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ABSTRACT: Even though nanostructures of various shapes
and sizes can be controlled by microemulsions, there is
substantial difficulty in understanding their growth mechanism.
The evolution of nanostructures from the time of mixing of
reactants to their final stage is a heterogeneous process
involving a variety of intermediates. To obtain a deeper insight
into these kinetic steps, we studied the slow growth kinetics
(extending over eight days) of iron oxalate nanorods inside the
polar core of water-in-oil microemulsion droplets made of
cetyltrimethylammonium bromide/1-butanol/isooctane. Fluorescence correlation spectroscopy (FCS), dynamic light scattering
(DLS), and transmission electron microscopy (TEM) have been employed to monitor the nanostructure growth at (near) the
single-droplet level and in an ensemble. Analyzing FCS data with suitable kinetic model we obtain transient dimer lifetime (28
μs) and the droplet fusion rates (and fusion tendency) on each day as the reaction proceeds. The droplet fusion rate is found to
directly control the nanorod growth in microemulsion solution and attains its maximum value (3.55 × 104 s−1) on day 6, when
long nanorods are found in TEM data, implying that more and more reactants are fed into the growing system at this stage.
Combining FCS, DLS, and TEM results, we find three distinct periods in the entire growth process: a long nucleation-dominant
nanoparticle growth period which forms nanoparticles of critical (average) size of ∼53 nm, followed by a short period where
isotropic nanoparticles switch to anisotropic growth to form nanorods, and finally elongation of nanorods and growth (and
shrinking) of nanoparticles.

■ INTRODUCTION

The shapes and sizes of nanocrystals are often controlled by
reaction condition, rate of nucleation, and particle aggrega-
tion.1−5 These nanostructures have wide variety of applications
in nanoscience and nanotechnology.6−11 Following a proper
synthesis route, it is possible to control the size and shape of
nanocrystals.1,12−14 However, understanding the mechanism of
how reactants combine and grow into different nanostructures
is still difficult.5 This paper tackles the above problem and
shows how fluorescence correlation spectroscopy (FCS) can be
combined with dynamic light scattering (DLS), and trans-
mission electron microscopy (TEM) to obtain a detailed
understanding of the growth mechanism of nanostructures in a
microemulsion-based synthesis.
Several growth mechanisms are proposed for different

nanostructures in solution.15−20 Takesue et al. found long
nucleation-dominant growth for silver nanoparticles,15 Edgar et
al. observed that gold nanoparticles and nanorods can grow
simultaneously and coexist in solution during the entire period
of synthesis.16 Earlier experiments on gold nanostructures also
support this fact.21,22 Edgar et al. proposed a “popcorn”-type
stochastic growth mechanism for gold nanostructures in
aqueous micellar solution.16 However, general perception of

nanorod growth mechanism is there should be a long
nucleation-dominant period for nanoparticles to grow before
they can switch to grow into nanorods. Our combined FCS,
DLS, and TEM measurements indeed find such long
nucleation-dominant growth period for iron oxalate nano-
particles, but no nanorod formation, in the initial period of
synthesis. And as the nanoparticles reach their critical (average)
size of ∼53 nm (radius), most particles are found to switch
their growth into nanorods. However, beyond this stage, some
nanoparticles are seen to coexist and grow (or shrink) in size
along with the growing iron oxalate nanorods. This finding
suggests that the mechanism proposed by Edgar et al. may
partly be applicable for colloidal nanostructures other than
gold.16

Template methods are ideal for fabricating various
nanostructures in solution.1,7 Soft template methods, based
on micelles and reverse micelles, are found to be very effective
for this purpose.1,4,7,12,13,16,23−25 In these methods, the chemical
reaction occurs either at the micellar interface or inside the
polar core of reverse micelles, where the surfactant molecules
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act as the templating agents for the growing nanocrystals.
Cetyltrimethylammonium bromide (CTAB) is known to be an
effective surfactant for this purpose because it has optimum
steric properties and high affinity to bind to nanocrystal
surfaces.4,12,13,16,23−25 In aqueous solution, CTAB can also
assist the growth of gold nanorods by forming a bilayer around
the growing nanostructure.26 However, in water-in-oil micro-
emulsion-based reactions the surfactants form a single layer to
assist the nanocrystal growth inside the polar core of
microemulsion droplets (MDs) (Scheme 1).1,4,27−37 Here,
CTAB (cationic surfactant) acts as a template and plays an
important role in the growth kinetics of these nanorods.
MDs are thermodynamically stable systems which consist of

