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Brief Communications

Correlations between bond lengths and stretching frequencies
in the O—D...O hydrogen bridge and their consequences
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Based on modern neutron diffraction data and the known empirical correlations between
the geometric and spectroscopic parameters of hydrogen bonds, the analytical expression
desoribing the refation between the O--D covalent and D...0 hydrogen bond lengths in the
(O—1...0 hydrogen bridge was obtained. The distribution functions of the interaiomic and
nearest intermolecular distances in heavy water were calculated from the Raman band shapes
in the 18 to 90 °C temperature interval in the framework of the fluctuation theory of hydrogen

bonding.
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The probiem on correlations between the lengths of
the hydrogen bridge (O..H...0}, chemical {covalent,
O—H) and hydrogen bonds (HB, H...0}, and the stretch-
ing frequency of the O group at different HB strengths
has a long history.? These correlations are being periodi-
caily refined as the experimental {echnique and theoreti-
cal concepts developed.?—* The selections of the most
exact neutron difftaction data on the equilibrium rg._p,
ry._o» and Rg o distances in bridging bonds of various
organic molecules and water in crystals at {femperatures
below 130 K have recentiy™® been published. Researchers
have studied 136 HB formed by carboxylic acids and their
salts, oxalates, phthalates, quinoenes, peroxides, and other
compounds and their deuvierated analogs. We are inter-
ested in the part of these data concerning standard HB {in

systems without bifurcations, i.e., when a proton binds
anly two O atoms), which are presented in Ref, 6 and in
Fig. 1, a {squares and triangles) under the assumption of
the equivalent geometry of the O—H...0 and O—D..O
bonds. Below these structural data are compared to the
already known correlations between the boad lengths and
stretching vibrations, This comparison allowed their rela-
tion to be analytically described. Then thus found formu-
las were applied to the calculation of the pairwise correla-
tion functions of the interatomic (rp_p} and mnfermo-

- fecular {rp_g and Ry o) distances in heavy water (D0}

on the basis of interpretation of the band shape in
the Raman spectra of vibrations of the O—D bond in
the framework of the fluctuation theory of hydrogen
bonding.”#
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Fig. 1. a. Plois of the O0—D {rq..p) and D..O (rp_g) bend
iengths vs. length of the O—D...0 hydrogen bridge (R o) (rp 0
and rg..p are designated® by squares and triangles, respectively);
dotted knes are calculated by Eq. (3) at rg_p® = 0.9575 A

" corresponding to the waler monomer in the gas phase, solid lines
are cafeulated at rg_p® = 0,925 A found by us for the condensed
phase. b. Stretching frequency of the 0D (v(O--D)) bond asa
function of Rg_q for the points presented in Fig. 1, @ caleula-
tion by Eqgs. (1) and (3} through rg_p at rg_p¥ = 0.9575 A and
ko_p = —6925 em~! A—1 1 {sguares), at the refined values of
these parameters {triangles) and directly (through Rp_ o) by
experimental formula (2} {solid line).

LS00 ‘s

Relation of OH group and hydrogen bridge lengths. A
few data on the relation between ro..p and Ry g for HB
of the O--H...O type have been presented.! They agree
with the later neutron diffraction measurements, which
confirm the theoretical concepts® on the formation of the
symmetrical HB (the H atom is equally bonded to the
hoth O atems, and the difference between the covalent
and hydrogen bonds is climinated) at Ro_o = 2.4 A (see
Fig. 1, a). The analytical form of the desired relation can
be obtained by the application of the already known em-
pirical regutarities including the vibrational spectroscopic
data rather than {formal fitting of the curve to the struc-
tirnt data™. Since the particvlariy used spectral band

shapes are referred to the OD oscillator (dilute solution of
3,0 in H,0), hereafter HB implies a bond through heavy
hydrogen.

