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Abstract

The pathway of solute access to the kinks is an issue of unparalleled fundamental
significance that also carries severe consequences for the morphologies, quality, and, utility of the
grown crystals. Here we review experimental tests to distinguish between the two pathways of
solute supply to the steps: directly from the solution or after first adsorbing on the terraces
between steps and diffusing along the crystal surface towards the steps. Generalizing the evidence
accumulated with ionic, organic, protein, and biomineral crystals to-date, we put forth a criterion
to predict the pathway of solute supply to the kinks. The proposed criterion relies on the
interactions of the solvent with solute and the crystal surface. Solvents that strongly associate to
the crystal surfaces and solute molecules weaken solute adsorption and contribute to faster
surface diffusion and abundant solute supply to the steps, which, in turn, makes the surface

diffusion pathway faster than the one directly from the solution. Solvents that do not attenuate
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the solute-crystal surface attraction promote strong adsorption, which suppresses surface
diffusion and encourages direct incorporation into the kinks. We propose that computational
methods to predict a priori the pathway from the solution to the surface as a part of efforts to
model crystal growth rates, morphologies, and quality need to faithfully account for solvent

association to the crystal surfaces and to solute molecules.
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Introduction

In 1999 Alex Chernov gave the opening lecture at the Gordon Conference on Thin Film and
Crystal Growth Mechanisms. In the subsequent discussion Alex stated that if he were allowed to
ask God one question, it would be whether surface diffusion was possible in solution growth. Alex
highlighted an issue of paramount fundamental significance, namely how solute molecules reach
the steps before they incorporate in the crystal. Two pathways had been envisioned: directly from
the solution (Fig. 1a) [1, 2] or after first adsorbing on the terraces between steps and diffusing
along the crystal surface towards the steps (Fig. 1b) [3, 4]. The selection of a molecular pathway
to the steps also has huge practical consequences. Attempts to predict a priori the growth rates of
anisotropic crystal faces and, in this way, to evaluate the expected sizes and morphologies of
crystals grown for numerous applications [5-7] rely on assumptions about how the molecules
arrive at the steps. Furthermore, solute supply to a step from the crystal surface is constrained to
two dimensions and more sensitive to the nearby presence of other steps that also consume solute.
The competition for supply between closely-spaced steps introduces a positive feedback loop,
whereby the closer the steps are, the more limited is the accessible solute, which pulls the steps
even closer. The positive feedback and the resulting step-step attraction are substantially weaker
if the steps feed directly from the solution [2, 8-10]. This strong attraction between the steps

supplied from the surface destabilizes trains of equidistant steps at two lengthscales [11].
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Fig. 1. Schematics of two pathways from solution to steps: direct incorporation, in a, and via
adsorption on the terraces followed by diffusion towards the steps in b. Arrows indicate supply
fluxes of solute, depicted as spheres, towards the steps.

At the lengthscale of the crystal face, step-step interaction via their surface supply fields

enforces exaggerated response to the non-uniformity of supersaturation along the facet. Owing to



the spherical symmetry of the diffusion field, the edges of a polyhedral crystal are exposed to
higher supersaturation than the facet centers (Fig. 2a). Alex Chernov was the first to point out
that the preservation of the crystals shape in this non-uniform concentration field is due to an
increase in the step density at the facet center; the step density increase coordinates with the
slower step velocity to ensure uniform facet growth rate from the crystal edge to the facet center
(Fig. 2a) [12, 13]. How close the steps can pull, however, is limited, for instance, by the extent of
their intrinsic shape fluctuations, often called step width [11]. If the step density reaches its upper
threshold, the face loses stability and a depression in its center evolves [14]. The attraction
between steps that feed from the crystal surface enforces a multifold stronger response of the step
density to the lower concentration at the facet center [15, 16]. The threshold step density is
reached at much lower supersaturations, polyhedral crystal shapes are strongly destabilized, and
the development of hollow (Fig. 2b), hopper-shaped (Fig. 2c), and dendritic (Fig. 2d)

morphologies is promoted [17].

a Lines of equal concentration

e
Equidistant step train

Fig. 2. Schematic illustrations of the effects of strong step-step interactions. a. Increasing step
density due to lower concentration at the facet center that may trigger loss of crystal shape stability
leading to hollow crystals, b, hopper growth, ¢, and dendrites. d. e. The formation of a step bunch
due to step-step attraction.

