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in view of the different resonance enhancements of the various
systems. Static fB,,, and f,.. values are 452x107° and
—300 x 107° e.s.u., respectively.

The experimental value of § for compound 3 is more than
double that deduced by the additive model (that is, B3%,=
500 x 107*° e.s.u. compared to 1,200 x 107> e.s.u. for the corre-
sponding experimental value). This clearly indicates that the
ruthenium atom in an octupolar geometry introduces an addi-
tional charge-transfer contribution to 8 on complexation of the
three ligands by the metal, leading to an important enhancement
of the nonlinearity as compared to that of the corresponding
purely organic systems, as has been observed for more conven-
tional dipolar species'®'®. These results illustrate also the interest
of three-dimensional organometallic structures as compared to
rod-like geometries: enhancement of the octupolar part of the
B tensor has led to B values in a magnitude range which has
been previously believed to be unreachable for compounds other

than one-dimensional dipolar systems. Moreover, large off-
diagonal Byyy, Bxyx and Bxxy tensor coefficients, which are
equal to — B yyyin the case of octupolar molecules, are not avail-
able in the case of a one-dimensional tensor. Such multidirec-
tional charge-transfer processes cooperate to enhance strongly
the f tensor.

A current challenge is the macroscopic organization of non-
linear octupoles in non-centrosymmetric assemblies, remem-
bering that electric ficld poling is precluded by the absence of
permanent dipole moments. However, combined one-photon
absorption at 2@ and two-photon absorption at @ (where o is
the fundamental frequency of a laser) will break the centrosym-
metric order of the irradiated medium?®®, resulting in a periodic
absorption grating with quasi-phase-matching potential. The
resulting ‘octupolar’ ordering can be ‘frozen’ by associating the
combined absorption processes with reversible photoinduced
effects?' >, O
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PrEDICTING the shape of growing crystals is important for indus-
trial crystallization processes. The equilibrium form of a crystal
can be determined unambiguously from a consideration of the sur-
face free energies of the various crystallographic faces {Ak/}', but
the growth morpholegy is determined by kinetic factors which are
harder to predict. This morphology depends on the relative growth
rates Ry, of the crystal faces. Several theories have been
advanced’ to relate R}y, to geometric or energetic characteristics
of the surfaces {hkl}, but these have met with limited success in
predicting the crystal morphologies observed. Here we present a
theoretical approach to the problem in which Ry is determined
by quantities that are accessible either from kinetic models or from
computer simulations of the solid-fluid interface. The important
parameters controlling the growth rate are the energy required to
create a step at the crystal surface and the free-energy barrier for
an adsorbed solute molecule to be incorporated into the crystal.
Both can be related to the mole fraction of adsorbed solute
molecules in dynamic equilibrium with those in the crystal surface.
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When this approach is applied to the case of urea crystals grown
from aqueous solution, we predict a needle-like shape which is
consistent with experimental observations.

The growth of crystals bounded by facets usually occurs in a
spiral fashion*”’, whereby one or more screw dislocations on the
crystal surface give rise to spiral steps (Fig. 1). Growth takes
place by the deposition and incorporation of solute molecules
from the bulk onto these steps, causing them to advance with a
speed v, along the surface, perpendicularly to the step (Fig.
la, b). Denoting the average distance between two steps as Ao
and their heights as dj,, the growth rate of the surface is given
by Riukr= Usiepdinii /Ao (Fig. 15). In the case of crystals grown from
solutions, the delivery of molecules at the steps is governed by
the diffusion of solute molecules from solution to the kinks®
(Fig. 1¢). In this process, the incorporation of these ‘growth
units’ into kinks is rate-determining at relatively low supersatu-
rations Au/kT, and Ouepoc XagunPh® exp {—AGh/kT} for a
given Au/kT (Fig. 1¢). It follows that the relative growth rate
of crystal faces {hkl} is

