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Rotational spectra of three isotopomers of the-{d,0), van der Waals trimer were recorded using a pulsed-
nozzle, Fourier transform microwave spectrometer. Nine [nine, ftype and twelve [eleven, seveitype
transitions were measured for théXe—(H,0), [*?%Xe—(H,0),, 132Xe—(H,0),] isotopomer. The determined
rotational and centrifugal distortion constants were used to extract information about the structure and vibrational
motions of the complex. The nuclear quadrupole hyperfine structures due*@Xeenuclear spin quantum
numberl = 3,) nucleus were also detected. The large value of the off-diagonal nuclear quadrupole coupling
constantya, in particular provides detailed insight into the electronic environment of the xenon atom and the
orientations of the water molecules within the complex. An effective structure that best reproduces the
experimental®Xe nuclear quadrupole coupling constants is rationalized by ab initio calculations. An overall
goal of this line of work is to determine how the successive solvation of a xenon atom with water molecules
affects the xenon electron distribution and its intermolecular interactions. The results may provide molecular
level interpretations 0f?°Xe NMR data from, for example, imaging experiments.

Introduction interaction, a biocompatible gas carrier, for example, the recently
Xenon is a sensitive atomic probe for a variety of in vivo reported v_v_ater soluble Cryptopharfes,necessa_ry to Increase
the solubility of xenon and to deliver xenon into the target

studies using nuclear magnetic resonance (NMR) and magnetic. . o . .
resonance imaging (MRI) methods. High-spin polarization of tissues. A detailed characterization of the-Xeater interaction

129 (nuclear spin quantum numbkr= 1/y) can be achieved ~ Might help to improve hyperpolarized®Xe in vivo delivery
with an optical pumping scheme and significantly enhances methods qnd to interpret th(_a results ot_)t_alned an_d the phenomena
sensitivity and contrast of these experimenguch hyperpo- observgd in NMR/MRI studles..ln addition, detailed knowledge
larized?Xe has been utilized to obtain high-resolution images 2Pout interactions of xenon with water, a prototypical model
of void spaces in the body, for example, human luhGese of hydrophobic interactions, will contribute to a better under-
high-resolution images are usually difficult to obtain by Standing of more complex interactions in biological systems.
conventional X-ray andH MRI methods because of low A number of experimental and theoretical NMR studies have
concentrations of signal sources in the gas phase. Today, th?€en carried out in an attempt to gain insight into this
MRI method has evolved to be an indispensable tool for the interaction’# We have recently studied the X&,0 van der
investigation, diagnosis, and treatment of various pulmonary Waals dimer using both Fourier transform microwave spectros-
diseases. In addition to lung imagé¥Xe NMR/MRI studies copy and ab initio computatiofdnformation about the structure
have been extended to blood and various tissues of the‘ody. and dynamics of the complex has been extracted from the
Such applications have become a very promising method to, microwave data with the assistance of an ab initio potential. In
for example, characterize the blood flow and to probe brain this work, we report a microwave spectroscopic study of the
functions under certain physiological conditions. Xe—(H20), trimer. The variation of structure and dynamics in
The success of xenon in the in vivo NMR/MRI studies can going from the dimer to the trimer are elucidated and interpreted
mainly be attributed to its large and easily polarizable electronic in terms of non-additive three-body effects. The studies of both
structure. Interactions of Xe with its environment have dramatic Xe—H,O dimer and Xe-(H20), trimer are stepping stones for
effects on the electronic properties of the xenon atom and, as aunderstanding how the xenon electron distribution is affected
result, directly affect its NMR relaxation parameters, chemical by successive solvation with water molecules.
shifts, and the solubility of xenon. Fundamental understanding  One other Rg (H-0), complex, namely, At(H-O),, has
of the Xe molecule interactions is therefore of great importance peen previously studied in the microwave regid#t The
for the prediction and molecular level interpretations®Ke  strycture of Ar-(H,0), was described as an isosceles triangle,
shielding response in NMR/MRI experiments. Water molecules (reating the water molecules as spheres. The experimental results
make up over/s of the mass of the human body, and their g,ggest that Ar approaches the water dimer from an axis
interactions with xenon determine the traveling paths of xenon yerpendicular to the plane of the water molecule that acts as a
in the body and contribute significantly to background signals o100 donor. The presence of Ar shows little effect on the
of in vivo images. As a result of the hydrophobic Xeater intermolecular distance in the water dimer. It is instructive to
“To whom corespondence should be addressed. E-mail: see how the structure and hydrogen bonding interaction of the
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A free xenon atom has a closed electron shell structure and
therefore a spherically symmetric electronic charge distribution.
This distribution will be distorted by a microscopic environment,
for example, surrounding water molecules. The degree of
distortion depends uniquely on the type, position, and orientation
of its neighbors and can be directly detected by NMR/MRI
techniques. Knowledge about how the electronic structure of
the xenon atom is affected by the surrounding molecular
distribution will therefore be crucial in bridging the gap between
the macroscopic phenomena observed in NMR/MRI experiments
and their microscopic, molecular level interpretations. This
knowledge can be obtained by measuring ¥iXe (I = 3/5)
nuclear quadrupole hyperfine structures &¥Xe-containing
isotopomers. Information about the distortion of the electronic
structure of the xenon atom from a spherically symmetric charge
distribution can then be extracted from the resulting nuclear
quadrupole coupling constants.

