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Abstract: The mechanism by which solvent exerts its effect during the process of crystallization is poorly
understood. An important and ongoing problem is the uneven growth of the faces{011} and {01h1h} of
R-resorcinol in water. Growth occurs mainly at the{01h1h} surface. In an attempt to determine the mechanism,
molecular-dynamics simulations have been carried out of the two surfaces in contact with water. The dynamical
properties of the water close to the surface as well as the overall interaction energies of the water with the
respective faces have been calculated. The strongest water-binding sites have also been determined and
energetically characterized. The data indicate that the adsorption of water molecules is stronger at the slower
growing {011} face, with the strongest binding occurring at specific sites on this face. The motion of the
water molecules in the surface layer at this face is also more localized and restricted compared with that at the
faster growing{01h1h} face. The binding sites at the{011} surface are not within the grooves that are present
at this surface but are located above the outermost part of the crystal surface. The water molecules form
strong hydrogen bonds with the limited number of hydroxyl oxygens of the resorcinol molecules protruding
from the surface. The overall inference is that the stronger binding of the water molecules at the{011} surface
serves to retard crystal growth, rather than enhancing it as predicted by the surface roughening theory.

Introduction

The choice of solvent during crystallization can influence both
the structure and habit of the resulting crystals. However, the
mechanism of action by which solvent exerts its influence is
still a matter of debate. There are two distinct hypotheses that
attempt to explain the effect of solvent on crystal growth. In
the surface roughening hypothesis1 the interaction of the solvent
with specific crystal faces is considered to reduce the surface
tension. The consequence is a transition from a smooth to a
rough interface and a resultant increase in the rate of growth of
the affected faces. On the molecular level, the solvent reduces
the edge energy, thus lowering the barrier for the two-
dimensional nucleation required for initiating the growth of the
next layer. The alternative hypothesis proposes that any
preferential adsorption of the solvent to a given crystal face
will inhibit the growth of that particular face,2 since the solute
would be in competition with the solvent molecules for the
growth sites. Attachment of solute would require removal of
the bound solvent, which would be an additional energy barrier.
This latter theory of adsorption resulting in inhibition is
consistent with the mechanism of action of tailor-made additives

on crystal growth.3 Selective adsorption of tailor-made additives
onto a given face results in inhibition of growth of that face.

An effective way of investigating the effects of solvent on
crystal growth is to focus on polar crystals.4 Unequal growth
of polar crystals along the polar axis tends to be dominated by
crystal-solvent interactions. The few studies that have attempted
to examine the effect of solvent indicate that neither of the two
hypotheses, surface roughening or adsorption-inhibition, needs
be the definitive mechanism. For some systems, e.g.,N-n-octyl-
D-gluconamides crystallizing from water, the differences in the
crystal growth of specific faces are related to the hydrophilicity
of the face5 and inversely to the average binding energy of
solvent to the face.6 These observations thus support the
adsorption-inhibition hypothesis. However, with other systems,
e.g., (R,S)-alanine andγ-glycine, the experimental observations
of faster growth along one side of the polar axis can only be
explained by a complex, relay-type mechanism that does not
fall in either camp.7

The difficulty in elucidating the mechanism of action of
solvent results from the fact that the molecular structure and
dynamics of the crystal-solvent interface are not entirely
accessible by direct experiment. In favorable systems, the space-
and time-averaged structural aspects of the crystal-solvent
interface can be characterized by grazing-incidence X-ray
diffraction.8 A complementary approach is to utilize potential
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energy calculations and computer simulations based on the
atom-atom potential method.9 While it is possible to simulate
crystallization from melt for realistic systems,10 explicit simula-
tion of crystallization from a solvent still represents a challenge.
The basic problem is that the latter process is characterized by
long time scales. Success has been achieved using simple models
comprising individual solute and solvent atoms characterized
by a Lennard-Jones potential,11 and these studies are consider-
ably enhancing our understanding. Real molecular systems,
however, remain inaccessible. In view of this, simulations are
restricted to examining the interaction and behavior of solvent
at the surface of apredefinedcrystal. Notable investigations of
this type include the crystal-water interface of ice,12 sodium
chloride,13 urea,14 resorcinol,6 andN-n-octyl-D-gluconamides.6

