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pyrolysis of ferric acetylacetonate (Fe(acac);) in diphenyl oxide, in the presence of
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a,w-dicarboxyl-terminated polyethylene glycol (HOOC—PEG—COOH) and oleyla-
mine. Unusual gelification phenomena were observed from the aliquots extracted at
different reaction stages after they were cooled to room temperature. By reaction time,
the average size of the Fe;O,4 nanocrystals was tuned from 5.8 to 11.7 nm with an

equilibrium size around 11.3 nm. By increasing the gelification degree of the stock

solution, the equilibrium size of the Fe;O,4 nanocrystals was further increased from 11.3 to 18.9 nm. The underlying gel formation
mechanism was investigated by using ultraviolet—visible absorption spectroscopy and Fourier transform infrared spectroscopy. The
results suggest that the complexation between HOOC—PEG—COOH and Fe(acac);, with the help of oleylamine, results in large
molecular networks, which are responsible for the gelification of the stock solution, while the interaction between the fragment of the
molecular network and Fe;O,4 nanocrystal is responsible for the second gelification process observed during the early stage of reflux.
To further investigate the particle growth behavior, small molecules released during the preparation were collected and analyzed by
using photoelectron spectroscopy/photoionization mass spectroscopy (PES/PIMS). It was demonstrated that the pyrolysis of the
Fe precursor is strongly correlated with the particle growth process. Further numerical simulations reveal that the first gelification
process induced by the complexation between HOOC—PEG—COOH and Fe(acac); largely alters the pyrolysis behavior of the Fe
precursor; consequently, the equilibrium size of the resultant Fe;O,4 nanocrystals can effectively be tuned by the gelification degree

of the stock solution.

B INTRODUCTION

Because of the quantum confinement effect and the nanometer
size effect, inorganic nanocrystals exhibit unique particle size-
dependent physical properties.” Although great success has been
achieved over the past decades in regulating the particle size of
various types of inorganic nanocrystals synthesized through
different synthetic principles,”” developing new synthetic routes
and further exploring the mechanisms for delicate control over the
particle size remain hot subjects for wet-chemical synthesis of
inorganic nanocrystals, especially for magnetic iron oxide nano-
crystals due to their bright future in nanomedicine.

The pioneering work of Alivisatos’ group on y-Fe,O; nano-
crystals, prepared by pyrolyzing metal Cupferron complexes Fe-
Cups (Cup: N-nitrosophenylhydroxylamine) at 200—300 °C via a

“hot-injection” method (i.e., a stock solution of the metal pre-
cursor is quickly injected into a hot solvent), has paved a new
synthetic route for high-quality magnetic iron oxide nanocrystals.'®
Hyeon and co-workers developed the above-mentioned synthesis
by using Fe(CO)s instead of metal Cupferron complexes in
producing monodispersed y-Fe,O3 nanocrystals.'' By varying
the molar ratio of Fe(CO)s to oleic acid, which serves as
stabilizing agent, the size of the resultant nanocrystals was tuned
in a range of 4—11 nm. Via a seed-mediated growth, larger
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y-Fe,O5 nanocrystals (16 nm) were obtained.'""* Sun and co-
workers for the first time reported the synthesis of highly
monodispersed Fe;O, nanocrystals by pyrolyzing iron(III) acet-
ylacetonate (Fe(acac)s) in the presence of oleic acid, oleylamine,
and 1,2-hexadecanediol in 2002.” Most importantly, a “heating-
up” method (i.e., heating the solution consisting of all reactants to
designed temperatures) was introduced and adopted instead of
the “hot-injection” method, although the latter approach was
believed to be reasonable and effective for achieving monodis-
persed nanocrystals through the burst of nucleation followed
solely by the particle growth process. The as-prepared nanocrystal
was typically around 4—6 nm. Via the seed- medlated growth, a
larger Fe;O,, nanocrystal of 20 nm was obtained."® Upon a similar
approach, a series of 3—20 nm metal-doped iron oxide of spmel
MFe,0, (M = Mn, Fe, Co) nanocrystals were synthesized. 13
Following the “heating-up” method, Peng and co-workers re-
ported a simple, reproducible, and general method for preparing
monodispersed metal oxide nanocrystals by pyrolyzing me-
tal—fatty acid salts.'* They also found that the amount and chain
length of the fatty acid, serving as the particle surface capping
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agent, exerted strong effects in regulating the size of the resultant
Fe;0,4 nanocrystals. Under optimized conditions, monodispersed
magnetic iron oxide nanocrystals of 6—30 nm were obtained."*
Moreover, they further demonstrated that the use of excessive
fatty acid was in favor of larger particles, while the presence of
amines and alcohols as activating reagents led to smaller particles
of 3—4 nm. This synthetic approach was used for producing
monodispersed (y-Fe,O3); ,(Fe;0,), nanocrystals at an ultra-
large-scale (tens of grams) by Hyeon and co-workers.® They also
reported differently sized iron oxide nanocrystals synthesized by
using organic solvents with different boiling points (bp), for
example, S nm in 1-hexdecane (bp, 274 °C), 9 nm in octyl ether
(bp, 287 °C), 12 nm in 1-octadecene (bp, 317 °C), 16 nm in
1-eicosene (bp, 330 °C), and 22 nm in trioctylamine (bp, 365 OC)
and found that x increased against the reaction temperature.®
Nevertheless, the alternation of the solvent may also introduce
additional solvent effects apart from simply varying the reaction
temperature. For example, Alivisatos and co-workers observed that
higher reaction temperature was in favor of smaller y-Fe,O;
nanocrystals pregared through the “hot-injection” of Fe(CO);
into octyl ether." It is generally easier to understand the latter case
as higher reaction temperature speeds up the pyrolysis of metal
precursors, which is in favor of the formation of nuclei with higher
concentrations.

