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The van der Waals surface envelope was calculated for molecules with
O—X—O segment (where X is a tetrahedral centre) as a function of the
torsional angles of X—O bonds. Merely small differences were found between
the surface and the volume of energetically stable conformers. The conforma-
tional variation of the surface was not substantially affected by an inclusion of
lone electron pairs in the calculation. The implications of torsional variation of
molecular surface on the microthermodynamical surface and on the Gibbs
energy of solvation in Sinanoglu’s solvophobic theory have been discussed. The
limitations have been pointed out for the use of molecular surface as the sole
criterion of the extent of solute solvation.

PaccuuTaHbl NOBEPXHOCTH BaH-IEep-BaajlbCOBbIX OGOJIOYEK AN MOJIEKYI
¢ ¢pparMenToM O—X—O (rge X — TeTpaspuyecKuii UEHTP), KaK YHKIUS
TOPCHOHHBIX YriIoB cBsizell X—O. OGHapyXeHbI JIHILL HeGObIIKE Pa3indus
B MOBEPXHOCTAX M 06beMax 3HepreTHdeckH CTabuinbHbIX KOHpopMepos. Ha
KOH(OPMAaLMOHHYO 3aBUCHMOCTh MOBEPXHOCTH HE OKa3bIBAET CYLECTBEHHOTO
BJIMSIHUS BKJIIOYEHHE B pacyeT HemofeIeHHbIX 3JIeKTPOHHBIX map. O6cyxnaeT-
cq 3¢eKT TOPCHOHHON 3aBHCHMOCTH MOIIEKYJISAPHOH MOBEPXHOCTH Ha MHK-
POTEPMOIHMHAMUYECKYIO NOBEPXHOCTb M THOGCOBY 3HEpPrui0 COJIbBAaTALMH
B conbBOGo6HOM Teopun CuHaHorny. OTMeueHbl OrpaHMYeHUsE IPUMEHNMOC-
TH MOJIEKYJIIPHO# MOBEPXHOCTH KaK eMHCTBEHHOTO KPUTEPHUS CTEMEHH COJIb-
BaTallM¥ pPacCTBOPEHHOTO BeLIEeCTBA.

A great deal of the physicochemical properties of substances can be correlated
with the molecular size, i.e. with the molecular volume or the molecular surface.
The determination of the size of individual molecules continues to be a'problem;
the quantities extracted from the experimental measurements in the gaseous and
liquid phases are used most frequently. The typical examples are van der Waals
atom radii rw, the analogous volumes of atoms (or atomic groups) or the effective
molecular cross sections ¢ derived from various experimental methods.
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The correlation of the molecular size with the macroscopic properties is less
straightforward for molecules in which an internal rotation is possible. Recent
experimental and theoretical studies [1—5] indicate the nonidentical value of
volume and surface for various rotational isomers. Besides, since the solvation
energy of solute molecules strongly depends on their size, the difference in surface
or volume can bring about the shift of the conformational equilibrium in solution in
comparison with the gaseous state even for the nonpolar molecules [5, 6].

A reliable estimation of the changes in van der Waals molecular surface (Sw) or
volume (Vyw) can be found from the model computations in which a molecule is
approximated by a geometrical body formed by the mutually interlocking spheres
corresponding to atoms (or to atomic groups) with the radius rw. By the variation
of torsional angles in molecule the conformational dependence of Sw can be
calculated. This paper reports the results of calculation of the van der Waals surface
envelope for molecules with the two oxygen lone electron pairs at a tetrahedral
centre. This class of molecules is an object of our interest for some time even [7—9]
due to their special stereochemical behaviour — the preference of synclinal
position to antiperiplanar one — which is termed as the anomeric or gauche effect.

Methods and parameters

Conformational changes of the van der Waals surface have been investigated for three
molecules of the general formula CH,—O—X—O—CH; where X is CH,, PO3, and
Si(CH),, i.e. dimethoxymethane (DMM), dimethylphosphate anion (DPM-), and di-
methoxydimethylsilane (DDMS), respectively. Torsional angles @, and @, correspond to the
rotation around X—O bonds with the values of 180° in antiperiplanar (ap) conformation
and of +60° in synclinal (sc) conformations. Apart from the internal rotation the completely
rigid molecular geometry was assumed with parameters from Ref. [7] (Table 1, geometry B)
for DMM and from Ref. [9] for DMP~. In DDMS the bond lengths 0.1425 nm, 0.1632 nm,
and 0.1842 nm were assigned for C—O, O—Si, and Si—C bonds, respectively, with the
tetrahedral bond angles except the C—O—Si angle which was put 123.6°; all that based on
the data for the structurally similar molecule [10].