The riddle ofR-resorcinol (Figure 1) concerning the uneven
growth of the faces{011} and{01h1h} along the polar axis in an
aqueous solution is an important and outstanding problem.15,16

Growth occurs primarily along the{01h1h} face.17 Due to the
polar axis, both faces are expected to grow evenly provided
the solvent-surface interaction at the two faces is about the
same. Structurally, the{01h1h} face is relatively flat, exposing
primarily hydroxy1 oxygen atoms of the resorcinol molecules
but not their hydrogen substituents. Three out of four of the
hydroxyl hydrogens are involved in hydrogen bonds linking the
resorcinol molecules within the layer. The fourth hydroxyl is
buried within the layer and emerges at the{011} face. The
{011} face consists of grooves between protruding molecules
and exposes mostly aromatic hydrogens and a limited number
(one out of a possible four) of hydroxyl hydrogens. Since
aromatic hydrogens of phenol-like molecules are known to form
C-H‚‚‚O hydrogen bonds,18 the {01h1h} and{011} faces have
been referred to as basic and acidic, respectively.16

The question of how the aqueous solvent exerts its influence
across the resorcinol polar axis has been investigated using static

potential energy calculations of the interaction of water with
the crystal surface16 and Monte Carlo simulations of the crystal-
water interface.6 The findings from these studies, however, were
inconclusive. These studies suggest that the lower rate of growth
of the{011} face may be due to strong and specific interactions
of water within the grooves present at this face. What is missing
is a dynamic picture of the solvent behavior at the crystal-
solvent interface. One needs to identify any important sites on
the crystal surface, the energies of interaction of the solvent
molecules at these sites, and residency times or diffusion rate
constants of the solvent molecules. These considerations suggest
a molecular dynamics simulation of the{011} and {01h1h}
crystal-water interfaces as the next logical step.

This paper presents a molecular dynamics (MD) simulation
study of the{011} and{01h1h} interfaces of crystallineR-resor-
cinol with water. The data yield a detailed picture of both the
dynamics and energetics of water interactions at the two
surfaces, which has been found invaluable toward elucidating
the mechanism of action of the solvent.

Molecular Dynamics Simulations

The MD simulations were performed using the DL_POLY package.19

The simulation cell consisted of a thin block ofR-resorcinol crystal
exposing the{01h1h} and {011} faces to water (Figure 2). Periodic
boundary conditions were applied in all three dimensions. Thus, the
resorcinol crystal was infinite in they andz directions but limited in
the x dimension. When simulating interfaces using such boundary
conditions, it is important to ensure that the solvent molecules in the
simulation system do not simultaneously see both faces of the crystal.
This constraint prevents one crystal face from influencing the water
structure at the other face. Therefore, the thickness of the water layer
separating the two faces must be at least 4 times the cutoff radius.
Likewise, the thickness of the crystal slab must be greater than 2 times
the cutoff. This prevents water molecules that are in juxtaposition to
one of the crystal faces from seeing (across the crystal boundary) water
molecules at the other face. The cutoff was 1.1 nm. The thickness of
the crystal slab was 6.0 nm, while that of the water layer was typically
about 7.0 nm, both well within the constraints. A typical system
consisted of 432 molecules of resorcinol and 2117 molecules of water.

The SPC model20 for water was used at a starting system water
density of approximately 1.0 g/cm3. The resorcinol molecule was
described by a force field form comprising intramolecular terms (bonds,
angles, and dihedrals), a Lennard-Jones term for the nonbonded
dispersion interactions, and a Coulombic interaction term. Partial
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Figure 1. Molecular structure of resorcinol.

Figure 2. Simulation cell comprising a crystal lamina ofR-resorcinol
with the faces{01h1h} and{011} exposed to water. Periodic boundaries
exist in all three directions.
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charges for resorcinol were determined from electrostatic potential
fitting to the SCF wave function (6-31G**) of the optimized molecule.
The charges are given in Table 1.

