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Abstract

The structure and composition of the crystal growth unit are of huge fundamental and
practical consequence. We propose a method to identify the solute species that incorporates into
the growth site on crystal surfaces, the kinks, which rests on the kinetics of the elementary
reaction at the kinks. We use as model crystals olanzapine, an antipsychotic medication, and
etioporphyrin I, a field-effect transistor. We combine time-resolved in situ atomic force
microscopy with Raman and absorption spectroscopies, complemented by density functional
theory and all-atom molecular dynamics modeling of the solutions. We show that the structure of
the growth unit cannot be deduced neither from the solute oligomers nor from the crystal

structure. Chemical kinetics analyses reveal that if the dominant solute species is the one that
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incorporates into the crystal growth sites, then the kinetics of layer growth complies with a
monomolecular rate law. By contrast, if the crystal growth unit assembles from two units of the
dominant solute form, a bimolecular rate law ensues. Solutions of both olanzapine and
etioporphyrin I are dominated by solute monomers, which exist in equilibrium with a minority of
dimers. Whereas numerous olanzapine crystal structures incorporate dimer motifs, etioporphyrin
I crystals organize as stacks of monomers. Olanzapine crystal grow by incorporation of dimers.
One of the studied face of etioporphyrin I grows by incorporation of the majority monomers,
whereas the other one selects the minority dimers as a growth unit. The results highlight the
power of the crystallization kinetics analyses to identify the growth unit and illuminate one of the

most challenging issues of crystal growth.

Introduction

The interactions between the solute molecules in solution may lead to self-assembly into
dimers, trimers, or higher oligomers.['l The assembled solute oligomers may, in some cases,
mirror the structural units of the crystal.[2] Examples include self-associates of isonicotinamide,[s!
sulfamerizine,l4! and tetrolic acid,[2> 2d. 51 which appear identical to respective crystal structural
elements. The correlation between structural motifs in the solution and in the crystal was
construed to affirm that the common structural elements represent the solute species that
associates to the crystal growth sites, the kinks. The identity of the unit by which crystals grow is
of singular fundamental significance. The composition and structure of the species that
incorporates into the kinks is also of substantial practical importance. It constitutes the central
assumption of molecular and coarse-grained models that aim to predict crystal growth rates and
crystal habits.[6] It also presents a target for modification by solvents and additives that are applied
to select alternative crystal polymorphs and forms.!5 71 The elementary acts of incorporation into
kinks, however, have only been directly visualized for relatively few crystals, mostly of proteins

with large molecules.!®] Given these constrains to directly identify the growth unit, the promotion
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of the solute oligomers to the rank of the incorporating species has remained largely

unchallenged.

The complexity of deducing the growth unit from crystal structural data is illustrated by the
extensively studied crystallization of glycine. Analyses of diffusion coefficients in aqueous glycine
solutions implied the presence of hydrogen-bonded cyclic dimers, a structural unit of the a-
glycine crystal lattice, which were then invoked as building blocks for crystal growth.t!
Measurement of the solution freezing point depression, however, revealed that in aqueous
environments glycine mostly existed as monomers.l*! Molecular dynamic (MD) simulations
informed that only 15% of glycine molecules were held within any type of dimers and that open
chain dimers, bound by single hydrogen bonds, were more stable than the cyclic dimers and
dominated the small dimer population.[! These findings belie the conjecture that the preference
for a-glycine over other polymorphic forms is dictated by the abundance of cyclic dimers in

aqueous solutions, which then assemble into the crystal and impose its structure.!]

The thesis that solute oligomers define the growth units and correlate with the crystal
structural blocks is further refuted by the mismatch between solute state and the crystal structure
found with benzoic acid,2! mandelic acid,>) and inosine dihydrate.[”?] Solutions of these
compounds do not exhibit the dimers that are present in the crystal structures, certifying the

disconnection between the solution species and crystal structural elements.

A missing element in the analyses of crystallization by incorporation of complex solution
species is direct identification of the growth unit, whether it be monomer, dimer, or higher
oligomer. The challenges arise from the combination of nanoscopic length and time scales that
characterize incorporation into the growth sites, the kinks, on the crystal surfaces. Whereas
current state-of-the-art in situ electron microscopy and scanning probe techniques can readily

detect the presence of single molecules as small 1 nm in the crystal lattice,*3] the limited temporal
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resolution of the observations prevents them to discriminate between the incorporation of a dimer

and the fast sequential addition of two monomers.