two immiscible liquids stabilized by a surfactant layer at their
interface.38 These droplets have the capability to encapsulate
large amount of polar liquids in their core. The size of the core
is controlled by a parameter, W0 (= [polar liquid]/
[surfactant]).38 Several studies have been performed to
understand the molecular interactions and dynamics in
MDs.39−44 Because of their rich phase diagrams, MDs can
adopt a variety of structural architectures to assist the
nanocrystal growth inside their core.35,36 Hence, MDs are
used extensively not only in nanoparticle synthesis4,24,25,27−37

but also in purification, extraction of biomolecules,45 and drug
delivery.46

In solution, MDs can collide with each other and coalesce
occasionally during their random motion to form a complex
that is termed a “transient dimer” (Scheme 1).4,20,47−49 The
synthesis of nanostructures inside the MD starts with the
mixing of two MDs containing individual reactants. Upon
mixing, the coalescence of droplets results in the formation of a
nanochannel between them, through which intermicellar
exchange of reactants takes place, and the subsequent reaction
and nucleation start at the micellar edge.4,20,48 Finally, the
dimer breaks apart and forms two daughter droplets. In one of
these daughter droplets the growth of nanocrystals continues
(Scheme 1),4,20,48 [Note that there can be slight variations of
the figure especially after the decoalescence steps. More
detailed analysis is discussed and given in Figure 6]. Thus, in
MD-based synthesis, initiation of reaction occurs only during
the lifetime of the dimer. Further growth of particles/rods
inside the droplet core is sustained by feeding more reactants
into the system through subsequent droplet coalescence. This
process continues until the final product is formed. In this

reaction scheme, the important rate-determining steps are the
association rate of droplets to form the transient dimer and the
lifetime of the dimer, during which mixing of reactants takes
place.4,20,48 Experiments and theoretical studies have been
performed to follow the kinetic steps of droplet coalescence
and separation, as well as the growth of nanostructures inside
MDs.20,47,49 A bivariate population balance equation model has
been proposed to explain the growth kinetics of nanoparticles
inside MDs.20 Kinetic studies have also been performed to
obtain the association and dissociation rates of MDs,47,49 which
indirectly predicted the lifetime of the transient dimer (τex) as
25 μs.47 However, to date there are no extensive kinetic studies
which provide a detailed understanding of the nanostructure
growth kinetics in a microemulsion-based synthesis.
In this study, we aimed to understand the kinetic steps of

nanorod growth by following the formation of iron oxalate
nanorods inside the polar core of CTAB MDs over eight
consecutive days. FCS is employed to monitor the reaction
kinetics of droplet coalescence at the single-droplet level, the
process which initiates the reaction and allows the subsequent
growth of nanostructures. DLS and TEM are also used to
follow the nanoparticle/nanorod growth, which complement
the FCS results. By analyzing FCS data with a suitable kinetic
model, we were able to obtain the dimer lifetime (τex) and
association rates of droplet coalescence for eight consecutive
days. Results show that the association rate of droplets directly
controls the nanorod growth inside MDs. In fact, the reader will
soon discover how, by combining FCS with DLS and TEM
techniques, one can obtain a comprehensive understanding of
the nanostructure growth kinetics in a microemulsion-based
reaction scheme.

■ RESULTS AND DISCUSSION

FCS Data. FCS is widely used to study molecular diffusion,
chemical kinetics, and molecular interactions at the single-
molecule level.50−61 In FCS, fluorescence fluctuations from a
fluorophore inside a tiny observation volume (∼1 fL) are
correlated. These fluctuations can arise from one or both of the
changes in fluorophore concentration due to translational
motion into and out of the observation volume and the changes
in fluorescent properties of the molecule due to interaction
with its surroundings or complex formation, or both.50−61

Thus, information on reaction kinetics and diffusion is directly
obtained by correlating the fluorescence fluctuations of the

