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Abstract: The 1:1 molecular adduct of propylene oxide and water (PO—H,0) was studied using Fourier
transform microwave spectroscopy and high level ab initio methods. Two distinct structural conformers
with the water molecule acting as a proton donor were detected experimentally: one with the water on the
same side as the methyl group with respect to the ether ring, i.e., syn-PO—H,0, the other with the water
molecule binding to the O-atom from the opposite side of the methyl group, i.e., anti-PO—H,0. The
nonbonded hydrogen is entgegen to the ether ring in both conformers. Rotational spectra of four isotopic
species, namely PO—H,O, PO—DOH, PO—HOD, and PO—D,0, were recorded for the two conformers.
The hydrogen bond parameters: H(Oepoxy***H), 0(riNg-Oepoxy***H), and 0(Oepoxy***H—0) are 1.908 A, 112°,
and 177¢ for syn-PO—H,0, and 1.885 A, 104.3°, and 161.7° for anti-PO—H0, respectively. The experimental
results suggest that the hydrogen bond in syn-PO—H-0 is stronger and the monomer subunits are more
rigidly locked in their positions than in the ethylene oxide-water adduct. The stabilizing effect of the methyl
group to the intermolecular hydrogen bond is discussed in terms of the experimentally estimated binding
energies, the structural parameters, and the ab initio calculations.

Introduction molecule complexes are complicated by the large number of

g potential structural conformers and the involved spectral pattern
since chiral molecules have no symmetry. Therefore, size and

conformational flexibility of the concerned chiral molecule need

An understanding of the intermolecular interactions involvin
chiral molecules on the molecular level is of great importance
in life sciences. In particular, the interactions between water ; 4 . . .
and chiral molecules are of significant interest since hydrogen to l?e Consldered if attempting experimental and high level ab
bonding governs the solvation processes in the aqueous environ!'tiO sFud|es. _ ) _
mentst In recent years, jet-cooled high resolution spectroscopy I this work, we report detailed rotational spectroscopic and
has been successfully applied to study a number of water-organic@b initio computational studies of the hydrogen bonded propyl-
molecule adducts such as benzene-waferphenol-watef, ene oxide (POjwater complex. PO is one of the smallest, rigid,
ethylene oxide (EO)-watéroxetane-watet,and tetrahydro- and chemically stable chiral molecules that can be regarded as
thiophene-watef. These studies provided detailed and precise truly “organic™. It has one chiral center, namely the carbon atom
information about the structures and dynamics of these hydrogenPonded with the methyl group. Only one enantiomeric form of
bonded systems. On the other hand, there exist only a very smalfPO is of significance here. We use tBdorm throughout this
number of rotationally resolved spectroscopic publications on Paper and therefore drop this additional notation for simplicity.
water-chiral molecule adduct§. The studies of water-chiral ~ Although the PO monomer was investigated with rotational
spectroscopy a long time ad®,12the van der Waals complexes
* To whom correspondence should be addressed. Fax: (780) 492-8231.0f PO—rare gas (rare gas Nel314Ar,15 Krl6) were the only
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resultst®16 This underscores the challenges associated with
spectroscopic characterizations of molecular complexes contain-
ing chiral molecules.

In this article, we focus our attention on thegy--H—0O
type hydrogen bond and the effect of the additional interaction
between the methyl group and,® on the stability of the
potential structural conformers. Very recently, the role of the
methyl groups in the formation of hydrogen bond in dimethyl
sulfoxide-methanol mixtures was studied using attenuated total
reflection Fourier transform infrared spectroscopy, nuclear Figure 1. Optimized geometries of theynPO-H,O (left) andanti-PO-
maanetic resonance spectrosco and ab initio metHodls H.0 (right) conformers at the MP2/6-3%#G(d,p) level of theory in their

g” . L P Py L respective principal axis systems. The unlabeled elements are H and C
stabilizing contribution of the methyl groups to the inter- zioms.
molecular hydrogen bond through charge transfer was reported. o _ _
Closely related to the current investigation are a number of 7able 1. Calculated Dissociation Energies, Counterpoise (CP)