At the lengthscale of step-step separation, the strong competition for supply between steps

that grow by the surface diffusion mechanism induces step bunches (Fig. 2e) that may evolve into



macrosteps [18-20]. Step bunches and macrosteps may destroy the quality of the growing crystals.
First, they may modify the incorporation of impurities and generation of vacancies in their wake
and in this way striate the crystal [21, 22]. Second, macrosteps may fold to entrap microdroplets
of solution and engender other three-dimensional crystal defects [8, 23]. The rationale
contributed by Alex Chernov to understanding step bunching in solution growth [19, 24-33] was
found to transfer to growth in high-vacuum environments and even to the effects of electric
current on step patterns formation and evolution [34-36]. Employing the surface diffusion
pathway to supply solute molecules to the steps contributes to much less stable step trains and

substantially facilitates transitions to more varied crystal structures.

We scientists have the unique privilege to ask our respective deities questions. If we ask
intelligently, they may answer. In the last 20 years, advanced methods have helped to accumulate
substantial evidence to address the question posed by Alex Chernov in 1999. Here we review the
tests that distinguish between the two pathways of solute supply to the steps and the systems for
which one or the other pathway has been demonstrated. Generalizing the evidence accumulated

so far, we formulate a criterion to predict the pathway of molecular access to the kinks.

The surface diffusion pathway

Sub-linear correlation between the step velocity and solute concentration

Crystal growth constitutes a bimolecular chemical reaction between kinks and solute
molecules [37, 38]. Correspondingly, the rate of this reaction depends linearly on the
concentrations of kinks and solute [1, 2]. Kinks locate along steps and the kink concentration is
represented by kink density, i.e., the number of kinks per unit step length; if the step length is
measured in number of molecules, the kink density is dimensionless and equal to the reciprocal
average number of molecules between kinks. The kink geometry dictates that the kink density is
limited from above [1, 39]. As such a limit, one can envision a step configuration with a kink

density of 0.5, in which two molecules of a new row along the step alternate with two vacancies



(Fig. 3a). This configuration, however, is unique and would have zero entropy [40-42]. Careful
evaluation indicates that maximizing the step entropy enforces more disordered configurations
(Fig. 3b), for which the upper limit of kink density drops to ca. 0.3 [43]. If the bonds between
molecules in the crystal lattice are relatively weak [1], this limit is reached even at equilibrium and
the kink density does not depend on the supersaturation or undersaturation [44]. If the kink
density is that high, constant, and independent of the solute concentration, the step velocity v,
which is proportional to the rate of the reaction between kinks and solute, becomes proportional

to the solute concentration C. Linear v(C) correlations have been recorded for numerous solution-

grown crystals [45-47].
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Fig. 3. Sublinear correlations of the step velocity v with the solute concentration C. a, b. Schematic
representations of a highly ordered step edge configuration with the maximum possible kink
density of 0.5 in a, and a disordered configuration with lower kink density but higher entropy S in
b. ¢, d. Data for ammonium dihydrogen phosphate (ADP) crystals growing from an aqueous
solution from [9, 10]. ¢. The v(C) correlation; C, is the solubility. d. The data in ¢ in coordinates
[0/v](p), where ¢ =CC;'—1 and p = h/l; h, step height, [, step separation. e. The v(C)
correlation for B-hematin crystals growing from a mixture of 95% volume % n-octanol and 5



volume % water from [48-50]. Solid symbols, for steps separated by / > 180 nm, v increases
linearly with C [48]. Open symbols, for / < 180 nm, v is significantly reduced. Scatter in data for /
<180 nm is due to the strong dependence of v on / and the variation of / during the measurements.

If the kink density is lower than the thermodynamic limit of ca. 0.3—owing to, e.g., stronger
intermolecular bonds in the crystal lattice—increasing solute concentration drives higher kink
density [51] and superlinear increase of v with increasing supersaturation [30, 46, 47, 52, 53]. A
superlinear v(C) may also arise if a reaction between solute molecules produces a more growth-
competent solute oligomer [54-56]. Importantly, none of these scenarios predicts a sublinear
v(C). Such a correlation would indicate the presence of additional resistance to solute
incorporation into steps that only activates at high C. Sublinear v(C) may represent an indication

that solute is supplied to the steps via the crystal surface and the enhanced competition for supply

between adjacent steps suppresses their response to increasing C.

A classical work [4] modeled the correlation between the step velocity v and the solute
concentration C during crystal growth from solution. They assumed that the solute reached the
steps via several sequential stages: diffusion through the solution to the crystal surface,
adsorption to the terraces between steps, desorption back into the solution, two-dimensional
diffusion along the surface towards the steps, and, finally, incorporation into steps. If transport of
solute from the solution bulk toward the crystal surface is faster than the subsequent stages [9,

10, 57] the derived kinetic law transforms to
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where h is step height, [ is the separation between adjacent steps, A is the characteristic length of
surface diffusion, Q is the molecular volume in the crystal, D is the bulk diffusivity, Aqss is a
resistance to adsorb on the terraces from the solution in units of length, A; is the resistance to
incorporate into kinks from the surface, also measured as length.