Scheme 1
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reporter molecule.60,61 Here, FCS is used to monitor the
reaction and growth kinetics of iron oxalate nanostructures
inside MDs by correlating the fluorescence fluctuations from a
dye, sulforhodamine-B (SRhB), embedded inside the MDs.
(See Supporting Information (SI) for Materials and Methods.)
Figure 1 shows the correlation curves measured in the

mixture of MDs containing SRhB and reactants for eight

consecutive days. The curves show a distinct two-step feature
on all days. This is typical of reaction-coupled diffusive
correlation curves.58−60 The separation between reaction and
diffusion is obtained only if the reaction time (τex) becomes
faster than the diffusion time (τD) of particles,58,60 as in the
present study. In the measured curves (Figure 1), the
correlation in the faster time range (up to ∼150 μs) is fully
controlled by the reaction kinetics, that is, the association and
dissociation of droplets to form or break the transient dimer.
The later part (beyond ∼150 μs) represents pure diffusion of
the droplets (Figure 1 inset). (Note that the triplet conversion
for SRhB occurs in ∼1 μs, which is much faster than the
reaction time (τex) found here.)
Droplet Interaction Kinetics. On day 0, mixing of

equimolar microemulsions containing reactants and SRhB,
the droplets start colliding with each other and form an
intermediate encounter complex that coalesces to form the
transient dimer (Scheme 2).4,20,47−49 The intermicellar

exchange of reactants can take place in this transient dimer.
Along with the reactants, SRhB can also be exchanged between
the droplets, which leads to changes in the local environment of
SRhB, which in turn modulate its fluorescence yield from high-
to-low or low-to-high. These fluctuations then get correlated
and appear as a characteristic reaction term in the diffusion-
coupled correlation curves. We find that the fluorescence
intensity of SRhB is higher inside the droplet containing only

ammonium oxalate (high-state, ↑) than inside the droplet
containing only ferric nitrate (low-state, ↓). The lower
fluorescence yield of SRhB in the presence of ferric nitrate
may arise from iron-induced fluorescence quenching. The inset
of Figure 1 distinctly shows the two regions of reaction and
diffusion, when the curves are normalized at 150 μs. This plot
clearly shows that the amplitude (Aex) of the reaction term
increases with time until day 6, and then decreases. This
suggests that there must be a strong interrelation between
droplet coalescence and nanostructure formation inside the
droplets. In fact, we do find such an interrelation (see below). It
should be noted that the two-step feature in correlation plots is
not seen in the measured curves for MDs containing only pre-
dissolved reactants (see Figures S3 and S4).
The droplet interaction kinetics can be visualized as a two-

step reaction as in Scheme 2.20,47,49 Here, ken and k−en are the
forward and backward rates for the formation and separation of
the encounter complex. These rates are generally very high, and
are diffusion controlled within the Smoluchowski limit.47

Among many encounter complexes, few (1 in ∼5000) can
coalesce to form the transient dimer where exchange of
reactants can take place.47 In the second step of the reaction,
kasso and kdisso are defined as the association and dissociation
rates of the droplets, respectively, which control the rate of
formation and breaking of the transient dimer. Thus, in FCS,
we only see the second step of the reaction where the transient
dimer is formed, but not the first one where encounter complex
is formed. Moreover, the first step occurs in tens of
nanoseconds,47 which falls beyond the dynamic range of the
current FCS setup.
On day 0, the reaction is initiated by adding equal amounts

of microemulsions, containing equimolar reactants. No extra
reactant is added later. Thus, the observed change in the
reaction kinetics can be explained by the time-dependent
change in the association and dissociation rates of droplets that
form or break the dimer. This second stage of the reaction can
be treated as a simple first-order reaction where the encounter
complex proceeds to form the dimer and vice versa. Under this
condition, the equilibrium constant (K) and the reaction time
(τex) for droplet fusion and breaking can be written in terms of
kasso and kdisso as

47,59
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where N is the average number of particles in the observation
volume, τex is the characteristic reaction time of droplet fusion
(lifetime of transient dimer), and Aex is the amplitude of the
reaction. If the ratio of quantum yields of the low state and high
state of SRhB is given by Q = Qlow/Qhigh, the amplitude (Aex)
can then be written as59
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Figure 1. Raw fluorescence correlation curves measured in the
reaction mixture for eight consecutive days. Curves show two distinct
steps. Inset shows same raw curves when normalized at 150 μs. This
plot separates the reaction and diffusion terms. The amplitude (Aex) of
the reaction term increases until day 6 and then decreases. The
diffusion term shows a similar feature. Arrows indicate the direction of
change of the two processes.

