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Charged nanoparticles as supramolecular
surfactants for controlling the growth and

stability of microcrystals

Bartlomiej Kowalczyk'?, Kyle J. M. Bishop?, Istvan Lagzi"?, Dawei Wang', Yanhu Wei'?,

Shuangbing Han"? and Bartosz A. Grzybowski"2*

Microcrystals of desired sizes are important in a range
of processes and materials, including controlled drug
release’?, production of pharmaceutics and food®*, bio-°
and photocatalysis®, thin-film solar cells’ and antibacterial
fabrics®. The growth of microcrystals can be controlled by
a variety of agents, such as multivalent ions®, charged
small molecules™, mixed cationic-anionic surfactants™?,
polyelectrolytes™* and other polymers', micropatterned
self-assembled monolayers'®", proteins' and also biological
organisms during biomineralization’?°, However, the chief
limitation of current approaches is that the growth-modifying
agents are typically specific to the crystalizing material. Here,
we show that oppositely charged nanoparticles can function
as universal surfactants that control the growth and stability
of microcrystals of monovalent or multivalent inorganic salts,
and of charged organic molecules. We also show that the
solubility of the microcrystals can be further tuned by varying
the thickness of the nanoparticle surfactant layers and by
reinforcing these layers with dithiol crosslinks.

In the method we describe, the formation of nanoparticle
(NP)-protected microcrystals results from an interplay between
crystal growth, polyvalent crystal-NP interactions and the NP-NP
interactions that mediate the particles’ cooperative adsorption onto
the growing crystals. Depending on the relative concentrations of
the NPs and the co-crystallizing salts, it is possible to adjust the
sizes of the microcrystals (from several micrometres to ~100 nm)
and also the thickness of the NP layers coating them (from
NP monolayers to multilayers). Remarkably, these protective NP
coatings can also act to stabilize the crystals so as to modulate
their solubility, which can have implications for controlled-
release applications"*2.

Most experiments were based on inorganic salts—including
those of monovalent (K,SO4, Na,SO,) and bivalent (CaCOs,
Cu(OH),) cations—although the method was equally applicable to
charged organic molecules such as r-lysine or vitamin Bs (Fig. 1).
When crystallized from water—dimethyl sulphoxide mixtures, these
salts and compounds grew large crystals, typically hundreds of
micrometres across and, irrespective of the experimental conditions
tested (dilution, temperature), not smaller than several tens of mi-
crometres. Crystal sizes decreased markedly—to a few micrometres
or even tens of nanometres—when the salts were crystallized in the
presence of charged, ~5.5+ 0.6 nm gold and/or silver NPs. Half
of the NPs were coated with positively charged N,N,N -trimethyl

(11-mercaptoundecyl)ammonium chloride (TMA) thiols and half
with deprotonated, negatively charged 11-mercaptoundecanoic
acid (MUA) thiols (at pH 11, adjusted with tetramethylammonium
hydroxide; for preparation, see refs 23-25 and Methods). In a
typical crystallization procedure, NPs and a desired inorganic salt
were dissolved in a mixture of deionized water and dimethyl
sulphoxide. This mixture was heated at T = 65 °C to evaporate water
(the ‘good solvent’) over the course of one to two days (for details,
see Methods). Towards the end of water evaporation, the solution’s
colour (due to the free NPs) gradually faded as the microcrystals and
NPs precipitated as a fine powder. The microcrystals thus grown
were then imaged by scanning electron microscopy (SEM, on a
Leo 1525 system) and transmission electron microscopy (TEM, on
a Hitachi 8100), which revealed NPs adsorbed onto the crystals’
surface. Despite their presence, the crystal habits were the same
as those of crystals grown without NPs, suggesting that particles
adsorb non-specifically onto the various crystal facets (that is,
they do not act as structure-directing surfactants). In addition,
the composition of the microcrystals was examined using scanning
TEM (Hitachi 2300) or high-resolution TEM (Jeol) equipped with
an electron dispersive X-ray spectroscopy detector. These scans
confirmed the presence of NPs on the crystals. Of particular
importance were the experiments using oppositely charged NPs
with different metal cores (for example, AgTMA and AuMUA)—
in this case, electron dispersive X-ray spectroscopy spectra revealed
that both the Ag(+) and Au(—) adsorbed onto the microcrystals
(Fig. 1c). Also, it is worth noting that the powder X-ray diffraction
spectra of crystals covered and not covered with the NPs (Fig. 1d)
were similar, indicating that adsorption of the NPs did not alter
the crystal structure.

