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Pre-reactive Complexes in Mixtures of Water Vapour with Halogens:
Characterisation of H,0 --- CIF and H,O --- F, by a Combination of Rotational
Spectroscopy and Ab initio Calculations

Stephen A. Cooke,'”! Gina Cotti,'*! Christopher M. Evans,?! John H. Holloway,"!
Zbigniew Kisiel,'! Anthony C. Legon,**! and Jennifer M. A. Thumwood!?!

Abstract: Complexes H,O---CIF and
H,O---F, were detected by means of
their ground-state rotational spectra in
mixtures of water vapour with chlorine
monofluoride and difluorine, respective-
ly. A fast-mixing nozzle was used in
conjunction with a pulsed-jet, Fourier-
transform microwave spectrometer to
preclude the vigorous chemical reaction
that these dihalogen species undergo
with water. The ground-state spectra of
seven isotopomers  (H,'%O---¥*CIF,
H,!%O ---¥CIF, H,"®0---¥CIF, D,*O "
3CIF, D,*O---3’CIF, HDO ---3CIF and
HDO ---¥CIF) of the CIF complex and
five isotopomers (H,O:--F,, H,®O -
F,, D,O:--F,, D,%0---F, and HDO---
F,) of the F, complex were analysed to
yield rotational constants, quartic cen-
trifugal distortion constants and nuclear
hyperfine coupling constants. These

spectroscopic constants were interpret-
ed with the aid of simple models of the
complexes to give effective geometries
and intermolecular stretching force con-
stants. Isotopic substitution showed that
in each complex the H,O molecule acts
as the electron donor and either CIF or
F, acts as the electron acceptor, with
nuclei in the order H,O --- CIF or H,O ---
F,. For H,O --- CIF, the angle ¢ between
the bisector of the HOH angle and the
O---Cl internuclear line has the value
58.9(16)°, while the distance #(O - Cl)=
2.6081(23) A. The corresponding quan-
tities for H,O -+ F, are ¢ = 48.5(21)° and
1O+~ F)=2.7480(27) A, where F; indi-
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cates the inner F atom. The potential
energy V(¢) as a function of the angle ¢
was obtained from ab initio calculations
at the aug-cc-pVDZ/MP2 level of theory
for each complex by carrying out geom-
etry optimisations at fixed values of ¢ in
the range +80°. The global minimum
corresponded to a complex of C, sym-
metry with a pyramidal configuration at
O in each. The function V(¢) was of the
double-minimum type in each case with
equilibrium values ¢.==455.8° and
+40.5° for H,O---CIF and H,O---F,,
respectively. The barrier at the planar
C,, conformation was V,=174cm™"' for
H,O---CIF and 7cm™! for H,O---F,.
For the latter complex, the zero-point
energy level lies above the top of the
barrier.

Introduction

We report here a detailed characterisation of the weakly
bound complexes H,O ---F, and H,O --- CIF, as achieved by a
combination of rotational spectroscopy and ab initio calcu-
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lations. Spectra were observed by means of a pulsed-nozzle,
Fourier-transform microwave spectrometer 2 equipped with
a fast-mixing nozzle.’] The latter device avoids premature
mixing of H,O and the dihalogen molecule XY =F, or CIF,
ensures that the two components interact with each other in
the absence of surfaces (thereby excluding the possibility of
heterogeneous reaction), and ensures that the complexes of
H,O --- XY achieve collisionless expansion rapidly enough to
preclude any homogenous reaction, either bimolecular or
unimolecular.

There are two reasons for our interest in H,O---F, and
H,O - CIF. The first is because of the vigorous and compli-
cated reactions that the simplest homo- and heteronuclear
dihalogen molecules F, and CIF each undergoes in contact
with water. In the case of F,, it was demonstrated that H,O,,
0O,, HF and F,O are among the products,* 3! while for CIF,
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depending on the conditions, either HF, Cl, and O, or HF,
ClO,, Cl, and O, or HF and CL,O are formed.l Given the
evident complexity of the reactions, which have been sum-
marized elsewhere,”®! and their vigorous nature, it is a
significant challenge to chemists to isolate and characterise
molecular complexes H,O---F, or H,O:--CIF in water/
halogen mixtures before reaction can occur. Therefore,
preliminary reports’ 8 of the rotational spectra of these
species emphasised their experimental identification and
concentrated on establishing the order of the nuclei. In each
case, H,O acts as the Lewis base (electron donor), while F, or
CIF acts as the Lewis acid (electron acceptor). Such species
have been referred to as pre-reactive because the possibility
of their existence is terminated by the chemical reactions
alluded to.

The second reason for interest in H,O ---F, and H,O --- CIF
lies in their role as simple members of the series B ---F, and
B --- CIF, respectively, where B is one of several Lewis bases.
Recently, the series B---F,, B---CIF, B---Cl,, B---BrCl,
B---Br, and B---ICl have been investigated systematical-
1y 1% by rotational spectroscopy to obtain various properties
of the complexes and examine how they change as B is varied.
As a result, remarkable parallelisms have been identified
between the properties of B--- XY (where XY is a homo- or
heteronuclear dihalogen) and those of the corresponding
hydrogen-bonded complexes B---HX. In particular, it was
shown that for a given Lewis base B the angular geometries of
B--- XY and B --- HX are isomorphous. These parallelisms led
one of us to postulate® 'l the existence of a halogen bond,
B *X-Y% or B-~-‘5+X‘Z—_X‘”, that is the analogue of the
more familiar hydrogen bond B---**H-X?". Indeed, some
rules for predicting angular geometries, originally enunciated
for hydrogen-bonded complexes,'> 3] were extended to
include halogen-bonded complexes. One part of these rules
requires that in the equilibrium conformation of the complex
the **H—X°~ or **X—Y?~ molecule lies, electrophilic end first,
along the axis of a nonbonding electron pair carried by the
electron donor atom Z of B. Hence, H,O --- CIF and H,O ---F,
are predicted to possess equilibrium geometries of C,
symmetry in which the CIF or F, molecules make an angle
of ¢ ~50° with the C, axis of H,O. We shall use a combination
of ab initio calculations with our experimental observations to
establish the angular geometries of H,O ---F, and H,O --- CIF.
We shall show that the potential energy function V(¢) is a
double-minimum function of the angle ¢ in both cases.
Moreover, we shall see that the minima are located at about
£50° as required by the rules, even though in the case of
H,O---F, the potential energy barrier to the planar, C,,
conformation is very small. The parallelism in the angular
geometries of B---XY and B---HX is shown thereby to
extend to B=H,0O and is reflected in similarities in the
function V(¢) for H,O--- CIF and H,O ---HCL

Results

Spectral analyses: The observed ground-state rotational
spectra of both H,O---F, and H,O--- CIF were of the type
expected for a nearly prolate, asymmetric rotor with a large
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value of the rotational constant A,. In each case, only R
branch transitions (J4+1)x x < Jx x allowed by the a com-
ponent of the electric dipole moment were observed and, of
these, only those involving K_; =0 and 1 could be detected.
The absence of transitions having K_; > 2 is consistent with a
large value of A, since levels with K_, +0 are higher in energy
than the K_; =0 state for a given J by ~h(A-B) K?, for a
nearly prolate rotor. The geometries determined for H,O -+ F,
and H,O --- CIF predict A, values of about 200—-300 GHz and,
therefore, K ;=2 levels at a wavenumber of about 30-
40cm~'. Such states are unlikely to be populated at the end
of the supersonic expansion process for reasons discussed in
the next section.

