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Basic principles are reviewed which provide new access to the
synthesis of acentric molecular crystals along with an application
to the design of intermolecular interactions and the crystalliza-
tion of polar host-guest materials. Because of the process of
crystal growth, the primary confinement for the alignment of
dipolar molecules is given by a surface—nutrient interface and not
by the bulk state as usually assumed for the prediction of crystal
structures by computational methods. Subject to defined restric-
tions, spontaneous polarity formation in slowly growing crystals
can be regarded as a simple isomerization reaction, | = 7({, 1,
orientations of the dipole moments in crystals). Following results
of Monte Carlo simulations, performed for a surface layer
(adlayer) on a nonrelaxing substrate layer, we conclude the
following: (i) Although binding motifs (synthons) are important
to induce 1D or 2D order into chains, ribbons, and planes, lateral
interactions between such structural elements enter polarity
formation by a much higher weight factor. (ii) Particular lateral
interactions favoring | --- | are not necessary to obtain polarity
in some molecular crystals. Channel-type inclusion materials
represent a solution to (ii). Experimental confirmation is pro-
vided by, e.g., a large number of polar inclusion compounds of
perhydrotriphenylene (PHTP). It is shown that in general a com-
bination of van der Waals interactions for a 2D confinement
(alignment of molecular frames) and one of the most nonbonding
recognition motifs (| vs 1 orientation) can optimize polarity
formation in host—guest lattices. In essence, we review that in
some molecular crystals polarity is a tunable property, and that
a supramolecular synthesis can produce a material and a prop-
erty by parallel reactions. © 2000 Academic Press
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1. INTRODUCTION

Materials (single crystals, ceramics, polymers, and me-
sophases) providing an acentric point symmetry of are of
interest to studies of solid-state properties (pyroelectricity,
piezoelectricity, optical nonlinearity, and others), and are of
use in some real-world applications (frequency conversion
and amplitude modulation, mechanical actuators and sen-
sors, etc.) (1, 2). Modern solid-state chemistry may therefore
focus on strategies to obtain an acentric order of highly
polarizable constituents in condensed phases.

In this review we summarize basic principles providing
access to the synthesis of acentric molecular materials along
with an application of these findings to the design of inter-
molecular interactions (synthons (3)) and the crystallization
of host-guest lattices. For complementary reviews, see Refs.
(4-9).

If attempting to produce polar properties by aggregation
of molecular bricks, we assume effects of polarity which
originate from polar properties of molecules. For the pur-
pose of representation we will use the dipole moment
(e = A — D: | or T with respect to the polar axis of a crys-
tal) as a descriptor for the occurrence of polarity in molecu-
lar materials built up by, e.g., A—n—-D type molecules (for
a definition, see Fig. 1). Put forward this way, we will discuss
a mechanism of property formation yielding a nonvanishing
dipolar sum within macroscopic parts of a crystal. There are
two extreme cases of dipolar ordering: dipoles confined into
(i) a parallel or (ii) an antiparallel state. “Crystal engineer-
ing” of organic compounds (10) has shown that certain
dipolar compounds may well form polar chains, ribbons, or
planes in many crystal structures, but polar structural ele-
ments are often arranged in such a way as to form a
centric crystal structure. Representative examples are given
by 4-iodo-4'-nitrobiphenyl (where D -I, 4 = -NO,, and
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FIG. 1. Schemes reflecting the polarity and topology of molecules to
which the present analysis preferably may apply. 4, electronic acceptor,
e.g., -NO,, -CN; D, electronic donor, e.g., -N(CH3),, -I; 7, delocalized
n-electron system (rigid, prolate top). Many molecules investigated in
nonlinear optics are of this type (16-18).

n = biphenyl) (11) aligning dipoles in polar chains of
uniform polarity, and 4-cyano-4-iodobiphenyl (where
A =-CN) (12) aligning dipoles into chains packed in an
antiparallel fashion. Note that the difference in -NO,
and -CN is sufficient to select one of the two config-
urations.