In brief, the aforementioned investigations have demonstrated
that the reaction temperature,®'>'® the concentration and the
chemical nature of the precursor,'®'” the surface capping agent
and its ratio to precursor,'*'®'? etc,, play important roles in
regulating the size of the resultant iron oxide nanocrystals. This is
because the reaction temperature, the chemical nature, and the
concentration of the precursor are directly associated with the
supplying rate and the resultant concentration of the monomer
in forming the target nanocrystals. Meanwhile, the surface
capping agents, used for stopping the growth of the resultant
nanocrystals by firmly anchoring on the particle surface, also play
an important role in the particle size regulation. In addition, some
surface capping agents such as alkylamines also exhibit strong
particle size-regulation ability as they were believed to catalyze
the pyrolysis of some iron—organic precursors.'>'**°

Although there are so many parameters practically used for
regulating the size of iron oxide nanocrystals, the growth of a
colloidal particle is generally believed to be strongly associated
with the diffusion of monomer to the surface of nuclei and the
following surface reaction of monomer with nuclei. Therefore,
two different growth models associated with these two processes
are proposed on the basis of classic kinetics theory and widely
adopted for interpreting the growth behavior of inorganic colloi-
dal particles in solution, that is, the diffusion-controlled growth
model and reaction-controlled growth model.*' ~>* The diffusion-
controlled model postulates that the particle growth rate depends
on the flux of the monomers supplied to the particles,” >
whereas the reaction-controlled growth model takes the prec 3p'—
tation and dissolution of monomers into consideration.”*”
Nevertheless, the growth of nanocrystals prepared through the
thermal decomposition of metal—organic precursors is too com-
plicated to be simply depicted by these two growth models.
Recently, an important breakthrough has been achieved by Ba-
wendi and co-workers in developing a kinetic model for describing
the nanocrystal nucleation and growth by taking the chemical
conversion of precursors to monomers into consideration.” Two
nondimensional parameters were extracted and successfully ap-

plied for describing the nanocrystal nucleation and growth

behaviors in various thermal decomposition systems for predicting
the effects of the experimental conditions on both nanocrystal size
and size distribution.”

However, the nucleation and growth of iron oxide nanocryst-
als produced by the thermal decomposition method upon the
uses of various types of metal—organic precursors are still
important subjects of further investigations, due to the lack of
enough knowledge on the corresponding pyrolysis reactions with
the particle ligands being deeply involved. In other words, the
impact of the complexation reaction between the surface capping
molecules and the metal ions from the precursors on the growth
kinetics of the resultant nanocrystals is far from clear. Recently,
an unusual gelification of a Cu(acac),/In(acac);z-in-dodeca-
nethiol system, as an indicator of the formation of supramole-
cular structure between the particle ligand and the metal ions,
was reported and demonstrated to have a strong impact on the
growth of the resultant Cu—In—S nanocrystals formed through
successive pyrolysis of Cu(acac), and In(acac); precursors.>

Following our previous investigations on water-soluble and
biocompatible Fe3;O, nanocrystals prepared by pyrolyzin§ Fe-
(acac)y in various types of high boiling point solvents,”' ™
herein we report our recent investigations on the gelification-
associated size regulation effect for biocompatible Fe;O4 nano-
crystals produced by pyrolyzing Fe(acac); in diphenyl oxide in
the presence of a,w-dicarboxyl-terminated polyethylene glycol
(HOOC—PEG—COOH) and oleylamine. The PEG-coated
Fe3;0, nanocrystals ranging from 5.8 to 18.9 nm were obtained
through a single preparation recipe simply by varying the reaction
time and the gelification degree of the stock solution. The
underlying gel formation mechanism was investigated. The
gelification-associated size regulation effect was discussed in
combination with the numerical simulation based on the theore-
tical method recently reported by Bawendi and co-workers.*

B EXPERIMENTAL SECTION

Chemicals. Iron(III) acetylacetonate (Fe(acac);) was purchased
from Aldrich (14024-18-1, 97%) and used after twice recrystallization.
Diphenyl oxide (bp, 259 °C) was used after vacuum distillation.
HOOC—PEG—COOH (M, = 2000) was synthesized according to a
previous report.>> Oleylamine was purchased from Fluka (112-90-3,
>70%) and used as received. Other chemicals of analytical grade
including ethanol, dichloromethane, and ether were used as received.

Synthesis of Fe30,4 Nanocrystals. Typically, 2.12 g (6 mmol) of
Fe(acac)s, 7.90 mL (24 mmol) of oleylamine, and 24.0 g (12 mmol) of
HOOC—PEG—COOH were dissolved in 100 mL of diphenyl oxide
solution. After being purged with nitrogen for 2 h, the solution was
heated to reflux within 15 min. Under mechanical stirring at 400 rpm,
different aliquots were extracted during the heating process before and
after the reaction mixture got refluxed for monitoring the particle
formation and growth. Upon addition of a mixture of ethanol and ether
(vol:vol = 1:5) into the aliquots at room temperature, the resultant
nanocrystals were precipitated and isolated. By being redispersed in
ethanol and subsequently precipitated with ether for three cycles, the
nanocrystals were purified and collected for further characterizations.

