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Abstract. A model based on the bond number conservation rule is proposed leading to the evaluation

of the proton position for a given O...O interatomic distance and consequently the H-bond energy for

such system. Application of the model to the Lippincott - Schroeder potential gave results showing a
good agreement between the calculated energy and the energy determined from the neutron diffraction
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geometry of H-bridges for a sample of 126 precisely determined systems. Such an approach is very
useful for X-ray diffraction molecular geometries of H-bonded systems for which the position of proton
is ill defined. © 1998 Elsevier Science Ltd. All rights reserved.

Introduction
Information on the position of the proton in a H-bridge is of fundamental importance. The most widely

used method in structural studies - the X-ray diffraction technique - fails in this respect since the X-rays are

reliably determined from electron density maps.'” There are two sources of error in measuring position of
proton: (i) a systematic one - bonded X-H distances are underestimated because the centre of electron density is
displaced towards the atom X; (ii) a random one which arises largely because H atoms hav:
and therefore contribute much less to the diffraction pattern than other atoms. In the crystal]ine state, only the
neutron diffraction gives the precise positions of protons.' The main source of crystallographic data of organic
compounds is the Cambridge Structural Database’ but neutron studies constitute less than 1% of structure

determinations. A similar situation exists for the inorganic data base in respect to the systems with H-bonds.® As a
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crystai structures X-H distances are observed too short and hence H..A (A denotes an acceptor) distances in
hydrogen bonds are too long. That is why different methods have been proposed to define the H-atom positions.

For example, it was pointed out that the H-atoms in crystalline hydrates may be determined by using an
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electrostatic model.’ The most frequently used method is the normalisation suggested by Jeffrey and Lewis
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-atom is moved along the X-H bond to the standard position typical of the respective X-atom.

However, in such treatments the elongation of the X-H bond as a result of H-bond formation is not taken into
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For many purposes not only the structural characterisation of a hydrogen bond is required but also the
determination of its energy. Many empirical and semi-empirical models of the hydrogen bond allow us to
calculate such energy if the posi of the atoms constituting the H-bond are known. For example
Lippincott and Schroeder * (hereafter referred to as the L-S model) first proposed for the O-H..O systems, was
later applied to other types of hydrogen bonds.’ Altemative approaches were suggested by Moulton and
Kromhout'’ who included an angular dependence within the model, and by Sokolov; ' Scheraga and co-workers
applied their model to biological molecules;'” the model of Caillet and Claverie was first applied to the study of
the arrangement of molecules in adenine crystals 3 the model based on the idea of the bond number '* was used
to describe inter- and intramolecular H-bonds. "

The L-S model seems to be the most general treatment since it was modified by Reid '° for the strongest
hydrogen bonds. A discussion of weak and sirong hydrogen bonds within ihe L-S model was presenied

by Spencer and co-workers '’ who analysed HX, ions (X denotes F, Cl, Br or I atoms) and systems with C-H
bond as a proton donor (C-H..Y systems). As another example of the application of the L-S model we can

analysis of the covalent nature of the strong homonuclear hydrogen bond.
The aim of this work is to present a model permitting the determination of the H-atom positions
within H-bonds taken from X-ray structures which, in consequence, make it possible to estimate the H-bond

energies from X-ray data.
The Lippincott - Schroeder model and its modifications

In the model of Lippincott and Schroeder the hydrogen bond potential energy, Vyg, is the sum of four

terms:
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The authors claimed that the constant g (see ref.20) strongly affects the caiculated values of the covalent part of
the hydrogen bond (V, + V3). This happens especially for short H-bridges for which O..0 distances tend to hav
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avalue of 2.5 & or even less. For such short H-bridges, the electrostatic part of the H-bond energy (the
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appropriate H-bond, which means the shorter the distance the stronger the H-bond.
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ecent investigations of

Jeffrey and Saenger” suggest that there is no direct experimental evidence for the existence of such a
relationshin. However, measurements of pulsed electron-beam mass snectrometrv in the gas nhase have shown
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that for compounds with short O..O distances the association enthalpies are in the range from -30 to - 36

23,24
kcal/mol.”™

The original version of the Lippincott - Schroeder model®” is not in agreement with the experimental results
because it gives positive values of H-bond energy for such H-bridges (with very short O..O distances). The
appropriate modifications for short donor-acceptor distances were first proposed by Reid'® and later discussed by

