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ABSTRACT: Crystallization often proceeds in media with rich chemical compositions. In pursuit
of insight into how foreign compounds interact with the structures and dynamics that comprise
crystal growth, we explore the mechanisms employed by protoporphyrin IX to inhibit the growth of
etioporphyrin I crystals. Crystals of porphyrins exhibit potential for use as organic semiconductors,
solar cells, and field-effect transistors. We employ solutions in 1-octanol and combine time-resolved
in-situ atomic force microscopy (AFM) with scanning electron microscopy and absorption
spectroscopy. We demonstrate that protoporphyrin IX does not sequester etioporphyrin I in soluble
complexes, which would lower the amount of growth-competent etioporphyrin I. We show that the

# Etpl

PPIX
s Kink blocker
® Step pinner

microscopic and mesoscopic structures on the crystal surface and their dynamics during growth

unequivocally report on the interactions of the modifier with the crystal surface. AFM observations eliminate lattice strain caused by
PPIX molecules, embedded in the top crystal layer or merely bound to it, as a factor for step inhibition. The lack of long-lasting
strain allows steps to revert to uninhibited growth after the inhibitor is purged. We show that an inhibitor may bind to both kinks
and crystal surfaces and thus exert a dual mode of suppression. We develop an analytical model for step growth in the presence of a
dual-action modifier that highlights an antagonistic element of the cooperativity of the two modes of inhibition enforced by the
decline of step edge free energy after the modifier associates to kinks. Our results demonstrate that dual-action inhibitors are superior
regulators of crystal growth that afford the opportunity to fine-tune the degree of inhibition required to optimize the growth and

shape of crystals of interest.

B INTRODUCTION

Crystallization is an essential step in many biological,
geological, and industrial processes.' '’ Crystallization rarely
occurs in environments that only include solute and solvent.
The additional components of the crystallization medium may
interact with both the solute and the crystal.'' These
interactions may accelerate or delay and even completely
stunt growth.'”"? Natural crystallization supplies numerous
examples of how foreign compounds stimulate a variety of
shapes, functionalities, and forms of the arising crystalline
materials by modifying the rates of crystal nucleation and
growth.'* Ubiquitous strategies in industry rely on modifiers to
control crystallization and empower efficient practices that
elicit desired final product qualities."””™'’ Examples of
crystallization that endangers human life and health include
the formation of kidney stones,””*' heme detoxification in
malaria parasites,””>* and cholesterol plaque formation,**~*°
and compounds found to suppress these instances of
pathological crystallization have been promoted to drugs for
the ensuing conditions.”” >

The classical crystal growth mechanisms assume that
individual solute molecules attach to the edges of unfinished
layers on the crystal surface, called steps.”*™"' Modifiers may
sway any element of the crystal growth sequence. They may
complex the solute and thus lower the concentration of
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growth-competent molecules and the crystallization driving
force.*” They may bind to the crystal surface® or inter in the
top crystal layer;"’ both events may strain the crystal surface.
The emergent strain elevates the chemical potential of the top
crystal molecules, which brings it closer to the chemical
potential of the solute and diminishes the crystallization
driving force.

Even if a modifier adsorbed on the surface does not perturb
the lattice sufficiently to raise the chemical potential of the
surface molecules, it may still suppress step motion. A step
growing around an adsorbed modifier is forced to bend, and
the ensuing curvature, in accordance with the Gibbs—
Thomson rule, lowers the force that drives step growth
(Figure 1A);*******" this mechanism has been referred to as
step pinning. Analytical and numerical models of this
inhibition pathway,”>**~>* concertedly with experiments,”*~>’
predict potent step growth suppression up to complete growth
cessation imposed by moderate inhibitor concentrations
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Figure 1. The classical mechanisms of step inhibition. (A, B) Schematic illustrations of step inhibition by step pinners and kink blockers. (A) Step
pinners adsorb on the terraces between steps and force steps to bend to grow between two pinners. If the separation between two pinners Ax is
shorter than the critical two-dimension diameter 2R, step grows ceases. If Ax is longer but comparable to 2R,, step growth is delayed. (B) Kink
blockers associate with the kinks and obstruct the access of solute molecules. (C—F) Schematic representations of the correlations between the step
velocity with the concentration of the modifier, in (C, D), and the solute, in (E, F) in the cases step pinning, in (C, E), or kink blocking, in (D, F),
derived from analytical models of the two inhibition modes. In (E, F), C,, C,, and C; indicate increasing modifier concentrations.

HO”™0 HO

Etioporphyrin | Protoporphyrin IX

Figure 2. Etioporphyrin I molecule and crystals and protoporphyrin IX. (A) The structure of etioporphyrin I (EtpI). (B) The structure of Etpl
crystals in P1 space group (Cambridge Structural Database REFCODE WOBVUF);”® the symbols depicting N, C, and H are shown at the lower
right. The lattice parameters are a = 6.88 A, b = 9.91 A, ¢ = 10.35 A, a = 88.47°, f = 79.70°, and y = 77.44°. (C) Scanning electron micrograph of
Etpl crystals grown in octanol; labels indicate the major crystal faces, identified by single crystal X-ray diffraction. (D) In-situ atomic force
microscopy image of the (010) face of an Etpl crystal showing steps emerging from a screw dislocation outcropping on the face. (E) The structure
of protoporphyrin IX (PPIX).

(Figure 1C). Higher solute concentrations push down the lization opens new targets for crystallization modifiers.
critical two-dimensional radius and allow steps to penetrate the Modifiers may both suppress and enhance the formation of
modifier fence, invoking a S-shaped correlation between step precursors and modulate their properties as a means to
rowth rate and crystallization driving force (Figure accelerate or inhibit crystal growth.'”*~"!