Using the standard Hermann’s program (QCPE No. 235) [11] the molecular surface has
been determined. The surface is computed by numerical integration and in addition to the
input geometry data the program requires the choice of van der Waals radii of atoms and
atomic groups. We assumed rw/nm: 0.12, 0.17, 0.15, 0.19, 0.18 and 0.21 for H, C, O, Si,
and P atoms and CH, group, respectively. The methyl groups on the central silicon atom
have been regarded as quasiatoms with the latter value of ry. The torsional angle was
changed by 10° increment. The complete conformational hypersurface Sw(@., ¢.) has been
constructed for DMM only. In the remaining cases the sections of latter hypersurface
corresponding to @, = 180° have been computed, which was sufficient for comparison of the
molecular surface of ap and sc conformations. The theoretical and experimental studies on
the volume changes at internal rotation [1—S5] concentrated so far just on this sc—ap
difference.
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Results and discussion

Figs. 1—3 show the variation of molecular surface as a function of the torsional
angle @, when ¢, =180°, that means, when the second half of the molecule is in an
extended conformation. In comparison of calculated quantities the emphasis is laid

Fig. 1. Variation of molecular surface S in
DMM with torsional angle @, when @,=180°
(full lines) and @, = — 60° (dashed line). Calcu-
lation without lone pairs (0), with lone pairs at
d=0.05nm (1)andatd=0.1 nm (2).
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Fig. 2. Variation of molecular surface Sy in
DMP- with torsional angle @, when ¢, =180°.
Specification of curves as in Fig. 1.
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Fig. 3. Variation of molecular surface Sw in
DDMS with torsional angle @, when @, =180°.
Specification of curves as in Fig. 1.
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on the relative changes of Sw with the rotation ; the absolute values of surface being
of the less importance. From the general correlation § ~ V*? it is assumed that also
the relative surface changes at the internal rotation are proportional to the relative
volume changes. As is seen in Figs. 1 and 2 a minimum of molecular surface is
located in the vicinity of synperiplanar (sp) conformation with @, =0° as could be
expected due to the maximum overlap of groups in this position. On the contrary,
in DDMS the presence of bulky methyl groups on central silicon results in
a decrease of overlap in position with @, =0° as compared with ap position or, in
other words, in an increase of molecular surface. The torsional changes of surface
as demonstrated by curves in Figs. 1—3 are rather inconspicuous and lie within the
three per cent range. The differences in surface of the stable rotational isomers, for
example between ap and sc conformation, are even smaller. In these molecules sc
conformation is usually more stable and is shifted close to sp position with
minimum of ¢; about 30° or 40° [7—9]. Our preliminary CNDO/2 and PCILO
quantum chemical calculations indicate that in DDMS the energetically stable
isomer is located even at @, =0°. The variation of surface with internal rotation
would be probably further diminished by presuming the relaxed geometry of
molecules instead of the rigid one. One can expect that such changes of internal
geometry occur especially in the regions of the large repulsion (as is sp position of
DMM) and they would diminish the steric overlap of groups and enlarge the
molecular surface.