Analysis of the geometry and spectra of water mol-
ecules in deuterated crystal hydrates!? aliowed an atmost
Hnear correlation between the low-lreguency shift of the
v{O—D) band and elongation of the O—D bond to be
established

av(0-D) = kg pAro._p, ()

where Av(O—D)/em~! = v(0—-D) ~ v(0O—~D)¥,
Arg.p/A = ro.p — ro_p* ("u" symbol designates be-
longing to the unbound water molecule), and kg_p =
~6925 em~t AL

Taking into account the known? correlation between
vO~D}and Ry o

AV(O--D) = —-8.810- 10%xp(—~3.7295R;_o) )
we Can express Fo_ o through Ry o in Eg. (1)
fg.p ™ -"U_M[)u - 8810,/6‘925639(—'3.7295;!?0_0:}. (3}

Accepting rg..p" = 0.9575 A (water molecule in the
gas phase) in expression (3), we get dotted lines in Fig. 1, a.
It was considered in the caleulation of the upper branch
that rp_o = Rp_o — ro_p» [e., the hydrogen bridge is
linear (it has been shown previously” that the inflection of
the hydrogen bridge to at least 30° does not distort the
cogrelation between Ry o and rg_p). Figure 1, b was
plotted by points of the bottom branch in Fig. 1, a using
formula (2) following from experiment (solid line) and
our formula (1} and taking into account Eq. (3} (squares)
at v(O—D)" = 2727 em! {mean value of frequencies of
the symmetrical and antisymmetrical vibrations of the
untbound D0 molecule).

It is seen in Fig. 1, a that Eq. (3} somewhat overesti-
mates the rg._p values compared to the experimental val-
ues, including the asymptotic rg_p® value. This resultsin
the different behavior of the v(O—D}) = AR, ) correla-
tions calculated from formulas (1) + (3) and {2}, respec-
tively {see Fig. 1, b). This means that the r._p® Limit {to
which ry_g; asymptotically tends in the condensed phase
when HB weakens) differs {rom the value in the gas phase
(0.9575 A).

Equating expressions {1) and (2} allows ro_p* and
ko_p, which must be constants by definition, to be deter-
mined in the explicit form

kG—D = 8 8 i} I066_‘(}3{"'3A?295R0_|_0}/6f{)m0‘ (4)

Enserting the experimental Ry and ro__p values pre-
sented in Fig. 1, 2 into formula (4) shows that the linear
approximation of the kg, p values calculated vaing the
least-squares method is parallel to the abscissa {ie., in-
dependent of Ra o) al Fa nt = 0.925 A and gives
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kg.p = ~6250 em~! A~} which differs from the pub-
lished value (—6925 cm™! A—1}19 within the experimental
error. The plots corresponding Lo these values are pre-
sented in Fig, 1, a by solid lines and in Fig. 1, 5 by
triangies. The agreement hetween the experiment and plots
of rg..p and rg g v8. Ro o and the v(O—D) correla-
tions obtained directly with Rg o and through ro_p
{(V{O—Dhro_p{&o_ o)} has evidently improved.

Calculation of distribution fanctions of interatomic dis-
Lances. After the correlations between the geometric char-
acteristics of the hydrogen bridge were matched with each
other and the stretching frequency of the O group, one
can state the problem of calculation of the radiai distribu-
tion functions () of the intramolecular covalent (rg._ )
and intermolecular hydrogen bond lengths in liquid wa-
ter. According to the fluctuation theory of HB,” anoma-
lously broad bands in the spectrum (v(O—H) and v{(OD))
reflect the statistical distribution of equilibrium geometric
configurations of the hydrogen bridge, which is inherent
in Hquids (unlike crystals), The stronger the HB, the
greater the low-frequency shift of the maximum v (O—H)
of the intrinsic {(sufficiently narrow) absorption band
olv — v {0—H}) of the involved oscillator relatively to
the frequency of the unbound OH group and the shorter
the Kg o distance. This ks quantitatively described by
formula {2). Thus, the frequency distribution £{v) in the
spectrum of the isotropic component of the Raman spec-
trum of the HOD molecules in H,0 (or D;0) refledts the
energy distribution P(E) and geometric configurations of
FIB.112 The IR specira are less appropriate for this pur-
pose hecause require to exclude preliminarily the influ-
ence of the I bond strength on the intensity of absorption
by a specific OH osciliator, which changes along the band

‘by a factor of tens.}! Of course, the accuracy of such a
calculation is not greater than that of the used empirical
correlations constructed for HB of water and many other
molecules, which average, in essence, the influence of
other factors {difference in the properties of the donor
and acceptor groups, inflection of the H bond, possible
coordination of the O atom by the metal atom in crystal
hydrates, erc.}. These influences are considered to be the
main reason for scatter of experimental points around
correlation curves. In addition, the caloulation ignoses
polyfurcate HB, which are possibie, in principle, in liguid
water, because it compares each v{Q-—D} frequency to
the single r o distance, which thus plays the role of
effective mean.