1E) S253:55538,59 . . . :
: An emerging exploration topic is the cooperatively between

two modifiers, which, if applied individually, adopt distinct
inhibition mechanisms.>*>”>~7> A variant of the question of

Alternatively, modifiers may attach to the growth sites, the
kinks, and block access of solute molecules en route to
incorporate into the crystal (Figure 1B);**** this modifier
activity is sometimes called kink blocking. Owing to the
dynamics at the step edge, where kinks are continuously
generated, kink blocking does not enforce complete growth

modifier cooperativity is how a growing crystal responds to a
single modifier that simultaneously employs two modes of
crystallization inhibition.*” To address this latter question, we

cessation even at high inhibitor concentrations (Figure 1D),* enlist as a model the growth of etioporphyrin I (Etpl) crystals.
and the correlation between the step velocity and the solute Etpl (Figure 2A—D) represents a class of crystals that carry
concentration remains linear (Figure 1F).””*" The former two promising optical and electronic properties for use as
modes of modifier action, solute complexation and surface semiconductors, solar cells, and field-effect transistors.”®™ "%
strain, have been classified as thermodynamic, whereas step We monitor the response of the growth of Etpl crystals to

pinning and kink blocking have been designated, somewhat
arbitrarily, as kinetic.'”***>
The recent interest in crystallization in complex natural and

engineered systems has exposed a plethora of nonclassical
60—63

protoporphyrin IX (PPIX), a free base porphyrin, whose
structure differs from that of Etpl by the presence of two
propionic and two vinyl groups (Figure 2E). The similarity of
the structure of the additive to that of the solute extends a

behaviors. The most common pathway veering outside
the classical ruts is crystal growth by incorporation of bridge to previous studies on how tailor-made auxiliaries aI;d
. 6 .9 . : : 79-81
preformed ohgomers(l’64 or liquid, amorphous, and crystalline molecular imposters affect the growth of organic crystals. ?
mesoscopic solute assemblies.”****~®® Nonclassical crystal- We dissolve Etpl and PPIX in 1-octanol.*”
7054 https://doi.org/10.1021/acs.cgd.1c00971
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B RESULTS AND DISCUSSION

Effects of Protoporphyrin IX on the Size and Shape
of Etpl Crystals. A crystal’s size and shape are among the
central determinants of its utility.""*> Etpl crystals terminate
with {010}, {001}, {101}, and {111} faces.”*** The {010}
faces are the largest, and the crystals preferentially position on
a substrate with a (010) face upward. With this orientation, the
crystal length | increases owing to growth in the (101) and
(111) directions (Figure 3A), whereas growth in the (001)
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Figure 3. The response of Etpl crystal size and morphology to PPIX.
(A) The habit of Etpl crystals calculated using Mercury™ with
parameters obtained from CSD entry REFCODE WOBVUE™®
showing the dominant faces and the definitions of the crystal length
! and width w. (B, C) Variations of the average length J, in (B), and
width w, in (C), of Etpl crystals grown for 7 days at 25 °C in 0.40 mM
solutions in octanol in the presence of increasing PPIX amounts.
Error bars denote the standard deviation from the average of at least
30 independent measurements. (D—I) Representative scanning
electron micrographs of etioporphyrin I crystals grown in the absence,
in (D), and in the presence of the protoporphyrin IX concentrations
listed in each panel. Arrows in (H) point to tapered crystal apexes.
(J—-L) Schematic illustrations of the shortening of J, in (K), and of w,
in (L), compared to the uninhibited crystal shape, in (J), due to
growth inhibition by PPIX, represented as blue spheres. (M)
Schematic illustration of crystal tapering due to enhanced adsorption
of PPIX molecules near the crystal edges.

directions contributes to the crystal width w (Figure 3A). To
assess how PPIX modifies the Etpl crystal shape, we grew Etpl
crystals in the presence of PPIX concentrations that varied
from 0 to 20 uM and imaged by scanning electron microscopy
(SEM) the populations of crystals grown for 7 days (Figure
3D-1I). All growth runs were carried out in triplicate, and [ and
w of at least 30 crystals were measured at each PPIX
concentration. As PPIX concentrations increase, both the
average crystal length and width monotonically shorten; at 15
uM PPIX, [ is shorter by about 60% and w by about 40% than
those of the control (Figure 3B,C). At its highest
concentration, 20 uM, PPIX caused crystal twinning and
intergrowth (Figure 3I), which hampered accurate length and
width measurements. The shorter length of the crystals grown
in the presence of PPIX manifests strong inhibition of the
growth of the {101} and {111} faces of Etpl crystals by PPIX

7055

(Figure 3],K), whereas the shorter width implies that PPIX
similarly inhibits the growth of the {001} faces.

At 1S uM, PPIX crystals grew narrower close to their apexes
than at their respective axial midpoints (Figure 3H). Such
tapered shapes have been attributed to blocking of steps on the
orthogonal faces as they approach a shared edge, induced by
enhanced supply of inhibitors to the edge (Figure 3M).** The
symmetric tapering at opposite apexes (Figure 3H) indicates
that PPIX interactions with the (101) face are equal to those
with the (101) face, and the PPIX interactions with the (111)
face match those with the (111) face.

Lack of Complexation between Etioporphyrin | and
Protoporphyrin IX. A plausible scenario to explain the
uniform suppression of growth of the {111}, {101}, and {001}
faces by PPIX assumes sequestration of Etpl in soluble
complexes with PPIX, which lowers the amount of Etpl
available for crystal growth and the crystallization driving force.
Complexation could potentially completely stunt the growth of
Etpl crystals if the residual concentration of unliganded Etpl
drops to values at or below its solubility C..

