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Production of amorphous nanoparticles
by supersonic spray-drying with a
microfluidic nebulator
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Amorphous nanoparticles (a-NPs) have physicochemical properties distinctly different
from those of the corresponding bulk crystals; for example, their solubility is much higher.
However, many materials have a high propensity to crystallize and are difficult to formulate in
an amorphous structure without stabilizers.We fabricated a microfluidic nebulator that can
produce amorphous NPs from a wide range of materials, even including pure table salt (NaCl).
By using supersonic air flow, the nebulator produces drops that are so small that they dry
before crystal nuclei can form.The small size of the resulting spray-dried a-NPs limits the
probability of crystal nucleation in any given particle during storage.The kinetic stability of the
a-NPs—on the order of months—is advantageous for hydrophobic drug molecules.

T
he properties of nanoparticles (NPs) can
differ greatly from those of their bulk coun-
terparts, and for materials that are nor-
mally crystalline, even greater differences
can be achieved bymaking amorphousNPs

(a-NPs). For example, the solubility of a given
material can be greatly enhanced even when its
crystalline counterpart is very poorly soluble (1).
Many materials have a very high propensity to
crystallize, so it is challenging to produce amor-

phous structures in widely applicable ways. Inor-
ganic materials that can be evaporated into the
gas phase can form a-NPs via aggregation into
amorphous clusters (2, 3). In addition, some
metals can be processed into a-NPs by rapidly
cooling drops composed of melts (4, 5). However,
the majority of inorganic materials cannot be
processed in this manner, and even fewer or-
ganic materials can be so processed. Instead, the
most common route to process organic ma-

terials into NPs is through precipitation from
solution (6–9).
For materials with a high propensity to crys-

tallize, crystallization is typically much faster than
termination of the precipitation reaction, and the
resultant NPs are crystalline. a-NP production
thus requires the addition of crystallization in-
hibitors (10), which must be carefully chosen for
each crystallization-prone material. In some spe-
cific cases, the solution can be rapidly cooled to
freezing, followed by lyophilization of the result-
ing particles (11, 12). Alternatively, the solution
can be formed into drops through spray-drying
(13–15). In this case, NPs start to form when the
solute concentration exceeds its saturation con-
centration (16, 17). However, the rate of crystal-
lization is typically still much faster than the rate
of NP growth, and crystallization inhibitors are
still required to create a-NPs. Nearly half of all
drug compounds are hydrophobic (1), and for-
mulating them as a-NPs would increase their
bioavailability (18), solubility (1), and dissolution
rates (19).
We show how to produce a-NPs from a range

of materials without the use of any crystalliza-
tion inhibitors. Our process uses a microfluidic
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Fig. 1. Themicrofluidic nebulator. (A and B) Overview (A) and close-up (B) of a microfluidic nebulator. Liquids are injected through blue inlets; air is introduced
throughwhite inlets. (C) Air velocity at outlet as a function of pressure applied to all air inlets; error bars indicate the variance of air velocitiesmeasured in different
devices. (D) SEMmicrograph of spray-dried fenofibrate NPs. (E) Size distribution of fenofibrate (∎), clotrimazole (●), danazol (⧨), and estradiol (⧩) NPs. (F) Size
of fenofibrate NPs as a function of air pressure; error bars indicate the size distribution of NPs produced in different batches.
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nebulator—a spray drier that enables supersonic
air speeds to be achieved at moderate pressures.
Liquids are nebulized into very small dropswhose
dimensions limit the size of the resultant spray-
dried NPs. The very rapid evaporation of the
solvent creates a kinetically arrested glass in the
evaporating drop and prevents formation of crys-
tal nuclei. The nebulator can produce a-NPs from
both organic and inorganic materials, including
materials with a very high propensity to crystal-
lize, such as table salt (NaCl). The small size of
these a-NPs (<15 nm) results in exceptionally
high stability against crystallization, with most
a-NPs maintaining that state under ambient con-
ditions and at room temperature for at least
7 months.
We fabricated the nebulator frompoly(dimethyl