. ) . Corrections for the Basis Set Superposition Errors, and Zero-Point

rotationally resolved spectroscopic studies of ethveater Vibrational Energy (AZPE) Corrections in Units of kd/mol for the

complexes such as E@water® 1,4-Dioxane-wateri® and Two Conformers of the PO—H,O Complex and the EO—H,0
tetrahydropyrarwater’® conducted by Caminati and co- COmPlex at the MP2/6-311++G(d,p) Level of Theory

workers using a pulsed jet millimeterwave spectrometer and a syn-PO-H,0 anti-PO—H,0 EO-H;0
Fourier transform microwave spectrometer. In all these cases, D. -29.89 -29.80 -28.99
only the lowest energy conformer could be detected experi- Z;PE g-i’g g-gg g-gi
menFaIIy. ngh-resolutlon spegtroscopy of theP@at.er adduct Do = (De + AZPE) 2171 21.60 20.45
provides us with the opportunity to probe the possible conform-  p, + 50%cP -18.20 -18.20 -17.04

ers in great detail and to examine the effect of the methyl group
on the stability of the @oxy**H—O type hydrogen bond by

comparing them with the closely related E@ater adduct. agreement with the experimental finding, while thesammen
form was found to be a saddle point that is 6.7 kJ/mol higher
Ab Initio Calculations in energy than thentgegerform 5 It is interesting to note that

this preference already shows up in the-B®0O, 1,4-Dioxane-
H,0, and tetrahydropyran4® complexes, by considering just
the dipole-dipole interactiort. Based on the MP2/6-3#1+G-
(d,p) geometries, we calculated the dipetBpole interaction

In terms of a conventional hydrogen bond, PO can only act
as a proton acceptor. On the basis of chemical intuition and the
experimental results of other ether-water compléxés?one

s . oSl of the water temeule i on siher sde ENETGIES for thenigegerand zusammeriorms of PO-H,O.
P y ying For anti-PO—H,0, the dipole-dipole interaction favors the

of the ether ring to interact with the lone electron pairs of the .
. : entgegerform over thezusammeifiorm by 1.8 kJ/mol, just as
oxygen atom. To assist the spectral search and assignment, we

carried out complete geometry optimizations using the GAUSS- in the cases of the other three ether-water gomplexes discussed
IANO3?° software package at the level of second-order Mgller ggggﬁrigz::npg_xég’ shtca)l\glee V%r’ trig/ﬁ)rﬁ);sfﬁ;ﬁz;ugdé;he
Plesset perturbation thedty(MP2) with the following basis DY ’ 9eg

shs 6312 G(d )7 ceVDEF and aug VD Two O, TSN onb Spaedole eracion srerges were
minimum energy configurations, namelsynPO—H.0, i.e., ' ) plaust Xxp : : vior 1

H,0 on the same side of the ring as the methy! group, znd steric hindrance effect of the methyl groupsynPO—H,0 that

PO-H,0, i.e., HO approaching PO from the opposite direction prevents the dipole moments of the two subunits to orient in a

of the methyl group with respect to the ether ring, were found S|mf|Iar fasf;lonthas tm EiHZO. or mP%n_tLPS__Ha?' 'ghe
with all three basis sets. Their minimum nature was confirmed P'¢'¢r€nce for inentgegeriorm in syn 2 IS fheretore

by the absence of imaginary frequencies in the harmonic caused by other factors such as the additional secondary
frequency calculations. In addition, geometry optimizations were hydrogen bonds between the methyl group angDHas

also performed for thentgegerand zusammerposition$ of discussed in the later sectiorL _
the nonbonded water hydrogen with respect to the ether ring. T1he MP2/6-313+G** optimized structures of the com-

For both syn- and anti-configurations, thezusammerform plexes are shown in Figure 1 in their respective principal inertial
geometry opt|m|zat|on procedures_ In the study Of_E'QO, 311++G** for the syn- and anti'configurations are listed in

the entgegerform was Ca'cu'ated to be a |Oca| m|n|mum in Table 1. AISO inC|Uded in Table 1 are the baSiS set SuperpOSition
errors (BSSE) calculated with the counterpoise correction