Each rotational transition of the various isotopomers of
H,O .- CIF exhibited a hyperfine structure spread over a few
tens of MHz that was attributed to nuclear quadrupole
coupling of the CI nuclear spin vector I to the rotational
angular momentum vector J. Observed frequencies of the
hyperfine components in the J=2«1 and 32 sets of
transitions for the isotopomers H,O ---*CIF, H,O --- ¥CIF and
H,'80---3CIF are shown in Table 1, while those for the
deuterated isotopomers D,O - ¥*CIF, D,O ---¥CIF, HDO -
3CIF and HDO---*CIF are given in Table 2. The small
amount of H,®O sample available, coupled with the need to
flow this component continuously through the fast-mixing
nozzle, meant that only the /=2« 1 transitions could be
measured for H,'®O ---3CIF. No effects of D-nuclear quadru-
pole coupling could be satisfactorily resolved for the deuter-
ated isotopomers and for those based on HDO:--CIF
transitions involving K_; =1 were too weak to observe under
the prevailing expansion conditions. Reasons for the weak-
ness of K_; =1 transitions of HDO species will be discussed in
the next section.

The observed hyperfine frequencies of the various iso-
topomers of H,O---CIF were fitted in an iterative least-
squares analysis in which the matrix of the Hamiltonian given
in Equation (1) was constructed in the coupled symmetric
rotor basis J+ I =F and the separate F blocks were diagon-
alized.

H = Hy — %Q(Cl): VE(Cl) + IM(CI)J 1)

In Equation (1), Hy is the Hamiltonian operator associated
with the semi-rigid asymmetric rotor, for which the Watson A-
reduction in the I" representation!' was chosen. Only the
rotational constants B, and C, and the quartic centrifugal
distortion constants A;and A, were determinable, because of
the proximity of H,O---CIF to the prolate symmetric-top
limit and the limited range of transitions available. Conse-
quently, A, O and d; were preset to zero, while A, was fixed
at the value predicted by the final geometry of H,O --- CIF, as
determined in the next Section. The second term in Equa-
tion (1) describes the Cl nuclear quadrupole coupling in the
usual way, where Q(CI) is the Cl nuclear electric quadrupole
moment tensor and VE(CI) is the electric field gradient tensor
at the Cl nucleus. The final term of Equation (1) takes account
of the energy of the magnetic interaction of the Cl nuclear
spin angular momentum Iy with J, where M(Cl) is the
chlorine spin-rotation coupling tensor.
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Table 1. Observed and calculated rotational transition frequencies of H,O ---3CIF, H,O ---¥CIF and H,'*O --- 3CIF.
A F - F" H,0 - 3CIF H,0 -+ CIF H,80 - 3CIF
Vops Avi Vobs Avil Vobs Avlal
[MHz] [kHz] [MHz] [kHz] [MHz] [kHz]
20— 1oy 72 52 11647.4423 14 11642.0526 —-5.1 10967.9361 6.5
512 3/2 11647.4172 —-6.0 11642.0526 7.3 10967.9064 —-55
3/2 172 11607.5959 —4.1 - - - -
512 512 11610.6951 0.5 11613.0922 3.6 - -
3/2 3/2 11673.7521 —-1.8 11662.7797 —-2.7 10994.2467 —-33
12 172 11644.2614 —-1.5 11639.5516 -1.0 10964.7564 2.3
211y 72 512 11672.5204 4.9 11665.8987 2.4 10990.8736 0.9
512 3/2 11635.8294 —-2.0 11636.9571 —-83 10954.2028 7.1
3/2 12 11682.2052 —-1.8 - - 11000.5580 —-6.7
512 512 11654.3365 -3.0 11651.5552 —-83 - -
3/2 3/2 11648.8657 2.4 11647.2333 1.7 10967.2272 —8.6
12 12 11700.4745 -1.6 11687.9042 —14 11018.8522 7.3
21y n s 11635.9662 2.7 11629.3861 —08 10958.6393 ~40
512 3/2 11599.2814 1.9 11600.4599 3.9 10921.9639 —24
3/2 12 11645.3390 4.0 11636.7393 —-8.1 10968.0337 2.2
512 52 11617.4911 -1.7 11614.8178 3.1 - -
32 3/2 11612.5310 9.5 11610.8987 5.8 10935.2100 42
12 12 11663.8951 —3.8 11651.3849 9.2 - -
3520 9/2 712 17467.8690 —4.0 17460.4278 —24 - -
712 512 17467.8690 5.7 17460.4278 5.0 - -
512 3/2 17458.7266 1.1 17453.2245 -0.8 - -
312 12 - - 17453.2487 —34 - -
712 712 17431.1211 4.1 - - - -
512 512 17485.0552 -1.0 17473.9647 2.4 - -
32 32 17495.4363 2.6 17482.1623 —-0.1 - -
3,24 92 712 17499.0087 1.9 17491.0860 2.0 - -
712 512 17489.7860 1.1 17483.8214 3.1 - -
512 32 17489.5532 —4.0 17 483.6406 2.6 - -
32 12 17498.7050 -3.0 17490.8531 -2.0 - -
712 712 17471.6077 -12 17469.4855 0.0 - -
512 52 17502.5949 5.8 174939116 7.5 - -
32 32 17516.9775 0.3 17505.2400 -39 - -
3520 92 72 17444.1532 —-1.8 17436.2985 -2.0 - -
712 52 17434.9328 -03 17429.0359 1.1 - -
512 32 17434.6314 -1.3 17428.7956 0.3 - -
32 12 17443.7803 —-3.1 17436.0108 —-1.6 - -
72 72 17416.4577 —4.7 17414.4609 -1.7 - -
512 52 17447.8761 1.4 17439.2285 —-37 — -
32 32 17462.3487 1.5 17450.6396 -1.0 - -

[a] AV ="Vops — Vearea-

Values of the spectroscopic constants determined for each
of the isotopomers H,O ---*CIF, H,O --- ¥CIF, H,'"®O --- 3CIF,
D,0 - ¥CIF, D,O---¥CIF, HDO :--¥CIF and HDO ---¥CIF
from the final cycles of the least-squares fits conducted using
the program devised by Pickett!"”] are included in Table 3. For
all but the HDO-based isotopomers, the diagonal components
%4a(Cl) and {y,,(Cl) — %..(Cl)} of the Cl nuclear quadrupole
coupling tensor y,;= —{eQ(Cl)/h}V 5, where V ;= — 0*V/0adp
and a, f=a, b or ¢, were both determinable. In view of the
small value of {y,,(Cl)—y.(Cl)} and the expected nearly
negligible contribution of spin-rotation coupling to observed
hyperfine frequencies, the components M,,(Cl) and M,.(Cl) of
the spin-rotation coupling tensor M(Cl) were constrained to
be equal. We note that M, (Cl) is barely determinable. The
availability of only a single set of J+ 1+« J transitions for
H,'80 ---¥CIF required the reasonable assumption that A, is
unchanged from H,O - ¥CIF to allow B,, C, and A to be
determined separately. For isotopomers involving HDO, the
absence of K_; =1 transitions meant that only (B, + C,)/2, A;
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and y,,(Cl) were determinable. Also included in Table 3 is the
standard deviation o of the fit for each isotopomer. This
quantity is of the same order of magnitude as the estimated
accuracy of frequency measurement in each case and indicates
a satisfactory choice of Hamiltonian.