siloxane) (PDMS) using soft lithography (20). A
main fluid-inlet channel is intersected by a pair
of inlets for an additional fluid so that two fluid
streams canmix if it is necessary to initiate chem-
ical reactions prior to drop formation. The nebu-
lator also has six air inlets (Fig. 1, A and B). The
last junction is three-dimensional (3D), with a
small inlet opening into a channel of larger di-
mensions (Fig. 1B) (21). We sliced the end of the
main channel to make the final outlet (15). The
same pressure was applied to each of the air in-
lets; the device can reliably sustain inlet pres-
sures up to 0.28 MPa (~2.8 atm) before the PDMS
bonding fails. The velocity of the air at the outlet
scales with the inlet pressure (Fig. 1C).
To demonstrate the operation of the nebula-

tor, we used a generic hydrophobic organic drug,

fenofibrate, which has a high propensity for crys-
tallization. We dissolved fenofibrate in ethanol
(5 mg/ml) and injected this solution into the
first fluid inlet at a flow rate of 1 ml/hour. We
inverted the direction of the first pair of air inlets
to inject the air in the opposite direction to the
ethanol flow (Fig. 1B). Because ethanol strongly
wets the channel walls, thin homogeneous etha-
nol films were formed and flowed along the four
channel walls. These films were detached from
the walls at the 3D junction, where they broke
into very small drops whose diameter must be
similar to the film thickness. The drops began
to dry through evaporation as they exited the
device, forming NPs that were collected on a
substrate placed 10 cm from the outlet.
Remarkably, NPs with an average diameter of

14 nm were produced with an inlet pressure of
0.28 MPa (Fig. 1D and fig. S1). Drug particles
produced with commercially available spray-dry
instruments typically have diameters greater than
350 nm (14, 22–26). We also produced NPs from
other hydrophobic drugs, including clotrimazole,
estradiol, and danazol, with similar size distri-
butions (Fig. 1E). The thickness of the liquid film
produced in the nebulator scaled inversely with
applied air pressure, so the NP size decreased
roughly inversely with increasing air pressure
(Fig. 1F). This relation suggests that NPs as small
as 1 nm could be produced with an inlet air pres-
sure of 0.54 MPa.
The smallest-sized fenofibrateNPs (14 nm)were

always amorphous, as indicated by the lack of
any lattice plane in the high-resolution trans-

mission electronmicroscope (HRTEM) image and
the absence of distinct diffraction peaks in its
Fourier transform (Fig. 2A), as well as the absence
of any peaks in x-ray diffraction (XRD) (Fig. 2B,
top trace). By contrast, crystalline NPs (c-NPs)
formed when spray-dried in the presence of
Pluronics F127, which acted as a heterogeneous
nucleant. These c-NPs had clear diffraction peaks
(fig. S2, top trace) (27), which also validates the
use of XRD to determine the structure of our
spray-dried NPs. Fenofibrate has a glass transi-
tion temperature Tg of –20°C (28) and amelting
temperature Tm of 80°C (29), so fenofibrate a-
NPs must be undercooled liquids at room
temperature. Similar amorphous structures were
observed for small NPs formed from all other
drugs tested (figs. S3 and S4); however, the
others are glasses, as they all have Tg above
room temperature.
We argue that a-NPs form as a result of this

production route. Fenofibrate crystals can nucle-
ate as soon as the solvent in the drop has evapo-
rated sufficiently for the solute concentration to
exceed its saturation value. Once a crystal nucleus
is formed, crystal growth should transform the
entire a-NP. Thus, formation of a-NPs can occur
only if crystal nucleation is inhibited. We calcu-
lated the number of crystal nuclei that form in a
drop as it evaporates, N, using classical nuclea-
tion theory under isothermal conditions (17, 27).
As the solvent evaporates, the solute concentra-
tion becomes very high and the resultant nuclea-
tion rate is large. Even drops as small as 100 nm,
which produce the 14-nmNPs, should yield c-NPs.
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Fig. 2. Structure of spray-dried fenofibrate NPs. (A) HRTEMmicrograph of
fenofibrate spray-dried at 0.28MPa,with the Fourier transform in the inset. (B) XRD
spectra of fenofibrate spray-dried with inlet air pressures of (1) 0.28 MPa and (2)
0.14 MPa; crystalline fenofibrate (3) is shown as a reference. (C) Free energy of for-
mationof fenofibrate-ethanol solution,DG, at roomtemperature (redcurve) and–70°C
(black curve). (D) SAXS data of fenofibrate NPs with the power-law fit (solid
line). (E) TEM image of fenofibrate spray-dried at 0.14 MPa, with the Fourier trans-

