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Influence of Solid Solution Formation on Polarity: Molecular Modeling Investigation of the
System 4-Chloro-4′-nitrostilbene/4,4′-Dinitrostilbene
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Growth-induced polarity formation in solid solutions composed of dipolar 4-chloro-4′-nitrostilbene molecules
and nonpolar 4,4′-dinitrostilbene molecules was investigated by means of two molecular modeling procedures.
Calculation of the mixing energy in the bulk structures predicted solid solution formation within the whole
composition range. Computation of the interaction energies present at growing surfaces allowed the distribution
coefficient as well as the fraction of dipoles in either the up or down orientation to be calculated by a meanfield model. Miscibility and polarity were found to vary for the faces (hkl) investigated, leading to crystals
composed of sectors with different compositions and polarities. The present study highlights the fact that a
solid solution crystal may not be a homogeneous entity and that surface effects arising during slow growth
can have an impact on solid state properties.

Introduction
In mixed crystals, chemical compositions in the bulk may
be significantly affected by mechanisms taking place at the
crystal-nutrient interface. This phenomenon is widely investigated because of its direct impact on the physical and chemical
properties of the material. While an abundant amount of
literature is dedicated to theoretical and experimental studies
of surface segregation in atomic alloys,1-4 only a limited number
of papers deals with molecular compounds.5-7 In the case of
mixed crystals of polar molecules, it was observed that inclusion
of impurities in a centrosymmetric host matrix was responsible
for the appearance of significant second-order nonlinear optical
properties.8 Surface effects giving rise to polar properties were
also observed in single-component systems of dipolar molecules,
classified as centrosymmetric by X-ray diffraction.9,10 In the
past decade, a growth model has been developed to quantify
such a phenomenon, called growth-induced polarity formation,
for systems composed of dipolar molecules A-π-D (A and D
represent acceptor and donor terminals, respectively; π represents a delocalized π-electron system ensuring a significant
dipole moment (µ
b) pointing from A to D). Principally, it can
be explained as follows: Upon growth, a 180° orientational
disorder of dipoles can arise at the surface due to significant
probabilities for attaching molecules, forming, for example, A‚
‚ ‚A or D‚ ‚ ‚D instead of A‚ ‚ ‚D interactions with previously
attached molecules. Different probabilities (PAA and PDD) lead
to different ratios of molecules in state up and down (i.e., the
projection of the molecular dipoles along the growth direction
are v and V, respectively) and thus to the appearance of polarity
for the face considered. In the case of elongated prolate-type
molecules, a 180° molecular flipping in the bulk is not likely
(high activation energy), so that polarity arising at the surface
leads to a metastable polar state for the bulk.
Because the attachment probabilities (PAA, PDD, and PAD) are
directly related to the intermolecular interaction energies involved at the surface,11,12 a computational study based on energy
calculations can be used to quantify polar effects. Such an investigation was recently carried out to calculate growth-induced