R ;5}]1 oC XA(hkl)dhkl Pﬂ?k €Xp { _AGIEkI/k T} /Ao (1

where plis* is the kink density, Xauu, is the solute concentration

at the face (hk/), and AGi, is the activation free energy for
adsorbed solute molecules to be incorporated into kinks. To
relate the relative growth rate R} to quantities that can be
easily obtained from a molecular-dynamics simulation, we intro-
duce the concept of ‘effective growth units’®, which are those
solute molecules adsorbed at the surface that are in dynamic
equilibrium with the solid molecules at the kinks (called S'
molecules). All adsorbed solute molecules may be classified into
two classes, F, and F,. The former are those molecules that
have roughly the same orientation or conformation as solid
molecules at the surface (Fig. 3). To be incorporated into a kink,
an F,-molecule needs to surpass a barrier AG ;. , which corre-
sponds to desolvation free energy. F, molecules are all other
adsorbed solute molecules. Before they can be incorporated into
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FIG. 1 a, Growth spiral for crystal surface growing from solution. The
spiral is rotating with constant angular velocity under constant super-
saturation Ay /kT (Au=p"— u®, where u' is the chemical potential of a
solute molecule and u® of the solid molecule). The spiral is guided by
the screw dislocation centre. Some distance from the centre, the spiral
becomes roughly equal to concentric circular steps with a separation
Ao=19r, (refs 4-7). Here r,. is the radius of the two-dimensional critical
nucleus given by r. & Peep Q/Al, Peep iS the average step energy of a
step per growth unit (compare with ¢) and Q is the molecular volume.
Therefore, Aooc Puep at @ given Au/kT. b, From a two-dimensional cut
through a, we see that the growth rate of a face (hkl), R, is equal to
the flux of steps given by Fep = Vstep Pstep = Vstep / Ao tIMES iy ( Pstep 1S
step density). SO Rui = OhVstep /Ao - €, Surface model showing steps and
kinks. A growth unit can be incorporated into the crystal structure at
kink sites. The shape of vge, depends on the means of delivery of
growth units to the steps®. For the growth of crystals from a solution,
the surface diffusion of solute molecules to steps (route 2) is irrelevant,
because the mean square displacement of an adsorbed solute
molecule at the surface is short. Solute molecules are delivered directly
from the bulk to steps at the surface by volume diffusion (route 1). This
includes two main steps: the delivery of growth units to the steps by
means of volume diffusion, and the integration of growth molecules into
the crystal at kinks. At relatively low supersaturations, the latter is the
rate determining step, and the rate is proportional to the concentration
of adsorbed solute molecules Xap) around the klnks P and
exp {—AGhy/KT}. Therefore, Veepoc Xagm Ohn: €xp {—AGhq /kT} for a

a kink, F, molecules must be transformed into F, molecules, for
which they have to surpass a barrier AG*. Effective growth units
consist of F, molecules and those F, molecules for which AG*
is negligibly small. Two typical cases can be distinguished:
AGim > AG* (Fig. 2a). In this case both F, and F, molecules
have equal probability of being incorporated into the kinks, and
both are effective growth units. The mole fraction of effective
growth units is X;(hkl) NXA(/,/([) =XF1 +XF2 .

AG ¥ <AG* (Fig. 2b). In this case, F, molecules cannot be
easily incorporated into the kinks and are not effective growth
units. From the point of view of equilibrium thermodynamics,
F, molecules may be said to be a separate species; in other
words, the mole fraction of effective growth units is
X ?\fghk[) ~ X, Fi-

Now we return to equation (1). To be incorporated into the
kinks, adsorbed solute molecules should have the right orienta-
tion with respect to the solid molecules at the surface (refs 4, 5;
X.Y.L. and P.B., manuscript in preparation). Given the defini-
tion of effective growth units, the probability for adsorbed solute
molecules to obtain the proper orientation is about equal to
X A(gk,)/X awkly, leading to the relatlon exp {— AGL, kT ta
(XA(th)/XA(hkl)) eXp{ AGZkI/kT} A [ is roughly lndepen—
dent of the specific surface®*, and can be considered a constant
in this relationship.

The average separation of steps A is roughly proportional to
the average step energy per molecule ¢ixF (see Fig. la legend),
and pis* ~exp { ¢h}c’}k /kT} (refs 4-7). Because the average
kink energy @K ~@il (see Fig. lc legend), pii*~
exp {—@iF /kT}. Combining the results so far, we find

thl oC dhleA(hkl) €Xp { ¢7.‘lf/p /kT}/(bitke/p 2)
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given (Au/kT) (ref. 4). The step energy ¢qep (Per structural unit) corre-
sponds to the energy cost to create a step of a structural unit length.
The kink energy @uink is then the energy cost to create a kink at a step.
Assume that the step energy in the x-direction (shown here) is ¢5*°°,
and in the y-direction ¢;°. It can easily be seen that @y in the x-
direction step is roughly equal to ¢;°°, and in the y-direction step is
G I 5P = g5, Perep = Punk- Otherwise, the average step energy
Petep IS €QUAl to the average kink energy @uink -

Obviously, to find the express10n of @i<F is one of the key issues.