Parameters from the force fields CHARMM,21 OPLS,22 and AM-
BER23 were evaluated for resorcinol by performing a 5 pssimulation
of the R-resorcinol crystal (3× 3 × 5 unit cells) in the Parrinello-
Rahman (constant stress) NPT ensemble24 at a temperature of 298 K
to assess the stability of the crystal lattice. The long-range coulomb
interactions were calculated using Ewald summation.25 Real-space cutoff
was 1.1 nm. The resulting lattice parameters and the corresponding
lattice energies from the simulations as a function of force field are
tabulated in Table 2. Of the three force fields, the AMBER parameters
gave the lowest deviation in the lattice parameters and the closest lattice
energy value (24.7 kcal/mol) to the known experimental sublimation
enthalpy26 (22.1 kcal/mol). The low lattice parameter deviations and
the respectable parity between the lattice energy and the sublimation
enthalpy indicate that the AMBER parameters are reasonably accurate
in describing theR-resorcinol crystal. The AMBER force field was
therefore chosen and employed for the resorcinol crystal-water
interface simulations.

Two simulations of the resorcinol-water interface were carried out.
In the first simulation the Coulombic interactions were calculated using
Ewald summation, while for the second the Coulombic interactions
were restricted to the cutoff employed for the dispersion term. The

reason for carrying out these two simulations was to ascertain as to
what extent the results are influenced by the choice of treatment of the
Coulombic terms. For simulations of water between metal surfaces,
the use of Ewald summation is known to significantly improve the
match between the observed and the calculated structural ordering of
the water.27

The simulations were carried out in a constant NPT ensemble at a
temperature of 298 K and 1 atm pressure. The time step was 2 fs. The
cutoff was 1.1 nm for the dispersion interactions. The crystal was kept
static, and only the water molecules were allowed freedom during the
simulation. There was uncertainty as to whether the crystal structure
would remain stable in the presence of water. In setting up the
simulation box, the crystal structure was minimized prior to immersion
in the water and then again in the presence of water.

Each crystal-water interface simulation was carried out initially for
100 ps to allow equilibration. This was followed by a production run
of 100 ps. System trajectories were sampled every 50 time steps, being
equivalent to 0.10 ps.

Results and Analysis

The results presented, unless stated otherwise, refer to the
simulation employing Ewald summation.

Density Profiles.The system was divided into segments of
0.015 nm along thex-axis. The center-of-mass density of water
was then calculated in each segment. The resulting water density
profile is shown in Figure 3. The profile reveals a single strong
peak at the{01h1h} face and at least two well-defined sharp peaks
at the{011} face. The peaks represent distinct surface layers
of water in which the molecules are more localized compared
to the surrounding bulk water. The widths of the peaks have
been used to define the layers of water at the surface. The layer
definitions and properties are tabulated in Table 3. Moving away
from the surfaces, the density begins to become more uniform,
indicating that the ordering of the water molecules is restricted
to the surfaces. The features of the water density profile obtained
for the non-Ewald simulation (not shown) are identical to the
profile obtained from the simulation employing Ewald sum-
mation.

Trajectory Projections. It is useful to examine the extent
of the motion of the water molecules at varying distances from
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Table 1. Partial Charges for theR-Resorcinol Molecule
Determined Using Electrostatic Potential Fitting to the SCF
Wavefunction (6-31G**) of the Optimized Molecule

atom index atom electronic charge/electrons

1 C1 -0.569
2 C2 0.108
3 C3 -0.569
4 C4 0.611
5 C5 -0.575
6 C6 0.611
7 H1 0.456
8 H2 0.456
9 H3 0.198

10 H4 0.133
11 H5 0.198
12 H6 0.266
13 O1 -0.622
14 O2 -0.622

Table 2. Crystal Force Field Evaluationa

AMBER OPLS CHARMM

force field exptl % dev % dev % dev

A/Å 10.530 10.74 1.99 10.76 2.18 11.02 4.65
B/Å 9.530 10.34 8.50 10.38 8.92 10.56 10.81
C/Å 5.660 5.34 5.65 5.26 7.07 5.45 3.71
R/deg 90.0 90.01 0.01 89.91 0.10 90.02 0.02
â/deg 90.0 90.01 0.01 89.98 0.02 90.10 0.11
γ/deg 90.0 89.96 0.04 89.89 0.12 89.89 0.12
lattice energy/

kcal mol-1
22.1 24.7 25.9 24.9

a Deviation of unit cell parameters from experiment30 for the
R-resorcinol crystal after a 5 psmolecular dynamics (constant stress)
simulation at 298 K as a function of force field. Corresponding lattice
energies are also compared with the experimental sublimation en-
thalpy.26

Figure 3. Water density profile across the simulation cell averaged
over 100 ps for the Ewald summation simulation. The crystal boundary,
defined by the center-of-mass positions of the surface resorcinol
molecules, is shown by the vertical dotted line. The slower growing
{011} face is on the right.