(17) Li, Q.; Wu, G.; Yu, Z.J. Am. Chem. SoQ006 128 1438-1439. method® and the zero-point vibrational energy corrections for
(18) ggg‘ig%té qu ggggfggéé*? Melandri, S.; Favero, P. &.Am. Chem.  these two configurations. It has been shown that a complete
(19) Spoerel, U.; Stahl, W.; Caminati, W., Favero, PGBem. Eur. J199§ 4, basis set extrapolation gives a binding energy that is always
1974-1981.
(20) Gaussian 03, Revision B.01, Pople, J. A., et al. Gaussian, Inc., Pittsburgh, braCkete_d by th_e _B_S_SE co_rrec_ted and uncorrecteq V_é‘ques'
PA, 2003. the previous ab initio investigation of the propylene imingbd

(21) Binkley, J. S.; Pople, J. Ant. J. Quantum Cheml975 9, 229-236.
(22) Krishman, R.; Binkley, J. S.; Seeger, R.; Pople, .AChem. Phys198Q

72, 650—-654. (25) Boys, S. F.; Bernardi, Aviol. Phys 197Q 10, 553-566.
(23) Dunning, T. H., JrJ. Chem. Phys1989 90, 1007-1023. (26) Kim, K. S.; Tarakeshwar, P.; Lee, J. €hem. Re. 200Q 100, 4145~
(24) Woon, D. E.; Dunning, T. H., Jd. Chem. Phys1993 98, 1358-1371. 4186.
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Table 2. Predicted Rotational Constants and Dipole Moment
Components of the Two Conformers of the PO—H,O Complex at

Table 3. Experimental Transition Frequencies (MHz) of the
syn-PO—H,0 and anti-PO—H,0 Conformers

the MP2/6-311++G(d,p) Level of Theory

'
Jiake = J " karke:

syn-PO-H,0

anti-PO-H,0

syn-PO-H,0 anti-PO-H,0

1o1 — Ogo 5388.4336 (16) 4362.0899 (44)
A/MHz 6047.94 9488.04 10— lo1 7398.3921 (60)
B/MHZ 3082.87 2310.28 111 — Ogo 8415.9695 {-19) 11559.4636 (61)
C/MHz 2385.19 2112.86 130 — Ogo 9098.9856 {12)
UalD 2.04 1.79 202— 1o 10673.6683 (10) 8719.8967 (26)
/D 0.25 0.29 211— 110 11459.526430) 8925.1946 (26)
uc/D 0.06 0.08 21— 1 10093.5815 (26) 8523.21160)
21— 202 7603.6870 (29)
21— 1o 13121.1188 (5) 15720.5913 (68)
adduct?” we found that the BSSE tends to overcorrect the gi :12"210 igégglgggg(@) 1;?8332'282%22))
binding energi_es With small basis sets_and that an empirical 50% 3, — 2., 15767.1860 (9) 13069.1687 (23)
BSSE correction gives a better estimate of the dissociation 31— 21 17118.8105¢12) 13384.7918+t4)
energies. Therefore, a 50% BSSE correction was also used here. 213 - 212 ig%g-%gé&? 1532217-22233556))
; ; 22— £21 - -
The calculated results for E@water are also listed in Table 1 31— 303 5848.0459 (25) 7919.3155 (56)
for comparison. While the uncorrected binding energyshaw 31— 312 8628.6532 (0)
PO—H,0 is 7.5 cnmt! more than that o&nti-PO—H-0, the final 404 — 303 17405.7149 (16)
corrected binding energies are the same for the two conformers. 313 B gm gggg'z%gg gg
Therefore, we do not know a priori which conformer is more 432_ 312 10692.1989 (72)

stable and will be observed experimentally. Both conformers
of the PG-water adduct are predicted to be more strongly bound
than the EG-water complex. and c-type transitions. Indeed, a few wedk and c-type

