111 8(25)
B", cnmt 0.036 05(32) 0.028 41(9) 0.028 57(34) 0.036 20(63) 0.036 11(63)
C',cmt 0.03211(28) 0.025 57(8) 0.025 58(41) 0.032 03(35) 0.031 92(33)
A, cmt 0.108 3(14) 0.141 18(14) 0.141 22(27) 0.108 0(32) 0.108 6(26)
B, cm?t 0.035 38(33) 0.028 03(7) 0.028 18(39) 0.035 60(49) 0.035 50(56)
C,cm? 0.031 28(45) 0.025 13(9) 0.025 13(42) 0.031 10(47) 0.031 09(34)
UaZ uput? 42:50:8 8:92:0 4:96:0 19:74:9 19:74:9
vo (cm™) 37 663.697(7) 37 669.601(2) 37 679.516(7) 37 756.894(4) 37 833.949(1)
T (K) 8.5(2) 8.6(3) 9.9(2) 11.3(5) 11.2 (1)
best-fit cross correlation (%) 94.5 95.6 95.2 94.7 95.6

a2 The numbers in parentheses represent one standard deviation in units of the least significant quoted digit. The uncertainty for the relative values
a2, up?, anduc? in the transition moment ratio does not exceed 5%.

TABLE 2: Experimental Rotational Constants for the 2. 2-PEH,O Complex.As an initial step, we performed

Ground, S (A", B”, C"), and the First Excited, § (A", B', structural optimizations for the grounds, &nd the first excited,
C'), Electronic States, the Transition Moment Ratio,

2 a2 u, the Band Origin Frequency, vo, the Rotational S, electronic states at the MP_Z/G-SlG* and (_:IS/G-SlG* levels
T?amperactdre, T, and the Best-Fit Cross Correlation of theory, respectively, of various conformations of the 2-PE
Obtained from Rotational Fit of the 0] Origin Band of the S; H2O complex. The starting geometries of the hydrated com-
— S Electronic Transition of Conformer B of the 2-PE-H,0 plexes were conceived by attaching the water moiety to different
Complex Shown in Figure 7 plausible binding sites of the three lowest-energy conformations
parameter band: 1w (conformers2, 4, andl) of the 2-PE monomer. In this way, six
A om ! 0.0671(9) different confor'm.ations Qf the 2-PH,O complgx were pro-
B”. cnt 0.0270(3) duced and optimized (Figure 9). The theoretically predicted
C', cmt 0.0224(10) inertial parameters for the ground and excited states and the
A, cmt 0.0654(14) transition moment ratio were used to simulate theoretical spectra,
B, e 0.0268(3) which were visually compared with the experimental highly
C;_C”;_ 2 gg?gilo(l) resolved spectrum of the 2-FEO complex (see Figure 7,
’;gé‘;#f; 37'641.19(2) upper trace). The apparent disagreement between the experi-
T (K) 1.4(1) mental spectrum and the simulated spectra corresponding to the
best-fit cross correlation (%) 91 two hydrated complexes when involving the anti conformer of

aThe numbers in parentheses represent one standard deviation inthe 2-PE_monomer (conformél) was _a_dear 'nd'ca_‘t'on that
units of the least significant quoted digit. The uncertainty for the relative the experimental spectrum does not originate from either of these
valuesuz?, u?, anduc? in the transition moment ratio is 9%. two complexes. For this reason the latter were ruled out from