In more chemical terms, we may consider isomerization-
type equilibria such as

LT I=HH - ] [1a]
LTI 1 [1b]
L D=L -] [1c]

and ask for conditions favoring the state to the right (Eq.
[1a]). Looking this way, we may also consider configura-
tions which represent a disordered state of either of the pure
forms (Egs. [1b], [1c]). Clearly, most known crystal struc-
tures of dipolar compounds do not fall into one of the
categories of Eq. [1]. In many structures belonging to the
pyroelectric space groups, there is an angle 6; between the
dipole moment and the polar axis of the crystal (i = number
of symmetry-independent molecules). In structures exhibi-
ting vanishing tensorial properties of the uneven rank there
is a center of symmetry, which transforms dipoles at sites
i into the inverted direction at site i’. Just for simplicity’s
sake we will discuss polarity formation for 0; = 0° (i = 1),
although in most crystal structures tensorial properties
undergo some reduction by transformation of molecular
tensors to the coordinate system of the lattice (13). However,
some type of elongated A-n—-D molecules have the tendency
to align axes (6). It is important to emphasize here that we
cannot predict 0; values by our theoretical models. The
general packing of dipoles is obtained from the calculation
of lattice energies (14).

From what is known about intermolecular binding motifs
(synthons) and their influence on the packing of molecules,
we determine from many examples that lateral interactions
between molecules (chains, etc.) can play an important role
in determining the degree of the total alignment of dipolar

compounds in crystals. In view of our theoretical discussion
we simplify the generally complicated interaction scheme of
molecules in lattices to a description resulting from (i) syn-
thons (<A --- D-, =D --- D-, and —-A --- A- interactions, refer-
red to as |), and (ii) lateral interactions accounting for less
localized contacts (referred to as L). In this sense we assume
structural insulation which in our case may be justified by
the type of A-n—D molecules we discuss here.

A key step in our analysis involves a basic mechanism
describing how crystals grow: after a stable nucleus has been
formed, growth occurs by the attachment of components to
crystal faces. The primary confinement for the alignment of
dipoles is therefore a surface-nutrient interface and not the
bulk state. If we restrict a thermodynamic description to
cases of slow growth (low driving potential for crystalliza-
tion), then we may—according to Eq. [1]—assume an
isomerization equilibrium for the molar fractions x(]),
x(T) = 1 — x(]) accounting for orientational order/disorder
of dipoles when attached to an adlayer (surface layer) of
A-n-D molecules (see Fig. 2) (7,8). The difference
Xnet($) = Xpee = x(]) — x(7) (net polarity) within an adlayer
can be calculated from the global minimum of the free
energy FF=E — TS, where E comprises the interaction
parameters with respect to | and L contributions and S is
the configurational entropy. As stated above, we made the
assumption that dipoles in the substrate layer do not under-
go 180° orientational relaxation when a subsequent layer is
attached to it. As the most simple case we can think of, we
describe the process by a layer-by-layer attachment without
a relaxation of the state of polar order within some under-
laying layers. Arrived at this point of the analysis, we can
take advantage of existing theories (Section 2) in describing
the free energy F of layers as representing intermediate steps
of a growth process able to produce an excess of uncanceled
dipole moments. Finally, we will discuss an application
where spontaneous polarity formation is possible, although
some lateral interactions between polar chains of guest
molecules may not promote a polar state. Practical exam-
ples comprise inclusion compounds of perhydrotriphenylene
(PHTP) (15, 16) forming inclusions with a large number of
nonlinear optical (NLO) A-n-D type molecules (17, 18). For
these materials the success rate of obtaining a polar crystal
structure is over 90% (5).

\AX\//I\//:,\/:\\J,//,’ nutrient
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T

FIG. 2. Schematic representation of a homogeneous substrate (where
dipoles do not relax) with an attached adlayer (where relaxation is allowed),
containing dipoles oriented either | or 1 (molar fractions x (), x(1), corre-
spondingly). Dipoles in the nutrient shall have no preferred orientation.
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11, growth direction

FIG. 3. Definition of a substrate layer onto which an adlayer is placed
for thermal relaxation. Dark gray (]) and light gray (1) cubes represent the
polarity of dipoles. Interactions in the L and | directions are taken into
account. For Monte Carlo simulations we assume z, = 4 and T = 300 K.