Scheme 2
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Reaction and Growth of Nanostructures inside MDs.
Equation 2, substituted with eqs 1 and 3, is used to model FCS
data for most systems in order to extract the reaction time and
the size information through diffusion parameters. However,
earlier FCS and DLS studies found broad size distributions for
MDs in solution.61,62 Pal et al. found that FCS data of MDs can
be analyzed by assuming a Gaussian distribution of diffusion
times.61 However, we found that the present correlation data
could be fitted satisfactorily by assuming a bimodal Gaussian
distribution in particle diffusions (Figure 2A). This is consistent

with the physical characteristics of the present microemulsion

system: During the reaction, products formed inside daughter

droplets that are larger in size than the droplets containing only

reactants. Thus, the data were fit to eq 4, incorporating

expressions from eq 1 and 3 and a bimodal distribution of

ai(τDi):
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In eq 4, B1i and B2i are the relative contributions of components
of the two distributions, τ1p and τ2p are the peak diffusion times,
and b1 and b2 are related to the widths of distributions.61 Least-
squares fitting is performed using eq 4 with τex and Aex
expressions from eqs 1 and 3, in which K, kasso, and Q, as
well as Bi’s and bi’s, were varied to get the best distribution of
ai(τDi).

61 Figure 2A shows the data fitted with eq 4.
The importance of the present study lies in the fact that FCS

unravels the entire reaction kinetics by following the droplet
coalescence and de-coalescence process at or near the single-
droplet level. The dimer lifetime (τex) extracted from fitting the
FCS data using eq 4 is found to be ∼28 μs, which is almost
constant during eight days. Earlier, Robinson and co-workers
indirectly predicted the dimer lifetime to be ∼25 μs for
Aerosol-OT (AOT) MDs on the basis of electron- and proton-
transfer reactions and metal−ligand interactions in the
ensemble of MDs.47 Here we show that FCS can directly
provide this dimer lifetime (τex). In a recent report, Orden,
Levinger, and co-workers reported the droplet interaction times
using FCS by monitoring the fluorescence fluctuations of
Cyanine-3 inside AOT MDs.49 They found two reaction time
constants, one of which extracts a value <20 μs and the other
∼1 μs.49 However, it is difficult to explain the origin of the two
time constants, because the variation in correlation data is
observable only within ∼2 μs. Our FCS data, however, show
correlation up to ∼150 μs, which arises from reaction, and give
the reaction time as ∼28 μs, which is similar to the value
predicted by Robinson and co-workers.47 However, it should be
noted that the sizes of reactant-containing reverse micelles in
our study (∼9 nm) are larger than those used by Orden,
Levinger, and co-workers (∼2−4 nm),49 which might lead to
the observed changes in the droplet interaction times.
Incorporating the expressions from eqs 1 and 3 into eq 4, the

time-dependent association rates (and equilibrium constant, K)
of droplet interactions were determined directly from FCS.
Results show that the association rate (kasso) of droplet
coalescence first decreases by a small amount until day 2, and
then increases significantly until day 6, when it reaches the
maximum value, kasso = 3.55 × 104 s−1 (Figure 2B). However
beyond day 6, this rate continues to decrease. Similarly, the
equilibrium constant (K), which defines the tendency of
droplet fusion, also increases with time until day 6 and then
decreases (Figure S5). This finding is fascinating owing to the
fact that in TEM studies we see long nanorods starting to form
on day 6 (see below). This implies that the maximum number
of reactant-containing droplets are interacting with the growing
nanorod, which increases the aspect ratio of these nanorods, as
confirmed by TEM studies. The gradual increase in kasso (and
K) in initial days also suggests the existence of long nucleation-
dominant nanoparticle growth through droplet coalescence,
which leads to isotropic nanoparticles until a critical size of ∼53
nm, beyond which they grow anisotropically to form nanorods.
The overall process clearly depicts how the MDs kinetically
control the formation of nanostructures by modulating the