further consideration. The remaining four structures of the 2-PE

optimized structures indeed correspond to potential energy H.O complex were subjected to further full geometrical
minima. The rotational constants of the discussed conformationsoptimizations and vibrational analysis for both groung,&hd
for both ground and excited electronic states along with the first excited, $, electronic states at the MP2/cc-pvVDZ and CIS/
energies without and with the zero-point vibrational energy cc-pVDZ levels of theory, respectively, thus improving the
(ZPVE) corrections for the ground state, and the transition electron correlation. In this way various binding patterns have
moment ratios for the first excited electronic state, as well as been thoroughly theoretically explored, in which water plays
some typical interatomic distances, planar angles, and dihedralthe role of either a proton donor or a proton acceptor forming
angles are summarized in Table 3. The fully optimized o or @ weak intermolecular hydrogen bonds. The found
conformations are also shown in Figure 8 atop their correspond-vibrational frequencies of all optimized conformers are positive,
ing points on the potential energy surface. The vibrational which is a verification that indeed those structures correspond
frequencies for the first excited; Slectronic state are detailed to minima on the potential energy surface. We also calculated
in Table 4. In addition to the above-described calculations, the binding energies without and including the basis set
structural optimizations and energy calculations of conformers superposition error (BSSE) and zero-point vibrational energy
4 and5 at the MP2/aug-cc-pVTZ level of theory have been (ZPVE). The absolute binding energies depend essentially on
performed as well. The use of this very extended basis setthe inclusion of the corrections accounting for the BSSE and
significantly accounting for the electron correlation was expected ZPVE, but the energy ordering of the conformations remains
to resolve the existing controvefsi!>on the energy ordering  always the same. The rotational constants for both the ground
of conformer4 and conformeb, and to theoretically substantiate  state and the first excited electronic state, binding energies for
our experimental results. No noticeable structural changes occurthe ground state, and the transition electronic dipole moments
upon extending the basis set from cc-pVDZ to aug-cc-pVTZ, of all conformations are summarized in Table 5. The optimized
but at the augmented basis set conforfe more stable than  conformational shapes are depicted in Figure 9, where conform-
conformer4 by 53 cntl. This result does not include the ZPVE ersA, B, C, andD have been optimized at the MP2/cc-pVDZ
since the vibrational analysis of the two conformations at this level of theory, and conformer& and F (presented for
basis set is computationally very expensive. The inclusion of completeness) have been optimized at the MP2/6-31G* level
the ZPVE, however, is not expected to alter the relative energy of theory. The most stable conformer (the one with the highest
ordering of the two conformers. binding energy) is conformeh, in which the water molecule
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TABLE 3: Theoretical Interatomic Distances, d, Planar Angles, a, Dihedral Angles, z, and Rotational Constants,A, B, and C,
for the Ground, S, and the First Excited, S;, Electronic States of the gauche and anti Conformers of the 2-PE Monomer
Calculated at the MP2/cc-pVDZ and CIS/cc-pVDZ Levels of Theory, Respectivety

gauche anti
conformerl conformer2 conformer3 conformer4 conformers
S S S S S S S S S S
d(H15—C1), A 3.78 3.89 2.54 2.78 3.41 3.53
a1(C1C2C7), deg 120.8 120.9 120.5 120.6 121.1 122.1 120.5 120.4 120.7 120.6
a(C2C7C8), deg 112.7 114.7 110.8 113.8 113.3 116.8 111.2 113.3 111.0 113.1
a3(C7C809), deg 107.7 108.9 112.3 113.0 113.1 114.1 112.8 112.0 107.5 107.5
o4(C809H15), deg 106.9 109.5 105.6 109.0 105.9 109.2 106.1 109.3 106.7 109.4
71(C3C2C7C8), deg 10.4 105.1 90.0 90.6 109.9 140.8 89.4 90.3 88.5 89.3
7(C2C7C809), deg 69.3 70.6 60.5 64.8 67.4 71.6 176.7 177.3 0 0
13(C7C809H19), deg —168.6 —170.7 —61.6 65.3 66.5 63.1 —63.3 —67.0 0 0
A cmt 0.116 22 0.11716 0.11023 0.11200 0.11707 0.12553 0.14449 0.14457 0.14570 0.14542
B, cm? 0.03577 0.03481 0.03677 0.03524 0.03526 0.03374 0.02831 0.02812 0.02840 0.02819
C,cmt? 0.02975 0.02909 0.03176 0.03047 0.02921 0.02740 0.02533 0.02508 0.02541 0.02516
UaZ U2 U P 18:77:5 1:96:3 23:77:0 0:100:0 0:100:0
Erel, cmt 652.78 0 703.59 649.69 769.00
Erel(incl ZPVE), cmmt  685.86 0 783.30 586.00 788.35