2. THEORY OF POLARITY FORMATION IN
MOLECULAR CRYSTALS

Following the reductionism introduced above, we reduce
the phenomenon of polarity formation to a general packing
of molecules (acentric or centric) (14) subjected to one de-
gree of orientational freedom with respect to their dipole
moment (17). As a result of a growth process, dipoles within
an adlayer are assumed to be free to accommodate a state of
perfect 0° (}]) or 180° (/1) orientational order or some
disorder for given interactions |, L at temperature T. As
defined, such a system shows a formal analogy to magnetic
solids, where a spin may interact in the 1 and || directions
with neighboring spins. In the case of a unipolar substrate,
we could describe the ordering within the adlayer by a 2-D

Ising model taking into account lateral coupling and a mag-
netic field in the || direction (19).

A straightforward solution to numerical values of x,, for
adlayers was obtained by Monte Carlo simulations (20).
According to Fig. 3, the calculations started from a substra-
te layer of a given and constant state of polarity on which an
adlayer was subjected to thermal relaxation. The chemical
inputs to these calulations are the growth temperature
and the || and L interactions, namely E p=-A4---D-,
Epp=-D--D-, Euu=-A--A-, and E,=|--1,
E, =] --- |, including a coordination number z |, indicating
the number of nearest neighbors taken into account within
the adlayer only.

Figure 4 shows the evolution of polarity x,. as a function
of the index ¢ of subsequently attached layers: Upon a seed-
ing layer featuring no polarity, an increase of x,., to a con-
stant value is obtained (20, 21). A constant value x,., above
a certain number of attachment steps means that by adding
further layers, the global minimum of the free energy of the
adlayer cannot be lowered any more. Therefore, we consider
this the thermodynamic limit for the polarity of a crystal
volume produced by a growth process. It is important to
notice here that x,., (growth) may well differ from x,, (bulk
equilibrium) (22). Another basic feature of the evolution of
polarity up to a constant value of x,., is that in representa-
tive cases (20) the final result at large q does not depend on the
state of the polarity of the seeding substrate (Fig. 5).

In the introduction we emphasized the importance of the
lateral interaction. In Fig. 6. we show plots for x,., (g = o0)
calculated by using typical values for AE,(||) = E 4 — Ep
(here, AE,(|l) = Epp — E4p = 0; see comments on particu-
lar A-n—D-R molecules in Section 3) and a reasonable range

Xnet
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FIG. 4. (a) Monte Carlo simulations of the polarity evolution of subsequently attached adlayers (see Fig. 3 for definition). A random state substrate
(Xnee = 0) was assumed. T = 300 K, number of trials per pixel = 4 x 10°, layer size = 100 x 100. Interaction energies: AE, = — land AE () =5,1, — 2

(kJ mol 1) (AEp(||) = 0), corresponding to diminishing values for x,, at ¢ = 20. (b) View onto a growing face: selected states of polarity evolution as
obtained for (a). Dark gray pixels, |; light gray pixels, 1. Interaction energies: AE, = — 1 and AE(||) = 5 (kI mol™ 1) (AE,(])) = 0).
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FIG. 5. Monte Carlo simulations showing that for some interaction
energies (20), there is no influence of the substrate state on x, at suffi-
ciently large ¢. Interaction energies: AE, = — 1 and AE(]) = 2 (kJmol})
(AE)(I) = 0).

for AE, = E, — E,, (z; = 4). This graph is the key to an
understanding of polarity formation in crystals grown from
dipolar components: there are two extreme cases, as men-
tioned earlier. In magnetism they would correspond to the
ferromagnetic or antiferromagnetic state. In between, there
are states of variable polarity, where either the [[ ]| ... J or
the [[T]7 ... ] state is to some extent disordered. Nearly
independent of reasonable AE,(|) >0 values at AEp(]|)
=0, we can give quite general limits for AE, in order to
achieve one of the ordered states: AE, [|||] ... ] <-3,
AE [I1l1...]1=4kImol™! (z, =4, T =300 K).