Table 3. Water Layer Properties

surface layer

range (distance from
center of simulation

cell)/nm
number of water

molecules
density/
g cm-3

{011} layer 1 2.86-3.20 109 1.09
layer 2 3.20-3.38 69 0.95
bulk 5.00-6.00 284 0.94

{01h1h} layer 1 3.05-3.35 163 1.13
bulk 5.00-6.00 283 0.94
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the crystal surface. This can be done pictorially by plotting the
center-of-mass trajectories of water molecules in a defined layer
in the plane of the crystal surface (y-z plane). The resulting
trajectory projections for the first surface layer (as defined from
the water density profile) for the two crystal faces are shown
in Figure 4. The trajectory projections for both faces show
localization of the water to corrugated and restrictive channels
running along thez-axis of the system. The first layer of water
at the{011} face also reveals additional islands located between
the channels where the water molecules are highly localized
during the simulation. Trajectory projections (not shown) of
segments of water moving away from the crystal show the water

motion becoming more diffuse. In the furthest segment from
the crystal surface the trajectory projections become altogether
uniform.

Diffusion. The diffusion of the water molecules was char-
acterized in the surface layers (as defined from the water density
profile) and the bulk and also in 0.05 nm segments along the
x-axis of the system. The effective diffusion constants for the
surface layers and for a segment of bulk water are presented in
Table 4. The diffusion constants in thex, y, andz dimension of
the simulation cell for the 0.05 nm segments are plotted as a
function of distance along thex-axis in Figure 5. The diffusion
constants were calculated as detailed by Boek et al.14 The
calculation for each segment/layer was over periods of 10 ps
and then averaged over the entire production run.

The diffusion constants for water in the segments closest to
the surface of the slower growing{011} face are consistently
lower than the respective values for the{01h1h} face. This

Table 4. Diffusion Rate Constants for Water in the Surface Layers of Water and in a Segment of Water at 5.0-6.0 nm from the Center of
the Simulation Cell

surface layer D/10-9 m2 s-1 Dx/10-9 m2 s-1 Dy/10-9 m2 s-1 Dz/10-9 m2 s-1

{011} layer 1 2.11 (0.14)a 1.80 (0.05) 2.36 (0.20) 2.27 (0.19)
layer 2 3.42 (0.13) 2.94 (0.07) 3.66 (0.10) 3.58 (0.07)
bulk 4.34 (0.11) 4.29 (0.14) 4.23 (0.37) 4.45 (0.26)

{01h1h} layer 1 3.04 (0.13) 2.82 (0.28) 3.20 (0.03) 3.36 (0.27)
bulk 4.24 (0.14) 4.40 (0.11) 4.27 (0.17) 4.26 (0.12)

a The estimated standard deviations are given in parentheses.

Figure 4. Center-of-mass trajectory projections for the water molecules
in the first surface layer plotted in the plane of the crystal surface over
a 100 ps period for the (a){011} and (b){01h1h} crystal-water interface.

Figure 5. Diffusion rate constant of water (10-9 m2 s-1) in 0.05 nm
segments along thex dimension of the simulation cell in the (a)x, (b)
y, and (c)z dimension calculated over a 100 ps trajectory. The crystal
boundary, defined by the center-of-mass positions of the surface
resorcinol molecules, is shown by the vertical dotted line. The slowest
growing {011} face is on the right. Data appearing within the crystal
at the {011} surface are for molecules that are present within the
grooves at this surface.
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indicates that the water at the surface of the slower growing
{011} face remains much more localized in position. In general,
the diffusion constants are lower for the water molecules closest
to the surfaces, i.e., those within the channels or grooves present
at the surfaces, and gradually increase as one moves away from
the surfaces. For the slow growing{011} face, all three
anisotropic diffusion constants show a small peak with an
associated minimum close to the surface. The diffusion constant
is lowest for the innermost molecules and, on moving away,
shows an increase followed by a decrease leading to a minimum
and then begins to increase again. The implication is that, other
than the innermost water molecules, there is an additional layer
whose motion is strongly restricted. This layer corresponds to
the strongest-bound water molecules at this surface (see below).
Comparison of the anisotropic diffusion coefficients (Table 4)
shows that the diffusion of the water in the surface layers is
slower in thex direction compared with they andz directions.
This is expected, since the transfer of the water molecules from
one surface layer to the next (or to the bulk water) is likely to
be restricted. On moving away from the crystal surface, the
coefficients become larger and plateau as the water begins to
behave much like bulk water. The coefficient obtained for the
water furthest from the crystal surfaces compares well with
previous calculated values for SPC bulk water.28 This confirms
that the dimensions of the simulation cell were adequate,
particularly the thickness of the water between the two crystal
faces.