The MP2/6-31%+G** rotational constants and dipole mo-  transitions were detected. The measured rotational transition
ment components for the normal isotopomers of the twe-PO  frequencies foisynPO—H,0O andanti-PO—H,0 are listed in
H,O conformers are given in Table 2. Thati-configuration Table 3. Although no Stark measurements were carried out for
was predicted to be a near prolate top withs —0.946, while these complexes, we were able to get a rough estimate for the
the synconfiguration is a fairly asymmetric top with = magnitudes of the dipole moment components using the
—0.619. The large difference between the two sets of rotational optimized microwave excitation pulse widths and the known
constants suggests distinguishable spectral pattern for the twadipole moment of OCS (0.7149 B).The magnitude of the
configurations. The prominent dipole moment component lies a-dipole moment component is aliduD for both conformers.
along thea-axis and the magnitudes of the and c- dipole The magnitudes of thie- andc-dipole moment components are
moments were predicted to be considerably smaller for both estimated to be in the order of one tenth of Debye with the
conformers with all three basis sets. The detailed results from b-dipole moment component being slightly larger. The above
the ab initio calculations with all three basis sets and for the observations are in accord with the MP2/6-3HG(d,p)
deuterated species are summarized in Table S1, available asalculations. No splittings due to the internal rotation of the
Supporting Information. methyl group were observed feynPO—H0 or foranti-PO—
H,O. On the other hand, fairly narrow tunneling splittings of
less than 2 kHz were predicted fsynPO—H,O and less than

A molecular beam Fourier transform microwave spectronféter, 10 kHz for anti-PO—H,O with the XIAM internal rotation
operated in the frequency region between 4 and 26 GHz, was used inprogram3® assuming that the barrier height remains the same
this study. The estimated uncertainty of the frequency measurementsas in the monomer. Therefore, no concrete conclusion can be

for the well resolved peaks i1 kHz. At room temperature, a gas  reached about the methyl internal rotation barrier height from
mixture of 0.14% HO and 0.14% PO (99%, Aldrich) in 5 bar neon the present study.

(Praxair) was expanded through a pulsed pinhole nozzle (General Valve The searches and assignments for the other isotopomeric

Series 9). The effective rotational temperature in the expansion was . .
) P P species followed the procedure described above. A summary

estimated to be lower than 1 K. Isotopically enrichegDD(99.8%, e . . .
Cambridge Isotope Laboratories) was used for the investigation of the of all the measured transition frequencies of the minor isoto-

DO containing isotopomers. The spectra of the isotopomers containing POMers are provided as Supporting Information in Table S2.
partially deuterated water were obtained in the same experiments with Small splittings of a few to about twenty kHz were observed in
the D,O sample because the fast proton exchange betwg@nabd a number of transitions of the D containing isotopomers. These
the residual HO in the sample reservoir produced sufficient amount are due to the quadrupolar deuterium nucleus/nuclei (nuclear
of DOH after a few hours. spin quantum numbép = 1). No attempt was made to analyze
these hyperfine structures in detail because the splittings were
only partially resolved in most cases. The transition frequencies
Initial spectral searches were carried out for the stratype of the most intense components were used in the rotational fits
transitions for the normal isotopomers of both conformers basedin these cases. The uncertainties in these transition frequencies
on the ab initio predictions. Rotational transitions withp to were estimated to b&-5 kHz.
4 andK, up to 2 were found and assigned. The initial fits with  The measured rotational transition frequencies of all the
the a-type transitions were used to predict the much weaker  isotopomeric species were fitted with Watsor8seduction

2The residuals (obs-calc) in parentheses in units of the last digits.

Experimental Section

Rotational Spectra

(27) Su, Z.; Xu, Y.Phys. Chem. Chem. Phy2005 7, 2554-2560.
(28) Xu, Y.: Jajer, W.J. Chem. Phys1997 106, 7968-7980.