Gilli and coworkers."” The V, and V, terms change: the constant g tends towards unity and B approaches zero
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systems.” The key information necessary to calculate the H-bond energy is the position of the proton in the
0-H..O bridge.

crystal structures.

order to solve this problem the concept of bond number is used. It had been introduced by Pauling'* and

1,14,26-31 Iti

was later used successfully in many chemical problems. t is particularly useful for the systems which fall
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where: t; is the length of the bond or of the atom-atom nonbonded contact, T, is the length of the reference single
bond, c is a constant which may be determined from the last equation if we know the value of n; for a given
length of the bond or contact r;. The length of the contact is usually known for the value of n; equal to 0.5.

The definition of the bond number may be obtained from the Morse function which describes the energy of
the bond."*® The concept of the bond number has a more general meaning since the other functions describing
the atom-atom interactions, e.g. Varshni, Buckingham and Rydberg potentials also lead to a similar definition as
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where Ar; = 1; - 1, is the difference between the O-H bond length (r;) and the length of the single reference O-H
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length of H..O contact (1;) and r,. The constant value ¢ was determined from the relation (2) applied to
fractional O-H bond - 1,5:

Iin -, =-clog 1/2 (4)

12 = 1.22 A is based on the av eraged data of Speakma * In the present paper the value taken from the paper of

n =122/ kman™. In the pr
Gilli and coworkers' was used ( 2 A from the O..0 distance of 2.4 X as the shortest one occurring when the
proton is centered). This choice determines the location of the minimum in the plot of Fig.1 and parameters
presented in ref.25.

For the linear H-bonded systems with fixed O..O distances eq. (3) permits one to estimate the position of the
H atom. For the general case we should consider nonlinear O-H..O bridges.** For linear O-H..O bridges the rule
of bond number conservation allows us to determine only one position of the H-atom. For non-linear systems
many positions of the H-atom are allowed for a given fixed O..0 distance depending on the OH..O angle. Hence
an exira condition is necessary to determine the H-bridge geometry. For this purpose the condition of the
minimal energy of the system was chosen and the calculations were performed with the use of the Lippincott-

Schroeder model modified for short 0.0 distances of the H-bridge. The lowest energy of O-H.,O bridge
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energies estimated by pulsed electron-beam mass spectrometry in the gas phase,™ " which for some systems are

lower than -30 kcal/mol. This effect may be attributed to the crystal lattice which may influence the energy

e H-bond models th

e taken from cryst stallooranhic data. For
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the H-bond ** since the systems consi
energies are usuaily considered as if they depended only on the positions of three atoms; the geomeiry of the
remaining parts of the molecules is not taken into account. The same is in force for the procedure presented here,
where the calculated energy does not depend directly on the lattice forces or on the remaining parts of the
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Fig 1. Plot of the lowest energies of H-bridges for fixed O..O distances calculated by the method presented in this paper

(the continuous curve); H-bond energies for the data taken from CSD versus O..O distances (circles).

The continuous curve in Fig | stands for the calculated H-bond energies for the given O..0O distances within

the model presented above whereas circles represent energies calculated by the L-S model from experimental

ance tha fted sobmonint 36 oo b o
d. Hence the fitted polynomial *° may be used

to estimate the H-bond energy if only the O...0 interatomic distance is known, as is usually the case with the X-
ray diffraction molecular geometry.

Testing the modei

The data from the Cambridge Structural Database (CSD)’ have been used to verify the model presented in the

52 such crystal structures have been found for which 126 independent O-H..O bridges exist. Only the H-bonds
with O-H interatomic distance >0.957 & ¥/ (i.e. OH in water molecule in the gasoeus state) were taken into
126 O-H..O bridges the H-bonds energie
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Fig. 2 shows the differences (in 2&) between the predicted geometries (for the lowest energies for fixed 0..0
distances) and the geometries taken from crystal data (for the sample of neutron diffraction data analysed in this
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paper).
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Fig 2. The difference between the predicted positions of H-atoms and those taken from CSD versus O..O distance