Transitions of H,O -+ F, showed evidence of a complicated
and only partially resolved hyperfine structure that could be
accounted for by assigning its origin to the magnetic coupling
of the spin vectors Iy of the two F atoms to the framework
angular momentum J (i.e. to spin-spin and spin-rotation
coupling of the F nuclei). This hyperfine structure for the
parent isotopomer was just well enough resolved to encourage
an attempt to analyse it. Frequencies of the hyperfine
components for the /=2« 1 and J=3 « 2 sets of R-branch
transitions are given in Table 4. The Hamiltonian employed in
their least-squares analysis to generate spectroscopic con-
stants was given by Equation (2), where D(F,,F,) is the F,,F,

H=Hg — IFiD(Fi ,FO)IF0+IFiM(Fi)J+IFuM(F0)J (2)
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Table 2. Observed and calculated rotational transition frequencies of HDO---¥CIF, HDO---¥CIF, D,O--¥*CIF and D,O---¥CIF.

Tk, =I5k, F’ — F HDO ---3CIF HDO ---¥CIF D,O - *CIF D,O - ¥CIF
Vobs AvEl Vobs Avtl Vobs Avtl Vobs Avtl
[MHz] [kHz] [MHz] [kHz] [MHz] [kHz] [MHz] [kHz]
20— 1o, 712 512 11155.4673 0.7 11148.4243 4.0 10731.5402 2.8 10722.9235 -5.0
512 32 - - - - - - - -
312 12 11115.6477 —-22 11117.0222 —6.5 10691.7323 2.1 10691.5464 3.0
512 512 11118.7424 1.5 11119.4759 2.4 10694.8229 3.6 - -
312 32 11181.7692 -0.1 11169.1373 0.5 10757.8374 -3.6 10743.6596 9.0
12 12 11152.2888 -12 111459191 —0.4 10728.3602 -21 10720.4324 -0.1
12 372 11218.4106 12 - - - - - -
211y 712 512 - - - - 10765.8989 -31 10756.0139 0.0
512 32 - - - - 10729.2542 2.7 10727.1144 0.6
312 12 - - - - 10775.5796 -12 10763.6301 —-04
512 512 - - - - 107477271 0.1 10741.6826 -3.0
32 32 - - - - 10742.2904 22 10737.3905 43
12 12 - - - - 10793.8605 22 - -
2,1y 712 512 - - - - 10709.1744 7.6 10699.4087 2.5
512 32 - - - - 10672.5118 —45 10670.5019 —42
312 12 - - - - 10718.5591 -32 10706.7887 -3.1
512 512 - - - - 10690.7254 -55 10684.8615 -3.6
32 32 - - - - 10685.7374 -21 - -
12 12 - - - - 10737.1027 1.9 - -
3320, 912 712 16729.9186 -29 16719.9875 0.7 16094.0332 -3.6 16081.7586 3.7
712 512 - - - - - - - -
512 3/2 16720.7836 6.3 16712.7842 -29 16084.8968 35 16074.5494 -8.1
32 12 - - - - 16084.9469 3.6 - -
712 712 16693.1856 -03 16691.0374 42 16057.3108 1.6 16052.8150 5.3
512 512 16747.0960 —-22 16733.5157 0.2 16111.2102 -5.0 16095.2848 -5.6
32 3/2 16757.4641 -0.8 16741.7047 —-22 16121.5734 2.0 - -
32 912 712 - - - - 16139.1172 33 16126.2909 32
712 512 - - - - 16129.8916 -53 16119.0250 —42
512 3/2 - - - - 16129.6602 -6.3 - -
32 12 - - - - 16138.8079 -1.1 - -
712 712 - - - - 16111.7211 -0.38 - -
512 512 - - - - 16142.7055 2.3 - -
312 3/2 - - - - 16157.0927 6.1 - -
332y 912 712 - - - - 16053.9913 13 16041.3617 2.7
712 512 - - - - 16044.7708 —-22 16034.1035 3.0
512 3/2 - - - - 16044.4802 22 - -
312 12 - - - - 16053.6219 1.4 - -
712 712 - - - - 16026.3340 -3.0 - -
512 512 - - - - 16057.7052 4.1 - -
312 3/2 - - - - - - - -

[a] AV ="Vp5 = Veatca-

Table 3. Ground-state spectroscopic constants determined for seven isotopomers of the H,O --- CIF complex.

Spectroscopic constant Isotopomer

H,0-+%CIF  H,0--7CIF  H0-¥CIF D,0-%CIF  D,0-~¥CIF  HDO--¥CIFtl HDO-CIF:

Ay [MHz]™ 308267 308227 307344 159373 159339 212038 211990

B, [MHz] 2920.2516(3) 2919.0626(3)  2749.2929(5)  26963186(3)  2694.3030(4)  2788.1128(5) 2786.5199(5)
C, [MHz] 2901.9630(3) 2900.7976(3)  2733.1662(4)  2667.9398(3)  2665.9901(4) - -

A, [kHz] 4.915(14) 4.969(15) (4.915)kl 4.492(15) 4.581(20) 4.743(26) 4.767(28)
A [kHz] —251.88(14) —255.05(15) —2593(3) —51.59(14) —54.72(22) - -

%ol C1) [MHZ] — 146.985(3) —115.857(3) — 146.981(5) — 146.884(3) — 115.774(4) — 146.907(3) —115.782(4)
[255(C1) — ..(C1)] [MHz] — 1.178(5) —0.957(6) —1.119(9) — 1.044(6) —0.851(8) - -

