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Abstract

Solution crystallization is a part of the synthesis of materials ranging from geological and
biological minerals to pharmaceuticals, fine chemicals, and advanced electronic components.
Attempts to predict the structure, growth rates and properties of emerging crystals have been
frustrated, in part, by the poor understanding of the correlations between the oligomeric state of
the solute, the growth unit, and the crystal symmetry. To explore how a solute monomer or
oligomer is selected as the unit that incorporates into kinks and how crystal symmetry impacts
this selection we combine scanning probe microscopy, optical spectroscopy, and all-atom
molecular simulations using as examples two organic materials, olanzapine (OZPN) and
etioporphyrin I (EtpI). The dominance of dimeric structures in OZPN crystals has spurred
speculation that the dimers preform in the solution, where they capture the majority of the solute,
and then assemble into crystals. By contrast, Etpl in crystals aligns in parallel stacks of flat Etpl

monomers unrelated by point symmetry. We show that solute monomers are the majority solution
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species in solutions of both compounds. Surprisingly, the kinetics of incorporation of OZPN into
kinks is bimolecular, indicating that the growth unit is a solute dimer, a minority solution
component. The disconnection between the dominant solute species, the growth unit, and the
crystal symmetry is even stronger with Etpl, for which the (010) face grows by incorporating
monomers, whereas the growth unit of the (001) face is a dimer. Collectively, the crystallization
kinetics results with OZPN and Etpl establish that the structures of the dominant solute species
and of the incorporating solute complex do not correlate with the symmetry of the crystal lattice.
In a broader context, these findings illuminate the immense complexity of crystallization

scenarios that need to be explored on the road to understanding and control of crystallization.

Introduction

Crystals are defined by their symmetry.! Crystal symmetry combines point symmetry
elements, such as an inversion centers, mirror planes, and rotation axes, typical of finite-size
objects, with translation.? The translational symmetry of silicon, germanium, and other
semiconductor crystals guides their electronic band structure and the behaviors of charge carriers
that define their utility.3 The point symmetry of diamond and other precious stones is lower than
that of a sphere and governs their direction-dependent properties, including the substantial
anisotropy of their refractive indexes, their most appealing property.# Alternatively, the lack of an
inversion center in quartz and other polar crystals preconditions their piezoelectricity.> The
hexagonal molecular arrangement in normal ice institutes a density lower than that of water and
enforces ice accumulation on the surfaces of lakes and seas, which, in turn, facilitated the rise of

life.®

Translational symmetry dictates exact rules for how a molecule in a crystal orients and
positions with respect to any other crystal molecule. It arises during crystallization. The origin of
point symmetry elements, however, is far less understood. Crystal point symmetry is certainly

uncorrelated to molecular symmetry.” 8 Water molecules carry two-fold symmetry, yet at standard
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conditions they crystalize as hexagonal ice. At elevated pressures and low temperatures water
arranges in several other distinct crystal lattices. The variability of crystal symmetries that a single
molecule can adopt, often called polymorphism, is another example of the disconnection between

molecular and crystal symmetries.?

The classical theories of crystal nucleation and growth assume that molecules incorporate
into a crystal individually. This perspective inevitably commands that, similarly to translational
symmetry, point symmetry arises during crystallization. Recent observations in complex
biological, geological, and synthetic environments have exposed cases of nonclassical
crystallization employing liquid, amorphous, and crystalline precursors'®’5. The agency of the
mesoscopic precursors only marginally modifies our understanding of the correlation between
solute and crystal symmetries since the ordered structures of nanocrystals originate during their
own nucleation''; amorphous, liquid, or partially ordered!® 7 particles attain symmetry upon

conversion to crystals or association to a host crystal.

A more intriguing question is posed by microscopic crystallization precursors that present
as solute dimers and higher order oligomers, which form owing to the unavoidable interactions
between solute monomers'®-2' and may, in some cases, mirror the structural units of the crystal.2*
26 Tt is easy to presume that the common structural motifs in the solution and in the crystal
represent the solute species that associate to the kinks, which would imply that crystal symmetry
elements arise in the solution prior to crystallization. The elementary acts of incorporation into
kinks, however, have only been directly visualized for relatively few crystals.2”43 Given the
constrains to directly identify the growth unit, the promotion of the solute oligomers to the rank
of the incorporating species has remained largely unchallenged and the origin of crystal

symmetry, obscure.