The hyperbolic cotangent function is highly sensitive to small variations of its argument in

the vicinity of unity. Accordingly, at [ = 2A the correlation in Eq. (1) transitions between two



limiting cases. If [ > 2, then coth(l/2A) = 1, and when [ < 2A, coth(l/2A) = 2A/I. Denoting for
brevity (C — C,)/C, as o, the scaling between v and C is linear for distant steps that do not compete

for supply of solute, i.e, for which [ > 2A
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The relations in Egs. (2) and (3) predict sharp transition from a linear to a sublinear correlation
between v and (C — C,) as | decreases with higher C (Fig. 3¢, e) that is particularly conspicuous if
the step velocity data are presented in coordinates [o/v](h/D) (Fig. 3d). In these coordinates, the
proportionality between v and ¢ manifests as a constant value of o/v for large step separations,
corresponding to low h/l. The competition for supply between adjacent steps that arises at small
[ enforces a linear increase of o/v with increasing h/l (Fig. 3d).

Closely-spaced steps also compete for supply from the solution bulk. Owing to the three-
dimensional nature of diffusion in the solution, this competition is substantially weaker. An

original model by Chernov [2, 8] predicted that in this case
hs]~ 1
v=pac-cft+52] -, @
where f is the step kinetic coefficient and § is the thickness of the concentration boundary layer

controlled by the solution flow rate [2, 8, 58]. Using typical order-of-magnitude estimates for § =

10710 m]_1
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104ms’, h~109m,d =~ 10°m, and D = 109 m?2 s, we obtain v = g Q(C — C,) [1 +

i.e., the v(C) correlation would deviate from linearity at [ shorter than 1 nm, i.e., when two
adjacent steps nearly merge into a double-height step. At the typical step separations of order 100

nm and more, the delay of step growth due to overlapping bulk supply fields is negligible [9, 10].



Based on the low sensitivity of the step velocity v to decreasing step separation [ at high
supersaturations for steps that directly feed from the solution, observed sublinear v(C)
correlations and sharp transitions between constant and linear [o/v](h/[) correlations have been
interpreted as evidence that the solute reaches the steps via the crystal surface [9, 10, 48, 49, 571.

Notably, in all of these systems the solvents were fully or partially aqueous.

Closely spaced steps grow slower

The analytical expressions for the correlation between the step velocity v and the solute
concentration C, Egs. (1) — (3), suggest another criterion to discriminate between the two
pathways for solute supply to the steps, the dependence of the step velocity v on step separation
[. If the surface diffusion pathway is selected, closely spaced steps should grow slower. AFM
observations with hematin [48-50, 59, 60], whose crystallization is a part of the heme
detoxification mechanism of malaria parasites [61-63], reveal that the competition for nutrient
supply between adjacent steps retards v, as observed for two steps separated by about 50 nm and

growing towards each other (Figs. 4a—e) with v ~ 0.05 nm s. Under identical conditions, steps
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Fig. 4. Closely spaced steps grow slower. a — e. A sequence of in situ AFM images of a (100)
face of a hematin crystal growing from a mixture of 95% volume % n-octanol and 5 volume %
water at ¢y = 0.23 mM, displaying the growth of two steps (left and right) in opposing directions.
f. Step velocity v at ¢y = 0.19 mM as a function of the interstep distance /. The step velocity v
slows down at / < 180 nm, highlighted by shading. g. The data in f are replotted using coordinates
[e/v](1/1). Shaded area corresponds to one in f.

separated by more than 180 nm move with v = 0.12 nm s* (Fig. 3c) [48, 49]. Additional
observations of growing steps on hematin crystals revealed that groups of closely spaced steps
move significantly slower than well separated steps (Fig. 4f). Again, in agreement with Egs. (2)
and (3) the ratio o/v responds very sensitively to decreasing step separation [ if plotted as a
function of [ (Fig. 4g).

Slower motion of closely spaced steps compared to well separated steps has been recorded
with numerous organic (olanzapine [54]), inorganic (ADP [9, 10]), biomineral (calcite [64]), and
protein (lysozyme [15, 16, 65], canavalin [66], glucose isomerase [67], triosephosphate isomerase
[68]) systems. The strong interaction between the steps has been viewed as evidence that the

solute molecules reach the steps after two-dimensional diffusion along the surface [9, 10, 49, 57,

69].

