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A three-step procedure is proposed to investigate growth-induced polarity arising in centrosymmetric
crystals of dipolar molecules. It is based on (i) calculation of molecular interaction energies by force
field methods, (ii ) determination of the morphology, and (iii ) use of the energies in a Markov-type growth
mechanism on faces (hkl). Applied to trans-4-chloro-4′-nitrostilbene (CNS), the procedure showed that
CNS crystals, although globally centric, are composed of sectors exhibiting different polar properties.
The sectors related to the+b and-b directions show opposite polarity and are mainly responsible for
observed second-harmonic generation and pyroelectric effects. Influence of the calculation method on
the results was investigated by comparing different force fields or charges.

Introduction

Computational techniques have became in the past decades
a potential alternative to experiments for investigation of
single-component systems. Crystal structure1 and morphology
prediction2 techniques, and molecular mechanics applied to
crystal surfaces or to the bulk,3 allow determination of how
molecular species assemble in the solid state. Most of the
studies, such as influence of the docking of impurities on
surfaces,4 simulation of twins and epitaxy,5,6 and selective
nucleation and growth of a polymorph by choosing a
judicious solvent,7,8 are investigated on the basis of a perfect
periodic packing of molecules. However, besides structural
defects inevitably arising in real crystals,9 disorder of
molecules10 may sometimes lead to the invalidity of such a
description for representing reality.

Here we investigate, by means of molecular modeling
tools, the mechanism of creation of orientational disorder
of dipolar molecules during their crystal growth, and its
impact on Vectorial, i.e., polar properties. While X-ray
diffraction data may lead to classification of the system as
centrosymmetric, polar effects due to a growth-induced
disorder are experimentally observed.

This type of phenomenon, calledgrowth-induced polarity
formation, has been found in single-component crystals,11

but also in solid solutions12 and host-guest systems of
organic molecules.13,14 In all these studies, the dipolar
molecules are described asA - π - D (whereA andD stand
for acceptor and donor terminals respectively, with the dipole
momentµb pointing from A to D), a molecular architecture
well-known for giving potential nonlinear optical and
electronic properties.15,16

The mechanism of appearance of growth-induced polarity
in centric crystals of dipolar molecules can be described as
follows. During the growth of a face (hkl), 180° orientational
disorder arises by docking a molecule which formsA‚‚‚A or
D‚‚‚D interactions with its neighborhood at the surface
instead ofA‚‚‚D. If the probabilities of appearance ofA‚‚‚A
andD‚‚‚D are nonequal, a thermodynamic process leads to
growth-induced polarityin the growth sector of the face (hkl).
However, point group symmetries and particularly the center
of symmetry relating different faces remain, leading thus to
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a globally centric crystal object (if growth is equally fast
for symmetry related sectors). Therefore, determination of
the crystal structure by single-crystal X-ray diffraction may
find a centric space group or 180° “twinning”, while physical
analyses show second-harmonic generation (SHG) or pyro-
electric effects in some sectors of the crystal.

So far, polarity formation in single-component organic
crystals has been theoretically studied by means of a Markov-
mean field (MMF) model and Monte Carlo simulations.17,18

In these studies, polarity formation is expressed by the states
down(V) andup (v) of the projection of the molecular dipole
moment along the growth axis of faces (hkl). In a perfectly
centrosymmetric structure, the molar fractionX(V) is equal
to X(v). Polarity arises ifXnet ) X(V) - X(v) (-1 e Xnet e 1)
differs from zero. Physical properties having their origin in
polar properties of the molecules may be described as being
proportional toXnet. These calculations were restricted on
assumedinteraction energies for a square lattice so that
results were limited to descriptive considerations.

In this paper, we theoretically investigate (in comparison
to key experiments) a real system in which interaction
energies are explicitly calculated and the specific symmetry
of the lattice is taken into account. The chosen dipolar
molecule istrans-4-chloro-4′-nitrostilbene (CNS hereafter),
which crystallizes in a centric space group but shows a
significant SHG effect11 and a spatially inhomogeneous
pyroelectric response.

The following three-step procedure is proposed for study-
ing theoretically the polarity in CNS (Figure 1): (i) force
field calculation of the molecular interaction energies, (ii )
theoretical and experimental determination of the mor-
phology of CNS crystals, and (iii ) application of a generalized
Markov mean-field model (GMMF) to the most prominent
faces (hkl). Interpretation of the theoretical results and
comparison with experimental data are discussed. Possible
improvements of the procedure in view of its generalization
and influence of other factors on growth-induced polarity
are considered.