To test how solute oligomers transition into symmetry-related crystal blocks, here we put

forth the kinetics of step growth as an indicator of the crystal growth unit. We then explore the
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correlation of the growth unit with the state of the solute and the crystal symmetry. We use as
examples of two molecular crystals, olanzapine (OZPN) and etioporphyrin I (EtpI). The results
demonstrate that the crystal growth units may diverge from both the dominant solute species and
the crystal structural units and inform that the correlation between the symmetry of a solute

oligomer and the crystal structure is far from a general law.

OZPN: growth by incorporation of dimers that capture a minor fraction of the

solute

Olanzapine (OZPN, 2-methyl-4-(4-methyl-1- piperazinyl)-10H-thieno-[2,3-b] [1,5]
benzodiazepine, Fig. 1a) is a benzodiazepine derivative used to treat the positive (hallucinations
and delusions) and negative (social withdrawal) symptoms of schizophrenia, bipolar disorder,
and other psychoses,4 which precipitates in more than 60 individual crystal forms.45 In most of
these forms OZPN molecules arrange in a centrosymmetric dimer, comprised of two
conformational enantiomers (Fig. 1¢).45 The dominance of dimeric structures has encouraged the
supposition that the dimers form in the solution, where they are expected to be the dominant

species, and then incorporate in the crystal as a whole.4% 47

100 pm

Fig. 1. The structure of OZPN and its crystals. a. The structure of the OZPN molecule: Ph,
benzene; DZP, diazepine; TPh, thiophene; and PZ, piperazine rings. b. Optical micrograph of an
OZPN crystal, in which the (002) face faces upwards. ¢. The crystal structure of the dihydrate
ethanoate mixed solvate 20ZPN-EtOH-2H20 in space group P2;/c (Cambridge Structural
Database REFCODE WEXQEW 48). One centrosymmetric OZPN dimer is highlighted in green.
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To test the third part of the “dimer is the growth unit” hypothesis for OZPN, that OZPN
crystals grow by incorporation of dimers, we monitor the growth of 20ZPN-EtOH-2H,0 crystals
from a 1/1 (v/v) ethanol/water mixture using time-resolved in situ AFM.#’ Crystals prepared by
cooling crystallization are light yellow in color and show a rhombohedral morphology with
large {002} faces parallel to the substrate (Fig. 1b) suitable for observation by atomic force
microscopy (AFM); for details of the experiment procedures, see Ref. 49. Time-resolved in situ
AFM monitoring reveals that the {002} faces grow by incorporation of solute into steps produced
by screw dislocations (Fig. 2b). 47 The step velocity v was determined from the slope of step
displacement against a reference point as a function of time as OZPN steps grew at steady rates
over extended periods. Assuming that steps grow by incorporation of solute monomerss° suggests
monomolecular reaction and generates a linear correlation between v and the solute
concentration Copzpy, v=LQ(Cozpy — C.), Where subtracting the solubility C, accounts for the
reversibility of molecular attachment. Here Q is the molecular volume in the crystal, and £ is an
effective kinetic coefficient, which includes the kinetic parameters for the selected growth
mechanism, direct incorporation or via adsorption on the terraces.’ 5> Linear v(Cozpy)
correlations have been observed for numerous solution grown crystals.! 27 29: 5366 Surprisingly,
OZPN displays a superlinear v(Cyzpy) dependence, which extends to concentrations more than

twice the solubility C, (Fig. 2c, d).
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Fig. 2. The growth of OZPN crystals. a. The structure of the OZPN crystal dimer. b. In situ AFM
image of the surface of a (002) face of an OZPN crystal at C = 3.87 mM. New crystal layers are
generated by a screw dislocation. ¢. The velocity v of steps in the [110] direction as a function of
OZPN concentration C in 1/1 (v/v) EtOH/H,0. d. The linear correlation between v and (C% — C?)
has R = 0.95. Dotted lines in ¢ and d depict the relation v = BpK,Qp(C? — C2), where B is the