The problem of calculation of the statistical distribu-
tion of frequencies, e, exciusion of the contribution of
homogeneous broadening oy — v {O-—H}) from experi-
mental spectra, has been soived .8 To obtain Pv(0O—1)),
we processed the experimental spectra of vibrations of the
O--I> bond in liquid HOD {in the absence of the dy-
namde bonding of the OD oscillators, which distoris the
initial etatictical freanency distribation in 2.0y at 10, 50,

and 90 °C in the isctropic Raman camponent '3 according
to the described® algorithm.

The distribution function of the chemical bond lengths
Pl{ro._.p) is determined as

Plrg_p) = PV(O—D) ov(0—D/drg..p !, (5}

and the distribution function of the hydrogen bond lengths
Prp_o} is determined by an analogous formula with
the substitution of the av(O—D)/3ry_, Jacobian by
v{0—D}orp o

The results of calculations show that the lengths of the
OH group in liquid water range from 0.925 to 1.0 A and
those of hydrogen bonds are distributed from 1.6 1025 A
(Fig. 2). The calcuiation of the distribution function of
the nearest O atoms

P(Ro o) = PMO—-Dp I 3v(0—-D)/oRy ol

almost compietely reproduces Fig. 2, § if the abscissa is
scaled by the substitution of ry_ o = L6 A by Ry o =
26Aandrp o=24Aby Ry =33A

A comparison of the structural and spectroscopic char-
acteristics of the O—D...0 hydrogen bridge allowed one
1o find the analytical formula for the correlation between
fo..p and Rg o, depending on the strength of HB. It
turned out that the best agrcement with experiment is
achieved i the length of the unbound OH group in the

Plro..p)
30

28

Lo {:u“A

1.6 1.8 2.0 2.2 o o/ A
Fig. 2. Distributions { P} of the covalent 012, ) and hydrogen
{D...0, by bonds at ¥} {1}, 30 (3 and 90 °C () {calculation by
£q. (5) and its analog for rp_ g from the statistical distributions
of streiching vibrations of the O-1J bond found using the algo-
rithm?® from the Raman spectral band shapes of semideuterated
waterld),
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condensed phase is somewhat shorter than that in the gas
phase, This can be a manifestation of the known internal
ficld effect. 435 The calculation of the distribution func-
tions of the covalent (O—-D} and hydrogen (D...O) bond
jengths showed that the equilibrium length of the OD
group in different fiquid water molecules changed from
0,925 t0 1.00 A and that of HB changed from 1.6 t0 2.5 A
due to fluctuations of the local environment.

The distribution functions obtained in this work can-
1ot yet be compared with neutron diffraction data. The
position and temperature function of the distribution
maxima in caicutation and experiment are the same, How-
ever, the first peak g{r) = 1 A in experimental works cither
is not presented at ali’® or off-scaled.’” The second peak
(at 1.9 A) is strongly overlapped by the glry y) distribu-
tion, ' which impedes analysis of its shape. A shouider?”
similar to that at 2.15 A (see Fig. 2, b) is formed on this
distribution with temperature increase, These data indi-
cate a gualitative agreement of the caleunlated and experi-
mental rosuls,

Tt is somewhat unexpected thal two groups of substan-
tially heterogeneous data (hydrogen bonds of different
pairs of organic molecules in crystals and water molecuies
in crystal hydrates) result in mutually matched correla-
tions. This was explained in part in Ref 5, where special
attention was given to correlations of bond lengths for HB
with the same donor and different acceptors and vice
versa. it turned out that the experimental points’lie in
different regions of the figure plane but form, on the
whole, the single smooth curve without breaks and inflec-
tions. Thus, HB has a parallel effect on the intra- and
intermolecular distances, although its energy for different
donor-—acceptor pairs varies in very wide limits. #t can be
assumed by analogy that the coordination (possible in
crystal hydrates) of water molecules by metal atoms modi-
fes {enhances or weakens) but does not substantially
change the ratio between is characteristics (bond lengths,
stretching frequency).

It is important that the obtained results are based on
the supplementing strirctural and spectroscopic informa-
tion. The temperature evointion of the distribution func-
tions was established in detail and, when direct data (neu-

tron diffraction) are deficient. it can be helpful both for
theoretical analysis of the liguid water structiure and as a
test for interaction potentials vsed in molecular dynamic
and Monte Carlo caiculations.

This work was financially supporied by the Russian
Foundation for Basic Research {Project No. §41-03-
32811).
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