Crystal-Water Interaction Energy. Molecular dynamics
packages that are currently available do not give a breakdown
of the potential energy for either the individual molecular species
or the interspecies interaction.

Therefore, the crystal-water interaction energies and the
individual water molecule binding energies were calculated from
the trajectories. The crystal-water interaction energies for both
surfaces{011} and{01h1h} are given in Table 5. These energies
reveal a higher affinity of water for the slower growing{011}
face, the actual energy being about 16% lower (higher in
magnitude but negative) than that for the{01h1h} face. Breakdown
of the energies shows that the Coulombic component is largely
responsible.

The crystal-water interaction energy with a change in sign
is commonly referred to as the work of adhesionWa. It is related
to the solid/liquid interfacial free energy,γLS, by the Dupre
equation

whereγL andγS are the surface free energies of the liquid and
solid phase, respectively.

The surface free energy of a solid,γS, can be estimated from
the interaction energy (work of cohesionWc) between two halves
of a crystal bisected perpendicular to the required axis. The
appropriate equation isWc ) 2γS. The determinedγS is at 0 K
and does not take into account surface reconstruction. Substitut-
ing Wa for a given face of resorcinol (125.97 mJ m-2 for {01h1h}

and 144.65 mJ m-2 for {011}), the experimental value forγWater

(72.88 mJ m-2), and the estimate forγResorcinol for the polar
c-axis (46.53 mJ m-2) into the Dupre equation gives interfacial
energies of-6.56 and-25.24 mJ m-2 for the{01h1h} and{011}
faces, respectively. These values are clearly very low and close
to zero, the negative sign arising from the approximations
involved. A low value is indeed expected for a polar substance
such as resorcinol, which gives further confidence in both the
force field being employed and the simulations.

Characterization of the Strongest Binding Sites.An attempt
was made to determine the strongest binding sites on the two
surfaces. The crystal-water binding energies of the 14 most
strongly bound water molecules at each surface were determined
and are tabulated in Tables 6 and 7, while the trajectory
projections of these molecules are shown in Figure 6. These
molecules and their coordinates were identified by calculating
the binding energy of each water molecule in the surface layer
with the crystal as a function of simulation time and then ranking
the energies. From Tables 6 and 7, it is clear that the binding
of the strongly bound water molecules is significantly and
consistently stronger at the slower growing{011} face compared
with that at the{01h1h} face. The energy differences are reflected
in the diffusion rate constants of the individual molecules, the
diffusion constants being lower for the slower growing face.
The trajectory projections in Figure 6 show that the binding
sites on the slower growing face correspond to the isolated areas
observed in the trajectory projections of the first water layer.
These sites (being characterized by lower energy and lower
diffusion) thus serve as strong binding sites for water, and the
removal of this water could be the rate-limiting step in the
growth of the{011} face. In contrast, the faster growing{01h1h}
face does not show any specific sites. The trajectory projections

(28) van der Spoel, D.; van Maaren, P. J.; Berendsen, H. J. C.J. Chem.
Phys. 1998, 108, 24.