polarity in crystals of 4-chloro-4′-nitrostilbene (CNS). By means
of force-field methods, calculation of the intermolecular interaction energies present at the different surfaces allowed the appearance of polarity for b sectors of {011} faces to be predicted, a result confirmed both by phase-sensitive second-harmonic microscopy and by scanning pyroelectric microscopic measurements.13
Here, in a logical continuation, the study is extended to a
two-component system composed of CNS and 4,4′-dinitrostilbene (DNS). Two questions are discussed: (i) What is the
miscibility range between CNS and DNS? (ii) What is the
impact of the formation of solid solutions between nonpolar
molecules (DNS) and dipolar molecules (CNS) on polarity (in
consideration that both pure components crystallize in centric
structures)? These issues already received a brief answer in ref
14; that is, an experimental study confirmed a full range solid
solution for CNS1-XDNSX (0 < X < 1) and a second-harmonic
generation effect for mixed crystals (c-plate) was observed.
However, a thorough theoretical investigation of the CNS/DNS
system was missing so far.
In the present paper, question (i) is addressed from two
different points of view: (1) Miscibility in the bulk of the two
components. A molecular modeling procedure is proposed in
which solid solutions based on the 3D crystal structures of CNS
and DNS are constructed and optimized and their lattice energy
is calculated. Probabilities to form solid solutions are estimated
according to the excess of energy due to the mixing of the two
components in the solid. (2) Miscibility on the growing faces,
that is, CNS/DNS ratios at the surfaces. For that purpose, the
following procedure to investigate the influence of solid solution
formation on growth-induced polarity (issue (ii)) is applied: (a)
determination of the solid solution range for CNS1-XDNSX by
using force-field methods; (b) calculation of all possible
interaction energies between a reference molecule in the bulk
and its first nearest neighbors; (c) selection of the relevant
interaction energies present at the surface of the growing faces
(hkl); (d) use of these energies in a generalized Markov-type
model15 to predict polarity and miscibility for faces (hkl).
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described in ref 14. DNS: P21/c, with a ) 3.818(6) Å, b )
13.007(2) Å, c ) 12.478(2) Å, and β ) 94.371(2)°. CNS: P21/
c, with a ) 3.837(1) Å, b ) 12.916(2) Å, c ) 12.221(3) Å,
and β ) 93.91(3)°. CNS molecules are positioned onto the center of symmetry, leading to an occupancy of 50%:50% on
aVerage for A (NO2) and D (Cl) terminal groups and thus a
50%:50% distribution of dipoles in state up and down. Recently,
a reinvestigation of the crystal structure by X-ray diffraction of
CNS single crystals grown from toluene led to the same packing
arrangement but with a different distribution of the two
orientational states (40%:60%, space group P1). The difficulty
to determine doubtlessly the proportion of up and down molecules in the bulk is due to the phenomenon of polarity formation
observed and predicted for pure crystals of CNS,13 leading to
crystal sectors showing different distributions (up/down).
1.2. Prediction of Solid Solution Formation. Prediction of
bulk solid solution formation in the CNS/DNS system was
performed by using the molecular modeling method described
in ref 16. The procedure consists of constructing artificial threedimensional solid solutions (Si, with i ) CNS, DNS) generated
from either the CNS or the DNS crystal packing, respectively.
After full optimization of the solid solutions (i.e., molecules
and unit-cell parameters are allowed to relax), the excess of
energy (∆Eimix) induced by the mixing of the two components
is calculated; for details, see Appendix A. By looking at the
variation of ∆Eimix with the ratio Xbulk of DNS molecules, one can
draw a conclusion about the stability and thus about the chances
to observe mixed structures. For instance, ∆Eimix close to zero
for the whole range of Xbulk is expected to give an ideal solid
solution, while a large positive ∆Eimix value for whatever Xbulk
is representative of a nonmixing of the two compounds (eutectic
behavior) in a structure of type Si. This method based on ∆Emix
may be related to the theory of solid solution developed by
Bragg and Williams17 and Gorsky,18 which qualitatively predicts
the formation of solid solution AxB1-x according to an interaction parameter (W) defined as the difference of energy between
contacts of AA, BB, and AB entities.
The number of possible molecular arrangements (configurations) in the bulk depends on the size of the supercell, the ratio
CNS/DNS (Xbulk), and the ratio up/down of CNS molecules.
To simulate correctly the randomness inherent to a solid
solution, a sufficiently large supercell has to be defined (a × b
× c ) 6 × 3 × 3, i.e., 108 molecules). For a representative
average value of ∆Emix, for each ratio Xbulk ) [0.1, 0.2, ... ,
0.9], only 30 supercells with different configurations of CNS
up/down and DNS molecules were chosen randomly in view
of a huge number of possible molecular arrangements. This is
justified by our finding that the lattice energy depended mainly
on the ratio up/down of CNS molecules and not on the spatial
distribution of CNS up, CNS down, and DNS. Moreover, this
number of supercells is considered sufficient because the ratio
up/down was restricted to stay within the range from 45%:55%
to 55%:45%.
Solid solution and single-component structures were optimized and lattice energies computed by using the consistent
force field Compass19 with Ewald summation for both Coulombic and van der Waals interactions. The strong similarity
between the two structures of CNS and DNS gave identical
crystallographic parameters and energy values for solid solutions
SCNS and SDNS, within statistical deviations. Mixing energies
for SCNS are shown in Figure 1.
Whatever the ratio between CNS and DNS was, constructed
solid solutions showed values for ∆Emix near zero, indicating
that solid solutions close to ideality are expected to be found
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Figure 1. Excess energy (∆Emix, kJ/mol) for constructed solid solutions
as a function of the molar fraction (Xbulk) of DNS molecules. Vertical
bars indicate statistical errors of the energies resulting from the variation
of the ratio up/down of CNS molecules in the range from 45%:55% to
55%:45%; see text. Thermal energy (RT ≈ 2.5 kJ/mol at T ) 300 K)
is indicated by a dotted line for comparison purposes.