Asymmetry of incorporation into the steps from the top and bottom terraces

If molecules first absorb on the terraces between steps and then diffuse towards the steps,
they may incorporate into steps from both the upper and the lower terraces (Fig. 5a). The
molecular configurations on approach to the step edge from the two adjacent terraces are distinct
and suggest that the incorporation of molecules into steps from the upper and lower terraces may
be asymmetric. Asymmetric incorporation has often been observed during step growth from the
vapor via adsorption on the terraces and surface diffusion [70]; it is referred to as the Ehrlich-
Schwoebel effect [71, 72]. Notably, such asymmetry is impossible if molecules arrive at the steps

directly from the solution.

Pronounced asymmetry of molecular incorporation from the upper and lower terraces was

observed for steps on a (100) B-hematin crystal surface (Fig. 5b) [48, 49]. To improve the time
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resolution, these images were collected with disabled vertical scan axis so that the AFM tip
continuously probed a single line parallel to the c crystallographic direction. The vertical axis in
the collected AFM image represents time (Fig. 5b). The image presents the growth of two steps in
the ¢ direction. The height of each step is ~ 1.2 nm, consistent with the B-hematin crystal lattice
parameter in the [100] direction [63]. In both the positive and negative ¢ directions, the observed

step pair is separated from other steps by about 200 nm, these steps are outside the imaged area.
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Fig. 5. Asymmetric incorporation into steps. a. Schematic of molecular fluxes into a step from the
upper and lower terraces. b. In situ AFM image of two steps on a -hematin crystal growing from
a mixture of 95% volume % n-octanol and 5 volume % water at concentration C = 0.26 mM
collected with a disabled vertical scan axis. In this imaging mode, the vertical axis represents
time. iand ii denote a lower and higher step, respectively; 1, 2, and 3 label the terraces adjacent
to these two steps. c¢. Evolution of the step configuration over 30 min during growth of olanzapine
crystals from a 1:1 (vol) water/ethanol mixture at C = 2.38 mM. Thick white arrows indicate
direction of step growth.

During 52 s of imaging the lower step, labeled as 7, advances by about 5 nm, corresponding

to v = 0.1 nm s* (Fig. 5a). During this time, the step velocity is relatively steady, with inevitable
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fluctuations, despite the increasing separation from the higher step ii. The independence of the
step velocity from the width of the higher terrace, labeled 2, indicates that its supply of solute from
the side of terrace 2 is insignificant. Furthermore, the velocity of this step is in good agreement
with the data collected with steps separated from their neighbors on both sides by more than 180
nm at the same C = 0.26 mM (Fig. 3e). This agreement suggests that step i receives a complete
supply of molecules from the side of terrace 3, where a competing step is at a distance of about
200 nm. By contrast, step ii exhibits only fluctuations in its position and negligible net growth.
Importantly, step ii does not grow even though it is separated from its competing step on terrace
1 by about 200 nm, suggesting that molecular incorporation from the side of the higher terrace is

prohibitively slow.

Another example of asymmetric incorporation into steps was observed during the growth of
crystals of olanzapine, an antipsychotic drug [73, 74], growing from a 1:1 water-ethanol mixture.
Steps with broad front terraces and narrow rear terraces (such as the step highlighted in green in
the central and right parts of Fig. 5¢) grow faster than the step immediately behind them (e.g., the
pink step), defined by a narrow front terrace and a broad rear terrace (Fig. 5¢). In the left parts of
the AFM images in Fig. 5¢, the blue step escaping from the green step provides an analogous
example. The accelerated step velocity in the presence of closely positioned (< 150 nm) rear steps

suggests that the steps mostly feed from the front.

The observations of asymmetric incorporation into steps on both -hematin and olanzapine
crystal surfaces were supplemented by strong dependences of the step velocity on step-step
separation to support the conclusion that, in both cases, the steps predominantly feed from the

terraces between them [49, 50, 54].

The ratio of the incoming and outgoing fluxes into a kink
Even in a supersaturated solution, a substantial fraction of the solute molecules that have

associated to a kink dissociate back to the crystal surface or into the solution [1, 2, 8]. The step

12



grows if the incoming flux overwhelms the outgoing flux and dissolves if, in an undersaturated
solution, molecular retreat prevails. The law of mass action dictates that the incoming flux j, , the
number of molecules that incorporate into a kink per unit time, scales with the solute
concentration C if the molecules reach the kinks directly from the solution, or with n,, the surface
concentration of adsorbed solute, if the steps feed from the surface. At equilibrium with the
solution, j, =j_, C = C,, and ng = ny,, where j_ is the outgoing flux, C,, the solubility, and ng,,
the equilibrium surface concentration. The outgoing flux j_ is independent of C or n, and hence
the net flux into a kink (j, —j_) scales with either (C — C,) or (ng — ng.). Mass preservation
dictates that the step velocity v = ppa(j, —j_), where a is the molecular size, p, = 1/7; is the
kink density, and 7, is the average number of molecules between kinks. These scaling relations
are consistent with the kinetic laws for both the surface diffusion pathway, Eq. (1), and direct

incorporation, Eq. (4).