Conversion Rate of Fe30, Nanocrystals. The conversion rate
of the decomposition reaction leading to iron oxide nanocrystals was
defined herein as [Feli on oxide/ [F€ ] reactant, Where [Fe |iron oxide Stands for
the concentration of Fe derived from the iron oxide particles in each
aliquot and [Fe],cqctan corresponds to the feeding concentration of
Fe(acac)s. [Felion oxide Was experimentally determined by the 1,10-
phenanthroline spectrophotometric method and inductively coupled
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Figure 1. TEM images of Fe;0,4 nanocrystals obtained by reflux time of
0 min (a), 10 min (b), 15 min (c), 20 min (d), 30 min (e), and 60 min
(f), respectively. The scale bars correspond to 50 nm.

plasma atomic emission spectroscopy (ICP-AES) after the resultant
nanocrystals were digested by HCL

Characterizations. Transmission electron microscope (TEM)
images of the nanocrystals were taken on a JEM-100CXII electron
microscope at an acceleration voltage of 100 kV. The particle size was
determined by counting more than 400 nanocrystals per sample. Powder
X-ray diffraction (XRD) pattern of the particle samples was recorded
on a Regaku D/Max-2500 diffractometer under Cu Ko, radiation
(A = 1.54056 A). TGA measurements were performed on a NETZSCH
TG209F3 thermogravimetric analyzer. The magnetic properties of the
resultant samples were characterized by using a vibrating sample
magnetometer (VSM JDM-13, China). Dynamic light scattering
(DLS) measurements were carried out at 298.0 K with a Nano ZS
(Malvern) equipped with a solid-state He—Ne laser (1 = 633 nm) for
measuring the hydrodynamic size of the resultant nanoparticles. Fourier
transform infrared (FTIR) spectra and UV—Vis absorption spectra of
the reaction mixtures with different combinations of reactants were
recorded at room temperature on a Bruker EQUINOXSS FT-IR
spectrometer and a Cary 50 UV—Vis absorption spectrometer, respec-
tively. The shear viscosity of the stock solutions after being aged at
controlled temperature for different periods of time was measured on a
TA AR2000 stress-controlled rheometer equipped with two parallel
plates of 40 mm in diameter at 30 °C. The concentration of Fe was
determined by using an inductively coupled plasma atomic emission
spectrometer (ICP-2000) produced by Jiangsu Skyray Instrument Co.,
Ltd. The photoelectron spectroscopy/photoionization mass spectro-
scopy (PES/PIMS) measurements on small molecules released during
the preparation were carried out on a homemade setup.** The PES
resolution of the Hel photoelectron spectrometer equipped was of about
30 meV, and the PIMS resolution was of 410 at m/z = 254.

2] l/l_-l/l 32

% 8] \“;/%J —A— Size 24%
UN) l/‘\“ --¢-- RSD E\i
] e . 1

a
100/ ' ' | |

./'\l

Conversion rate (%)

80 \
60-
)
b

0 30 60 90 120

Reflux time (min)

Figure 2. Frame a: Temporal evolutions of the particle size and size
distribution. Frame b: The conversion rate of Fe;0, nanocrystals against
reflux time.

B RESULTS

Size Evolution, Crystalline Structure, and Magnetic Prop-
erties of the As-Prepared Nanoparticles. The TEM images of
the as-prepared nanoparticles obtained by reflux time of 0 min
(right after the reaction system got refluxed at 253 °C), 10 min,
1S min, 20 min, 30 min, and 60 min are shown in Figure 1. In
general, the particle size quickly increases against the reflux time
within the initial 30 min of reflux and then becomes nearly
unchanged upon prolonged reflux as shown in Figure 2a. It
should be mentioned that in all preparation systems containing
HOOC—-PEG—COOH reported herein, irrespective of the
aging process purposely implemented for increasing the gelifica-
tion degree of the stock solutions as discussed below, the
nanoparticles were found to finish the fast growing process
within 30 min. Therefore, the average particle size achieved at
30 min of reflux was defined as the equilibrium size of the
nanoparticles even though prolonged reflux can slightly increase
the particle size. Along with the particle growth, the particle size
distribution, defined by the relative standard deviation (RSD) of
the particle size, dramatically decreases and then slightly in-
creases after the particle growth is slowed down. The conversion
rate of iron oxide nanoparticles shown in Figure 2b, however,
presents a nonmonotonic behavior comprised of three distinct
regions. During the first 15 min of reflux, it dramatically decreases
to a minimum of 54.2% and then quickly increases to 93.3% at 30
min of reflux. After that, it slowly increases to ~95% upon
prolonged reflux. The unexpected decrease presented within the
initial 15 min of reflux will be discussed in the following section.
Yet by comparing the quick increase with the particle growth
tendency, it can be concluded that the following conversion rate
of Fe;0, is mainly contributed by the particle growth.
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Figure 3. Frame a: Powder X-ray diffraction pattern of the particles
shown in Figure le together with the JCPDS card (86-0866) data for
magnetite shown at the bottom. Frame b: Room-temperature magne-
tization curve of the corresponding Fe;O, nanocrystal sample.
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Figure 4. The temperature-rising curve of the reaction system for
producing the nanoparticles shown in Figure 1. The light gray and dark
gray regions shadow the temperature points at which the aliquots
extracted became gels at room temperature.