In this paper, we present a high-resolution microwave
spectroscopic investigation of the %éH,0), complex. Rota-
tional transitions of32Xe—(H,0),, ¥Xe—(H,0),, and?°Xe—
(H20), were measured using a Fourier transform microwave

Wen and Jger
TABLE 1: Spectroscopic Constants ofl32Xe—(H,0)s,
181X e—(H,0),, and 12%Xe—(H,0), Isotopomers
132)(6_(H20)2 131Xe—(H20)za
rotational constants/MHz

129}(6_ (H20)2

A 6267.5930 (6) 6267.6063 (5) 6267.6342 (7)
B 1394.3165 (2) 1396.5752 (4) 1401.2012 (2)
C 1137.1418 (1) 1137.6434 (1) 1141.7196 (1)
centrifugal distortion constants/kHz
D; 5.320 (5) 5.33 (1) 5.374 (5)
Dk 49.15 (4) 49.25 (9) 49.37 (7)
Dk —0.45 (12) 0.0 —0.61 (12)
d; —1.088 (4) —1.095 (8) —1.100 (4)
d> —0.249 (7) 0.0 -0.283 (15)
131Xe quadrupole coupling constants/MHz
Yaa 2.108 (2)
bb —1.300 (3)
Xee —0.808 (3)
[abl 8.446(29)
standard deviation/kHz
alkHz 1.5 2.5 1.5

2Dk andd; were fixed at 0.0 for thé3*Xe—(H,0), isotopomer.

spectrometer. Nuclear quadrupole hyperfine structures arisingthe internal rotation of the #0 molecules were not observed.
from the quadrupola®Xe nucleus were detected and analyzed. In the case of A (H20),,1%1two components were detected
The spectroscopic results were used to derive information aboutfor eacha-type transition with tunneling splittings in the range
the structure and the vibrational dynamics of the complex. An from 50 to 600 kHz. Possible reasons for only one detected
effective structure, determined from th&Xe nuclear quadru-  component in Xe-(H-O), could be too low a transition intensity
pole coupling constants, is rationalized and supported by ab (for spin statistical reasons) for the second component to be
initio computations. observed or quenching of the tunneling splitting as a result of
the increased angular anisotropy of the-XEl,O), potential
compared to that of Ar(H2O),. In a number of transitions, we
observed narrow splittings of about 20 kHz. The origin of these
splittings could be the tunneling motion or proton hyperfine
structures arising from HH spin—spin or H spinr-rotation
interactions. However, these hyperfine structures could only be
partially resolved, and no attempt was made to fit and to interpret
them. In those cases, the frequency of the most intense
component was recorded as the transition frequency (Table S1
of the Supporting Information). Pickett's SPFIT/SPCAT suite
of program$* was used to fit spectroscopic constants to
measured transition frequencies. The rotational constari®s
andC, and five quartic centrifugal distortion constabtg Dy,
Dk, di, andd; were determined and are given in Table 1.
2.13%Xe—(H,0),. The rotational spectra é#2Xe—(H,O), are
complicated by the nuclear quadrupole hyperfine structures due
to the presence of thEXXe (I = 3/,) nucleus. The hyperfine
structures of foura-type and severb-type transitions were
On the basis of the geometry of A(H,0),,'*!the rotational  partially resolved. Figure 1 gives an example spectrum to
constant#, B, andC of Xe—(H20), were predicted by assuming  demonstrate the signal-to-noise ratio and resolution achieved.
a simple isosceles triangular structure of the trimer with two Al measured frequencies are summarized in Table S2 of the
water spheres and a xenon atom. By use of the structures ofsypporting Information and were used to fit the rotational,