1. Analysis of Interactions in the CNS Crystal
Structure

1.1 Crystal Packing of CNS.According to the crystal-
lographic analysis in ref 11, CNS crystallizes in space group
P21/c (2/m), with a ) 3.836 Å,b ) 12.916 Å,c ) 12.221
Å, â ) 93.91°. Molecules are nearly planar, whereas in the
gas phase ab initio quantum mechanical calculations provide
a torsion angle of∼20°. The dipole moment of CNS is
aligned close to the direction|NO2 - Cl| and forms an angle
θ of about 18° to the [010] direction. Molecules are
positioned on the center of symmetry leading to an occu-
pancy of 50%:50%on aVerage for A(NO2) and D(Cl)
terminal groups (Figure 2, left). However, as described later
on, a reinvestigation by X-ray diffraction of single crystals
grown from toluene led to a distribution 60%:40% and space
groupP1.

Concerning tensorial properties,θ ) 18° implies that main
effects of e.g., second-order optical nonlinearity or pyro-
electricity is expected to be observed in the direction of the
b axis. Indeed, polarized second-harmonic microscopy
performed onc-plate CNS crystals obtained from the melt
has shown a maximum of 2w light for the (b-sectors.
Moreover, phase-sensitive second-harmonic microscopy (PS-
SHM)19 and scanning pyroelectric microscopy (SPEM),20 two
experimental techniques developed for studying growth-
induced polarity, could demonstrate opposite signs for the
polarization in+b and-b sectors (see ref 11 and figures in
the discussion). So far, PS-SHM and SPEM did not provide
an absolute value or a sign for the net polarization.

To compare with experimental results, the statesup and
downof the molecules are defined hereafter by the projection
of their dipole moment along the+b axis (Figure 2, right).

1.2 Calculation of Molecular Interaction Energies.The
relevant molecular interaction energies driving polarity
formation are identified as follows. (i) Neighbors showing
significant interaction energies with a reference molecule are
selected. By calculating the effect that additional neighbors

(17) Hulliger, J.; Bebie, H.; Kluge, S.; Quintel, A.Chem. Mater.2002,
14, 1523-1529.

(18) Bebie, H.; Hulliger, J.; Eugster, S.; Alaga-Bogdanovic´, M. Phys. ReV.
E 2002, 66, 021605.

(19) Rechsteiner, P.; Hulliger, J.; Flo¨rsheimer, M.Chem. Mater2000, 12,
3296-3300.

(20) Quintel, A.; Hulliger, J.; Wu¨bbenhorst, M.J. Phys. Chem. B1998,
102, 4277-4283.

Figure 1. Methodology applied to analyze growth-induced polarity formation in a “centric” crystal oftrans-4-chloro-4′-nitrostilbene (CNS).
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have on the value ofXnet, it was found that the first nearest
neighbors are sufficient to give a good description of the
polar properties of the system. (ii ) All the possible interaction
energies between the reference molecule and its neighbors
in the bulk are calculated. EnergiesErn

i are defined, where
r denotes the stateup (u) or down (d) of the reference
molecule,n denotes the stateup (u) or down (d) of the
neighbor molecule, andi labels the type of the neighbor (see
Figure 3). For instance,Edu

L3 represents the interaction
energy between the reference molecule in statedown(d) and
the neighborL3 in stateup (u).

A molecule is surrounded in the bulk byλT ) 20 nearest
neighbors, classified according to their type of contact with
the reference molecule (Figure 3): tip-back contacts between
Cl andNO2 groups, side contacts between aromatic moieties,
or mixed contacts involving aCl or NO2 group and the
C-frame of the molecules.

There is a total of 80 interaction energies to be calculated
(2 × 2 × λT, according to theup anddownstates of both
reference and neighbor molecules). However, the center of
symmetry induces a correspondence between the energy
values of the interactions of the same type (tip-back, side,
or mixed):

with [i, j] ) [B1,U3], [B2,U2], [B3,U1], [U1,B3], [U2,B2],
[U3,B1], [L1,R3], [L2,R2], [L3,R1], [R1,L3], [R2,L2],
[R3,L1], [Lu1,Ru3], [Lu2, Ru2], [Lu3,Ru1], [Ru1,Lu3],
[Ru2,Lu2], [Ru3,Lu1], [N1,N2], [N2,N1].

