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On the Distribution of Local Molecular Symmetry in Crystals
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Application of the continuous symmetry measure to several hundred crystals that contain benzene,
dichloromethane, chloroform, and acetone shows that the probability of finding the structures of these molecules
distorted decreases exponentially with the amount of symmetry lowering. The implications of this trend are

discussed in terms of B3LYP/6-31G* calculations and Boltzmann population.

1. Introduction advantage to generate the reference structure “on the run”. The

Presently, the interactions that exist in molecular crystals are method was successfully employed n a.numbe.r of Cém' .

reasonably well-understood and their description has reached 6{”5“"?“‘:9'. It was fqund to correlatg with (7) the binding activity

high level of sophistication; however, a general phenomenologi- of b|o_Iog|ca_IIy _actlve sy_stems, (”). ther-electron energy In

cal model able to describe the molecular deformations that Occurenant!omer!zanon reactions of c_h|ral fuI_Ieren_es, and (i) the_

in the condensed phase is still being developed. To this end,enan'uor.nenc excesses in organic reactions in an asymmetric

database mining of crystal structures has become an increasinglfynthe.s's' .

popular and effective tool. To the best of our knowledge, it has In this approac_h, Avnir and coIIaborators_ calculate the (_:SM
or symmetry deviationS, as the shortest distance that points,

been mainly directed toward the analysis of the distribution of i.e., atoms, have to undergo to transform the object they describe

bond lengths and bond angles, rather than toward developlng.mo the shape of desired symmetry. In practice, it is calculated

rules for what appears to be an effect secondary to the energ;J . .
lowering. Less crucial as it may be, it is still so general and as the square of the norm of the vector defined by the difference

widespread that it is part of every undergraduate textbook of between the optimal, idealized structure and the actual structure.

solid-state chemistry and a firm component of our understanding ghiSr'?]t:r??;ls;“iﬁ#;t:z:?etcdh?f r&'?gaiﬁ “rﬁ(;:ebclﬁl'es(ﬁgzzged
of this state. The purpose of this work is to focus on the “fall y P q

from symmetry” of molecules embedded in crystals. The intent for each of the several hundred distorted molecules considered).

is to extract the global, or better statistical, effect of varying A simple equation connecSto the Cartesian coordinates of

environments on molecules and possibly to establish rules thatthe atoms:

may be usefully employed to lead to the assembly of crystals. n

The nearly ubiquitous solvent molecules embedded in crystals S= ﬂ) (o — r)_)z 1)
are deemed to provide excellent work-horses for extensive nD%& ' '

exploration since the amount of information gathered for them
probably equals or exceeds what is available for any other
chemical object in the solid state. In practice, it is here assumed
that four of the most common solvents, namely benzene
dichloromethane, chloroform, and acetone, present a statisticall
significant distribution of data amenable to investigations that
can prove the existence of relationships which involve molecular
distortion in the form of symmetry lowering. Importantly, the
range of energies and structural parameters variations, i.e.
changes in bond lengths and bond angles, considered here cove
more than the region that is traditionally expected for solent
solute interactions.

with n being the number of equivalent points, or atoBdeing
a normalization factor given by the distance between the center
' of mass of the molecule and its own farthest atppieing the
Ycoordinates of the atoms, arpd being the coordinates of the
atoms of the optimal structure that are determined by the
numerical optimization techniqueS= 0 coincides with perfect
symmetry, i.e., no symmetry lowering, agd= 100 collapses
'the system to a point.
S'n agreement with this approach, in the four cases considered
here (benzene, dichloromethane, chloroform, and acetone), only
symmetry was imposed on the reference structures. They were
Den, or Cg, for benzene (since the hydrogen atoms are notori-
ously poorly resolved in diffraction experiments, only carbon
atoms were included in the treatment of eq 1 so that for six
To obtain quantitative information about the distortion of a points the two point groups coincide§), for dichloromethane
symmetric object requires the definition of a reference, which and acetone, an@s, for chloroform. The present results are
is here taken as the symmetrynot structure- of the molecule therefore a measure of symmetry and not of similarity to a
in the isolated phase. A number of approaches have beenpredetermined shape.
proposed to quantify a particular aspect of the measure of An important issue that deserves comment is the tendency
symmetry! namely chirality. For symmetry in general, the of CSM to correlate with energy-related quantities such as
continuous symmetry measure (CSN§ likely to be the most binding constantsy-electron energies, and reaction yietdss
general model proposed to date because it has the additionalvill be seen in the following, something similar is found here.
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2. Continuous Symmetry Measure and Its Correlation
with Energy
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TABLE 1. Summary of the Data for Benzene, Chloroform, Dichloromethane, and Acetone