Table 5. Crystal-Water Interaction Energies for the{011} and the
{01h1h} Surfaces ofR-Resorcinol against Water

surface
Coulombic/

mJ m-2
Lennard-Jones/

mJ m-2
total/

mJ m-2

{011} -132.07 -12.58 -144.65
{01h1h} -110.69 -15.28 -125.97

Wa ) γL + γS - γLS

Table 6. Binding Energies and Diffusion Constants of the 14
Strongest-Bound Water Molecules at the{011} Surface

binding energy/
kJ mol-1

diffusion constant/
10-9 m2 s-1

-36.51 0.23
-36.83 0.10
-33.88 0.19
-35.95 0.19
-42.29 0.18
-39.58 0.11
-39.99 0.15
-39.66 0.41
-40.61 0.12
-39.38 0.14
-39.60 0.53
-39.45 0.12
-36.46 0.33
-39.51 0.39

Table 7. Binding Energies and Diffusion Constants of the 14
Strongest-Bound Water Molecules at the{01h1h} Surface

binding energy/
kJ mol-1

diffusion constant/
10-9 m2 s-1

-23.78 2.23
-26.82 1.68
-29.97 1.80
-30.06 0.50
-28.30 0.49
-29.77 2.24
-27.40 2.83
-28.05 1.16
-24.26 0.18
-25.24 0.68
-27.30 2.79
-29.79 2.69
-29.66 1.06
-29.21 1.94
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of the strongly bound water molecules for this face do not appear
to show these molecules being confined at any specific sites.

Snapshots of both the{011} and the{01h1h} crystal surfaces
showing the strongest-bound water molecules are given in
Figures 7 and 8, respectively. The strong binding sites at the
slow growing{011} surface are not (as expected) within the
grooves running along the crystallographica-axis (z direction
of the simulation cell), but are located above the outermost part
of the crystal surface. The water molecules at these sites all
expose their oxygens toward the crystal surface but not their
hydrogens. The molecules form strong hydrogen bonds with
the limited number (one per two resorcinol molecules) of
hydroxyl hydrogen atoms that are exposed at this surface. These
water interactions are stronger than those with the aromatic
hydrogens that are present both within the grooves and
protruding from the surface. For the faster growing{01h1h}
surface, the strongest-bound water molecules generally orient
with their hydrogen atoms pointing to the crystal surface. These
are hydrogen-bonded to the exposed hydroxyl oxygen atoms
of the resorcinol molecules. Some of the water molecules do
not appear to be involved in hydrogen bonding. Furthermore,
their location does not appear to be restricted to specific sites.

Simply focusing on the strongest binding sites may not be
entirely useful in identifying a rate-limiting step for crystal

growth. A binding site at which the motion of a solvent is
restricted, irrespective of the underlying mechanism, could be
more important. For a solvent molecule trapped within a pocket,
the binding may be weak, and yet its motion may be restricted
due to a restriction in the degrees of freedom of the molecule
imposed by the pocket. In view of this, the trajectory of the
molecules in the surface layers was searched to identify
molecules with the lowest diffusion constants. The slowest
diffusing molecules were then ranked, and their locations were
determined at various time intervals. The results complement
the earlier analysis of the diffusion constants in segments of
water along thex-axis. On the slower growing{011} face, the
slowest diffusing molecules include not only the strongest-bound
water molecules but also those within the channels on this face.
The strongest-bound water molecules may play a role in
restricting the motion of the molecules within the channels by
influencing the water structure above the channels. On the faster
growing {01h1h} face, the picture is similar in that the slowest
diffusing molecules include some of those within the shallow
channels on this face as well as the strongest bound. An overall
comparison between the two faces (as confirmed by Figure 5)
indicates that water molecules at the slower growing face are
more restricted in their motion than those at the faster growing
face.

Discussion

The problem being addressed is how does the solvent, namely
water, cause uneven relative growth ofR-resorcinol crystals
along the polar axis{011}. The key issue is the interaction of
the solvent with the respective crystal faces and its effect on
subsequent growth of the surfaces. Toward this end, molecular
dynamics simulations of the crystal-water interface for both
the {01h1h} and the{011} interfaces have been carried out.

As to whether solvent binding retards or promotes crystal
growth will, in principle, depend on whether the binding is
confined to specific sites or is nonspecific, the strength of the
binding, and the extent of supersaturation. Should the binding
occur preferentially at specific sites, the role of the solvent will
depend on whether the occupied sites correspond to the solute
sites for the next growth layer. The various possibilities and
expected outcomes are tabulated in Table 8.

When the solvent binding is nonspecific and weak, the solvent
is expected to promote crystal growth. This is the solvent
roughening theory, whereby the solvent molecules reduce the
edge energy, thus lowering the two-dimensional nucleation
barrier so as to enable the growth of the next layer to continue.
In contrast, a stronger, nonspecific interaction between the
solvent and the crystal surface is expected to retard the growth
of the crystal surface.5,6 In this case, desolvation is likely to be
the rate-limiting step.