To test whether complexation represents the prevalent mode
of inhibition of Etpl crystal growth by PPIX, we characterized
the EtpI—PPIX binding equilibria in octanol, using a method
based on absorption spectroscopy, previously used to test the
binding of hematin to antimalarial drugs.”’ The individual
absorption spectra of Etpl and PPIX both reveal distinct Q
bands (Figure 4A), commonly attributed to two purely
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Figure 4. Characterization of mixed Etpl and PPIX solutions by
absorption spectroscopy. (A) Individual spectra of Etpl and PPIX
dissolved in octanol (dashed lines) and spectra of six Etp[—PPIX
mixed solutions of distinct compositions. (B) The absorbances at 496
nm of 10 mixed solutions of Etpl and PPIX with distinct
concentrations equal the absorbances calculated assuming no
complexation between Etpl and PPIX. Two independent tests are
shown. The dashed straight line represents the best linear regression
fit to the two data sets and has a slope of 1.0 and intercept of 0.0.

electronic transitions (0—0) and two mixed vibronic
transitions (0—1) of the porphyrin 1‘ing.86_90 The individual
spectra recorded at several concentrations of each compound
supplied their respective extinction coeflicients in the examined
wavelength range. The concentrations of PPIX were 2—40-fold
lower than those of Etpl to match the concentration ratios
tested in the crystal growth experiments (Figure 4A). As a
result of this compositional asymmetry, the intensity
contributed by PPIX to the absorption peaks of the mixtures
is lower than that of Etpl. The PPIX contributions present as
well-detectable shoulders on the right side of the Etpl peaks
around 570 and 620 nm, as a weaker shoulder of the Etpl peak
at around 520 nm and a shape change of the Etpl peak at
around 490 nm (Figure 4A). Importantly, no new peaks that
may belong to a potential EtpI—PPIX complex and no
isosbestic points”” arise in the spectra of the mixtures (Figure

https://doi.org/10.1021/acs.cgd.1c00971
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4A). Furthermore, the spectra of the six mixed solutions of
Etpl and PPIX at distinct concentration ratios equaled the
sums of the spectra of the individual components weighted
with their respective concentrations (Figure 4A).

As a second test, we measured the absorbances at 496 nm of
10 mixed EtpI—PPIX solutions (Table S1), which again proved
equal to the calculated sums of the individual absorbances of
Etpl and PPIX (Figure 4B). The congruity of the measured
and calculated spectra and absorbances of mixtures of Etpl and
PPIX deny the existence of an EtpI—PPIX complex, which
would exhibit a unique absorbance spectrum and lower the
concentrations and absorbances of the two porphyrins. The
spectroscopic characterization of mixed EtpI—PPIX solutions
demonstrates that complexation between the two porphyrins is
minimal and certainly insufficient to lower the concentration of
Etpl to the extent necessary for the recorded inhibition of Etpl
crystal growth.

The Molecular Mechanism of PPIX Action. The lack of
complexation between Etpl and PPIX advocates that PPIX
suppresses the growth of Etpl crystal faces by interacting with
the crystal surfaces. To glean molecular-level details on how
PPIX impacts the structures and dynamics of Etpl crystal
surfaces, we monitored the basal (010) face with atomic force
microscopy (AFM) in situ during growth from solutions in
octanol. The microscopic and mesoscopic structures on the
crystal surface and their dynamics during growth sensitively
discriminate three possible interactions of the modifier with
the crystal surface: induction of lattice strain, step pinning, or
kink blocking.

The crystal surface structure in solutions of Etpl alone
constitutes the baseline to assess the inhibitor activity. The
Etpl crystals select a classical mechanism of growth. The (010)
face structures as unfinished crystal layers wound into spirals
emanating from screw dislocations that outcrop on that face
(Figure SA). Solute molecules associate with the edges of the
unfinished layers, the steps, and they grow, and the spiral
continuously turns as new layers emerge at its center. As the
steps move away from the dislocation outcrop, the anisotropy
of step growth sculpts the shape of the dislocation
hillock.”*”"?* The lack of inversion centers, mirror planes, or
two-fold axes in the P1 Etpl crystal symmetry group
disconnects step growth in the [100], or 4, direction from
that in the opposite [100] direction and in the [001], or ¢,
direction from growth in the [001] direction (Figure SA).
Steps growing fast in the [100] direction reach farthest from
the dislocation outcrop, whereas steps growing in the [100]
direction are the slowest. The intermediate velocities of steps
growing in the [001] and [001] directions dictate the
lanceolate shape of the step spiral (Figure SA). Importantly,
this shape persists at varying Etpl concentrations and argues
that the anisotropy of step growth is independent of the solute
concentration.

AFM observations eliminate lattice strain, caused by PPIX
molecules embedded in the top crystal layer or merely bound
to it. Both mechanisms require a strictly defined combination
of the chemical potentials of the modifier and the solute that
constrains the activity of this inhibition modes to select
locations on the crystal surface and to limited time spans.” In
contrast to these expectations, the impact of PPIX on the step
pattern on the (010) face is uniform (Figure SB), and the step
pattern remains largely similar to that in solutions without
PPIX (Figure SA).
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Figure S. Growth of Etpl steps in the presence of PPIX. (A, B) Time-
resolved situ atomic force microscopy images of the evolution of the
growth spiral on a (010) face of Etpl crystals growing in a 0.35 mM
solution in octanol in (A) and in the presence of 2.5 uM PPIX in (B,
C). Evolutions of step displacements in the [100], or 3, direction in
solutions of Etpl at concentration 0.35 mM, in red, and in the
presence of listed amounts of PPIX, in blue. Error bars represent the
standard deviations from the respective averages over about 30
measurements for each time. Straight lines represent best linear
regression fits to the data. (D) The evolution of the step velocity in
the [100] direction in a solution of 0.35 mM Etpl in the presence of
1.5 uM PPIX. (E) The correlation of the step velocity in the [100]
direction and the Cppry in 0.35 mM Etpl solutions. The line is just a
guide for the eye. In (D, E), error bars represent the standard
deviations of the slopes of the displacement—time correlations, as in
(C). (F) The correlation of the step velocity with Cppy in reciprocal
coordinates. The solid straight line represents best linear regression fit
to the data. The deviating point at Cppx = 0.7 mM™" was excluded
from the analysis. Dashed line extension of the straight line highlights
the intercept of the correlation.