The key parameter controlling the outcome of crystallizations
is the ratio of the concentration of the NPs to the concentration
of the salt, x = Cyp/Csa- When x is large (>~ 5) and the NPs
are present in excess, electrostatic interactions between the NPs
dominate and mediate self-assembly of all-nanoparticle crystals
(Fig. 2a) as described in detail in refs 25,26. Conversely, when x
is small (<~ 0.2), the NPs flocculate into orderless aggregates,
probably owing to the bridging of nanoparticles through chelating
interactions””*® (Fig. 2d). The optimal range for the controlled
growth of the microcrystals is 0.25 < x < 4.0 (Fig. 2¢). In this
regime, the majority of the available NPs form 1-NP-thick ‘skins’
around the salt microcrystals, with no uncoated salt crystals
being present. High-resolution SEM images show that the NP
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Figure 1| NP surfactants control the growth of inorganic salt microcrystals. a, Schematic representation of the process of crystal growth. When the salt
starts to crystallize, NPs adsorb onto the crystal's faces, thereby slowing its growth. b, SEM images—at two different magnifications—of calcite
microcrystals coated with NP monolayers. The right-hand image illustrates that the NP coating is sparser near the microcrystal's edges. Inset: Magnified
view of the regularly packed domains within the NP monolayer. ¢, Two overlaid compositional electron dispersive X-ray spectroscopy scans of calcite
crystals coated with a monolayer of Au(+)/Au(—) NPs (grey) and Ag(+)/Au(—) NPs (brown). In both cases, the peaks characteristic of gold are visible;
the silver peak, however, is present only for the crystals covered with Ag(+)/Au(—) NPs. d, Powder X-ray diffraction spectra of calcite crystals grown with
and without AuNP coatings. For X-ray diffraction spectra comparing large and small crystals see Supplementary Fig. S6. e, Two further examples of
NP-coated microcrystals: left, Cu(OH)2; right, K;SO4. More examples are included in Supplementary Figs S3 and S4. f, SEM images of L-lysine
microcrystals grown in the absence (left) and in the presence (right) of Au NPs (Cyp = 0.8 mM, Cjysine =3 mM). Close-ups of the NP-covered crystal faces

are included in Supplementary Section ST.

coatings consist of domains of relatively regular NP packing,
and are typically denser in the middle of the crystal faces than
near their edges (Supplementary Section S1). Importantly, as x
increases, the size of the microcrystals, d, decreases from several
micrometres all the way to hundreds of nanometres (Fig. 3c);
this decrease is well approximated as d ~ 1/x (dashed line in
Fig. 3c). Such a scaling might indeed be expected because the
number of ions forming a microcrystal of size d scales as d°,
whereas the number of NPs necessary to build a protective ‘skin’
around it scales as d.

An important observation to make is that controlled micro-
crystal growth requires the presence of both positively and nega-
tively charged NPs. With particles of only one polarity present in
the solution, the electrostatic repulsions between these NPs limit
their deposition onto the crystals, which then grow unhindered
to large dimensions. In sharp contrast, when positive and nega-
tively charged NPs are present, they can adsorb cooperatively?.
Each adsorbed NP not only interacts with the crystal (through
electrostatic®®®!, van der Waals and chelating®® interactions®>”'; see
Supplementary Section S3 for the discussion of forces acting in
the system) but also facilitates the attachment of a neighbouring
particle of opposite polarity. The adsorption process continues until
the NPs deposit an electroneutral coating, in which the overall
compensation of NP charges (3" Qup(1) + Y Qup~) = 0) limits
adsorption of further nanoparticles. When the AuMUA particles
are fully deprotonated (as at pH 11), electroneutrality is achieved
on formation of a NP monolayer (for details of this mechanism,
see refs 29 and 31).