for the whole range of Xbulk. This can be explained by
considering ∆Emix as the enthalpy of mixing (∆Hmix): for an
ideal solid solution with Xbulk ) 0.5, the entropy of mixing
(∆Smix) is R ln 2.20 To keep the free energy of mixing ∆Gmix )
∆Hmix - T∆Smix within the range of thermal energy RT
(indicating that mixing between the two compounds is thermodynamically possible), the mixing enthalpy (∆Hmix) has to be
lower than about 4 kJ/mol at a temperature of T ) 300 K. This
condition is fulfilled in our case (for other ratios than 0.5, similar
arguments hold).
It has to be emphasized that a prediction is limited to the
crystal packings (Si) investigated, so that a conclusion cannot
be directly extended to other types of crystal structures.
However, in the present case, the structures of CNS and DNS
are similar (SCNS ∼ SDNS) and no polymorphism for the pure
compounds has been observed so far. It is therefore likely that
application of the procedure to the known crystal packings of
CNS and DNS is sufficient to draw general conclusions about
their miscibility in the bulk.
Note that this procedure deals with a thermodynamic state
of the mixed crystals. It does not take into account surface
effects, such as an asymmetry at surfaces leading to a distribution of the two components which varies according to the site
and the face considered.6,7 On the contrary, the Markov model
presented below allows the ratio CNS/DNS to be calculated at
grown surfaces, so that both methods can be seen as complementary (bulk and surface).
2. Molecular Modeling Study for Slowly Growing Faces
To quantify surface effects on solid solution formation and
growth-induced polarity, one needs to know the interaction
energies for the molecule being attached to the surface.
Hereafter, all possible interaction energies between a molecule
in the bulk and its first neighborhood are calculated. The
morphology of mixed crystals is analyzed to define the
predominant faces (hkl) and those neighbors which are present
at corresponding surfaces. A generalized Markov mean-field
model is then applied for investigating both growth-induced
polarity and the ratio CNS/DNS separately for each face.
2.1. Interaction Energies. Pairwise interaction energies in
the CNS/DNS system were calculated according to the procedure described in ref 13. The calculation was limited to interactions including only first nearest neighbors, which have shown
to be the determining contributions for polarity and miscibility
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Figure 2. (a) Neighborhood of a reference molecule in the bulk. The 20 neighbors are designated by a label giving their position relative to the
reference molecule. Here, the reference molecule is DNS (nonpolar), being surrounded by CNS neighbors in the state up. This system was used to
calculate the energies Einu, with i labeling the neighbor considered (see text). (b) Faces of the solid solutions investigated. Here, faces are extracted
from a solid solution with a CNS/DNS ratio of 50%:50%. Ellipsoids indicate the two different sites g )I (solid) and g )II (dotted) emerging on
the surface. (c) Classification of the neighbors according to their type of contacts with the reference molecule. For all figures, CNS molecules are
colored in light gray and DNS molecules in dark gray.

in this system. Besides, only interactions in the CNS packing
were calculated, this because of a strong similarity between CNS
and DNS structures. It is likely that coupling energies found in
the DNS packing are almost equal and thus give similar results
for the properties investigated. (This point is justified by a study
on CNS13 in which no, partial, or full optimization of the CNS
structures was performed prior to energy calculation. The three
sets of energies were found to be similar and gave identical
results for polarity.) Finally, pair interactions were assumed to
be independent of the state of other neighbors.
Figure 2a shows a reference molecule surrounded by λT )
20 first nearest neighbors in the bulk. Neighbors can be classified
according to their type of interactions (tip-back, side, or mixed;
see Figure 2c). Both reference and neighbor molecules can be

DNS (nonpolar), CNS (polar state up), or CNS (polar state
down), with polar states up and down being given with respect
to the projection of the dipoles along the +b axis. Therefore,
each of these pair interactions (see Figure 2) leads to nine
different interaction energies. That is, a total number of 3 × 3
× λT ) 180 energies was thus calculated.
Energies were computed by using the consistent force field
Compass with group-based cutoffs (group defined as the entire
molecule) for both Coulombic and van der Waals interactions.
The cutoff distance was set to 60 Å (spline width 20 Å, buffer
width 8 Å, van der Waals tail correction 60 Å) in order to ensure
the convergence of the energy values.
Energy calculations have confirmed the center of symmetry
present in this structure, since only marginal errors (less than
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TABLE 1: Interaction Energies [kJ/mol] between a Reference Molecule and Its 20 Nearest Neighbors in the Bulk, Calculated
for T ) 0 Ka
i