2 Electric dipole transition moment (TM) ratiga?usuc, were obtained from CIS/cc-pVDZ calculation of the optimized geometry of the 2-PE
monomer. Relative energieB,, of the five most stable conformational structures of the 2-PE monomer without and with inclusion of the zero-
point vibrational energy were calculated at the MP2/cc-pVDZ level of theory.

welative Energy \L/om)

Figure 8. Potential energy surface (inverted for the sake of a better visualization) as a function of the C2C7C809 and C7C809H19 dihedral angles
of the 2-PE monomer. The gauche and anti conformations are separated by a high potential barrier in the C7C8 coordinate. The five energetically
most favorable conformations of the 2-PE monomer have been fully geometrically optimized in their grgueldctonic state at the MP2/cc-

pVDZ level of theory. The fully optimized structures are depicted on their corresponding minima on the potential energy surface.

TABLE 4: Theoretical Lowest Vibrational Frequencies for the First Excited, S,;, Electronic State of the gauche and anti
Conformations of the 2-PE Monomer, Calculated at the CIS/cc-pVDZ Level of Theory

conformerl conformer2 conformer3 conformer4 conformers
v, cmt mode v, cnt mode v, cmt mode v, cmt mode v, cnrt mode
31 torsion 45 torsion 26 torsion 42 torsion 40 torsion
102 stretching 89 stretching 120 bending 88 bending 89 bending
129 torsion 135 torsion 148 torsion 99 torsion 96 torsion
226 bending 230 stretching 232 bending 230 bending 232 bending

aThe applied scale factor is 0.94.

inserts between the benzene ring and the side chain of the mostV. Discussion
stable 2-PE monomer (conform2y. In this bridging structure
the water molecule acts as both a proton donor and a proton

acceptor, forming a weak hydrogen bond with the benzene e considered five of the most stable 2-PE monomer structures
ring and ac bond with the hydrogen atom of the terminal |y hich have been discussed in previous wdrksl517.18The
hydroxyl group of 2-PE. The second-in-energy conformer is most stable conformer is the one with the hydroxyl hydrogen
conformerB, in which the water moiety binds sideways to 2-PE  positioned above the benzene ring, and designated hereinafter
through the formation of a single bond wherein the water  as conformer2. The next two conformations are the anti
molecule donates a proton to the oxygen atom of the OH group conformer4 and the gauche conforméy separated from the

of 2-PE. The higher energy conformers of the 24RO most stable species by 586 and 685.86 Emespectively. The
complex involve conformet of the 2-PE monomer. energy gap between them, however, is very small, and therefore

A. Monomer Conformers. In our ab inito calculations of
the 2-PE monomer at the MP2/cc-pVDZ level of theory, we
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TABLE 5: Theoretical Interatomic Distances, d, Planar Angles, a, Dihedral Angles, r, and Rotational Constants,A, B, and C,
for the Ground, Sy, and the First Excited, S;, Electronic States of the Singly Hydrated Complexes of 2-PE Calculated at the
MP2/cc-pVDZ and CIS/cc-pVDZ Levels of Theory, Respectively

conformerA (conformer2) conformerB (conformer2) conformerC (conformerl) conformerD (conformerl)

