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in both chemistry and biology, has been the subject of
extensive research? ever since. Nevertheless, only re-
cently has it been possible to investigate the intrinsic
properties of the hydrogen bond. By intrinsic proper-
ties we mean those of the isolated dimer free from the
lattice and solvent interactions that characterise the
solid and solution phases. A range of techniques (for
example, molecular beam electric resonance spectros-
copy, pulsed-nozzle Fourier transform microwave
spectroscopy, and infrared spectroscopy) has been used
to observe the spectra of dimers under the required
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Figure 1. Diagrammatic representation of four normal modes
involving the hydrogen bond in a linear dimer.

conditions of low pressure in the gas phase. Reviews
of the spectroscopy of dimers using individual tech-
niques have been published.®® As a consequence of the
spectroscopic activity, a wealth of information about a
large number of hydrogen-bonded dimers is now
available.

The purpose of the present review is to give an ac-
count of the origin and nature of both the infrared and
microwave spectra and then to show how the properties
of hydrogen-bonded dimers can be determined and in-
terpreted. In particular, we shall elucidate the rela-
tionship between spectra, spectroscopic quantities, and
dimer properties and, as will be shown below, this
theme can be illustrated very conveniently from studies
of a particular heterodimer involving a single hydrogen
bond, supplemented by other examples as appropriate.

In this article we have used a nomenclature for hy-
drogen-bonded species which we believe is precise,
convenient, and useful. Thus, we refer to HCN--HCN
as a hydrogen-bonded homodimer, that is a species
formed from two molecules of the same type. On the
other hand, HCN--HF is a heterodimer, that is a species
formed from two molecules of different types.

There are great advantages in working with hetero-
dimers B--H-A. First, there is a wide range of such
dimers and secondly B and HA can be chosen to satisfy
the requirements of a particular investigation. Thus
B and HA may be selected to provide, for simplicity,
a linear dimer (e.g., HCN--HF) which facilitates a de-
tailed spectroscopic study, or to provide a heterodimer
which is advantageous for the determination of poten-
tial constants (e.g., CH;CN--HF). Alternatively, a series
of electron donors B may be chosen in order to inves-
tigate factors that determine the directional character
of hydrogen bonds (e.g., dimers of the type O--H-F).
Not least among considerations in the choice of B and
HA for gaseous equilibrium studies are those which lead
to a sufficiently strong bond to give a favourable
equilibrium constant for formation of B--HA but not
so strong an interaction that the volatility of the
product is lost because of condensation of BH*A".
When sufficiently high resolution is available, as with
techniques employing adiabatically expanded gas sam-
ples, it is possible to choose the heterodimer B-+-HA to
allow conclusions about, for example, the electric charge
redistribution or to allow the HA bond lengthening on
dimer formation to be determined from the various
types of nuclear hyperfine structure in the rotational
spectrum.

In the earliest work, that involving low resolution
infrared studies, it was the investigation of the heter-
odimers (CHj),0-+-HCl and HCN--HF that led to a
detailed understanding of the vibrational spectra. This
understanding greatly simplified the interpretation of
the rotational spectra of heterodimers (observed later)
such as HCN--HF, CH;CN--HF, and H,O--HF because
of the insight it gave into the rich vibrational satellite
patterns which, it will be seen, are characteristic of such
spectra. In fact, HCN---HF is the dimer that has been
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Figure 2. A. (a) Spectrum of the dimer (CH;),0--HCI, (b) spectrum of the unmixed monomers. B. (a) Spectrum of the dimer
{CDj3),0--HCl, (b) spectrum of the unmixed monomers. Redrawn with permission from ref 9. Copyright 1965 The Chemical Society,

London.

investigated in most detail not only by low resolution
infrared and microwave spectroscopies but also by the
higher resolution versions of these techniques. As a
consequence, it has become possible to give an account
of the spectroscopy of hydrogen-bonded dimers largely
in terms of HCN-HF and for the purposes of sequen-
tial development we will use in this article, where
possible, this particular heterodimer to illustrate the
wide range of properties of hydrogen-bonded dimers
that can be determined spectroscopically. These
properties will include the dimer geometry, the internal
dynamics of the subunits, various aspects of the po-
tential energy function, and changes in the electrical
and geometrical properties of the monomers on for-
mation of the hydrogen bond.

In section II, we present an account of the nature and
analysis of the vibrational and rotational spectra of
hydrogen-bonded dimers at various levels of resolution.
Section III discusses how the spectroscopic quantities
can be extracted from the observed spectra. Corre-
spondingly, in section IV the properties of the dimer
that can be determined from the spectroscopic quan-
tities are illustrated, where possible, by reference to
HCN-HF. Finally, some generalizations about the
hydrogen bond that have been made as a result of the
type of spectroscopic studies reviewed are discussed.

II. Types of Spectroscopy Used In the
Investigation of Hydrogen-Bonded Dimers

A. Low-Resolution Vibrational Spectroscopy
1. Nomenciature

One of the main conclusions from infrared spectros-
copy of hydrogen-bonded dimers is that the observed
low-resolution spectra can be interpreted satisfactorily
in terms of vibrational modes closely associated with
the hydrogen-bond. (Some of the internal modes of the
monomers will, of course, exhibit detectable changes
upon complex formation and can also provide infor-
mation about the hydrogen bond.) In a linear dimer
such as HCN--HF, there are four hydrogen-bond

modes: the low-frequency stretching and bending
modes v, and v, and higher frequency stretching and
bending modes vg and vg, in the last two of which the
motion is confined largely to the hydrogen atom (see
Figure 1). The notation is directly applicable to sym-
metric rotor dimers, such as CH;CN--HF, while for
asymmetric rotors with effective C,, symmetry, such as
H,0.-HF, it is readily adapted by allowing the removal
of the double degeneracy of each of »g and 4 to give in-
and out-of-plane modes vg), ¥B() ¥i), and vg,). For
dimers so far investigated by infrared spectroscopy,
typical values for the wavenumbers of the v = 1«0
transitions in these modes are as follows: v,, ~85-200
em™; »g, ~3000-4000 em™; vg, ~40-100 cm™}; vg, ~
400-700 cm™.

2. Direct Observation of vg and vg in the Infrared
Region

The earliest observations of the gas-phase vibrational
spectra of simple hydrogen-bonded dimers having a
single hydrogen bond were of broad bands associated
with the high-frequency stretching modes »g. We show
in Figure 2 the spectrum® of the HCl stretching region
of the dimer (CHj;),0--HC], the spectral features of the
monomers having been previously subtracted. The
observation of essentially identical band structures for
(CH,),0--HCl and (CD;),0-+-HCI, as shown in Figure
2a and 2b, served to exclude Fermi resonance as a cause
of band breadth and structure, an interpretation that
had been prevalent up to that time. The origin of the
large breadth of the observed bands has been much
discussed and its interpretation is considered in section
ITA3 below. The corresponding feature in our prototype
dimer HCN--HF is in fact less well-defined, and hence
we refer here to the dimethyl ether-HCI complex, the
key dimer in establishing the assignment of the vg-band
structure, although such effects have now been observed
for many complexes including HCN--HF.

The mode v, on the other hand, has been less fre-
quently observed, but a good illustration of its nature
is presented by the example of HCN--HF. Thus, in
Figure 3 the region of the vg = 1 <« 0 transition of
HCN--HF is shown.l® The obvious structure on this
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Figure 3. A sequence in the low-frequency bending mode »
appearing on the vg band in the infrared spectrum of HCN.-HF.
Redrawn with permission from ref 10. Copyright 1971 Royal
Society (London).

band will receive interpretation in section ITA3.

3. v, Progressions Associated with vy and Sequences
in vg Associated with vg

Although the structure evident within the »g band
shown in Figure 2a and 2b has been the subject of ex-
tensive discussion, there is now a generally accepted
interpretation. The structure arises, in fact, from a
progression in the low-frequency stretching mode v,
based on the high-frequency stretching mode vg. Two
possible assignments of this progression that have been
made are given in Figure 2. The most recent evidence!!
indicates that assignment 1 is to be preferred. Inves-
tigations show that the first overtone bands vg = 2 «
0 for R,0O--HF have similar structures with sub-bands
at 2vg - v,, 2vg and 2»g + v, etc. and lead to values for
important anharmonicity constants.!? For HCN..-HF,
an analogous structure has been observed for the fun-
damental and assigned unambiguously’®!® as vg - v,, vg,
and vg + v,.

The structure seen on the vg = 1 < 0 band of HC-
N--HF in Figure 3 has an analogous interpretation to
that associated with vg but involving the two bending
modes »g and v5. Thus, each component in the struc-
ture corresponds to a transition vgg + vg < vgvg be-
ginning at vz = 0 on the right-hand side in Figure 3 and
increasing in steps of one in v to the left, thereby
forming a sequence of hot bands in 4 and allowing the
evaluation of anharmonicity constants.® The assign-
ment of quantum numbers in this sequence is included
in Figure 3.

4. Direct Observation of v, in the Far Infrared Region

The difference between consecutive features of the
band structure in the vg + v, progression (see Figure 2)
leads to an approximate value for the vibrational sep-
aration v, = 1 «<— 0 and has allowed identification of this
transition in the far-infrared region in a few cases. Thus
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Figure 4. Far infrared spectrum of the dimer Me,O--HF. The
monomer spectra have been subtracted from the spectrum of the
mixture. Redrawn with permission from ref 16. Copyright 1971
Royal Society (London).

for (CH,),0--HCl the value approximately 100 cm™ is
obtained® from sum and difference bands in »g while the
far infrared measurements! give 118 £ 1 cm™. For
(CHj;),0--HF, the approximate value obtained!s from
the v, progression on vg is 170 cm™ while the v, = 1 «
0 transition itself is observed!® at 185 cm™, as shown
in Figure 4. No direct observation has been made for
v, =1« 0 in HCN..HF but a value of 155 cm™! has
been determined!® from the », progression on vg.

B. Low-Resoiution Rotational Spectroscopy
1. An Early Broadband Rotational Spectrum

The first rotational spectrum of a heteromimer in-
volving a single hydrogen bond was that of the sym-
metric top species CH;CN-~HF observed at rather high
partial pressures of the two components using a Hewlett
Packard 8460A Stark modulation spectrometer and an
equilibrium gas mixture.l”1® It consisted of a set of
equally spaced, very broad bands which do not appear
in the spectra of each of the separate components. One
such band, the J = 4 « 3 transition, is shown in Figure
5 along with a trace of the same spectral region for each
of the components. The bands are equispaced as ex-
pected for a symmetric rotor and lead directly to a value
for B.

2. The Rotational Spectrum under Increased
Resolution

The broad band seen in Figure 5 is the envelope of
vibrational satellites, K-sub band structure and nuclear
hyperfine components. When the partial pressures of
the two components are reduced® each broad band in
the rotational spectrum of CH;CN...HF referred to
above and shown in Figure 5 resolves into a large
number of components, as illustrated for the J = 8 —
7 transition in Figure 6. Each resolved component now
corresponds to the same rotational transition (J = 8 «—
7) but in a different vibrational state.l® The existence
of a strong vibrational satellite progression, which must
be associated with the lowest energy mode of the
molecule (that is the doubly degenerate hydrogen-bond
bending mode v, see Figure 1), is clear but the identity
of the ground-state transition is not immediately ob-
vious. However the indicated progression is almost
equally spaced, requiring that the first member of the
series at 29 645.2 MHz be assigned to the vibrational
ground state and the remainder to states with successive
quanta of v, excited, as labelled in Figure 6. The un-
usual fact that the strongest transition in a satellite



Spectroscopy and the Propertles of Hydrogen-Bonded Dimers

Chemical Reviews, 1986, Vol. 86, No. 3 639

- 1 1 1

L

1 I\ 1 L 1

17 i6 is i4 i6

i5

i4 i3 i6 i5 i4

~—— Frequency / GHz

Figure 5. Detection of the heterodimer formed between methyl cyanide and hydrogen fluoride by means of its gas-phase rotational
spectrum. Rotational spectra of (a) CH3CN flowing through cell at pressure ca. 0.5 torr; (b) HF flowing through cell at pressure ca.
0.8 torr; (c) approximately equal partial pressures of CHzCN and HF flowing through cell at total pressure ca. 0.9 torr. Redrawn with

permission from ref 18, Copyright 1980 Royal Society (London).
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Figure 6. The ground-state J = 8 « 7 rotational transition and
its vibrational satellites for CH;CN--HF under moderate reso-
lution. (Partial pressures of components are approximately equal
and the total pressure is ca. 0.12 Torr.) Redrawn with permission
from ref 18. Copyright 1980 Royal Society (London).

progression is not associated with the ground state has
its origin in the double degeneracy of the mode »; and
will be discussed further in section IIIA2. To the low
frequency of the ground-state transition is the satellite
associated with the v, = 1 state. A progression in »; but
based on v, = 1 is clearly evident.