Eidd

Eiud

Eind

Einu

Eidu

Eiuu

Eidn

Einn

Eiun

B1
B2
B3
U1
U2
U3

-1.1
-5.4
-4.5
-4.5
-5.4
-1.1

-0.7
-3.9
-3.7
-7.9
-8.9
-1.8

-1.0
-5.4
-4.5
-8.1
-9.1
-1.9

-1.9
-9.1
-8.1
-4.5
-5.4
-1.0

-1.8
-8.9
-7.9
-3.7
-3.9
-0.7

-1.1
-5.4
-4.5
-4.5
-5.4
-1.1

-1.9
-9.1
-8.1
-4.5
-5.4
-1.0

-1.9
-9.3
-8.3
-8.3
-9.3
-1.9

-1.0
-5.4
-4.5
-8.1
-9.1
-1.9

N1
N2

-19.4
-19.4

-22.5
-21.9

-19.6
-19.3

-19.3
-19.6

-21.9
-22.5

-19.4
-19.4

-19.3
-19.6

-16.4
-16.4

-19.6
-19.3

L1
L2
L3
Lu1
Lu2
Lu3
R1
R2
R3
Ru1
Ru2
Ru3

-1.8
-6.1
-3.6
-1.8
-6.1
-3.6
-7.6
-5.3
-1.7
-7.6
-5.3
-1.7

-1.6
-6.4
-3.9
-1.6
-4.7
-7.1
-3.9
-6.4
-1.6
-7.1
-4.7
-1.6

-1.8
-6.3
-3.8
-1.5
-4.6
-6.9
-7.4
-5.1
-1.5
-8.2
-5.8
-1.8

-1.8
-5.8
-8.2
-1.5
-5.1
-7.4
-6.9
-4.6
-1.5
-3.8
-6.3
-1.8

-1.6
-4.7
-7.1
-1.6
-6.4
-3.9
-7.1
-4.7
-1.6
-3.9
-6.4
-1.6

-1.7
-5.3
-7.6
-1.7
-5.3
-7.6
-3.6
-6.1
-1.8
-3.6
-6.1
-1.8

-1.5
-4.6
-6.9
-1.8
-6.3
-3.8
-8.2
-5.8
-1.8
-7.4
-5.1
-1.5

-1.6
-5.5
-7.9
-1.6
-5.5
-7.9
-7.9
-5.5
-1.6
-7.9
-5.5
-1.6

-1.5
-5.1
-7.4
-1.8
-5.8
-8.2
-3.8
-6.3
-1.8
-6.9
-4.6
-1.5

i
a
Energies are labeled ErV
, where r and V denote the state up (u), down (d) or nonpolar (n) of the reference molecule and the neighbor molecule,
respectively. i labels the neighbor. The neighbors are gathered according to their type of contact with the reference molecule (tip-back, side, or
mixed) to highlight the center of symmetry relating all the energy values in the bulk. For notation of the neighbors and types of interactions, see
Figure 2a,c.

0.05 kJ/mol) were found between energies of the same type
(tip-back, side, or mixed).
As seen in Table 1, energy values depend strongly on the
type of interaction, the relative position, and the state (up, down,
or nonpolar) of molecules. The strongest contacts are side
interactions taking place between the reference molecule and
the neighbors N1 or N2, because of the presence of π-stacking.
Besides, some pairwise interactions are particularly selective
toward the polar state up or down of a CNS reference molecule.
B2
B2
B2
For instance, EB2
ud > Edd and Euu > Edu , indicating that the
CNS neighbor B2 makes a preferential interaction with a CNS
reference molecule in state down whatever its own state.
Similarly, selectivity toward the chemical nature of the reference
molecule can be found. (See for instance the DNS neighbor
N1 (or N2), which makes stronger interactions with a CNS
N1
N1
reference molecule than with DNS (EN1
dn , Eun < Enn ).)
Such anisotropies have no consequence in the bulk, since the
center of symmetry between the interaction energies cancels
out any preference for a polar reference molecule to be in state
up or down. However, this is not true for the crystal surface
where some interactions of the bulk are not present anymore.
The breaking of symmetry at the surface and the strong
anisotropy between the different types of interaction energies
(e.g., B2 aboVe) are the fundamental causes for the appearance
of growth-induced polarity. Miscibility between the two compounds may result because of a difference of energy when
inserting a CNS or DNS molecule in a given environment (e.g.,
N1) so that it is likely that the distribution CNS/DNS will
depend on the face considered.
2.2. Determination of Relevant Faces (hkl) for Polarity
Formation. The morphology of CNS crystals was investigated
experimentally and by molecular modeling methods in ref 13.
Three families of faces were found, namely, the faces {011}
(predominant faces which account for ∼79% of the total surface
area (A) of the crystal), the faces {100} (A ∼ 11%), and the
faces {110} (A ∼ 5%), which were predicted but not observed
by goniometric measurements. A needle shape was also
observed for CNS crystals grown from less polar solvents