The calculated surface Sw depends obviously on the radii r. and on the rather
arbitrary selection of their values. However, a simulation of atoms by spheres even
in the case of atoms with the lone electron pairs as oxygens is the more
questionable approximation in this approach. In literature the discussion continues
on the real size of electron lone pairs and on the most suitable way of their
simulation. The quantum chemical calculations and the deformational maps from
the X-ray diffraction experiment unequivocally confirm the unsymmetrical charac-
ter of the electron density distribution in heteroatoms (of oxygen type) bonded in
molecule. In semiempirical calculations of potential energy of molecules the effect
of lone pairs is most frequently accounted for by the inclusion of the additional
centres of electron density ‘‘quasiatoms” located in accord with the expected
hybridization on heteroatom [12—14]. In the calculation of surface Sw we have
used an analogous procedure. The radius rw=0.12 nm was assigned [12] to each of
lone pairs on oxygen atoms and they were located in the direction of sp?
hybridization. Their distance from the centre of oxygen atom represents
a parameter of calculation d for which two values 0.05 nm and 0.1 nm were taken.
The plots of surface Sw calculated with the four additional lone pairs are also shown
in Figs. 1—3. It can be seen that the inclusion of lone pairs evidently increases the
molecular surface but does not qualitatively change the character of the conforma-
tional dependence of Sw.
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The complete map of van der Waals surface has been constructed for DMM with
the lone pairs assumed at d = 0.05 nm. The map Sw(@:, ¢-) is of a very simple form
with the only distinctive minimum in sp,sp conformation (Sw=0.966 nm®) and
with one maximum in ap,ap conformation (Sw=1.187 nm?). In the map the drop
of molecular surface is confined to the area formed by the rotation of @, and @,
about +60° from sp,sp position; the rest of the map being rather flat. The
difference between maximum and minimum of surface on the map is about 20 %.
The section of the map for @, =60° (Fig. 1) provides the idea about the form of the
map and contains also the stable conformers sc,-sc with surface 1.135 nm’ and
-sc,-sc with surface 1.048 nm®. Evidently, the value of Sw at ¢, =180° for this
section is identical to Sw at ¢, =60° and the section @,=180°.

There exist attempts to utilize van der Waals surface or volume of molecule in
the prediction of stable conformations of molecules [15]. Comparison of the map
Sw(@1, @) or its sections in Fig. 1 with the analogous map of potential energy for
DMM [7] documents the limitations of such approach. The most stable conforma-
tion of DMM is not ap,ap as it would follow from Fig. 1 (with the maximum surface
or minimum of steric overlap) but, sc,-sc conformation. Electrostatic (dipole-di-
pole) and electronic (delocalization) effects which are responsible for the shift of
conformational equilibrium in DMM into sc,-sc position (anomeric effect [7—9])
are not taken into account in the prediction of stable conformations based on Sw or
Vw.

From comparison of values in Figs. 1—3 with the data for n-hexane and higher
alkanes [5, 6] it seems that in molecules with 1,3-dioxa group the torsional changes
of surface are smaller than in n-alkanes and can be of the opposite sign. For
example, the interconversion of central C—C bond to sc conformation in all-
-ap-hexane brings about a 3.5 % decrease of molecular surface. An analogous
sc—ap difference in DDMS for d = 0.05 nm is positive and only 1.2 % (or 2 % for
the sp—ap difference).

Besides the correlation of molecular surface and volume with the macroscopical
properties of substances the molecular surface is frequently used also as a measure
of solute—solvent interaction [16] and in expressing the “accessible’ surface of
molecule needed not only for solvation [17] but also as a criterion of probability of
the bimolecular reaction with other reagent [18]. Van der Waals geometrical
envelope Sw plays a central role mainly in Sinanoglu’s solvophobic theory [16] of
solvation where it assists in determining the ‘“‘microthermodynamical” surface of
molecule in solution.

In the theory of the solvent effect on conformational equilibrium the Gibbs
energy difference of two conformers is given as a sum of the isolated molecule
change and the solvation term

AG=AGiu+ AGyn =
AEi+ PAV,— TASioi + AGes + AGuisp + AGeay (1)
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On the right-hand side of the last equation there are the differences of static
potential energy, entropy, and volume of two conformers of isolated molecule and
the solvation term expressed as a sum of changes in the electrostatic and dispersion
Gibbs energy of solvent—solute interactions and the Gibbs energy difference of
cavity formation in solvent.

Sinanoglu showed [16] that all the last three terms on the right-hand side of eqn
(1) depend on molecular surface or volume. This connection is especially evident in
the cavity term AG., which is determined as a product k,Swy, where y is the
macroscopic surface tension and k; is a function which converts the molecular
surface to the microthermodynamical surface. In the case of dramatic torsional
changes of surface it may happen that AG., term would be the dominant term in
eqn (1) and it would determine the stable conformation in solution. Results in Figs.
1—3 show that this situation is quite improbable in molecules with 1,3-dioxa group
on tetrahedral centre since the calculated differences of surface between stable
conformers are very small. In this way the present calculations support the
assumption from the analysis of solvent effect on conformation of DMM [8] and
DMP™ [19] about exaggerated and unreliable values of ASw when calculated with
an approximation of molecule as a parallelepiped [20] and when the false values of
ASw negatively influence also the AG., and AGgs, terms. In both molecules the
AGgs term exhibits the most important influence on their conformation in
solution. Coincidentally, it seems that similarly as the electrostatic forces are
dominant in the intramolecular preference of sc position in DMM (anomeric effect)
[8, 14] the electrostatic stabilization of conformers by solvent is the most important
factor also in the interaction of DMM with solvent.