Particularly at AE, =0, x,, is not vanishing. For
a strongly positive (nonbonding?) || interaction, x,, can be
close to 1. This means: that a negative AE, is not a necessary
condition to have spontaneous polarity formation resulting
from a crystal growth process. Knowing this, we can think of
real systems where to a good approximation AE, is zero. An
obvious solution to the problem is given by use of a supra-
molecular compound (Section 3), where a centric host lattice
is housing dipolar guest molecules in, e.g., parallel channels
separared well enough laterally to preclude antiparallel
alignment (Fig. 7) (9, 16). By other approaches one may
introduce steric substituents to the n-frame of A-n—-D mol-
ecules with the aim of reducing the tendency for antiparallel
packing (6).

Before discussing polarity formation of inclusion com-
pounds in more detail (15), we briefly summarize a second,
analytical approach to obtain values for x,.. In magnetism

2By nonbonding we mean that the intermolecular potential energy
curve does not show a minimum at the typical van der Waals distance
between, e.g., collinearly arranged funtional groups such as D-n-A4---
A-1-D (A: -NO,, -CN, etc.).
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FIG. 6. Monte Carlo simulations featuring the influence of the lateral
interaction (AE,) on x,. for a series of energies typical of a non-bonding
molecular recognition (AE4(||) > RT, AEp(]|)) = 0 (kI mol~')). Curves rep-
resent fits to simulation results for 107 trials per point within a field of
60 x 60 dipoles (T =300 K, z, = 4). Abscissa: AE, in kJ/mol.

(19), as well as surface melting (23) and solid solution forma-
tion (24), mean-field models are commonly applied. When
Kitaigorodsky was discussing orientational disorder of
dipolar molecules in the early 1960s (25), he made use of the
idea that orientational disorder of single-component mo-
lecular crystals can be described by the thermodynamics of

FIG. 7. Typical packing architecture of a channel-type inclusion lat-
tice. Triangular bricks (PHTP) form a channel wherein dipolar species are
aligned.
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ideal solid solution formation. If applied to the present case,
calculation of the global minimum of F,,.,n.ic1q4 yielded an
exact implicit and an approximative explicit equation for
Xnet- Without providing here the details of the calculation,
we give the approximate solution, which is fairly accurate
for AE, <0 (AE; = E 4, — Epp > 2RT), holding to some
extent also for AE, > 0 (20):

x({) ~ oAE— 72 AE|RT

2
() 2]

and

Xpet(mean—field) & 1 — 2¢~ AF — 72 AERT, [3]
where Eq. [3] is most accurrate for x,., near 1 (the scaling
factor y is in the range of about 1 to 2, depending on the
model used for the calculation).

Equation [2] allows for a quantitative description of
equilibra we have addressed in Section 1. This means that in
the realistic case as outlined above, polarity formation in
molecular crystals can be regarded in terms of a simple isomer-
ization reaction T==|. From the exponent we recognize the
strong influence of the lateral interaction on polarity forma-
tion, because of the factor yz,, where z, at real crystal
surfaces is certainly > 2. According to a general principle of
polarity formation in molecular crystals, elaborated in Ref.
(7), AE, = AE; — yz, AE, represents an approximate ex-
pression for the energy difference being fundamental (¢) to
polarity formation described by a mean-field model.

With respect to a design of interaction energies, it be-
comes clear that it is more feasible to seek for (i) AE, ~ 0, or
(ii) negative values, than for solutions where the synthon
interaction is dominating lateral interactions, AE; >
vz, AE, (AE, > 0).

For the first time we have here an expression (Eq. [3]) for
polarity formation, reflecting the influence of both (i) syn-
thons (||), and (ii) other more collective interactions (L):
— and |---| vs | --- 1. Although syn-
thons are import in order to induce 1D or 2D polar order into
chains, ribbons, and planes, lateral interactions between such
structural elements enter polarity formation by a much higher
weight factor.

