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Abstract: The oxirane—trifluoromethane dimer generated in a supersonic expansion has been characterized
by Fourier transform microwave spectroscopy. The rotational spectra of the parent species and of its two
13C isotopomers in combination with ab initio calculations have been used to establish a Cs geometry for
the dimer with the two monomers bound by one C—H---O and two C—H---F—C hydrogen bonds. An overall
bonding energy of about 6.7 kJ/mol has been derived from the centrifugal distortion analysis. The lengths
of the C—H-+-O and C—H-+-F hydrogen bonds, r(O-:-H) and r(F---H), are 2.37 and 2.68 A, respectively.
The C—H:--F—C interactions give rise to the HCF; internal rotation motion barrier of 0.55(1) kJ/mol, which
causes the A—E splittings observed in the rotational spectra. The analysis of the structural and energetic
features of the C—H---O and C—H---F—C interactions allows us to classify them as weak hydrogen bonds.
Ab initio calculations predict these weak interactions to produce blue shifts in the C—H vibrational frequencies

and shortenings of the C—H lengths.

Introduction

is generally observed. Because of this inversion in the frequency

So much scientific interest has been dedicated during pastShift. WHB has also been called, erroneously, an anti-hydrogen
years to the weak hydrogen bond (WHB), a noncovalent bond!13 Several authors view conventional and “improper

interaction which manifests itself in myriad ways in structural

H-bonds” as similar in nature, being red or blue shifted as a

chemistry and biology, that this topic deserved recently the consequence of the balance between opposite factots.

publication of a booK.Several weak proton donors and proton

acceptors, whose interaction energies are within a few kJ/mol,

have been considered and classified there. TReHG-O,
C—H---N, and C-H---x interactions appear to be the most

The experimental information on WHB interactions used in
ref 1, mainly from solid state or solution investigations, is
contaminated from other intermolecular interactions which take
place in condensed phases. The gas-phase investigations are free

important ones in solvation processes and in biological and from such effects and can give more details on specific or local

supramolecular chemistry; the-®1---halogen interactions are
of importance in atmospheric chemistry.

interactions'® In the case of rotationally resolved experiments,
the obtained data are generally so reliable and precise that they

There have been some disputes on the classification of theare used as benchmarks to test various theoretical approaches.

WHB, either as a real H-bond or as a van der Waals

Only a few such high-resolution investigations are available on

interaction2—* Several recent papers agree in considering the WHB. The three G&H-:-F—C WHB interactions of the difluo-

WHB as a “true” H-bond~7 An alternative nomenclature for
WHB is “improper blue shifted H-bond®;1° because, in
contrast with “normal H-bonds”, an increase of the frequency
of the C—H stretching (blue shift) upon formation of the H-bond

T Universidad de Valladolid.
* Dipartimento di Chimica “G. Ciamician” dell'Universita
(1) The weak hydrogen bond in structural chemistry and biold)Cr
Monographs on Crystallographesiraju, G. R., Steiner, T., Eds.; Oxford
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romethane dimer have been characterized from its pure rotational
spectrum® Each G-H---F—C interaction was estimated to have
an energy of about 2.2 kJ/mol with a blue shift of the-l&
stretching in the range £21 cntl. Similar detailed information

has been obtained on the threelg---O WHB interactions of
dimethyl ether dimet’ The effects of such interactions on the
conformations of the two dimers have been outliteH.
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Trifluoromethane (HCEj and oxirane (gH40) can be thought

as having a double nature as WHB proton donors and acceptors

Table 1. Spectroscopic Constants for Three Isotopomers of
C2H40:*HCF3

The C-H---O interaction in the dimer of HGrand GH4O has
been studied through IR investigation of their 1:1 adduct in
liquid krypton? This work was mainly dedicated to observing
the blue shift of the €H stretching of HCE upon formation
of the G-H---O WHB. Ab initio calculation¥?18 on this

complex were done with the same purpose. In these works, N0 A /kHz

attention was given to the-€H---F—C interactions. This has
been pointed out only recently,at the time we were writing

the present paper. Because no gas-phase experimental informas

tion on the GH40---HCF; adduct was available, we decided to
generate it in the supersonic jet of a molecular beam Fourier
transform microwave (MB-FTMW) experiment. This has al-
lowed us to characterize its conformation and therefore to ob-
tain detailed structural information and energetics on the
C—H---F—C and C-H---O interactions from the rotational
spectrum. These results in conjunction with the relatively high
level ab initio calculations reported here constitute significant
information for a better understanding of the relative importance
of these two weak intermolecular interactions. It will be shown
that these interactions are WHB in nature.