M (Cl) [kHz] —2.6(10) —6.1(11) —26 —0.3(10) —22(12) - -
Myy(Cl) = M,(Cl) [kHz] 4.06(22) 3.91(23) 3.1(4) 3.52(22) 1.6(3) 4.0(3) 3.0(7)
Nl 38 36 14 36 30 1 10

o [kHz]® 32 39 52 35 42 24 31

[a] Only (B + C)/2, x..(Cl), M,,(Cl) and A, available for HDO species since only K ; =0 transitions were observed. [b] Value fixed at that calculated from
experimental geometry given in Table 8 (see text). [c] Assumed. [d] Number of transitions included in the fit. [e] Standard deviation of fit.
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Table 4. Observed and calculated rotational transition frequencies of H,O ---F,. H,O---F, is very weakly bound
A I F - I F H,0-F, (see below), it is reasonable to
Vaps Al assume that, to a sufficient
[MHz] [kHz] approximation, M, (F)=
20 1y 1 3 1 2 11892.1319 53 Ma(F,) for a=a, b and c. The
1 1 1 0 _ _ effect of the F, angular oscilla-
1 2 1 2 - - tion on the values of M, (F,)
1 1 1 1 - - and M, (F,) (x=i or o) will be
! ! ! 2 11892.0497 30 well described by the usual
0 2 0 1 11892.1040 —-1.5 L. . K
2,1, 1 3 1 2 11907.0657 2o  projection formula as given in
1 2 1 1 11906.9730 1.0  Equation (3), where B+ C is
1 1 1 0 11906.9797 -05  the complex rotational con-
1 2 1 2 - R stant,
1 1 1 1 11906.9830 —86
0 2 0 1 11907.0237 —12 My (F)="%{(B+ C)/Br}M,(F)
25,1y 1 3 1 2 - - <1l+cos?y> (3)
1 2 1 1 11847.3747 5.4
1 1 1 0 11847.3747 —28 By is that of the free F, mole-
1 f } ? - ~ culel'® and M (F) is the spin-
0 2 0 1 11847.4242 »o Totation coupling constant of
33— 2 1 4 1 3 17836.9568 104  the free F, molecule,'”! (both
1 2 1 1 17836.8970 -11.0  given in Table5). y is the
1 3 1 3 B - instantaneous angle between
1 2 1 2 - - . .
0 3 0 9 17836.9279 _1o the F-F internuclear axis and
321 1 4 1 3 - - the a axis of the complex.
1 3 1 2 17859.3010 6.3  Fortunately, values of M,,(F,)
1 2 1 1 17859.2798 47 and M,(F,) predicted by
1 3 1 3 17859.2798 -7.7 . .
1 5 1 5 ~ B Equation (3) are not a sensi-
0 3 0 2 17859.3010 —69 tive function of =y, =
3321 1 4 1 3 - - cos Hcos?y)? for a reason-
1 3 1 2 - - able choice of range for this
X : . . 177698696 ~19 quantity. For example, y,, =
1 N 1 2 _ _ 20(5)° leads to —16.6(5) kHz
0 3 0 2 17769.9076 37  for My(F,) and M,(F,). Since

[a] AV ="Vqps — Veaea-

Table 5. Properties of the free molecules F,, CIF and H,O used in the characterisation of H,O---F, and

Yav 18 almost certain to lie in
this range for the weakly bound
H,O---F,, we shall assume
M, (Fy) = M. (F;) =

—16.6(5) kHz.

H,0 - CIF.
Molecule B, [MHz] C, [MHz] (C)[MHz]  Dy(E))[kHz]  M,(F)[kHz] t Of the components of the
olecule z z z z z ry geometr . . .
i ’ o ne ! 08 Y spin—spin  coupling  tensor
H,°Ol 4353577 276138.7 - - - rO-H) D(F;,F,), only D, (F;.F,) is like-
H, 0k 435331.6 276950.5 - - - =0.9650 A® 1 be d inable f h
HDOE  272912.6 192055.3 - - - YHOH=104g7 Y 10 D¢ determinable from the
D,Ok! 2180382 145258.0 - _ _ hyperfine structure in the ob-
D,"®0l 218045.2 144201.7 served transitions of the nearl
y
3CIF 15 418.251{“: 15418.251 — 1458718?’1 - - 1.63176 é{f} prolate asymmetric rotor
CIF 15125.6521¢ 15125.652 —114.9613l¢ - - 1.63173 Alf 16 . .
o H,*O---F,. Accordingly, this
F, 26481(1)  26481(1) - ZRLI(10)W  15738)M  1.41744(6) Ald 2 2 &Y,

hyperfine structure was fitted

[a] Ref. [21]. [b] The r, geometry of H,O is the mean of the three determined for the H,'°O isotopomer in ref. [21] under the assumptions de-

by using the three possible combinations (1, 1,), (1,, I.) and (I, 1,) of the principal moments of inertia. The ranges
are £ 0.007A and 1.7° in r(O-H) and ¥HOH, respectively. [c] Ref.[38]. [d] Ref. [22]. [e] Ref. [39].
[f] Calculated from B, by using r,= {h/8m?uB}*2. [g] Ref. [16]. [h] Ref. [17].

spin —spin coupling tensor and M(F;) and M(F,) are the spin—
rotation coupling tensors associated with the inner (i) and
outer (o) fluorine nuclei, respectively. These tensors have
more components than could be satisfactorily determined
with the frequencies of the partially resolved hyperfine
components available in Table 4. In view of the fact that
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scribed to give By, Cy, A, Ak
and D,(F;, F,), the values of
which from the final cycle of the
analysis are shown in Table 6.
Pickett’s program[’”l was em-
ployed and the coupled basis I+ Ig,=1I, I + J=F was
chosen. The value of D ,(F;, F,) is related to that D(F,) of the
free F, molecule!'”! (given in Table 5) by the familiar expres-
sion given in Equation (4).

D, (F;, Fy) = V2Dy(F,)(3cos’y — 1) 4
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Table 6. Ground-state spectroscopic constants determined for five isotopomers of the H,O --- F, complex.

tional constant Y(B,+ Cy) =

2788.1128 MHz is close to the

Spectroscopic constant Isotopomer

H,“0---F, H,*O---F, D,0-F, D,%0---F, HDO.--F,ld  mean of the corresponding

uantities 2911.0895 MHz and

A, [MHz]® 332119 331155 170448 169639 228013 3682 1292 MH: f H.O -
B, [MHz] 2988.0910(4) 2816.183(2) 2751.650(2) 2616.905(2) 28444791 L0 Z . or 2%
C, [MHz] 2958.2896(4)  2789.767(2)  2707.633(2)  2577.213(2) - *CIF and D,0 -+ *CIF provides
A, [kHz] 20.49(2) 18.17(11) 16.8(3) 14.81(8) 18.7 strong evidence that the two H
A [MH] ~3.7205(2) 3.269(1) 3.771(3) 3.4221(8) - atoms in H,O -+ CIF are equiv-
My () [KHz] —91.6(6) - - - B alent. The same relationship
M,,(F,) [kHz]¥ 16.6 - - - ’
Dbl((F_‘i;[) [kllz] —68(4) _ _ _ _ also holds for the values of
Nl 2 6 6 6 2 W(By+C,) among H,O--
o [kHz]® 51 6.1 6.8 47 - F,, D,O--F, and HDO--F,
[a] Only two K_; =0 transitions were measured for this isotopomer. Hence only (B + C)/2 and A, could be (Table 6).

determined. No estimate of errors is available. [b] Fixed at value calculated from the experimental geometry
given in Table 8. [c] (B, + C,)/2. [d] Values of M,,(F;) = M,,(F,) = M, (F;) = M_..(F,) = 16.6 kHz fixed in the fit. See
text for justification. [e] Number of transitions in fit. [f] Standard deviation of the fit.

If y,=20(5)°, as assumed earlier, Equation (4) predicts
D (F;, F))=—67(6) kHz, in excellent agreement with that,
—68(4) kHz, observed.