Here we adopt the rate of growth of layers on the crystal surfaces as an indicator of the
correlation between the dominant solution species and the crystal building block. We explore the
correlation of the growth unit, identified from the kinetics of incorporation into kinks, with both
the state of the solute and the crystal symmetry on the examples of two molecular crystals,
olanzapine (OZPN) and etioporphyrin I (EtpI). We show that in both cases the dominant solute
species may not match the respective crystal structural units. The growth kinetics data identify
the growth species for OZPN and one of the Etpl faces as a molecular dimer, which, however, is a
minority component in solutions of both compounds. Another of the Etpl faces grows by
incorporation of the majority monomers. Whereas dimers motifs abound in OZPN crystal
structures, Etpl crystals are built of monomers. The results demonstrate that the crystal growth
units may diverge from both the dominant solute species and the crystal structural units and

highlight the power of the proposed method to identify the growth unit.

Results and discussion

OZPN: growth by incorporation of dimers that capture a minor fraction of the solute
Olanzapine (OZPN) (Fig. 1a) is an antipsychotic drug,[*4 which precipitates in more than 60
individual crystal forms.s! In all of them, but one,'®) OZPN molecules are arranged in a
centrosymmetric dimer SC,, comprised of two conformational enantiomers (Fig. 1c¢).'s] The
dominance of dimeric structures has incited the conjecture that the dimers preform in the solution

where they capture the majority of the solute.l6¢17]
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Fig. 1. OZPN and its crystals. a. The OZPN molecule. b. Optical micrograph of an OZPN crystal;
the (002) face faces upwards. c¢. The crystal structure of the dihydrate ethanoate mixed solvate
20ZPN-EtOH-2H20 in space group P2+/c (Cambridge Structural Database REFCODE WEXQEW
[8)), One centrosymmetric OZPN SC, dimer is highlighted in blue.

To test whether OZPN crystal grow by incorporation of dimers, we monitor the growth of
20ZPN-EtOH-2H.O crystals from a 1/1 (v/v) ethanol/water mixture using time-resolved in situ
AFM.071 OZPN crystal expose large {002} faces parallel to the substrate (Fig. 1b) to observation
by atomic force microscopy (AFM). Time-resolved in situ AFM observations reveal that the {002}
faces grow by incorporation of solute into steps produced by screw dislocations (Fig. 2b). [/l The
velocity, v, of evolving steps was determined from the slope of step displacement from a reference
point measured as a function of time as OZPN steps grew at steady rates over extended periods.
Assuming that steps grow by incorporation of solute monomers™! implies monomolecular
reaction and gives rise to a linear correlation between v and the solute concentration C, v =
BQ(C — C,), where subtracting the solubility C, accounts for the reversibility of molecular
attachment. Here Q is the molecular volume in the crystal, and g is an effective kinetic coefficient,
which includes the kinetic parameters for the selected growth mechanism, direct incorporation
or via adsorption on the terraces.[20] Linear v(C) correlations have been observed for numerous

solution grown crystals.[82 8 211 Unexpectedly, OZPN displays a superlinear v(C) 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 SCy OZPN 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/H20. d. The linear correlation between v and (C? — C?)
has R = 0.95. Dotted lines in ¢ and d depict the relation v = B, KpQp(C? — C2), where B is the
kinetic coefficient for growth by dimer incorporation, Qp = 2Qum = 0.94 nm? is the volume occupied
by a dimer in the crystal, and Kp 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. '*¢l. 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 SCo dimer in the crystal.
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We eliminated four probable scenarios of apparent growth acceleration at high
supersaturation:3el mesoscopic OZPN-rich clusters'” 221 which provide additional OZPN
molecules to the steps; inaccurate solubility, increasing kink density at higher supersaturation/8e

19,231 and step pinning by impurities.[2]

