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Heterogeneous nucleation of organic crystals
mediated by single-molecule templates

Koji Harano', Tatsuya Homma', Yoshiko Niimi2, Masanori Koshino?, Kazu Suenaga?, Ludwik Leibler?

and Eiichi Nakamura'*

Fundamental understanding of how crystals of organic
molecules nucleate on a surface remains limited'™ because
of the difficulty of probing rare events at the molecular scale.
Here we show that single-molecule templates on the surface
of carbon nanohorns can nucleate the crystallization of two or-
ganic compounds from a supersaturated solution by mediating
the formation of disordered and mobile molecular nanoclusters
on the templates. Single-molecule real-time transmission
electron microscopy indicates that each nanocluster consists
of a maximum of approximately 15 molecules, that there
are fewer nanoclusters than crystals in solution, and that
in the absence of templates physisorption, but not crystal
formation, occurs. Our findings suggest that template-induced
heterogeneous nucleation mechanistically resembles two-step
homogeneous nucleation*~’.

Observations and studies of heterogeneous nucleation on the
molecular scale have been challenging. Here we conceived a
synthetic method to prepare a substrate bearing single-molecule
templates and perform their analysis with the aid of the single-
molecule real-time transmission electron microscopy (SMRT-
TEM) imaging technique®®. Of particular importance was the
proper choice of the substrate. A sea-urchin-like aggregated
particle of carbon nanohorns'® bearing amine groups (amino—
CNHs, Fig. la, top left; Fig. 1b) was the substrate of choice
for several reasons'!. The CNH particle is a water-soluble
macromolecule, which has an approximate molecular formula of
C70,000,000N100,000H200,000—C170,000,000N300,000 Ho00,000 With an average
molecular weight of 8-20 x 10® Da and a diameter of 50—150 nm,
consisting of about 2,000 individual nanohorns (spikes)'?. It has a
graphite surface, on which many NH, groups are located, primarily
at two peripheral sites: the end cap of a CNH spike and the
structural defects on its sidewall. These NH, groups can be readily
derivatized by amide bond formation'?. The CNH particles are
chromatographically purifiable and can be isolated by filtration.
Most importantly, the particles are hollow and allow TEM imaging
of single organic molecules and molecular clusters attached to the
surface of the solid". Note that neither ordinary carbon nanotubes
nor common organic and inorganic nanoparticles have the above
properties required in the present study.

We chose the Cs-tribromide Y as the compound to be
crystallized, which serves the purpose of the present study because
the bromine atoms facilitate structural analysis by SMRT-TEM and
the crystal does not contain any solvent molecules'. A unit cell of
the crystal contains 12 molecules, consisting of four sets of three
molecules stacked by both n—x and CH—n interactions through
twisting of the three benzene rings (Supplementary Fig. S1).

For crystallization of Y, we designed a molecular template Y’
on CNH (Y'-CNH), where a C;-symmetric molecule Y’ is bonded
to amino—CNH through a structurally inflexible amide bond so
that the molecule stands upright without touching the CNH
surface (see Fig.2a,b). We synthesized Y'-CNH by acylation of
amino—CNH with Y'—imide (see Fig. 1a) in 50% aqueous N,N-
dimethylformamide (DMF). Such acylation of amino—CNH was
previously shown to take place with several % yield'?, putting
a few molecules of Y'-template for each CNH or about 6,000
Y’ on one CNH particle, as we confirmed here by SMRT-TEM.
Y'—CNH was isolated by filtration and washed with DMF to remove
excess Y'—imide. SMRT-TEM analysis showed that Y’ molecules
indeed stand upright on the CNH surface, and remain flexible
to undergo stochastically conformational change several times per
minute (Fig. 2a,b and Supplementary Movie S1)**. The observed
conformational change seems to be due largely to the rotation of
the central biphenyl moiety.