We emphasize that the immobilization of MUA and TMA
ligands onto NPs is essential for the coating process. When
these molecules are unattached and free in solution, they are
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not capable of regulating the growth of the crystals we studied.
This observation suggests a crucial role of polyvalent interactions
acting in the system. Because adsorption from a dilute solution
onto a surface is entropically unfavourable (with penalty AS ~
ksTIn(Ad/V) for the translational degrees of freedom of each
adsorbed species; kg T is the thermal energy, A is the total area
available to the adsorbate, d is the size of the adsorbate and V
is the solution volume), the interactions between the adsorbate
and the crystal surface must be sufficiently strong to yield an
overall favourable (negative) free energy of adsorption. For small-
molecule growth inhibitors, strong binding requires rather precise
molecular recognition of a particular crystal surface (for example,
phosphonates on BaSO,; ref. 32); consequently, these inhibitors
are not universally effective. Similar binding affinities can also
be achieved through many non-specific interactions acting in
concert. Such polyvalent interactions provide a basis for versatile
NP surfactants that adsorb strongly to a variety of different surfaces.
In addition to polyvalent interactions between charged ligands
bound to the NPs and the crystal surface, the charged nanoparticles
described here benefit further from the (+4)/(—) interparticle
interactions, which facilitate their non-specific adsorption to a
variety of surfaces.

Mechanistically, a plausible scenario of the crystallization—
deposition process is that the NPs adsorb non-specifically onto
the surfaces of the growing crystals to physically retard their
growth. In this process, the kinetics of crystal growth competes
with that of NP monolayer formation®. As NPs gradually adsorb
in time onto the crystal surface, the rate of crystal growth
decreases—consequently, an increase in NP concentration results
in faster NP adsorption, slower crystal growth, and thereby
smaller crystals on formation of a complete NP monolayer.
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Figure 2 | The nature of the assembling structures depends on the ratio of
NP and salt concentrations, y = Cnp/Csait- The SEM images in the
left-hand column and the schematic representations in the right-hand
column illustrate qualitatively different x regimes observed in experiments
with all salts tested; the actual scanning electron micrographs shown are
for the case of CaCO3 at pH ~ 11 (fully deprotonated MUA AuNPs).

a, When x >~ 5, the NPs assemble into micrometre-sized, all-NP crystals;
the remaining salt remains in solution. b, When x is lowered toward ~4,
the all-NP crystals are still present but are attached to salt microcrystals,
usually in the middle of the microcrystals’ faces. In this regime, however,
the sizes of the microcrystals cannot be precisely controlled.

¢, For 4 > x > 0.25, the NPs form monolayers on the crystals. Formation of
these monolayers competes with crystal growth (main text) and effectively
controls the size of the microcrystals. d, Finally, when x is small (<~ 0.2)
NPs precipitate into orderless aggregates whereas excess salt remains

in solution.