We propose that the superlinear v(C) is a consequence of crystal growth by incorporation of
dimers that exist 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. Towards an analytical relation between the total solute concentration
and the step velocity, which accounts for partial or total dimerization of the solute, we consider

the equilibrium between two monomers M and a dimer D

2M 2D ,for which K, = Cp/CE , 6))
We assume that no aggregates higher than dimers form in OZPN solutions. Then, the total

molar concentration of OZPN C and the concentrations of monomers C,, and dimers Cj, are

related
We obtain for C, and Cj,
_ J1+8KpC-1
CM - 4K, ’ (3)
1 2
and CD=KDC,%4=E[1/1+8KDC—1] . (4)

The step velocity v scales with the difference between opposing fluxes: the flux of solute

molecules into the kink site j, and that of the solute molecules from the kink site j_

v =00+ —Jj-) (5)

where Q is the molecular volume in the crystal. In turn, the flux j, [9.24]

e =2G (6)
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where D; is the diffusion coefficient and A;, resistance to enter the step. At equilibrium, v = 0, and

. . D;
J-=J+ :A_iCie >

where C;, is the concentration of the respective species at equilibrium. Because j_ is independent

of C;, we obtain

i
v = DA_l(Cl - Cie) . (7)

We derive expressions for the step velocity v as a function of total OZPN concentration C for

four scenarios that involve dimers present in the growth solution:

(i) Monomers dominate in the solution and growth occurs by the attachment of monomers.

The latter assumption transforms Eq. (7) into

v= DIXHM (Cy — Cume) (8)
M

Assuming that the concentration of dimers in the solution is much lower than the
concentration of monomers, Cp « Cuy, the dimerization constant Kp < 1/Cu, KpCy < 1 and

8KpCy < 1. With this, Eq. (3) transforms to

1
CM = %SKDC =C (9)

A linear relationship is expected between step velocity, v, and the total OZPN concentration

Dy 2y
Ay

(C - Ce) . (10)

(ii) Monomers dominate in the solution, although growth occurs by attachment dimers. In

this case, Cp < Cu, Kp < 1/Cum, and 8K, Cy, < 1. With this, Eq. (4) becomes

_ 1 64KBCE 2
Cp = ok 4 = K,C (11)
We obtain for j,, j_,and v
D . D
Jr =5 KpC? jo=je =2 KpCE
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and v = Di—‘D“’KD(cz —C2) (12)

Eq. (12) implies that the correlation between the step velocity and the total solute

concentration is quadratic.

(iii) If dimers dominate in solution but the growth occurs by attachment of monomers, Cp

>» Cv and Kp > 1/Cwm, 8K, C > 8KpCy > 1 and /1 + 8K, C > 1. With this,
+8KpC 1 |2C
CM == |—
4Kp ZN/KD

and, from Eq. (7), p = 2ulum % (Ve -Jc.) (13)

Am

Eq. (13) corresponds to a sublinear dependence between the step velocity and the total

solute concentration.

(iv) If dimers dominate in the solution and associate to the steps, Cp » Cy and Kp > 1/Cuy,

8KpC > 8K,Cy > 1and /1 + 8K,C > 1. We obtain

C_C
b=>

and p=22%c_c). (14)
2Ap

The presented kinetic scheme reveals that if the dominant solute species, whether it be
monomer of dimer, is the one that incorporates in the kinks, the kinetics of layer growth will be
linear, Egs. (10) and (14). If the growth units derive from the decay of larger assemblies, sublinear
rate law, as in Eq. (13), ensues. If the crystals grow by incorporation of solute dimers that exist in
equilibrium with monomers the step velocity would depend on the analytical concentration of the
solute C asv = BpKpQp(C? — C2), Eq. (12), where B, = Dp/Ap, the subscript D denotes dimer and
Kpis the dimerization equilibrium constant. The v(C) data for OZPN are consistent with this latter