Because the nanoparticles nearly stop growing in size after 30
min of reflux, the resultant nanoparticles extracted at 30 min of
reflux were subjected to further characterizations. The powder
XRD results shown in Figure 3a suggest that the resultant
nanoparticles are Fe;O, nanocrystals, which is also supported
by the fact that the Fe**:Fe®" ratio in the resultant nanocrystals
was of 2:1 determined by the phenanthroline spectrophoto-
metric method. According to the diffraction peak of (311), the
average nanocrystal size was calculated to be 11.1 nm by the
Scherrer formula, quite well in consistence with the TEM size.
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Figure S. The shear viscosity of the stock solutions obtained after being
aged at 40 °C for different periods of time. The arrows point to the
incubated mixtures used for the following preparations.

The magnetic property of the nanocrystals was investigated by
using a vibrating sample magnetometer (VSM). The room-tem-
perature magnetization curve shown in Figure 3b suggests that the
nanocrystals are superparamagnetic with a saturation magnetiza-
tion of 20.5 emu/g. According to the TGA result shown in Figure
S1 in the Supporting Information, the saturation magnetization of
pure Fe;0, nanocrystals is calculated to be around 50.2 emu/g. It
should be mentioned that HOOC—PEG—COOH can in principle
bridge the resultant nanoparticles forming particle aggregates.
Nevertheless, under the current preparative conditions, as demon-
strated by DLS results shown in Figure S2 in the Supporting
Information, no particle aggregate was formed with respect to the
particle samples shown in Figure 1.

Unusual Gelification Phenomena of the Reaction System.
Quite unusual gelification phenomena were observed at room
temperature from the aliquots extracted at different reaction
stages. As a matter of fact, the stock solution already became
sticky at room temperature during the deaeration process, which
typically lasted for 2 h. The heating procedure further increased
the viscosity of the reaction mixture until the reaction tempera-
ture reached 224 °C, which turned the aliquots extracted below
224 °C into gels at room temperature. Yet the following aliquots
extracted before the reaction mixture got refluxed presented
greatly reduced viscosity at room temperature. Quite unexpect-
edly, the aliquots extracted at 0 and 10 min of reflux became gels
again at room temperature. Yet the gelification did not repeat
with respect to the aliquots extracted later on. According to these
experimental observations, the reaction mixture underwent two
gelification processes showing increased viscosity as depicted in
Figure 4. In fact, tiny nanoparticles were already formed, as
shown in Figure S3 in the Supporting Information, at the end of
the first gelification process at around 224 °C, which remains far
below the refluxing temperature. It is therefore reasonable to
believe that the gelification of the reaction system, as an indicator
for the binding situations among reactants and intermediate
species, should have a strong impact on the nucleation and the
following growth of the Fe;O, nanocrystals.*

Gelification-Associated Size Regulation Effect for Fe3O,
Nanocrystals. To further disclose the effects of gelification on
the nucleation and growth of Fe;O, nanocrystals, a series of stock
solutions was prepared according to the recipe by which the
nanocrystals shown in Figure 1 were prepared. They were then
aged at designed temperatures for different periods of time
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Figure 6. Temporal evolutions of the particle size and size distribution
of the Fe30,4 nanocrystals prepared upon preaging the stock solution at
40 °C for 12 h (a) and 72 h (b), respectively.

before being used for preparing Fe;O, nanocrystals under the
same preparative conditions.

In detail, a series of identical stock solutions was prepared and
then aged at 40 °C for different periods of time for monitoring
the viscosity variation against the aging time. Offline viscosity
measurements were carried out at a fixed shear rate of 10 s~ at
30 °C, slightly above the freezing point of diphenyl oxide
(27—28 °C). The shear viscosity results are shown in Figure S.
The viscosity first undergoes a quick increase over 2 orders of
magnitude during the initial 24 h of aging. It remains nearly
unchanged between 24 and 72 h of aging and then slightly
increases again upon prolonged aging. On the basis of these
results, two stock solutions aged at 40 °C by 12 and 72 h,
respectively, were chosen for preparing Fe;O, nanocrystals
according to the procedures described in the Experimental
Section. The reflux time-dependent particle size and size dis-
tribution of the resultant nanocrystals are shown in Figure 6.
Similar to those shown in Figure 2, the nanocrystals obtained
from these two systems also reach their equilibrium size at 30 min
of reflux. Therefore, the nanocrystals prepared by 30 min of reflux
were selected for further showing the gelification-associated size
regulation effect.