In the following, we shall arrive at
52‘1?1‘) ~ éhkl(ln Xiﬁhkn /In XA )AHdiss/nhkl 3)

Here n,, is the coordination number, that is, the number of
neighbours of a solid molecule within the two-dimensional crys-
tal slice (#kl), XA is the concentration of solute molecules in
the bulk, and AH®* is the experimentally observed enthalpy of
dissolution. The crystallographic orientation factor £, will be
defined below.
The step energy, the one-dimensional energy cost of creating
a step with the length of one molecule, can be related to the
three-dimensional local dissolution enthalpy AH & at the crystal
surface (ref. 9; X.Y.L. and P.B., manuscript in preparation),
which is the enthalpy change due to transforming a solid
molecule at a kink to an adsorbed solute molecule. We may
reduce AH ;7 to a sum of in-plane contributions by multiplying
itby &=E Shice JE", where E is the lattice energy per molecule
and E5i is the two-dlmenswnal lattice energy per molecule for
a crystal slice (hkl) with thickness d, (ref. 3). We may approxi-
mate @it~ Eny X AH ;. We notice that because of the
ordering of fluid molecules at the interface and the crystal relaxa-
tion near the surface, AH e is normally different from AH®
(ref 9). Nevertheless, we may still easily estimate
Hils JAHY (ref. 9). From the van’t Hoff relation'® we have
ln Xa=—AHY/kT+AH™ /kT™ = AH"(T—T™)/kTT™ (the
superscript m denotes melting). Applying the same theories to
the dissolution process at the crystal surface’, we have
In XSun,=—AHsus /kT+AH 3, /kT™ ~ Aszff(T T™)/kTT™.
From the above relations we get AHms/AH >
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FIG. 2 a and b, The potential landscape between different types of
structural units at the surface. In equilibrium with interfacial solid
molecules S', F; molecules change directly into S' molecules by passing
the potential barrier AG¥.., while in a similar process, F, molecules
should first change to F;, and then to S' molecules. (AG* is the potential
barrier for the transition from Fs to Fy; es=ppf, —pd, e=pf,—pud; u°
is the standard chemical potential for a certain species.) Thus, the rates
of transition from a pure F, to an S' molecule and from a pure F, to a
pure F, molecule are given by R™=ve exp (—AG},. /kT) and R"'=
Ve, xp (—AG*/kT), respectively. Here v, denotes the frequency of ther-
mal vibration of species g. So the rate of the transition from a pure F,
to an S' molecule is R"=R"SR"/(R"'+R"S). It is shown in a that
AGEn > AG*, implying R"'»>R'"® and R"Sa~R"S. In this case both F;
and F, molecules can be treated as effective growth units. In b, it is
shown that AGfin. < AG*, implying that R""' «R"™ and R"°«R"®. In this
case only F; molecules can be considered as the effective growth units.

AG* (kT mol-1)

20 40 60 80 100 120 140 160 180

¢, The potential of adsorbed urea molecules plotted against orientations
of the dipole vectors of the molecules at the (001) interface (indicated
by +) and the (110) interface (indicated by O). The potential can be
expressed as a function of the orientational distribution probability
P(cos @) by —KT In [P(cos 8)] (0 is the angle between the dipole vectors
and the outward surface normal). The distribution probability P(cos )
has been calculated by averaging the time series of coordinates of the
solute urea molecules in the first adsorbed liquid layer. For the orienta-
tion of (001) a small minimum at #~0 in our present calculations
correspond to the ordering of urea molecules occurring in the second
fluid layer. The face (001) corresponds to case | (shown in a) and the
face (110) corresponds to case li (shown in b). To determine the orienta-
tions of urea molecules fully, we should also look at the distribution of
the N-N vector of urea molecules; similar analysis led to an extra factor
of 0.5 in X5, for {110} and 1 for {001}.
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FiG. 3 Snapshot of the interface between crystalline urea (left) and
saturated aqueous urea solutions (right) in the {001} orientations. On
the right, a water molecule (above) and a urea molecule (below) are
drawn for clarification. These snapshots have been generated by means
of molecular dynamics simulations*®>™". Using this technique, the new-
tonian equations of motion are integrated numerically for a large num-
ber of particles. The computational box consisted of 300 crystailine
urea molecules, 200 solute urea molecules and 500 water molecules.
Only the interfacial region of the computational box is shown. Simulation
runs of about 200 picoseconds have been done for both interfaces. By
averaging the time series of the generated coordinates, density profiles
and orientational distributions of the adsorbed solute urea molecules
at the interface have been calculated. Two F;-like urea molecules in
the first fluid layer of the (001) interface are drawn in black. (The inter-
molecular potentials chosen for the calculation are given in refs 15—
17, and the self-consistency of the calculations has been checked by
comparing the calculated total nitrogen radial distribution function with
that of neutron scattering experiments'’. The results are in good
agreement.)
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FIG. 4 Wulff constructions of the growth morphology of urea crystals
based on different formalisms. a, The growth morphology predicted
according to our approach (see equation (2)) (R /R ox34.9). b, The
growth morphology predicted according to the Hartman—Perdok
theory®* 18, where it was assumed that Rigx(d—E&n)
(Rbo1 /R110~1 35). The growth habits of urea crystals shown in a and
b are substantially different. One is needle-like, the other is block-like.
Experiments*>* show that urea crystals grown from aqueous solutions
have a needle-like shape (R&y:/RT10~50). dooy=4.7T12A, dy10=
4003 A (ref 12); 5001 =0.556, 5110'— 0. 671 (ref 18), Noor X~ N110x4
(ref. 18); XA(001)~O 031, XA(110)~0 088 (this work); X,=0.256 (ref. 17),
and AHY*/kT=6.79 (T=298.15 K) (ref. 19).