At even lower pressures and, therefore, higher reso-
lution, the vibrational ground state transition itself is
shown to consist of several components.!® This sub-
structure corresponds to the K < K components of the
J + 1 < J transition, as illustrated for the J = 8 < 7
spectrum in Figure 7. The stick diagram indicates the
positions of the K substructure calculated on the basis
of Djx = 67 kHz used in the familiar frequency ex-
pression

v=2By(J + 1) - 4D (J + 1)3 - 2D jp(J + 1)K2 (1)

for centrifugal distortion in a symmetric rotor molecule.
When the dimer is a linear species like HCN--HF, the
double degeneracy of mode v; is lifted by I-type dou-
bling effects with the consequence that each member
of the v; progression has a l-substructure (but of course

CH,CN-<HF

k=0 3 4 5 6 7 8

Ll

33.30
~—Frequency / GHz
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Figure 7. The ground-state J = 9 < 8 rotational transition of
CH;CN--HF under higher resolution showing the K substructure.

no K-substructure) as indicated for the v; progression
in the J = 5 « 4 transition of HC¥N..-HF, in Figure
8. This spectrum, like those in Figures 5, 6, and 7, has
been observed by Stark modulation microwave spec-
troscopy.l® Again, the satellite corresponding to v, =
1 falls to low frequency of the ground-state transition
and is the origin of a second progression (v, v, = 1) in
Vg.
ﬂFor asymmetric rotors such as H,O--HF, the double
degeneracy of v, is lifted, yielding the modes v4;, and
vgeo)- The vibrational satellite pattern in the rotational
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Figure 8. The J = 5 < 4 transition for HCN.-HF showing
progression of satellite transitions for the mode »;. Redrawn with
permission from ref 135. Copyright 1982 The Royal Society of
Chemistry.

spectrum becomes correspondingly more complicated
but a detailed analysis® leads to a quantitative form
of the double minimum potential energy function which
governs the mode vg,). When the asymmetric rotor
molecule is a homodimer, such as (H,0), or (HF),, the
equivalence of the subunits introduces the possibility
of permutation inversion and, associated with this,
complicated spectra which have been analysed by the
MBERS method in some elegant investigations.?1?2

3. Observation of the Stark Effect

An advantage of using a Stark-modulated microwave
spectrometer to record rotational spectra is that the
Stark effect of a transition is automatically obtained,
and conveniently the Stark components are displayed
simultaneously with the zero field transition but 180°
out of phase. This effect is clearly evident in the
downward pointing components associated with the
vibrational ground-state J = 5 < 4 transition of HC-
N:HF as shown in Figure 8, but is more clearly dem-
onstrated in the J = 3 < 2 ground-state transition
shown in Figure 9 where the M values associated with
the M; < M Stark components (the only type allowed
by the spectrometer configuration) are indicated.

C. High-Resolution Rotational Spectroscopy of
Supersonicaily Expanded Gas Mixtures

1. Unambiguous Identification of Ground-State
Rotational Spectra of Dimers

The rotational spectra shown in Figures 5-9 inclusive
were obtained using conventional Stark-modulation
microwave spectroscopy!® of an equilibrium gas mixture
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Figure 9. Stark effect for the J = 3 « 2 transition of HCN--HF.

of the two components at temperatures ~200 K. In
fact, the transitions carry a hyperfine structure that
arises from N nuclear quadrupole and H,F nuclear
spin—-nuclear spin coupling but, for the conditions under
which the spectra were recorded, this was not resolved.
Attempts to cool the gas mixture and lower the pressure
in order to improve the resolution are unsuccessful
because the loss of vapour pressure defeats the gain in
signal brought about by the improved equilibrium
constant. It is necessary effectively to cool the gas
mixture but at the same time avoid condensation. This
result can be achieved by adiabatic expansion of a gas
mixture of the components B and HA seeded in argon
through a nozzle. The rotational spectrum of the ex-
panded gas, which is rich in the required species B--HA
and of low effective temperature, is detected subse-
quently. Two techniques using such a supersonically
expanded gas are available: pulsed-nozzle, Fourier-
transform microwave spectroscopy?® and molecular-
beam, electric-resonance spectroscopy?? (see section
IIE).

Both techniques employing supersonic expansion of
the mixture of B and HA enjoy two important advan-
tages over Stark-modulation microwave spectroscopy.
The first of these is a very high resolution which will
be illustrated in section IIC2. The second also arises
because of the low effective temperature of the ex-
panded gas. This ensures that, in most cases, only the
ground state rotational spectrum is observed and can
for certain dimers provide the only method of identif-
ying the vibrational ground-state spectrum. The dimer
HCN--HCN provides an example where the identifi-
cation of the ground state transition in the Stark-
modulation spectrum was a severe problem.?4? In this
case each rotational J + 1 < J transition exhibits at
least thirty vibrational satellites and, because the ro-
tational constant 2B is relatively small, the later mem-
bers of the satellite series encroach on the region of the
J + 2 «—J + 1 transition. Moreover, although vibra-
tional satellites associated with low-frequency, doubly
degenerate bending modes are readily modulated and
therefore easily detected when investigated by Stark
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Figure 10, Vibrational satellites of the J = 9 < 8 transition of (HCN), recorded at E =~ 200 V cm™, p ~ 65 Pa, T ~ 190 K. Redrawn
with permission from ref 25. Copyright 1985 Royal Society (London).

modulation spectroscopy, the vibrational ground-state
transition is difficult to observe because it exhibits only
a second-order Stark effect. Once the ground-state
transitions of this linear homodimer had been identified
unambiguously by pulsed-nozzle, FT microwave spec-
troscopy?® it was possible?® to assign the vibrational
satellite pattern in an analogous way to that described
for HCN--HF. The region of the J = 9 < 8 transition
in the Stark modulation spectrum of HCN--HCN is
shown in Figure 10. Under the indicated conditions,
the ground-state transition is insufficiently modulated
but the 4 vibrational satellites are clearly observed to
high frequency of the position of the v = 0 transition
as calculated from the results of the pulsed-nozzle in-
vestigation. Only after the ground-state transition had
been located in this way was it possible to assign the
quantum numbers to the vibrational satellites shown
in Figure 10.

2. Resolution of Nuclear Quadrupole— and Nuclear
Spin-Nuclear Spin Hyperfine Spiittings

The first advantage, alluded to above, of employing
supersonic expansion of a seeded gas mixture of B and
HA in argon is the high resolution resulting from the
absence of pressure broadening in the collisionless ex-
pansion. The high resolution in the presence of high
sensitivity that characterises the pulsed-nozzle, FT
method can be illustrated?” by the example of the J =
1 < 0 transition of the isotopic species HC*N...HF,
which is shown in Figure 11. This transition consists
of a gross triplet at frequencies approximately 7181.25,
7182.5, and 7184.35 MHz corresponding to the three
14N-nitrogen nuclear quadrupole components. Each
component of the triplet has a substructure which arises
from H,F nuclear spin—nuclear spin coupling. It should
be noted that all of the components shown in Figure
11 would fall within a single line width of the spectrum
displayed in Figure 8. On the other hand, none of the
vibrational satellites shown in Figure 8 is observed in
the pulsed-nozzle experiment because of the low ef-
fective temperature. As explained in section IIE1 it is
a great advantage of Stark modulation spectroscopy of
gaseous mixtures that it allows the potential energy
functions of hydrogen-bonded dimers to be probed

HC"N-HF F‘

Ll 1 L

Ly

7184.4 71843 7I826 71825 71824 71813  7I181.2
-—— Frequency / MHz

Figure 11. A composite diagram of the frequency domain re-
cordings of each of the three groups of hyperfine components in
the J = 1 < 0 transition of HCYN..HF. The absolute frequency
scale is indicated on the abscissa to show the different magnitudes
of the N nuclear quadrupole splitting (gross structure) and the
H,F spin—spin splitting (fine structure). The stick diagram shows
the calculated positions of the components. The doubling in-
dicated by the braces is an instrumental (Doppler) effect. Re-
drawn with permission from ref 27. Copyright 1985 Royal Society
(London).

through the observation of vibrational satellites. The
results of Stark-modulation and pulsed-nozzle, FT
microwave spectroscopies are in this sense comple-
mentary.

We can demonstrate?’ that the gross triplet in Figure
11 arises from *N-nuclear quadrupole coupling by
considering the J = 1 < 0 transition of the isotopic
species HC®*N.--HF which is recorded in Figure 12.
The spectrum is now greatly simplified (!N has a nu-
clear quadrupole moment of zero) and only the four
components arising from H,F nuclear spin-nuclear spin
coupling remain. Another illustration?” of the high
resolution possible by pulsed-nozzle, FT microwave
spectroscopy is given by Figure 13 in which we show the
J = 1 « 0 transition of HC!N...DF. In this case, the
hyperfine structure, which is spread over only 200 kHz,
arises mainly from D-nuclear quadrupole coupling but
with a small contribution from D,F nuclear spin—nuclear
spin splitting.
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Figure 12. Recording of the J = 1 < 0 transition of HC'*N.-HF.,
Frequencies are offset at a rate of 3.906 25 kHz per point from
the polarizing frequency 7146.9558 MHz. The stick diagram shows
the calculated positions of the hyperfine components. The
doubling indicated by the braces is an instrumental (Doppler)
effect. Redrawn with permission from ref 27. Copyright 1985
Royal Society (London).
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Figure 13. Recording of the J = 1 < 0 transition of HC'*N...DF.
Frequencies are offset at a rate of 3.906 25 kHz per point from
the polarizing frequency 7102.6923 MHz. The stick diagram shows
the calculated positions of the hyperfine components. The
doubling indicated by the braces is an instrumental (Doppler)
effect. Redrawn with permission from ref 27. Copyright 1985
Royal Society (London).

D. High-Resolution Vibration-Rotation
Spectroscopy

1. Resolution of Rotational Fine Structure in vg =
1 < 0 Vibrational Transitions

If we focus attention on the subband associated with
v, = 0 in the vg + v, v, < v, region of the infrared
spectrum of HCN...-HF referred to in section IIA3 and
increase the resolution,!? the result is shown in Figure
14. We note a substructure which has been assigned
by Thomas!® as a sequence of hot bands in the low-
frequency bending mode »g. Thus, each component in
the substructure consists of a transition of the type vg

Legon and Millen
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Figure 14. Substructure associated with »g for HCN--HF. Values
of v indicate assignment as a sequence of hot bands in the low-
frequency bending mode v5. Redrawn with permission from ref
10. Copyright 1971 RoyalH Society (London).
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Figure 15. (a) Part of the vgvg + »g < vy, high-resolution infrared
spectrum of HCN--HF illustrating the partially resolved P(J) and
R(J) branch transitions associated with vz = 0 and vg = 1 states.
Total pressure 0.5 torr, temperature 213 K and 96 m effective
path length. Redrawn with permission from ref 13a. Copyright
1983 American Institute of Physics. (b) Part of the vgrs + vg <
vgvg high resolution infrared spectrum of HCN-~HF iflustrating
Pﬂ(J) and Q(J) branch transitions associated with the vz = 0 state.
Redrawn with permission from ref 13b.