— ser — VS — -

n PHTP(s) 1. solid
* — |3, melt
m A-{® }D(s) 4. vapour

[

I

2. solution| AG(T)<0 |
s |

|

3. CHANNEL-TYPE INCLUSION COMPOUNDS:
A SOLUTION TO AE | ~

Channel-type inclusion compounds are materials ob-
tained by a co-crystallization of a host and a guest com-
pound. Known examples of host materials are urea,
thiourea (26), spirocyclotriphosphazenes (27), perhydrotri-
phenylene (PHTP) (28), dumb-bell-shaped molecules (29),
and others (4). Synthetic approaches producing co-crystals
are indicated in Fig. 8. In many cases, crystallization from
solvents being not co-included was the method of choice. In
the case of perhydrotriphenylene, about 45 different A-n—D
molecules could be included. More than 90% of these inclu-
sion lattices showed a second harmonic effect (SHG), if
illuminated by a pulsed IR laser beam (17).

Guest molecules in different channels of PHTP are kept
at distances about 14 A and larger (30). This precludes most
of the polarization-induced lateral (L) interactions, whereas
close packing along channel allows for strong collinear (|)
synthons. A further advantage is that here 0 is about zero
degree, i.e. dipoles can in principle undergo fully parallel
alignment (Eq. [1a]). From the theoretical point of view,
channel-type lattices provide a frame, where AE  (||) and
AEp(]]) type interactions are active during the process of
attachment, whereas AE, can be neglected to a good ap-
proximation. Spontaneous polarity formation has therefore
been explained by the thermodynamic model we have sum-
marized in Section 2. However, here an equivalent descrip-
tion by a homogeneous Markov chain theory is possible
(31-33). According to Fig. 9, the orientational ordering
during the attachment of dipolar guests along the channels
is governed by four probabilities (two of them being
independent parameters), which are the elements of
a transition matrix driving the system from the g to the
(q + 1) layer:

[X(l,q)}:[p(AmD) p(D--~D)]‘1.[x(i,q=0)] 4]
x(T, q) p(4---A) pD---A) x(T,q=0) |

Above a certain number of attachment steps ¢, x, be-
comes constant. x, (defined for the case where preferably
A groups are at the surface) depends on two characteristic

& | | 2]
|| |[?|
1P|

]
|
[ ]
|
|
|

==

FIG.8. General scheme summarizing the syntheses of a host-guest compound. Crystallization may be performed (1) by a solid-state reaction, (2) using

a solvent, (3) from the melt, or (4) from the vapor phase.
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FIG. 9. Process of attachment of dipoles (i) to existing well-separated
(AE, =~ 0) channels, and (ii) in the case of new channels. Growth in only

one of the channel directions is indicated for (i). Pictorial definition of
attachment probabilities.
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energy differences [34], AE;=E, s — Epp and AE, =
EAA_EADa
(g s ooy PP D) = p(A e A)
p(D D) + p(A -+ A)
1 — o~ AEJ/RT
= . [5]

| + ¢ AE/RT I, —AEJRT

For real examples of molecules, AE, is of the order of
10-30 kJ mol ~*. This allows us to simplify corresponding
equations for x(|) and x(?) into

XU o s EonyRT 6]
x(M
For AE; > 2RT we can simplify Eq. [5] into
Xnet ~ 1— 26_(E“ - Enn)/RT’ [7]

where Eq. [7] is most accurate for x, near to 1 (33).

Equation [6] reflects again the nature of an isomerization
reaction, leading to polarity. The driving force for the non-
cooperative alignment of dipoles is simply AE;, the funda-
mental (f) energy difference in polarity formation for
AE, =0.

So far, we have not specified the particular role of syn-
thons involved in the process of polarity formation. Obvi-
ously, a strongly binding -4 --- D- interaction will give rise
to polar chain formation in single channels. Because there

HULLIGER ET AL.

might be only weak electronic coupling between guests in
different channels, no macroscopic polarity would arise if
AE; = 0. An algebraic analysis has shown (33) that (i) a max-
imum x,, value, and (ii) a lowest density 5 of orientational
defects along polar chains is obtained at (iii) a low number
of steps ¢, if the three basic interactions obey the relation
Epp = Eqp < Eq4 [8]

A chemically interesting case results for Epp = E p x 0,
and E, 4 > RT. There exists a large number of NLO active
molecules which to a good approximation may be introduc-
ed this way: A-n-D-R (R =less polarizable group, e.g.,
—-CHj;, -CF3; for real examples, see (6)). We have already
made use of this class of molecules in Section 2 (Fig. 6, Egs.
[2,3]). In Fig. 10 we see a key feature: For A-n-D-R
molecules attached to separted channels maximum polarity is
obtained for nonbonding E ,, interactions, whereas bonding
interactions would only produce a x,. of — 1/3 (a negative
sign means that instead of 4 groups, we will preferably have
D groups at the growing surface).