Starting with a supercella × b × c ) 6 × 3 × 3, we
calculatedEdd

i andEud
i 21 and deducedEuu

j andEdu
j from eqs

1 and 2. The supercell was established and energies were
calculated by using the modules Visualizer and Discover of
the software package Materials Studio from Accelrys Inc.22

We used the consistent force field Compass23 with group-
based cutoff (groups defined as the entire molecules) for both
Coulombic and van der Waals interactions. A cutoff distance
of 60 Å (with spline width 20 Å, buffer width 8 Å, and vdW
tail correction 60 Å) was chosen to ensure the correctness
of the energies.24 Influence of the optimization of the
structure was studied by calculating energies in three different
ways: (i) no minimization of the supercell, (ii ) partial
minimization, where only the reference molecule is allowed
to relax, and (iii ) full minimization, both intermolecular and
intramolecular parameters of all the molecules are optimized.
Whatever the method, the lattice was kept fixed to avoid an
artificial variation of the energies due to a deviation of the
cell parameters from their original values.25 As shown in
the Supporting Information, the three methods give similar
energy values. For results hereafter, atomic coordinates
determined by X-ray analysis were conserved and no
minimization of the supercell was performed. The total set

(21) The procedure consisted of the following: Construction of a supercell
a × b × c ) 6 × 3 × 3 with all the CNS molecules indownstate and
calculation of energiesEdd

i . Then, rotation by 180° (to be inup state)
of one molecule located in the middle of the supercell (reference
molecule) and calculation of energiesEud

i .
(22) Accelrys Inc.Materials Studio, Release 3.0; Accelrys Inc.: San Diego,

CA, 2003.
(23) Sun, H.J. Phys. Chem. B1998, 102, 7338-7364. Compass 1.0.

Condensed phase Optimized Molecular Potentials for Atomistic
Simulation Studies; Distributed by Accelrys Inc.: San Diego, CA.

(24) Indeed, a cutoff distance below 30 Å would lead to incomplete values
for tip-back interactions since in this type of dimers the distance
between the furthest atoms of two adjacent molecules (or groups) is
about 30-35 Å (molecular length≈ 15 Å). See Supporting Informa-
tion for a graph showing the variation of the energies according to
the cutoff distance.

(25) Results of the full optimization (including cell parameters) of supercells
containing various ratios ofup and down molecules randomly
distributed are shown in Supporting Information. A deviation of the
cell parametera and the angleâ is observed in all the structures.
However, its intensity is proportional to the ratio and varies with the
spatial distribution ofup anddownmolecules. Therefore, optimizing
the supercells with all the moleculesdown (for calculation ofEdd)
and with a referenceupsurrounded bydownmolecules (for calculating
Eud) would lead to different deviations of the crystal packings for the
two structures, and thus to a supplementary source of error.

Figure 2. Left: Crystal structure of CNS showing the 180° orientational disorder of the molecules around the symmetry center. Right: the two possible
states of the moleculesup anddownare defined by taking into account the projection of the dipole moment along theb axis (µb). Projections ofµ onto the
axesa andc are not taken into account.

Edd
i ) Euu

j , (1)

Eud
i ) Edu

j , (2)
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of energies presented in Table 1 highlights the spatial
distribution of energies in the neighborhood. This anisotropy
has no consequence in the bulk butbecomes fundamental
for attaching molecules to faces. On a growing surface (hkl)
composed of only a subset{i} of the 20 neighbors, a breaking
of symmetry with respect to the energies (Eud

i (hkl) *
Edu

i (hkl) or Edd
i (hkl) * Euu

i (hkl)) may appear and can lead to
polarity properties such as a pyroelectricity or SHG effect
that would be forbidden in the bulk.26 To recognize the most
important faces on CNS crystals, the morphology was
determined both experimentally and theoretically.

1.3 Determination of the Crystal Morphology.Crystals
were grown by slowly decreasing the temperature (from 90
to 25 °C within 2-3 days) of a solution of CNS in
dimethylformamide (DMF). The crystals exhibited a long
needle shape with a distinct rhombic section. By performing
goniometric measurements on several representative crystals
and by indexing the faces of a crystal mounted on an X-ray
diffractometer, the following conclusions could be drawn.
(i) The four predominant faces belong to the family{011}.
(ii ) It is likely that each extremity is composed of one single
face belonging to{n00}. Crystals grown from less polar
solvents such as ethanol or from vacuum exhibited similar
shapes, indicating that the polarity of the solvent does not
have a strong effect on the morphology.

To complement these results, the morphology was calcu-
lated by using computational tools. Prediction methods taking
into account energy calculations2 are difficult to apply here
because of the orientational disorder. Therefore, we restrained
ourselves to the Bravais-Friedel-Donnay-Harker (BFDH)
method27 based on purely geometrical considerations: the
larger the interplanar spacing, the more predominant the face.
The calculated morphology is in agreement with the experi-
mental one, showing predominant faces{011} and{100},
see Figure 4.