+ vgrg < vgvg, that is the analogue of the sequence
assoclated with the vg = 1 < 0 transition shown in
Figure 3.

If we now further focus our attention on the first two
members (i.e., vg = 0 and vg = 1) of the sequence shown
in Figure 14 and again increase the resolution the result
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is that obtained by Bevan et al.1*® which is displayed
in Figure 15(a). The spectrum in Figure 15(a) is an-
notated by the assignment of rotational fine structure
for each vg + vgrg < gy transition, where vz = 0 and
1, and this shows clearly that the substructure apparent
in Figure 14 has its origin in a P-branch bandhead in
each case, as originally proposed by Thomas.l® The
basis of the proposal was that, because of the Sheppard
effect,?® the hydrogen bond is shortened by Ar in the
vg = 1 state by comparison with the vg = 0 state. The
result is that B, — B, is negative and as a consequence
each P-branch converges to form a sharp bandhead.
Indeed, the high resolution study of vg in HCN..HF
provides the first direct experimental evidence of the
Sheppard effect and leads to the value Ar = 0.034 A.

An analogous investigation® of the homodimer (HF),
has been made in which a wealth of rotational fine
structure associated with vg has been analyzed, taking
into account the inversion motions arising from the
equivalence of the HF subunits.

2. Resolution of Rotational Fine Structure in vg =
1 <= 0 Vibrational Transitions

The vz band of HCN--HF has been recently recorded
under very high resolution by Bevan et al.1*® and is
shown in Figure 15(b). The band consists of the P-, Q-,
and R-branches expected for a II < X bending band
of a linear molecule. The vibrational change in the B
rotational constant is anomalously large and negative,
and the R-branch forms a sharp and distinctive head
around J = 50. In fact, Thomas,*® lacking the reso-
lution available in this study, understandably mistook
this R-branch for a Q-branch. The fundamental band
is accompanied by a maze of hot-band transitions which
fortunately are displaced to low frequency and which
also contain R-branch as well as Q-branch heads.
Analysis of the rotational fine structure of the »g band
leads to a very accurate rotational constant Bg, cen-
trifugal distortion constant DB and the I-type doubling
constant gg.

E. Summary of Experimental Methods Used To
Observe Spectra

We summarize below the methods used to record the
spectra shown in Figures 2-15. More detailed de-
scriptions can be obtained from the indicated refer-
ences.

Low-resolution infrared spectra have been observed
with conventional spectrometers and, where appropri-
ate, long-path gas cells.>!%!® On the other hand, the
high resolution infrared spectra were investigated either
by means of tunable, color-center or frequency-differ-
ence lasers and very long-path, White cells which could
be cooled to low temperature!®»?® or by means of a
FTIR spectrometer and a multipass cell.13®

The low-resolution rotational spectra were recorded
with a Hewlett-Packard 8460A 33 kHz Stark-modulated
microwave spectrometer employing phase-sensitive
detection.!® The gold-plated absorption cell of this
spectrometer proved to be a significant advantage when
working with mixtures containing hydrogen fluoride.
The control of the temperature of the microwave ab-
sorption cell was a crucial operation in these experi-
ments because, on the one hand, as low a temperature
as possible was required to favor the dimer but, on the
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other hand, condensation of the mixture placed a lower
limit on the working temperature. Temperatures in the
range —-70 to —30 °C were commonly used and were
achieved by cooling with liquid nitrogen. Each half of
the absorption cell was enclosed by an insulated jacket
into which liquid nitrogen could be pumped, at a rate
controlled by a sensing platinum resistance thermom-
eter, from a Cryoson pressurized dewar. The liquid
nitrogen was delivered at eight points onto a baffle plate
above the absorption cell via a branching system of
polythene pipes insulated with foam rubber.

The high-resolution rotational spectra discussed
above were detected by means of the pulsed-nozzle,
Fourier-transform microwave technique.*#?? This in-
volves Fourier-transform microwave spectroscopy of a
pulse of gas mixture (B and HA diluted in, say, argon)
expanded supersonically from a nozzle into an evacu-
ated Fabry-Perot cavity. The microwave pulse induces
a macroscopic polarization in the gas when it is in
collisionless expansion between the Fabry-Perot mir-
rors. It is required that the half-life, T, for the decay
of the macroscopic polarization is much greater than
that (r,) for the decay of the microwave pulse within
the Fabry-Perot cavity. Accordingly, when the polar-
ized dimers in the cold gas (T = 5 K) begin to emit at
some rotational transition frequency and the detector
is opened, the microwave pulse has dissipated and only
the molecular emission survives to be detected. Details
of the theory and operation of this technique have been
described.*?

Some of the results from high-resolution rotational
spectra referred to below have been determined by
molecular-beam electron resonance spectroscopy
(MBERS). The technique has been reviewed a number
of times.®® Basically, inhomogeneous electric fields are
used to deflect molecules, through the Stark effect, from
beams of the supersonically expanded mixture of B and
HA in argon. This effect depends strongly on the ro-
tational state of the dimer and hence electric dipole
transitions are detected by altering the trajectories of
the dimers that have suffered a rotational transition.
As a consequence, only molecules that have certain
trajectories are allowed to reach the detector which is
usually a mass spectrometer. The number of dimers
reaching the detector as a function of the radiation
frequency yield the required spectrum.

The techniques discussed above for the detection of
low- and high-resolution rotational spectra are com-
plementary. Although equilibrium rotational spec-
troscopy is restricted mainly to moderately strongly
hydrogen-bonded dimers and has moderate resolution,
it has the significant advantage that rotational spectra
are obtained in vibrationally excited states of the low-
lying hydrogen-bond modes as well as in the vibrational
ground state. Vibrational satellites are important be-
cause of the information they contain about the hy-
drogen bond potential energy function. The pulsed-
nozzle, Fourier-transform and MBERS methods have,
on the other hand, a very high sensitivity for molecular
dimers and a high resolution because of the low effective
temperature of the gas pulse and because the emis-
sion/absorption of radiation occurs while the gas is in
collisionless expansion. Very weakly bound molecular
dimers can be investigated with these instruments. A
concomitant disadvantage of the low effective tem-



844 Chemical Reviews, 1986, Vol. 86, No. 3

TABLE 1. Vibrational Energy Separations (cm™) in
HCNe ¢ o HF and CH,CNe ¢ +HF

Legon and Mlllen

TABLE II. Rotational and Centrifugal Distortion
Constants for HCNe ¢ «HF

microwave

vibrational relative I-type  centrifugal

spacing infrared intensity doubling distortion

HCN..-HF
vg=1<«0 3716.20 £ 0.01 - - -
v,=1<0 15510 197 £ 15 - 163
vg=1<«<0 5553 - - -
vg=1<+0 70 £ 24 91 £ 20 72 -

ref 10 19 60 27

CH,CN...HF
vg=1«0 3627%2 - - -
v,=1<0 1683 181 + 20 - 158 £ 2
vg=1<«<0 6203 - - -
vs=1+0 4014 515 - -

ref 10 18 - 56

perature is, however, that spectra in the vibrational
ground state only are observed. The equilibrium and
MBERS methods, through the Stark effect, readily
furnish electric dipole moments of dimers, while the
high resolution of the pulsed-nozzle, Fourier-transform,
and MBERS methods allow the investigation of nuclear
quadrupole and nuclear spin—-nuclear spin coupling
effects.

111. Determination of Spectroscopic Quantliies
from Observed Specira

A. Introduction

The spectra that have been used illustratively in the
preceding section contain a wealth of information about
the dimers from which they are derived. We begin by
discussing the spectroscopic quantities that can be ex-
tracted from spectra of the types shown and these will
then be used in section IV to show how the molecular
properties of the dimers can be determined from them.

B. Vibrational Spacings in vg, v,, v, and v
1. Determination from Infrared Spectroscopy

We refer to the example of HCN.-HF. For this
heterodimer, v and vy have been determined directly®
from the origin of the vgvs + vg < vgyg sequence shown
in Figure 14 and the origin of the vg; + vg <~ vgyg
sequence shown in Figure 3, respectively. On the other
hand, v, and vz for HCN---HF have not, so far, been
observed directly but both can be obtained indirectly.
The wavenumber of the former follows from the dif-
ference of vg and vg — v, as observed by Thomas.® The
wavenumber of the latter is obtained from the intensity
variation in the vgrg + vg < vy sequence,!® for which
the relative intensities are given by

I(Uﬂ)/I(O) = (Uﬁ + 1) exp(—hcvﬂvﬂ/kT) (2)

under the assumption that the electric dipole transition
moment is negligibly changed on excitation of »5. The
vibrational separations obtained for vg, v,, vg, and v
from infrared spectroscopy are collected together in
Table L

2. Determination of v, and vg from Rotational
Spectroscopy

It is convenient initially to refer here to the example
of CH;CN-~HF® instead of the closely related HCN:
HF because of complications imposed by resolved -

isotopic species By, MHz Dy, kHz
HCUN...HF 3573.5874 (2) 6.97 (2)
HC!N...DF 3551.5110 6.83
HCMN...HF 3591.1552 6.99
HCMN...DF 3569.6576 6.86
DC!®N...HF 3360.3549 5.85
DCUN...DF 3338.0824 5.81
DC¥N...DF 3351.87 (4) 5.5 (8)
HCUN...HF 3496.13 (6) 6.6 (assumed)

type doubling effects among the vibrational satellites
in the rotational spectrum of the latter.}® The extended
vibrational satellite series associated with the J = 8 «—
7 transition of the symmetric top CH;CN--HF has been
illustrated in Figure 6. The intensity of a member of
the v4 progression relative to that of the ground state
is also given!® by eq 2, which thereby draws attention
to the close relationship between the sequence in Figure
3 and the progression in Figure 6. We note that the
factor vg + 1 in eq 2 is responsible for the previously
mentioned fact that the ground state transition is not
the strongest in the progression. The resulting value
for v is included in Table I. Similarly, the result shown
in Table I for v, from microwave relative intensity
measurements has been obtained from the v, = 1 sat-
ellite and the appropriate analogue of eq 2, that is from
which the statistical weighting factor v + 1 is absent.

The vz = 1 satellite in rotational transitions of
HCN---HﬂF is split into two components as a result of
I-type doubling (see Figure 8). Nevertheless, its total
intensity relative to the ground state is still given by
eq 2 and leads to the value for vz recorded in Table I.
The value of », determined by the above method is also
included.1®

Finally, further values of v and v, for HCN--HF are
available, less directly, from interpretations of the [-type
doubling constant g and the centrifugal distortion
constant Dy, respectively. These interpretations are
discussed in section IVE below but the results are in-
cluded in Table I for convenience.

C. Rotational Constants and Vibration—-Rotation
Interaction Constants for g, v,, and g

1. Ground-State Rotational and Centrifugal Distortion
Constants from Microwave Spectroscopy

The ground-state rotational spectrum of HCN...HF
has been measured for a large number of isotopic
species!®?” and hence provides a suitable example. The
frequencies of transitions have been fitted by the fa-
miliar expression

v = 2By(J + 1) - 4AD,(J + 1) @)

to determine the rotational constants B, and the cor-
responding centrifugal distortion constants D; shown
in Table II. The two sets of constants with slightly
lower accuracy were determined using Stark-modulation
microwave spectroscopy!? while the remainder were
derived using the pulsed-nozzle, FT technique.?’