We then performed a series of macroscopic crystallization
experiments in the absence and presence of Y~CNH, and compared
the amounts of isolated needle crystals. First, we crystallized 2.78 mg
of Y by itself in a 2.00 ml dust-free supersaturated EtOH solution
from 70.0£0.1 °C gradually cooled (10°Ch™") t0 25.040.1 °C over
72 h, and obtained 0.34 mg of long needle crystals (Fig. 3a, leftmost
column; Y'/Y = 0; average length = 871435 um with an aspect ratio
of 1:10 to 1:50). Then, we crystallized the same amount of Y in
the presence of the Y-CNH particles (0.055 mg, mole ratio Y'/Y =
1.2 x 107, Fig. 3a, second left column), and obtained crystals of
Y (about 0.84 mg) whose average length was shorter (280 £ 15 umy;
Fig. 3a, inset). We found roughly 10*~10° crystals larger than about
10 um (each crystal is estimated to contain very roughly 10'2-10"
Y molecules). When we increased the amount of Y-CNH by a
factor of 10 (Y'/Y=1.2 x 1073, 0.55 mg), the crystal length became
shorter, as expected (Fig. 3a, inset). A further increase by another
factor of 10 (Y'/Y = 1.2 x 1072, 5.50 mg for 2.78 mg of Y) resulted
in extensive adsorption (Fig. 3a, rightmost column)®.

We found numerous Y'-CNH particles attached to the surface
of the template-grown crystals (Fig. 1c,d), whereas the Y-CNH
particles were rarely found attached to the crystals when we added
the particles after the completion of crystallization (Supplementary
Fig. S4). This indicates that one Y—~CNH particle causing nucleation
becomes incorporated in the crystal, and many more CNH particles
may also do so during the crystal growth.

Control experiments indicated that neither the Y’ group nor
the CNH can promote crystallization. Thus, crystallization in
the presence of the Y'—imide molecule (that is, without CNHs)
(Y/Y =1.2 x 107°) gave essentially the same size and weight of
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Figure 1| Y'-CNH-driven crystallization of 1,3,5-tris(4-bromophenyl)
benzene (Y). a, Schematic illustration of experiments. b, SEM image of
Y’-CNH particles. ¢, TEM image of a needle crystal (blue arrow), to the
surface of which Y’-CNH particles are densely attached (red arrows). The
sample was taken from the crystallization solution using 1.2 x 1073 equiv.
of Y/-CNH. d, TEM image of the same sample, where we find several
crystals (blue arrow) and numerous Y'-CNH particles (red arrows).

e, Scanning transmission electron microscopic (STEM) image of small
needle crystals (blue arrows) grown in the presence of amino-CNH
particles (red arrows), indicating that no amino-CNH particles are attached
to the crystal surface (see ¢).

crystals as those without Y'-CNH (that is, crystallization of Y
alone; data not shown). Moreover, crystallization in the presence
of amino—CNH (0.55 mg; that is, without Y’) afforded only a tiny
amount of <1-um-sized crystals to which no CNH particles were
attached (Fig. le). Scanning electron microscopy (SEM)-energy-
dispersive X-ray spectroscopic analysis of the recovered amino—
CNH showed that amino—CNH had strongly adsorbed Y molecules
on its surface (Supplementary Fig. S5). Note that the same 0.55-mg
quantity of Y'~CNH induced the formation of a large amount of
crystals (Fig. 3a) while it also strongly adsorbed Y on its surface
(Fig. 2d, green arrow).
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Figure 2 | SMRT-TEM images of Y’-CNH and precursor clusters of Y
taken from the Supplementary Movies together with a molecular model of
a plausible structure of clusters and its TEM simulation. a, TEM image of
Y’ on a CNH. The figure captions refer to the time (s) after initiation of the
observation (see Supplementary Movie S1). Red arrows and a light-blue
arrow indicate the bromophenyl and the central benzene groups,
respectively. b, TEM image of the same Y’ in a on the left, a model on the
right, and the TEM simulation in the middle. Details of the molecular
modelling and the TEM simulation are described in Supplementary

Section S1. See the movie for another Y molecule (Supplementary

Movie S2), in which the bromophenyl groups are more visible because of
the more restricted motion. Arrow indications are the same as for a. ¢, TEM
image of a termolecular cluster made of two Y on one Y/, a model on the
right and the simulation in the middle. To reproduce the experimental TEM
image, it was essential to have both wt-7t and CH-t intermolecular
interactions, as found in a single crystal of Y. d, TEM image of several
Y’-CNHs with two large spherical clusters of Y (blue arrows) and many Y
molecules (green arrow) adsorbed in the CNH grooves (bottom). e, TEM
image of a large disordered cluster composed of about 15 molecules, the
core of which is surrounded by an amorphous boundary layer shown as
curved lines. All TEM images were taken on an instrument operating at 293
K (120 kV, 2.3 A resolution, 1 x 1075 Pa) or one operating at 4 K (80 kV,

2.3 A resolution, 1x 1075 Pa; see details in Supplementary Section S1) with
a 0.5-s imaging time (electron irradiation of 3.6 x 104 e~ nm~2 for one
frame) followed by a 1.6-s charge-coupled device data read-out time (no
irradiation) for a total observation time of at least a few minutes (total dose
of about 2.0 x 10 e~ nm~2).