Interestingly, by making the reasonable assumptions that NP
adsorption onto the microcrystals is described by a Langmuir-type
kinetic model and the rate of crystal growth is proportional to
the free crystal surface area, the proposed mechanism reproduces
the experimentally observed scaling of the crystal size, d ~ 1/x
(Fig. 3¢), and also agrees with the time-course data in Fig. 3a,b,
where the crystals are seen to grow only to a certain size (for
further model details, see Supplementary Section S2). We note
that an alternative scenario, in which the NPs would nucleate
the growth of the microcrystals, seems unlikely—assuming the
number of nucleated crystals scales with the number of NPs,
we would then expect the scaling d ~ (1/x)"?, which is not
observed experimentally.
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A corollary to the proposed mechanism is that the
NP/microcrystal structures should not form if the solubility of the
salt is higher than that of the NPs—under these conditions, NPs
are expected to crystallize or aggregate before the formation of any
microcrystals onto which the NPs might otherwise adsorb. This was
indeed verified in a set of experiments with highly soluble salts, in-
cluding NaCl (solubility product, Ksp ~ 36 M?), KCI (Ksp ~ 23 M?)
and CaCl, (Ksp ~ 1,209 M?). When these salts were present in high
concentrations, they facilitated ion-bridging interactions between
the NPs (refs 27,28), causing them to precipitate from solution as
orderless aggregates before any salt crystals formed. Likewise, when
the salt concentration was low, NPs formed all-nanoparticle crystals
whereas the salt remained dissolved.

In addition to the ratio of the NP and salt concentrations, the
structures of the NP/microcrystal composites can be controlled
by the pH. Specifically, as the pH is lowered (from 11.0 to ~6.5;
below the latter value NPs precipitate) and MUA ligands become
partly protonated, the thickness of the NP coatings on the crystals
gradually increases (probably owing to hydrogen bonding between
MUA NPs; ref. 31). At around pH = 9.0, the coatings are a few
NP layers thick, whereas at pH ~ 8.5 their thickness becomes
commensurate with the dimensions of the microcrystals themselves
and they form large parallelepipeds, often with sharp, well-defined
edges. A striking manifestation of this behaviour is illustrated
in Fig. 4a, where the NPs deposit on a CaCO; crystal to form
a cross-like composite structure. In this and other systems at
lowered pH, deposition of multilayers can be attributed to the
protonation of the carboxylic acids on the MUA NPs. Whereas
this protonation weakens the electrostatic interactions between the
NPs, it also enables the MUA particles to engage in hydrogen
bonding such that they become more ‘sticky’ with respect to
one another?’.

Finally, once formed, both the NP monolayers and multilayers
on the microcrystals can be further stabilized by crosslinking the
proximal NPs with alkane dithiols (typically, 0.1 M in acetonitrile;
Fig. 4b and ref. 33). Importantly, this ‘reinforcement’ allows for
control of the solubility of the microcrystals. This is illustrated in
Fig. 4c, which quantifies (by means of inductively coupled plasma
atomic emission spectroscopy, ICP AES, see Methods) the amounts
of calcium dissolved from CaCOj; uC’s stabilized with crosslinked
NP layers of different thicknesses, H, and immersed in 0.1 mM HCL
As plotted in Fig. 4d, the rates of crystal dissolution, k, decrease
with increasing H, and change by a factor of five to six between
uncoated microcrystals and those coated with ~50 nm NP layers.
We note that this k versus H trend is in line with the predictions
of a theoretical model of crystal dissolution described in detail
in Supplementary Section S4; the dashed line in Fig. 4d gives the
theoretical fit to the experimental data.

In summary, we demonstrated that the growth and the
stability of various microcrystals can be controlled by charged
NP surfactants. Of particular promise is the ability to control the
solubility of the microcrystals, which can have implications for
controlled-delivery applications. One obvious challenge for future
research is to extend the present methodology to systems in which
the NPs would control crystal habits (this would probably require
design of NPs that interact differently with different types of crystal
face). The use of NP interactions other than electrostatic should also
be considered, especially in designing NP surfactants for crystals
of organic molecules.