(ethanol and toluene) or from vacuum as well as for DNS
crystals and mixed crystals CNS1-XDNSX. Therefore, it is
expected that the morphology of CNS crystals is representative
for those found in the CNS/DNS system. Hereafter, the ratio
CNS/DNS at the surface and growth-induced polarity formation
were investigated for three representative faces: (011), (100),
and (110). Even though the face (110) was not observed experimentally, it was studied here for comparison purposes as well.
As a result of the broken symmetry, two principally different
molecular environments manifest on the surface of each face
(see Figure 2b). These two sites g ) I, II have to be treated
separately in the analytical description (see below).
2.3. Application of a Generalized Markov Mean-Field
Model. Polarity formation and miscibility arising during the
growth of a face (hkl) are described by means of a generalized
Markov mean-field model; see refs 13 and 15. In this model,
the crystal is assumed to grow layer-by-layer; that is, a new
layer starts to grow only when the previous layer is completed.
Previously grown layers are kept frozen; that is, molecules in
the bulk are not allowed to flip. Growth is considered from the
gas phase composed of a constant fraction (Xgas) of DNS
molecules. Molecules in the solid are represented by building
blocks in state up, down, and nonpolar corresponding to CNS
molecules in state up, CNS molecules in state down, and DNS
molecules, respectively.
Within the present model, evolution of the system in terms
of polarity formation and miscibility is fully determined by the
different attachment probabilities for docking molecules on the
surface. Probabilities are given by normalized Boltzmann factors
taking into account the molecular neighborhood within a meanfield estimate. For further details, see Appendix B. In the
asymptotic limit of growth, two quantities are defined:
(1) The difference between the molar fractions of CNS molecules in state up and down on the surface. This is defined by

Xnet )

XId + XIId XIu + XIIu
2
2

12586 J. Phys. Chem. B, Vol. 109, No. 25, 2005

Figure 3. Molar fraction (X) of DNS molecules in the as grown solid
with respect to Xgas, for the three faces (011), (100), and (110).
Temperature T ) 300 K. The analysis shows clearly that the distribution
coefficient (k ) X/Xgas) can vary from face to face.

where Xgd and Xgu denote the molar fractions of CNS molecules
in state down and up on surface sites g ) I, II, respectively.
(2) The molar fraction of DNS molecules on the surface (X
is defined for a specific face (hkl) and has to be differentiated
from the ratio Xbulk of DNS molecules calculated for the bulk
structure (see section 1.2)):

X)1-

(

)