Therefore, we have investigated polarity formation arising
during the growth of the following family of faces:{011},
{100}, and{110}. Although it is likely that{110} faces do
not appear in real crystals, they were studied for comparison.

1.4 Structural and Energetical Analysis Involving
Different Faces. As shown in Figure 5, a reduction of
symmetry is observed for the three faces (011), (110), and
(100). Consequently, two sitesA andB have to be considered
at the surfaces: for (011) and (110), all point symmetry
elements are lost leading to a 2D symmetryp1, so thatA
andB sites are symmetry independent. For (100), the 2-fold

(26) Zyss, J.; Oudar, J. L.Phys. ReV. A 1982, 26, 2028-2048. (27) Donnay, J. D. H.; Harker, D.Am. Mineral.1937, 22, 446-467.

Figure 3. Top: Neighborhood of a reference molecule (orange) in the
bulk. The 20 neighbors are designated by labels giving their position relative
to the reference molecule. Here, the reference molecule is in statedown
and is surrounded by neighbors in stateup, so that all the energies are
denotedEdu

i , with i label of the neighbor considered. Bottom: Classifica-
tion of the neighbors according to their type of contacts with the reference
molecule.

Table 1. Interaction Energies [kJ/mol] between a Reference
Molecule and Its 20 Nearest Neighbors in the Bulka

i E dd
i Eud

i Edu
i Euu

i

B1 -1.07 -1.77 -0.72 -1.07
B2 -5.45 -8.94 -3.92 -5.45
B3 -4.45 -7.92 -3.74 -4.45
U1 -4.45 -3.74 -7.92 -4.45
U2 -5.45 -3.92 -8.94 -5.45
U3 -1.07 -0.72 -1.77 -1.07
N1 -19.44 -21.93 -22.48 -19.44
N2 -19.44 -22.48 -21.93 -19.44
L1 -1.78 -1.60 -1.62 -1.67
L2 -6.08 -4.73 -6.37 -5.30
L3 -3.58 -7.11 -3.87 -7.58
Lu1 -1.78 -1.62 -1.60 -1.67
Lu2 -6.08 -6.37 -4.73 -5.30
Lu3 -3.58 -3.87 -7.11 -7.58
R1 -7.58 -7.11 -3.87 -3.58
R2 -5.30 -4.73 -6.37 -6.08
R3 -1.67 -1.60 -1.62 -1.78
Ru1 -7.58 -3.87 -7.11 -3.58
Ru2 -5.30 -6.37 -4.73 -6.08
Ru3 -1.67 -1.62 -1.60 -1.78

a The neighbors are gathered according to their type of contact with the
reference molecule (tip-back, side, mixed) to highlight the center of
symmetry relating the energy values (see eqs 1 and 2). For notation of the
neighbors and of the energies, see Figure 3 and text.
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screw symmetry is broken, leading to a 2D symmetrypg28

and symmetry dependent sitesA andB (eqs 1 and 2 relate
the two sites). The neighborhood for sitesA and B of the
three faces are collected in Table 2.

On a face (hkl), considering a neighborhood{i} (see Table
2) composed ofX upand (λ - X) downmolecules, we may
define a difference of energy when docking a reference
moleculedownor upby summing overλ, i.e., all the pairwise

interaction energy differences. Taking into account all the
possible configurations (n) for a givenX, the average total
energy difference is

{i|up}n and{i|down}n are the two subsets of a neighborhood
{i} with configurationn, being composed ofX neighbors in
stateup and (λ - X) neighbors in statedown, respectively.
We define by〈∆Econfig〉A and 〈∆Econfig〉B the average total
energy differences for siteA and siteB, respectively.

By looking at the variation according toX of 〈∆Econfig〉A+B

) 〈∆Econfig〉A + 〈∆Econfig〉B, indications about the polar
behavior of the faces can be obtained (Figure 6) as follows.
(1) For faces (011) and (110),〈∆Econfig〉A+B values are mainly
positive (Figure 6c and a, respectively). Considering eq 3, it
means that whateverX is the system has a tendency to have

(28) Weissbuch, I.; Addadi, L.; Lahav, M.; Leiserowitz, L.Science1991,
253, 637-645.

Figure 4. (a) Morphology of CNS crystals grown in DMF. (b) Theoretical investigation on the morphology of CNS crystals by using the BFDH model. b)
left: Prediction of the crystal shape. For more clarity, only visible faces are labeled. b) right: Surface area (S) of the visible faces (hkl). Selected faces are
in bold.