formation in the inset. (F) DSC traces of fenofibrate NPs produced at (1) 0.28 MPa,
(2)0.21MPa, (3)0.17MPa, (4)0.14MPa, and (5)0.12MPa; crystalline fenofibrate (6)
is shown as a reference. (G) Fraction of c-NPs measured by integrating the melting
peaks of the DSC traces (■) and calculated (●) as a function of their diameter; the
error bars indicate the variance between particles produced in different batches.
(H) XRD traces of fenofibrate NPs stored at (1) room temperature for 7 months,
(2) 40°C for 6 months, (3) 65°C for 2 months, and (4) 65°C for 3 months.
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The calculation of the nucleation rate assumes a
homogeneous distribution of fenofibrate in the
evaporating solvent.
However, if there is an attractive interaction

between the solute molecules, they can undergo
spinodal decomposition more rapidly than crys-
tals nucleate, leading to high spatial heterogene-
ity. To determine whether there is an attractive
interaction between fenofibrate molecules, we
compute the difference in the Gibbs free energy
between the individual components and the so-
lution, DG, as a function of the solution com-
position (27). It has two minima, implying that
this solution phase separates, as indicated by the
red curve in Fig. 2C. The low concentration in the
solute-poor phase will decrease the rate of crystal
nucleation. The high concentration in the solute-
rich phasewill increase the rate of crystallization,
but the viscosity will also increase, thus also re-
ducing the rate of crystal nucleation.
We estimate that the rate of crystallization at

room temperature would still result in c-NPs.
However, the drop is also subjected to evapora-
tive cooling: It decreases the drop temperature
to a new steady-state value, determined by the
balance of evaporative cooling and heat trans-
ferred from the air to the drop. Because of the
rapid air flow, the boundary layers at the surface
of the drop for both molecular transport and
heat diffusion are very thin, resulting in both
rapid evaporation and rapid heat transport. We
estimate the new temperature to be T = –70°C
(27). At this temperature, the solute-rich phase
contains only 1 mol% of solvent, as shown by the
black curve in Fig. 2C. Hence, the viscosity of the
solute-rich phase is further increased by the in-
creased solute concentration and the reduced
temperature; this decreases the mobility of fe-
nofibrate molecules and thus the rate of crystal
nucleation.
Similarly, the reduced temperature decreases

the nucleation rate in the solute-poor phase by
reducing the solute mobility, but to a smaller
extent. If the drop is sufficiently small, it will
evaporate faster than crystal nuclei can form;
thus, the NPs will remain amorphous. We pos-
tulate that the origin of the amorphous structure
is kinetic arrest of the solute molecules into a
glassy state. This mechanism, which involves a
rapid increase in solute concentration accompa-
nied by a decrease in temperature, is fundamen-
tally different from the formation of conventional
glasses, where the formation of crystal nuclei is
kinetically suppressed only through a fast reduc-
tion in temperature. Intriguingly, the glass for-
mation inside drops is similar to that observed
for attractive colloidal particles that undergo
kinetic arrest (30–32).
To test our postulate, we investigated themor-

phology of the NPs. The structure of a kinetically
arrested glassy phase formed by spinodal decom-
position should be highly tenuous, and remnants
of this irregularity may persist even after the drop
fully dries. We used small-angle x-ray scattering
(SAXS) to investigate the structure of 14-nm fe-
nofibrate NPs at scattering vectors, q, correspond-
ing to length scales smaller than the particle

size. We observe a power-law dependence of the
scattered intensity, IðqÞ º qdf , consistent with a
fractal structure having a fractal dimension df =
2.7 (Fig. 2D). Thus, the structure of the NPs is
highly irregular, consistent with formation from
spinodal decomposition (33).
Further validation of our postulate comes from