conformer ) S S S S S S S
d(H15-C1), A 2.93 3.17 2.52 2.86 4.02 4.19 3.95 4.11
a1(C1C2C7), deg 120.4 120.5 120.2 120.4 120.4 120.7 120.6 120.7
0x(C2C7C8), deg 111.0 114.1 110.6 113.6 112.1 114.4 112.0 114.4
o3(C7C809), deg 112.1 112.9 112.1 112.9 107.9 104.2 107.4 108.8
o4(C809H15), deg 105.8 109.3 105.3 108.9 107.2 109.6 106.5 109.2
71(C3C2C7C8), deg 88.7 84.3 87.5 85.2 88.8 82.9 93.2 90.9
72(C2C7C809), deg 58.9 63.7 58.3 63.2 63.6 67.0 63.8 66.0
73(C7C809H19), deg —88.2 —87.0 —57.7 —65.5 —177.8 —172.9 176.9 177.0
d(09—H21), A 1.87 2.01 1.91 2.05 1.89 2.02 2.04 2.18
os, deg 101.9 109.4 162.5 159.3 167.3 170.8 150.6 146.2
74, deg —-0.6 —26.8 62.9 61.3 —160.2 174.3 67.0 59.1
A cmt 0.063 83 0.060 38 0.067 48 0.064 38 0.066 73 0.061 98 0.064 37 0.059 07
B, cmt 0.032 72 0.031 18 0.027 63 0.026 60 0.026 91 0.026 66 0.031 20 0.029 92
C,cmt 0.028 98 0.027 17 0.022 56 0.021 25 0.021 81 0.020 77 0.028 70 0.026 53
TM ratio, puaun? uc 24:1:75 71:29:0 85:10:5 14:2:84
Ere, cmt 0 216 463 391
E.(BSSE), cm* 0 460 725 628
E(BSSE+ ZPVE), cm® 0 94 240 131

a s denotes angle H19020H22 in conformfrand angle O9H21020 in conformeBs C, and D, respectivelyz, designates dihedral angle
0O9H19020H22 in conformeA and dihedral angle HI909H21020 in conform&;sC, andD, respectively. Electric dipole transition moment
(TM) ratio, uaun’uc?, was obtained from CIS/cc-pVDZ calculation of the optimized geometry of the -BHEEcomplex. Relative energiege,
of the four most stable conformational structures of the singly hydrated complex of 2-PE without and with inclusion of the basis set superposition
error (BSSE) correction and zero-point vibrational energy were obtained from MP2/cc-pVDZ calculations. The parent conformations of 2-PE
giving rise to the respective hydrated complexes are reported in parentheses in the header of the table. For details, see text.

g ﬂ% %ﬁf

D E
Figure 9. Electronic ground state,qSstructures of the 2-PH,O complex optimized at the MP2/cc-pVDZ (conformeks B, C, and D) and
MP2/6-31G* level of theory, respectively. Typical angles, bond lengths, inertial parameters, and binding energies for these structuremare listed
Table 5.

the above ordering may be changed upon improving the usedintensity through vibronic coupling to another excited electronic
computational method and basis set. The most unstable con-state, which leads to a strong dependency of the transition
formations are the gauche conforn®&iand the anti conformer ~ moment ratio on the nature of the vibration.

5, distanced by 783.30 and 788.35¢nfrom the lowest-energy An additional argument that conform2produces the bands
conformer2. We unambiguously assign bantt436 and+213 at+42,4+136, and+213 cntt is the good agreement between
cm~! to conformer2, where the agreement of the theoretical the band positions and the theoretically predicted fundamental
and experimental values for the rotational constants of the vibrational frequencies for this conformer (see Table 4). On the
ground, $, and the first excited, S electronic states and the basis of the above vibrational analysis, we tentatively conclude
transition moment ratio is the best. This is the conformer that that the very weak band at90 cnt?! also originates from
produces also the strongest band (see Figuf8 Ih)the case conformer2 of the 2-PE monomer. The other unassigned weak
of band+42 cnl, where the transition moment ratio differs band at+75 cntis very likely to stem from fragmentation of
form the one predicted for conform@2ythe assignment is based a water complex of 2-PE.

on the rotational constants’ match only. A similar to our (42: The calculated inertial parameters of conforméend5 are
50:8) change of the transition moment ratio has been predictedvery similar with the exception of rotational const@ntThis is
(42:36:22) by Mons et &f* We support their explanation for  not surprising, noting that these two structures differ from each
the origin of this phenomenon: the42 cnt! band may gain other only by the orientation of the terminal OH group of the
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side chain. Notwithstanding the similarity of the theoretically

Karaminkov et al.