XId + XIId XIu + XIIu
+
2
2

The number of layers before reaching the asymptotic state is
generally negligible in comparison to the total number of layers
which can be found in a real crystal, so that the parameters
calculated here at the surface can be extended to a large part of
the growth sector of the face (hkl).
2.4. Results. 2.4.1. Miscibility between CNS and DNS.
Miscibility between the two components is studied by looking
at the variation of X with Xgas (see Figure 3).
The ratio between CNS and DNS for a given Xgas depends
on the face investigated. For the faces (100) and (110), the
amount of DNS molecules is higher in the solid than in the gas
phase, indicating a preferential insertion of DNS. This is
particularly the case for the face (100) in which a strong
deviation from the diagonal X ) Xgas is observed (e.g., Xgas )
0.5, X ) 0.73). On the contrary, the environment at the surface
of the face (011) is slightly in favor of the CNS insertion (X <
Xgas). This selectivity becomes larger with higher fractions Xgas.
It is obvious that the procedure applied here is not intended
to give quantitative results for the miscibility between the two
components such as it can be found in a binary phase diagram.
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Several reasons could be invoked: Some are intrinsic to the
growth model (e.g., assumption of a layer-by-layer growth close
to equilibrium, no kinetic effects taken into account, only a few
degrees of freedom for molecules allowed), to the calculation
of the energies (e.g., force-field method, and thus made at 0 K,
no vibrational energy taken into account, charge distribution of
NO2 and Cl groups considered as isotropic), or to other effects
such as the presence of dislocations. Nevertheless, the present
model can be used to make a qualitative estimation of the
miscibility, which in the case of CNS/DNS was found for the
whole range of X. Moreover, the model confirms that miscibility
between the two components Varies for the different faces.
2.4.2. Growth-Induced Polarity Formation. Evolution of
polarity is investigated by looking at the variation of Xnet with
X (see Figure 4, left).
The face (100) shows no polarity irrespective of X. This is a
result of the presence of a center of symmetry at the surface
between sites I and II:13 Even if an unequal up/down ratio is
observed on one site (e.g., 40%:60%), the reverse ratio will be
found for the other site (60%:40%), therefore leading to a total
polarity of zero. The faces (011) and (110) show similar polar
behaviors: For X < 0.2, Xnet ≈ -0.5 (both faces), which
corresponds to an up/down ratio of 75%:25%. For X > 0.2,
polarity decreases rapidly toward 0.
From a schematic point of view, the polar behavior observed
for the faces (011) and (110) can be explained by a coupled
selectiVity of CNS and DNS molecules21 toward the insertion
of CNS molecules in state up. At X ) 0, faces are composed
uniquely of CNS molecules which tend to attach on the surface
preferentially in state up (for a detailed study of this phenomenon, see ref 13). In the case of solid solutions (X > 0), two
effects compete with each other: (i) The presence of DNS
molecules on the surface favors the insertion of CNS molecules
in state up so that the deviation from an up/down ratio of 50%:
50% increases. (ii) The increasing number of DNS molecules
reduces the total amount of CNS molecules in the solid, and
thus, macroscopic polarity Xnet decreases. For small X values,
effects (i) and (ii) balance each other, leading to a constant Xnet,
while effect (ii) becomes predominant for large X values.
3. Discussion
Comparison between miscibility and polarity obtained from
the bulk structure or the indiVidual grown faces is exemplified by
looking at a solid solution grown at Xgas ) 0.5 and T ) 300 K.
While the bulk miscibility between CNS and DNS could be
estimated in section 1.2, a quantification of the solubility requires
experimental measurement of the phase diagram.22 This would

Figure 4. Comparison between the polarity (Xnet) and the SHG effect observed for mixed crystals. Left: Xnet vs molar fraction (X) of DNS molecules
in the as grown solid, calculated by the generalized Markov mean-field model at T ) 300 K. Results are shown for the three faces (011), (100),
and (110). Right: relative intensity of SHG signals measured for mixed crystals grown from the melt (arbitrary scale fixed to 1 for pure CNS
crystals). The right figure is adapted from ref 14.

Influence of Solid Solution Formation on Polarity

J. Phys. Chem. B, Vol. 109, No. 25, 2005 12587

TABLE 2: Neighborhood {i} for a Reference Molecule on Site I or II for the Three Faces Investigateda
(hkl)

λ

g

neighbors {i} from g

neighbors {i} from g′

(011)

14

(100)

13

(110)

12

I
II
I
II
I
II

B1 B2 B3 N1 N2
B1 B2 B3 N1 N2
B1 U1 N1 B2 U2
B3 U3 N2 B2 U2
B1 B2 B3 N1
B1 B2 B3 N2

L1 L2 L3 Lu1 Lu2 Lu3 R1 R2 R3
L1 L2 L3 Ru1 Ru2 Ru3 R1 R2 R3
L1 Lu1 R1 Ru1 L2 Lu2 R2 Ru2
L3 Lu3 R3 Ru3 L2 Lu2 R2 Ru2
L1 L2 R1 R2 L3 R3 Lu1 Ru1
L2 L3 R2 R3 L1 R1 Lu3 Ru3

a
Neighbors may belong to the same site (g) as the reference molecule or to the other site (g′). λ corresponds to the number of first nearest
neighbors present on the surface (λT ) 20 in the bulk).