(29) Dijkerman, H. A.; Ruitenberg, GChem. Phys. Lettl969 3, 172-174.
(30) Hartwig, H.; Dreizler, HZ. Naturforsch A1996 51, 923-932.
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Table 4. Experimental Rotational and Centrifugal Distortion
Constants of the Parent and the Deuterated Isotopomers of the
syn-PO—H,0O Conformer

PO-HOH PO-DOH PO-HOD PO-DOD
A/MHz 6063.2695 (A 6051.271 (1) 6047.92(4)  6036.849 (1)
B/MHZ 3035.7424 (4) 2994.1636 (7) 2873.0355(8) 2837.4176 (7)
CIMHz 23527137 (4) 2328.2062 (7) 2254.4995 (7) 2232.9386 (7)
D, /kHz 5.99 (2) 5.76 (2) 4.93(3) 4.80 (2)
Di/kHz 4152 (5) 40.0 (2) 39.7 (5) 35.7 (2)
Dk /kHz —88.6 (2) —88.6() —88.6()° —88.6 ()P
di/kHz — —1.67 (1) -1.66(2) —-131(22 -120(2)
dp/kHz ~ —0.594(7) —034(4) —031() —0.31(4)
Nd 15 10 7 10
o lkHz® 1.5 0.7 2.4 2.0

Figure 2. Definition of the H-bonding parameters for tsgnPO—H,0
(left) and theanti-PO—H,0 (right) conformers.

a Standard error in parentheses are expressed in units of the last digits.Table 6. Experimental and MP2/6-311++G(d,p) Hydrogen Bond

bFixed at the corresponding value of the parent speéiExed at the
corresponding value of the DOD specié®lumber of transitions in the
fit. ®rms deviation of the fit.

Table 5. Experimental Rotational and Centrifugal Distortion
Constants@ of the Parent and Deuterated Isotopomers of the
anti-PO—H,O Conformer

PO-HOH PO-DOH PO-HOD PO-DOD
AIMHz 9478.8538 (4)  9446.634 (1) 9394.77 9356.674 (1)
B/IMHZ 22815644 (2) 2248.9839(9) 2177.438 (1) 2149.6736 (5)
C/MHz 2080.5421(2) 2054.3828(8)  1993.6911(8) 1969.9105 (4)
D, /kHz 5.237 (5) 4.954(6) 4.67(3) 4.253 (8)
D /kHz ~ —39.23(3) —365(1) —215(3) -33.7 (1)
di/kHz ~ —1.015 (4) —~1.13(4) 0.01917(4)  —0.53 (1)
da/kHz ~ —0.270 (7) —35(9) —027()  —0.27()

Ne 19 12 6 11
olkHz' 4.4 3.0 3.3 7.3

aDk was fixed at 0.0 for all isotopomers. See text for discussion.
b Standard error in parentheses in units of the last digfsxed at the
corresponding value from the MP2/6-323G(d,p) calculations? Fixed
at the corresponding value of the parent isotopofiRiumber of transitions
in the fit. frms deviation of the fit.

Hamiltonian in itsl™-representatiof! The resulting spectroscopic
constants are summarized in Table 4$gnPO—water and in
Table 5 foranti-PO—water. In the case anti-PO-water, there
is not enough information to fit botA and Dx because the
system is a near prolate top. Therefore,Eevalues were fixed

Structural Parameters of the PO—H,O Complex, Together with the
Experimental Values of the EO—H,0O Complex for Comparison

syn-PO-H,0 anti-PO-H,0 EO-H,07?

exp. theo. exp. theo. exp.
r/A 1.908 (7) 1.905 1.885(2) 1.900 1.92 (1)
7 /deg 110 (1) 1154 103.7 (3) 106.7 103 (1)
¢ Ideg 177 (2) 158.2 161.7 (6) 153.1 163 (2)
61 /deg 80.0 (9) 80.1 —-945(4) —89.3 90.0
6, /deg -10.00 —10.0 51 (5) —-0.3 0.0
63 /deg —157 (9) —168.6 —233(4) —179.4 —180.0
Rewm /AC 3.15 3.105 3.45 3405 2.84
O(ring-Oepoxy**H) 112 117.1 104.3 106.7 103