2. Excited-State Spectroscopic Constants for vg, v,,
and vg

Rotational constants for the vibrationally excited
states v, = 1 and vg = 1 are readily determined!® from
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TABLE III. Excited State Spectroscopic Constants of
HCYNe ¢ oHF

state B,, MHz ay, MHz q, MHz
vg=1 3659.4 (10) -68.3 (10) -
v, =1 3529.32 (2) 61.79 (3) -
vg=1 3622.48 (9) -31.25 (6) 12.9 (2)

the observed rotational spectra. Referring to the ex-
ample of HCMN...HF and the J = 5 < 4 rotational
transition shown in Figure 8, we note that the v, =1
satellite is split into two components of equal intensity
and that satellites of higher v, are also split into several
components. The form of this vg = 1 splitting is, in fact,
characteristic of I-doubling, which results from the
coupling of vibrational and rotational angular momenta
in linear molecules. The frequencies of the two com-
ponents of the [ = 1 doublet are given by

v=2B(J+1) % 1/2qﬂ(vﬂ + 1)J + 1) -
4D,(J + 1D){(J + 1)2 - 13 (4)

where g, is the l-doubling constant for the mode »; and
I is the quantum number associated with vibrational
angular momentum along the molecular axis that re-
sults from the double degeneracy of »5. For |lj > 1, the
splitting is much smaller and much less readily de-
scribed but the components are nevertheless conven-
iently labeled with the notation (v,, vg) in Figure 8. By
use of eq 4, B,, D, and g for vg = 1 have been evalu-
ated!® from observed rotational transition frequencies
and are shown in Table III together with a value of a;
defined by the expression

BU = BO - av (5)

The determination of B, for v, = 1 is similarly
straightforward and its value is given in Table III along
with a,.

The rotational spectrum of HCN..HF in the state vg
= 1 has not been observed because of an adverse
Boltzmann factor but the rotational constant for this
state, and hence a value of ag, is available from the
analysis of the rotational fine structure in the v + vg
«— vgvg band (see Figure 15a) by Bevan et al.}% The
results are given in Table III. No such analysis is yet
published for the vgvg + vg < vgrg band and no satellites
associated with vg have been reported in the rotational
spectrum. Hence spectroscopic constants for the mode
vp are not yet available and this is the situation for all
hydrogen-bonded dimers so far investigated, but see
section IID2.

D. Nuciear Hyperfine Coupling Constants for the
Vibrationai Ground State

The pulsed-nozzle, FT, and MBERS techniques enjoy
sufficiently high resolution and sensitivity that various
types of nuclear hyperfine structure can often be re-
solved in the rotational transitions of hydrogen-bonded
dimers (see Figures 11-13, for such structure in rota-
tional transitions of HCN.«HF). For example, accurate
values of nuclear quadrupole and nuclear spin—nuclear
spin coupling constants have been determined by these
methods.?” Such coupling constants can be informative
about the internal dynamics of the dimer and about
electrical changes that accompany dimer formation.
The interpretation of coupling constants in terms of
these dimer properties is discussed in sections IVF and
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IVG. We limit the discussion to dimers that are linear
at equilibrium and concentrate our attention on HC-
N..HF.

Nuclear quadrupole hyperfine structure arises from
the coupling of the angular momentum I associated
with a given nucleus to that J of the overall rotational
motion. The mechanism of the coupling is the inter-
action of the nuclear electric quadrupole moment
(nonzero if I > 1/,) with any electric field gradient that
exists at the nucleus. For the special case of a linear
dimer carrying a single quadrupolar nucleus, if the ro-
tational spectrum in the hypothetical equilibrium state
were available, the quantity obtained from the hyper-
fine structure would be the diagonal component x,, of
the nucleus quadrupole coupling tensor, where z is the
molecular axis. x,, is then simply related to the electric
field gradient g,, = (82V/82?) at the nucleus in question
along z by

X2z = _eQsz/h (6)

where e@) is the nuclear electric quadrupole moment.
Thus if x,, were available for, say, the nucleus at the
binding center in the linear dimer before and after
dimer formation, direct evidence about electric charge
redistribution would result. Unfortunately, the ob-
served quantity for a linear species is the diagonal
component x., in the zero-point state. There are dif-
ficulties in separating the contributions that electrical
and zero point effects make to changes in x,, values
observed when dimers are formed and these will be
discussed below.

Nuclear spin-nuclear spin hyperfine structure results
from the direct coupling of two nuclear spin angular
momenta I, and I, by the interaction of their nuclear
magnetic dipole moments. For a linear molecule in its
hypothetical equilibrium state, the quantity derived
from the spin-spin hyperfine structure in rotational
transitions arising from the coupling of a pair of nuclei
1 and 2 would be the component D,,!? of the coupling
tensor, given by

Dzzm = _2g1g2ﬂN2/r3 (7)

where g; and g, are the nuclear g factors, uy is the
nuclear magneton, and r is the equilibrium distance
between nuclei 1 and 2. If we restrict consideration to
the case of a diatomic molecule bound in a linear dimer,
(e.g., HF in HCN...HF), the observed quantity for the
free HF molecule can be written

DoHF = -2gugpun®(1/r8)oo (8)

where the average is over the zero point motion. When
the HF molecule is bound in the dimer, the observed
quantity is the diagonal element D, of the coupling
tensor referred to the principal inertial axis system. In
general, D,!* and D,,1? differ because of changes in
(1/r%) on dimer formation and because zero point
motion in the dimer takes the diatomic molecule away
from the linear axis 2. Again, the difficulty is to dif-
ferentiate between the effect of bond length changes
and zero point motion and this will be considered in
section IV.

The hyperfine structures in the J = 1 < 0 transitions
of HC¥N...HF, HCN.-HF, and HC'*N...DF shown in
Figures 11, 12, and 13, respectively, have been analysed
by methods discussed in detail elsewhere? to obtain the
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TABLE IV. Nuclear Hyperfine Coupling Constants® for Various Isotopic Species of HCNe ¢ ¢ HF

coupling constant HCUN...HF HCUN. . .HF HCYN...DF DCUN...HF
o (N), MHz ~4.098 (4) - - -
(D), kHz - - 269 (4) 186 (5)
D, HF, kHz -218 (6) -242 (6) - -244 (4)

% Reference 27.

TABLE V. Stark Coefficients and Eleciric Dipole Moments for Various Vibrational States of HyOe ¢« ¢ HF and D,Os ¢ «DF

rotational
transition

vibrational state
(Ug(o)VsiiprVs)

Av/E?,
104 MHz V-2 cm?

second-order Stark
coefficient, 108 D=2 MHz V-2 cm? w D

H,'¢0...HF

(0,0,0) ground state 2n <+« 1 |M =0
200 < 1oy IM] =1
2 1 M| =0
200 1 M| =0
20— 1oy | M| =11
200~ 1oy IM] =1

(1,0,00

(0,1,0)
D,!¢0-..DF

(0,0,0) ground state 200 19 M| =0

nuclear hyperfine coupling constants x,,(1*N), D,,HF,
and x,,(D) listed in Table IV. (Nuclear spin—nuclear
spin coupling involving the other I =1/, particles is too
small to detect.)

E. Stark Coefficients from the Spiitting of
Rotationail Transitions in Applied Electric Fieids

It is well known®! that the rotational transitions of
linear molecules and asymmetric rotor molecules gen-
erally exhibit a second-order Stark effect, that is the
rotational energy levels are displaced from their zero-
field values by an energy proportional to u2E?, where
u is the appropriate molecular electric dipole moment
and E is the strength of the applied static, uniform
electric field. As a result, the so-called Stark compo-
nents into which a rotational transition correspondingly
splits are displaced Av in frequency from the zero field
value such that Ay is proportional to u?E2. As an ex-
ample, we show in Figure 16 how the frequency dis-
placement Av varies with E? for some Stark components
of the hydrogen-bonded dimer H,O-+HF in various
vibrationally excited states and for D,O--DF in its
ground state.? In Figure 16, the notation (vg), Vg, U,)
is used to label the vibrational state in question (see
section ITA1 for a discussion of nomenclature). The
heterodimer H,O--HF is an effectively planar asym-
metric rotor?>3%3* and the observed straight lines con-
firm the behaviour alluded to above. The slope of each
straight line Av/E? is called the Stark coefficient of the
component in question and allows u, the electric dipole
moment, of the dimer to be determined (see section
IVD). A selection of Stark coefficients for HyO-~-HF and
D,0---DF is given in Table V.

The measurements referred to in Table V and Figure
16 were made on an equilibrium gas mixture of H,O and
HF using a Stark-modulation microwave spectrometer
configured to allow the selection rule AM = 0. In fact,
even more accurate measurements of Stark coefficients,
and hence electric dipole moments, result from
MBERS. For example, Klemperer et al.?? have deter-
mined the value u, = 2.98865 (9) D for the HF dimer.

Quadratic Stark effects, such as those shown above,
are expected for a linear molecule and are almost in-
variably observed. Indeed, the M = 3 component of the
J = 4 + 3 transition of HCN..-HF behaves in this
manner.®* On the other hand, it was found® for several

0.3575 £ 0.0023
0.3603 £ 0.0024
0.3648 + 0.0023
-0.3860 £ 0.0031
0.3122 £ 0.0015
0.3608 = 0.0029

-0.466 £ 0.011

2.1700
2.1787
2.1887
-2.6604
2.1616
2.1737

4.059 £ 0.013
4.067 £ 0.014
4.083 £ 0.013
3.809 £ 0.016
3.796 £ 0.009
4.074 £ 0.016

-2.9497 3.97 £ 0.05
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Figure 16. Observed second-order frequency shifts Av as a
function of the square of the electric field strength E? for H,O--HF
and D,0--DF. See the text for the labeling scheme of vibrational

states. Redrawn with permission from ref 32, Copyright 1983
American Institute of Physics.
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Figure 17. Stark effect for the transition M; =0,J = 2 <1 of
HCN--HF. Calculated (1) by second-order perturbation theory,
(2) by second- and fourth-order perturbation theory, (3) by matrix
diagonalization. The points O represent experimental observa-
tions. Redrawn with permission from ref 36. Copyright 1978
Academic Press.
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TABLE VI. Electric Dipole Moment of HC!¥Ne ¢ ¢« HF

J+1<J M w D
2«1 0 5.627

1 5.601

4«3 3 5.608
mean 5.612

other transitions that a plot of Ar vs. E? exhibits a
pronounced curvature. This is clearly seen for the M
= 0 component of the J = 2 < 1 transition in Figure
17 when A is plotted against E2. A quadratic Stark
effect for a linear molecule is predicted on the basis of
second order perturbation theory with the neglect of
higher order terms. However, higher order terms are
negligible only when the rotational constant of the
molecule is sufficiently large and the electric dipole
moment is relatively small. This is not so for HCN--HF
for which u = 5.612 D and B, = 3.573 GHz. In this case,
a complete diagonalization of the Hamiltonian matrix
for the linear rotor in the applied electric field is nec-
essary rather than a perturbation treatment truncated
at second order.% The result of the complete analysis
is consistent with the observed Stark effect for the M
= 0 component of the J = 2 <— 1 transition (see Figure
17) and when applied to other transitions results in
internally consistent values of the electric dipole mo-
ment, as shown in Table VL.

F. Number Densities of HCN, HF, and HCN---HF
in Equilibrium Mixtures from Absolute Intensity
Measurements

The measurement of the absolute (or integrated) in-
tensity of a rotational transition in each of HCN and
HCN..HF in an equilibrium mixture of HCN,HF, and
HCN.--HF allows a determination of the number den-
sity ng in the rotational and vibrational ground state
for each species present.1%” As we shall discuss in
section IVF, this provides a route to the equilibrium
dissociation energy D, of HCN--HF.