TABLE 3: Molar Fraction (X) of DNS Molecules and
Polarity (Xnet) Found for Different Faces (hkl) of an as
Grown Solid Solution (Xgas ) 0.5, T ) 300 K)
structure

X

Xnet

face (011)
face (100)
face (110)

0.41
0.73
0.59

-0.41
0
-0.34

give for Xgas ) 0.5 a single average bulk CNS/DNS ratio. On
the contrary, significantly different CNS/DNS ratios are obtained
during the growth process of the different faces (see Table 3).
Generally, the diffusion rates of molecules within a crystal are
very low, and as said previously, the 180° flipping of the stilbene
molecules in the bulk is not likely. Therefore, it is not expected
that X values found for the different faces equilibrate upon time,
leading to a statistical distribution of CNS and DNS molecules
over the entire crystal. Consequently, the crystals will show a
heterogeneous distribution of CNS and DNS molecules between
sectors corresponding to the different faces (hkl). Indeed, the
crystal can be decomposed into six cone-shaped growth sectors,
with four belonging to the family {011} and two to the family
{100} (the faces {110} are not considered here; see Figure 5).

state up and in state down, respectively. However, macroscopic
polarity arises during the growth on the faces (011) and (110)
due to the disappearance of this symmetry at the surface. (For
the face (100), no polarity arises; see above.) Similar arguments
to those given above for X apply for the distribution of Xnet;
that is, a metastable state is expected to be found with different
up/down ratios of CNS molecules belonging to the different
growth sectors. The center of symmetry relating the different
growth sectors of a same family leads to a crystal with an
average CNS/DNS ratio of 50%:50%, nevertheless yielding net
polarity in sectors {011}. An excess of CNS molecules in state
up on these faces produces surfaces in which the majority of
CNS molecules point their Cl groups toward the nutrient. For
comparison with experiments, SHG effects measured on powder
samples14 were compared with Xnet values calculated for the
face (011). Figure 4 shows that theoretical predictions are in
good agreement with experiments, since the same qualitative
behavior was found in both cases, that is, nonzero polarity for
pure CNS crystals and the presence of a flat maximum for small
fractions of DNS, followed by a decrease of polarity toward
zero.
More precise predictions of polarity in real crystals may
hardly be achieved because of other factors affecting the growth
as well as restrictions in the model (see section 2.4.1). Besides,
difficulties may arise when considering that polarity can be
expressed in an experimental crystal by different ways, for
example, by a SHG or a pyroelectric effect. Here, prediction
was based only on the orientation of the dipoles, while multipole
effects were not taken into account.
Summary and Conclusion

Figure 5. Geometrical decomposition of a mixed crystal composed
of CNS and DNS molecules into four growth sectors {011} and two
growth sectors {100}. Gray scales indicate |Xnet| (absolute value of
growth-induced polarity, above) and X (molar fraction of DNS
molecules in the crystal, below) for each growth sector of a solid
solution at Xgas ) 0.5 and T ) 300 K.

The same X value is expected to be found for all faces of a
given family because their surfaces show identical environments.
The average of the different X values weighted by the volume
of their corresponding growth sector results in an average
fraction of DNS molecules of 0.57 for the whole crystal, a value
which may be used for comparison with experiments.
The analysis applied to the bulk structure yields no polarity
because of the center of symmetry we have anticipated, leading
therefore to an equal distribution between CNS molecules in