the formation of larger drops, which take longer
to dry and hence allow more time for nuclei to
form. When we seeded a small crystal of feno-
fibrate in a supercooled liquid of pure fenofibrate,
formed by spray-drying, it grew very rapidly.
Thus, even if only a single crystal nucleation
event occurred inside an evaporating drop, the
entire particle would crystallize upon warming.
Indeed, some40-nm-diameterNPswere fully crys-
talline, as shown by HRTEM (Fig. 2E), by XRD
(Fig. 2B, middle trace), and by the appearance of
a melting peak measured with differential scan-
ning calorimetry (DSC) (Fig. 2F, second thermo-
gram), albeit at a lower temperature than observed
for bulk melting.
To quantify the percentage of c-NPs, we deter-

mined the crystalline fraction as a function of NP
size by integrating the area of the DSC melting
peaks shown in Fig. 2F. The fraction of c-NPs
increased with increasing NP size (Fig. 2G, black
squares). For comparison, we predicted the crys-
talline fraction by calculating N as a function of
NP size and found excellent agreement with ex-
periment (Fig. 2G).
One of the major obstacles to the use of the

amorphous structure for drugs is the high pro-

pensity toward crystallization during storage (34).
Surprisingly, although the 14-nm fenofibrate
a-NPs are undercooled liquids that are either
deposited as monolayers or coated with a poly-
mer to prevent aggregation, they remained amor-
phous even when stored for 7 months at room
temperature under ambient conditions, as shown
by XRD (Fig. 2H, first curve), and for at least
6 months if stored under ambient conditions at
40°C (Fig. 2Η, second curve). Moreover, fenofi-
brateNPs remained amorphous for up to 2months
if stored even at 65°C (Fig. 2H, third curve) and
only began to crystallize after 3 months, as in-
dicated by the small XRD diffraction peaks at
2q = 16.3° and 16.8° (Fig. 2H, fourth curve). We
attribute this exceptionally high stability to the
small NP size. If compartmentalized into many
small NPs, crystal growth is kinetically restricted,
as a large number of nuclei must form to fully
crystallize the sample.
We also used the microfluidic nebulator to

formulate inorganic a-NPs. For example,we formed
CaCO3 NPs exploiting the two liquid inlets to
co-inject one aqueous solution containing 5 mM
CaCl2 and another containing 5 mM Na2CO3. As
soon as the two solutions were combined, nuclei
of CaCO3 could start to precipitate from the su-
persaturated solution. Water does not wet the
PDMSwalls. Nevertheless, we could use the same
device design to operate the nebulator in the
dripping regime, where drops ofwater are formed
at the first inlet. The air from the first inlet must
reverse its flow direction to enter the main
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Fig. 3. Operation of the nebulator using a nonwetting fluid. (A and B) Optical micrographs of the
nebulator operatedwithwater, taken 120 ms (A) and 280 ms (B) after the drop pinched off. Red arrowspoint
to the drops, blue arrows to the stagnation point of the air velocity vx. (C) SEM image of spray-dried CaCO3

NPs. (D) Size of CaCO3 NPs as function of the air pressure; error bars indicate the size distribution of NPs
produced in different batches.
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channel. This configuration created a stagnation
point where the component of the air velocity in
the direction of themain channel, vx, equals zero;
this produced a stationary instability and dripp-
ing (Fig. 3, A and B, and movie S1). The size of
these dropswas similar to the channel dimension.
Thus, the distance between the drop surface and
the channel wall, l, was small, and the local shear
stress, t = m(dv/l), was very high; here, m is the
viscosity of air. This large shear stress overcame
the Laplace pressure of the primary drop, break-
ing it into much smaller drops whose radius r
was determined by the balance of the shear stress
and the Laplace pressure m(dv/l) = g/r; here, g is
the surface tension.
To estimate a lower limit for t, we determined

an upper limit of l using microscope images and
determined dv by measuring the velocity at the
outlet and calculating the velocity profile inside
the device (27). The resultant shear stresswas very
large and produced drops as small as 400 nm in
diameter, which would lead to 30-nm NPs. Con-
sistent with this calculation, the size of the spray-
driedCaCO3NPsmeasured fromscanningelectron
microscopy (SEM) images is 20 nm (Fig. 3C). The
NP size increased with decreasing pressure ap-
plied to the air inlet (Fig. 3D), in accord with our
calculations. These CaCO3 NPs were chemically
homogeneous, as determined by electron-dispersive
spectroscopy (EDS) (fig. S5). For NPs with diam-
eters less than 20 nm, there was no evidence of