When solvent binding occurs at specific sites, there are at
least two important situations that need to be considered. If the
binding is at sites that correspond to the solute sites for the
next growth layer, the solvent is expected to retard growth.
Growth of the next solute layer cannot occur until the bound
solvent molecules are displaced from the solute sites. The extent
of inhibition of growth will depend on the strength of binding
of the solvent molecules and on how the bound solvent
molecules interact with the oncoming solute molecules. If the
adsorbed solvent molecules neither block nor disrupt the
interaction of the oncoming solute molecules, the effect of the
solvent may be marginal and the solvent simply becomes
occluded within the growing crystal.

Figure 6. Center-of-mass trajectory projections for the strongest-bound
water molecules (dark shading) superimposed on trajectory projections
of all molecules in the first water layer (light shading), over a 20 ps
period at the (a){011} and (b){01h1h} surface.
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For solvent molecules binding at sites other than those
corresponding to the solute sites of the next growth layer, there
is a possibility that the solvent may promote growth. The actual
effect of the solvent will depend on whether the solute sites are
still accessible as well as on the strength of the binding.
Inaccessible solute sites should lead to inhibition. Strong binding
on nonsolute sites, while promoting the growth of the next layer,
may inhibit the growth of the subsequent layer, as desolvation
could then be the rate-limiting step. This would result in a cycle
of slow-fast-slow-fast growth not too dissimilar to the relay
mechanism proposed for the growth of (R,S)-alanine and
R-glycine in water.7

For R-resorcinol the results from the MD simulations of the
{011} and{01h1h} crystal-water interfaces are consistent with
stronger adsorption of water resulting in slower growth. At the
slower growing{011} face, the average crystal-water binding
energy is lower (that is, the binding of water is stronger) and
the motion of the water molecules more restricted. Furthermore,
this face is also characterized by strong, specific water-binding
sites.

Examination of the water density close to the crystal surfaces
does not shed any light as to whether there is any preferential
affinity of the surfaces for water. Both surfaces appear to be
strongly hydrophilic, being characterized by strong sharp peaks

Figure 7. Snapshot of the slow growing{011} resorcinol crystal surface showing the strongest-bound water molecules, looking (a) along the+b
-c direction, (b) along thea-axis, and (c) down on the crystal surface along the+b +c direction.
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close to the surface. The crystal-water interaction energies,
however, are more discriminating. The energies indicate that

the water is more strongly adsorbed at the slower growing{011}
face. The crystal-water interaction energy for this face is about
16% lower than the faster growing face (Table 5). The stronger
interaction at this face is attributed to the extensive, strong C-H‚
‚‚O interactions with water and the larger accessible surface
area due to the grooves.

One might assume that the effect of water could be attributed
simply to the determined difference in the average crystal-
water interaction energy. The average crystal-water interaction
energy, however, may not be important, and the removal of
one or more water molecules that are more strongly bound at

Figure 8. Snapshot of the faster growing{01h1h} resorcinol crystal surface showing the water molecules with the lowest energy, looking (a) along
the +b -c direction, (b) along thea-axis, and (c) down on the crystal surface along the-b and-c direction.

Table 8. Possible Effects of Solvent Binding on Crystal Growth

type of binding binding strength expected outcome

nonspecific weak promotion
strong inhibition

specific: solute sites weak inhibition
strong inhibition

specific: nonsolute sites weak promotion
strong promotion-inhibition

relay mechanism
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some specific sites could be the rate-limiting step in the crystal
growth process. Thus, it is also necessary to characterize the
strongest water-binding sites on the crystal surface. Such an
analysis (Tables 6 and 7) indicates that there are indeed sites at
which the water molecules are significantly more strongly bound
and that they occur on the slower growing{011} face. The
existence of these sites is also confirmed by the trajectory
projections (Figure 6), which clearly reveal the islands of highly
localized water molecules between the channels at the slower
growing face. The binding sites, however, are not located within
the grooves as one might expect. The sites are above the
outermost part of the crystal surface, the interaction of the water
here being with the limited number of hydroxyl hydrogen atoms
that protrude from this surface. These interactions are stronger
than those with the aromatic hydrogens within the grooves. The
water diffusion data are entirely consistent with the picture
emerging from the binding energy calculations. The effective
diffusion of water at the surface of the slower growing{011}
face is significantly lower compared with the respective value
for the faster growing face (Table 4 and Figure 5). In general,
for both crystal surfaces, the molecules occupying the channels
have the lowest diffusion constant. For the slow growing{011}
face, however, the strongest-bound water molecules that are
located above the crystal surface also exhibit low diffusion rates
(Table 7). This behavior is reflected in Figure 5, where the
anisotropic diffusion constants show a small peak close to the
surface of the slow growing face.