Brancato and Zerbetto

benzene chloroform dichloromethane acetone
no. of structures 269 261 248 165
length range (A) 1.3% rcc< 1.44 1.73< ree < 1.85 1.7%F ree < 1.85 1.47< rcc=< 1.57
angle range (deg) any 95 CICCl = 121 95< CICCl = 121 106=< CCC= 126
lowestSvalue 0.001 0. <0.001 0.001
largestSvalue 1.5212 0.1169 0.0433 1.2387
A 68.8 205.9 150.4 84.5
slope,b (kcal mol) 34.88 115.14 not obtained 19.65
intercept,c (kcal mol™) 2.19 1.72 not obtained 1.94
correlation coefficienty 0.88 0.69 0.25 0.93
maximumAE (kcal moi?) 57.51 15.83 13.01 25.00
averageAE (kcal mol™) 3.21 2.40 2.18 2.47
T (K) 255 281 not obtained 117

While the previously reported cases strengthen and are strength

common preferential orthogonal directions (which actually may

ened by the present one, it may be useful to investigate underor may not be the vibrational normal modes).

which conditions, in the case treated here, a correlation must
positively exist. The algebraic treatment described below is not
used in the actual calculations but is proposed with the aim of

3. Results and Discussion

The presence of symmetry in the molecules is a requirement

understanding how one can express an energy increase due tg, the CSM treatment. Benzene, dichloromethane, chloroform,

distortion in terms of a symmetry-related quantity.

In general, to a molecular distortion must correspond an
energy of distortionAEgis. The existence of a linear relationship
between thes and energy is, however, not to be expected and
when found is nontrivial because of the different forces that
act on individual molecules. To exemplify with the case of
benzene, itsr-electron system can form both stacks with other
m-electron-containing species or T-shaped complexes with
electron-poor hydrogen atoms. The two adducts will tend to
distort the molecule in different, apparently unrelated, directions.

To express the energy of a generic distortion one can start
with the harmonic oscillator approximation and use the normal

modes of vibrations. Other approaches are possible, but the
discussion of their nature is outside the scope of the present
paper. The treatment presented here is rather similar in that it

provides the center of the Franeondon envelope in elec-
tronic transitions’. For a quadratic potential, the energy of
distortion increases as one-half of the square of the difference,
Z, between the initial and final points, multiplied by the force
constantk;, of each mode:

1 1
AE = Eijzf = 54n2c22r‘quj22j2 )

wherec is the speed of lightyy is the mass of thggh vibration,
7j is thejth vibrational wavenumbers, and the sum goes over
all the normal modesz; can be written as:

z=7% (@~ pL’ (3)

with the sum extending over all the atom positions hficdbeing
the jth normal mode.
Both egs 1 and 2 contain the square of a veqipr(p); eq
2 contains it through eq 3. Energy and CSM appear therefore
to be related. Apart from several proportionality constants, the

and acetone were selected because of the presence of at least a
2-fold axis in their heavy atom frames. The Cambridge
crystallographic database/as searched for their structures. To
avoid systematic errors, a minimum of care must be exerted in
the selection of the structures. Ideal structures, such as, for
instance, the perfect 6-fold symmetry of benzene molecules,
were not considered because of the reasonable assumption that
their coordinates had been refined using a rigid body model.
Also overly distorted structures were discarded. The ranges of
bond lengths and angles considered in the search are given in
Table 1. They are centered at about the experimental or the
B3LYP/631G* optimized values. For benzene, structures were
accepted when their nominally double CC borrdg, were 1.35
< rec < 1.44 A. For chloroform and dichloromethane, the same
values were 1.7% rcg < 1.85 A and 98 < acico < 127°,
with a the angle. The acetone structures were considered when
their two nominally single CC bonds were 1.47rcc < 1.57
A and the angle was 106< accc < 126°. For each mole-
cule the number of structures is large enough to provide a
statistically significant variety of cases from which to extract
general trends (vide infra). Within these constraints, the largest
S value is obtained for benzene, while the range of values
obtained for dichloromethane is the narrowest. Attempts to
correlate the individuaS values to geometrical quantities of
the crystals, such as interatomic distances or bond angles with
neighboring systems, gave inconclusive results and will not be
commented upon.