the Ar—H,0,13 Ar—(H20),,'%**and Xe-H,O (ref 9) complexes  centrifugal distortion, and3Xe nuclear quadrupole coupling
as a guide, we estimated the distance from Xe to the center-

of-mass (c.m.) of KO to be 3.90 A, and the c.m.¢g8)—c.m.-
(H,0) distance to be 3.00 A. With an estimated inertial defect
A = 1.0 amu &, the A, B, andC rotational constants of%
Xe—(H20), were predicted to be 6253, 1377, and 1126 MHz,
respectively. These predictions are within 20 MHz of the
experimental values determined later in this work.

1. 182Xe—(H,0), and 12°Xe—(H,0),. Nine [nine]a-type and
twelve [eleven] b-type transitions with rotational quantum
numberd ranging from 0 to 5 ané, from O to 2 were measured Py 90534
for the 132Xe—(H,0), [12°Xe—(H20),] isotopomer. All measured "Frequency /MHz
transition frequencies are listed in Table S1 of the Supporting igyre 1. Composite spectrum of thiaxe = 212 — 1o: transition of

Information together with the quantum number assignments. the 132xe—(H,0), isotopomer. A total of 2000 averaging cycles was
Rotation-tunneling spectra of Xg¢H,0), that could arise from used to record the spectrum.

Experimental Details

The rotational spectra of Xe(H,0), were measured using a
pulsed nozzle, Fourier transform microwave spectrometer
described previousliz The Xe—(H,0), complexes were gener-
ated and stabilized in a supersonic expansion of a gas mixture
through a General Valve (Series 9) pulsed nozzle with an orifice
diameter of 0.8 mm. The molecular expansion traveled parallel
to the direction of the microwave propagation, and as a result,
all observed transitions were doubled due to the Doppler effect.
The gas mixture consisted of 0.15%® vapor and 0.6% Xe
in Ne carrier gas at pressures-e6 atm. Typical line widths
for well-resolved transitions are7 kHz (full width at half-
maximum). The measurement accuracy is estimated thbe
kHz.

Spectroscopic Search and Assignment
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Rotational Spectra of the XgH,0), Trimer

Figure 2. Definition of structural parameters for the X€H,0),
complex. Thea- and b-axes are the principal inertial axes of the
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TABLE 2: Vibrational Frequencies and Force Constants of
Xe—(H;0), from a Harmonic Force Field Analysist

vibrational force constants
F11=10.76 (7) N nTt
F2.=1.489 (4) N m!
F33=1.508 (4) N ntt
a All off-diagonal force constants were fixed at zero during the fit
procedure.

vibrational frequencies

v, = 143.2 cn!
v, =38.5cnr?t
vz3=38.8 cn?!