For the remaining isotopomers of H,O ---F,, the hyperfine
structure was insufficiently resolved and no attempt at
analysis was made. Instead, the unperturbed centre frequency
of each transition, as given in Table 7, was estimated from the
centre of gravity of the partially resolved structure. The error
of frequency measurement was then estimated to be 5 kHz.
The spectroscopic constants B, Cy, A;and Ajx determined by
analysis of the /=2« 1 and J =3 <2 transitions for each of
the isotopomers H,*O---F,, D,O-:-F, and D,®O--F, are
included in Table 6. For HDO---F,, noK_;=1 transitions
were observed and hence only (B;+ C;)/2 and A, could be
obtained.

An interesting point to note when comparing the spectro-
scopic constants of H,O --- CIF and H,O -+ F, given in Tables 3
and 6, respectively, is that A, is negative for H,O --- CIF, while
it has the more usual positive sign for H,O --- F,. This fact has
significant implications for the potential energy V(¢) as a
function of the out-of-plane angle ¢ (see Figure 1) for H,O ---
CIF and will be considered below.

Geometry of H,0 .- CIF and H,O :--F,: The changes in the
observed ground-state rotational constants B, and C, of H,O -
3CIF that accompany isotopic substitution to give H,O ---¥’CIF,
D,O ---3CIF and H,'"®O ---3CIF establish that the order of the
nuclei is as written, with O adjacent to Cl. Likewise, isotopic
substitution in H,O ---F, indicates that the weak interaction is
between O and F. The fact that for HDO---¥CIF the rota-

The observations alluded to
in the preceding paragraph are
consistent with geometries for
H,0---CIFand H,O ---F, of the
general type shown in Figure 1. It remains to establish the
details, and in particular whether the out-of-plane angle ¢ is
zero at equilibrium (i.e. whether the equilibrium geometry is
C,,, planar) or whether ¢ =0 (i.e. whether the equilibrium
geometry is of C, symmetry, with a pyramidal configuration at
0). In fact, nuclear spin statistical weight effects observed in
the ground-state rotational spectra of both H,O---CIF and
H,O ---F, show that, even if the equilibrium geometries are of
C, symmetry, the vibrational wavefunctions can be classified
through the C,, point group. This means that the potential
energy barrier at the planar conformation (¢ =0°) is low
enough that tunnelling occurs at a significant frequency

a

e

b)

,
.
.

Figure 1. The geometries of a) H,O---CIF and b) H,O---F, determined
experimentally in the zero-point state. The drawings are to scale. In a), ¢ =
58.9(16)° and (O -+ Cl) =2.6081(23) A and in b) ¢ =48.5(21)° and r(O -+
F)) =2.7480(27) A (i =inner). Both complexes have an equilibrium geom-
etry of C, symmetry with a pair of equivalent conformers having a
pyramidal configuration at O and separated by a low potential energy
barrier at the C,, planar form.

Table 7. Observed and calculated rotational transition frequencies for four isotopomers of H,'¥O ---F,.

Kk —JK K, H,"®0---F, D,O:--F, D,"®0---F, HDO:--F,

Vobs AvEl Vobs At Vobs At Vobs AvE]

[MHz] [kHz] [MHz] [kHz] [MHZz] [kHz] [MHZz] [kHz]
2,1y 11171.8239 -35 10858.9340 -5.7 10334.3787 -39 - -
20— 1y 11211.3233 5.8 10918.0310 0.1 10387.7404 —0.1 11377.3150 0.0
211y 11224.6564 -23 10946.9799 5.7 10413.7713 4.0 - -
3532 16756.6523 23 16287.4172 3.8 15500.6736 2.6 - -
30520 16815.8790 -39 16376.0375 0.0 15580.6653 0.1 17064.8449 0.0
32y 16835.8986 1.6 16419.4613 -3.8 15619.7455 —26 - -

[a] AV =Vqbs — Veaea-
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between the two equivalent C; conformers and the v=0 and
v=1 states are nondegenerate. The complex is then some-
times referred to as effectively planar.U’)

Whether H,O --- CIF and H,O - F, are planar or effectively
planar complexes, the operation Cj exchanges a pair of
equivalent protons. If I, and I, are the proton nuclear spin
vectors, detailed arguments reveal that in the vibrational
ground state only the singlet spin state I, + I, =0 can occur in
combination with K | =0 rotational states. Conversely, only
triplet spin states |I, +I,|=1 appear with K_; =1 rotational
states. Accordingly, a nuclear spin statistical weight ratio of
3:1 for K_; =1 relative to K_; =0 states is required if H,O---
CIF and H,O -+ F, are planar or effectively planar.

Since collisional transfer between triplet and singlet states
of H,O is forbidden during the supersonic expansion,!'s! the
K_; =1 states of the complexes will tend to retain their room-
temperature populations. Evidently, within a given (J+1) < J
group of transitions, those involving K_; =1 should, in the
absence of significant rotational cooling, be more intense than
the K_; =0 transition by a factor of approximately 3. In fact,
K_, =1 transitions are observed to be stronger than the K_; =
0 transition in isotopomers of H,O --- CIF and H,O ---F, that
contain the H,O subunit, but a quantitative measurement of
the effect is difficult because the rotational temperature is
unknown. Moreover, for species based on D,0, the order of
the relative intensities is reversed, a result consistent with the
1:2 nuclear spin statistical weight ratio required by exchange
of a pair of /=1 bosons. We note that collisional transfer
between K_; =2 and K_; =0 states (both of which occur in
combination with singlet nuclear spin functions) is allowed
and therefore rotational cooling of K_; =2 states is efficient.
Hence, K ;=2 transitions are not observed. Likewise, in
species containing HDO the two hydrogen nuclei are no
longer equivalent and there is no collisional propensity rule
forbidding K_;=1 to K_;=0 transfer. Therefore, K_;=1
levels are efficiently cooled, in agreement with our failure to
observe K_; =1 transitions in HDO containing isotopomers.
In the limit of a high potential energy barrier at ¢ =0, the
vibrational levels v=0 and v=1 become degenerate and
nuclear spin statistical weight alternations disappear. Thus,
the observation of such alternations rules out a high potential
energy barrier.