kinetic coefficient for growth by dimer incorporation, Qp = 2Qy = 0.94 nm?3 is the volume occupied
by a dimer in the crystal, and K is the dimerization equilibrium constant. Error bars in ¢ and d
indicate the standard deviation of v determined as the slope of the displacement-time correlations.
Data in ¢ and d are from ref. 4°. e. Schematic of two alternative growth mechanisms. Upper path:
two OZPN monomers form a dimer in the solution, which incorporates into the crystal as a whole.
Lower path: the two monomers incorporate sequentially, forming a dimer in the crystal.

We excluded four potential causes of the apparent growth acceleration at high
supersaturation:4° mesoscopic OZPN-rich clusters,4” ¢7 an additional source of OZPN molecules
to the steps; inaccurate solubility; increasing kink density at higher supersaturation;2% 5% 68 and
step pinning by impurities.53 We propose that the superlinear v(Cyzpy) is a consequence of crystal
growth by incorporation of dimers present in equilibrium with OZPN monomers in the growth
solution (Fig.2e). Elevated OZPN concentrations shift the dimerization equilibrium towards
dimers and nonlinearly enhance the dimer concentration. Kinetic analysis4® demonstrates that if
monomers dominate in the solution, but growth occurs by the attachment dimers, then the step

velocity v correlates with the total solute concentration Cozpy as v = SpQpK D(C 2.on—C E), where

Bp is the kinetic coefficient for growth by dimer incorporation, Qp is the volume that a dimer
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occupies in the crystal, and K is the dimerization equilibrium constant. By contrast, if the crystals
grow by incorporation of the majority monomers, then we recover thee expected linear correlation
v = BuQu(Cozpy — C.), where Sy is the kinetic coefficient for growth by monomer incorporation
and Qy is the volume that a monomer occupies in the crystal. Importantly, a liner rate law also
obtains if the crystal grows by incorporation of dimers in a solution dominated by dimers, v = f8p

Qu(Cozpy — C.); notably, in the latter case v scales with the monomer volume Q.

This analysis reveals that if the dominant solute species, whether it be monomer or dimer,
is the one that incorporates in the kinks, the kinetics of layer growth will be linear. If the crystals
grow by incorporation of solute dimers that exist in equilibrium with a majority of monomers a
quadratic correlation between the step velocity and the analytical concentration of the solute

ensues. The v(Cyzpy) data for OZPN are consistent with this latter functional relation (Fig. 2c, d).

The discrepancy between the linear kinetic law expected for growth by incorporation of
dimers, which capture a majority of the solute, and the superlinear v(Cyzpy) dependence
measured by AFM is a first indication that dimers do not dominate in OZPN solutions. To further
explore the monomer-dimer solute dynamics, we employ Raman spectroscopy; for details of the
experiment procedures, see Ref. 49.. We compare OZPN spectra at a low concentration, 0.005 M,
to spectra at relatively high concentrations, up to 0.043 M, and to spectra of the corresponding
solid form, 20ZPN-EtOH-2H,0, in which OZPN is arranged as dimers (Fig. 3a). To assign the
origins of the observed peaks, we model spectra for an OZPN monomer and an OZPN dimer using
density functional theory (DFT)4° (Fig. 3a). The model spectra for the OZPN monomer show
multiple Raman peaks between 1200 and 1500 cm™ (Fig. 3a), whereas the model spectra for the

dimer show strong peaks around 1050 cm™ and in the range 1500-1600 cm™".49
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Fig. 3. OZPN dimers in solution. a. Raman spectra of OZPN dissolved in 1/1 (v/v) EtOH/H,0 at
listed concentrations and of the solid crystalline solvate are compared to spectra for OZPN
monomer and dimer calculated using DFT. Yellow stripe highlights characteristic monomer peaks,
whereas pink stripes, those typical of dimers. b. The potential of mean force F between two
OZPN monomers in 1/1 (v/v) EtOH/H,O computed using all-atom umbrella sampling molecular
dynamics. The line width represents the computational uncertainty. Insets: Top left, a
representative configuration of the two monomers at separations longer than the deep minima.
Top right, The root-mean-squared deviations of the positions of all OZPN atoms in the dimers
occupying the deep minima from the dimer structure in the 20ZPN-EtOH-2H20 crystals as
functions of time are small, indicating that the dimers assembled in the solution are nearly identical
to the dimer found in the crystal structure. Lower right, representative snapshots of the
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configuration of the dimer (the constituent monomers are shown in red and blue, respectively)
occupying the deepest F minimum which is nearly identical to the dimer found in the crystal
structure (one of the ten conformations is highlighted for clarity). Some of the spectra in a and the
mean force potential in b are from ref. 49,