functional relation (Fig. 2c, d).
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To assess the formation of OZPN dimers in solution we employ Raman spectroscopy. 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 SC, dimers (Fig. 3a). To assign the origins of
the observed peaks, we model spectra for an OZPN monomer and an OZPN SC, dimer using
density functional theory (DFT) (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 1000 cm™ and in the range 1500-1600 cm-.[13¢]
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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. b. The potential of mean force F between two OZPN
monomers in 1/1 (v/v) EtOH/H20O computed using all-atom molecular dynamics. Insets: Lower
right, representative snapshots of the 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 SCo dimer found in the crystal structure (one of the ten conformations is highlighted for
clarity). Top left: a representative configuration of the two monomers at separations longer than
the deep minima. Some of the spectra in a and the mean force potential in b are from ref. [13¢],
Raman spectra of OZPN water ethanoate solvate crystals show prominent dimer peaks
comparable to spectra obtained for solution samples at high concentrations (Fig. 3a). The low-
concentration solution spectra reveal strong monomer peaks and lack of dimer peaks. Raman
spectra at increasing intermediate concentrations in both solvents display gradual contraction of
the monomer peaks and an increase in intensity of the dimer peaks (Fig. 3a). The concentration
dependence of the monomer and dimer Raman peak intensities enable estimation of the OZPN

dimerization constant K,. The Raman intensity directly relates to the concentration of the species

generating the signal

I=]C (8)

where J is the molar intensity coefficient, and C is the concentration of the respective species.

The band at 1517 cm™ relates with the dimer and it preserves its shape at all OZPN
concentrations (Fig. 3a). The intensity of this peak at the highest tested C was selected as an
internal intensity standard ;. We test several values of Kj, and calculate the corresponding C;, for
each of the measured concentrations. We refer to computed C;, at the highest C as Cp,;. The

expected intensity of the peak at 1517 cm™ for each assumed K, was calculated as

Cplg
ID:_D £ . (9)

Cpst

For each assumed K}, the the root mean squared deviation (RMSD) of the computed I, from
the experimentally measured values at five different OZPN concentrations. The K}, that yielded

the lowest RMSD was taken as the best estimate of the dimerization constant. We obtain K =

11
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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 (Fig. 2c, d).

All-atom classical molecular dynamics (MD) evaluation of the potentials of mean force F
between two OZPN monomers in EtOH/H.O reveal a relatively deep minimum at center-of-mass
separations of 0.43 nm (Fig. 3b). The configurations of the two monomers occupying the
minimum fluctuate around the structure of the SC, dimer observed in OZPN crystal forms (Fig.
3b, inset). At larger separations, the SC, dimer falls apart, however, F exhibits a shallow secondary
minimum that corresponds to loose dimers with variable configuration (Fig. 3b). We evaluate the

free energy of OZPN dimerization in EtOH/H.O from the potential value at the deep minimum
and obtain —8.1 kJ mol. The dimerization constant K, was evaluated as the ratio of integrals of

F over the closest range minimum and the unbound state and is 2.6+0.8 M. The similarity of the
computed Kjs to the values determined from the concentration responses of the monomer and
dimer Raman peaks presents an independent validation of the simulations. Further MD
simulations identify the reason for faster growth by dimers as their stronger adsorption on the
crystal surface supplemented by additional dimerization on the surface, which creates a reservoir

for ready dimer incorporation into steps.[t3el

The results with OZPN establish a deviation from the classical mechanisms of
crystallization, which assume that crystals grow by sequential association of single solute
molecules. We show that a preformed centrosymmetric solute dimer is the preferred growth unit
for olanzapine crystals even though dimers comprise a minority of the solute population in the
solution bulk. Importantly, observations with OZPN highlight that the solute unit, by which
crystals grow, can be identified by correlating solute oligomerization to the solute incorporation

rate law. Furthermore, the kinetic, structural, and spectroscopic analyses of OZPN solutions and

12
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the growth of OZPN crystals emphasize the disparity between the majority species in the solution

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 crystals (Fig. 4b)
carry promising optical and electronic properties for use as semiconductors, solar cells, and field-
effect transistors.[25! In contrast to OZPN, EtpI has a unique unsolvated triclinic crystal structure
built of single molecules stacked in parallel columns (Fig. 4¢).[2521 The only entry for etioporphyrin
Iin the Cambridge Structural Database (CSD) is for the non-centrosymmetric P1 crystallographic

symmetry group (Fig. 4¢).

- a

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.
Carbon is shown in grey, nitrogen in blue, and hydrogen in purple.