Figure 2. (A) Fluorescence correlation curves fitted with eq 4,
incorporating expressions of τex and Aex. Residuals of fits are plotted in
the top panel. Only three curves are shown here for clarity. The fits to
other data give similar residuals. Fits extracted Q ≈ 0.09 on all eight
days. (B) Variation of association rate (kasso) of droplets with time.
Initially, kasso decreases (slightly) until day 2, but then increases
significantly and reaches a maximum on day 6 (see text). For the time-
dependent change in K, see SI.
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droplet interactions and feeding different amounts of reactants
into the reaction system at different stages of the growth.
The existence of nucleation-dominant nanoparticle growth is

confirmed by the shift in particle size distributions toward
larger size with time. The results show two distinct distributions
of diffusion times beyond ∼150 μs: one on a lower time scale,
indicating free diffusion of droplets containing only pre-
dissolved reactants or byproduct (ammonium nitrate), or
both, and the other following the growth kinetics of iron
oxalate nanoparticles inside the droplets. The distributions of
hydrodynamic radii (Rh) of droplets were calculated from the
distributions of diffusion times using the Stokes−Einstein
equation (SI). The actual sizes of nanoparticles (and by-
product/reactants) are then calculated by subtracting the
thickness of the CTAB surfactant layer (∼2 nm)63 from the
Rh distributions of the droplets, as plotted in Figure 3A. A

closer look reveals that smaller droplets (peak radii of ∼9 nm)
do not change their size with time. This indicates that the size
of droplets containing only pre-dissolved reactants and/or
byproduct remains constant over the entire synthesis period
(droplets containing independent reactants are found to be
∼9−12 nm). However, the other distribution shows a
monotonic shift in its peak position toward higher values
along with an increase in full width at half-maximum (FWHM)
with time, indicating the growth of nanocrystals inside droplets.
This shift toward larger size is observed until day 4, beyond

which it decreases. The day-to-day variation of droplet sizes
(Figure 3B) distinctly shows that nanoparticles grow up to an
average size of ∼53 nm on day 4, and then only smaller
particles are observed. These smaller nanoparticles can arise
from the redistribution/reprecipitation of fragmented rods/
particles. In fact, it is found that beyond the critical size (∼53
nm), most particles switch to anisotropic nanorods. This
phenomenon is supported by the TEM data, as we start seeing
the formation of small nanorods on day 5 (see below). It
should be noted here that FCS could not detect the MDs
containing large nanorods/nanoparticles because they mostly
settle at the bottom, and even if they diffuse slowly through
solution, no detectable fluorescence fluctuations are observed
from these nanostructures as their sizes become comparable to
the size of the focused laser spot.

DLS Data. Although FCS unfolds the trend of nanostructure
growth, to further confirm these results DLS is employed to
characterize the system at the ensemble level. The peak
hydrodynamic radius (Rh) of droplets containing ferric nitrate is
found to remain almost constant on all days (∼8 nm), similar
to that obtained in FCS (∼9 nm). DLS data for droplets
containing ammonium oxalate give Rh ≈ 12.5 nm, also similar
to that obtained from FCS data. DLS studies were carried out
to look at the in situ growth kinetics of iron oxalate
nanostructures in microemulsion solution. We found DLS
can detect large nanostructures (possibly the nanorods) on and
after day 5. To confirm the above, we analyzed the DLS data
incorporating the asymmetry of anisotropic nanorods in the
expression of diffusion constant (see SI).64,65 Using the
diameter of the nanorods obtained from TEM data, we
calculate the distributions in nanorod lengths (see Figure S2
and Table 1 below). Although the calculated distribution for
length does not match perfectly with the lengths obtained
through TEM studies, the data do confirm that DLS can detect
large nanostructures in the later stages (beyond day 4) of the
synthesis. In an ensemble it is possible that many MDs
containing rods (and particles) associate to form large
aggregates which are mainly detected in the in situ DLS
measurements, rather than the single nanorods. Moreover, the
rods may have a distribution in size (diameter) which is difficult
to ascertain in DLS. Even though in situ DLS measurements
could detect large nanostructures, it could not detect the
nucleation-dominant nanoparticle growth in the initial days
(until day 4), but was only detecting the smaller particles (see
Figure S6A). This could be due to the availability of fewer MDs
containing the nucleated particles which have very low (total)
scattered intensity to be detected in DLS. However, these
growing nanoparticles were easily detected in FCS and TEM
measurements. Interestingly, however, when DLS measure-
ments were performed on iron oxalate nanoparticles extracted
from the reaction mixture and redispersed in ethanol, we
observed an increasing trend of nanoparticle growth matching
with the FCS and TEM results (see Figure S6B, Figure 5, and
Table 1 below). The growth of nanoparticles is found to
continue beyond day 5. This indicates that DLS could detect
the larger nanoparticles beyond day 5 if they were extracted
from the mixture and redispersed in ethanol. It is also found
that the heterogeneity in particle size (FWHM) is maximum on
day 6 (Figure S6B), which indicates that on this day a large
number of droplets associate to shift the equilibrium from
particles to rods.
It is important to note here that the simultaneous growth (or

