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Abstract

Features in vibrational spectra of systems with very short and
strong hydrogen bonds are discussed with respect to possible
types of the hydrogen bond potential. Particular attention is
devoted to possibly symmetrical hydrogen bonds. Informations
about some other physical properties and the structural
characteristics are also considered.

Introduction

Most of the knowledge about hydrogen bonding stems
from data gathered by various experimental methods on
weak to medium strong bonds. Correlations between
characteristic quantities such as X—H and X-H ... Y
distances, infrared frequency shifts, enthalpies, NMR
shifts, acidities, etc. have been established for such
bonds and theoretical treatments usualy adopt corre-
sponding parameters. In recent years data on strong
bonds are becoming increasingly available showing that
they are rather widespread in nature and, moreover,
responsable for many important phenomena of the solid
and liquid state, and possibly in biological systems. The
strong hydrogen bonds present peculiar and challenging
problems which often are not straight extrapolations of
those appearing with weaker bonds. We shall be con-
cerned in the following with some of those problems
following the lead of infrared spectra.

Infrared spectroscopy has been in the past a source
of most important informations on hydrogen bonding
and still is the easiest method for their detection and
characterisation. The most general manifestations of
hydrogen bonding appearing in infrared spectra—band
shifts and broadening, increase of absorption intensity—
are well known. Very often, and particularly when the
shift is of the order of 500 cm™1, the X—H stretching band
develops an irregular structure and more or less distinct

submaxima. This is particularly well documented with
dimeric and polymeric carboxylic acids!. The origin of
the submaxima has been treated in terms of FERwmI
resonance of the » X—H fundamental mode with
combinations of internal modes! and good evidence for
this has been recently presented?. More sophisticated
approaches based on the interaction of ¥ X—H with the
low frequency “intermolecular” mode of the hydrogen
bond have also been advanced 4.

Very strong hydrogen bonds-spectral and other
characteristics

With hydrogen bonds stronger than, for instance, those
in carboxylic dimers the absorption pattern in the region
above 1600 cm™ is very peculiar. Instead of one, more
or less structured, X—H stretching band there appear
several, most often three bands (Fig.1) which are con-
nected with proton vibrations. This type of spectra has
been designated (i) and the bands A, B, C5 may be taken
as characteristic of a class of very strong hydrogen bonds.
As an excuse for this classification the fact may be taken
that with type (i) spectra the usual correlations based
on ¥ X—H shifts and other band characteristics loose
their meaning since it simply cannot be decided which
peak represents actually the stretching mode.

* Partly based on a lecture given to the Société Vaudoise des Scien-
ces Naturelles, Lausanne, 29 Octobre, 1970.
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acetic acids were the proton donors and as acceptors
sulphoxides, phosphine oxides and similar oxo bases
were used’. In the other series isothiocyanic acid was the
donor and the bases were extended towards the weaker
extreme!8, The main results of these investigations
combined with those on single component, solid systems
will be here only summarised since the details are already
published. The pattern of the A, B, C bands seems to be
rather characteristic of the proton donor; the band
frequency and the intensity are but little influenced by
changes of phase or temperature. If the bond strength
is increased the higher frequency band (A) will move to
lower frequencies whereas those of bands B and C change
very little. The intensity of A decreases whereas B, and
particularly C, increases. This can be well observed with
adducts of isothiocyanic acid which cover the range from
the weakest bonds where the » NH band has a simple
contour to well developed (i) type spectra. This is due to
the weak self association of HNCS which, in turn, is a
strong donor of protons. The shift and intensity increase
of the NH stretching band are linearly related!®. This
trend holds for the main peak up to the point where the
extra bands B and C begin to appear, but also further on
if the sum of the intensities of all three bands is conside-
red. This point is of importance for the explanation of
the origin of these bands. '