crystallinity revealed by HRTEM (Fig. 4A). By
contrast, NPs exceeding 40 nm contained multi-
ple crystal nuclei embedded in an amorphous
matrix. In this case, crystal growth was much
slower than for fenofibrate, and we could vi-
sualize intermediate stages of the crystallization
where crystalline regions coexist with amor-
phous ones (Fig. 4B). If the NPs were suffi-
ciently small, the nebulator could make a-NPs
from inorganic materials with a greater pro-
pensity to crystallize, such as BaSO4 and iron
oxide, as shown in the HRTEM images in fig. S6,
A and B, respectively.
A common material with a very high propen-

sity to crystallize is table salt, NaCl. Amorphous
NaCl has not been reported, although small amor-
phous clusters have been predicted by molecular
dynamics simulations (35). Remarkably, the nebu-
lator could produce a-NPs of NaCl if their di-
ameter was below 15 nm, as indicated inHRTEM
images and the corresponding Fourier transform
in Fig. 4C and the bottom XRD spectrum in Fig.
4E. Moreover, x-ray photoelectron spectroscopy
(XPS) showed that the binding energy of the Na
1s peak was shifted toward lower energies, indi-
cating that the nearest neighbors of the Na ions
are farther apart, or on average less electroneg-
ative, than the nearest neighbors of Na contained
in the NaCl structure (Fig. 4F, bottom spectrum).
Moreover, the Cl 1s peak was broadened, indi-
cating that the distances of the nearest neighbors

of the Cl ions vary (fig. S7, bottom spectrum).
LargerNaCl NPs were crystalline, as indicated by
the HRTEM micrograph in Fig. 4D, the (220)
reflection at 2q = 45.5° in the middle XRD trace
in Fig. 4Ε, and the unchanged binding energies
of the Na 1s and Cl 1s peaks measured with XPS
and shown respectively in the second spectra in
Fig. 4F and fig. S7. The onlymaterials with which
we have been unable to form a-NPs are Au, Ag,
and Pt.
The production rate of a single nebulizer is

limited by its scale; thus, to make more useful
quantities of material, the nebulators must be
scaled up in number. We operated three nebu-
lators inparallelwith common inlets and increased
throughput to 15 mg of material per hour, which
is sufficient for laboratory-scale tests such as drug
bioavailability. Hydrodynamic coupling between
devices did not compromise their performance
when operated in parallel, so further scale-up
in the number of coupled nebulators should be
feasible.
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Iron-catalyzed intermolecular [2+2]
cycloadditions of unactivated alkenes
Jordan M. Hoyt, Valerie A. Schmidt, Aaron M. Tondreau, Paul J. Chirik*

Cycloadditions, such as the [4+2] Diels-Alder reaction to form six-membered rings,
are among the most powerful and widely used methods in synthetic chemistry.
The analogous [2+2] alkene cycloaddition to synthesize cyclobutanes is kinetically
accessible by photochemical methods, but the substrate scope and functional
group tolerance are limited. Here, we report iron-catalyzed intermolecular [2+2]
cycloaddition of unactivated alkenes and cross cycloaddition of alkenes and dienes
as regio- and stereoselective routes to cyclobutanes. Through rational ligand design,
development of this base metal–catalyzed method expands the chemical space
accessible from abundant hydrocarbon feedstocks.

C
ycloaddition reactions as exemplified by
the venerable [4+2] Diels-Alder reaction
are among the most powerful in organic
chemistry, providing an atom-economical
method for the synthesis of six-membered

rings (1). Despite their widespred utility and
applications, these reactions require the use of
activated substrates and are often ineffective for
unactivated alkene couplingpartners. Pure hydro-
carbons are the principal feedstocks of the chem-
ical industry, serving as essential precursors to
fuels, films, liquid crystal displays, materials, and
medicines (2). Among these, ethylene and pro-
pylene are the most abundant and are produced
in 130 and 85 million metric tons annually,
respectively, serving principally as monomers for
themultibillion-dollar polyolefins industry (3, 4).
Ethylene is also selectively trimerized and tetra-
merized on large scale rendering 1-hexene and
1-octene commodity alkenes (5), motivating the
development of new cycloaddition methods that
incorporate these fundamental industrial building
blocks.
Although analogous [2+2] cycloadditions to