The difference means the distance between the position of the H-atom for a given H-bridge taken from CSD
ed

and the position predic y the model for the same O..0 distance. One can see that
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by the procedure described

the differences are greater for longer O..0 distances. So the strong H-bond mteraction for short .0 distances

has the effect that the proton in the bridge may not move freely.*® The results presented in Fig. 2 may be
connected with the effect of thermal vibrations. It is well known that the X-H bond lengths observed in the
crystal structures are systematically shortened because of thermal vibrations, the shortening mcreases with

increasing vibration amplitudes.® In O-H..O hydrogen bonds, the vibration amplitude of the H-atom decreases
with reducing H-bond length. This may be the reason why for greater O..O distances the differences presented m
‘ig.2 are greater. For strong (0. O distance <2.6 K.) and medinm H-bonds (0..0 distance 2.60 - 2.8 .X_) such
differences are 0.06 and 0.17 ‘&, respectively. This is undoubtedly a better information than low or unknown

precision of the H position from X-ray data.



Table 1. O-H...O systems in data set (distances in & angles in degrees).

REFCODE * O-H O.H O-HO 0.0 Temp®

1 ACAMCLO1 1213 1.213 1800 2.426 120

2 ADENOS01 0.980  1.787 164.0  2.743 123

3 AEPHOS02 1.013  1.535 176.1  2.546 122

4 AMBACOO7  1.039  1.457 1791  2.496 295

5 ARGIND11 0.974  1.770 1721 2739 295

6 CUHOPTO4  0.973  1.694 170.5  2.658 295

7 DETSBRO1 1.046  1.421 176.2  2.465 295

8 DIALACO2 1012  1.583 169.8 2585 295

9 DLASPAQ?2 1035  1.508 179.4 2542 295
10 DOBJINO1 0.965  1.822 178.4 2787 295
11 EDATARO1 0976  1.784 163.0 2732 295
12 FAHCASO1 0.974  1.877 163.9  2.826 295
13 FAHCASO1 0977  1.766 175.3  2.741 295
14 FAHCASO1 0970  1.770 153.4 2673 295
15 FAHCASO1 0.970  1.846 1616  2.783 295
16 FAHCASO1 0975  1.786 1785  2.761 295
17 FAHCASO1 0.959  1.825 1539 2718 295
18 FEROCA12 0.996  1.636 178.4 2632 78
19 FERQCA12 1.008  1.593 176.0 2600 78
20 FEROCA12 1.005  1.801 1781  2.608 78
21 FEROCA12 0.997 1.663 1784  2.660 78
22 FIJBOPO1 0.990 1.726 1627 2688 295
23 FRUCTO02 0.972  1.965 152.0  2.859 295
24 FRUCTO002 0.979  1.750 1546  2.668 295
25 FRUCTO02 0.964  1.977 169.3  2.930 295
26 FRUCTO02 0.964 2.593 1136  3.107 295
27 FRUCTO02 0963  1.869 1632  2.805 295
28 FUSPIS10 0.973  1.829 168.7  2.790 295
29 FUSPIS10 0.973  1.839 1532 2742 295
30 HDRZHO11 1227  1.227 180.0  2.454 295
31 HOPROL12  0.971  1.843 164.9  2.791 295
32 KAOXYAO1 1151  1.328 1743  2.476 295
33 KDGLUMO1 0.977  1.985 150.4  2.875 295
34 KDGLUMO1 0.974  1.667 177.3  2.640 295
35 KDGLUMO1 0.963  1.834 165.2  2.776 295
36 KDGLUMO1 0.958  1.784 168.0  2.728 295
37 KDGLUMO2  0.963  1.974 159.1  2.894 295
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120 XYLOBMO1 0.962 2.088 170.0 3.040 295
121 XYLOBMO1 0.969 1.885 160.1 2.816 295

122 XYLOBMO1 0.969 1.785 163.4 2.728 295
123 XYLOSEO1 0.971 1.805 158.3 2.730 295
124 XYLOSEO1 0.974 1.751 171.5 2.719 295
125 XYLOSEO1 0.981 1.732 168.8 2.701 295
126 ZZZFQQ02 0.985 1.691 169.1 2.664 15

* The REFCODE refers to the reference for data retrieval on the Cambridge
Structural Database

® The temperature of the determination of the structure (in K); the corrections for libration were not
incorporated within the sample under consideration
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