Raman spectra of OZPN water ethanoate solvate crystals show noticeable dimer peaks
similar to spectra obtained for solution samples at high concentrations (Fig. 3a). The low-
concentration solution spectra reveal strong monomer peaks and no of dimer peaks. Raman
spectra at increasing intermediate concentrations in both solvents show gradual contraction of
the monomer peaks and a growth in intensity of the dimer peaks (Fig. 3a). The concentration
dependences of the monomer and dimer Raman peak intensities provides the opportunity to
assess the OZPN dimerization constant Kp.49 We obtain Kp= 2.7+0.1 M. Mass balance
calculations inform that the dimer concentration Cp in the growth solution is 0.01 mM at the
solubility 2.05 mM; Cp increases to 0.05 mM at the highest tested total OZPN concentration in

the growth studies, C = 4.45 mM (Fig. 2c). The superlinear increase of Cp dictates the quadratic

v(C) correlation measured by AFM (Fig. 2¢, d).

All-atom umbrella sampling molecular dynamics (for details, see ref. 49) assessment of the
potentials of mean force F between two OZPN monomers in EtOH/H,O reveal a sharp minimum
at center-of-mass separations of 0.43 nm (Fig. 3b). The conformations of the two monomers
occupying the minimum oscillate around the structure of the dimer present in most OZPN crystal
forms (Fig. 3b, inset). At larger separations, the dimer dissociates, however, F exhibits a shallow
secondary minimum that links to loose dimers with variable conformations (Fig. 3b). We

evaluated the free energy of OZPN dimerization in EtOH/H,O from the potential value at the deep
minimum and obtained -8.1 kJ mol*.49The dimerization constant K, was evaluated as the ratio
of integrals of F over the closest range minimum, i.e., the bound state, and the unbound state and
is 2.6+£0.8 M. The similarity of the computed Kps to the values determined from the

concentration responses of the monomer and dimer Raman peaks presents an independent

validation of the simulations. Further MD calculations identify the reason for faster growth by
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dimers as their stronger adsorption on the crystal surface supplemented by additional
dimerization on the surface, which creates a readily available pool of dimers that can incorporate

as a whole into the steps .49

The results with OZPN establish a deviation from the classical mechanisms of
crystallization, which assume that crystals grow by successive association of solute molecules as
monomers. We show that a preformed centrosymmetric solute dimer is the preferred growth unit
for OZPN crystals despite the fact dimers comprise a minority of the solute population in the
solution bulk. Importantly, this study highlights that the growth unit can be identified by
correlating solute oligomerization to the solute incorporation rate law. Furthermore, the kinetic,
structural, and spectroscopic analyses of OZPN solutions and the growth of OZPN crystals
emphasize the disparity between the majority species in the bulk solution, the microenvironment
adjacent to the growth surface and both the crystal structure and the structure of the

incorporating solute unit.

EtpI: distinct growth mechanisms of the anisotropic crystal faces

Etioporphyrin I (Etpl, Fig. 4a) represents a class of compounds whose solid-state structure
(Fig. 4b) offers promising optical and electronic properties for use as semiconductors, solar cells,
and field-effect transistors.®97* In contrast to OZPN, EtpI has a unique unsolvated triclinic crystal
structure built of single molecules stacked in parallel pillars (Fig. 4¢).%® Currently the Cambridge
Structural Database (CSD) search of etioporphyrin I results in single solid-state form belonging

to the non-centrosymmetric P1 crystallographic symmetry group (Fig. 4c).
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Fig. 4. Etpl and its crystals. a, The Etpl molecule. b, Scanning electron micrograph of an Etpl
crystal. The (010) and (001) faces are labeled. ¢, Molecular arrangement of Etpl in the crystal;
Cambridge Structural Database REFCODE WOBVUF.% Carbon is shown in grey, nitrogen in
blue, and hydrogen in purple.