The criterion for the solute incorporation pathway is based on the ratio j, /j_, which should
equal C/C, if the molecules reach the steps directly form the solution, or ng/n, for the surface
diffusion pathway. At equilibrium, C/C, = ng/ng, = 1. In a supersaturated solution, however, n,
is constrained by the rates of adsorption and surface diffusion and lags behind C leading to ng/ng,
substantially lower than C/C,. The surface concentrations ng and n,, cannot be accurately
evaluated. By contrast, both C and C, are easily measured. Thus, the equality or inequality of the
ratios j,/j_ and C/C, represent a powerful tool to discriminate between the two incorporation

pathways [69].

AFM observations of the step edges during growth of crystals of the proteins ferritin, a
mammalian iron storage protein [75-77], and apoferritin, in which the iron core has been
removed, allowed evaluation of the upper bound of j, /j_. Pseudo-images, recorded with scanning
disabled along the y-axis, so that the vertical coordinate becomes the time axis (Fig. 6), reveal

both attachment and detachment events. For apoferritin, the net growth is three molecules (25
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detected attachments and 22 detachments) for 165 s, leading to a net flux (j+ —j—) = 0.065 s* (Fig.
6a). For ferritin, growth over 128 s reveals 21 attachments events, 19 detachments, and an average
net flux (j+ —j—) = 0.054 s (Fig. 6b). For both crystals, the average kink density is p; = 0.28 and
the molecular size a = 13 nm [40-42, 69, 78-81]. The product p,a(j; — j_) equals 0.25 nm s for
apoferritin and 0.20 nm s for ferritin. Both values are very similar to independently measured
step velocities at the respective supersaturations [40-42]. This correspondence indicates that the
apoferritin and ferritin crystals grow by the attachment of single molecules to kinks located along

the steps and validates the measurements of the net flux (j, — j_) for the two crystals.
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Fig. 6. The ratio between incoming and outgoing fluxes into a kink. Pseudoimages
recorded in aqueous solutions with the scan axis parallel to the step disabled at time = 0,
as in Refs. [16, 17]. a. Incorporation of molecules into apoferritin steps at (C/Ce — 1) = 2.
Red contour and red arrows mark long-term attachment or detachment events. Blue
arrows mark attachment followed by rapid detachment. b. Incorporation of molecules into
ferritin steps at (C/Ce — 1) = 1. Red contour traces step position. Shifts of the red contour
in a and b to the right correspond to molecules attaching to the monitored site, shifts to
the left reflect detachments of molecules.
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The ratio j./j- < 25/22 = 1.14 for apoferritin and j./j- < 21/19 = 1.105 for ferritin. The < sign
reflects the undetected pairs of attachment/detachment events separated by residence times
shorter than the scanning period 0.5 s. These undetected events do not affect the measured net
flux (j+ —j—). Additional attachment-detachment pairs detected by faster imaging, for instance,
would contribute equally to both j, and j_ and bring the ratio j./j- even lower. For both proteins,
these ratios are much lower than the respective C/C, and represent gross violations of the equality
J+/j- =C/C, expected if molecules enter kinks directly from the solution. These violations cannot
be attributed to depletion of the solution layer adjacent to the crystal—this factor becomes
significant at ~ 100 x higher growth rates [82]—and suggest that the direct incorporation

mechanism does not apply.

Direct imaging of solute molecules diffusing at the crystal surface.

A crucial issue for the validation of the surface diffusion pathway from the solution to the
kinks is whether the solute molecules adsorbed on the crystal surface are mobile so that they can
diffuse towards the kinks. Two sets of observations, with the proteins insulin and lysozyme [53,
83], reveal that molecules and even molecular assemblies migrate along the terraces between

steps (Fig. 7).

AFM observations of single molecules adsorbed on crystal surfaces in solutions are rare or
non-existent. Similar scanning probe techniques applied to metal and semiconductor surfaces
held in ultra-high vacuum detect single adsorbed atoms and molecules only at very low
temperatures, at which the surface mobility of the adsorbates reduces substantially [84]. Thus,
the lack of direct sightings of molecules adsorbed on crystal surface may be due to their high
mobility that makes them inaccessible to the relatively slow AFM scans and not to their absence

from the surface.