The torsional dependence of surface of DMP~ shown in Fig. 2 is directly
connected with the calculations of accessible surface in nucleic acids [17, 18] where
the macromolecular chain and bulky substituents (bases) partially restrict solvent
or reactant accessibility to the phosphate groups. The accessible surface is
calculated by moving the solvent (reactant) molecule along van der Waals
geometrical envelope and it is possible to separate the contribution of individual
atoms or groups to the total surface. As an oversimplification it is assumed [17] that
those conformations which have the maximum accessible surface will be the most
solvated and stabilized ones. Calculations of solvation energy of DMP~ show [19],
however, that for the section @, =180° the dominant electrostatic term in eqn (1)
prefers sp position with maximum dipole moment to ap position which possesses
maximum surface according to Fig. 2. Generally, maximum surface guarantees for
the maximum Gibbs energy of solvation in certain special cases only according to
the solvophobic-solvophilic classification of interaction [16].

Differences of van der Waals surface in Figs. 1—3 can be simply recalculated on
the corresponding changes of conformational volume A Vy. This conversion results
in — 3.55 cm® ml™! for sc—ap difference in Vy of n-hexane [5]. Recent measure-
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ment of Raman spectra of n-heptane at higher pressure led to — 1.8 cm® mol ™! for
overall volume changes AV between sc and ap conformations [2, 3]. Accordingly,
a simplified recalculation of surface on volume change seems to result in a partial
overestimation of AVy. We should mention in addition that a different procedure
for calculation of volume Vw [21], also based on the calculation of overlapping
spheres, resulted in only minimal differences between van der Waals volume of sc
and ap conformers of hexane [22].*

By differentiation of eqn (1) according to pressure an expression for the
isothermal volume changes AV of two conformers in solution is obtained.
Conformational volume AV is determined by a sum of the inherent changes of
isolated molecule AV, and volume changes due to the interaction with solvent
AV,. The first term can be approximately replaced by change of van der Waals
volume AVy for the two most stable conformers in solution which in general may
be different from those in vapour phase. The term AV,,, can be further
decomposed to three contributions, similarly as in eqn (1). Hence, the torsional
dependences shown in Figs. 1—3 reflect the volume difference of conformers in
vapour phase only. The picture can substantially change in solution due to the
contribution of AV,,, and the latter term can even determine the sign and size of
the overall volume changes AV That is documented by recent treatment of the
volume changes between sc and ap conformations of 1,2-dichloroethane and
1,2-dibromoethane [3] where it was shown that both inherent van der Waals
overlap of halogens and solvation volume estimated on the basis of AG., only
contribute equivalently to the experimental values of AV (from — 1.8 to
— 4.5 cm® mol ™).

Although in molecules with 1,3-dioxa group the changes of Sw and Vy look as
unimportant ones, an opposite situation may sometimes arise when these changes
are large and their reliable prediction is necessary in order to correlate macroscopi-
cal properties or to calculate this solvent effect. The method used in this paper
represents a very appropriate alternative for this purpose. More crude approxima-
tions of molecule, e.g. by parallelepiped [20] are not sensitive enough and the use
of molar volume or other macroscopic property is unable to provide the conforma-
tional dependence of molecular size. Other indirect methods can lead to the
controversial results as recently in Ref. [23] where the larger inherent volume was
assigned to the coiled conformation of alkane chain than to the extended one in
apparent contradiction with experimental and theoretical findings for conforma-
tional volume of short alkanes [5, 6], which obviously should affect the computed
solvation energy. Calculation of inherent volume or surface of solute molecule

* Molar volume of 1,1,2-trichloroethane is by mistake quoted in Ref. [5] as 192.1 cm® mol~! instead
of the correct value 92.7 cm® mol~'. The author is grateful to Dr. Terryn for bringing this error to his
attention.
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must be an indispensable part of every more rigorous attempt to determine the
effect of solvent on conformational equilibrium of flexible molecules.
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