Owing to thier approximately square cross-section, EtplI crystals expose two faces to AFM
observation: (010) and (001). The presence of a (101) face in the crystal habit enforces distinct
shapes, parallelogram for the (010) face and trapeze for the (001) face. Etpl crystals readily grow
in 1-octanol by spreading of layers generated by screw dislocations, observed by in situ AFM (Fig.
4 a, b) and similar to OZPN. Time resolved AFM measurements of the velocity of steps v reveal

that on the (010) face, v scales linearly with the solute concentration C, whereas on the (001) face

v is a quadratic function of C (Fig. 4c, d).

13
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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.

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
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 of the distinct steps on the (010) face faster than by

incorporation of the majority solute monomers.

14
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Characterization of the Etpl oligomerization in octanol solutions by vibrational
spectroscopy—the concentration of Etpl 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—supports
this mechanism. We measured the absorption spectra of EtpI in octanol with a standard UV-Vis
spectrophotometer. The recorded absorbance spectra at low and high concentrations were
normalized to highlight the change in relative intensity of the absorbance bands (Fig. 6a). In the
range from 450 to 625 nm the two spectra are similar to published Etpl spectra, where the

observed absorbance bands are referred to as Q bands.[2¢]
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Fig. 6. Etioporphyrin dimers in solution. a, Absorbance spectra of Etpl dissolved in octanol, at
0.018 mM and 0.18 mM, and model spectra for Etpl monomer and dimer computed using TDDFT.
The monomer model spectrum combines contributions from purely electronic transitions, Qy(0-0)
and Qx(0-0), and the vibrational sidebands, (0-1); the latter are displayed exaggerated by 5x and

15



How to identify the crystal growth unit

10x for clarity. b, All-atom MD calculation of the potential of mean force F between two Etpl
monomers in octanol. Insets: two configurations of the two monomers, top left, as in the crystal
lattice, the constituent monomers are shown in purple and green, respectively; and bottom right,
shown in violet and pink, as in the deep F minimum, which deviates from the one in the crystal by
closer separation, and relative twist and tilts of the monomers.

We compare the two measured spectra with model spectra computed using a time-
dependent density functional theory package (TDDFT) for two EtplI species: a monomer and a
dimer, in which the two monomers position as in the crystal lattice (Fig. 4¢). The monomer model
spectrum reveals two purely electronic transitions (0-0) and reproduces only two of the bands in
the experimental spectra, at 622 nm (Qx) and 528 nm (Qy) (Fig. 6a). The two other relatively
broad and structured bands at 566 and 475 nm have evoked conflicting interpretations.[2¢] The
most consensual one is that these are vibronic absorption bands (0-1). The (0-1) bands calculated
with full-fledged TDDFT (Fig. 6a) confirm the activation of (0-1) absorption in Etpl, albeit with a
strength weaker than that of the (0-0) bands. In contrast to the monomer model spectrum, the

intensities of most bands in the computed Etpl dimer spectrum are with comparable intensity

and at wavelengths similar to the measured Q bands.

The overlapping absorption bands of monomers and dimers hinder the quantification of
Etpl dimers using the 450 — 652 nm wavelength range. Remarkably, the contributions of the
monomers and dimers to the measured spectra deconvolute owing to the band at 655 nm. This
band is seen in the experimental absorbance spectrum at Cg,; = 0.18 mM, but vanishes if the Etpl
concentration is lowered to 0.018 mM. For EtpI monomers, an absorption band at a wavelength
higher than that of the (0-0) transition would correspond to a (1-0) transition from the first
vibrational level in the ground state and carry vibrational energy of ca. 87 meV. Vibrations with
such high energy, however, cannot be populated at room temperature and render this
interpretation not viable. On the other hand, the dimer model produces absorption bands above
625 nm that involve electronic transitions with charge transfer between the two monomers in a

dimer. We identify the absorption band at 655 nm in the spectra of EtpI in octanol as a spectral

16
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fingerprint of dimers. Its weak intensity at Cg.,; = 0.018 mM (Fig. 6a) announces a paucity of
dimers at this concentration. The strong Q bands at the same C,,,; ascribe the abserbance in the

range 450 to 625 nm to the Etpl monomer.