For a transition originating in a state characterized
by vibrational and rotational quantum number v and
J, respectively, the absolute (or integrated) line inten-
sity is given by

= (87r3nv,J/3ckT)|uij|2vo2 (9)

where n, ; is the number of molecules per unit volume
in the state v,J, and y, is the frequency of the transition.
Thus, if 4 is known, n, ; can be determined directly and
uniquely from absolute intensity measurements of ro-
tational transitions in high resolution spectra because
expressions for l#ij|2 in terms of u are available. For
example, in the case of the J + 1 « J transition of a
linear molecule in its ground vibrational state

il = w2 J + 1) /(2] + 1) (10)

Since the rotational constant and the vibrational fre-
quencies are experimentally known for each of B =
HCN, HF, and HCN---HF, it is possible to use the
well-known expressions for the various partition func-
tions to calculate the ngo(B) from the n, ;(B). Given
the ngo(B) values, the quantity Koy defined as

K0,0 = no,o(HCN"'HF)/nO,O(HCN)nO,o(HF) (11)

can be calculated. As we shall indicate later, K is
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Figure 18. Model used in discussion of the zero-point motion
of HCN-HF.

simply related to the zero-point dissociation energy D,
of HCN..HF. Absolute intensity measurements were
used to determine the partial pressure of HCN and
HCN--HF in the mixture, from which the partial
pressure of HF follows by difference from the total
pressure. The partial pressure and hence the number
density n(HCN) of HCN in a given mixture of HCN
and HF was determined from the measured area of the
J =12, v, = 1, I doublet transition at 34953.8 MHz by
using a calibration curve constructed for the same
transition in pure hydrogen cyanide. The partial
pressure of the dimer was obtained from the absolute
intensity of the J = 4 < 3 transition in the vibrational
ground state.

1V. Determination of Molecular Propertles from
Spectroscopic Quantities

A. The Zero-Point Oscliliation of the Subunits in
HCN:-HF from Nuciear Hyperfine Coupling
Constants

Many of the spectroscopic quantities discussed in
section III refer to the zero-point states of hydrogen-
bonded dimers. Moreover, the vast majority of the
information presented in section III pertains to the
linear species HCN---HF and accordingly the discussion
in this Section will be concerned mainly with the de-
termination of the molecular properties of HCN...HF
from zero-point quantities. Because of the relatively
weak intermolecular interaction, the zero-point am-
plitudes of the subunits are larger than is normally the
case and consequently it is desirable both to estimate
their magnitude and to allow for them when inter-
preting spectroscopic quantities. The observed nuclear
hyperfine coupling constants provide a route to esti-
mating the amplitude of the angular oscillation of each
subunit in HCN--HF with respect to its mass center.
We must therefore discuss next a model of the zero-
point motion which allows this interpretation and then
examine the molecular properties that follow from other
spectroscopic constants in the light of this model.

We shall use a model of the type shown in Figure 18,
that is linear at equilibrium but with the HCN and HF
subunits undergoing relatively large amplitude oscilla-
tory motions in the zero-point state about their re-
spective centers of mass.?” The subunits are assumed
to be rigid. The motions are then defined by the an-
gular displacements « and 8 and, because of the cylin-
drical symmetry, each nucleus describes a circle in the
plane perpendicular to the molecular axis. We also
assume that r,, the distance between the subunit mass
centers, does not change significantly during the zero-
point motion.

If the electrical properties of one subunit were
unaffected by the presence of the other subunit and the
value of r(H-F) was not significantly changed on dimer
formation, an observed nuclear hyperfine coupling
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TABLE VII. Molecular Geometry of HCNe ¢ ¢« HF

isotopic species (rem®)V% A r(N---F), A¢
HC®N...HF 3.3260 2.8049
HC¥N...HF 3.3462 2.8043
DCUN...HF 3.3820 2.8048
HCUYN...DF 3.2811 2.8017
HCMN...DF 3.3014 2.8011
DCUN...DF 3.3371 2.8015

Sp(N-+-F) = (rem2)V2 + r cos 8- r’ cos a. See text for discussion.

constant C,, would be related to C, that of the free
subunit by

Coo = %Co (3 cos? r-1) (12)

where 7 is the angle between the instantaneous a-axis
of the dimer and the symmetry axis of the appropriate
subunit. The angles 7 are defined in Figure 18, that is
o for HCN and 3 for HF. (This assumes that the «-axis
and the line between the mass centers coincide. They
do not but the angle between them is negligibly small
for present purposes). From eq 12 (cos? «) can be
evaluated from the coupling constant x,,(D) in
DCBN...HF, which has been included for convenience
in Table IV, and (cos? 8) from D, HF. This interpre-
tation has to be qualified in two respects. While the
electric field gradient at D in DC!SN...HF is formally
perturbed by the presence of the HF subunit, correc-
tions for this effect are negligible in this case because
of the remoteness of the D-nucleus. On the other hand,
the value of D,,F¥, and hence (cos? 8), must be cor-
rected for a small (0.014 A) lengthening of the HF bond
on formation of the dimer (see section IVC). The
corrected values are {cos® o) = 0.9710 and (cos? 8) =
0.9423. This provides the basis of the model for the
zero-point motion in HCN--HF which is used in the
next Section to discuss the determination of r(N--F).
This value of r(N--F) is, of course, influenced by zero-
point averaging over the contribution of the remaining
dimer modes, particularly »,, the stretching of the hy-
drogen bond.

B. The ry,-Geometry of HCN:--HF from
Rotational Constants

It has been established beyond doubt from the
magnitude of the rotational constants B, for a large
number of isotopic species of HCN--HF (see Table II)
that the nuclei lie in the order indicated.!® The nature
of the vibrational satellite pattern in the »; progression
for each rotational transition (see Figure 8), and in
particular the presence of the characteristic / doubling,
establishes that the equilibrium geometry is linear. In
the approximation defined by the model discussed in
section IVA, the ground state moments of inertia I,,
IHCN and IHF of the dimer, free HCN and free HF,
respectively, are related by?’

Iy = (I) = plrem?) + %HON(L + (cos? a)) +
LI HF(1 + (cos? 8)) (13)

where u = mycnmyr/ (Mycn+mur) and angular brackets
denote the zero-point average. The values of (r.,2)!/2
obtained by using the rotational constants from Table
II in eq 13 are given for each isotopic species investi-
gated in Table VII. The distance r(N-~F) between the
planes of the circles described by the N and F nuclei
can then be determined for each isotopic species from
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the expression r(N«F) = (r,u2)Y2 + rcos 8- r’cos «,
where r’ and r are the distances of N from the center
of mass of HCN and F from the center of mass of HF,
respectively. The values of r(N-F), but not (r.,2)'/2,
have a high internal consistency over a range of isotopic
species.

C. Lengthening of the H-F Bond on Formation
of HCN---HF from Nuciear Hyperfine Coupling
Constants

It is possible by using the dynamical model discussed
in section IVA, the known electric charge distributions
of HCN and HF, and the nuclear hyperfine coupling
constants given in section IIID to determine the
lengthening ér of the HF bond that accompanies in-
corporation of HF into HCN...HF.?’

In order to discuss the determination of ér, we be-
gin®® by defining the “effective” coupling constants
of a free H(D)F molecule stretched by ér, that is x°ff
for the D-nuclear quadrupole coupling constant and
Dy for the H,F nuclear spin—nuclear spin coupling
constant. We denote the proper free molecule values
as xo and D,, respectively. With these definitions, it
then follows that the observed H,F spin—spin coupling
constant D, ¥ in HCN..HF is related to D,*f by the
familiar equation

DaaHF = 1/2D0eff<3 COS2 ﬁH -1) (14)

where ! is the angle between the instantaneous a-axis
of the dimer and the HF internuclear line and the av-
erage is over the zero-point motion. The quantities D,
and D introduced above are related by

Dy =D, + 9-99-6}' (15)
0 " dr
if ér is sufficiently small. The derivative dD,/dr = 9.2
kHz/0.01 A follows directly from the geometry of HF
because D, is defined in terms of r by eq 8. Relation-
ship 14 is exact because D, 'F is unaffected by electrical
effects due to HCN.
On the other hand, for the D-nuclear quadrupole
coupling constant, the analogous equation must be
written

Xaacorr = 1/2X0eff<3 COS2 ﬁD - 1> (16)

where x,,°°" is the D-nuclear quadrupole coupling
constant in the dimer but corrected for the contribution
of B to the electric field gradient at D. For the HC-
N..DF dimer discussed below, x,,*°" differs by a small
but (in some cases) significant amount from the ob- -
served value x,,. The method of calculating x,,°" from
Xqe Using a distributed point multipole model to rep-
resent the electric charge distribution of B is discussed
elsewhere.?® By analogy with eq 15, we write

d
Xit = Xo + 2 (17)

where dx/dr is available by scaling® the results of an
ab initio calculation*! and has the value -33 kHz/0.01
A. From eq 14-17, if the relationship between ¥ and
AP is known, it is possible to determine a value for or.

The relationship between gH and 8P is provided by
a two-dimensional isotropic, harmonic oscillator de-
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Figure 19. The variation of ér with the intermolecular stretching
force constant k, along the series BHF, where B = Ar, Kr, Xe,
N,, CO, H,S, HCN, CH;CN, and H,0. Redrawn with permission
from ref 39. Copyright 1986 Royal Society (London).

scription of the motion of the H(D)F subunit. This
model leads to the relationship

Bar® = Bay (szr/ wpp)!/* (18)
where 8,, is defined operationally according to
Bay = cos™! (cos? §)1/2 (19)

Application of the model to the system ArHF/ArDF
shows that x*f = xo, Do®f = Dy and x4,*" = Xeq to 2
sufficient approximation, as expected if the model is
satisfactory. The lengthening ér for HCN---HF is cal-
culated? on the above basis to be 0.014 A. The calcu-
lation is readily extended® to a variety of dimers B.~-HF
where B = Ar, Kr, Xe, N,, CO, H,S, HCN, CH,CN, and
H,0. The values of ér are zero for the first three
members of the series and then 0.001, 0.007, 0.010,
0.014, 0.016, and 0.015 A, respectively. It is revealing
to plot ér against the intermolecular stretching force
constant k&, as a convenient measure of the strength of
the hydrogen bond (the method of determination of &,
is given in section IVE). This plot is shown in Figure
19 from which it is immediately clear that ér is a
smoothly increasing function of k, and hence of the
intermolecular binding strength.

D. Electricali Changes Accompanying Dimer
Formation from Eiectric Dipoie Moments and
Nuciear Quadrupoie Coupling Constants

Electric charge rearrangement that accompanies
formation of a dimer B-~-HA is an important charac-
teristic of the hydrogen bond. Some information about
the electric charge rearrangement is available from two
properties discussed in earlier sections, namely the
electric dipole moment of the dimer in comparison with
those of the separate components and the nuclear
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TABLE VIII. Electric Dipole Moment Components and the
Enhancements, Au,, of Hydrogen-Bonded Dimers

dimer kg Debye Ap,, Debye ref
HF...HF 2.98865 (9) 0.60 22
H,0---H,0 2.6429 (2) 0.46 21
H,0---HF 4073 (7) 0.68 32
HF-.--HCl 2.4095 (5) 0.14 42
H,S...-HF 2.6239 (17) 0.78 43
HCN..-HF 5.612 (10) 0.80 36
(CH,),0---HF 3.85 (2) 0.99 44
N,O---HF 2,069 (4) - 45
CO,---HF 2.2465 (4) 0.60 46
SCO-.-HF 3.208 (2) 0.84 46

quadrupole coupling constants in certain specially
chosen dimers.

1. The Enhancement of the Electric Dipole Moment
on Dimer Formation

The electric dipole moments of dimers such as
HCN.-.-HF and H,0--HF have been determined from
measurements of the Stark effect??%5% (see section
IIIE). These can be interpreted on the basis of models
for the internal dynamics of the subunits of the type
discussed in section IVA to give the enhancement of the
electric dipole moment over the vector sum of the
component dipole moments. We illustrate the proce-
dure with HCN--HF before giving a table of such en-
hancements.