/deg

aref 5. Thed angles are fixed by the symmetry of the complegixed
at the corresponding to theoretical value. See text for dét@ilculated
from the respective derived structures.

rotational constants in the structural fitting procedures. In these
fits, the structures of water and PO were assumed to be
unchanged upon complex formation and the experimental
structural parameters for watéand PG? were used. This is a
reasonable assumption since the ab initio calculations suggested
little changes of the structures of the two monomers upon
formation of the complex. Six additional structural parameters
(defined in Figure 2) are needed to describe the relative
orientations of the two monomers. These are the three param-

the fits foranti-PO—water in Table 5 are therefore slightly larger
than for synPO—water where all five quartic centrifugal

bond length Quoxy**H), T (H(Cm—Oepoxy **H)), andfy (O(Co—
Cm—Oepoxy**H)); the two parameters for the O atomp

distortion constants were fitted independently. Some distortion (5(Q,oxy+*H—0)) and 6 (0(Cin—Oepoxy**H—0)); and the
constants of the minor isotopomers had to be fixed at the gihedral anglefs (0(Oepoxy**H—0O—H)) for the nonbonded
corresponding values of the normal or related isotopomers duepydrogen atom. G denotes the midpoint of the,€Cs bond.
to the less extensive data available. In general, the MP2 |, the case obynPO—H,0, 6, was fixed at the ab initio value

calculations with the 6-3Ht+G(d, p) basis sets gave the best

during the structural fit. The results are reported in Table 6,

agreement with the experimental rotational constants, with together with the corresponding values from the ab initio

consistent deviations for all isotopomeric species of syt

calculations for comparison. To facilitate comparison with other

andanti-configurations. The largest deviation is about 1.5% with - ether-water complexes, the values fal(ring-Oepoxy**H) and

MP2/6-311+G(d, p), whereas the deviation is 8.5% with MP2/
cc-pVDZ and 5.4% with MP2/aug-cc-pVDZ. Similar behavior

Rcwv were then calculated from the obtained structures of both
conformers and are also listed in Table 6. From Table 6, one

has also been observed for non-hydrogen bonded van der Waalgan see that the intermolecular hydrogen bond ariglemg-

complexes, e.g., cyclopropane-&Owhere the largest deviation
is only 1.3% with MP2/6-31%+G(d, p).

Structural Analyses

Ocpoxy **H) and¢ are similar foranti-PO—H,0 and EG-H,0.
This is not surprising because the additional methyl group is
on the opposite side of the hydrogen bondaimti-PO—H,0.
Therefore, the effect of the methyl group is not expected to be

To analyze the relative orientation of the two subunits in the §3matic. In contrast. the hydrogen bond anggle much closer
respective structural conformers, we used the experimentaly, linearity forsynPO—H,0 as compared tanti-PO—H,0 and

(31) Watson, J. K. G. InVibrational Spectra and Structure: A Series of
Advances Durig, J. R., Ed.; Elsevier: New York/Amsterdam, 1977; Vol.
6, pl.

(32) Su, Z,; Tam, W. S.; Xu, YJ. Chem. Phys2006 124, 024311/%-9.
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Table 7. Comparison of the H-Bonding Force Constants, histamine3” They found that the thermal equilibrium of the

ggﬁ:gm?ngglggﬁﬁgifssé and Binding Energies for Several Water conformers prior to jet expansion was preserved if the inter-
conversion barriers were high enough. In the cases of the much

less strongly bound rare gas van der Waals clusters, dramatic

syn-PO-H,0 anti-PO-H,0 EO-H,0? H,0-H,0°¢

kS/ijl 8.9 5.0 7.3 10.8 isotopic enrichments were report&d-or example, transitions
ydem 1 105 79 98 143 2

AE/kJ mol-t 72 5.0 4.9 8.0 of 22NeyAr (0.64% abundance) were found to be stronger than
UnamfCm ! 177 177 198 166 those of?Ne??NeAr (16% abundance). For the systems with

] ] such low binding energies, the repeated dissociation and
aThe harmonic frequencies were calculated based on the MP2/6-