The TEM results shown in Figure 7 reveal that 12 h of aging
slightly increases the equilibrium size from 11.3 nm (Figure le)
to 12.1 nm (Figure 7a), while 72 h of aging further increases it to
14.1 nm (Figure 7b). These results suggest that the equilibrium
size of the resultant Fe30, nanocrystals is strongly dependent on
the initial aging process. Following these results, two additional
experiments were carried out by aging the stock solutions at
higher temperatures, that is, 80 and 140 °C, respectively. It
deserves to be mentioned that higher temperature greatly
accelerated the gelification process. For example, at 80 °C, the
viscosity of the stock solution quickly increased to the maximum
value (112 Pa-s at 30 °C) within 2 h in contrast to 24 h required
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Figure 7. TEM images of the Fe;O, nanocrystals prepared by aging the
stock solutions with the same recipe at 40 °C for 12 h (a), at 40 °C for 72
h (b), at 80 °C for 4 h (c), and at 140 °C for 4 h (d), respectively,
together with the histograms of the corresponding nanocrystals. All scale
bars correspond to 50 nm.

at 40 °C and remained nearly unchanged during the following 24
h. According to these results, the aging time was set as 4 h for the
stock solutions aged at 80 and 140 °C, respectively, prior to the
reflux procedure. The Fe;O,4 nanocrystals finally obtained are
shown in Figure 7c and d. Statistical results reveal that 4 h of aging
at 80 °C effectively increases the equilibrium size to 15.6 nm,
while 4 h of aging at 140 °C further increases it to 18.9 nm.

H DISCUSSION

As a matter of fact, the reaction temperature, precursor
concentration, type of surface capping agents, and their ratio to
metal precursors are commonly used synthetic parameters for
regulating the size of magnetic iron oxide nanocrystals as well as
many other types of inorganic nanocrystals. Yet gelification-
associated effects on the growth of inorganic nanocrystals are
rarely reported before. Typically, the surface capping agents
required for the nanocrystal synthesis should have high enough
binding affinity to metal element in the precursor. The
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Figure 8. Top frame: Photographs of solution 1 (Hacac + HOOC—
PEG—COOH + oleylamine), solution 2 (Fe(acac); + HOOC—PEG—
COOH + oleylamine), solution 3 (Fe(acac); + HOOC—PEG—COOH),
and solution 4 (Fe(acac); + oleylamine). Bottom frame: The UV—Vis
absorption spectra of these solutions. Note: The photographs were
taken S h after they were prepared.
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Figure 9. FTIR spectra of HOOC—PEG—COOH, oleylamine, and the
mixture of HOOC—PEG—COOH and oleylamine in dichloromethane.

complexation between them sometimes leads to supramolecular
structures of different forms, which under certain circumstances
can immobilize the solvent molecules, leading to gelification of
the reaction system.>>**!

Gelification Mechanism of the Reaction System. The
current synthetic system was comprised of Fe(acac)s,
HOOC—PEG—COOH, and oleylamine apart from diphenyl
oxide serving as solvent. To disclose the gelification phenomena,

solutions containing different combinations of the reactants, that
is, Hacac (acetylacetone) + HOOC—PEG—COOH + oleyla-
mine (solution 1), Fe(acac); + HOOC—PEG—COOH + oley-
lamine (solution 2), Fe(acac); + HOOC—PEG—COOH
(solution 3), and Fe(acac); + oleylamine (solution 4), were
prepared to investigate the gel formation. The photographs
shown in the upper frame of Figure 8 suggest that only when
Fe(acac);, HOOC—PEG—COOH, and oleylamine are simulta-
neously present in diphenyl oxide does the gelification occur.

The UV—Vis absorption spectra of these solutions are shown in
the lower frame of Figure 8 with those of Fe(acac)3, oleylamine, and
HOOC—-PEG—COOH being provided in Figure S4. According to
the literature, Fe(acac); has two characteristic absorption bands at
351 and 434 nm corresponding to d. — 74 and n — d* transitions,
respectively,"** while the characteristic absorption band of acet-
ylacetone locates at around 274 nm.** Yet the latter band shifts to
309 nm in the spectrum of solution 1, probably due to the strong
interaction of acetylacetone with HOOC—PEG—COOH and
oleylamine. This absorption band appears as a shoulder in the
spectrum of solution 2, which contains all of the reactants, but does
not appear in the spectra of solutions 3 and 4, which suggests that
acetylacetone is generated by replacing the ligands of Fe(acac);
upon the collective effort of HOOC—PEG—COOH and oleyla-
mine. If HOOC—PEG—COOH forms a coordination bond with
Fe with the help of oleylamine, the gelification can easily be
understood because HOOC—PEG—COOH possessing two
carboxyl groups at both ends meets the requirements for estab-
lishing a large molecular network together with multivalent metal
ions. In contrast, the reaction system containing monocarboxy-
lated PEG (M,, = 2000) instead of a,w-dicarboxyl-terminated
PEG did not exhibit gelification phenomena at all. More details
will be described below.

To provide support for this hypothesis, FTIR investigations
were performed. The typical IR spectra of HOOC—PEG—
COOH, oleylamine, and their mixture in CH,Cl, with a molar
ratio of 1:2 are shown in Figure 9. It can be found that the C=0
stretch band of carboxyl group, peaking at 1749 cm™ ' in the
spectrum of HOOC—PEG—COOH, disappears in the spec-
trum of the mixture of oleylamine and HOOC—PEG—COOH.
Instead, two new absorption peaks appear at 1601 and
1405 cm™ ', which can be assigned to the v,(COO™~) and
v,(COO ™) bands, respectively.*> Therefore, it can be con-
cluded that HOOC—PEG—COOH can form a primary amine
salt with oleylamine by donating its proton, leading to the
formation of TOOC—PEG—COOQO ™, which then coordinates
with Fe(acac); by partly replacing the acetylacetonate ligand of
Fe(acac)s, because the binding constant of carboxylate group
with Fe’* (Ig K, = 3.2) is quite comparable to the third step
binding constant (lg k3 = 4.6) for Fe(acac);.* According to
these results, the gel formation mechanism for the first gelifica-
tion process is proposed in Scheme 1. In brief, in the reaction
system, the carboxylated PEG first reacts with oleylamine
forming the primary amine salt, which subsequently coordi-
nates with Fe atom in Fe(acac); by partly replacing the
acetylacetonate ligand, consequently leading to the formation
of a large molecular network.