The distances away from the dislocation outcrop that a step
reaches increase proportionally to the elapsed time both in
pure Etpl solutions and in the presence of as much as 5 M
PPIX (Figure SC). The slopes of the step displacement—time
correlations define the step velocity v. The quantity v presents
a sensitive indicator of the kinetics of incorporation of
molecules into the kinks and the concurrent processes which
engage PPIX. A potential interment of PPIX molecules into the
top crystal layer would elicit lattice strain, which would depress

https://doi.org/10.1021/acs.cgd.1c00971
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the force driving further PPIX incorporation. The resulting
slow accumulation of the PPIX molecule embedded in the
crystal surface would continuously escalate the retardation of
step motion due to lattice stress, and we would expect to see a
continuously diminishing v. In contrast to these expectations, v
is steady in time for up to 150 min (Figure SD) which
indicates, concurrently with the uniform response of the
surface morphology to PPIX, that lattice strain is not a part of
the mechanism employed by PPIX to suppress Etpl crystal
growth.

The step velocity of etioporphyrin I at a constant solute
concentration rapidly decays as Cppy increases (Figure SE).
This immediate step growth suppression conforms to expect-
ations for PPIX blocking the kinks (Figure 1B,D) and is in
contrast to the predictions of the step pinning model of step
inhibition (Figure 1A,C). To further illuminate the activity of
PPIX, we derive an expression for the correlation between
Crprx and v assuming that the activity of PPIX is restricted to
association to kinks. We rely on a fundamental tenet of
crystallization that v is proportional to the kink density
ny. 038399394 We designate the fraction of kinks occupied by
inhibitor molecules 6. This 6, may be limited by kink
generation that occurs on time scales comparable to those of
inhibitor adsorption.”> We account for this limitation by a
multiplier £, 0 < £ < 1. With these assumptions

v =m (1 = &6,) and v = (1 — &6,) (1)
where v and 7, are the values of v and n; in the absence of
inhibitors and ny is the density of kinks unoccupied by PPIX.
As 6, =1 v asymptotically reaches its low threshold

Vst = I)O(l - z—’:) and VOZ—’: =V~ Yea (2)
Combining eqgs 1 and 2,
V=1~ (VO - vsat)ek (3)

We model 6, with the Langmuir adsorption isotherm, which
assumes a finite number of equivalent adsorption sites, no
interactions between adsorbed molecules, a desorption rate
independent of the solution concentration of the inhibitor, and
equilibrium between inhibitors on the surface and in the bulk.
Under these assumptions

_ Ky Cppix
) = — P
1 + Ky Cppx (4)
where K is the Langmuir constant for adsorption of PPIX to
kinks, and we obtain

v = vo[l _¢ Ky Cppix J
()

1 + Ky Copix

Equation 5 reveals that the functional relation between v and
the solute concentration does not modify in response to the
activity of a kink blocker, and only the coefficient of
proportionality reduces by a factor dependent on Cppx.
Furthermore, eq S predicts that as Cppyx increases, v decreases
monotonically from v, at Cppiyx = O to its saturation value v,
defined in eq 2. These two signature behaviors of kink blockers
are reflected in the respective schematic plots (Figure 1D,F).

The relationship in eq 5 linearizes in coordinates v, (v, —
v)™! as a function of Cpprx,
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v— = (1/ — ) I<LkCPPIX
0 - 0 sat
1 + Ky Cpprx (6)
Vo Yy Yy 1
Vo=V Vo = Vg vy — Ve KixCppix (7)

The correlation v, (vy — v)™'(Cpprx) employing the v(Cpprx)
data is indeed reasonably linear (Figure SF) and affirms that
PPIX suppresses Etpl crystal growth by blocking the kinks
along the steps. Closer inspection, however, informs that the
intercept of this correlation, which, according to eq 2, defines
E = 1y/(vy — vgy), is smaller than unity, implying that v, is
negative, an unphysical conjecture. The conflict with the
assumption of the straightforward kink blocking model also
manifests in the v(Cppy) correlation (Figure SE), in which v
reaches zero (Figure S1) while still dependent on Cppry, in
contradistinction from the asymptotic independence of v of
Coprx as v, approaches, predicted by eq S and illustrated in
Figure 1D.