For further insight into the EtpI monomer — dimer dynamics, we carried out all atom MD
simulations of the dimerization equilibrium of EtpI dissolved in octanol. Analogously to the MD
computations for OZPN in EtOH/H.0, the potential of mean force F between two Etpl monomers
reaches a minimum at short separations (Fig. 6b), which signals a Etpl propensity to dimerize.
Similarly to OZPN, we evaluate the free energy of EtpI dimerization in octanol from the potential
value at the deep minimum. We compute the dimerization constant K, as the ratio of integrals of
F over the closest range minimum and the unbound state and is 20+2 M. Mass balance
calculations reveal that the concertation of dimers in a solution with total Etpl concentration
equal to the solubility, 0.17 mM, is ca. 0.001 mM and it increases to about 0.008 mM at the highest
Cetpr = 0.45 mM, at which step velocities were measured (Fig. 5). The lower dimer content in Etpl
solutions than in OZPN solutions is due to the lower total EtpI 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(Cgp,) correlation to a quadratic rate law minimizes the potential
contributions of trimers and higher oligomers—expected to enforce an even steeper v(Cgp)
increase—to growth on the (001) Etpl face. The monomer concentration represents the majority
of the total Cg.,; and increases proportionally to it. This proportionality supports the proposal
that the (010) face, on which the step velocity increases linearly with Cg,,; grows by incorporation

of monomers.

The Etpl dimerization potential diverges from that for OZPN in several key aspects. Most

revealingly, the dimer structure found in the crystal lattice does not occupy the global minimum

17



How to identify the crystal growth unit

of the potential of mean force, which indicates that dimers that reproduce the arrangement of
molecules in the crystal are a minority in the solution. The dimer which occupies the global
minimum diverges from the crystallographic configuration in its shorter separation and the
relative twist and tilt of the constituent EtpI monomers. In further distinction from OZPN, the
global minimum in the Etpl potential of mean force is relatively broad (Fig. 6b), which implies
that a variety of dimers whose configurations vary by twist and tilt angles and separation exist in
a barrier-free equilibrium with each other as they occupy states that differ in free energy by less
that the thermal energy, kzT = 2500 J mol™* (kg, Boltzmann constant; T, temperature). Owing to
the conformational differences with how Etpl monomers arrange in the crystal lattice, their
incorporation into the kinks must drastically diverge from simple association. We propose that
on approach to a kink on the (001) face a dimer reconfigures to attain the crystal structure; this

mechanism are subject to further exploration by MD simulations.

The observations with Etpl reveal complex dynamics of solute oligomerization that impact
the kinetics of crystal growth. Monomers dominate the population of EtplI in the solution and the
kinetics of layer growth identify them as the solute units that incorporate in the kinks on the (010)
face, whereas the minority dimers are selected as the growth unit on the (001) face. The
conformation of solute Etpl dimers is not unique, but rather a variety of dimers that differ by
separation and tilt and twist angles coexist and continuously interconvert is the solution. The
cohabitating dimers structure differently from the arrangement of the Etpl molecules in the
crystal lattice. The solution dimers transition to the crystal conformation upon incorporation into

kinks on the (001) face.

Summary and conclusions

Olanzapine and etioporphyrin I, conformally with numerous other crystals, exhibit no
correlation between the solute oligomers and identifiable crystal structural blocks. Whereas

olanzapine in solution assembles into a unique dimer that captures a minor fraction of the solute,

18
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etioporphyrin I engages in exceedingly complex oligomerization dynamics, whereby a variety of
dimers coexist in equilibrium but remain a minority of the solute population. Spectroscopy
techniques contribute to the understanding of the rich solute behaviors only when integrated with

first principles calculations and atomistic simulations.

The crystal growth unit cannot be deduced confidently neither from the solute oligomers,
nor from the crystal structure. Olanzapine is an example where the crystal growth unit diverges
from the majority solute monomers and matches the crystal structural element. With
etioporphyrin I, the monomeric crystal growth unit selected by one of the faces is identical to both
from 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.

The spatial and temporal resolutions of the state-of-the-art in situ techniques to characterize
the molecular processes that comprise crystal growth are limited and attempts to directly image
the growth unit may be doomed to failure. Thus, the kinetics of layer growth that manifest the
elementary reaction at the kinks, considered in the contexts of solute oligomerization and crystal

structure, are an indispensable indicator of the crystal growth unit.

The proposed method to identify the solute species that incorporates into the kinks, an issue
of huge fundamental and practical significance, illuminates a pathway through the hurdles along

the road to crystallization prediction and control.
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