Because the thermal decomposition temperature for Fe-
(acac); is around 189 °C,*” and very small nanoparticles were
observed at the end of the first gelification process at around
224 °C, it can therefore be deduced that the first gelification
disappears while the molecular network partly breaks down for
giving birth to the Fe;O,4 nuclei. As the reactions go on, especially
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Scheme 1. Schematic Drawing to Illustrate the First Gelifi-
cation Process of the Reaction System Comprised of Fe-
(acac);, HOOC—PEG—COOH, and Oleylamine.

HOOC-PEG-COOH + 2R-NH, —®= R-NH; “OOC-PEG-COO” *HjN-R

s 58
/CLO OJE\ wFemFgmFen
O O™y
0-Fe0’\ + R-NH; “OOC-PEG-COO™ "HzN-R —® wFewmFe~Fen
g o wnFan e Fém
Py §e f_-;e I;s

R: —(CHp)sCH=CH(CHp)7CH;
o "OOC—(CH, CH, )5 —-COO™

when Fe;0, nanocrystals of 5.8—7.9 nm were formed during
0—10 min of reflux, corresponding to the second gelification
process, the fragments of the polymeric network attaching on the
nuclei surface effectively cross-link the nanoparticles again
through the bivalent PEG to develop the second gelification
process. Upon further decomposition of the network fragments
serving as the precursor reservoir for the following particle
growth, the second gelification disappears.

Thermal Decomposition of the Fe Precursors. The decom-
position of metal precursors plays an important role in the
nucleation and growth of nanocrystals.'” Although Fe(acac),
served as Fe precursor in the current system, due to the
formation of new coordination compounds between Fe(acac);
and HOOC—PEG—COOH, the decomposition of Fe precur-
sor in the new forms becomes more complicated. The nuclea-
tion and growth kinetics of Fe3;O, nanocrystals are con-
sequently altered as suggested by the experimental results
shown in Figures 6 and 7 that the equilibrium size of Fe;O,
nanocrystals is strongly dependent on the gelification degree of
the stock solution. To completely rule out the gelification-
associated size regulation effect, two additional preparations
were carried out.

In the first reaction system, HOOC—PEG—COOH was
replaced by equal moles of mPEG—COOH with the rest of
the contents in the recipe as well as the preparative procedures
being kept unchanged. In such a system, no gelification
phenomenon was observed, which supports that the bridging
function of HOOC—PEG—COOH is crucial for the gelifica-
tion of the reaction system. A series of aliquots was extracted
during the reaction for monitoring the particle growth. The
TEM images of four representative samples extracted at 0, S, 10,
and 20 min of reflux are shown in Figure 10. Different from the
systems containing HOOC—PEG—COOH, a much smaller
equilibrium size of 4.3—4.4 nm (Figure 10c and d) was reached
within a shorter period of reflux, that is, 10 min. These
differences suggest that the pyrolysis reactions can greatly be
slowed by the complexation between HOOC—PEG—COOH
and Fe(acac); due to the introduction of higher energy barriers.
Consequently, the supersaturation level as well as the number
of nuclei are greatly reduced in the systems containing
HOOC—PEG—COOH, which is in favor of the formation of
larger nanocrystals.

In the second reaction system, only oleylamine was excluded.
The gelification phenomenon was observed but only from the
aliquots extracted after the reaction mixture got refluxed, which
supports that small Fe;O, particles are involved in the second
gelification process as discussed above. The average size of the
nanoparticles obtained after 2 h of reflux was only about 5.4 nm
(Figure SS), suggesting that the second gelification process is much
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Figure 10. TEM images of the Fe;0, nanocrystals extracted from the
reaction mixture in which HOOC—PEG—COOH was replaced by
equal moles of mPEG—COOH at reflux times of 0 min (a), S min
(b), 10 min (c), and 20 min (d), respectively, together with the histograms
of the corresponding nanocrystals. All scale bars correspond to 50 nm.

less effective in regulating the size of Fe;O, nanocrystals in
comparison with the first gelification process involving all reactants.