Rhombohedral insulin crystals form in the islets of Langerhans in the pancreatic -cells [85-

88] with the function to protect the insulin from further proteolysis before secretion into the blood

15



serum [86, 87]. During growth of insulin crystals, the velocity of closely spaced steps, closer than
100 nm apart, is significantly slower than the velocity of well separated steps [89, 90]. The
strength of this step-step interaction suggests that it is due to competition between the steps for
supply of molecules adsorbed on the terraces between steps. Insulin molecules adsorbed on the
terraces may be undetectable because of their mobility and hydrodynamic interactions with the

scanning tip [80, 91]. Two-dimensional clusters, however, may have lower mobility due to their
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Fig. 7. The mobility of molecules and molecular assemblies in the adsorbed layer. a — d. The
motion of two-dimensional (2D) clusters near steps on the surface of an insulin crystals grwoin
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from an aqueous solution . Adapted from Ref. [563]. Copyright (2006) National Academy of
Sciences. a. Starting configuration of a step. b. A 2D cluster, indicated with a white arrowhead.
The image of the cluster is fuzzy likely due to cluster mobility. c. Cluster joins step creating a
three- or four-molecule-deep mound. d. A second cluster indicated with a black arrowhead
approaches protruding mound. Black arrows indicate scan directions. e. A single-molecule
fluorescent microscopy image from in situ observation of a crystal of the protein lysozyme (HEWL)
in an aqueous solution. Bright spots, highlighted with a circle, indicate individual fluorescently-
labeled lysozyme molecules (F-HEWL). The insets show the motion of a F-HEWL molecule along
the crystal surface. Adapted with permission from [83]. Copyright 2008 American Chemical
Society.

larger size; how clusters may move along the surface is discussed in Refs. [92, 93]. The mobility
of the clusters prevents identification of their structure prior to their association. They might be
ordered or disordered, akin to a 2D liquid formed in the pool of hexamers adsorbed on the
terraces: examples of liquid phases in two-dimensional systems have been discussed [94, 95]. In
the vicinity of a step the cluster mobility seems to be further reduced and they are detected by
AFM (Fig. 7a — e). A second cluster attaches to the protrusion created by association to the step
of the first cluster (Fig. 7d).

Crystals of the protein lysozyme, readily purified from hen egg white and sometimes
denoted as HEWL, have been a favorite model systems for fundamental studies of crystal growth
[65, 96-103]. The strong dependence of the step velocity on the step-step separation has indicated
that the lysozyme molecules reach the steps after adsorption on the terraces between them [64,
104]. Fluorescent microscopy imaging revealed that fluorescently-labeled lysozyme molecules (F-

HEWL) accumulate at the solution crystal interface (Fig. 7e) and diffuse along the surface (Fig.

7e, insets) [83].

The direct incorporation pathway

Double height steps grow as fast as single height steps

The evidence that solute reaches the kinks directly from the solution expectedly emerges
from the same experimental tests that were employed to examine the surface diffusion pathway.
Particularly informative were the behaviors of steps on the surfaces of etioporphyrin I crystals

growing from solutions in neat octanol. Single crystals of porphyrins and their metal derivatives
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mostly have low symmetries and find potential use as organic semiconductors, solar cells, and
field-effect transistors owing to their electronic and optical properties [105-107]. Time resolved
in situ AFM measurements were used to compare the growth of steps as high as two lattice
parameters to the growth of single-height steps. If solute reaches the steps via the crystal surface,
the constrained solute supply stunts the growth of steps of double height. Concurrently, analytical
models of step growth mediated by surface diffusion, Eq. (1), predict that v scales with h ™1 [4, 48,
66]. By contrast, if the steps feed directly from the solution, the supply field is three-dimensional
and abundant for twinned steps. Closed-form expressions for this growth mode, Eq. (4), predict
negligible v(h) correlation [2, 8]. The AFM measurements reveal that the velocities of steps as
high as two lattice parameters are close to those of steps of single height (Fig. 8). The comparable

rates of growth of twinned and single-height steps affirm that steps on etioporphyrin I prefer the

direct incorporation pathway.
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Fig. 8. Growth of single and double height steps on a (001) face of an etioporphyrin | crystal
growing from a solution in neat octanol at C = 0.25 mM.. a. An AFM image of the growth of single
(silver arrows) and double (green arrows) height steps of a (010) face b. The evolution of the
surface profile along the dotted line in a. c. Comparison of the average velocities of single and
double height steps. Error bars represent the standard deviations from the averages over
measurements of 10 double and 10 single height steps. Reproduced from [56] with permission
from the Royal Society of Chemistry.