shrinking) of nanorods and nanoparticles beyond day 5

Figure 3. (A) Size distributions of nanoparticles obtained on each day
from the FCS data. Distributions near ∼7 nm denote the sizes of MDs
containing only reactants/byproducts. Distributions in the larger size
range show the change in particle size with time. Arrow indicates the
direction of size variation with time. (B) Change in peak sizes of the
two distributions with time. Plot shows that nanoparticles reach their
critical size of ∼53 nm on day 4. The sizes of smaller particles stay
almost constant (∼7 nm) with time. See Table 1 for the values.
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supports the prediction of Edgar et al., which suggests that
particles and rods can grow simultaneously in solution if few
isotropic nanoparticles break their symmetry to grow
anisotropically to form nanorods,16 but the rest of the particles
which do not undergo the symmetry breaking can grow
normally.16 In the case of gold it is proposed that if particles of
less than ∼5 nm break their symmetry, they can grow into
nanorods.16 A similar argument might be applicable for the
present iron oxalate nanostructures, as they also show similar
bifurcation near the critical particle size of ∼53 nm. However,
contrary to the prediction of Edgar et al., nanorods were not
detected in any of the measurements in the initial days of the 8-
day reaction. This suggests that the iron oxalate nanorods can
grow only when the nucleated nanoparticles reach their critical
size of ∼53 nm.
TEM Data. To investigate the growth kinetics and formation

of nanorods starting from nucleated nanoparticles, we carried
out TEM measurements on iron oxalate nanostructures formed
in the reaction mixture on each day. Figure 4 shows the
recorded evolution of nanostructures with time. In these images
we see the growth of uniform nanoparticles in the initial days.
During the nucleation-dominant period the nanoparticles

increase their size relatively faster, and on day 5 they start
growing into nanorods. Interestingly, on day 5 the TEM image
shows a mixture of nanorods and nanoparticles, indicating the
co-existence of nanoparticles and nanorods. Particles were also
detected on day 6 (see Table 1), though the equilibrium shifts
more toward the formation of nanorods. In FCS we observe the
highest association rate of droplets on day 6, which suggests at
this stage the nanoparticles rapidly switch their symmetry to
form the anisotropic nanorods, as is seen in the TEM images.
The aspect ratio of the nanorod increases with time from 3:1
(day 5) to 14:1 (day 8). This implies that there is a more
attractive interaction between the particles along the longer axis
compared to the lateral axis of the rods that leads to the
increase in aspect ratio. Such an increase originates from the
fact that CTAB decreases the surface charge density of the ionic
micelles and thereby promotes the formation of low-curvature
micellar geometries like nanorods.66 Thus, it is suggested that,
due to positive surface charges, these cationic surfactants
assemble on the surface of the growing nanostructure33 (due to
negative zeta potential) and subsequently allow the growth
along the long axis, leading to the formation of long nanorods.

Figure 4. TEM images for the growing nanocrystals as obtained on eight consecutive days. Until day 4 the nanoparticles grow monotonically. On
day 4 the particles are seen to start aggregating to form the small nanorods on day 5. On day 6 onward the nanorods grow in length very fast. Fully
grown nanorods are seen on day 8.

Table 1. Size Parameters of Nanostructures Obtained from FCS, DLS, and TEM Measurements

FCSa DLS TEM

first
distribution

second
distribution in situa

nanoparticles
redispersed in

ethanol nanoparticles nanorods

day

peak
size
(nm)

FWHM
(nm)

peak
size
(nm)

FWHM
(nm)

peak
size
(nm)

FWHM
(nm)

peakb rod
length
(nm)

FWHM of
length (nm)

peak
size
(nm)

FWHM
(nm)

size
(nm)

length
(nm)

diam
(nm)

aspect
ratio

0 7 2 23 12 7 2.5 − − − − − − − −
1 7 2 29 12 7 3 − − 35 7 28 (±4) − − −
2 7 2 41 21 7 3 − − 46 8 42 (±10) − − −
3 7 2 46 23 7 3 − − 48 12 50 (±6) − − −
4 7 2 53 27 6 3 − − 53 9 57 (±5) − − −
5 7 2 51 26 − − 15000 6000 61 11 70 (±15) 350 115 3:1
6 7 2 49 25 − − 15000 8000 73 24 60 (±15) 3900 540 7:1
7 7 2 44 29 − − 9000 4000 85 21 − 5000 490 10:1
8 7 2 39 17 − − 22000 6000 94 20 − 5400 390 14:1

aParticle sizes are calculated by subtracting the thickness (2 nm) of CTAB surfactant layer from the size distribution of MDs. bValues calculated by
considering the asymmetry of nanorods and taking diameters of nanorods from column 14 (see SI).