Methods

Synthesis and functionalization of AuNPs. AuDDA NPs. Dodecylamine
(DDA)-coated gold NPs were prepared according to a modified literature
procedure?**, Here, we used HAuCl, -3H,0 instead of AuCl; and obtained
AuDDA NPs of average sizes (d) = 5.5 nm and size dispersity ~11%. The average
sizes of the particles were estimated on the basis of TEM images of at least 500 NPs
from each batch used.
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Figure 3 | Time course of crystallization and crystal-size control. a,b, A typical time course of the crystallization process in which Cgt = 0.67 mM of

CaCOs3 was crystallized in the presence of Cyp = 0.27 mM AuMUA/AUTMA NP mixture. At each time, an aliquot of solution was taken and centrifuged:
the supernatant solution was analysed by ultraviolet-visible spectroscopy, and the sediment (if any) was imaged by SEM. a, The solution’s absorbance at
520 nm, corresponding to the surface plasmon resonance maximum of the AuNPs. Initially, the absorbance increases, reflecting evaporation of water and
the solution becoming more concentrated. In this regime, no crystals are seen in the corresponding scanning electron micrographs. Crystallization
commences at about 29 h and is accompanied by a decrease in the surface plasmon resonance intensity due to NPs coating the forming microcrystals and
also precipitating from solution (as seen in the scanning electron micrographs as ‘free’ NPs not on the microcrystals). The crystal size is approximately
2.5um, consistent with the data shown in €. The data shown in a and b are based on the analysis of 16 independent crystallization experiments; for SEM
analyses, at least ten crystals from each experiment were imaged for each time point. The error bars in b represent 1s.d. above and below the mean
obtained from a sample of at least 20 crystals. ¢, Control of crystal size. As the concentration of the NPs, Cnp, increases (for a given Cg,it), the size of the
microcrystals decreases. The images here are for microcrystals of calcium carbonate at pH 11 and Cs5t = 1mM. Insets show typical crystals. S.d. of crystal
size is based on at least 50 microcrystals from three separate batches (for further images, see Supplementary Fig. S5). The dashed line is the best fit to the

x «1/d dependence (d being the characteristic crystal size).

Ligand exchange on gold NPs. All ultrapure-grade thiols (MUA and TMA)
were obtained from ProChimia Surfaces (www.prochimia.com) and used as
received. A toluene solution of DDA-capped AuNPs (7 umol ml™', 20 ml,

140 umol) was quenched with 100 ml of methanol to give a black precipitate. The
supernatant solution with excess of capping agent and surfactant was decanted, and
the precipitate was washed with methanol (50 ml) and dissolved in toluene (100 ml),
to which a thiol solution (140 pmol) in 10 ml of CH,Cl, was added on stirring. The
precipitate of thiol-coated AuNPs was left to settle down, the mother liquor solution
was decanted, and the solid was washed with CH,Cl, (3 x 30 ml). The precipitate was
then dissolved in 5 ml of methanol on sonication. The AuMUAs were deprotonated
with 25% methanolic solution of NMe,OH (70 l, 165 pmol), precipitated with ace-
tone (30 ml) and washed with acetone (2 x 30 ml). The AuTMAs were precipitated
with ethyl acetate (100 ml) and washed with CH, Cl, and acetone. Finally, all the pre-
cipitates of thiol-coated AuNPs were dried and dissolved in 13 ml of water to obtain
~10 mM (in terms of numbers of metal atoms) NP solutions. In the case of AuMUA
the pH of the solution was adjusted to ~11 with 0.2 M solution of NMe,OH.