Step density does not affect step velocity
Additional evidence that the steps on etioporphyrin I crystals feed directly from the solution
comes from the lack of dependence of the step velocity on the separation between steps (Fig. 9).

Steps separated by as little as 20 nm grow as fast as steps that are more than 800 nm apart. The
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fast growth rates of closely spaced steps certify the lack of competition for supply between them,
typical of the direct incorporation pathway. Unpublished results from the Vekilov laboratory
indicate that etioporphyrin I crystals select the direct incorporation pathway to supply solute to

the steps not only during growth from octanol, but also from hexanol, butanol, and DMSO.
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Fig. 9. The velocity of steps on the (001) face of etioporphyrin | crystals growing from a solution
in neat octanol does not correlate with the step separation [. C = 0.30 mM. The averages of 15
measurements for each 100 nm wide [ range, are shown. Vertical error bars represent the
standard deviation of each such group of data.

What determines the selection of the molecular pathway to the steps?

The cases discussed above appear to suggest one important distinction between the
crystallization systems that prefer the surface diffusion pathway and those whose steps feed
directly from the solution. The ionic, organic, protein, and biomineral crystals that employ the
surface diffusion pathway all grow from either purely aqueous, or, in the cases of hematin and
olanzapine, mixed aqueous-organic solvents. By contrast, etioporphyrin I crystals grow from a

purely organic solvent and select direct solute incorporation.

Why would water-rich solvents encourage solute supply to the steps via the crystal surface?
We tentatively posit that this is because of the lower activation barrier for surface diffusion on a

surface in contact with water-containing solvents. These lower barriers accelerate molecular
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migration, extend the characteristic surface diffusion length, and contribute to abundant solute
supply to the kinks from the surface. In turn, strong surface fluxes provide for faster step growth
using this pathway than using the direct incorporation pathway. Water uniquely binds to both
polar and nonpolar patches on the crystal surfaces by Coulomb, polar, van der Waals, hydrogen,
and structural bonds; the same forces support complexation between solvent water and the solute

molecules (Fig. 10a, stage 1) [108-111]. A water envelope around hematin solute molecules and
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Fig. 10. The energetics of surface diffusion. a. Schematic illustration of water molecules
associating to solutes and crystal surfaces at four stages of adsorption. 1, solute molecule in the



solution; 2, solute adsorbs on the surface, leading to the release of solvent molecules; 3, adsorbed
solute molecule breaks some contacts with surface en route to an adjacent adsorption site; 4;
adsorbed molecule at a new adsorption site. b. Survival times 7, of solvent molecules in three
layers parallel to (100), (011), (001) and (010) faces of B-hematin crystals normalized by the bulk
value 74,k = 8.1 ps. Adapted with permission from [112]. Copyright 2008 American Chemical
Society. ¢. Enthalpy variation along the reaction coordinate for the surface diffusion mechanism.
AHZ 6, AHo0rp, AHZy, AHF . are the activation barriers for, respectively, adsorption, desorption,
surface diffusion, and incorporation into kinks from the surface. The equilibrium enthalpy of
adsorption AH;. = AH] ;s — AHJ,,. d, e. MD simulations of adsorption of an olanzapine dimer on
the (002) face of an olanzapine crystal in contact with a 1:1 ethanol water mixture, in d, adapted
with permission form [54], and of an etioporphyrin | dimer on a (001) face of an etioporphyrin |
crystal in contact with octanol in e. Molecules in both crystals are represented with their solvent
accessible surfaces. In the solution, ethanol and octanol molecules are shown as thin sticks;
solvent waters in d are omitted for clarity. Solute dimers in the solution and at the surface are
shown as thick sticks. Only two of the numerous surface configurations of the adsorbed dimers
are shown in d and only one in e. AH?,, is evaluated as the difference between the averaged
enthalpies of dimers on the crystal surface and in the solution bulk.

along the surface of B-hematin crystals has been demonstrated in a solution that only contains 5
volume % water (Fig. 10b) [112]. When a solute molecule adsorbs on the surface, the free energy
gain due to the formation of bonds with the surface molecules is partially offset by the loss of the
free energy of the broken bonds with the water coating both solute and surface (Fig. 10a, stage 2).
As a result, the adsorption energy is lower in aqueous or partially aqueous solvents than it would
be in a water-free solvent.

To migrate along the surface, a solute molecule breaks some of the bonds with the surface,
while retaining others (Fig. 10 a, stage 3). Saturating the briefly opened valencies with water
lowers the energy of the intermediate state between two adsorption sites (Fig. 10 a, position 3),

which represents the activation barrier for surface diffusion, 4AHZ;,. (Fig. 10c).