A and| = 3.579 A. From these values, the Xe.m.(H0)
distanceR was calculated to be 3.879 A. The angldetween
the Xe-c.m.(H:O) bond and the c.m.{@#D)—c.m.(HO) bond
was obtained to be 67°2.3Compared with the corresponding
separations in the XeH,O dimer (3.949 Ay the
Xe—c.m.(H0) distanceR is shortened by 0.07 A in the trimer.
In other instances, for example, the rare gas trimers—Ke
and Ne—Xe 16 the van der Waals bond distances were found
to be longer than in the corresponding dimers due to the
repulsive, nonadditive triple-dipole dispersion term. A possible
explanation for the shrinkage of the X&1,0 bond in the Xe-
(H20), trimer is that a water molecule induces dipole moments

complex. The parameters defined in (a) were used for the structuralon Xe and the other water molecule with the result of an

analysis: r = ¢.m.(HO)—c.m.(HO) distance,R = Xe—c.m.(H0)
distance] = Xe—c.m.[(H0),] distance, and. = O[Xe—c.m.(H:O)—
c.m.(HO)]. Additional parameters defined in (b) were used in
131Xe nuclear quadrupole hyperfine structure analy¢is= 180° —
D(XeprOl), Q1= I](Xe*OrXle), 02 =180 — D(XE*Xzf
02), @2 = D(Xe_OZ_Xz—Hz), ﬁ = D(Ol—OZ_Xz), andr = D(Xl—
0,—0,—X)).

the

attractive, nonadditive electrostatic interaction. The shrinkage
of the Xe—H>O bond indicates that this attractive interaction
affects the Xe-H,O bond length more than the repulsive triple-
dipole dispersion term. This electrostatic interaction is expected
to be less pronounced between two water molecules because
the nonpolar Xe atom cannot induce a significant dipole moment
on water molecules. This also is consistent with the observation

constants simultaneously. The determined spectroscopic con+that a slightly longer HO—H,O bond length was found in the
stants are given in Table 1. Inclusion of the off-diagonal nuclear xe—(H,0), trimer (2.992 A) compared to the water dimer (2.98

qguadrupole coupling constapi, was necessary for the hyperfine

A)_17

analysis because of perturbations caused by the near degeneracy

of the Lo and 2, energy levels{80 MHz energy difference).
The contribution fromya, to each transition frequency was
calculated using Pickett's SPCAT progréand is included in
Table S2 of the Supporting Information. This contribution was
found to be significant (3065 kHz) for transitions involving
the Lo and 23 energy levels, while it was negligible for other
transitions.

Structural Analysis

The rotational constants of X€H.O), can be used to
estimate the structural parameters of the trimer, such as the Xe
c.m.(H0) distanceR, and the c.m.(kD)—c.m.(HO) distance,

r, by treating the water molecules as spheres. Ahetational
constant of the Xe (H,O), trimer (6267.6 MHz) is rather close
to the B+C)/2 value of the water dimer (6160.7 MHBwhich

is consistent with the initially assumed isosceles triangular
structure. The small inertial defech (= 1.34 amu &) and
relatively small quartic centrifugal distortion constants!##
Xe—(H20), (see Table 1) suggest that a semirigid model can
be applied here, with the following inertial equations

_1
Ia—émrz 1)
lp = pl? @
o=l + S mP ©)