Journal of the American Chemical Society Article

dx.doi.org/10.1021/ja306556e | J. Am. Chem. Soc. 2012, 134, 19677−1968419682



Table 1 compares the size parameters obtained from FCS,
DLS, and TEM measurements. These data show that, during
the nucleation-dominant nanoparticle growth, FCS, DLS, and
TEM find similar particle sizes. However, when the particles
reach their critical size of ∼53 nm, most of them aggregate to
form nanorods, and the rest of the particles grow in size or
shrink to smaller ones. These size parameters are plotted
together in Figure 5 for a comprehensive understanding of the
growth mechanism.

The plot clearly shows three distinct periods through which
iron oxalate nanorods are formed: a long nucleation-dominant
nanoparticle growth period in initial days, then a short period
where nanoparticles start forming nanorods, and finally growth
(and shrinking) of nanoparticles simultaneous with the growth
of nanorods. Figure 6 depicts a possible mechanism of how
MDs interact to coalesce and exchange reactants with time to
grow the nanostructures. From the start of the reaction until
day 4, FCS, DLS, and TEM measured similar sizes of the
growing nanoparticles, signifying the existence of long
nucleation-dominant particle growth (Figure 5). During days
4 and 5, the particles undergo symmetry breaking and start
forming nanorods. On and after day 5, FCS starts finding the

smaller particles, and TEM starts showing the formation of
nanorods. DLS can, however, find bigger particles with passing
time if they are separated and redispersed in ethanol (Figure 5).
In TEM, the growth in nanorod length and aspect ratio changes
drastically from day 5 to day 6 (Figure 4 and Table 1). This
observation is supported by FCS results which show that, on
day 6, the rate of droplet coalescence reaches its maximum to
feed the highest reactants into the growing nanorod system.

■ CONCLUSIONS
A detailed and comprehensive study has been carried out on
the growth kinetics of iron oxalate nanorods as they formed
over several days inside the water pool of CTAB MDs in
isooctane. To date, there are no extensive experimental studies
on nanostructure formation in microemulsion-based reactions
that can explain the crucial role of droplet interactions in the
reaction kinetics. FCS, DLS, and TEM measurements have
been carried out over several days to follow the entire growth
kinetics of iron oxalate nanorods starting from their particle
nucleation. Analyzing the FCS data with a suitable kinetic
model, the droplet coalescence time or dimer lifetime (∼28 μs)
was extracted along with the droplet association rate and the
equilibrium constant of the chemical reaction. The droplet
association rate showed an interesting time-dependent feature
that directly connects it to the growth mechanism. Combining
FCS, DLS, and TEM, we found three distinct periods in the
entire nanorod growth kinetics: a long nucleation-dominant
nanoparticle growth period, followed by a short period where
isotropic nanoparticles switch over to anisotropic growth to
form nanorods, and finally the period where droplet-
association-assisted elongation of nanorods is observed. We
have shown here how one can utilize the single-molecular FCS
technique, together with DLS and TEM, to obtain a
comprehensive insight on the growth mechanism of nanorods
in a microemulsion-based reaction scheme. The detailed
methodologies discussed in this study are unique in their
kind, and can be used to understand the growth kinetics of
other desired nanostructures which are required for various
applications in nanoscience and nanotechnology.
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(48) Loṕez-Quintela, M. A.; Tojo, C.; Blanco, M. C.; Rio, L. G.; Leis,
J. R. Curr. Opin. Colloid Interface Sci. 2004, 9, 264−278.
(49) McPhee, J. T.; Scott, E.; Levinger, N. E.; Orden, A. V. J. Phys.
Chem. B 2011, 115, 9585−9592.
(50) Magde, D.; Elson, E.; Webb, W. W. Phys. Rev. Lett. 1972, 29,
705−708.
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