So far, we have considered growth only along one direc-
tion of the channels or more generally, in one direction of
a seed crystal. If not hindered by the applied growth
technique, we will obtain bipolar crystals (32). Within two
macrodomains, constant but opposing polarity is evolving.
Because crystals grow also in lateral directions, there is
another growth feature to discuss (Fig. 9): attachment of
a single dipole to new channels is associated with a 50%
probability for | or 7. Additionally, there should be no
preference for the position along the channel direction

+-0.33

FIG. 10. Polarity for X-n-Y-R type molecules, where X = A or D,
Y = D or A, correspondingly (R, less-polarizable group, e.g., -CH3, -CF3).
The best results are predicted for nonbonding molecular recognition mo-
tifs. The inset represents stochastic simulations. Dark gray pixels, |; light
gray pixels, 7. Interaction energies: AE;(|[) = — 20,20 (kJmol '] (i = 4 or
D) for bonding, nonbonding interactions, respectively. For AE; > 0,
X groups preferably cover the growing face; for AE; <0, R groups are
preferably on top.

— AE;(ll
20 il
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100 nm

molecular 10 nm 1 um

FIG. 11. 2D simulations obtained with AE; =124, AE, = 32.3,
AEp =19.9 (kJmol ™). In simulations at molecular resolution (1 pixel
corresponds to 1 nm?, left), 10? channels and 10 layers are shown. For the
other images, 10* channels and 10° layers were taken into account. Shown
is the effect of averaging (10 x 10 pixels), which allows us to make compari-
sons with experimental resolution: 10 to 100 nm is in the range of scanning
near-field optical microscopy, 1 um is just below the present resolution of
scanning pyroelectric microscopy.

where a first attachment occurs. Therefore, the as-grown
state of such crystals can be described by a double-cone
structure (Fig. 11). For particular interaction energies we
calculated (stochastic simulations) a possible distribution of
the polarization as it may be observed at different scale
lengths of experiments. Up to now, scanning pyroelectric
microscopy (SPEM) was the only technique which was able
to image the double-cone structure in real crystals (34, 35).
New experiments attempt to reveal cones by scanning SHG
microscopy (36). However, just recently we succeeded in
demonstrating polarization reversal in as-grown thin crys-
tals by phase-sensitive SHG microscopy (37).

Summarizing known results, channel-type supramolecu-
lar materials are evidently prime candidates for a system
providing AE, =~ 0. Present synthesis efforts (29) are di-
rected toward syntheses of new host molecules bring-
ing in the lowest possible molar volume, because of the effect
of dilution. By use of a two-component system, i.e.,
(HOST), -, (GUEST),, we reduce the density of polar con-
stituents (15), which in turn is reducing effects of macro-
scopic polarity.

4. CONCLUSIONS

A stochastic approach to polarity formation in molecular
crystals has led to synthetic strategies which are fairly differ-
ent, compared to those attempted by others (18). Following
the classical view, “Crystal engineers” are producing mo-
lecular compounds which upon nucleation should grow into
an acentric crystal structure. This endeavor is associated
with a probability for a failure of about 70-80%. In essence,
design of intermolecular interactions ensuring polar pack-
ing of one-component crystals still remains an ambiguous
task. Following the analysis given in Section 2, it becomes
clear that paying attention only to synthons is not sufficient
for polarity formation. The lateral interactions between
chains, ribbons, or planes affect property formation much
more than for synthons (see Egs. [ 2, 3]). Previously, the only
secure way to obtain an acentric material was the use of
enantiomerically pure components.