Given the model for the zero-point oscillation of the
subunits in HCN..HF shown in Figure 18, it is clear
that the electric dipole moment of the dimer can be
written

Hdimer = Ap + pyen(cos a) + uyp(cos B) (20)

where uycn and uyy are the zero-point moments of the
monomers and Au defines the enhancement of the
electric dipole moment. For molecules of lower sym-
metry, straightforward modifications of this equation
can be made. If we assume that (cos? a) ~ (cos a)? and
(cos? B) =~ (cos B8)?, the corrected mean square values”
given in section IVA and the appropriate uycy and pyr
values lead to Au = 0.897 (10) D for HCN--HF. We
show in Table VIII the enhancement of u, or the a-
component y,, as appropriate, for several dimers mea-
sured mainly by the MBERS technique.*>#¢ These
enhancements have contributions from the polarization
of one subunit by the other and from any charge
transfer on formation of the dimer.

2. Charge Redistribution within a Subunit from
Nuclear Quadrupole Coupling Constants

The enhancement Ay for HCN--HF contains infor-
mation about charge redistribution in the HCN subunit
brought about by the presence of the HF molecule.
This charge redistribution will also be reflected in the
magnitude of the *N-nuclear quadrupole coupling
constant in the dimer but its contribution cannot be
readily deconvoluted in the present state of knowledge.
If, however, we consider the closely related linear dimer
N=N-.-HF we can draw conclusions*’ about the elec-
trical changes on dimer formation from the two “N-
nuclear quadrupole coupling constants because in this
special case the two nitrogen nuclei are equivalent in
the free component.

Accurate values x,,(1) = -4.978 (3) MHz and x,,(2)
= -4.697 (2) MHz have been determined* for the two
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14N-nuclear quadrupole coupling constants in N(1)=
N(2)--HF by pulsed-nozzle, FT microwave spectrosco-
py. These are significantly different in the dimer, but
necessarily equal in free nitrogen, and have been de-
termined from a detailed analysis of the rotational
spectra of ¥N!*N...HF and *N!4N...HF, respectively.
Clearly, whatever zero-point excursions the nitrogen
molecule undergoes on the basis of a model similar to
that discussed above for HCN-~HF, each observed value
of x4.(n) results from the identical projection of its
vibrationless counterpart on the a-axis. Consequently,
the difference Axg, = Xaa(1) = Xaa(2) is the lower limit
to the equilibrium value of this quantity. In the fol-
lowing argument Ax,, is treated as if it were the
equilibrium value.

Using an analysis which has been described else-
where, "8 the known geometry of Ny+HF, the known
electric multipole moment expansion of HF, and an
estimated value of the Sternheimer shielding constant
(1 - v.) for the 1*N-nuclei have been used to evaluate
the contribution Ax,,"'F to Ax,, that arises from the
presence of the HF electric charge distribution. If the
charge transfer from N, to HF is negligible, as in the
rare gas analogues,® the corrected value Ax,,f = Ax,,
- Ax,MF = -0.33 MHz can be assumed to result entirely
from polarization of charge from N(1) to N(2) when HF
achieves its equilibrium position in the dimer.

The value of Ax,,F can be interpreted in terms of
fractional electronic charge transfer from N(1) to N(2)
on the basis of a simple valence bond model for mo-
lecular nitrogen. The values of the 1¥N-nuclear quad-
rupole coupling constants have been estimated for each
of the three valence bond structures of nitrogen N(1)-
=N(2), N*(1)=N(2), and N(1)=N*(2) by using the
Townes—Dailey method?! to give Ax values of 0, -12.5,
and 12.5 MHz, respectively. On this basis, the observed
value of —0.33 MHz corresponds to the transfer of 0.026
e from N(1) to N(2) as the dimer is formed. A similar
treatment has been applied to CoNy~HF,* N,..HCN,*®
and to No-HCI® and leads to estimated values of 0.025
e, 0.016 e, and 0.036 e, respectively.

E. Hydrogen-Bond Stretching and Bending
Force Constants from Vibrational Spacings and
from Vibration—Rotation Interaction Constants

1. Hydrogen-Bond Stretching Force Constants

There are two routes that have been used to deter-
mine the hydrogen bond stretching force constant k,
from spectroscopically observed quantities. Both of
these routes assume a pseudodiatomic model for the
force field. The first involves the use of the vibrational
separation v, = 1 < ( and the assumption of a harmonic
oscillator model in which 5, = (27¢)(k,/u)'/2. The
second makes use of the centrifugal distortion constant
D, in the case of a linear or symmetric rotor dimer, or
Ay for a planar asymmetric rotor. It has been shown,
for example, that for a weakly bound dimer B-~-HA,
having a linear equilibrium geometry and formed from
a pair of rigid linear molecules, the centrifugal distortion
constant D; and the quadratic force constant &, are
related by

1672B,? B B
D, = — °u(1-——°-—i) (21)
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TABLE IX. Hydrogen Bond Stretching Force Constants k,
for Dimers Be ¢ ¢ HF

dimer Dyor Ay, kHz  k,, Nm™! ref
Ar---HF 70.90 (8) 1.41 53
OCQ---HF 10.69 (7) 2.2 46
15N,..-HF 16.0 5.51 47
OC.--HF 9.77 8.96 54
H,S..-HF 15.10 (22) 12.04 55
HCUN...HF 6.97 (2) 18.26 27
CH,CYN...HF 0.90 (1) 20.1 56
H,0---HF 35.5 (9) 25.3 34

TABLE X. Angle-Bending Force Constants (10°%° J rad?)
for the Methyl Cyanide-Hydrogen Fluoride Dimer

12CH3120 14N, ..H 19F

ks ke Roe Dyx
-2.0 3.4 6.6 59.0
-1.0 2.6 75 63.8
0.0 2.3 8.3 68.5
1.0 2.2 9.0 73.1
2.0 2.4 9.6 77.6
RGN F
8 %

Figure 20. Labeling of internal coordinates of CHsCN---HF.

where By, Bg, and By, are the ground-state rotational
constants of the dimer, of B and of HA, respectively.
This model has been generalized5? to include dimers
that are planar asymmetric rotors of C,, symmetry
when A, is the appropriate centrifugal distortion con-
stant.

For HCN-.HF, the v, = 1 < 0 vibrational spacing of
155 (10) cm™ from the infrared spectrum!?® (see Table
I) leads to k, = 16.3 (5) Nm™! while the centrifugal
distortion constant for HC'*N..HF (see Table II) gives
18.26 (5) Nm™ when appropriately employed in eq 21.7
We show in Table IX %k, values determined for a se-
lection of hydrogen-bonded dimers B-~HF by use of eq
21 or its analogue.

2. Hydrogen-Bond Bending Force Constants

The most complete determination of the quadratic
bending force constants for a hydrogen-bonded dimer
has been made!® in the case of CH;CN--HF. In this
analysis, the methyl group was treated as a point mass
and the internal coordinates 6, ¢, and w, as defined in
Figure 20, were used to describe the three bending
modes, namely the RCN bend and the two hydrogen-
bond bending modes v and 5. The GF matrix method
was applied to this five-atom model and, after setting
all off-diagonal elements of the F-matrix other than kg,
to zero, the values of kg, k,, and &, which reproduce
the observed bending wavenumbers were determined
for a range of assumed kg, values. The observed
bending wavenumbers used were 75 = 42.5 cm™, vg =
620 cm™ and 7, = 361 cm™ (the last assumed unchanged
from free CH;CN). The results of this procedure are
given in Table X. Any row within Table X satisfies
the observed bending wavenumbers but a unique solu-
tion is defined if we apply the additional constraint that
the bending force field must reproduce the centrifugal
distortion constant D i = 67 (2) kHz for CH;CN.-HF
which has been determined from the rotational spec-
trum using eq 1 (see section IIB2). The means of cal-
culating Dk from the force field is discussed else-
where.”” As a result of this procedure, it is found!® that
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Figure 21. The potential energy function governing the mode
Vg in HyO~HF. Redrawn with permission from ref 20. Copyright
1982 Royal Society (London).

kg, i8 zero within experimental error and hence that kg
=24 (2) X 10% Jrad? and k4, = 8.0 (7) X 102 J rad2.
If we make the assumption that the cross term kg, is
also zero in HCN:+HF (where the constraint imposed
by Dk is not available), a similar analysis leads® to kg
=3.7X10® Jrad?and &k, = 6.3 X 102 J rad2. The
only other case® where such force constants have been

obtained is for the in-plane bending modes v and YB() '

of H,O-+-HF. For this dimer, kg = 2.52 X 107 J rad"
and &, = 9.85 X 102 J rad2. Thus, in all three dimers,
it is found that bending at the hydrogen atom is more
strongly resisted than bending at the heavy atom.

The lower symmetry of the hydrogen-bonded hetero-
dimer H,0--HF by comparison with HCN.-HF and
CH,CN--HF leads to a distinction between the in-plane
bending modes [vg; and vg] and the out-of-plane
bending modes [y, and »g)]. In fact, the out-of-plane,
low frequency mode vy, is highly anharmonic as in-
dicated by the vibrational separations 64 + 10 cm™ for
Vgo) = 1 < 0 and 203 (35) cm™ for vg,) = 2 < 1 ob-
tained?® from relative intensity measurements of the
appropriate vibrational satellites in the rotational
spectrum of H,O-~HF. A strongly anharmonic potential
energy function governing the mode v, is thus indi-
cated and is confirmed by the behavior both of the
rotational constants and the electric dipole moment (see
Table V) with successive excitation of vg,). In the
one-dimensional approximation, it has been possible to
determine® a potential energy function of the type V(¢)
= a¢* + B¢? by fitting the observed vibrational spacings,
rotational constants, and electric dipole moments. The
angle ¢ is defined as the angle between the O-F line
and the bisector of the HOH angle in H,O--HF. The
form of V(¢) is shown in Figure 21. This establishes
that the equilibrium value of ¢ is 45.5° and that the
equilibrium geometry of H,O-~HF has C, symmetry. In
the zero-point state, on the other hand, the molecule
is effectively planar, since the vibrational wave function
has C,, symmetry.

The conclusion for HyO-+HF can be rationalized on
the basis that at equilibrium the HF molecule lies along
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TABLE XI. n,,(B), where B = HCN, HF and
HCNe » +HF, for an Equilibrium Gas Mixture at T = 190
K

noo(HCN) 7.86 X 10'8 m™
noo(HF) 4.15 X 10%® m=?
no'o(HCN"'HF) 2.14 X 1018 m=3
Koo 0.656 X 10 m-3
D, 18.6 kJ mol™

the axis of a nonbonded electron pair on oxygen, as
conventionally envisaged (see section V). The hetero-
dimers oxirane-~HF and oxetane--HF are also of in-
terest in this respect. The ground-state rotational
constants lead to the values for the angle ¢ (defined as
for H,O-+HF) of 72° and 52° for the oxirane* and ox-
etane® complexes, respectively. The nonbonded pair
interpretation readily rationalizes the increase in angle
¢ as the COC angle decreases from oxetane to oxirane.
As mentioned earlier (section IIIB2) the /-doubling
constant gz for HCN-+HF offers another method of
obtaining v5. The constant g; is related, in the harmonic
approximation, to the vibrational frequencies »; of the
molecule and the Coriolis coupling constants {5 by

2B2,

” [1+ 42,822/ (02 - ved) (22)
Evaluation of the {; through the usual matrix methods
and use of these with the known vibrational frequencies
of HCN-HF and g in eq 22 leads®® to a value 55 = 72
cm™? which can be compared with those availagle by
other methods in Table 1.