Ab initio calculations indicate that the changes in the
geometries of the monomers H,O, CIF and F, on formation of
H,O---CIF and H,0 ---F, are small, especially in the case of
H,O - F,. It has been shown elsewherel'”] that, for complexes
such as these, it is better to obtain the parameters ¢ and
r(O---Cl) or r(O---F,) (Figure 1) that define the geometry by
fitting I, + I. rather than the independent values I, and I,
because of the more serious effects of zero-point vibrations in
the latter case. Indeed, it was shown that the form of the
contribution of the two water H atoms to I, + I. requires that
this quantity leads to an effective value ¢ ;= cos™{cos?¢)!2.
Therefore, a least-squares fit to I, + I, of the seven isotopom-
ers H,O---¥CIF, H,0---¥CIF, H,**O---3CIF, D,0---*CIF,
D,O---¥CIF, HDO --- 3CIF and HDO --- ¥CIF was carried out
with the program STRFIT?Y to give the results (O ---Cl) =
2.6081(23) A and ¢ = 58.9(16)°. The r, geometries of H,OR!]
and CIF?? given in Table 5 were assumed unchanged, and the
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O -+ CI=F nuclei were assumed collinear, as indicated by the
ab initio calculations. When the fit was repeated but with
ro(CIF) assumed to have increased by the amount 0.0166 A
found in the ab initio calculations (see next Section), the
results were (O---Cl)=2.5943(20) A and ¢ =58.4(14)°.
Evidently, ¢, is largely insensitive to assumptions about
r(CIF), while (O --- Cl) is shortened pro rata. The changes in
the H,O geometry indicated by the ab initio calculations have
a negligible effect by comparison, as do the changes in the
H,O r, geometry on deuteration. Interestingly, fitting 7, and /.
separately for the first five isotopomers (separate values are
not available for HDO---3CIF and HDO---¥CIF) gives
r(O---Cl)=2.6067(29) A and ¢.;=58.2(20)° when unper-
turbed monomer geometries are used.

The results obtained for H,O ---F, by fitting 7, + I, for the
five isotopomers H,O---F,, H,®O---F,, D,O---F,, D,80--F,
and HDO -+ F, under the assumption of unchanged monomer
geometries!!-21l (see Table 5) are r(O---F)=2.7480(27) A
and ¢.;=48.5(21)°. If the lengthening of the F, internuclear
distance of 0.0065 A predicted by ab initio calculations (see
next Section) is assumed, the results are r(O---F)=
2.7426(27) A and ¢.;=48.4(20)°. Fitting I, and I, for
H,0:-F,,H,80 - F,, D,0 - F, and D,'®O --- F, by assuming
unchanged monomers gives results that are somewhat less
precise but identical within the experimental error, namely
1O F)=2.742(9) A and ¢, =43.8(71)°.

The results from this section show that when ¢ is
determined from ground-state moments of inertia, both
H,O---CIF and H,O:---F, are found to have a pyramidal
configuration at O on average but it must be borne in mind
that ¢, is related to the zero-point average of cos’¢ and
would be non-zero even if these complexes were planar C,, at
equilibrium (¢.=0 but ¢.;>0). It remains to determine
whether the equilibrium geometries of H,O---CIF and
H,O---F, are planar C,, (¢.=0) or pyramidal C, (¢.>0)
(see next Section).

Ab initio calculations for H,0-..-CIF and H,0---F,: To
determine whether H,O --- CIF and H,O ---F, have equilibri-
um geometries that are planar C,, (¢.=0) or pyramidal C,
(¢p.>0), we carried out ab initio calculations. The GAMESS
packagel®! was used for these calculations and the aug-cc-
pVDZ basis setl?* %] was chosen because it was developed
specifically to deal with weakly bound complexes. Electron
correlation was taken into account by using second-order
Mpgller —Plesset perturbation theory.?®! Energies were cor-
rected for basis set superposition error (BSSE) by the Boys—
Bernardi counterpoise correction method.?” The results of
complete geometry optimisations are given in Table 8 for the
monomers H,O, CIF and F, and both complexes H,O --- CIF
and H,0O ---F,. Also included in Table 8 are the experimental
equilibrium geometries of F,,[') CIF?®! and H,O™! and the
effective values r(O --- Cl), r(O -+ F;) and ¢ of the complexes
determined by fitting ground-state values of I,+ 1. The
agreement between theory and experiment is good, but we are
comparing equilibrium geometries from ab initio calculations
with experimental zero-point effective parameters. The agree-
ment with earlier ab initio calculations by Dahl and Rgeg-
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Table 8. Comparison of geometries of F,, CIF, H,O, H,O---CIF and
H,O :--F, calculated at the aug-cc-pVDZ/MP2 level with those established
experimentally.

Molecule aug-cc-pVDZ/MP2 geometry Experimental geometry
F, r(F-F)=1.4253 A 1.4131(8)t!
CIF r(CI-F) =1.6760 A 1.628341(4)l)
H,0 r.(O—H)=0.9659 A 0.957848(16)Lc!

¥ HOH =103.67° 104.5424(46)
H,0--CIF  r(O-H)=09673 A -

¥ HOH =104.33° -

r(CI-F) =1.6926 A -

r(O—Cl)=2.5291 A 2.608(2) Aldl

r(O--F)=42217 A 4.240(2) A

¢ =558 58.9(16)°

0=0.2°11 0.0 (assumed)
H,O - F, r.(O—H) =0.9660 A -

% HOH = 103.80°
r(F—F)=14318 A
r(O-+F)=2.6002 A

2.748(3) Al

r(O-+F,)=4.0318 A 4.166(3) A
=405l 48.5(20)°
0=1.1°10 0.0 (assumed)

[a] Ref. [16]. [b] Ref. [28]. [c] Ref. [29]. [d] r, values calculated by assuming
r, geometries of monomers unchanged (Table 5) and fitting observed
moments of inertia [, + I, (see text). [e] ¢ is the angle between the C, axis of
H,O and the O---F; internuclear axis (i=inner, o=outer), as defined in
Figure 1. [f] € is the deviation of the O---CI=F or O---F—F, nuclei from
collinearity, in the direction of the water H atoms (see Figure 1).

genBY is satisfactory, although they find H,O -+ F, to have a
planar geometry of C,, symmetry.

A better comparison with experiment is possible if we
consider the shape of the potential energy curve obtained
when V(¢) is plotted as a function of the out-of-plane angle ¢
defined in Figure 1. The fact that the full optimisations leads
to pyramidal geometries of C, symmetry for both H,O --- CIF
and H,O---F, implies that V(¢) is a double-minimum
function. The crucial questions are then: How high is the poten-
tial energy barrier V at the planar C,, geometry, where is the
zero-point energy level located with respect to the barrier, and
can an appropriate ¢, be estimated using this function?

The potential energy functions V(¢) for H,O--- CIF and
H,0---F, shown in Figure 2 were generated ab initio as
follows. Energies were determined as described above for the
full optimisation, except that now the optimisation was
carried out at each of a series of fixed values of ¢ in the
range 0° to 80°. Corrections for BSSE were again applied. To
determine the positions of the energy levels of a one-
dimensional oscillator associated with each function, we fitted
each numerical potential energy curve with the familiar
quartic-quadratic potential given in Equation (5) which has
been successful in describing the out-of-plane bending
vibrations of cyclic moleculesP!l and also intermolecular
bending vibrations of the hydrogen-bonded complex H,O ---
HFE.2

V(¢)=ad*+ B¢ ®)

In fact, the V(¢) values obtained from the ab initio
calculations could be quite accurately reproduced by Equa-
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Figure 2. The potential energy V(¢) (expressed as a wavenumber) as a
function of the angle ¢ (see Figure 1 for definition) for a) H,O --- CIF and
b) H,O---F,. The curves are of the form V(¢)=a¢*+p¢* and were
obtained by least-squares fits to numerically generated points {V(¢),p)}
obtained by ab initio calculations at the aug-cc-pVDZ/MP2 level of theory.
See text for discussion.

tion (5). Least-squares fits to the ab initio V(¢) values for
H,O--- CIF yielded the results a=173.2(15)cm~' and =
—347.6(26) cm~!, while for H,O -+ F, the corresponding values
were a=252(6)cm™! and f=—26.7(9)cm~. It is then con-
venient to express V(¢) in terms of the reduced dimensionless
coordinate z according to Equation (6) because the energy
levels of a one-dimensional anharmonic oscillator governed
by this function are readily calculated.B" 3!