Experimental Section

Commercial samples of £,0 and HCF (Aldrich) have been used
without further purification. The spectra of the isotopf€ species
have been measured in natural abundance.

The MB-FTMW spectrum in the-618.5 GHz frequency region was
measured using a molecular beam Fourier transform microwave
spectrometer described elsewh¥ré gas mixture of 2% of gH,O
and 2% HCEin He at a total pressure of 1.5 bar was expanded through
the solenoid valve (General Valve, Series 9, nozzle diameter 0.8 mm)
into the Fabry-Peot cavity. The frequencies were determined after
Fourier transformation of the 8k data points time domain signal,
recorded with 100 ns sample intervals. Each rotational transition is split

C,H,0-++HCF; BCCH,0-++HCF; CoH,0-++HECF,
AMHz 5264.8472(4"  5233.71(35) 5262.63(88)
B/MHz 1177.6737(20) 1161.4756(37)  1173.7663(11)
CIMHz 1096.6055(19) 1081.3947(35)  1093.29738(91)
Py/u A2 63.85777(81 64.3921(47) 63.8609(82)
AykHz 1.4047(68) 1.3891(81) 1.3922(98)

265.49(33) 265.154(98) 263.98(62)
AklkHz ~ —288.5(12) [-288.5F [—288.5]
85kHz 0.1559(41) 0.1603(36) 0.1607(73)
Sx/kHz 133.15(88) 135.9(17) [133.15]
H,ax/kHz 0.0506(23) [0.0506] [0.0506]
Hikk/kHz 0.137(67) [0.137] [0.137]
o9kHz 6.7 42 3.2
Ne 30 24 16

a standard error in parentheses in units of the last dig@s.= (Ia — Ip
+ 15)/2 = Timbi2 Conversion factor 505 379.1 MHz w2A¢ Parameters in
square brackets were kept fixed in the fitms deviation of the fit¢ Number
of fitted transitions.
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Figure 1. Internal rotation of the HC{group: A,E component lines of
the 3 321 transition of the GH4O---H3CF; isotopic species in natural
abundance. In addition, each component is split by the Doppler effect.

6678.25  6678.50

by the Doppler effect due to the coaxial arrangement of the supersonic

jet and resonator axes. The rest frequency is calculated as the arithmetic . . . .
mean of the frequencies of the Doppler components. The estimatedfOSCOPIC constants of Table 1. Besides rotational and quartic
accuracy of frequency measurements is better than 3 kHz. Lines centrifugal distortion constants, some sextic centrifugal distortion

separated by more than 7 kHz are resolvable. parameters have been determined for the normal species. The
high values of the centrifugal distortion parameters are related
to the motions of the two monomers with respect to each other,
as we will discuss later.