Figure 1 shows the distributions &ffor the four solvents.
To assist the eye, they are presented as histograms although
histograms were not actually used in determining the nature of
the distribution (see below). Several distributions were tested,
but in the end, it was found that all the four molecules have a
probability distribution of the distortior(S), that does not differ
in a statistically significant way (acceptance at 95% confidence
or more) from the exponential one (see refs 3 and 6 for a
discussion of the statistical test used in the work):

difference between the two equations is the presence of the

normal modesl., which, however, are orthonormal so that in a

dot product such as that of eq 1 they effectively disappear.
In simple terms, a proportionality relation exists between

energy andSwhen the symmetry decrease expressed by CSM

P(S = expt-a9 4)

Table 1 givesa for each molecule (they range from 68.8 to
205.9).

can be decomposed along spatial directions, each of which gives The exponential form of the distributions can be chemically

a proportional energy contribution. It is concluded that the

and physically nontrivial. Two interpretations come to mind.

correlation between CSMs and the energy-related quantities usedrhe less significant explanation could be summarized as

in this work originates from geometrical displacements along

“unusual events are rare”. Indeed, the symmetry fall could be
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Figure 1. Histograms of theS values for (a) benzene, (b) chloroform, (c) dichloromethane, and (d) acetone. The histograms are provided for sake
of simplicity of representation but are not used in determining the probability distribution of the symmetry lowering. The even longer tails of
benzene and acetone are not shown.

envisaged as a decay process that is exponential in nature. Arb the higher the energy cost to achieve the s&n€he non-
implication of the present result is that the data gathered from zero value oft includes the component of distortions that does
the Cambridge database provide significant statistics. not lead to symmetry lowering. For instance, in the case of
Alternatively, it is possible to take a stronger stance and benzene, an atom located on the 6-fold axis interacts with the
attempt to provide a more physical picture. If the energy of the molecule modifying its structural parameters but cannot decrease
distortions can be separated from that of other processes, thehe symmetry. It is important to notice the larg¢o-c ratio. In
probability of having a molecular deformation must follow the the three of the four systems investigated, the CSM scales
Boltzmann distribution which is, of course, exponential. In linearly with the energy. This result is in keeping with egs 2
practice, the probability of populating, or more practically and 3. The poorer fits (however, the correlation coefficients,
finding in the Cambridge database, a deformation of v&li'e  were as high as 0.88 for benzene and 0.93 for acetone) can be
given by expt-AE/kgT), where AE is the energy of the  due to the lack of a common set of orthonormal coordinates in
distortion andrT is the temperature at which the crystal has been eqs 2 and 3 or to the presence of anharmonic effects. Interest-
grown. Most crystals are grown at room temperature. For a ingly, a search of the Cambridge database coupled with
statistical set of data of a given moleculeneeds not be the  molecular mechanics and quantum chemical calculations found
room temperature but might be an effective temperature. For that benzene is far from rigid and therefore quite possibly far
instance, the distortions due to the hydrogen atoms, which arefrom the harmonic behavidf.For dichloromethane, the fit gave
not considered in the symmetry measure since their positions 5 scattered plot, = 0.25, and the corresponding values are not
are usually not determined, may play a role in the final effective gjven. This dramatic failure could also be due to the small
temperature. number, 3, of atoms that are used or to the fact that the range

_The energies of distortion&E, were obtained as the energy  of hond lengths and bond angles that we used gave quite a small
difference with the optimized B3LYP/6-31G* structure. The range ofS values.

hyd_rc_)gen atoms were added bOth rigidly and optimizing their One can now set the right member of eq 4 equal to the
positions using molecular mechanics (the results did not change o .
Boltzmann distribution where the energy is given by eq 5. In

significantly and the latter are given). The energy ranges of the o . L ; - ;
structures exceed 10 kcal mal A linear fit of SversusAE to the limit ofcsufﬂmeqtly small, it is possible to find the effective
temperature. Surprisingly, benzene and chloroform gave an

give: effective temperature (255 and 281 K) very close to the room
AE=DbS+ ¢ (5) temperature- the temperature most crystals are grown at! This
is an unanticipated result. Applicability of the Boltzmann law
was performed. The values bfandc are shown in Table 1. means that the symmetry distortion is a degree of freedom that
The plots of the fits are given as Supporting Information. As can be separated from all the others, just in the same way the
expected the results differ for the various molecules. The larger various vibrational degrees of freedom are separable from each
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other. It also implies that for benzene (or chloroform) the codes of the structures used in this work; and Fortran program
distortions calculated from the structures found in the Cambridge to determine numerically the CSM for a set of six points. This

database can be described by a set of common orthonormamaterial is available free of charge via the Internet at http://

coordinates. Even in the case of acetone, which gave a muchpubs.acs.org.

lower effective temperature, the Boltzmann law may still hold.
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