V(z)=a(z*+bz?) (6)

The relationshipst? between a, 8, a and b are given by
Equations (7) and (8), where u is the reduced mass for the
vibration, ry is the O—H distance in H,O and 6 is the HOH
angle.

a={(rycos¥20)*Qu/h?)*}~Ral? (7)

b ={(rycos"20)*(2u/h?)}'a?B (8)

The expression for u appropriate to a complex such as
H,O---HF, H,O---CIF or H,0O:--F, is given in ref. [32]. By
using Equations (7) and (8) we obtain a=51.3cm™! and b=
—3.69 for H,O:--CIF and a=271cm™! and b=-1.02 for
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H,0O--F,. The energy levels v=0,1,2 and 3 obtained for the
one-dimensional quartic-quadratic oscillator using these
functions are drawn in Figure 2. The values of ¢, are 57.4°
and 41.7° for these functions for H,O --- CIF and H,O---F,,
respectively.

Two conclusions are immediately evident from Figure 2.
Firstly, for H,O --- CIF both energy levels v=0 and v=1 lie
below the top of the potential energy barrier, which has a
height V,=174cm™! above the minima. In fact, the v=1-0
separation is 31cm~. This is small enough that a significant
Coriolis interaction between K_;=11levelsof v=0and K_, =
0 levels of v=1 is possible, given a sufficiently large Coriolis
coupling constant and the fact that K_; =1 levels of a given J
lie at a wavenumber ¢ (A — B) =~ 10cm™! above the corre-
sponding K_; =0 level. This probably accounts for the sign of
the observed value of the centrifugal distortion constant Ak
(see Table 4), negative values of which constant have also
been observed in association with Coriolis interactions in
H,O---HEDBY We note that ¢ '(A — B) decreases to about
5cm~! in D,O---CIF. Interestingly, A, although still neg-
ative, is much reduced in magnitude in the D,O species,
indicating a reduced Coriolis interaction. Insufficient data
precludes a more detailed analysis of this interesting effect,
however.

The second conclusion from the functions V(¢) shown in
Figure 2 is that for H,O ---F, even the energy level v =0 lies
17cm™! above the top of the potential energy barrier (V,=
7cm™"). Thus, while H,O -+ CIF can be reasonably described
as pyramidal at O in the zero-point state, it is better to
describe H,O---F, as planar. Nevertheless, both H,O --- CIF
and H,O ---F, have pyramidal equilibrium geometries and the
equilibrium angles ¢.=574° and 41.7°, respectively, are
consistent with the simple nonbonding electron-pair model
for their angular geometries described in the Introduction.

Finally, it is of interest to obtain an estimate of ¢ in the zero-
point state from the ab initio potential energy functions.
While (¢),, is necessarily zero, the quantity (cos¢),, is
nonzero for a double-minimum potential energy function.
Expansion of (cos¢),, in a Taylor series leads to Equa-
tion (9).11)

(C0s)yy =1 = Va{ Py + Vor( ") = (C))

The relations ¢ =0.7377z and ¢ =1.018z for H,O--- CIF
and H,O --- F, respectively, are implied by the a and a values
given earlier. Values of (z%),, and (z*),, have been tabulated
as a function of the potential constant b and are available.!
Hence (¢?)oo and (¢*)o can be calculated and used in

Equation (9) to give the operationally defined angles ¢,=
cos {cos¢)yo=45.4° and 37.9° for H,O---CIF and H,O-
F,, respectively. Given that ¢.; obtained by fitting zero-point
I,+ 1, values are approximately related to instantaneous
values by ¢~ cos~!{cos?¢)!”2, we expect reasonable, but not
exact, agreement with ¢, values. In fact, ¢, is somewhat
smaller than ¢, in both cases. Indeed, here ¢, is closer to ¢
than ¢,.

Strength of the intermolecular binding in H,O-.-CIF and
H,O0 -+ F,: The equilibrium dissociation energies D, obtained
from the ab initio calculations discussed in the previous
Section are 21.2 kJmol~" and 5.3 kI mol~! for H,O --- CIF and
H,O---F,, respectively. According to this criterion H,O---
CIF is four times more strongly bound than H,O--F,. Such
aresult is not unexpected given that the dispersion interaction
between H,O and CIF is likely to be greater than that between
H,O and F,. Moreover, CIF has an electric dipole moment
while F, is nonpolar and has only a small electric quadrupole
moment,? so the electrostatic component of the interaction
will also be greater in H,O --- CIF.

D, measures the energy required to produce an infinite
displacement from equilibrium along the dissociation coor-
dinate, r. If k, is the intermolecular stretching force constant,
Yok ,0r? is the energy required to produce a small displacement
or and hence Y2k, is a measure of the energy required to
produce a unit infinitesimal displacement along r. Millen has
shown that for a planar asymmetric rotor complex B --- XY of
C,, symmetry, k, is related to the centrifugal distortion
constant A, by Equation (10)7, where B and C are rotational
constants of the complex, b= (B/Bg)+ (B/Bxy) and ¢ has
the corresponding definition in terms of the rotational
constants C.

ko= (8m2u/A)(BX(1 - b) + C(1 — ) — %(B — CP(B+C)2—b—c)}  (10)

This expression holds in the approximation of rigid subunits
and neglect of cubic and higher potential constants. Equa-
tion (10) is chosen as appropriate from ref. [37] because the
vibrational wavefunctions of the effectively planar complexes
H,O---CIF and H,O---F, can be classified according to the
C,, point group.

Values of k, for the various isotopomers of H,O --- CIF and
H,O---F, estimated from the A; values of Tables3 and 6,
respectively, are shown in Table 9. The ground-state rota-
tional constants of the monomers H,O,?" 3! CIF??l and F,!9
were used and are collected in Table 5 for convenience. We
note from Table 9 that the &, values for the five isotopomers

Table 9. A comparison of intermolecular stretching force constants k! for several isotopomers of H,O -+ CIF and H,O --- F,.

Isotopomer H,0---¥CIF H,O---¥CIF D,0O---3CIF D,O---¥CIF HDO - ¥CIF HDO---¥CIF
k, [Nm-1] 14.26(4) 14.16(4) 13.34(4) 13.12(6) 13.59(7) 13.57(8)
Isotopomer H,0---F, H,%0---F, D,O--F, D,%0--F, HDO---F,

k, [Nm-1] 3.66(1) 3.69(2) 3.74(2) 3.84(2) 3.60

[a] The quoted errors are those propagated from A, by using Equation (10), and do not reflect systematic errors in the model. [b] Only two transitions having
K_, =0 were fitted for this isotopomer and therefore no experimental error in A; or k, can be given.
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of H,O---F, are almost identical within experimental error.
On the other hand, there is a systematic decrease in k, for
H,O--- CIF with progressive substitution of H by D. This is
undoubtedly the result of the sensitivity of A; of H,O --- CIF to
anharmonic coupling. We also note from Table 9 that k, for
H,O---3CIF is close to four times that of H,O -+ F, and that
the behaviour of k, as a criterion of binding strength parallels
that of D,.