Since the systems with (i) type spectra have Ry, o
distances for which potentials with comparably deep
minima and low barriers are expected it was tempting to
seek the explanation for the multiplicity of bands in
terms of transitions between the split vibrational levels
in such potentials'®. This is shown schematically in Fig. 2.
Moreover, it was possible to fit the observed frequencies
of KDP to a reasonable potential?®. However, it is this
very example which casts the strongest doubts on this
explanation because the bands A, B, C change very
little throughout the crystalline phase changes where the
potential must be changing considerably. At any rate,
the instantaneous potential in KDP as seen by the pro-
ton is too asymmetric to give rise to such strong splitt-
ing as the A, B, C bands suggest. In the acid-base
adducts the potential is estimated to change much more
than the frequencies of the A, B, C bands reflect. The
comparison of the frequencies predicted from model
potentials with the observed bands is, however, not very
reliable because of many factors which complicate the
actual spectra, but nevertheless the trends in the A, B, C
bands are too different from what one is expecting on
hand of model potentials?.. It is actually surprising that
nothing like typical double minimum energy terms is in
fact observed amongst the many examples. Probably in
systems exhibiting type (i) spectra the difference be-
tween the two minima of potential energy exceeds the
spacing between the ground and first excited level. The
proton is thus located in the deeper well and this explains
why the A, B, C bands are to some extend influenced by
the structure of the proton donor. The location of the
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proton is shown also by other spectral features e.g.
carbonyl frequencies.

Since the explanation based on proton tunneling
appears unlikely an alternative one was proposed?’. The
bands B and C are believed to be due to an intensity
contributing interaction between the X—H fundamental,
represented by band A, and overtones which are most
likely those of X—H deformation vibrations. This is
supported by the fact that the frequencies of the bands
B and C roughly correspond to twice the 6 X—H
frequencies. It is also supported by the before mentioned
intensity behaviour of all the three bands and by the
fact that the bands appear in the RAMAN spectrum with
a very similar pattern as in the infrared 22. The necessary
condition for the interaction between the fundamental
and the overtones leading to the intensification of the
latter is strong anharmonicity. This has now been proved
beyond doubts?38. A quantitative background for this
explanation is still lacking but, on the other hand, no
strong objections against it exist amongst the known
examples, An interesting explanation also involving
overtones, has been proposed by CLaAypoN and SHEP-
PARD?4. They assume a single, broad » OH absorption
dissected by transmission regions in a pattern which
foreshadows three separate bands. The generality of
this hypothesis has been questionedS8.

Possibly symmetrical hydrogen bonds

From semi-theoretical model calculations as well as from
non-empirical calculations of energy surfaces symmetric-
al hydrogen bonds should be formed when Rg,, o is
shortened beyond 2.5 A. By “symmetrical” are under-
stood bonds with a single, central minimum of potential
energy for the proton between two heavy atoms. The
minimum may be more or less flat or may even have a
small hump at the bottom and thus being more accura-
tely considered a double minimum potential. However,
if the top of the barrier is well below the lowest vibra-
tional level the potential will be for all practical pur-
poses indistinguishable from a flat bottomed one without
barrier.

The best known representative of symmetrical hydro-
gen bonds is in the (FHF)~ ion. The F ... F distance was
determined by diffraction methods to be 2.264 A (in
NaHF,?) and also an approximate central position of
the proton was found but, as mentioned before, it is not
possible to differentiate by these methods between the
single minimum potential and one with closely spaced
double minima. In principle it should be possible to
deduce this from the vibrational energy levels which,
however, requires a reliable assignment of the bands.
For example, the infrared spectrum of KHF, shows
fundamental bands at 1225 and 1450 ¢cm™~1, and a prob-
able overtone at 5099 cm™1. A RAMAN active band is at
600 cm™1. The first proposed assignment?® of the two
infrared bands was to the two allowed transitions be-
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tween the split levels (v,, — v;, and vy, — 7,,), but this
has been later changed in favour of the alternative
assuming a single minimum. The 1450 cm™! band would
thus be the asymmetric stretching and that at 1225 cm™!
the deformation vibration?’. Alternative assignments
have also been discussed ? showing the difficulties which
arrise even in such a simple case. The solution to the
problem of the potential function in the (FHF)~ ion has
been obtained by combining the isotope effect both in
the vibrational spectra and on the F ... F distance?®. In
fact, model calculations in which both the proton and the
heavy atom vibrations are taken in account show that
with symmetrical potentials there should be no change
in the distance between the heavy atoms on deuterium
substitution whereas double minimum potentials should
cause an elongation of the hydrogen bond 3.