Figure 5. Illustration of the most important faces of CNS crystals. Ellipsoids indicate the two sitesA (solid) andB (dashed) emerging on surfaces.

Table 2. Neighborhood of the Different Faces Investigateda

face (hkl) λ site neighborhood{i}

011 14 A B1 B2 B3 L1 L2 L3 Lu1 Lu2 Lu3 R1 R2 R3 N1 N2
B B1 B2 B3 L1 L2 L3 Ru1 Ru2 Ru3 R1 R2 R3 N1 N2

100 13 A B1 L1 Lu1 R1 Ru1 U1 N1 B2 L2 Lu2 R2 Ru2 U2
B B3 L3 Lu3 R3 Ru3 U3 N2 B2 L2 Lu2 R2 Ru2 U2

110 12 A B1 B2 B3 L1 L2 R1 R2 N1 L3 R3 Lu1 Ru1
B B1 B2 B3 L2 L3 R2 R3 N2 L1 R1 Lu3 Ru3

a Notations are given in Figure 3. For other faces of the three families
({011}, {100}, and{110}), see Supporting Information.

〈∆Econfig〉 )
1

C
∑
n)1

C [ ∑
{i|up}n

(Edu
i - Euu

i ) +

∑
{i|down}n

(Edd
i - Eud

i )], with C )
λ!

(λ - X)!
(3)
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a higher probability to dock molecules in stateup, i.e., with
µb parallel to the+b direction (see Figure 2). As shown in
Figure 5, the corresponding surfaces are composed mostly
of Cl groups pointing toward the nutrient. (2) As expected,
the face (100) reflects symmetry between the energies of
the two sitesA and B, leading to〈∆Econfig〉A+B ) 0 for a
neighborhood composed of 50% ofup and 50% down
molecules (see Figure 6b). Corresponding sectors should
therefore develop no polarity.

This configurational study highlights a relationship be-
tween symmetry of a surface and growth-induced polarity
and gives already a strong argument for the direction of
polarity at different faces.

To calculate values forXnet ) X(V) - X(v), a modified
version of the Markov-mean-field model was set up. Agree-
ment with points (1) and (2) should be obtained forXnet

values, i.e.,negatiVe for faces (011) and (110) andzerofor
face (100). Moreover, considering that〈∆Econfig〉 for (110)
is always positive which is not the case for (011), one may
expect| Xnet(110)| > | Xnet(011)|.

2. Markov Model of Polarity Formation

2.1 Overview of Theoretical Models Used Previously.
Theoretical investigation of polarity formation arising on a
face (hkl) is based on the following growth model. (i) The
face (hkl) is described as a stacking of layers composed of
dipolar molecules. The orientational state of molecules is
viewed by the projection of the dipole moment onto the
growth direction (states:upanddown). (ii ) A layer-by-layer
growth on the face is represented as a succession of steps,
consisting of attachment of a complete new layer (called the

adlayer), and thermal relaxation of the adlayer with respect
to up and down states, while the former layers are kept
frozen.

The lattice is defined as quadratic, where a molecule on a
surface site is surrounded by four nearest neighbors within
the same layer (lateral) and one nearest neighbor located on
the corresponding site of the previous layer (longitudinal).

Growth-induced polarity formation as introduced above
can be described analytically by a Markov process. In such
a stochastic process, the evolution of a system is fully
determined by taking into account the following: (i) the ratio
up/downof molecules in the previous layer, and (ii ) transition
probabilities, which are given by probabilities of attaching
a molecule with a given orientation (up or down) onto a
molecule of the previous layer. These probabilities are
directly related to the interaction energies involved in the
attachment. To take into account the influence of the four
nearest neighbors within the same layer, a mean-field
correction was introduced (average among all the lateral
interaction energies weighted by the ratioup/down) and
included in the transition probabilities (Figure 7, left). The
Markov mean-field model (MMF) already showed its
capability to depict the possible behavior of a system in terms
of polarity.17,18

2.2 Generalized Markov Mean-Field Model: Applica-
tion to CNS. Although the MMF model is satisfactory to
investigate theoretically the main features responsible for
polarity formation of single-component molecular crystals,
it becomes inadequate for the analysis of a structure such as
CNS. Two main difficulties are highlighted. First, as shown
in Figure 3, surfaces may exhibit crystallographically dif-