The FTMW spectra of ¢H,0--*HCF; were predicted by Following the same procedure, the very weakype spectra
using the rotational constants obtained from model calculations of the monosubstitutet®C isotopomers in natural abundance
of the plausible structures for the compféxAfter wide were assigned and measured. The spectrum of only one
frequency range scans, the spectrum of only one rotamer wasisotopomer of the-3CCH,0-+--HCF; species corresponding to
detected and assigned in the supersonic expansion. Five lines3C substitution within the oxirane subunit was observed. Their
(K-1 from 0O to 2) of theusR band withd = 5 — 4 were lines were 2 times more intense than those corresponding to
assigned in the first stage. Five margR bands withygperin the GHgO-+-H'°CF; species, in agreement with the natural
the range 3-8 were then measured. Finally, we could measure abundances of 2% and 1%, respectively. These observations
five weakeruc-R lines. Noup-type transitions were observed. indicate that the two oxirane carbon atoms are at equivalent
Each rotational transition was split into two A,E components positions in the adduct. As it occurs for the parent species, each
due to the internal rotation of the trifluoromethyl group. The transition line was split into the two internal rotation components
analysis of the A-E splittings will be considered later. The A A E shown in Figure 1. The rotational spectrum was analyzed
component lines have been fitted within tHerdpresentation in the same way as that described for the parent species, and
of Watson’s “A” reduced Hamiltoniaf producing the spec-  the rotational parameters are also collected in Table 1. The
measured rotational frequencies for all isotopomers are available
as Supporting Information.

Rotational Spectra

(17) Tatamitani, Y.; Liu, B.; Shimada, J.; Ogata, T.; Ottaviani, P.; Maris, A;
Caminati, W.; Alonso, J. LJ. Am. Chem. &. 2002 124, 2739.

(18) Cubero, E.; Orozco, M.; Luque, F.Ghem. Phys. Lett1999 310, 445.

(19) Alonso, J. L.; Lorenzo, F. J.; lpez, J. C.; Lesarri, A.; Mata, S.; Dreizler,
H. Chem. Phys1997, 218 267.

(20) Watson, J. K. G. Ivibrational Spectra and Structur®urig, J. R., Ed.;
Elsevier: New York/Amsterdam, 1977; Vol. 6, p 1.
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Figure 2. The sum of the experimental planar momeRis= 5 imiai? of the isolated monomers HG# and oxirané' reproduces the planar mome?y =
Simbi2 of the complex oxirane-HCF; for configuration | or 1.

Conformation and Structure

The spectroscopic constants of Table 1 provide the experi-
mental information needed to establish unambiguously the

symmetry of the heterodimer, based on the following argu- V

ments: (i) The value of the planar momégtfor the complex ¢ 3 >

is virtually unchanged upon tHéC isotopic substitution on the

carbon of the HCEsubunit, which demonstrates that this atom

lies in the ac plane of the complex. (ii) The experimental

observation of two equivalent monosubstitufé@ species in

the GH4O subunit reveals that thax: inertial plane is also a Configuration | Configuration Il
symmetry plane for the complex. (iii) TH#, values Of_ Table_ 1 Figure 3. The two structures of £1;0:--HCF; compatible with the
for the parent, @H,0---HCF;, and the GH,0-+-H*¥*CF; isotopic spectroscopic parameters determined in this work. We show here that
species are consistent with the value 64.052uébulting from configuration I, with one €H--O and two C-H---F—C interactions,
the sum of theP,'s of isolated GH,0%! and HCR.22 Two corresponds to the global minima. A 6éotation around the fluoroform

ibl fi Hi for th | | and II. illustrated i C—H bond converts the molecule to configuration I, with onel&:--O
possible configurations for the complex (I and I, illustrated in and one bifurcated €H---F—C interaction. This form is located at the

Figure 2) arise. (iv) The failure to obserwg-type transitions maximum of the HCFinternal rotation\Vs barrier, representing a transition

is a further indication thadcis a plane of symmetry. The above state for the interconformational pathway.

leads to th_e conclusion_ tha_tzﬂ40"'HCF3 must haveCs From the available rotational constants of Table 1, the

symmetry given that thacinertial plane is the symmetry plane.  positions of the carbon atoms with respect to the center of mass
The experimental rotational constants are consistent with thosewere obtained using the substitution method of Kraitchnf4nn.

predicted for theCs configurations | and Il of Figure 3, both of  The correspondings distances are collected in Table 2. The

them presenting a €H---O hydrogen bond. Configuration |  position of the two subunits with respect to each other is

shows two G-H--F—C interaCtiOﬂS, while Configuration Il determined by the H-bond paramet@'sgi and [O-H shown
shows one bifurcated-€H-+-F---H—C disposition. Both forms  in Figure 4. These were calculated by fitting the nine available
may interconvert by a 60rotation of HCFR around itsCs rotational constants. The determingdalues, along with other

symmetry axis without changing the values of the rotational derived structural parameters, are also shown in Table 2. It was
constants. Unfortunately, no fluorine isotopic substitution is assumed that the structures obHzO?! and CRH22 are

possible to discriminate between the two plausible forms, so
that, although chemical intuition suggests structure | as the most(23) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.