The interaction of organic solvents with the solute and the crystal surface is largely
constrained to van der Waals forces [113], whose disruption upon solute adsorption on the surface
weakens the adsorption bonds much less than the release of water. Thus, the adsorption energy
and the related activation barrier for surface diffusion remain high, suppressing solute migration

along the surface and the flux of molecules towards the kinks.
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To validate this scenario would require experimental determination of AHg;, or at least of
the related 4H],,,;,, in both water-rich and water-free solvents. Unfortunately, neither 4AHZ;, nor
AHJ,0. have been directly measured. Indirect evaluation from kinetic data may be unreliable
owing to the complex dynamics of solute-solvent structures held together by a variety of bonds.
Furthermore, estimating kinetic barriers by molecular dynamics simulations is challenged by the
multiple trajectories that an adsorbed solute may take on the way to another adsorption site or
back into the solution. A more feasible approach is to numerically evaluate the equilibrium
adsorption enthalpy AHS,;, = AH];; — AH].s,r, and use it as an approximate measure for AHZ,

(Fig. 10c).

We employed all-atom MD simulations to evaluate the equilibrium enthalpy AHJ,;, of
adsorption of olanzapine dimers on a (002) face of olanzapine crystals in contact with a 1:1
mixture of ethanol and water [54] and of etioporphyrin dimers on the (001) face of etioporphyrin
I crystals in contact with pure octanol [55, 56]. Both the (002) faces of olanzapine and (001) faces
of etioporphyrin I grow by incorporation of solute dimers that exist in equilibrium with a majority
of monomers [55, 56]. The olanzapine steps feed from solute adsorbed in the crystal surface (Fig.

5¢) [54]. By contrast, solute reaches etioporphyrin I steps directly from the solution (Fig. 8) [56].

The MD results reveal that the adsorption enthalpy is -10+4 kJ mol~ for olanzapine dimers
in an ethanol water mixture (Fig. 10 d) and -42+40 kJ mol™ for etioporphyrin I dimers in neat
octanol (Fig. 10e). The large uncertainty of both enthalpy values is due to the limited numbers of
trajectories (ca 70) considered in the highly computer-time intensive all-atom evaluations [56].
Importantly, the enthalpy of adsorption from a purely organic solvent is substantially greater than
that from a partially aqueous solvent. We attribute the lower 4AHZ;. in the mixed solvent to the
water molecules that associate to both crystal surface and the solute molecules and stabilize the

desorbed state (Fig. 10a). Assuming that AH?, correlates with AHg;, (Fig. 10c), the greater AHS;

in neat octanol suggest that AHZ, is much higher. The higher barrier for surface diffusion in
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octanol would powerfully suppress surface diffusion and the surface flux towards kinks,

promoting direct incorporation to the faster preferred pathway from the solution to the steps.

Notably, the discrimination between the two step supply pathways may not require such
drastic differences in solute adsorption energy as seen between the (002) face of olanzapine and
(001) face of etioporphyrin I. Unpublished results of the Vekilov and Palmer groups reveal that
the solute adsorption enthalpy on the (010) face of etioporphyrin I crystals is ca. -26 kJ mol-,

which appears sufficient to bolster direct incorporation into steps on that face [56].

Summary and conclusions

The experimental results reviewed here indicate that ionic, organic, protein, and biomineral
crystals that employ the surface diffusion pathway all grow from either purely aqueous or mixed

aqueous-organic solvents. Purely organic solvents appear to select direct solute incorporation.

The MD results with olanzapine and etioporphyrin I tentatively support a criterion for the
selection of the pathway from the solution to the steps based on the interactions of the solvent
with solute and the crystal surface. Solvents that strongly associate to the solute and the crystal
surfaces weaken the solute adsorption on the terraces. The weaker adsorption contributes to
faster surface diffusion and, somewhat counterintuitively, to abundant solute supply to the steps,
which in turn makes solute supply via the surface diffusion pathway faster than directly from the

solution.

Solvents that do not attenuate the solute-crystal surface attraction promote strong
adsorption, which may strongly suppress surface diffusion and the solute supply to the steps via

the crystal surface. Such solvents may encourage direct incorporation into the kinks.

Computational efforts to predict a priori the pathway from the solution to the surface may
not necessarily be limited to time-intensive all-atom MD simulations. Coarse-grained methods

may be able to tackle this task if they are not constrained to only considering bulk solvent



properties and faithfully account for solvent association to the crystal surfaces and to solute

molecules.
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