Figure 6. Investigation of the energy differences〈∆Econfig〉 resulting from the docking of a molecule in a neighborhood composed ofX molecules in state
up and (λ - X) in statedown. Possible errors arising from the calculation of interaction energies are taken into account by varying the energies(5%
in eq 3.
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ferent sites, each reflecting a distinct neighborhood, so that
the use of a single set of transition probabilities is no longer
sufficient. The two sites are represented by separate Markov
chains using different transition probabilities arising from
neighborhoodA and B. Second, the presence of several
longitudinal neighbors leads to the impossibility to make a
quantitative prediction ofXnet. Consider the transition prob-
ability Pdu defined as the probability to attach a molecule
down onto a moleculeup of the previous layer. In the
presence of several longitudinal neighbors, this leads to a
probability defining the attachment of a moleculedownonto
molecules beingall up in the previous layer. In that case,
all the configurations showinga mixture of the two statesin
the longitudinal neighborhood conceptually impede a con-
sistent description.

To overcome this difficulty, the MMF model is modified
in the following way. The notion of lateral and longitudinal
neighbors is discarded and replaced by amean-field applied
to all the neighbors, i.e., the transition probabilities are
defined as the probability to attach a molecule in stateup or
down in a given environment (Figure 7, right).

2.3 Application to Faces (011), (110), and (100).Because
point group symmetries are present between the different
growth sectors of a family{hkl} (see Section 1.4), it is
sufficient to calculateXnet for one face (hkl) only. Indeed,
the symmetry center, the 2-fold axis, and the symmetry plane
normal tob, respectively, lead to the following:

Considering the sign ofXnet, it defines the predominant
terminal group (Cl or NO2) appearing at the surface of a
face, but also at surfaces of all the other faces of a family.
Indeed, one has to keep in mind thatXnet is defined by the
difference in the population of molecules being indownand
up statesaccording to the+b axis, so that eqs 4-6 refer to
the same relative orientation of the molecules with respect
to the growth directions of the faces.

For the purpose of a comparison,Xnet values were
calculated by using the set of energies given in Table 1.

Energies obtained by the Dreiding 2.2129 and the Universal30

force fields with different charge sets (Gasteiger and charge
equilibration) were used as well. Implemented charges are
not really performant but may give a preliminary estimate
for the sensitivity of the generalized Markov mean-field
model to force fields. Similarly to the configurational study,
here errors within(10% were allowed for individual
energies.

Summarized in Table 3,Xnet values for faces (110), (100),
and (011) confirm the predictions made previously (Section
1.4), i.e.,Xnet(100) ) 0 andXnet(110) e Xnet(011) < 0. A
negatiVe value ofXnet for face (011) implies that surfaces of
all faces{011} are composed mainly ofup molecules, i.e.,
with Cl groups pointing predominantly toward the nutrient.

3. Discussion

3.1 Sensitivity of the Markov Model to Force Fields.
Whereas the application of(10% of errors on energies does
not have a large influence on results (e.g., error on the second
digit for compass) the force field method used to calculate
them seems to have a significant impact onXnet values. On
the other hand, converted to the percentage ofup molecules
located on the surfaces, we obtain to some extent narrow
ranges: 74.5-88.0% for face (110) and 72.5-86.5% for face
(011).

Considering the disparity observed for the absolute ener-
gies (see Supporting Information), the homogeneity between
the different force fields may be at first glance surprising.

(29) Mayo, S. L.; Olafson, B. D.; Goddard, W. A.J. Chem. Phys.1990,
94, 8897-8909.

(30) Rappe, A. K.; Casewit, C. J.; Colwell, K. S.; Goddard, W. A.; Skiff,
W. M. J. Am. Chem. Soc.1992, 114, 10024-10035.

(31) Hulliger, J. Encyclopedia of Supramolecular Chemistry; Marcel
Dekker: New York, 2004; pp 1120-1128.

Figure 7. Basic principle of the Markov mean-field model (MMF)17,18used for theoretical investigations of single-component molecular crystals (left) and
the generalized mean-field model (GMMF) adapted for the analysis of CNS (right). Circled areas: mean-field averaging.