. . - . A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann,
stable, it is not possible to state which of the two structures is R. E.; Burant, J. C.; Dapprich, S.; Millam, J. %A,; D;ynieb, A. D.; Kudin,

i i initi K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
the most §tab|e from the available experimental data. Ab initio R: Monruosi. B Pamll. G Adamo. €. Clifford. S ochtersk. 1.
computations at the MP2/6-335(d, p) and MP2/6-31t+G- Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K;
3 ; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,
(2df, Zp)_ l_evelg es_tabhshed that form | corres_,ponds to the J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, |.;
global minimum while Il corresponds to a transition structure, Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng,

C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.;
Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,
M.; Replogle, E. S.; Pople, J. AGaussian 98revision A.7; Gaussian,
(21) Hirose, C.Bull. Chem. Soc. Jprl974 47, 976. Inc.: Pittsburgh, PA, 1998.

(22) Kawashima, Y.; Cox, A. Rl. Mol. Spectroscl978 72, 423. (24) Kraitchman, JAm. J. Phys1953 21, 17.

with energy differences of 0.72 and 0.90 kJ/mol, respectively.
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Table 2. Structural H-Bond Parameters for C;H,O---HCF3 (See
Figure 4)

Table 4. Internal Rotation Parameters of the Trifluoromethyl
Group in Three Isotopomers of C;H,O-+-HCF3

o rs CoH40++HCF; 13CCH,0-+*HCF; CoH40+++HICF,
ro--lA 2.42(28 re-c/Ac 1.478(6) l/u A2 85.73(25% 85.40(27) 84.58(44)
re-plA 2.74(1p re...c/Ad 3.720(1) O(a, i)"/deg 49.31(10) 50.18(18) 49.31(29)
@ldeg 126(1) O(b, i)/deg [90.0% [89.6 [90.0F
Oldeg 118.4(2) d(c, i)b/deg 40.69(10) 39.82(18) 40.69(29)
O(a, C—H) 56° b AneYMHz 0.68(1) 0.65(2) 0.69(2)
Va/kJ mot? 0.546(4) 0.541(8) 0.545(8)
2 Standard error in parentheses in units of the last difierived o°lkHz 6.7 4.5 3.2

parameterst Oxirane rs C—C bond length in the complefrs C---C
distance between the carbon atoms efi§D and HCE.

Figure 4. Configuration and structural parameters of the global minimum
of C2H40"'HCF3.

Table 3. MP2/6-311++G(2df,2p) Values of the H-Bond
Parameters, Rotational Constants, Electric Dipole Moment
Components, and BSSE Corrected Dissociation Energy of
C,H40---HCF3

H-bond parameters spectroscopic parameters

ro-ul/A 2.367 AIMHz 5362
re-n/A 2.683 B/MHz 1219
@ldeg 128.6 CIMHz 1129
fldeg 116.5 us/D 2.20
O(a, C—H) 59.7 /D 0
Eg/kJ molt 15.7 udD 0.48

aThe Eq value without BSSE corrections is 21.6 kJ mol

unperturbed upon formation of the complex as has been
experimentally proveR226 This assumption is supported in this
case by the concordance of the oxirag€—C bond length in
the complex (see Table 2) with that of the isolated molecule of
1.465(2) A2t

The results of the ab initio MP2/6-31HG(2df, 2p) calcula-

tions are presented in Table 3. The predicted rotational constants
and structural parameters are in excellent agreement with the

experimental values given in Tables 1 and 2, while the relative
values of theu, and u. dipole moment components are in
agreement with the intensities of the observed lines.