Ideas summarized above bring in a new view: it turned
out that polarity is a tunable property. To take full advant-
age of tunability, molecular bricks should preferably pro-
vide AE, ~ 0. With respect to both types of interactions
| and L, we arrive at a conclusion opposite to what “Crystal
engineering” claims: van der Waals interactions for a 2D
confinement and one most nonbonding recognition motive can
optimize polarity formation in host-guest systems (6). Po-
larity resulting from individual molecular bricks is a com-
plex physical property of molecular crystals which can
systematically be tuned by chemical synthesis. Polarity
formation during crystal growth is formally equivalent
(about restrictions, see above) to an isomerization reaction
T==|. As a consequence, the final result does not depend on
the state of polarity of the seed crystal used for growth up to
the macroscopic size.

In essence, the new thing about it is a supramolecular
synthesis can produce a material and a property by parallel
reactions.

ACKNOWLEDGMENTS

This work has received support from the Swiss National Science Foun-
dation (Grant NF 21-50828.97). At this place one of us (J.H.) takes the
opportunity to thank his colleagues from different fields with whom he had
many inspiring discussions on the subject over the last few years.



56

~

12.
13.

14.

15.

16.

17.

HULLIGER ET AL.

REFERENCES

. “Handbook of Laser Science and Technology” (M. J. Weber, Ed.),

Supplement 2: Optical Materials, CRC Press, Boca Raton, 1995.

. P. Egger and J. Hulliger, Coord. Chem. Rev. 183, 101 (1999).
. G. R. Desiraju, Angew. Chem., Int. Ed. Engl. 34, 2311 (1995); “The

Crystal as a Supramolecular Entity” (G. R. Desiraju, Ed.), Perspectives
in Supramolecular Chemistry Wiley, New York, 1995.

. V. Ramamurty and D. F. Eaton, Chem. Mater. 6, 1128 (1994).
. J. Hulliger, P. J. Langley, A. Quintel, P. Rechsteiner, and S. W. Roth,

in “Supramolecular Engineering of Synthetic Metallic Materials”
(J. Veciana, C. Rovira, and D. B. Amabilino Eds.), Conductors and
Magnets, NATO ASI Ser. C 518, p. 67, Kluwer, London, 1999.

. J. Hulliger, P. J. Langley, and S. W. Roth, Cryst. Eng. 1, 177 (1998).
. J. Hulliger, Z. Kristallogr. 214, 9 (1999).
. J. Hulliger, S. W. Roth, and A. Quintel, in “Crystal Engineering:

from Molecules and Crystals to Materials” (D. Braga, A. G. Orpen,
and F. Grepioni, Eds.), NATO Ser. C 538, p. 349, Kluwer, London,
1999.

. P. J. Langley and J. Hulliger, Chem. Soc. Rev. 28, 279 (1999).
. G. R. Desiraju, “Crystal Engineering (the Design of Organic Solids),”

Elsevier, Amsterdam, 1989; M. C. Etter, K. S. Huang, G. M. Franken-
bach, and D. A. Adsmond, in “Materials for Nonlinear Optics”
(S. R. Marder, J. E. Sohn, and G. D. Stucky, Eds.), Chemical Perspect-
ives, ACS Symposium Ser. 455, p. 446, Am. Chem. Soc., Washington,
1991.

. J. A, R. P. Sarma, F. H. Allen, V. J. Hoy, J. A. K. Howard, R.

Thaitmattam, K. Biradha, and G. R. Desiraju, Chem Commun. 101
(1997); N. Masciocchi, M. Bergamo, and A. Sironi, Chem. Commun.
1347 (1998).

D. Britton and W. B. Gleason, Acta Crystallogr. C 47, 2127 (1991).
J. F. Nye, “Physical Properties of Crystals (Their Representation by
Tensors and Matrices),” Clarendon Press, Oxford, 1992.

A. Gavezzotti, Acc. Chem. Res. 27, 309 (1994); A. Gavezzotti, Nova Acta
Leopol. NF 79 no. 310, 33 (1999); A. Gavezzotti, Crystallogr. Rev. 7,
5 (1998).