Another interesting example of symmetrical hydrogen
bonding is HCrO,3! which changes to a double minimum
potential on replacing H by D. Potentially symmetrical
hydrogen bonds are frequently encountered amongst
the acid salts of carboxylic acids having the structure:

0

~o,
"~
JOLR

R-C

There are two main types of them. One, termed B by
SPEAKMANS, contains pairs of molecules in which the
C—0 bond lengths are close to those found with neutral
salts and undissociated acids, respectively. They typic-
ally exhibit infrared spectra of type (i)°. In the other
type, A in SPEAKMAN’s classification®, the two molecules
are equivalent and, most often, related by a centre of
inversion or a two fold axis of rotation. The coincidence
of the centre of the hydrogen bond with a crystallograph-
ic centre of symmetry is not a prerequisite for the equi-
valence of the molecules as shown, for instance, by the
dileucine jion32. Neutron diffraction studies of a few acid
salts have shown that the proton is indeed at or near the
center of the hydrogen bond333%435 but, again, they
cannot exclude the possibility that the potential has two
minima and a low barrier in between. Even before the
results of neutron diffractions were known it was con-
cluded from the infrared spectra that the symmetry fol-
lowed from X-ray diffraction analyses was not merely
statistical but that the hydrogen bond in type A acid
salts must be very nearly symmetrical®. These spectra
classified5 as (ii) are in fact so characteristic that they
were often used as a lead to later following diffraction
studies. The most striking feature in these spectra is a
very strong and broad absorption culminating some-
where between 600 and 1200 cm™! which appears instead
of the usual OH stretching band in the higher frequency
region of the spectra (Fig.3).

The spectroscopic approach to the problem of the
symmetry of the hydrogen bond in type A acid salts is
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more difficult than in (FHF)- since the spectra are far
more complex. The most important step is to locate the
bands concerned with the vibrations of the O...H...O
grupation, in particular the asymmetric stretching, and
to study their behaviour on deuterium substitution and
on cooling to low temperatures.

The assignment of the v, OHO vibration to the before
mentioned strong absorption is considered to be now
fairly certain. It is based on its dichroism in transmission
and reflection (ATR) spectra of oriented samples, its
absence from RAMAN spectra, and the mass effect3’.
Indeed, in some acid salts, e.g. those of trichloroacetic
acids and in NaH (CH,COO),, the v,, OHO band moves
to lower frequencies by a factor close to that in harmonic
oscillators whereas in others e.g. potassium hydrogen
anisate, it moves very little. There are also differences
in trends on cooling. No appreciable shift of v,, OHO in
the acid acetates is observed when the samples are cooled
to liquid nitrogen temperature, but in others this band
moves to lower frequencies by as much as 30 p.c. From
this it is quite evident that the potential is not the same
in all type A acid salts. Concentrating on the mass effect
some comparisons can be made with the results of
calculations on model potentials. For the cases where the
frequency ratio of the proton and deuterium stretching
bands is close to 1.4 it is very likely that the potential is
a single minimum one whereas for cases showing a ratio
close to 1 an asymmetric double minimum one is more
probable?.:3, For any more definite and reliable state-
ments about the shape of the potential function it would
be necessary to observe several bands due to transitions
between higher levels but the prospects of assigning these
are not bright at all. However, there is some additional
evidence in favour of the genuine symmetry of the
hydrogen bond in certain acid salts or otherwise. A
qualitative argument for the assymetry in those cases
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in which there is no or very little mass effect on the v,
OHO frequency is offered by the crystallised adduct be-
tween pyridine-N-oxide and trichloroacetic acid38. The
acid is connected to the base by an extremely short
hydrogen bond of 2.41 A which cannot possibly be
symmetrical because of the structural differences of the
two respective oxygens. The infrared spectrum is of
type (i) and the v,, OHO band does not move on
deuterium substitution, but becomes weaker.

Evidence in favour of the symmetrical hydrogen bond
in potassium hydrogen bistrifluoroacetate3®—a represen-
tative of the acid salts of which the vibrational spectra
are not contrary to such a bond—is derived from two
other sources. One is the mass effect on the 0...0
distance. Careful neutron diffraction analysis shows%?
that the distance is the same for hydrogen as for deute-
rium. This is a very strong argument. The other is less
direct and is based on the deuterium quadrupole coupling
constant (pDQcc). This can be determined, inter alia,
from measurements of the quadrupole perturbed
deuteron magnetic resonance on single crystals and
reflects the gradient of the electric field at the site of the
deuteron. Thus pQcc is very sensitive to the charge
distribution in the hydrogen bond which eventually
determines the potential. The pQcc is correlated to the
0...0 distance?’, and also to the OH stretching
frequency??, and assumes values between 315 (free OD
in D,0) and 56.0 kc/s. The latter value was obtained
with potassium hydrogen maleate which contains most
likely an intramolecular symmetric hydrogen bond 43. A
value even slighly smaller—55.6 kc/s—was obtained for
the bistrifluoroacetate4. The pQcc calculated from
charges obtained by the cNDoO/ir method under the
assumption of a centrally placed proton are in good
agreement with the observed values?5. It should be
emphasized that the pQcc for similarly short but
asymmetric hydrogen bonds such as in the ferroelectric
triglycine sulphate are considerably larger (79 kc/s?6).