Preparation of a mixture of oppositely charged nanoparticles. Electroneutral (in
terms of charges on the NPs) solutions of TMA-coated NPs and deprotonated (at
pH 11) MUA-coated NPs were obtained by titrating the NPs of one polarity with
the solution of NPs of the oppositely polarity. In a typical procedure, AuMUA
solution (10 ml of 2.0 mM, 20 pmol in terms of metal atoms) was titrated with
aliquots of 2.0 mM AuTMA solution under vigorous stirring. The NP mixture was
stable during the titration but precipitated sharply at the point of electroneutrality,
when the total negative charge on MUA NPs was balanced by the total positive
charge of the TMA nanoparticles. Precipitated NPs were collected, centrifuged
and washed with DI water to remove excess salts. Finally, NPs were redissolved in
DI water on gentle heating. This solution was then stable for several months. For
further details, see refs 23-26.
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General procedure for crystallization of salts in the presence of NPs. Aqueous
solution of salt (2 ml, Cgye ~ 0.15-3.0 mM) was placed in a glass vial and mixed
with 3-60 pl of Cyp =50 mM (in terms of metal atoms) solution of oppositely
charged NPs. The pH of the salt-NP solution was adjusted to a desired value by the
addition of tetramethylammonium hydroxide (TMAOH). To this mixture, 1 ml of
dimethyl sulphoxide was added (so that Cyp ~0.1-2.0 mM and Cy, ~ 0.1-2.0 mM
in ~3 ml total volume). The mixture was heated at T = 65 °C to evaporate water
(the ‘good solvent’) over the course of 1-2 days. Notes: Copper hydroxide crystals
were grown from copper sulphate (Cu?"+20H™~ — Cu(OH), at pH = 11, adjusted
by addition of TMAOH). Calcium carbonate crystals were grown from the calcium
hydroxide precursor solution (freshly prepared by reacting CaO with water to
yield a solution of calcium hydroxide, Cgye ~ 0.15-3.0 mM, in the following
reaction: Ca(OH), +CO, — CaCO; + H,0). The pH of as-prepared solution was
~10-11 and after mixing with NP solution it was adjusted to 11 (or 8-11 as in
the experiments in Fig. 4a) by addition of TMAOH or HCI. Lysine crystals were
grown from L-lysine solutions at the concentrations Cyy,e ~ 1-6 mM and pH ~11
(adjusted by addition of TMAOH). Potassium and sodium sulphate crystals were
grown at pH ~ 11. Magnesium sulphate crystals were grown at pH ~ 8 to avoid
formation of Mg(OH), (Mg** +20H~ — Mg(OH),).

Kinetics of crystal dissolution studied by ICP AES. Calcite crystals (containing
1 wmol of calcium) without NP coating and coated with NP layers of different
thicknesses were placed into 10 ml of 0.1 mM HClI solution at pH = 4. Small
(300 ul) aliquots of the supernatant were drawn carefully at predetermined
time intervals, and were diluted with 3% nitric acid up to 3 ml. These solutions
were analysed by ICP AES (on a Varian Vista MPX instrument), and the
amounts of Ca®" were determined from the intensity of the Ca** peak at
wavelength 396.847 nm. Together, these measured amounts gave the dissolution
kinetics curves in Fig. 4c.
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Figure 4 | Varying the thickness of the NP shell and controlling the microcrystals’ solubility. a, When the pH is lowered and the MUA NPs become partly
protonated, the thickness of the NP layers coating the microcrystals increases from 5-6 nm (monolayer) at pH 11, to ~50-nm-thick multilayers at pH 9, to
pyramid-like formations protruding from the microcrystals' faces at pH 8.5. The SEM images shown here are for calcite crystals. The magnified insets show
the vertices of the crystals and illustrate that the NP coatings therein are sparse or even absent (Fig. 1b, right image; Supplementary Section S2).

b, Schematic representation of experiments, in which the proximal NPs coating the microcrystals are crosslinked with alkane dithiols (for example
1,6-hexanedithiol). ¢, Crosslinking reduces crystal solubility. The graph plots, as a function of time, the concentrations of Ca* liberated from the uncoated
(blue circles) calcite crystals, and from calcite crystals coated with crosslinked NP layers of different thicknesses, H. In all cases, the crystals were
immersed in a 0.1 mM aqueous solution of HCI (pH 4). The amounts of Ca?* released were measured by ICP AES (Methods). Error bars correspond to
three independent sets of experiments for each type of crystal. Dashed lines are fits to the first-order dissolution kinetics (for details of the model, see
Supplementary Section S4). d, The circles give the experimental dissolution rate constants based on the fits in €. The dashed line is the prediction of the
theoretical model (Supplementary Section S4). The horizontal error bars in this plot give the s.d. in the NP layer thickness, H (as determined by
high-resolution SEM imaging of at least 20 crystals for each sample).
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