Finally, a further source of information about the
bending motion is available from the oscillation am-
plitudes a,, and 8, of the subunits. Values of such
amplitudes have been obtained for numerous dimers
from measurements of hyperfine coupling constants x
and D, by using the operationally defined angles as in
eq 19. It is now clear that account has to bé taken of
H-A bond lengthening in the use of nuclear spin-nu-
clear spin interaction constants and also of the effect
of the electric charge distribution of B on H-A in the
use of nuclear quadrupole coupling constants. When
such allowances can be made it becomes possible® to
use the oscillation amplitudes to assist in the evaluation
of bending force constants of the dimer.

a5 =

F. Hydrogen-Bond Dissociation Energies from
Absoiute Intensities of Rotational Transitions

As discussed in section IIIF, the measurement of the
absolute intensity of a rotational transition of two of
the components B,HA and B-+-HA in a gaseous equi-
librium mixture of the components provides a method
of determining the number density n, in the rotational
and vibrational ground state for each of the species
present. It is then readily shown!%?" that the zero-point
equilibrium constant K, o, defined in terms of n, ac-
cording to eq 11 and measured as discussed in section
IIIF, is related to the zero-point dissociation energy D,
for the reaction

B--HA = B + HA (23)
by
Koo = ngo(B+HA) /nqo(B)ngo(HA) =
(h?/27ukT)?/? exp(Dy/RT) (24)
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TABLE XII. Summary of Hydrogen-Bonded Dimers Be » ¢« HA Investigated by Rotational and Vibrational Spectroscopy

proton

proton
acceptor, B donor, HA

equilibrium geometry

ref {type of spectrum: derived properties}®

HCN HF

HC1
HBr
HCN

CH,CN HF

HCl
HCCCN HF
NCCN HF
(CH,)3CCN HF
NH; HF

HCN

HCCH
N, HF

HCl1

HCN
PH, HF
HCl
HBr
HCN
HCN

P(CHy);3
co HF

HC1
HBr
HCN
CO, HF
HC1

HCN

0Cs HF
HCl

Hg HC1
HCN

H,0 HF

HCl
HCN
HCCH

CH;0H HF
HCl

(CHy):0 HF
HCl

Co HF
HCN
HF

HF

HCl

LIS

A. Nonbonded Pair as Acceptor; Linear and Symmetric Top Species

linear, C.,, HCN. - -HF

linear, C.,, HCN---HCl
linear, C.,, HCN---HBr
linear, C.,, HCN---HCN

CSU’ HCN' M 'HCF3
CSU’ CH30N' --HF

C3,, CH,CN---HCl

linear, C.,, HCCCN.--HF
linear, C.,, NCCN-..-HF
Cs;,, (CH3)sCCN---HF
Cs,, H3N---HF

Cs,, H3N---HCN

C,,, H3N---HCCH

linear, C.,, Ny --HF

linear, C.,, Ny --HC1
linear, C.,, Ny---HCN
Cs,, H;P:--HF

Cq HyP---HCI

Cs,, HyP---HBr

Cs,, HyP---HCN

Cs,, (CHy)sP---HCN
linear, C.,, OC---HF

linear, C.,, OC---HC1
linear, C.,, OC---HBr
linear, C.,, OC:--HCN
linear, C.,, OCO---HF
linear, C.,, OCO---HCl

T-shaped, C,,, |O|

Ceee NCH

I

o
linear, C.,, SCO---HF
linear, C,,, SCO---HCl

linear, C.,, Hg---HC1
linear, C.,, Hg:--HCN

10 {IR: wg, vp, v,, vgl; 19 {mw: By, By, CD, vy, v,, &, Dy, r(N---F)};
27 {B,, CD, x("N), x(D); DHF, r(N-F)}; 13 {IR: vg, B,, r'(N-+-F)}

62 {mw: By, CD, x(1*N), x(C1), x(D), r(N---Cl)}; 63 fmw: g}

64 {mw: By, CD, x(**N), x(Br), r(N---Br)}

65 {IR: By, r(N:--C)}; 24 {mw: By, r(N---C)}; 26 {mw: By, CD,
x(4N), r(N---C)}; 66 {mw: B,, CD, x(D)}; 63 {mw: u}; 25 {mw: B,,
BU: CD) vaﬁl

67 [mw: By, CD, x(*N), x(D), r(N---C)}

10 {IR: ug, vg, ¥,, ¥g); 18 imw: By, B,, CD, v, v, r(N---F)}; 56 {mw:
By, x(*N), x(D), D¥F, r(N---F)}; 68 {mw: By, x(N), D¥F,
r(N---F)}; 57 jmw: CD}

69 {IR: g, 7,)

70 {mw and IR: By, B,, CD, x(*N), v, vg, v,, r(N---F)}

48 {mw: B,, CD, x(¥N), D¥F r(N...F)}

71 {mw and IR: By, B,, vs, r(N---F)}

72 {mw: By, CD, x(1N), 4}

65 {IR: B, r(N---C)}; 73 {mw: B,, CD, x(N), g, r(N---C)}

74 {mw: By, CD, x(*N), g, r(N---C)}

47 {mw: By, CD, x(1N), DHF, r(N...F)}; 38 {mw: By, CD, x(D),
DHF); 84 imw: g, Q)

51 {mw: By, CD, x(MN), x(Cl), g, r(N---C)]

50 fmw: By, CD, x(¥N), x(D), r(N---C)}

75 {mw: B,, CD, x(D), D¥F, r(P-..F)}

76 {mw: By, CD, x(C), r(P---Cl)}

77 {mw: By, CD, x(Br), r(P---Br)}

78 {mw: By, CD, x(#N), r(P---C)}; 79 {mw: u}

80 {mw: By, CD, x(¥N), r(P---C)}

81 {mw: By, CD, r(C---F)}; 82 {mw: B,, CD, x(D), DHF, r(N...F)}; 83
{mw: uj; 84 {mw: g, Qu); 85 {IR: »g, B, r(C.--F)}

86 {mw: B,, CD, x(Cl), r(C---Cl)}; 87 {mw: u}; 84 {mw: g, Q)

88 {mw: By, CD, x(Br), r(C---Br)}

89 {mw: B,, CD, x(1*N), x(D), r(C---C)}

46 {[mw: B, CD, x(D), D¥F, u, r(O---F)}; 90 {mw: g}

91 {mw: B,, CD, x(C1), x(D), u, r(0Q---Cl); 90 {mw: g}

92 {mw: By, CD, x(*N), g, r(C:--N)}

46 {mw: By, CD, DHF, 4, r(O---F)}, 90 {mw: g}; 93 {mw: B, CD,
x(¥8), r(0---F)}

94 {mw: By, CD, x(Cl), r(O---Cl)}

95 {mw: By, CD, x(Cl), x(*'Hg), r(Hg:--C1)}

95 {mw: x(*'Hg)}

B. Nonbonded Pair as Acceptor; Asymmetric Rotor Species

Cs, pyramidal at O, H,O---HF

Effectively planar, HyO- - -HC), probably
Cs, pyramidal at O at equilibrium
Effectively planar, H,O---HCN, probably
Cs, pyramidal at O at equilibrium
Effectively planar, HyO-.-HCCH,
probably, Cg, pyramidal at O at
equilibrium
Cs, pyramidal arrangement around O on
proton acceptor, H,O-.-HOH
Presumably, pyramidal at O, H\O---
cHs”
C), pyramidal at O, "~
ens”
Cs, pyramidal at O, (CH,),0---HF
Presumably, as for (CH;),0---HF

Cs, pyramidal at O, [>o-
Cs, pyramidal at O, [>c--Hew
Cs, pyramidal at O, < o-«-HF

Cs, pyramidal at O, D WE

Cy,,, planar at O, Do---uc:

*HCI

96 {IR: vg, vp); 33 {mw: By, CD, r(O--F)}; 20 {mw: By, B,, CD, vgy),
Yy Vo inversion P.E, function}; 34 {mw: By, B,, CD, vg,); 97
lm“ﬁp B,, P.E. function}; 32 {mw: ug, u,}, 98 {mw: By, x4(D),
Dy

99 {mw: By, CD, x6a(CD, x55(C1), r(O-+-CD)]

100,101 lmW: BO’ CD’ Xaa(“N)’ Xbb(“N)y Xaa(D)’ de(l70)) T(O"'C)l

102 {mw: B,, CD, g, r(0Q---C)}

21,103,104,105 {mw: By, CD, g,, tunneling, r(O---0)}

106,107 {IR: vg, v,, vg}

108 {IR: »g); 109 {mw: By, B,, CD, xaa(CD), x(CD), r(O-+-CD)}
15,16,107 {IR: g, v, vg; 110 {mw: By, r(O---F)}

9,14,107 {IR: vg, v, vB, Vﬁl
44 {mw and IR: vg, By, CD, g, r(O---F)}

111 {mw: By, B,, CD, x(}N), r(O---C)}
59 {mw and IR: vg, By, CD, r(O---F)}

112 {mw: B,, CD, r(O---F)}

113 lmw BO’ CD, Xaa(Cl)y Xbb(Cl)’ r(O---Cl)l
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proton proton
acceptor, B donor, HA equilibrium geometry ref {type of spectrum: derived properties}®
H,CO HF Cs, planar trigonal at O, H,CO---HF 114 {mw: By, CD, Do *F, u,, up, r(0---F)}
N,O HF Cs, planar trigonal at O, NNO---HF 45 {mw: By, pg, pp, 1(0---F)}
S0, HF, HCl (g, planar-cis, 0SO---HX 115 fmw: By, CD, X44(Cl), x,(CD), r(0---X)}
H,S HF Cg, pyramidal at S, H,S---HF 43 {mw: B,, Cs?’ Do, way wp, 7(S-+-F)}; 55 fmw: Bg, CD, D, ¥,
Xaa(D), Xaa(**S)
HCl Cs, pyramidal at S, H,S---HCl llG?mw: By, CD, x,4,(CD), r(S---Cl)}
HCN Cs, pyramidal at S, H,S---HCN 117 {mw: By, CD, x4 (1N), r(S---C)}
HF HF ”\F“_HF effectively Cg 22,118 {mw: By, CD, ug, Xea(D), tunneling, r(F---F)}; 29,119 {IR:
: vg-rotation-tunneling fine structure}
HCl Presumably ”\F e 42 {mw: By, CD, x44(C), uq, r(F---Cl)}
HCl HC1 Probably as for (HF), 120 {IR: »g, By, B,, tunneling, r.u}
C. 7-Bond Pair as Acceptor; Asymmetric Rotor Species
HC=CH HF Cyy planar, T-shaped, ! 121 mw: Bg, D, ¥, x4.(D), r{center-.-F)}®
veoHF
Ifljl
HCl Cy.» planar, T-shaped, ! 122 fmw: By, CD, x44(Cl), x56(CD), r(center---Cl)}; 123 {mw: x,,(D),
|£|---ch xsp(D)]
H
HCN Cy,» planar, T-shaped, ¢ 124 fmw: By, CD, x4a(*N), x45(**N), xaa(D), x66(D), r(center: - -C}}
«es HCN
ISI!
CH,C=CH HF T-shaped, heavy atoms planar, (similar to 125 {mw: By, D, FF, x,.(D), potential barrier}
acetylene---HF)
H,C=CH, HF Cy,, HF perpendicular to plane of 40 {mw: By, Do ', x4q(D), r(center- - -F)}
CH,=CH,; ﬁHf..H;
CHz
HCl C,,, HCI perpendicular to CH,=CH, 126 fmw: Bg, CD, x44(C1), x,,(C1), ricenter---Cl)}; 123 {mw: x,,(D),
plane; lcle c xss(D); 127 fmw: g, Q)
CHz
HCN Cs,, HCN perpendicular to CHy==CH, 128 fmw: Bg, CD, xaa(*N), x55(**N), Xaa(D), r(center---C)}
plane; ...,
CHp
< HF C,,, HF lies along median of cyclopropane 129 {mw: By, CD, D, ¥, x,,(D), r(center---F)}
triangle, q v HF
HC1 C,,, HCI lies along median of cyclopropane 130,131 {mw: Bgy, CD, x4,(Cl), x44(Cl), r(center---Cl)}
triarigle, q we e HCL
HCN Cy,, HCN lies along median of cyclopropane 132 {mw: By, CD, x,,(¥N), x55(**N), r(center- --C)}
triangle, q wesHCN
HF Ce,, HF lies along C; axis of benzene, with 133 {mw: By, CD, x(D), u,r(center---F)}
H closer to ring than F
HC1 Ce,, HCl lies along C¢ axis of benzene, 134 {mw: By, CD, x(Cl), r(center---Cl)}