B. 2-PE-H,0 Conformer. Comparing the rotational constants

predicted rotational constants of the discussed conformers, thefor the ground, & and the first excited, ;S electronic states

rotational fit of our high-resolution spectra unambiguously
demonstrates that both vibrational bands-48 and+58 cnt®
originate from structur&. This assignment is in agreement with
the finding of Mons et al* based on UV-UV hole burning
and infrared spectroscopy. The assignment of baA#é cnt?!

as originating from conformels is corroborated also by
dispersed fluorescence experimefit®oth close-lying bands
with similar rotational structures;48 and+58 cnt?, may result
from transitions from conformes in the electronic ground,¢S
state to conformerd and5 in the first excited, § electronic
state due to the torsional potential for the hydroxyl hydrogen
in the electronically excited state favoring these transitidns.
This is a plausible explanation since, in the anti confornders
and 5, the behavior of the OH group is almost negligibly

and the transition moment ratio obtained from the fit of the
highly resolved two-photon two-color spectrum measured at the
parent (n/z = 140) channel of the singly hydrated complex of
2-PE with the respective theoretically predicted inertial param-
eters and transition moment ratios of the optimized structures
of the complex, we have concluded that band, briginates
from the 2-PEH,O conformerB. In conformerB water binds
sideways to the most stable (conforn®rconformer of 2-PE
through the formation of a strong singiehydrogen bond (bond
length 1.9 A), wherein water donates a proton to the oxygen
atom of the side-chain hydroxyl group of 2-PE. The theoretically
predicted distance between the O atom of the water moiety and
the nearest hydrogen atom from the benzene ring is 2.44 A,
which is likely to suggest the existence of an additional weak

perturbed by the rest of the molecule and, for this reason, its ¢ hydrogen bond in which the water molecule is a proton
properties are expected to bear a resemblance to the ones ofcceptor. This assumption is somewhat justified by the well-
the OH group in ethanol. Hence the OH potential energy model resolved structure of this band, which is typical for rigid or

for ethanot® can be applied to thanti-2-phenylethanol as
well. A like phenomenon has been observed alsopftyro-
sol34

almost rigid complexes where the position of the attached
species is fixed and the relative motions of the two moieties
are strongly constrained. Since the two hydrogen bonds are

All vibrational bands measured under high resolution have almost perpendicular to each other, the existence of the above-

been successfully assigned to confornieand5, respectively.

mentioned additional weak hydrogen bond is supposed to

No evidence for the existence of the other three conformers hinder the tumbling motion of the water moiety about the strong

has been found. This puts forward the following issues: (i) why
only two out of five theoretically predicted conformational

o hydrogen bond, thus preventing complication of the rotational
structure of the spectrum. The relatively small theoretically

structures have been experimentally observed; (i) why the Ppredicted energy gap of 94 crhfrom the most stable conformer

highest-energy conforméy is observed in the cold molecular

(conformerA) can also be attributed to the assumed additional

beam rather than any of the low-lying structures. The explana- hydrogen bond. Comparing the geometrical parameters (inter-
tion of the first question requires cognizance of the potential atomic distances, planar angles, and dihedral angles) of the 2-PE
energy surface and discussion of the relaxation dynamics duringmolecule (conformeg) in the bare state (see Table 3) and in
the process of the adiabatic expansion, presuming that in thethe complex with water (see Table 5), one can infer that no
preexpansion region of the nozzle there exist several differentappreciable structural changes or deformations of the 2-PE
conformational structures at room temperature that relax during species take place upon complexation with water. This dem-
the process of the adiabatic cooling. As seen from the shape ofonstrates that the backbone of the hgestiche2-PE conformer