Solid solution formation and growth-induced polarity formation in the CNS/DNS system was investigated by two different
routes using molecular modeling methods: By the first one,
just the bulk structure was considered, while the second one
focused on the specific molecular environments at different
growing crystal faces. Specifically, the first study consisted of
calculating the lattice energies of the bulk structures of CNS,
DNS, and the modelized solid solutions. The excess of energy
due to the mixing of the two compounds in the solid was found
to be rather low, indicating that CNS and DNS can form solid
solutions within the entire range of composition. Due to the
center of symmetry, polarity cannot arise within this approach.
The second method allowed a prediction of miscibility between
CNS and DNS as well as growth-induced polarity formation
for the faces (011), (100), and (110). An analytical description
taking into account details of the molecular neighborhoods at a
surface in terms of interaction energies allowed X and Xnet to
be calculated for each face individually. Inhomogeneous
distributions of CNS and DNS molecules as well as nonequal
up/down ratios for CNS were obtained for the different growth
sectors investigated.
The anisotropic spatial distribution of CNS up, CNS down,
and DNS into different growth sectors is a fundamental issue
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which raises general questions. First, it highlights the fact that
a crystal structure determined by X-ray diffraction is based on
aVerage positions of molecules. As a result, X-ray single-crystal
data may in particular cases not be appropriate to explain
observed physical properties. Second, the prediction of structures
and their properties is often based on three-dimensional bulk
procedures. However, the fact that crystals grow from the surface
may influence both the packing and composition. The studies
in refs 5, 7, and 8 provide instructive examples for the
importance of surface effects. Growth-induced polarity formation is another mechanism leading to a property inherently
induced by the fact that crystals grow. Therefore, it might not
always be sufficient to perform predictions for a solid state
without considering the crystal as grown from surfaces in contact
with an environment.
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Appendix
A. Procedure for the Prediction of Solid Solution Formation. Construction of Solid Solutions. Two types of solid
solutions were constructed, namely, SCNS and SDNS, based on
the CNS and DNS crystal structures, respectively. To obtain
SCNS, the CNS structure was extended to a supercell, a × b ×
c ) 6 × 3 × 3. Thereafter, CNS molecules were replaced
randomly by DNS molecules, according to the given fraction
Xbulk. In the case of SDNS, a corresponding procedure was
applied.
Calculation of the Mixing Energy (∆Emix). It is assumed that
the lattice energy (Eideal) of an ideal solid solution with molar
fractions Xbulk and (1 - Xbulk) of DNS and CNS molecules,
respectively, is given by a linear combination of the lattice
energies of the pure crystal stuctures (ECNS and EDNS):
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attachment of a new layer is much larger than the surface
relaxation time.
The molar fractions Xgu, Xgd, and Xgn (with g ) I, II) in the
asymptotic state are obtained by the following equations of
consistency

( ) ( )( )
Xgd
Pgd Pgd Pgd Xgd
g
Xu ) Pgu Pgu Pgu Xgu
Xgn
Pgn Pgn Pgn Xgn

which have to be solved numerically; see ref 15. Pgs is the
attachment probability that a molecule in state s ) u, d, or n
(up, down, or nonpolar, respectively) will be attached to a
surface site g ) I, II. On the basis of the assumption of thermal
equilibrium formation of an adlayer, the probabilities Pgs are
given by normalized Boltzmann factors
fsg
1
Pgs ) xse-β
Z

with
u,d,n

Z)

∑s xse-β

and xs ) 1 - Xgas if s ∈{u, d}; otherwise, xs ) Xgas if s ) n.
The term xs originates from the chemical potentials of the two
different components. Note that the chemical potentials in the
gas and the solid are assumed to be the same; see ref 15.
f gs denotes the mean-field estimate of all the first nearest
neighbor interactions involved between an attaching molecule
in state s on surface site g ) I, II.
u,d,n

E

ideal

) (1 - Xbulk)ECNS + XbulkEDNS

The excess of energy induced by the mixing of the two
components CNS and DNS in the solid solutions (Si), with i )
CNS or DNS, is thus

∆Eimix ) ESi - Eideal
where ESi denotes the lattice energies of the solid solution (Si).
∆Eimix gives indications about the possibility of solid solution
formation for the type of structure (Si).
B. Generalized Markov Mean-Field Model. Growth along
faces (hkl) is defined by a stacking of layers composed of
buildings blocks, representing CNS molecules in state up, CNS
molecules in state down, and nonpolar DNS molecules, respectively. In the case of the CNS/DNS system, two sites with
different neighborhoods are present on the faces (hkl) considered. Therefore, separate molar fractions of CNS molecules in
the up state (Xgu), CNS molecules in the down state (Xgd), and
nonpolar DNS molecules (Xgn) had to be taken into account for
the two sites g ) I, II.
The layer-by-layer growth assumes the attachment and
thermal relaxation with respect to the states up, down, and
nonpolar of complete layers of molecules (adlayers), while
formerly grown layers are kept frozen. Growth is taking place
from the gas phase, providing a reservoir with constant molar
fractions Xgas of DNS molecules and (1 - Xgas) of CNS
molecules. Further on, it is assumed that crystal growth occurs
near thermal equilibrium; that is, the time needed for the

fsg

f gs )

∑j ∑k
Xgj

u,d,n

Eksj +

∑j Xgj ′ ∑l Elsj

with s ) u, d, or n and g ) I, g′ ) II and vice versa. The
indices k and l refer to neighbors belonging to sites g and g′,
respectively.
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