Internal Rotation of the HCF 3 Group

All of the measured transitions were split into two AE
component lines due to the hindered internal rotation of the
HCF; group. Figure 1 shows the splitting details for thes3
21 > transition of the GH,40---H3CF; isotopic species, measured

(25) Antolinez, S.; Lg@ez, J. C.; Alonso, J. LChemPhysCher001, 2, 114.
(26) Sanz, M. E.; Sanz, V. M.; lgez, J. C.; Alonso, J. LChem. Phys. Lett.
2001, 342 31.

a Standard error in parentheses in units of the last digjif(g, i): angle
between the inertial axeg = a, b, ¢ and the internal rotation axis
¢ Parameters in square brackets were kept fixed in the fit to values calculated
from ther, structure of Table 29 Vibrational spacing between the E and
A sublevels of the ground statéStandard deviation of the fit.

in natural abundance. The 62 measured internal rotation
splittings are collected in Table 1 of the Supporting Information.

The A—E splittings have been used to determine the internal
rotation parameter®, that is: (i) thel, moment of inertia of
the HCF; top; (i) the angles that the rotation axis of the HCF
top forms with the principal axes of inertia of the complex;
(i) the Aag vibrational spacing between the E and A sublevels
of the ground state; and (iv) thé; barrier to internal rotation
of the HCF; top. All of these parameters, together with the
standard deviation of the fit, are collected in Table 4 for the
three isotopomers. The values of the determined internal rotor
moment of inertia (see Table 2) are slightly smaller than the
corresponding moment for the isolated H@F89.23(2) u &.22
This confirms that the motion responsible for the B splittings
is essentially the rotation of the HE@Igroup around an axis
close to itsC3 symmetry axis.

As depicted in Figure 3, a 80nternal rotation of the HC{
group converts the global minimum configuration | into the
transition state configuration Il. Hence, the-8---F—C inter-
actions can be thought to be the cause of the experim¥gtal
barrier of 0.546(4) kJ/mol, which represents the energy differ-
ence between forms | and I, that is, the difference in energy
between two GH---F—C interactions and one bifurcated
interaction C-H--+F--*H—C. This value is smaller than the
predicted ab initio values, 0.72 kJ/mol at the MP2/6-811
G(d, p) level and 0.90 kd/mol at the MP2/6-31-1G(2df, 2p)
level. The experimental and ab initi values are in reasonable
agreement, taking into account the different approximations
made both in the treatment of the experimentalFAsplittings
and in the computational methods. This agreement supports the
hypothesis that structure | corresponds to the global minimum
of C,H4O-+-HCFs.

The internal rotation structural parameters given in Table 4
can be also compared to those of Table 2, derived from the
experimental rotational constants. The angi@, i) = 49.3,
which defines the orientation of the internal rotor axis with
respect to the principal inertial axis, is comparable to thg
angle O(a, C—H) = 56°, defining the orientation of the
trifluoromethane GH bond. However, the small discrepancy
suggests that the internal rotation of HC&ccurs around an
axis not exactly coincident with it€3 symmetry axis. The ab
initio geometries calculated for the global minimum I and the
transition structure Il agree with such a description of the fICF
internal rotation. Thus, the anglé(a, C—H) is calculated to

be 59.7 for the global minimum (I) and 43°&or the transition

(27) Woods, R. CJ. Mol. Spectrosc1966 21, 4.
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structure (I). The oscillation of the anglé(a, C—H) during a that thero...4 andrg...y distances in eH40---HCF; are within

60° internal rotation is also consistent with the observed value the range typical for WHB lengths.

of o, smaller than the correspondigmoment of inertia of It is claimed that one of the main structural characteristics of
isolated HCE. the hydrogen bond is its directionality2 On the proton donor
side, the directionality manifests itself as a preference for
linearity (¢ = 18C°) of the A—H---B group. However, even for