prepare cyclobutanes are thermodynamically fa-
vorable and could be similarly transformative in
synthesis, the exploration of the chemical space
of four-membered carbocycles has been substan-
tially hindered by the lack of selective methods

for their synthesis (6). One challenge in realizing
a practical method is overcoming the high ki-
netic barrier imparted by the thermal constraints
of orbital symmetry (7). The use of activated al-
kenes (8) and substrates that have the appropri-
ate redox potentials to interactwith photocatalysts
(9, 10) have been described that overcome these
challenges, and examples with high degrees of
regio- and stereoselectivity have recently been
reported (11, 12). Unactivated alkenes, such as
those available in vast excess from shale gas
reserves and biorenewable sources, are cur-
rently outside the scope of these methods (13).
Although theoretical methods predict the pho-
tochemical feasibility of such cycloadditions (7),
photodimerization of unactivated alkenes, typi-
cally conducted in the presence of copper cata-
lysts, is limited to selected cyclic alkenes and
often yields mixtures of products, highlighting
the potential utility of alternative methods for
cyclobutane synthesis (14).
Transition metal catalysis offers the prospect

of promoting the [2+2] cycloaddition of unacti-
vated alkenes by virtue of valence d-orbitals and
low-energy pathways to metallacyclic intermedi-
ates (15). Nickel-phosphine combinations have
been reported for the synthesis of cyclobutanes
from dienes and unactivated alkenes, although
both yields and selectivities are not synthetically
useful (8). Related examples with Ti, Mn, and Fe
have also been described and suffer from the same
limitations in yield and selectivity (8). Examples of
more-selective alkene [2+2] cycloadditions with

stoichiometric Mg, allyl chloride, and an Al re-
agent in the presence of Zr and Pd additives have
also been reported (16).
Our group has found that iron and cobalt

complexes bearing redox-active pyridine(diimine)
ligands, which undergo reversible one-electron
transfer with the transition metal, promote the
intramolecular [2+2] cycloadditions ofa,w-dienes
to yield the corresponding bicyclo[2.3.0]heptanes
(Fig. 1A) (17–19). These base metal–catalyzed
reactions proceed with unactivated dienes at
ambient temperature, and mechanistic studies
support reductive elimination frommetallacyclic
intermediates as the key C–C bond–forming step.
In both iron (18) and cobalt (19) examples, the
redox active pyridine(diimine) adopts its one-
electron-reduced form, resulting in a more-
oxidized metal center, and likely facilitates the
directional, cyclobutane-forming C(sp3)-C(sp3)
reductive elimination.
The identification of selective, intermolecular

variants of the base metal–catalyzed [2+2] cyclo-
addition is key to the development of a more
broadly useful method compatible with abundant,
unactivated alkenes. With the first-generation
iron precatalyst, (iPrPDI)Fe(N2) [

iPrPDI = 2,6-
(2,6-iPr2-C6H3-N=CMe)2C5H3N, iPr is an isopropyl
group, and Me is a methyl group], addition of
commonunfunctionalized terminal alkenes, such
as propylene or 1-hexene, resulted in formation of
a stoichiometric quantity of the corresponding
alkane, arising from transfer hydrogenation from
one of the isopropyl aryl groups on the iron cata-
lyst (20). New approaches to catalyst design
were therefore necessary to promote C–C bond
formation via an iron metallacycle followed by
C(sp3)-C(sp3) reductive elimination. Here, we re-
port that iron precatalysts attained through
rational ligand design enable the regio- and ste-
reochemically controlled synthesis of 1,2- and
1,3-disubstituted cyclobutanes by thermal [2+2]
cycloaddition.
In an attempt to prevent transfer dehydro-

genation, we synthesized an iron precatalyst
lacking b-hydrogens on the aryl substituents,
[(MePDI)Fe(N2)]2(m-N2)], and observed catalyt-
ic turnover with propylene to produce a 2:1
mixture of 2,3-dimethylbutene and trans-1,2-
dimethylcyclobutane. It is likely these products
derive from a common iron metallacyclic inter-
mediate, where b-hydrogen elimination followed
by C-H reductive elimination yields the “tail-to-
tail” dimerization product—a precursor to an
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