Xnet(hkl) ) - Xnet(hhkh lh), (4)

Xnet(hkl) ) + Xnet(hhklh), (5)

Xnet(hkl) ) - Xnet(hkhl). (6)

Table 3.XNet Calculated by Using the GMMF Model and Energies
Computed with Different Force Fieldsa

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

Compass -0.49( 0.02 -0.01( 0.01 -0.47( 0.02
Dreiding-gast -0.56( 0.05 -0.01( 0.05 -0.45( 0.11
Dreiding-cheq -0.64( 0.12 -0.01( 0.07 -0.58( 0.17
Universal-gast -0.76( 0.02 +0.04( 0.02 -0.73( 0.02

a Errors attributed to individual energies are set to( 10%. Consistent
with symmetry,Xnet(100) gives exactly zero if no error is assigned to the
energies. Note that the sign ofXnet is not affected by varying force fields
or charges.
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However, the GMMF model is determined only byenergy
differences, so that a basic bias due to an inadequate force
field or set of charges (leading to high errors on absolute
energies) is canceled out in the calculation ofXnet. Moreover,
the high number of energy values taken into account here
and their average by a mean-field correction reduces the total
error of Xnet.

3.2 Comparison with Experimental Data.Assuming that
nucleation occurred at the center of a crystal, one may
represent the repartition of polarity in the entire crystal
volume as shown Figure 8a: four{011} growth sectors, in
which Cl groups are predominantly pointing toward the
nutrient, and two{100} cone-shaped sectors exhibiting no
polarity.

For comparison with experimental data, one has to keep
in mind that measured polarity depends on the type of the
experimental approach (measured for a surface or the bulk,
at what spatial resolution, in which direction within the
crystal, etc.). We will restrict our study to two experimental
tools developed particularly for growth-induced polarity, i.e.,
phase-sensitive second-harmonic microscopy (PH-SHM) and
scanning pyroelectric microscopy (SPEM).13

In reference 11, PH-SHM was applied to 20 CNS plate
crystals with (001) orientation, which were grown by
different attempts from the melt. Three main observations
were done: (i) the optical nonlinearity was predominantly
observed in theb direction, (ii ) polarization in+b and-b
directions differed in the sign of polarity, and (iii ) no

significant polarity was observed along thea axis. Because
Xnet values calculated here correspond to the differencedown
vs. up of the projection of the dipole moment alongb,
comparison can be done only with experimental results
obtained along this direction, that is (i) and (ii ).

Regions observed on crystals (see Figure 8a) can be
composed of superimposed growth sectors, so that a polar
effect (PR, vector property) of a region may be defined by

with volume V i and Xnet
i defined for each growth sectori

present in the regionR of volume VR. Physical properties
related to polarity are assumed here to be proportional to
PR.

Crystals in the (a, b) plane show four distinct regions,
namedupper, lower, left, andright according to their location
in Figure 8. Theupperandlower parts are a combination of
the growth sectors of [(011)+ (011h)] and [(01h1) + (01h1h)],
respectively. In each case, the volumes and theXnet values
of the two growth sectors are the same, leading toPupper )
- 0.47 andPlower ) + 0.47 (opposite sign because of a
description within a common coordinate system along+b).
Left andright parts are composed of{100} growth sectors,
leading toPright ) Pleft ) 0.

These data are in qualitative agreement with experimental
PH-SHM measurements, because (i) highest polar effects are

Figure 8. Polarity behavior expected by the generalized Markov mean-field model and comparison with experimental data. (a) Representation of the
cone-shaped distribution of polarity derived from GMMF results (grey, sectors showing polarity; white, no polarity expected). (b) and (c) Good agreement
between polar effects calculated for different regions (left) and SHG measurements performed by PHSHM on millimeter-sized CNS crystals (right).31 For
SHG measurements, the polarization of the fundamental wave (1064 nm) is parallel to theb axis revealing an effect of contrast for theupper b-sector (b)
and for thelower b-sector (c).

P R ) ∑
i

Vi

VR
Xnet

i (7)
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encountered along theb axis, and (ii ) the upperand lower
sectors show opposite polarity (Figure 8c).

Besides, scanning pyroelectric microscopy was applied to
three needle-shaped CNS crystals grown from toluene. The
experiment consisted of placing them between two plate
electrodes. By heating crystals locally, polarization develops
and results in opposite excess charges on both electrodes.
This induces a discharge current flowing through the outer
circuit (for more details on the technique, see refs 20 and
13). Depending on the heated domain, the direction of the
current is represented as either positive (red) or negative
(blue). As shown in Figure 9, SPEM results confirmed the
bipolar characteristic of the crystals and the expression of
polarity along theb direction.

Finally, a recent re-investigation by X-ray diffraction of
single crystals of CNS grown from toluene has shown a
deviation from 50%:50% ofup and down molecules. By
refinement, a composition of 40%:60% with space groupP1
was proposed. However, care has to be taken about the region
of the crystal investigated: considering the structure as polar
could be in contradiction with the bipolar state observed by
SPEM. Therefore, we assume that the X-ray result corre-
sponds to a single sector of the crystal or an overlap of
sectors of different volumes. Further studies will focus on
X-ray diffraction using cuts representing single sectors.