Six low energy vibrational modes are originated by the moderate hydrogen bonds, the linearity is lost when secondary
formation of the dimer, because the three translational and thejnteractions bend the AH---B fragment. This occurs for

three rotational degrees of freedom of one subunit disappear.c,H,0---HCI33 (§ = 163.5) or oxetane-HCI3 (6 = 168)
We already could separate one of these motions, the internalyhere G-H---Cl secondary interactions take place. This non-

rotation of the HCE group, from the remaining five, and we  |inearity is more pronounced as the hydrogen bond is weakened,
obtained considerable information on it. The stretching of the a5 it happens for the seriesHO-+-HCNS® (9 = 176°) and

centers of mass of the two constituent molecules can also be,c,H,0---HCCH?! (6§ = 15C°), with the same kind of weak
in a first approximation, separated from the other vibrational c—H...z secondary interactions. The marked nonlinearity of
modes. The remaining modes can be thought of as two bendsshe C—H---O bond ¢ = 118.4) in C,HO-+-HCF; is an
and two residual internal rotations of the two moieties with jndication of the importance of the-€H---F—C interactions.
respect to each other. For asymmetric top complexes in which The nonlinearity of the €H-+-O bond is indeed comparable
the stretching coordinate is near-parallel to the inediakis to that of the G-H---F—C bonds [JC—H-F = 121.7),
(condition nearly fulfilled for GH4O---HCF;, see Figure 4), the  suggesting that all three bonds have the same nature and have
stretching force constark{ can be estimated by approximating  pinding energies that are similar in magnitude.
the complex_to a molecule made of two _r|g|d parts. Thls_ can be Hydrogen bonds are also directional at the proton acceptor
done by using the so-called pseudodiatomic approximation, giqes2 From this point of view, the directionality of hydrogen
expressed by the equatiéh: bonds can be identified with the orientation of electron lone
air domains. The observation of axial and equatorial hydrogen
k= 167" (upRow) 4By + 4C5" — (By — Cp)*(Bp + Cp)Y/ Eond complexes in tetrahydropyraX,25-36 pcclantamethy)lleneg
(hDy (2) sulfide-++HX,37 and thietane-HX3® (X = F, Cl) in which HX
points to the nonequivalent lone pair domains of the acceptor
where the suffix D stands for “dimer”. S, Bp, andCp are  atoms (Y= 0O, S) is conclusive experimental evidence of the
the reduced mass and tBeand C rotational constants of the  proton acceptor side directionality of the hydrogen bond. The
dimer.Rem andD; are the distance between the centers of mass c—H.-.0 interaction in GH,O---HCF; corresponds to that
of the two monomers and the first-order centrifugal distortion pjcture. The trifluoromethane-€H bond is located in the plane
constant, respectively. The valug = 6.0 N/m has been  pjsector to the COC angle, points to one of the two equivalent
obtained. The dissociation enerdyp] has been evaluated to  |gne pair domains of the oxygen atom, and keeps essentially
be 6.7 kJ/mol by assuming a Lennard-Jones potential function, thjs orientation during the internal rotation of the H@Roiety

Dissociation Energy

using the approximate equatiéh: in the complex. The angle = 126, defining the proton
5 acceptor directionality of €H---O, is nearly equal to that
Ep = (L/72KkRey @ observed for gH40--*HCN (¢ = 128)3% but is larger than the

L . o ) angles determined for complexes ofHzZO with strong proton
The ab initio dissociation energy, corrected for basis set j, 05 as HCl ¢ = 103.2) or HF (¢ = 108.2).3 This is

superposition error (BSSE) using the counterpoise procedureqqnsistent with the idea that proton acceptor directionality is

and including fragment relaxaticfiis given in Table 3. The  gufior for weak hydrogen bonds.The corresponding angle
predicted value is more than 2 times the value calculated from defining the proton acceptor directionality for the-8++-F—C

the experimental data. We believe that eurexperimentally
related — value, even if rough, is more reliable than the
theoretical value.

hydrogen bond i§1IC—H---F = 108, also close to a tetrahedral
arrangement at the F atom.