J. Hulliger, O. Kénig, and R. Hoss, Adv. Mater. 7, 719 (1995).

R. Hoss, O. Konig, V. Kramer-Hoss, U. Berger, P. Rogin, and
J. Hulliger, Angew. Chem., Int. Ed. Engl. 35, 1664 (1996).

O. Konig and J. Hulliger, Nonlinear Opt. 17, 127 (1997).

18

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.

30.

31
32.

33.

34.

35.

36.

37

. “Nonlinear Optics of Organic Molecules and Polymers” (H. S. Nalwa
and S. Miyata Eds.), CRC Press, Boca Raton, 1997.

D. A. Lavis and G. M. Bell, “Statistical Mechanics of Lattice Systems,”
Vol. 1, Springer, Berlin, 1999.

H. Bebie and J. Hulliger, to be published.

A mathematical discussion of basic equations and Monte Carlo simu-
lations describing the present system shows that there are sets of
interaction energies for which a different behavior is found.

H. Bebie and J. Hulliger, Physica A 278, 327 (2000).

M. C. Desjonquéres and S. Spanjaard, “Concepts in Surface Physics,”
Springer, Berlin, 1996.

F. Ducastelle, “Order and Phase Stability in Alloys,” North-Holland,
Amsterdam, 1991.

A. L. Kitaigorodsky, “Molecular Crystals and Molecules,” Academic
Press, New York, 1973; “Mixed Crystal,” Springer, Berlin, 1984.

K. D. M. Harris, Chem. Soc. Rev. 26, 279 (1997).

A. Comotti, R. Simonutti, S. Stramare, and P. Sozzani, Nanotechnology
10, 70 (1999).

M. Farina, G. Di Silvestro, and P. Sozzani, in “Comprehensive Supra-
molecular Chemistry” (J. L. Atwood, J. E. D. Davies, D. D. MacNicol,
and F. Vogtle, Eds.), Chap. 12, p. 371, Elsevier, Oxford, 1996.

T. Miiller, J. Hulliger, W. Seichter, E. Weber, T. Weber, and M.
Wiibbenhorst, Chem. Eur. J. 6, 54 (2000).

O. Konig, H.-B. Biirgi, T. Armbruster, J. Hulliger, and T. Weber, J. Am.
Chem. Soc. 119, 10632 (1997).

K. D. M. Harris and P. E. Jupp, Chem. Phys. Lett. 274, 525 (1997).
J. Hulliger, P. Rogin, A. Quintel, P. Rechsteiner, O. Ko6nig, M. Wiib-
benhorst, Adv. Mater. 9, 677 (1997); S. W. Roth, P. J. Langley,
A. Quintel, M. Wiibbenhorst, P. Rechsteiner, P. Rogin, O. Konig, and
J. Hulliger, Adv. Mater. 10, 1543 (1998).

J. Hulliger, P. J. Langgley, O. Konig, S. W. Roth, A. Quintel, and
P. Rechsteiner, Pure Appl. Opt. 7, 221 (1998).

A. Quintel and J. Hulliger, Chem. Phys. Lett. 312, 567 (1999),
A. Quintel, S. W. Roth, J. Hulliger, and M. Wiibbenhorst, Mol. Cryst.
Liq. Cryst. 338, 243 (2000).

A. Quintel, J. Hulliger, and M. Wiibbenhorst, J. Phys. Chem. B 102,
4277 (1998).

M. Florsheimer, M. Bosch, C. Brillet, M. Wierschem, and H. Fuchs,
Adv. Mater. 9, 1061 (1997).

. P. Rechsteiner, M. Florsheimer, and J. Hulliger, submitted, 2000.



	1. INTRODUCTION
	FIGURE 1
	FIGURE 2
	FIGURE 3

	2. THEORY OF POLARITY FORMATION IN MOLECULAR CRYSTALS
	FIGURE 4
	FIGURE 5
	FIGURE 6
	FIGURE 7

	3. CHANNEL-TYPE INCLUSION COMPOUNDS: A SOLUTION TO DE o +0
	FIGURE 8
	FIGURE 9
	FIGURE 10
	FIGURE 11

	4. CONCLUSIONS
	ACKNOWLEDGMENTS
	REFERENCES