with H closer to ring than Cl

¢The reference number is followed in parentheses by the abbreviation mw or IR to indicate the type of spectrum reported in that refer-
ence. The abbreviation is then followed by a list of the principal spectroscopic quantities derived from the spectrum. By is used to indicate
the appropriate set of ground-state rotational constants; B, is used when rotational constants associated with at least one vibrationally
excited state have been determined; CD indicates that centrifugal distortion constants are available; x(A) indicates a nuclear quadrupole
coupling constant associated with nucleus A; DHF indicates that an HF nuclear spin-nuclear spin coupling constant is available; g and @, are
g-factors and electric quadrupole moments, respectively, from the Zeeman effect; r(B---A) is an internuclear distance between the dimer
components and is used to indicate that geometrical conclusions are available; vg, »,, v, and v; mean that vibrational separations in the
indicated mode have been determined; D, is an equilibrium dissociation energy for B---HA = B + HA; and u is an electric dipole moment.
br(center---A) is the distance from the center of a 7-bond or the center of a C—C bond in cyclopropane or the center of the benzene ring to

the appropriate heavy atom of HA.

where u is defined in eq 13. Hence, D, follows once the
nyo are known. We show in Table XI a typical set of
nop and D, values from an experiment!®?7 involving an
equilibrium mixture of HCN,HF, and HCN--HF mea-
sured at T = 190 K. The average of a number of such
measurements is Dy = 18.9 + 1.1 kJ mol™, which on
correction for the known zero-point contribution ac-
cording to

D,=Dy+ LZ Lohv(B-~HA) - LZ Yohvi(B) -
LY. %hv(HA) (25)

leads to the equilibrium dissociation energy D, = 26.1

+ 1.6 kJ mol™. This is the only value of D, so far
determined by rotational spectroscopy.

V. Summary and Generallzatlons

We have shown in this article how a wide range of
properties of hydrogen-bonded dimers can be deter-
mined from investigations of their vibrational and ro-
tational spectra. These properties include the dimer
geometry, the internal dynamics of the subunits, details
of the potential energy function, and changes in the
electrical and geometrical nature of the components on
formation of the hydrogen bond. We have discussed
how the properties follow from the spectroscopic ob-
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servations by reference mainly to the heterodimer
HCN--HF. In fact, similar investigations, although less
complete, have been made for a number of dimers B-
-HA.

A summary of the hydrogen-bonded dimers B-~-HA
investigated by rotational and vibrational spectrosco-
pies, which includes numerous other dimers®1% besides
those already mentioned in the text, is given in Table
XII. We have excluded from the table the cases where
B is a rare gas atom because these are not usually
viewed as hydrogen-bonded species and have been ex-
tensively discussed previously. Many low-resolution
investigations of hydrogen-bonded dimers by infrared
spectroscopy have been made in the gas phase and these
have been reviewed elsewhere.5 Such investigations are
referred to in Table XII only when the rotational
spectrum of the species has also been investigated or
the species is particularly simple or important.” The
limited number of high-resolution infrared studies of
B--HX are included in Table XII. For each entry in
Table XII, we give the proton acceptor, the proton
donor, the equilibrium geometry of the dimer (when
known), and appropriate references to papers listed at
the end of the article. Each reference number in Table
XI1I is followed in parenthesis by symbols indicating the
type of spectroscopy employed and the principal
spectroscopic quantities determined in the investiga-
tion. The meanings of the symbols are discussed in the
footnotes to the table. Of course, molecular properties
are also, in general, determined from the spectroscopic
constants in the cited papers. The types of molecular
properties available will be clear from the discussion in
section III and the cited literature should be referred
to for details.

As a result of the investigations referred to in Table
XII, three important generalizations about the hydro-
gen bond (already mentioned in this article) have
emerged. The first concerns the lengthening of the H-F
bond on formation of dimers B-~HF. It has been found
(see Figure 19 in section IVC) that the lengthening ér
increases smoothly and almost linearly as the strength
of the hydrogen bond (as measured by the force con-
stant, k,) increases.’® The second generalization refers
to the quadratic force constants for bending the hy-
drogen-bonded dimer. It has been shown in the few
cases investigated so far'®1%58 that bending at the H
atom in B-+HF is more strongly resisted than bending
at the binding atom of B.

The third generalization refers to the directional
character of the hydrogen bond and has led to a set of
rules!® which allows the shapes of a large number of
hydrogen-bonded dimers to be rationalized in terms of
nonbonding and n-bonding electron pairs on B. The
rules are set out below.

The gas-phase geometry of a dimer B-+-HX can be
obtained in terms of the nonbonding and w-bonding
electron pairs on B as follows: (i) the axis of the HX
molecule coincides with the supposed axis of a non-
bonding pair as conventionally envisaged, or, if B has
no nonbonding electron pairs but has w-bonding pairs,
(ii) the axis of the HX molecule intersects the inter-
nuclear axis of the atoms forming the w-bond and is
perpendicular to the plane of symmetry of the x-or-
bital. Rule (i) is definitive when B has both non-
bonding and w-bonding pairs.

Legon and Millen

Since these rules were enunciated, a number of fur-
ther examples consistent with them has been reported,
notably HyS«HF45 and H,CO--HF.1* For the former,
the angle ¢, defined in the same way as for H,O--HF,
is found to be very close to 90° in accord with the simple
model of H,S which places a lone pair in a p orbital at
right angles to the H,S plane. In H,CO--HF, the angle
CO-F is found to be 110° which again is readily ra-
tionalized on the basis of a trigonal environment for the
O atom. The deviation from the trigonal angle 120° is
readily understood in terms of the valence-shell-elec-
tron-pair repulsion model, as discussed by Gillespie and
Nyholm.!3 Nevertheless, exceptions to the rules do
exist, especially OCO--HX and SCO---HX where X =
F,4693 C191.94 gnd CN.%2 Thus when X = F and C], the
dimers have the linear geometry indicated. These re-
sults will be discussed further below but it can be noted
straightaway that the intermolecular stretching force
constants for these dimers are comparable with those
of van der Waals complexes, rather than with those of
generally recognized hydrogen-bonded dimers. Indeed,
for X = CN the dimer is clearly not hydrogen bonded®
since it has a T-shaped geometry with the N atom of
HCN facing the C atom of CO,.

A quantitative counterpart of the lone-pair model has
been developed by Buckingham and Fowler!3"138 for
predicting geometries of dimers. This quantitative
electrostatic model is kept computationally simple by
replacing the charge density of any particular monomer,
as obtained from accurate ab initio calculations, by
point multipoles—charges, dipoles, and quadrupoles—
located on each atom and in some cases at bond mid-
points. These multipoles are embedded in hard van der
Waals spheres which represent the short range repul-
sion and determine the hydrogen bond length at which
the electrostatic interaction energy between the sets of
distributed multipoles representing each monomer is
to be determined. In almost all cases where an exper-
imental structure is known this electrostatic model
proves qualitatively and often quantitatively correct.

The validity of the model has been examined by SCF
calculations for a number of dimers,!*® using Moroku-
mal¥ analysis, which lead to results that are consistent
with an electrostatic model. More recently strong
support for the Buckingham-Fowler model has been
obtained by a comparison of its predictions with the
results of ab initio calculations!¥! for a number of
carefully chosen dimers. The calculated interaction
energy is partitioned into electrostatic, exchange, po-
larization, and charge transfer contributions. The re-
sults of the calculations show that the electrostatic
contribution is generally the dominant factor deter-
mining both the strength and directionality of the
complex, and that the angular dependence of the
electrostatic contribution parallels that obtained from
the point multipole model. Where steric effects are
important, as in CO4H,0, or where the angular de-
pendence of the electrostatic term is weak, as in C-
Oy~HF, the geometry may be influenced by other fac-
tors and the geometric predictions of the model may
be less reliable. Such cases are relatively few and the
conditions under which they arise have been exam-
ined.'*! In summary the ab initio calculations lead to
quantitative geometries for which the dominant de-
termining factor is the electrostatic interaction energy.
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The distributed moment model'®3 provides a valuable
approximation both qualitatively and quantitatively
within limits now explored, and has the advantage that
the computation is kept relatively simple. The lone-pair
approach!® can be seen as an easily applied qualitative
electrostatic model of hydrogen-bonding interactions.
An alternative approach based on the HOMO
LUMO method has been put forward by Klemperer!42
and co-workers. In the model, as described by Dyke:®
“...the hydrogen bond is viewed as an electron donor-
acceptor complex in which a pair of electrons from the
highest occupied molecular orbital of the Lewis base is
donated to the lowest unoccupied molecular orbital of
the Lewis acid. If the donor electron pair is assumed
to have the appropriate hybridization, and the acceptor
orbital to be axially symmetric, the above structures can
be rationalized as giving maximal overlap between the
HOMO and LUMO.”

The generalizations discussed above have important
implications for hydrogen bonding in condensed phases.
Thus the finding that bending of a hydrogen bond at
the heavy atom is relatively easy to bring about while
bending at the hydrogen atom is more strongly resisted
is directly relevant to understanding distortions from
lone-pair geometries in the liquid and solid states.
Distortions from the lone-pair axis can readily occur at
the demand of the hydrogen-bond environment while
distortions leading to bent hydrogen bonds are ener-
getically much less probable. For the case of hydrogen
bonds to oxygen these arguments can be taken a stage
further. For H,O--HF it is found that distortion out
of the plane is much less demanding energetically than
the corresponding in plane distortion.®® The result is
consistent with statistical analyses of large numbers of
X-ray diffraction!*® and neutron diffraction!** investi-
gations of O-H--O bonds. Both statistical studies lead
to the conclusion that while there is some preference
for hydrogen bonding within or near the plane con-
taining the lone-pair axes, there is no distinct preference
for hydrogen bond formation within that plane. The
conclusions are just those to be expected if the potential
energy functions of O-+H-0 hydrogen bonds are of the
same form as those for O-~H-F.%® Finally, both the
X-ray¥® and the neutron!# diffraction statistical
analyses show that, when proper account is taken of
weighting, hydrogen bonds bent by more than about 15°
are exceptional in these systems, which is entirely
consistent with expectations outlined above.

There are some important areas of vibrational spec-
troscopy of hydrogen-bonded dimers which have been
discussed recently but which demand to be mentioned
here. The first is the phenomenon of vibrational pre-
dissociation which provides additional information
about the intermolecular potential energy function of
the dimer and has been reviewed in detail elsewhere.!4
The second concerns vibrational Raman spectra of
hydrogen-bonded species using the CARS technique
applied to pulsed molecular beams.} The third is the
field of matrix isolation studies, as reviewed!” by An-
drews and by Barnes.

Finally it is noted that while this review has been
concerned with electronic ground states of simple hy-
drogen bonded dimers having a single hydrogen bond,
recent investigations by Tomoda and Kimura of the
photoelectron spectroscopy of the gas-phase (H,0),
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dimer have opened up the possibility of exploring the
properties of electronically excited states of such di-
mers, 148149
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