311++G(d,p) geometries and are scaled by a factor of (@alculated refo_r_ma_ltlon I_n t_he _mo!eCUIE_‘r eXpanSIOU proce_ss Ie‘?ds to an
using the experimental results from ref&alculated using the experimental  €quilibrium distribution in which the heavier species with lower

results from ref 36. zero-point energy is greatly enriched at the low temperature
achieved in the expansion. We expect the dissociation and
recombination effect to be small for the much more strongly
The intermolecular hydrogen bond strength can be measuredbound hydrogen bonded P&,0. At the preexpansion tem-
using the corresponding stretching force constant estimated withperature of 298 K, an abundance ratio~e2.4:1 is calculated
a model developed by Read efélThe experimental rotational  for syn vs anti-PO—H,0 from the experimentally estimated
and centrifugal distortion constants were used in é#ta energy difference of 2.2 kJ/mol. At the very low temperature
calculate the stretching force constant, provided that the of 1 K in the molecular expansion environment, there would
stretching coordinate is near-parallel to thexis. In the cases  be only a negligible amount cdinti-PO—H,0 if there were
of the two PG-H,0 conformers, this condition is approximately  significant collisional relaxation. The detection of both conform-
satisfied because the angle between drexis and the inter-  ers with comparable intensities suggests that the interconversion

Conformational Stability and Hydrogen Bond Strength

molecular O-+-H bond is 20.4 and 18.8 for the syn-andanti- barrier between these two conformers is high enough to
configurations, respectively, based on the ab initio calculations. minimize the effect of collisional relaxation. A possible transi-
In eq 1,u is the reduced mass of the compl&x,C andD, are tion state, connecting these two conformers where the water
the spectroscopic constants listed in Tables 4 and 5Rapds molecule lies in the ring plane, was identified in the ab initio

the separation between the centers-of-mass of the two subunitscalculation. It is a first-order saddle point with one imaginary
listed in Table 6. The related vibrational frequengycan be frequency of—193 cn1?, corresponding to the out of plane
calculated using eq 2. The binding energyAE can then be wagging motion of the water moiety. Theyxy+-H hydrogen
estimated using eq 3, assuming a Lenraldnes potential  pond length was calculated to be 2.252 A and the raw binding
function3® The results are summarized in Table 7 together with energy for this transition state is19.88 kJ/mol, at the MP2/

the corresponding values for E®,0° and HO—H;0.% The 6-311++G(d,p) level. The barrier height was estimated to be

harmonic frequencies from the MP2/6-3#+G(p,d) calcula- 800 cn. One would therefore expect the abundance ratio
thﬂS, Scaled W|th altl empll’lca| faCtOI’ 097, are aISO |nC|Uded n at the preexpansion temperature to be approx|mate|y preserved
Table 7 for comparison. in the beam environment. This is roughly consistent with the

experimentally observed intensity ratio of about 1.8:1.

We further examine the intensity ratio for the D- and
H-bonded isomers in the HOD containing P@ater complex.

ks = 167" (uRy) (B + C)? + 2(B* + CIhD, (1)

vg = 1/27(kgfu)" (2) In the hydrogen bonding molecule-water complexes, the D-
bonded species is often substantially enriched in the jet
AE = (1/72)<SRCM2 (3) expansion because of its lower zero-point energy and the
collisional relaxation through the tunneling motion that inter-
The ratio of the values d; for syn-andanti-PO—H,0 is ~1.8 changes the D and H atoms of water. For example, only the
and~2.0 for syn-andanti-PO-D,0, indicating that the ©- D-bonded isomer was detected in 1,4-dioxane-D®knd a
H—O intermolecular hydrogen bond is weaker for theti- 3:1 ratio in favor of EG-DOH over EG-HOD,> was reported.