the potential energy surface depicted in Figure 8, the gaucheis stabilized by an intramolecular hydrogen bond between the
conformers are separated from the anti conformers by a highterminal OH group and the electrons of the benzene ring,
potential barrier, whereas the potential barriers between thewhich is stronger than the intermolecular hydrogen bonds
gauche conformers and between the anti COhformerS, respecfesponSible for the water attachment. A ConSpiCUOUS diﬁerence,
tively, are very low. Therefore, we may conclude that the high however, is observed between the transition moment ratios of
potential barrier precludes the interconversion between gauche2-PE monomer (conforme?) and its singly hydrated complex
and anti conformers on one hand’ and on the other hand the(ConfOI'melB). Since in the latter the electrons of the aromatic
low potentia] barriers between the gauche and anti COhformerS,Chromophore are not involved in the interaction with the water
respectively, favor the relaxational intraconversion within the moiety, it is very unlikely that there is an alteration of the
two groups of Species during the expahsion_ ThUS, itis p|ausib|e transition moment vector relative to the benzene ring. We
to assume that under such circumstances the gauche Conforme;@ttribute the observed drastic change of the transition moment
relax to the most stable gauche conformer, which is the most ratio as a pure mass effect descending from reorientation of the
stable conformer as well, and the anti conformers relax to the principal axes of inertia due to the attachment of a water
|owest-energy anti conformer. It is not C|ear’ however, Why the molecule. It is important to note that, after excitation of band
experimentally observed anti conformer is conforfbewhich 1wy, the 2-PEH,O does not fragment under the water-in
is less stable by 202.35 cththan conforme# as predicted at ~ conditions of two-photon one-color experiments as no trace of
the MP2/cc-pVDZ level of theory. Experimental evidence for @ signal has been observed at the parent mass channel of the
the existence of conformeb has been presented also by mMonomer (Vz = 122); this points to a stable complex.
microwave spectroscogy.To clarify this question, we per- An interesting issue is the search for the theoretically
formed additional ab initio quantum chemistry calculations with predicted most stable conformer of the 2-AED complex

a very extended basis set for these two conformers. Augmenting(conformerA). Since conformeA is predicted to be the most
the basis set, we have found that at the MP2/aug-cc-pVTZ level stable one, this suggests that it must yield a high-intensity band.
of theory with an improved electron correlation conforrbes This is, however, not the case for band;2and we tentatively
energetically more stable than conforneby 45 cnt. This assign band 3was originating from conformeA. The high

fact combined with the presumed low potential barrier between intensity of this band is in line with the above discussion. The
the two conformers also at the MP2/aug-cc-pVTZ level of theory unresolved rotational structure of this band can be explained
favors a fast and efficient relaxation of conforrdeto conformer by a tumbling motion of the intercalated water moiety about
5, and, hence, the experimental observation of the latter. the & intermolecular hydrogen bond. Unlike the case of
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conformerB, where the two intermolecular bonds are almost vibronic spectrum of the 2-PH,O complex (only three bands)
perpendicular, in this case, the two intermolecular bonds, the implies that the many different conformations of the singly
OH:---r and the H-O ¢ bonds, lie almost on a straight line, hydrated complex of 2-PE which are theoretically supposed to
and the rotation of the water molecule about théydrogen exist in the preexpansion region either dissociate or relax to
bond is not hindered, which leads to a broadening and smearingtwo stable conformations presumably separated by a high
of the rotational structure of the spectrum. Our assignment is potential barrier, which precludes the interconversion of the
in line with the one of Hockridge et &l.and we also observe  higher-lying conformer to the most stable one. We did not
fragmentation of band 3winto the mass channel of the 2-PE  observe significant structural changes of the 2-PE monomer
monomer Wz = 122). upon its complexation with a single water molecule within our

Hockridge et aP have assigned band 2wo conformerB, experimental resolution, which is an indication that in the case
and band 1wdoes not appear at the mass channel of the singly of the gauche conformer of 2-PE, the intramolecular hydrogen
hydrated complex of 2-PE1({z = 122). We have performed a  bond still dominates over the intermolecular hydrogen bonds
one-color experiment monitoring the mass channel of the doubly responsible for the water attachment. From this we can conclude
hydrated complex of 2-PE, but we did not observe any peaks. that a more complete solvation shell is necessary to bring about
It is very unlikely that on one hand the abundance of doubly structural changes of the host molecule, and a systematic
hydrated complexes of 2-PE in the molecular beam is high, andinvestigation of the influence of increasing the number of solvent
on the other hand they fragment completely to singly hydrated molecules on the structure of flexible biologically relevant
complexes so as to yield an intensity commensurate to the species is intended.
intensity of the most stable conformAr(band 3w).
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