Here,mis the mass of watep = MxeM,0),/(Mxe + MEH,0),),

Harmonic Force Field Analysis

The ASYM20PC program of Hedberg and Miftsvas used
to perform a harmonic force field analysis for the -X@1,0);
complex to extract information about van der Waals vibrational
frequencies and corresponding force constants. We considered
the water molecules as pseudoatoms, &dpoint group
symmetry was used for the analysis. Three vibrational modes
were considered for this complex, i.e., theQ+H,0 stretch
(v1) and the symmetricig) and asymmetricyz) H,O—Xe—
H,O stretches. The force constant matFixis then a 3x 3
matrix with diagonal force constants;;, F2,, and Fs3 corre-
sponding to the three vibrational modes, respectively. The
quartic  centrifugal  distortion  constants  of the
132X e—(H,0),, 132Xe—(H,0),, and129%Xe—(H,0), isotopomers
listed in Table 1 were used to refine the diagonal force constants.
All off-diagonal terms were fixed at zero during the fit. The
corresponding harmonic frequencies were then calculated from
the obtained force constants using Wilson’s GF matrix metfod.
This analysis could reproduce tBg, Dk, andd;, d; centrifugal
distortion constants within 5% of the experimental values,
especially good agreement was found for the and Dk
constants. Thég constants deviate by up to 32% from the
experimental values, but the deviations are on the same order
of the magnitude as the experimental uncertainties. All obtained
force constants and harmonic frequencies are summarized in
Table 2. A comparison of the observed and calculated centrifugal
distortion constants is provided in Table S3 of the Supporting
Information. The values of thz; (1.489 N nT?) andFs3(1.508
N m~1) force constants are 3@0% larger than that of the Xe

andl is the distance between Xe and the c.m of the water dimer H,O stretching force constant (1.134 N-#in the dimer, while

[see Figure 2a]. By solving egs 1 and 2, we obtained2.992

the F1; value, 10.76 N m?, is nearly identical to the corre-
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sponding value (10.8 N m) of the water dimet>1’ The H,O molecule individually. In each calculation, we considered
increase of the XeH-,0 stretching force constant in going from  the dipole momenty = 1.8546 D, ref 21) and quadrupole
the dimer to the trimer can also be attributed to an attractive moment Q= —2.50 D A,Q,y = 2.63 D A, andQ,,= —0.13
electrostatic interaction as a result of the induced dipoles. ThisD A, ref 22) of H,O and neglected the higher order electric
attractive force lowers the %eH,0 binding potential and leads  moments. We reproduced the dip8land quadrupofé mo-

to a stronger van der Waals bond. ThgZHH-0 stretch force ments of HO by four point charges of equal magnitude, two
constant is less affected because of the smaller nonadditivepositive and two negative. The positive charges lie near the two

electrostatic effect caused by the nonpolar Xe atom. H atoms, and the negative charges sit on the two sides of the
H,O plane and near the O atcthThe electric field gradient
131Xe Nuclear Quadrupole Coupling Constants tensor at the Xe nucleus was then calculated as a summation

) i o over contributions from the four point chargés.
The spherically symmetric charge distribution of a free xenon e determined two electric field gradient tensors contributed

atom is distorted by the presence of two water molecules, by two H,O molecules were summed up to generate the
leading to nonzer&*Xe nuclear quadrupole coupling constants. corresponding tensor in the X¢H,0), complex. This tensor
This provides an opportunity to extract information about the a5 then used to obtain th&Xe nuclear quadrupole coupling
electronic charge distribution of the xenon atom. The main qnstantgs according to eq 4. The experiment&iXe nuclear
contribution to the electric field gradient at the xenon nucleus qyadrupole coupling constants of the Né¥Xe complex,yaa

comes from th(_e electric mult!pole _moments obQH It is (0.564 MHz) andyu, (—0.256 MHz)16 were used to approximate
therefore sensitive to the B orientations, and we were able  ihe effect of the dispersion interaction.

to obtain dynamical information about the internal angular

coordinates of the Xe(H:0), complex and to determine  [y.. % Xac 1- Oaa %ap Gac

effective orientations of the two 4 molecules from the - _ & 7)Qxe +
. . Xab Xob Xbe Oab Yob Goc

experimental nuclear quadrupole coupling constants. For ex- h

ample, the surprisingly large value of the off-diagonal constant Aac Xbe Xee Gac Gbe Goc

xab (£8.446 MHz) is an indication of high asymmetry of the 0.564 0 0

xenon electron distribution with respect to te@andbc inertial 0 —0.256 0 (4)
planes. The two D molecules adopt distinct effective orienta- 0 0 —0.308

tions relative to the xenon atom and, as a result, contribute Here,q; andy; (i, j = a, b, ¢) are the components of the electric

differently to the electric field gradient at the xenon nucleus. field gradient and nuclear quadrupo|e Coup]ing tensor, respec-
From the experimentally determined constants, we were abletjvely, in the inertial axis systenQxe. = —0.12 b is the!31Xe

to calculate the components of the principal quadrupole coupling nyclear quadrupole mome#tandy = —152 is the Sternheimer
axis systemg'b'c’). The resultingraa, yvw, andycc values are shielding factoPs