As to what exactly might be the rate-limiting step in the
growth of the slower growing face is not clear. The strong
binding sites, since they are located above the protrusions on
the surface, might not be expected to interfere with solute
attachment into the grooves. In which case, desolvation of the
grooves would be the rate-limiting step. However, for the
subsequent attachment of solute molecules, the removal of the
water from the strong binding sites would be necessary, and
this step would then be the rate-liming step. The strong binding
sites may also have an indirect role in restricting the motion of
the molecules within the grooves. This could be by way of
dictating the water structure above the grooves.

That the water is retarding growth at the{011} face is
consistent with conclusions of previous studies that have
attempted to address this question.6,16,29 The crystal-water
interaction energies compare well with those obtained by
Khoskhoo and Anwar:6 -134 mJ m-2 ({011} face) and-130
mJ m-2 ({01h1h} face) compared with-145 and-126 mJ m-2,
respectively, for the present study. These differences in energy
can be attributed to the fact that the current simulations employ
a larger system, better force field parameters, and sample phase
space more thoroughly. In the experimental study of Davey et
al.29 the kinetics of the crystal faces{011} and {01h1h} of

R-resorcinol were measured as a function of supersaturation.
The rate of growth of the{011} face was, at all supersaturations,
lower than that of the{01h1h} face and exhibited a dead zone at
low supersaturations. In contrast, the{01h1h} face did not show
any detectable dead zone and growth appeared to occur even at
very low supersaturations. This dead zone behavior is similar
to that observed for crystal growth in the presence of additives
that inhibit growth. It was, therefore, concluded that the dead
zone and the lower growth rate at the{011} face resulted from
strong adsorption of water at this face.

The present simulations provide categorical evidence for the
association of strong, selective binding and restricted motion
of water with slower crystal growth forR-resorcinol. The full
mechanism of action of the solvent, however, still remains
elusive. We do not yet have a dynamic picture of the molecular
processes that occur as solute competes for sites on the growing
crystal surface in the presence of the solvent. Long time-scale
simulations of the crystal interface with a supersaturated solution
could significantly enhance our understanding.

Finally, we would like to make a technical comment regarding
the simulation methodology. Calculation of the Coulombic
interactions using Ewald summation is rigorous but can
significantly increase the computing requirement, the effect of
which is to limit the time scales of the simulations. Crystal
growth processes are relatively slow, and much insight could
be gained from exploring longer time scales in the simulations.
It is therefore important to ascertain whether Ewald summation
is necessary for simulations of crystal-solvent interfaces for
polar, molecular systems. For metal-water surfaces, Ewald
summation has been considered to be essential.27 Comparison
of the two simulations conducted in the present study, that is,
with and without Ewald, shows that the features of the
simulations and the properties calculated are essentially identical.
The crystal-water interaction energies were-145 mJ m-2

({011} face) and-126 mJ m-2 ({01h1h} face) for the Ewald
simulation and-150 mJ m-2 ({011} face) and-126 mJ m-2

({01h1h} face) for the non-Ewald simulation. The density profiles
(not shown) and the diffusion constants are also very similar.
In view of this, it seems reasonable to carry out simulations of
the crystal-solvent interfaces for polar, molecular crystals
without employing Ewald summation. A qualification is that
the cutoff is similar or larger than that employed in the present
simulations (1.1 nm).

In summary, molecular dynamics simulations of the{011} and
{01h1h} resorcinol-water interfaces have been carried out. The
simulations reveal that the water molecules are more strongly
and selectively adsorbed at the slower growing{011} face and
that their motion is more localized. The inference is that the
stronger binding and restricted motion of the water molecules
at the{011} surface serve to retard crystal growth at this surface.
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