Besides the acid salts of carboxylic acids there are
candidates for symmetrical hydrogen bonding to be
found amongst other acid salts such as acid phenolates*?,
oximates®, and of inorganic acids. The dinitrate ion
seems to be controversial. The infrared spectrum is of
type (ii)%, but X-ray structural data indicate a very
large distance between the oxygens®. The halides be-
sides fluorine and pseudohalides (NCS~) are also prone
to form dihalide ions in association with large cations
(tetraalkyl ammonium, tetraphenyl arsonium and
phosphonium, cesium), but the evidence of symmetry
of hydrogen bonding in these salts comes only from
vibrational spectra’l: 52, except for CsCl - %3 (H;0+*HCI;)
for which only X-ray structural data are available®. A
very short and potentially symmetrical hydrogen bond
has been recently found in KH,PO, - H,PO,54.

Contrasting the acid salts in formal charge of the
hydrogen bonded ion are the half neutralized bases such
as acetamide hemihydrochloride®, picoline-N-oxide he-
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mihydrobromide® and antipyrine hemiperchlorate5’
which have also extremely short hydrogen bonds and
exhibit (ii) type infrared spectra. Particularly important
amongst these positively charged complexes is the
hydrated hydroxonium ion H;O; which appears in
dihydrates of hydrogen chloride, bromide®® and of the
perchloric acid%. By crystallographic criteria the hydro-
gen bond in these compounds might be symmetrical. The
infrared spectrum of H;0j in perchloric acid dihydrate
has been treated in terms of such bonding although it is
more similar to that of the H;O* ion than to type (ii)
spectra®. A representative of the intramolecular sym-
metrical hydrogen bond has already been mentioned—
the acid ion of maleic acid. There is every reason to
believe the genuine symmetry which seems to be un-
disturbed even if the whole molecule is made assym-
metric by replacing one skeletal hydrogen by chlorine 62,
Interestingly enough, the spectrum cannot be classified
under (ii) and the y, OHO stretching has not been locat-
ed . Another often quoted example of a short intra-
molecular bond is nickel dimethylglyoxime. The
assignment of the v, OHO mode was controversed %4, but
a recent reexamination of the infrared spectrum using a
better instrument revealed that it is actually of type (ii)
and that the », OHO band moves on deuteration to
lower frequencies® which puts this compound in line
with others likely to contain symmetrical hydrogen
bonds.

So far we have mentioned only two main types of
infrared spectra of strongly hydrogen bonded compounds
with a subdivision of type (ii) according to deuteration
behaviour. This does not mean that there is a discon-
tinuity in spectral features as the bonding increases in
strength and that there ist a gap between type (i) and (ii)
spectra. Indeed, there are examples in which there are
still bands A and B indicated, but the band C has taken
over most of the intensity and has spread out to lower
frequencies assuming the appearance of the v, OHO
band of type (ii) spectra, but is centered at higher
frequencies. This occurs in some acid-base adducts® and
also acid salts such as potassium hydrogen oxalate® and
fumarate®” (Fig.3). From structure determination we
know that the bond is not symmetric®, This is true also
for the potassium hydrogen formate where the differen-
ces in the C—O bond lengths of both molecules are very
small®®. The spectrum® is in this case even closer to
type (ii). The diffraction and the spectral data may be
interpreted in terms of a strongly anharmonic and
asymmetric potential rather than a double minimum one
with a potential barrier. However, more experimental
work is required before better founded conclusions can
be offered.

The examples with extremely short or even sym-
metrical hydrogen bonds mentioned here are formally
ions with either positive or negative overall charge.
This might mislead to the conclusion that these char-
ges are of major importance for the existence of such