To elucidate the mystery posed by the v(Cppy) data at
constant Cg,, we recruit the other behavior, which
distinguishes the two kinetic mechanisms of step inhibition,
kink blocking, and step pinning, the v(Cgy) correlation at
constant Cppry. If PPIX activity is indeed limited to blocking
kinks, we expect v(CEtPI) to mimic the correlation in the
absence of PPIX with a lower scaling factor. Were PPIX to
adsorb on the terraces between steps and force the steps to
bend as they squeeze between the stoppers in their way, we
expect a complex v(CEtPI) that divides into three segments. At
low Cgy,p, the low thermodynamic driving force for
crystallization Ay = kT In(Cgy,i/C.) (kp, Boltzmann constant;
T, temperature; C,, Etpl solubility) would authorize a large
radius of the two-dimensional critical nucleus R. = Qy/Apu.
Here Q is the volume occupied by one Etpl molecule in the
crystal—in the P1 space group, Q equals the unit cell
volume—and y is the surface free energy of the step edge. If R,
is greater than the mean spacing between pinners adsorbed on
the crystal surface, the step growth stalls even though the Cgy,
is above the solubility. This Cgy, range is called “dead zone”.
At a slightly higher Cgy,, at which R_ is smaller but comparable
to the mean spacing between pinners, v vigorously accelerates
as higher Cgy, drives R, to way smaller than the pinner spacing.
At Cgy,p two- or three-fold greater than the dead zone width, R
is sufficiently small that the steps are no longer sensitive to the
pinners, and v attains its dependence on solute concentration
as in a pure solution (Figure 1E). The second segment, where
v sharply responds to greater Cp,, shifts to hi%her Ciypr at
higher modifier concentrations (Figure 1E).>%93°3

The AFM-measured correlation between the step velocity v
and Cgy, at constant Cppry = 1.5 M exhibits behaviors typical
for both steps pinning and kink blocking (Figure 6A). Similar
to expectations for step pinning, this correlation divides into
three segments: a dead zone for Cgy, — C, < 0.13 mM, swift
acceleration of v for 0.13 yM < Cgy,y — C, < 0.19 M, and
proportionality between v and Cgy, for Cpy,y — C, > 0.19 mM
(Figure 6A). The slope of the linear correlation in the latter
segment, however, is about two-fold lower than that in solution
without PPIX (Figure 6A), indicating that PPIX also blocks the
kinks and obstructs the association of Etpl molecules to them.
To better understand the dual action of PPIX on Etpl steps, we
develop an analytical model of combined step pining and kink
blocking and compare its predictions to the v(CEtPI, Cppix)
correlations measured with AFM.

https://doi.org/10.1021/acs.cgd.1c00971
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Figure 6. The correlations between the step velocity v and the
concentrations of Etpl Cgy; and PPIX Cppy in solutions of both
porphyrins. (A) The v( CEthS correlation in solution of EtpI only (red
spheres) and in the presence of 1.5 uM PPIX (blue spheres). Error
bars represent the standard deviations of the slopes of the respective
displacement—time correlations. Solid straight lines represent best
linear regression fits to the data. Blue dashed line extends the linear
v(CEtPI) segment at 1.5 uM PPIX to Cgy,; — C, = 0. The prediction of
the model of PPIX activity by combined kink blocking and step
pinning (crosses). (B) Juxtaposition of the v(Cppx) correlation at
Cgpy = 0.35 mM and Cgy,; — C, = 0.18 mM (blue spheres) with the
model prediction (crosses). The line through the measured velocities
is just a guide for the eye.

Analytical Model of the Dual Action of PPIX. We
consider the motion of steps governed by three phenomena:
(1) Modifier molecules adsorb on the terraces and enforce step
curvature, which elevates the chemical potential of the curved
steps and constricts the driving force for step growth.”” (2)
Modifiers associate with the kinks and bar incorporation of
solute molecules to some of the kinks. (3) Importantly,
conforming to the Gibbs rule of adsorption, a corollary of the
second law of thermodynamics, association of modifiers with
the kinks is only possible if they reduce the surface free energy
7 of the step edge. The decrease of y regulates how the steps
respond to greater curvature.

The supersaturation Ay = kpT In(Cpyi/C.), where Ay = p
— U =} — Mo, and u, p,, and p_ are the chemical potentials of
the solute in the solution, in a solution at equilibrium with the
crystal, and in the crystal, respectively; Cpgy is the solute
concentration; and C, is the Etpl solubility. This definition
relies on the assumption that the ratio of solute activity
coefficients in the supersaturated solution and at equilibrium is
close to 1. For brevity, we introduce o, defined as 6 = Au/kgT
= ln(cEtPI/ C.). According to the transition state theory, the rate
of a reversible chemical reaction is proportional to

(exp ki—; - 1>ﬁ.96 Accounting for the molecular size, the

kink density, the activation barrier for incorporation, factors
included in the step kinetic coeeficint 3, and the change in
molecular density upon crystallization via the Eroduct QC,, the
step velocity relates to the supersaturation as’"*’

Ap

V= /)’QCe[exp k_T -1
B

] = ﬂQ(CEth -C)
(8)

The predicted linear v(C) correlations have been recorded for
numerous crystals growing in supersaturated solutions of
solute only’” and is obeyed by Etpl crystallization (Figure 6A).

We assume the modifier molecules adsorb on the crystal
surface with molecular surface concentration ng = 85/S,, where
0 is the surface coverage and S is the area of one adsorption
site. For inhibitors, whose molecular size is commensurate with
that of the solute, S, is the dot product of the two lattice
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vectors parallel to the upward facing crystal face. We evaluate
the average distance between stoppers as

Sy/0s

05 _

L=ng™ = ©)
To evaluate 65, we assume that adsorption on the crystal
surface, similar to adsorption at the kinks, follows the
Langmuir relation between 65 and the solution concentration

CPPIX)

Op = KisCpprx/ (1 + KisCpprx) (10)

where Kig is the respective Langmuir constant, distinct from
Ky, the Langmuir constant for adsorption at the kinks. We
assume that pinners separated by distance L enforce step
curvature with radius R = L/2. We obtain

1 1+ K C
R=-]s, LS“PPIX

2 (11)

According to the Gibbs—Thomson relation, a step with a
radius of curvature R is in equilibrium with a solution of
concentration C., which is greater than the equilibrium
concentration of a straight step C, by