To get more information on the gelification-involved synthesis,
photoelectron spectroscopy/photoionization mass spectroscopy
(PES/PIMS) was used to analyze the small molecules released
during the reaction. In brief, gaseous species released from the
reaction solution were collected by passing through a U-shape
glass tube immersed in liquid nitrogen in a Dewar flask, driven
by a nitrogen stream. Next, upon slow addition of alcohol into
the Dewar flask, the frozen gaseous species with different
boiling points were released successively for the subsequent
PES and PIMS measurements. The typical photoelectron
spectra are shown in Figure S6. In brief, three types of small
molecules were detected, that is, CO, (peaking at 13.78 and
18.08 eV), CH3;COCH; (peaking at 9.70 eV), and H,O
(peaking at 12.62 eV).*

To further correlate the generation of small molecules with the
formation of Fe;O, nanocrystals, the small molecules released at
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Figure 11. Photoionization MS signal intensities of the small molecules
collected at different stages of the preparation.

different stages of the heating process were collected and then
analyzed by photoionization mass spectroscopy. As small nano-
particles were observed when the reaction temperature reached
224 °C, five points along the heating process were set for collecting
the small molecules released in between, that is, 220 °C, 250 °C, 10
min of reflux, 30 min of reflux, and 2 h of reflux at 253 °C. Four
different types of signals were observed from the photoionization
mass spectroscopy. The signals at m/z = 44 and 18 can be assigned
to CO, and water, respectively, while the signals at m/z = 53 and
43 can be assigned to CH;COCHj and its fragment CH;CO~,
respectively. The evolutions of these signals are shown in Figure 11.
According to previous investigations, acetone and CO, are the
principal gaseous products for many acetylacetonates.*”**>°
Therefore, the signal variations in acetone, CH;CO-, and CO,
can be used for monitoring the pyrolysis reactions taking place in
the current system. The CH;COCH; fragment signal appears
between 220 and 250 °C, and then reaches the maximum value
during the second stage, that is, between 250 °C and 10 min of
reflux at 253 °C. Although no CH3;COCH; signal was detected
during the first stage, it also appears with the maximum value
during the second stage. These results suggest that the degradation
of Fe precursors already starts during the first observation stage,
and then takes place more vigorously during the first 10 min of
reflux. During the third stage, that is, 10—30 min of reflux, the
signals of CH;COCHj; and CH3;CO- start to decrease and then
the CH3;COCH; signal completely vanishes during the last stage,
that is, 30 min to 2 h of reflux, which suggests that the acetone-
related signals are strongly associated with the degradations of the
Fe precursors in the new forms. In difference, the CO, signal
appears during the first observation stage, but reaches the max-
imum value during the third stage where the particles grow
dramatically in size. Therefore, the release of CO, seems to be
more strongly associated with the formation of Fe;O, nanocrystals
as the Fe;O, conversion rate climbs to 93.3% during this stage,
which further implies that the Fe;0, nanocrystals may grow via the
surface condensation reactions with the precursor fragments
(monomer) by releasing CO,.

In brief, as the small molecules are heavily released during the
growth of the Fe;O,4 nanocrystals, it is reasonable to believe that
the pyrolysis of the Fe precursor is strongly associated with the
particle growth process.

Impact of Gelification on the Growth Kinetics of Fe;0,4
Nanocrystals. All above-mentioned results and discussion

disclose that the first gelification process exerts a strong impact
on the equilibrium size of the Fe;O4 nanocrystals by altering the
coordination situation of Fe(acac)s;, which thus offers an ex-
cellent system for further investigating the impact of the pyrolysis
behavior of metal precursors on the growth kinetics of
nanocrystals.

As a matter of fact, the results shown in Figure 2 also reveal
that the particle size distribution (RSD) dramatically decreases,
exhibiting a size focusing effect, before the particle reaches its
equilibrium size at 30 min of reflux. Meanwhile, the conversion
rate increases dramatically from 15 to 30 min of reflux reaching
93.3%, quite close to the maximum conversion rate achieved
after 60 min of reflux. Because the aliquots extracted at 0 and 10
min of reflux became gels at room temperature, the method for
purifying the nanocrystals exacted later on is not effective for
separating the nanocrystals from the unreacted gel-like pre-
cursor, quite probably because the fragments of the breakdown
molecular network formed by HOOC—-PEG—COOH and
Fe(acac); remain covalently attached on the nanocrystal sur-
face. Consequently, the conversion rates for these two samples
are over-rated. Nevertheless, the rest of the conversion rate
data, together with temporal evolutions of size and size dis-
tribution shown in Figures 2, 6, and 7, already provide suflicient
information for understanding the growth behavior of the
Fe;04 nanocrystals influenced by the gelification process of
the reaction system.

With respect to nanocrystal growth, the size focusing effect
and size defocusing effect are widely observed and interpreted
by the diffusion-controlled growth model and the surface
reaction-controlled growth model in the literature.>****?® In
the diffusion-controlled growth theory, the particle growth is
supposed to be determined by diffusion of monomers to
particle surface.”> *” It is assumed that the average distance
between the particles is large enough and the diffusion layer at
the periphery of each particle is undisturbed, so that the growth
of each particle is independent.”**>*® The monomers diffuse
from the bulk solution to the particle surface through the
diffusion layer and are téypically treated in the literature by
Fick’s First Law given as:

J= 4mc2D§ (1)
dx
where ] is the flux of monomers passing through a spherical
plane with a radius of x, which is the distance from a certain
point within the diffusion layer to the center of the particle, D is
the diffusion coeflicient of monomers, and C is the concentra-
tion of monomer.
According to Fick’s First Law, ] is a constant regardless of x;
integrating C(x) from r + O to r with respect to x gives eq 2:

_ 4xDr(r + 9)

G- C) @

where 0 is the thickness of the diffusion layer, C,, is the monomer
concentration in bulk solution, and C; is the monomer concen-
tration at the particle surface.