The dissociation energy of8,40---HCF; has been evaluated
Nature of the C —H-+-O and C—H---F—C Interactions to be 6.7 kJ/mol. If the three-€H---O or C—H---F—C linkages

The nature of the €H---O and G-H-+-F—C interactions in which stabilize the adduct_ were equal, such a dissociation energy
the GH40---HCF; complex can be inferred from the structural would correspond to a blncﬂng energy of abou_t 2.2 kJ/m_oI for
and energetic criteria usually employed to identify and classify each of the weak bonds. This value coincides with that gstlmated
the hydrogen bonds within their different categofieShe for each of the three €H-+-F—C bonds (2.2 ky/mol) in the
ro..n distance is comparable to those found for dimethyl ether

N (32) Steiner, TAngew. Chem., Int. EQ002 41, 48.
dimer (o..n = 2.53, 2.65 A} and almost equal to that found  (33) Legon, A. C.. Rego, C. A.; Waliwork, A. LJ. Chem. Phys1992 97,
~ 31 3050.
for the Complex, €H40 ,HCCH (ro"'H 2.4 A) In the same (34) Antolinez, S.; Lpez, J. C.; Alonso, J. LChem. Phys. Lett2001, 334,
way, therg...4 distance is very close to the values found in the 250.
i i — 6 (35) Cosleu, J.; Lister, D. G.; Legon, A. CChem. Phys. Letfl994 231, 151.
difluoromethane dlmewé"'“ 2.64,2.77 A)l These data show (36) Antolinez, S.; Lpez, J. C.; Alonso, J. LAngew. Chem., Int. EA.999 38,
1772.
(28) (a) Millen, D. J.Can. J. Chem1985 63, 1477. (b) Campbell, E. J.; (37) (a) Sanz, M. E.; Lpez, J. C.; Alonso, J. LChem.-Eur. J1999 5, 3293.
Henderson, GJ. Chem. Phys1983 78, 3501. (b) Blanco, S.; Lesarri, A.; Lpez, J. C.; Alonso, J. LChem.-Eur. J2002
(29) Bettens, R. P. A.; Spycher, R. M.; Bauder,Mol. Phys 1995 86, 487. 8, 1603.
(30) (a) Boys, S. F.; Bernardi, Mol. Phys 197Q 19, 553. (b) Xantheas, S. S. (38) (a) Sanz, M. E.; Lesarri, A.; lpez, J. C. Alonso, J. LAngew. Chem., Int.
J. Chem. Phys1996 104 8821. Ed. 2001 40, 935. (b) Sanz, M. E.; Loez, J. C.; Alonso, J. LChem.-Eur.
(31) Legon, A. C.Chem. Phys. Lettl995 247, 24. J. 2002 8, 4265.
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Table 5. Comparison of Force Constants of the Stretching Table 6. Ab Initio Evidence for C—H Shortening and Blue Shifting
Vibration of One Subunit with Respect to the Other, and of Binding upon WHB Formation in C,H40---HCF3
Energies of C,H40---HCF3 with Those of the Adducts Stabilized by )
WHB So Far Investigated by Rotationally Resolved Spectroscopy Shortening of G-H Bond Lengths Al, A)
kg/N m~1 E4/kJ mol-1 C,H.0 or HCF; C;H40++-HCF3 Al
H,C—=0 dimer 6.2 18 C—Hucrs 1.0859 1.0839 —0.0031
difluoromethane dimér 6.3 6.6 C—Hcamao(HB) 1.0861 1.0856 —0.0005
dimethyl ether dimer 4.7 5.7 C—Hcanao(free) 1.0861 1.0857 —0.0004
d
CoHaO---CRH 6.0 6.7 Blue Shift of C-H Stretchings &v, cm?)
aReference 3% Reference 16° Reference 17¢ This work. C,H,0 or CFsH CoHy0-++CF:H Av
. . . - V) 3223 (A 3273 (A +50°
difluoromethane dimef® and it is very similar to that of the S 3263 ((Blg 3272 gA'g on
C—H---O bonds (1.9 kJ/mol) in the dimethyl ether dimiéke 3249 (A) 3259 (A") +107
believe, however, that in the case ofbHZO--HCF; the 3158 (A) 3165 (A) +7°