]_&

 Rk,T

KLSCPPIX

( CeR
In| —
C (12)

where ¥ is the surface free energy of the step edge. Equation 12
inverts the familiar application of the Gibbs—Thomson relation
to define the radius R. of a two-dimensional island in
equilibrium with a solution with a concentration Cgy, greater

than the solubility C,
Qy

Ri=——+—"7——

kgT ln(CEth/Ce) (13)
Unifying eqs 11 and 12, we obtain an expression for the critical
supersaturation 64, below which a step cannot penetrate the
inhibitor fence and growth ceases

-1 (CeR) _ 2Qr |1 KygpCppix
o3 =1In = — | ——
C. kgT \ So 1 + K sCoprx (14)

Equation 14 defines the dead zone width. This expression for
6, is identical to the one derived by Weaver and De Yoreo.*”*°

From eq 12, the solution concentration at equilibrium of a
curved step with radius R is

Cer = C, exp 1)

At a concentration Cg, > Ceg, a step with radius of curvature
R grows with velocity

B

Q
C e _y]

Vr = ﬂQ(CEth - Cx) = ﬂQ{CEth - RELT
B

&
Cigpr — G exp RkyT

CEth -G

= VOO

(16)

where v, is the velocity of a strai%ht step, defined in eq 8. An
. . . - 49
equivalent form of this relation is

Ry

e —1

e’ —1

(17)
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Combining eq 16 with eq 11 on the relation between the step
radius of curvature R, dictated by the surface concentration of
step pinners, and the bulk concentration of step pinners Cppx
engenders a relation between the v and Cppx

Yoo

—CS(CEth -G

CEth -
\/ (18)

According to eq 18, at constant Cgy, the velocity v of a step
enforced by step pinners with solution concentration Cppy
decreases monotonically from vy, at Cppix = 0, at which the
step curvature R = 00, to zero as Cppy reaches the limit defined
by eq 14 with Cir = Cgyy (Figure 1C). At low Cppry, the
decline of vy is gentle, but intensifies exponentially as Cppx
moderately increases (Figure 1C). At constant Cppry, v is held
at zero as long as Cy, stays lower than C defined by eq 14.
At Cgyyp > Cep, €q 18 predicts a linear increase of vy following a
trend that lies parallel to that in a pure solution but lower due
to the exaggerated value of C,p. The linear vg(Cp,q) correlation
predicted by eq 18 stands in contrast to S-shaped dependences
(Figure 1E) observed in experiments and attributed to step
pinning.ss’98

Notably, experiments measure not vy, but a step velocity
averaged over both curved and straight step segments that
propagate between the lines of stoppers. Recent kinetic Monte
Carlo results reveal that the surface distribution of step pinners
has no effect on the average step velocity, i.e., steps with
varying curvatures due to uneven distribution of pinner
advance, on the average, as fast as steps with constant
curvature imposed b? uniformly distributed pinners of the
same surface density.”' Assessing the relative contributions to
the measured averages of curved and straight step segments,
however, has faced challenges. The original model of step
pinning, by Cabrera and Vermilyea,** evaluated the effective
step velocity as the geometric mean of the maximum velocity,
corresponding to uninhibited step propagation in the gaps
between the pinners and following the kinetic law in eq 8, and
the minimum v due to pinning according to eq 18. In the step
motion law, this mode of averaging invoked an exponent of 1/
2 on the expression in parentheses in eq 18. Subsequent
models assumed that the measured step velocity corresponds
to an arithmetic mean”® or just to the minimum velocity
expressed by eq 18.** Additional factors—kink blocking by the
pinners, step anisotropy, variable step curvature,46 stopper
mobility, slow stopper adsorption, and others—failed to
predict quantitatively experimentally measured correlations
between the step velocity and the solute concentration.'”” We
surmise that this discrepancy between experiment and models
emanates from the shared theoretical assumption that the
relative contributions of straight and curved step segments are
independent of the supersaturation. In fact, at high super-
saturations, where 2R_ is substantially shorter than the mean
separation between pinners, straight segments would dominate
the statistics of step velocities, and the measured v would be
close to that in solutions without and inhibitor. Accounting for
supersaturation-dependent relative contributions of straight
and curved steps to the effective step velocity controlled by
step pinners is a worthy future task.

Considering the added activity of PPIX as a kink blocker, we
evaluate how much the surface free energy y of the step edge

Vp =

2Qy
kT

Ky sCrprx ]
exp

So(1 + KisCpprx)
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declines owing to adsorption of PPIX to the kinks. We assume
that ny}, = m o — my, the density of kinks occupied by adsorbed
PPIX, is equal to the number of PPIX molecules adsorbed at
the kinks. With this assumption, n,;, complies with the Gibbs
equation of adsorption”

__d
dﬂ PPIX

Mep

a

(19)
where a is the step height and ppprx is the chemical potential of
PPIX in the solution. Owing to the low inhibitor
concentrations, the interactions between inhibitor molecules
are weak and pipprx = fipprxo + kpT In Cppry, where pppry g is the
standard value of ypprx. The sum of occupied and free kinks ny
+ nk’b = nk,o and nk,b = Qkénklo.
We integrate the Gibbs equation and substitute the relations
for ny}, and pppy to obtain
Cpp
—A}/ _ /‘ PPIX Mdﬂ
0 a

PPIX

Crpix 0.tn
f 90y iy
0

a
C K n f
R TR
0 1+ KyCppx @ (20)
and
kBT§ Mo Crpix KLkd C PPIX
—Ay = ——— / . ~ 9lpx
a Jo 1+ K,Cox
kgTny o
=—¢fIn(1 + K;,C
B ¢ n( Lk PPIX) 1)

Equation 21 is equivalent to the venerable Szyszkowski
empirical relation.'®'
Incorporating eqs S and 21 into eq 18 begets

K1 Crpix ]X
1 + Ky Coprx

(yo .