In XS, /In X o (ref. 9), from which we finally obtain equation
(3). Thus, the growth rate of a specific crystal face can be deter-
mined from equations (2) and (3). The quantities ny,, dux; and
& can easily be calculated from the crystal structure and a given
potential model (refs 3, 11 and X.Y.L. and P.B., manuscript in
preparation). The key issue then is to calculate X %y, from an
analysis of the interfacial structure obtained from molecular
dynamics simulations.

We now apply the above theory to urea crystals grown from
aqueous solutions. Urea (O=C(NH,),) crystalhzes in the tetra-
gonal space group Pism (@=35.661, c=4.712 A)'%. According to
experiments'>'* the crystals are mamly bounded by the {001},
the {110} and the {111} faces. We shall i ignore the {111} faces
for the sake of simplification. To calculate X5, ackn and X
for the remaining two surfaces, we have carried out molecular
dynamics simulations'*>""” for the two interfaces between a satu-
rated urea solution and the crystal surfaces, at X, =0.256. A
snapshot along the interface of {001} is shown in Fig. 3. Poten-
tial distributions of the dipole vectors (O— C) of solute urea at
the surfaces of {001} and {110} are shown in Fig. 2c.

F, urea molecules in the first fluid layer at the {001} surfaces
should have their O—C dipoles roughly antiparallel to the out-
ward surface normal (62 180°), where 0 is the angle between
the vectors and the outward surface normal; see Fig. 3). In Fig.
2¢, an eminent minimum occurs at & ~180°. The transformation
from other orientations to the orientation of 8~ 180° may need
to pass at most the small potential barrier AG{or, (<1 AkT). It
can be roughly estimated* that AGF..~kT. This suggests that
AG* is small compared with AGf.., and we have the case where
XA(OO[) ~Xao1)-

Unlike the {001} faces, F-like urea molecules at the {110}
faces should have their O—C dipoles roughly parallel to the
surface (#=90°)'>'®. Tt is shown in Fig. 2¢ that AG ¢, is rela-
tively high (AG & 10~ 2AG {501), 50 here we have the second case.
Only those urea molecules with 60° <8< 120° are regarded as
F,-like molecules or effective growth units. (AG* of those
molecules are equal to or less than zero; see Fig. 2¢). From
Xaciio, and Fig. 2¢, X110y can be calculated.

Substituting these data, together with nyy, diyy and &y (refs
12, 18), into equations (2) and (3) yields R} for the two orienta-
tions (see Fig. 4 legend for details). The growth form of urea
crystals is constructed based on R}, in corresponding crys-
tallographic orientations'®. We predict that, in the case of
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growth from aqueous solution, urea crystals should adopt a
needle-like shape (Fig. 4a), in agreement with experimental
observations'>"*. This striking result demonstrates the validity
of our approach in the prediction and the study of morphology
of crystals growing from solutions. O
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MEANs of distinguishing between enantiomers of a chiral molecule
are of critical importance in many areas of analytical chemistry
and biotechnology, particularly in drug design and synthesis. In
particular, solution-based sensor systems capable of chiral recogni-
tion would be of tremendous pharmaceutical value. Here we report
the chiral discrimination of D- and L-monosaccharides using a
designed receptor molecule that acts as a sensor by virtue of its
fluorescent response to binding of the guest species. Our receptor
contains boronic acid groups that bind saccharides by covalent
interactions; such receptor systems have been much studied
previously'™ for complexation of saccharides, and have an advan-
tage over others based on hydrogen-bonding interactions’"', for
which polar protic solvents such as water can compete with guest
binding. Our molecular sensor also incorporates a fluorescent
naphthyl moiety; binding of each enantiomer of the monosacchar-
ides alters the fluorescence intensity to differing degrees, enabling
them to be distinguished. These water-soluble molecular sensors
might form the basis of a quantitative and selective analytical
method for saccharides.

Recently we developed a photoinduced-electron-transfer
(PET)'*'* sensor for saccharides based on the interaction of
boronic acid and amines>*. When saccharides form cyclic boron-
ate esters with boronic acids such as 1 and 2 (Fig. 1), the acidity
of the boronic acid is enhanced'* and therefore the Lewis acid-
base interaction with the tertiary amine is strengthened. The
strength of this acid-base interaction modulates the photoinduc-

* To whom correspondence should be addressed.
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