3151 (B) 3158 (A) +72

interaction energy of the €H---O H-bond is larger than that
of the C-H---F—C linkages. This consideration is suggested  aThe four normal modes of the-eH vibrations in GH4O have strong
by the fact thatro...y (Co2H40-+-CRH) = 2.42 A is shorter contributions from all four local €H motions. As a consequence, all of
than ro...y (dimethyl ether dimer= 2.53, 2.65 A1,7 while them undergo the effects of the WHB formati®myv is determined
. experimentally to be 24 cm in ref 9.
re-n (CoH40+++CFH) = 2.74 A is equal or larger thark...y
(difluoromethane dimery 2.63, 2.76 At o _ calculations, that both €H-+-O and G-H---F—C interactions
Table 5 compares the force constants and binding energiesmust be classified as WHBs. Previous investigafidas on
of the few molecular complexes, stabilized by WHB interactions, C,H,0—CF;H took into account only the €H---O, but not
studied by rotationally resolved spectroscépy’-**Each WHB the C—H-+-F—C WHB.
does have, rather surprisingly, almost the same value, around 2 (2) We also show that the-€H---F—C interactions are the
kJ/mol. All of these parameters have been obtained from the cause of thevs barrier to internal rotation of the HGfnoiety
centrifugal distortion constari,. in the complex, which we measured with very high precision.
Both structural and energy criteria indicate that the weak (3) It seems that the cooperative effect of some WHBs is
interactions H-C---O and C-H-*-F—C in G;H4O---HCF; dimer required to stabilize the adducts: in all three difluoromethane
are similar in nature to conventional hydrogen bonds and shoulddimer, dimethyl ether dimer, and,8,0—CFsH adducts, three
be 'CIaSSified as a WHB. According to some recent findings, WHBSs are observed. It appears, in addition, that each single
mainly by Hobza and collaboratdtshese WHBs show peculiar  WHB contributes toEp (the bonding energy of the complex)
properties such as a shortening of thekCbond lengths and a by ca. 2 kJ/mol.

blue shift of the stretching frequencies of the-B groups (4) Experimental data from rotationally resolved spectroscopy
involved in the H-bond. To verify these properties fosHa- are typically used as benchmarks to test the reliability of the
O---HCF;, we calculated its geometry and the vibrational various theoretical approaches. The comparison of the results
frequencies, as well as those of isolategHgD and HCE at of relatively high level calculations, such as MP2/6-311G(d,p)

the MP2/6-31%#G(d,p) level by means of analytic Hessian and MP2/6-314+G(2df, 2p) with BSSE corrections, with the
matrix calculations. By comparing the geometries and the experimental data indicates that the ab initio methods are quite
frequencies of the €H groups involved in the HBond, before  good for geometry evaluations, but less precise to estimate the
and after the formation of the adduct, we can observe a blue energies involved in the formation and in the internal dynamics
shift of the corresponding stretching vibrations, and a shortening of the complex.

of the C—H bond lengths, as shown in Table 6. The blue shift We hope, using this investigation as an example, to have
of the C-H bond in HCF; has been observed experimentdlly.  convincingly outlined the role of rotationally resolved spec-

This allows us to classify the HC:-O and C-H---F-C troscopy in obtaining important chemical information.
interactions as improper, blue shifting H-bonds, in agreement
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This is, to our knowledge, the first report at a rotational
resolution level on an adduct stabilized by three weak hydrogen
bonds formed by two different subunits. Detailed information
on the conformation, geometry, energetics, and properties of
the WHBs has been obtained from the jet-cooled rotational
spectrum, combined with ab initio calculations. The most
interesting results of our investigation are as follows: Supporting Information Available: Table of experimental

(1) Here, we show, thanks to the details underlying rotation- transition frequencies of three isotopic species of oxirane

ally resolved spectroscopy and with the help of theoretical trifluoromethane (PDF). This material is available free of charge
via the Internet at http://pubs.acs.org.
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