K sCopix
So(1 + KisCppix)

vR=ﬂQ{1 .

20
ks T

kBTnk,O

X CEth - Ce €xp f

In(1 + KLkCPPIX)]\/

(22)

where ¥, is the surface free energy of the step edge in the
absence of kink blockers.

The derived relation reflects the kink blocking activity of
PPIX in the expression in the first parentheses. Step pinning,
which modifies the step-solute equilibrium, is recognized by
the exponential multiplier to C.. The attenuation of the free
energy of the step edge by PPIX interaction with the kinks is
sanctioned by the parentheses-enclosed member in the
argument of that exponential multiplier. Importantly, the
relation in eq 22 emphasizes that the reduction of y due to
PPIX association to kinks denotes cooperativity between the
step pinning and kink blocking modes of action of PPIX, as
without step pinning, lower y would not affect step growth.
The diminished y eases the passage of steps between the
pinners and thus weakens the step pinning activity of PPIX,
constituting an antagonistic element of the cooperativity
between its two modes of action.

At constant Cgy,, the rate law eq 22 predicts a sharp decline
in vy as PPIX is added to the solution, modeled by the
expression in the first parentheses. In contrast to the
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straightforward kink blocking, however, eq 22 predicts
complete growth cessation as soon as the modified C,y reaches
Ciepr- If Cppry is fixed, the added activity of PPIX on the steps,
to attenuate y, weakens its step pinning capacity and shrinks
the dead zone and the width of the transition from no growth
to uninhibited step propagation in the v(CEtPI) correlation.
Notably, the (101), (111), and (001) faces of Etpl crystals do
not cease to grow even at PPIX concentrations four-fold higher
than what completely stunts step growth on the (010) face
(Figure 4B,C). These faces are not accessible to AFM
observations to deduce the relevant mechanisms of inhibition.
We surmise that on these faces PPIX selects unique inhibition
mechanisms that do not include step pinning, analogously to
the anisotropic inhibition on the highly dissymmetric crystal
surfaces of a potential nonopioid drug.”’

How Do the Model Predictions Match the Exper-
imental Data? The v(CEtPI, Cppix) relation in eq 22 rests on
four parameters: the top extent of kink inhibition &, the
Langmuir constants for adsorption at the kinks Ky, and on the
crystal surface Ky g, and the surface free energy of the step edge
in pure Etpl solutions y,. S-Shaped functions are defined by
three parameters, and compliant experimental data may furnish
their values. The functional dependence in eq 22, however,
neglects the growth of straight step segments, and we expect it
to poorly match the transition from stunted growth in the dead
zone to uninhibited growth at high Cgy,. Hence, fitting eq 22
to experimental results may at best yield two of the parameters
that govern interactions of PPIX with kinks and surfaces. To fill
in the missing two parameters, we estimate ¢ and ¥, from
considerations unrelated to the v(Cgyp, Cpprx) data. Guided by
previous determinations of £,” we assign it the value 0.5. We
assume that at Cg,; — C, > 0.2 mM the steps are insensitive to
PPIX adsorbed on the crystal surface, ascribe to the
deceleration of v in this concentration range to kink blocking
according to eq 5, and obtain Ky = 1.1 uM ™",

We relate y, to the crystallization enthalpy AHC, via the
Turnbull rule

0.3|AHcoryst|

W= T i3
PN (23)
where N, is Avogadro’s number. Using AHZ, = —26 kJ mol ™

(ref 82) and Q = 0.678 nm® (ref 76) y, = 16 m] m~% This
value of y, coheres with y, = 23 mJ m™ for crystallization of
hematin, another porphyrin, from a solvent dominated by
octanol.””'*'% Applying the assumed ¢ and the evaluated
Ky — Ay = 0.8 mJ m™? and y = 15 mJ m 2 Wielding the dead
zone width C.z = 0.33 mM (Figure 6A), its definition, eq 14,
and the value of y invokes K;g = 5 X 107> yuM™". The ca. 200-
fold discrepancy between K and K| ¢ is expected since a PPIX
molecule invading a kink forms contacts with more molecules
than it can with the relatively flat (010) surface of an Etpl
crystal.

Incorporating the values of &, Kj;, Ki 5, and y; in the relation
for v(CEtPI, Cppix), €q 22, reproduces relatively well the
experimental data for v(Cppy) at constant Cigpl (Figure 6B).
The correspondence with the data for v(CEtPI) at constant
Crprx, however, is less precise, in particular, in the region of
transition from the dead zone to fast step growth at high Cgy,
(Figure 6A). We accredit the inconsistency between the results
of the model and the experimental quantities to the disparity
between the modeled and measured step velocities. Equation
22 relates to the velocity of steps that curve to penetrate a
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fence of stoppers, whereas AFM measures velocities averaged
over both curved and straight segments extant in the gaps
between the stoppers.

Importantly, the V(CEth) Cppix) rate law in eq 22 highlights
the superiority of dual-action inhibitors as regulators of crystal
growth. In contrast to modifiers that solely pin steps, dual-
action inhibitors suppress step motion even at low
concentrations (Figure 6B). They eclipse exclusive kink
blockers as they invoke complete growth cessation if applied
at elevated concentrations. At concentrations between these
two extremes, dual-action inhibitors can dial in any degree of
inhibition required to optimize the crystal size or shape.