configuration than for theynconformer. This agrees qualita- ~ The differences in zero-point energies between H- and D-bonded
tively with the fact that higher intensities were observed for all species are-0.88 kJ/mol forsynPO-water and-0.86 kJ/mol

isotopomers oBynPO—H,0 than for the correspondinanti- for anti-PO-water, almost the same as for E@,0. This
PO—H,0 isotopomers. means an abundance ratio-ef..4:1 for the D-bonded species
The order of stability for the three complexessignPO— over H-bonded species at the preexpansion temperature of 298

H,O > anti-PO-H,0 > EO—H,0, according to the experi- K, for synPO-water, anti-PO-water, and EGwater. The
mentally estimated binding energieAHs). The relationship ~ experimental intensity ratio for PEDOH over PC-HOD s
between the experimentally observed intensities of different about 1.5:1, indicating that very little collisional relaxation
conformers in a molecular beam environment, their relative through the hydrogen tunneling motion occurs for-Réater
stabilities, and the interconversion barriers between them werein the jet expansion. The presence of a relatively high barrier is
discussed in details by Godfrey et al. for glycolic acid and further supported by the fact that no tunneling splitting due to
H,0 was detected experimentally for P®,O. Additionally,

(34) Read, W. G.; Campbell, E. J.; Henderson,JGChem. Phys1983 78,

3501-3508.
(35) Bettens, R. P. A.; Spycher, R. M.; Bauder,Mol. Phys 1995 86, 487— (37) Godfrey, P. D.; Rodgers, F. M.; Brown, R. D. Am. Chem. Sod.997,
511. 119 2232-2239; Godfred, P. D.; Brown, R. 0. Am. Chem. Sod.998
(36) Dyke, T. R.; Mack, K. M.; Muenter, J. S. Chem. Physl977, 66, 498— 120, 10724-10732.
510. (38) Xu, Y.; Jmer, W.J. Chem. Phys1997, 107, 4788-4796.
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the observed intensity ratios suggest that the tunneling barrierstructural conformers, i.esynPO-H,O and anti-PO—H,0,

is higher for PG-water than that of E©water. were detected experimentally. The conformational stability and
The above discussions indicate that the intermolecular the hydrogen bond strength of the P8,0 conformers were

hydrogen bond irsynPO-H,O is stronger and the monomer  gstaplished using the experimental spectroscopic constants based

subuni':]s a(ﬁfmore rigigly locked in their posit(ijons thaninEO 4, 5 pseudo-diatomic model and were further discussed using

HZ0O. The diiferences etwe‘ﬂT"“'P: H0 an E(}.HZO’ ON " the derived structures. The barrier to interconversion between

the other hand, are less prominent. We attribute this observation L . . -
the two distinct structural minima was evaluated with ab initio

to the additional stabilizing effect of the methyl group to the lculati ddi din t f the ob d intensiti
hydrogen bond and examine the roles of the weak secondaryCa culations and discusse |n. .elrms 0 .e 0, served intensities
of the two conformers. A stabilizing contribution of the methyl

H-bonds, i.e., the bD+-*H—C noncovalent interactions, in these
complexes. In theyrrconfiguration, the intermolecular distance  9roup to the intermolecular hydrogen bond was demonstrated
of H,O++*H—CH;, is 2.71 A, considerably shorter than 3.06 A Wwith the experimental observations.

for H,O--*H—CH. The intermolecular separations op®i--
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decrease in the €H bond length when the €H bond gets
involved in the hydrogen bond. This is manifested in $ye

PO—H,0 species where the bonded and the nonbondeH C Supporting Information Available: Completion of the ref
bond lengths in KO--*H—CH, are 1.092 A and 1.094 A, 20. Summary of the detailed calculation results with all three

respectively, from the MP2/6-331+G(d,p) ab initio calcula- basis sets for the normal and deuterated species. Summary of
tions, in good agreement with the average shortening of 0.002 all the measured transition frequencies of the minor isotopomers.
A as reported in those studigs. Cartesian coordinates for the two configurations of the-PO
H,O complex obtained with the ab initio calculations. This
material is available free of charge via the Internet at
http://pubs.acs.org.

Conclusions

The PO-water complex was investigated using rotational
spectroscopy and ab initio methods for the first time. Two
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