We next retrieved by quick filtration the Y'—CNH particles used
for seeding, and analysed them by ex situ SMRT-TEM imaging,
finding two types of mobile molecular aggregate in the crystallized
mixture: nanometre-sized mobile molecular clusters that slowly
rotate and change their shape under TEM imaging (Fig. 2c) and
micrometre- to millimetre-sized needle crystals. No objects of
intermediate sizes were found. Twenty of the nanometre-sized
clusters examined were situated in locations suitable for structural
analysis in some detail. The structure of the smallest one was
determined at a high confidence level to be a termolecular van
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Figure 3 | Size of needle crystals and clusters of Y on Y'-CNH. a, Length and weight of needle crystals of Y plotted against the mole ratio of Y’ in CNH and
Y. Optical microscopic images of the crystals in the insets (scale bar: 100 um). Red and black numbers over bars indicate average length and weight,
respectively. Error bars show standard errors of the mean. b, Histogram of the number of Y clusters (total 20) plotted against the area of TEM images
simulated by rectangles (studied for the sample with Y’/Y =1.2 x 10~3). We found neither clusters nor crystals with sizes larger than Y’ +15Y clusters and

smaller than micrometre-sized needle crystals.

der Waals cluster, as shown in Fig. 2c. Larger clusters are spherical
(see Fig. 2d,e), and the largest one found was composed of about
15 molecules, with about 10 molecules forming a disordered core
and several covering the core as a unimolecular-thick film (Fig. 2e).
This image lends experimental support to a proposed structure of
precursor clusters™”16-1%,

The size distribution of the nanometre-sized van der Waals
clusters shown in Fig. 3b is consistent with the energetics of crystal
growth proposed by Gibbs?. This graph suggests that the critical
cluster size in the present system is about 15 molecules, and is close
to those previously suggested for crystallization of proteins and
polymers (20-160; refs 21-23).

Because we can count the number of clusters as well as Y'-
templates on one CNH particle (see above), we estimated the ratio
between the templates and the clusters to be approximately 300:1.
Using the average molecular weight and the weight of amino—CNH
as well as the approximate number of micrometre-sized crystals
formed, we estimate the ratio between the Y'-template, the cluster,
and the large crystal to be (2 x 10°-5 x 10'):(6 x 10°-2 x 107):1,
when Y'/Y = 6.0 x 107 (see details in Supplementary Section S1).
On the basis of such a large value for the cluster/crystal ratio and
the absence of ordered clusters (that is, crystalline nuclei) among
clusters we examined by SMRT-TEM (ref. 24), we consider that
the probability of conversion of a disordered cluster to a crystalline
nucleus within a specified time depends on such factors as the
conformational and orientational mobility of the molecules, van
der Waals and solvophobic forces exerted on the cluster, and
temperature®. Once a correct molecular ordering is obtained for at
least one cluster in solution, rapid growth of this cluster starts and
depletes the molecules from the supersaturated solution.

We also show that Y'~CNH can nucleate two similar but different
types of molecules, that is, C;-symmetric compound Y'-imide and
Cs-symmetric compound Y (Fig. 4a). Thus, when the amino—CNH
particles and Y'—imide were mixed at 70°C and cooled to room
temperature in 50% aqueous EtOH, we found many disordered
clusters of Y'—imide (Fig.4b and Supplementary Movie S7) in
addition to the formation of Y'-CNHs. This observation also
provides an indication of how a reactive surface in situ forms
single-molecule nucleation sites and promotes nucleation (Fig. 4c).