3.3 Validity of the Procedure. As shown previously,
experimental data confirm the ability of the procedure to
explain qualitatively the presence of growth-induced polarity
in CNS crystals. From a quantitative point of view, the model
represents fairly well the presence of polarity observed for
growth sectors{011}. It seems however that the numerical
GMMF model overestimates polarity, because a ratio of e.g.,
25%:75% calculated for sectors is certainly too high for a
crystal which by diffraction appears to be less polar.

Differences observed between experimental and computed
results may arise due toindirect perturbations of growth-
induced polarity as follows. (i) Even though dislocations or

geometrical twinning are not made responsible of theforma-
tion of polarity, they mayVary the polar effects by pertur-
bating the lattice. (ii ) Considering the effects of solvents on
polarity, solvent-solute interactions may influence the in-
tensity of the polar effects. By solvating preferentiallyA or
D groups at the interface, interaction energies between a
docked molecule and its neighborhood at the surface are
changed.

However, one has to highlight that polar effects for CNS
crystals were observed whatever the crystallization method
was (sublimation, melt, polar or nonpolar solvents, fast or
slow growth rate) and that no polymorphism was suspected.

More generally, the three-step procedure is devoted to
quantifying theprimary causeof growth-induced polarity,
which is a statistical deviation from a 50%:50% occupa-
tion.

From a technical point of view, utilization of this procedure
requires consideration of the following several points. (i)
Crystallographically distinct molecules in the unit-cell are
considered elements of a Markov chain. As shown by CNS,
molecules are related by symmetries in the bulk, but may
become symmetry-independent on certain faces. (ii) Although
extended to a GMMF model, layer-by-layer growth is not
the most frequent growth mode of crystals. Therefore, a
description by edge, kink, or even spiral or roughening
growth would be more appropriate.32 GMMF and Monte
Carlo simulations show that the present description can be
modified by taking into account an appropriate number of
neighbors (effective coordination number), according to the
type of surface growth mode.

Essential progress can be expected by using Monte Carlo
methods, which have the advantage of giving a direct
visualization of the vectors, as well as taking into account
local correlations.

Conclusion

We developed a procedure to predict growth-induced
polarity occurring in centrosymmetric crystals of dipolar
molecules. The procedure can be described in three steps:
(i) calculation of all the possible molecular interaction
energies in the bulk, (ii ) determination of the most important
growing faces, and (iii ) application of the generalized Markov
mean-field (GMMF) model to the various faces composing
the crystal.

The procedure has been applied with success totrans-4-
chloro-4′-nitrostilbene. Significant effects of polarity for faces
{011}, resulting in opposite polarity for+b and- b sectors
of CNS crystals were predicted, a result confirmed by phase-
sensitive second-harmonic microscopy and scanning pyro-
electric microscopy experiments. Moreover, whatever the
force field or set of charges used, the sign ofXnet was
negative, which indicates that surfaces{011} were composed
of a majority of molecules pointing theirCl group toward
the nutrient.

This example demonstrates that a single-component crystal
can exhibit inhomogeneity in its packing, leading to the
creation or modification of physical properties. Growth-
induced polarity is thermodynamically driven and can be
explained by the breaking of symmetries at the surface of

(32) Wüst, T.; Hulliger, J. To be submitted for publication.

Figure 9. Pyroelectric measurements performed by SPM at 408 K. The
three crystals (A, B, and C) of CNS show a bipolar state: one side is blue,
the other side is red to indicate the opposite sign of polarity. Note that the
sign of b is not determined.
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the growing faces. A parallel can be drawn with the selective
inclusion of impurities,28 or the formation of polarity in
centric solid solutions between polar and nonpolar mol-
ecules.33

The insertion of impurity with a different shape, or the
180° rotation ofA - π - D molecules withA andD having
different volumes lead to an alteration of the lattice, a
perturbation which can be in some extent observed and
quantified by diffraction techniques.34 However, when the
“chemical defects” have similar volumes and shapes, their
presence in the crystal may be difficult to investigate
experimentally. In that case, a molecular modeling proce-
dure35 such as that developed here is a relatively straight-
forward alternative, as soon as the energy calculation
methods are available for the type of compound studied.
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Note Added after ASAP Publication. Some of theE
expressions in equation 3 contained errors in the version
published ASAP December 10, 2004; the corrected version
was published ASAP December 21, 2004.
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via the Internet at http://pubs.acs.org.
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