Owing to their nearly square cross-section, Etpl crystals expose two faces to AFM
observation: (010) and (001). The presence of a (101) face in the crystal morphology enforces
distinct shapes, parallelogram for the (010) face and trapeze for the (0o01) face. In situ AFM
monitoring expose that similar to the (002) OZPN face, both {010} and {001} Etpl faces readily
grow in 1-octanol by association of molecules into steps generated by screw dislocations (Fig. 5 a,
b). Time resolved AFM measurements of the step velocity v reveal that on the (010) face, v scales

linearly with the solute concentration Cg,;, whereas on the (001) face v shows superlinear

dependence of the step velocity v andCg,,, (Fig. 5¢, d).
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Fig. 5. The growth of (010) and (001) faces of Etpl crystals. a, b, Generation of new crystal
layers by a screw dislocation outcropping on the respective face. ¢, d, The velocity v of steps in
the [100] direction as a function of Etpl concentration C in octanol. Error bars denote standard
deviation from the average of about 30 measurements for each data point. Solid lines correspond
to best fits to linear, in C, and quadratic, in D, kinetics laws.

Eliminating the trivial reasons that may drive a superlinear v(C) dependence (inaccurate
solubility value, paucity of kinks, and step inhibition by uncontrolled foreign substances) the two
distinct correlations manifest monomolecular kinetics of solute incorporation on the (010) face
and bimolecular reaction on the (001) face. A feasible mechanism that guides the divergent

kinetics laws on the two crystal faces relies on monomers that dominate the solute speciation.

Step growth on the (010) face, which exhibits monomolecular incorporation rate law, selects the
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monomers as incorporating species since this incorporation mode motivates faster step growth
than incorporation of potential oligomers. By contrast, the bimolecular kinetics of step growth on
the (010) face manifests two monomers combining into dimers, which remain a minority solute
species, but still propel growth by dimers on the (010) face faster than by incorporation of the

majority solute monomers.

We characterized the Etpl oligomerization in octanol solutions by vibrational
spectroscopy—the concentration of EtplI in octanol, controlled by the low solubility C, = 0.17 mM,
is below the sensitivity of Raman detection on the background of strong octanol spectra—and
augmented the spectroscopy by all-atom MD simulations of the dimerization equilibrium of EtpI
dissolved in octanol. Similarly to OZPN, the two methods concertedly expose that the monomers
represent the majority of the total Cg,; and the monomer concentration increases proportionally
to Cgpr. This proportionality supports the proposal that the (010) face, on which the step velocity

increases linearly with Cgy,;, grows by incorporation of monomers.

The concentration of dimers in a solution with total Etpl concentration equal to the
solubility, 0.17 mM, is ca. 0.0002 mM and it increases to about 0.002 mM at the highest Cgp, =
0.45 mM, at which step velocities were measured (Fig. 5).7> The lower dimer content in Etpl
solutions than in OZPN solutions is due to the lower total Etpl concentration, dictated by the
lower solubility of this compound. The superlinear increase of the dimer concentration with
higher Cg,; manifests as quadratic increase of the step velocity on the (001) face, concurrently
with the proposed mechanism of growth by dimer incorporation on that face. Notably, the good
correspondence of the v(Cgy;) correlation to a quadratic rate law minimizes the potential
contributions of trimers and higher oligomers—expected to enforce an even steeper v(Cgepr)

increase—to growth on the (001) EtplI face.
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The solute pathway into kinks and the selection of growth units