Dynamics of the CIF subunits in H,O --- CIF: The Cl-nuclear
quadrupole coupling constant y,,(Cl) of H,O ---3CIF may be
used to give information about the CIF subunit dynamics. On
forming the complex, the coupling constant y,(Cl) of free
CIF® becomes modified because the electric field gradient
(efg) at Cl changes as a result of the response of the CIF
charge distribution to the electric field and its gradients due to
the H,O subunit. The ab initio calculations discussed above
allow the change in efg at Cl of CIF to be estimated. The
fractional change f in the efg at Cl along the CIF axis z on
complex formation is estimated to be f=0.0121. If we assume
that the zero-point coupling constant y,(Cl) changes by the
same fraction, the modified coupling constant along the CIF
axis, z, in the complex is y;(Cl) = (1 + f)y,(Cl) = — 147.64 MHz.
In a reasonable approximation, the observed value y,,(Cl) of
the Cl-nuclear quadrupole coupling constant in the zero-point
state of the complex is then given by Equation (11), where y is
the instantaneous angle between the a and z axes.

Xaa C1) = Vi (Cl) (3cos?y — 1) (1)

By using Equation (11), we estimate that vy, =
cos~!(cos?y)?=3.1°. This indicates that the angular motion
of CIF in H,O --- CIF is small compared with that of H,O. The
value of [V,,(Cl) — V. (C1)]/V,, (Cl) is calculated to be 0.0067,
which is in good agreement with the observed ratio [y,,(Cl) —
2%ec(CD)/%.o(Cl) =0.0080. The corresponding results for the
optimised planar C,, geometry are y,,=4.3° and [V,,(Cl) —
V.(C)H]/V,(Cl)=0.0100.

Discussion

The complexes H,O --- CIF and H,O --- F, have been isolated
and characterised by using a fast-mixing nozzle in combina-
tion with a pulsed-jet, Fourier-transform microwave spec-
trometer. Both complexes have geometry of C, symmetry at
equilibrium, with a pyramidal arrangement at the oxygen
atom. Ab initio calculations at the aug-cc-pVDZ/MP2 level of
theory give reasonable agreement with the experimentally
determined distances r(O---F,) and r(O---Cl) in H,O--F,
and H,O---CIF, respectively, given that the experimental
values are of the ground-state effective type.

For H,O --- CIF, the variation of the potential energy V(¢)
with the angle ¢ obtained from the ab initio calculations
shows that the barrier to the planar C,, geometry (¢ =0)
separating the two equivalent C; conformers is 174cm~". The
zero-point vibrational energy level v =0 lies well below the
top of the barrier and there is reasonable agreement between
the effective value ¢, of the angle and that estimated from the
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potential energy function. For H,O---F,, the ab initio
potential energy function V(¢) has only a very small potential
energy hump (7cm™1) at ¢ =0 and the zero-point energy level
lies above the top of the barrier. Hence, while both complexes
H,O---CIF and H,O---F, are effectively planar in the zero-
point state (in the sense described above), both have an
equilibrium geometry that can be understood if the electro-
philic end of **Cl — F*~ or *'F2=F°* seeks out the axis of one
of the nonbonding electron pz;irs on O. An angle ¢.~54°
would be expected on that basis. The results from the ab initio
calculations are 55.8° and 40.5°, respectively. The smaller
value of ¢, for H,O ---F, is readily understood on the basis of
the weakness of the H,O/F, interaction. For a very weak
complex, the barrier at the planar geometry becomes small
and the two minima in the function V(¢) tend to merge with
each other, so that ¢, decreases in magnitude. The effect was
demonstrated earlier® from electrostatic modelling of the
potential energy V(¢) as a function of intermolecular distance
in H,S---HFE.

The conclusion from the work reported here is that the
properties determined for H,O:--CIF and H,O:--F, are
consistent with the recent proposall that there exists a
halogen bond B --- XY that is analogous to the more familiar
hydrogen bond B---HX. This can be clearly illustrated by
considering the potential energy function V(¢) of H,O --- HCI,
as determined by the methods described here ') and shown in
Figure 3. Its shape, the positions of the minima and the height

600
500 \ /
v=3
400
Vig)/em™!
3004 v=2

2001 \

100 \ /v:o
o] N

~100  -50 0 50 100
p/°
Figure 3. The potential energy V(¢) as a function of the angle ¢ for H,O -

HCI. This curvel! was obtained by the method summarised in the caption
to Figure 2 and in the text.

of the barrier at the planar geometry are all similar to those of
the function V(¢) for H,O --- CIF shown in Figure 2. All three
complexes H,O---HCI, H,O---F, H,O--- CIF obey the rules
set out in references [9, 13] but only when equilibrium
geometries are used.

Experimental Section

The rotational spectra of H,O---CIF and H,O---F, were observed and
measured by using a pulsed-jet, Fourier-transform microwave spectrometer
of the Balle-Flygare typel® 2 but modified to include a fast-mixing nozzlel*!
to generate the complexes. A mixture composed of approximately 1-2 %

0947-6539/01/0711-2304 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 11



Pre-reactive Complexes

2295-2305

of either CIF (prepared by the method of Schack and Wilson)*! or F,
(99.8 % pure; Distillers M.G.) in argon and held at a stagnation pressure of
3 bar was pulsed, via a Series 9 solenoid valve (Parker—Hannifin Corp.),
down the outer of the two concentric, nearly coterminal tubes that
constitute the mixing nozzle. Where this gas pulse emerged from the nozzle
into the evacuated Fabry — Pérot cavity of the spectrometer, it encountered
water vapour that issued continuously from the inner glass tube of the
mixing nozzle. The water-vapour flow rate was the maximum possible from
above a sample of the liquid at room temperature. Complexes of either
H,O - CIF or H,O--F, generated at the interface between the two gas
flows as they emerged into the vacuum chamber were rotationally
polarized by 1.1 ps pulses of microwave radiation and the subsequent
free-induction decay at rotational transition frequencies was collected and
processed in the usual way. For H,O --- CIF individual nuclear quadrupole
hyperfine components had a half-width at half height of approximately 15—
20 kHz and were measured with an estimated accuracy of 2 kHz. The
partially resolved hyperfine structure arising from spin-spin and spin-
rotation coupling of the various /=1/2 nuclei in H,O ---F, restricted the
accuracy of frequency measurement to 5 kHz.

Isotopomers involving D,0O were generated by flowing the vapour from
above a sample of deuterium oxide (Apollo Scientific Ltd) into the mixing
nozzle. For HDO isotopomers, an equimolar mixture of D,O and H,O was
employed. Samples of H,'®O and D,'8O allowed measurements on the
isotopomers H,"*O -+ CIF, H,'*O -+ F, and D,'®O -+ F, to be made.
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