Finally, we emphasize the mildness of the SMRT-TEM imaging
technique by pointing out that even van der Waals molecular
clusters did not decompose up to a total electron dose of 2.0 x
10° e~ nm~? (imaging for several minutes at a 120-kV acceleration
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voltage)®, and that the motions of Y’ molecules have very low
frequency (only 4-10 bond rotation motions per minute on either
a 4K or a 293K sample stage; Fig. 2a,b and the corresponding
Supplementary Movie S1-S3, showing another molecule of Y’ on
CNH)?. The movies also illustrate the unique ability of SMRT-
TEM to allow the analysis of a mixture of molecules and molecular
clusters without purification. Molecular science rarely has the
opportunity to consider and visualize the fate of an individual
small molecule in a fluid. The observation of the precursor clusters
demonstrates the ability of the atomic resolution SMRT-TEM
imaging to provide such an unusual insight, and also suggests its
utility in the studies of nucleation and crystallization.

In summary, the SMRT-TEM imaging experiments have
provided several important insights into the elusive mechanism of
heterogeneous nucleation not previously addressed by macroscopic
studies. First, a single-molecule template connected to the surface of
a solid can nucleate crystals through formation of nanometre-sized
molecular clusters, which consist of no more than 15 molecules,
as determined ex situ by SMRT-TEM. We also found that the
molecular template formed in situ on an activated surface can
nucleate crystallization. Second, we estimated that only one out
of 10°-10"" templates becomes incorporated into a large crystal
(see Supplementary Section S1), indicating that nucleation from
a single template occurs with an extremely small probability and
that only a small number of rapidly growing crystalline nuclei
deplete the molecules from the solution. Third, the molecular
clusters are structurally mobile and disordered, and we could not
find any structurally ordered crystalline nuclei, suggesting that
crystalline nuclei grow into large crystals as soon as they form.
These results agree with the energetics proposed by Gibbs*, and
suggest that the mechanism of heterogeneous nucleation resembles
the two-step mechanism of homogeneous nucleation®”. Fourth, we
made an intriguing observation that one template can nucleate two
different molecules. Apparently, one template molecule in a cluster
can induce the periodicity of a crystal out of many fluctuating
molecules in the critical cluster within a finite period of time,
and the same template can do so for another similar but different
type of molecule. This mechanism of heterogeneous nucleation
is conceptually different from those proposed previously?. We
also found that physisorption on CNHs hampers crystal formation
rather than promotes it, which we consider rather reasonable
because the conformation of 3D crystals of Y molecules differs from
that of 2D crystals formed on a graphite surface?®. We expect that
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Y’-imide molecules and Y’ on the left, the model on the right and the simulation in the middle. ¢, Nucleation on a reactive surface. A reactive surface
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adsorbed on the surface or form 2D crystals, but cannot form 3D crystals because 2D and 3D crystals require different molecular conformations and
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SMRT-TEM imaging will allow us to obtain further insights into
the crystallization and phase-segregation phenomena frequently
encountered in materials science research?’, and will be useful for
those engaged in the analysis and design of such processes®.

Methods

Crystallization of Y in the presence of Y-CNH. A typical crystallization
experiment of Y//Y = 1.2 x 107 is described. Y~CNH (0.055 mg, 0.61 nmol of
Y') was mixed with an EtOH solution (2 ml, filtered through a PTFE membrane
filter, pore size: 200 nm, just before use) of Y (2.78 mg, 5.12 umol) at 70 °C in
a glass vial, and the two-phase suspension was sonicated for 1 min to obtain

a homogeneous mixture of YY-~CNH and Y in EtOH. The vial was placed in a
temperature-controlled incubator at 70.0 £ 0.1 °C. The mixture was gradually
cooled (10°Ch™!) to 25.0+0.1°C during 4.5 h. After 72 h, the mixture was
filtered through a PTFE membrane filter (pore size: 200 nm), washed rapidly
with EtOH (1 ml, in which the crystals are scarcely soluble at 25°C) and then
dried in vacuo for 12 h to obtain a mixture of black powder and colourless needle
crystals (0.90 mg in total).

Preparation of a sample for SMRT-TEM observation. The black powder of
the carbon nanohorn (about 1 mg) was dispersed in MeOH (10 ml) by bath
sonication (2s x 5). A droplet of the suspension was placed onto a TEM mesh
precoated by microgrids. Excess solvent was blotted by a filter paper, and then
the TEM mesh was dried under reduced pressure (6 x 107* Pa) for 1 h before
observation by SMRT-TEM.
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