A solute molecule may arrive at a kink either directly from the solutions® 73- 74 (Fig. 6a) or
after adsorption on the terraces between steps, followed by diffusion towards the kinks5% 52 (Fig.
6b). For olanzapine, detailed measurements of the velocities of closely spaced steps revealed that
they grow substantially slower than steps separated by more than ca. 250 nm.4% Furthermore, the
dynamics of steps with uneven front and rear terraces indicated that solute incorporates into steps
asymmetrically and the lower terrace is preferred as a solute conduit.4 Both observations are
incompatible with direct solute incorporation.5% ¢° Importantly, they comply with predictions of
the surface diffusion models3> 758 and argue that the solute species that incorporate into kinks
on OZPN (002) crystal surfaces reach the steps after diffusion along the crystal surface, similarly
to numerous solution grown crystals.4%- 5% 77: 79 All-atom MD simulations of adsorption of OZPN
monomers and dimers established that faster step growth by dimers is due to their stronger
adsorption on the terraces between steps and supplementary dimerization of monomers
occurring in the adsorbed state.49 This latter result may be interpreted to imply that the crystal
surface is crucial for the selection of growth by dimer incorporation as it serves as a reservoir

where dimers accumulate.

Fig. 6. Schematic of two pathways from solution to kinks: 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.

Mechanically transferring the OZPN insights to the two faces of Etpl would suggest that

solute reaches the steps on the (001) face, which grows by associating dimers, via surface

diffusion, whereas steps on the (010) face, which preferentially incorporate monomers, recruit
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solute directly from the solution, where the monomers dominate. AFM measurements of the
growth of steps of two distinct heights h, however, refute this conjecture. We 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 step supply field is constrained to two dimensions, which
stunts the growth of steps of double height. Concurrently, analytical models of step growth
mediated by surface diffusion predict that v scales with h =152 77. 81, 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 predict negligible v(h) correlation 5- 73, Time
resolved in situ AFM measurements reveal that on both the {001} and {010} faces the velocities
of steps as high as the lattice parameter are close to those of steps of single height (Figs. 7, 8). The
comparable rates of growth of twinned and single-height steps affirm that both faces of

etioporphyrin I, uniquely, prefer the direct incorporation pathway.
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Fig. 7. Growth of single and double height steps on a (010) face of an Etpl crystal 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. Double-
height steps (green arrows) advance over lengths similar to those of single-height steps (silver
arrows). ¢. Comparison of the velocities of single and double height steps. The averages of 10
double and 10 single height steps are shown. Error bars represent the respective standard
deviations.
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Fig. 8. Fig. 7. Growth of single and double height steps on a (001) face of an Etpl crystal 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.

Short of full scale MD simulations of incorporation of monomers and dimers into kinks on
(oo1) and (010) faces of Etpl, we speculate that the selection of distinct solute species to
incorporate into the kinks on the (010) and (001) faces of EtpI crystals is driven by the divergent
structures of these two faces. The (010) face is relatively smooth (Fig. 9a) and the simple structure
of the kink grants easy access for incorporation of the majority monomers. By contrast, the (001)
face is pierced by dimples and grooves. We surmise that monomers may be trapped into the

dimples at the step edge and erect growth-incompetent configurations, whereas dimers, which fit

seamlessly into the dimples, provide for continuous growth.

Fig. 9. Models of the molecular structures of steps on the (010), in a, and (001), in b, faces of Etpl
crystals.

Importantly for the correlations between crystal symmetry and the growth unit, discussed

here, the finding that the (001) EtpI face of grows by association of dimers, which reach the kinks
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directly from the solution, announces that solute adsorption on crystal surfaces that prefer dimers
and promote further dimerization, as with OZPN, is not a necessary condition for this growth

mode.

Conclusions

Olanzapine and etioporphyrin I reveal the lack of general rules to correlate the majority
solute species and crystal structural blocks that carry the crystal symmetry. Olanzapine is an
example where the crystal growth unit diverges from the majority solute monomers and matches
a centrosymmetric crystal structural element. With etioporphyrin I, the monomeric crystal
growth unit selected by one of the faces is identical to both the crystal structural element and the
majority solute species, whereas the dimeric growth unit on the other face represents just one of
the elements of a vast variety of dimers that cohabit in the solution and diverge from the crystal

lattice motif.

Crystal symmetry, unfortunately, does not open a shortcut to identifying the crystal growth
unit and cannot reliably simplify theories and models that target molecular-level understanding

of crystal growth.
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