9.020, —8.212, and—0.808 MHz, respectively. The'-axis The best agreement between the calculated and experimental
coincides with inertiat-axis, and thex' - andb'-axes are rotated  constants was found in the structure with= 148°, @1=90°,

by 39.3 from thea andb inertial axes. The nuclear quadrupole ¢, = 43, @2 = 41°, f = 30°, and7r = 151°. The calculated
coupling constants along each Xe.m.(H;O) bond were also  values areys, = 2.858 MHZz, 00 = —1.045 MHZz,yap = 7.694
determined by projecting the principal axis components onto \MHz, which differ from the experimental ones by 0.7, 0.3, and
the corresponding Xec.m.(H0) intermolecular axis, and the  —0.7 MHz, respectively. It is interesting to note that the
obtained values are 7.614 ard.414 MHz, respectively. The  value is more sensitive to the dipole moment ofoHhanyaa
absolute values are larger by an order of magnitude than theandyy,;, values. For example, if the dipole moment increases by
corresponding constant of tA#Xe—H;0 dimer faa = —0.445 10%, theyap value (8.347 MHz) increases by 0.65 MHz, while
MHz),° which indicates that the water internal motions are the changes 0faa (2.941 MHz) andyy, values 1.096 MHz)
largely hindered in the trimer by interaction with a second water are 0.1 MHz. This improvement of the, value without too
molecule. This also provides evidence for the sensitivity of the large an effect onya.a and yup could be viewed as further
electronic structure of the Xe atom upon its surrounding, and evidence of the large three-body effect from the nonadditive
the nuclear quadrupole coupling constants can be used to identifyelectrostatic interactions as a result of induced dipoles, which
the number of surrounding water molecules and their relative supports what we suggested in the structural and harmonic force
positions. field analyses above.

To obtain further information about the effective.® Because of an insufficient description of the dispersion
orientations, we predicted the nuclear quadrupole coupling interactions, three-body effects, and large amplitude vibrational
constants for different D orientations to search for a geometry, motions of the complex, this calculation cannot be viewed as a
which can reproduce the experimental nuclear quadrupole highly accurate structure determination. However, this still can
coupling constants. In these calculations, the water monomerspe regarded as a reasonable first approximation to generate a
were kept rigid at the experimental structé?elhe intermo- picture of the electric field gradient at the Xe nucleus and to
lecular structural parametersR, anda,, were fixed at the values  predict the HO orientation within the complex. A more accurate
estimated from the rotational constants. Six additional angles model describing the intermolecular interactions in the complex
are necessary to describe the water orientations, as defined irwill improve the structure calculation.

Figure 2b.01(180° — OXe—X1—04), ¢1(0Xe—01—X1—Hy), To rationalize the determined effective structure, we per-
02(180° — LIXe—X2—0;), andgy([1Xe—0,—X,—H;) describe  formed a complete geometry optimization at the level of second-
the orientations of two water molecules, relative to the xenon order MgllerPlesset perturbation theory (MP2)using the
atom. X and X are the c.m. of the two water molecules, GAUSSIANO3 package of ab initio prograrfsThe aug-cc-
respectively 5 (001—0,—Xy) andr (OX;—01—02—X>) are pVQZ-PP? basis set was used for the Xe atom, aug-cc-p¥TZ
used to define the relative orientations of two water molecules. for the O atoms, and 6-3%#+G(d,p)f! for the H atoms. Two

We first calculated the electric field gradient tensor at the minimum-energy configurations were located (see Figure 3),
Xe nucleus contributed by the electric multiple moments of each and their structural parameters are listed in the Table S4 of the
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