Is Step Growth Suppression by Dual-Action Inhib-
itors Reversible? Deriving the relation in eq 22, we modeled
the association of PPIX molecules to both kinks and flat crystal
surfaces with the Langmuir adsorption law, an equilibrium
expression that capitalizes on the assumption that adsorbed
molecules readily desorb. A corollary of the adsorption
reversibility is that if PPIX is removed from the solution, it
would dissociate from the kinks and the crystal surface and
allow step growth to return to its rate prior to PPIX
introduction. The interaction of PPIX with kinks and surfaces,
however, may elicit consequences excluded from the simplified
model presented above. Among those are long—lasting lattice
strain due to PPIX incorporation into the crystal*”'®* or the
generation of defects that may both accelerate and depress
crystal growth.*°*1951% To test the reversibility of PPIX
activity, we monitored how steps on the (010) face of the Etpl
crystal evolve in response to the introduction and removal of
PPIX from the solution (Figure 7).

In the presence of PPIX, the edge of the spiral step is
serrated, which manifests the step pinning activity of the
inhibitor (Figures 7A—C and $B). The main characteristics of
this shape persist, and the step velocity is relatively steady
(Figure 7A—C,G). The introduction of solution of pure Etpl
drastically remolds the growth spiral. The step edges
straighten, and the characteristic lanceolate shape reemerges
(Figure 7D—F). The rebuilt shape appears in the first AFM
image, collected about 2 min after pure Etpl solution is
pumped into the AFM cell, and it suggests that the desorption
of PPIX from the surface has completed within this time.
Surprisingly, the step velocity retains its reduced value for
about 3 min after PPIX is purged. Steps that grow at ca. 8 nm
s! (Figure 7G) and separate by about 1 ym (Figure 7D—F)
contribute one or two layers to the crystal during this time.
This estimate of the crystal matter that accumulates at a
reduced rate after the removal of the inhibitor is consistent
with a feasible mechanism of the transient irreversibility of step
growth. We hypothesize that PPIX molecules that interact with
the kinks and surfaces embed in the top crystal layers and
strain them. The strain persists after PPIX is pulled out of the
solution and continues to delay step growth until the
accumulation of one or two crystal layers detaches the steps
from the buried stress centers.

In about 3 min, step growth in solutions of pure Etpl
recovers the rate driven by the employed Cgy, (Figure 7G,H),
and it implies that the observed irreversibility is constrained to
short times after the inhibitor clears.

B CONCLUSIONS

The example of etioporphyrin I crystals growing from solution
in octanol in the presence of protoporphyrin IX reveals
copious mechanistic details on crystallization control. We show
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Figure 7. Transient responses of the spiral morphology and the step
velocity to the introduction and removal of PPIX. (A—C) The
configuration of a spiral step on the (010) face of Etpl crystals
growing in a solution with Cg, = 0.35 mM in the presence of 2 uM
PPIX. Indicated times start about 8 min after the PPIX-containing
solution was introduced to the growth cell. (D—F) The evolution of
the same spiral step as in A—C in a solution of Etpl only with Cgy, =
0.35 mM. Indicated times start about 2 min after the solution in A—C
was replaced with a solution of EtpI only. (G) The evolution of the
step velocity in the [100] direction in a solution with Cgyy = 0.35
mb, after this solution was replaced with a solution of both EtpI and
PPIX with Cgy,; = 0.35 mM and Cppry = 2 #M at § min, and after the
initial solution of pure Etpl replaced the solution of Etpl and PPIX at
15 min. (H) The average velocities of steps in solutions of pure Etpl
with Cgp = 0.35 mM, after PPIX was added, at 0.75 uM, and, in a
separate experiment, at 2 #M, and after the PPIX-containing solutions
were replaced with a pure Etpl solution with Cg,; = 0.35 mM. Light
blue and red and dark blue and red symbols denote results of two
distinct experiments.

that despite the hugely divergent structures of kinks and
surfaces an inhibitor may bind to both interface elements and
exert a dual mode of crystallization suppression. We
demonstrate that dual-action inhibitors are superior regulators
of crystal growth that afford the opportunity to fine-tune the
degree of inhibitions required to optimize the growth and
shape of a crystal of interest. The activity of PPIX is
constrained to blocking kinks and pinning steps and excludes
aftereffects that may permanently delay step motion, such as
strain in the crystal lattice. We show that the reduction of the
step edge free energy, a necessary condition for association to
kinks and blocking the solute access to them, attenuates the
step pinning activity of the inhibitor. We put forth a closed-
form rate law for step growth in the presence of a dual-action
modifier that highlights an antagonistic element of the
cooperativity of the activity modes enforced by the decline
of step edge free energy.

It is tempting to ascribe the dual action of PPIX to its
structural similarity to the solute, Etpl. A higher level of
understanding of how a modifier molecule associates to a kink
or a flat crystal surface that may come from DFT and all-atom
MD simulations may assess the significance of similarity
between solute and modifier and help to design better dual-
action inhibitors.

None of the mechanisms recruited by PPIX to inhibit the
growth of Etpl crystals appear unique to organic crystallization.
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Limiting the interactions between solute, solvent, and modifier
exclusively to van der Waals forces may direct the governing
parameters of these mechanisms, but the results that we
present stop short of elucidating the underlying pathways.

Numerous additional questions remain open. Among them
are whether a modifier that employs a certain mode of action
on one crystal face would similarly inhibit the other faces in the
crystal habit. The common use of step pinners in the
crystallization practice demands that an analytical model that
adequately captures the variable relative contributions of
straight and curved steps moving among a field of stoppers is
soon developed so that crystal growth can be predictably and
accurately tailored by inhibitors. On a grander scale, the
rational selection of modifiers to control the synthesis of
crystals of interest seems like a blue-sky goal, but it may
succumb to an integrated effort that combines the predictions
of advanced models with data obtained in carefully staged
experiments.
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