If the monomers reaching the particle surface are completely
consumed by the particle growth, the particle growth rate can be
written as a function of J:

dr  ViJ

dt  4mr?

(3)
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where V,, is the molar volume of monomer. Combining eqs 2
and 3 gives

% _ D‘:m (1 4 %)(cb _¢c) @)

If r/0 <1, the growth rate can be rewritten as®

dr DV

&=, ) )

Equation S lays the theoretical foundation for the diffusion-
controlled growth model, according to which the growth rate is
proportional to the monomer concentration gradient and in-
versely proportional to the particle radius. When the concentra-
tion gradient is positive, the growth rate is inversely proportional
to particle size, which means that the growth of larger particles is
retarded while the growth of smaller ones is hastened, leading to
size focusing behavior. When the concentration gradient is
negative, the growth rate is negative. Smaller particles dissolve
into monomers faster than larger ones, resulting in the size
defocusing.

With respect to reaction-controlled growth model, it is
assumed that the formation of nanocrystals is determined not
only by the monomer diffusion process, but also by the surface
reaction process. Thus, the particle growth rate is expressed as*

S —exp <2VVm>
dr e rRT (6)
dr flat D 29V
g [a /RT }

where S is the supersaturatlon degree, which can be expressed by
S=Cy/Cl; Ch.yis the solublhty of the monomer in equilibrium
with bulk material; k is the surface reaction rate constant for
the growth of the corresponding bulk material; y is the surface
free energy per unit area; a is the transfer coefficient for the
precipitation and dissolution reaction. When D > k&%, the
particle growth follows the surface reaction-controlled model,
and the particle growth rate is then written as

dr B flat ~0 29V 29V
dt - mGg Cﬂat N €xp a RT €xp (1 a) RT
(7)

Following eq 7, it can be seen that the growth rate increases
with the radius of the particle, r, which means that large particles
show higher growth rate than small particles do. Therefore, if the
surface reaction-controlled growth is dominant, the particle size
distribution tends to be broadened against reaction time.*>*>**

Both the diffusion-controlled growth model and the sur-
face reaction-controlled model are widely used for simulating the
growth behavior of inorganic nanocrystals. Nevertheless, the
ensemble behavior of the nanocrystals generated upon simple
precipitation reactions occurring in aqueous system is better
simulated than that for the nanocrystals prepared through the

pyrolysis of orgamc precursors upon the thermal decomposition
method.******! In the latter approach, apart from the diffusion
of monomer to nuclei surface and the following surface reactions,
the supply of monomer via the pyrolysis of precursors should also
be taken into consideration as it strongly influences the particle
growth.

Recently, Bawendi and co-workers developed a new theore-
tical model by taking the thermal decomposition of precursor as

the rate-determining step for the particle growth.”” The decom-
position reaction is described by an irreversible reaction given as:

k
P —C, (8)

where k¢ is the rate constant for the precursor decomposition,
while P and C, stand for the precursor and monomers, respec-
tively. The release of small molecules during the pyrolysis of
metal precursors Fe(acac); supports that the decomposition
reaction of metal precursor is hardly reversible.>*>*>*

On the basis of the reliable reaction conversion rates and
TEM sizes, the concentration of the resultant Fe;O, nano-
crystals obtained at 15 and 30 min of reflux, as shown in
Flgures 1 and 2, was calculated to be 1.50 x 10~ ¢ and 1.45 x
10 © mol/L, respectively. This allows us to assume that the
growth of the Fe;O, nanocrystals is based on the reactions
between monomers and particles instead of interparticle coa-
gulation; thus the growth and dissociation reaction for n-sized
particles can also be written as*’

Gy
= Cn+1 (9)

D»H»l

C, +C

where G, and D,, are the time-dependent growth and dissocia-
tion frequency of monomer attachment and detachment,
respectively.

According to Bawendi’s model, the growth rate is assumed to
be proportional to both the number of available sites on the
particles surface and the concentration of the monomers, and
meanwhile the particle dissociation rate is proportional to the
number of sites occupied by ligands. The total number of
particles binding sites is proportional to the 2/3 power of the
monomer number within the particles, based on the hypothesis
that the particle is spherical and the unbound ligand concentra-
tion is constant. The growth rate and the dissociation rate are
then written as follows:

Gn - kan2/3C1 (10)

D, = kqn*/? (11)

where k, and kg are the effective rate constants including the
intrinsic rates of monomer addition and dissociation,
respectively.”” The rate equations of precursor, monomer, and
n-sized nanocrystal are written as follows:

dp

— — — kP 12
" ke (12)
4G p kO K, 2 ¢
dt =
N
+ ki(2)PC, + ki Y (n)*RC, (13)
n=2
dc,
= hn— 1)*2C,_1C — ka(n)**C, — ku(n)*?C,Cy
+ ky(n + 1)*°Copy
(14)

where N is the maximum number of monomers in particle. Two
parameters were extracted by Bawendi and co-workers for
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Figure 12. The best simulation results on particle size (---), size
distribution (RSD, — — —) in frame a, and conversion rate of Fe
precursor in frame b, overlaid with the corresponding experimental data
shown in Figure 2. The parameter values for & and 3 are 1.0 x 10° and
2.0 x 10° respectively. The conversion rates for particles obtained at
reflux times of 0 and 10 min were abandoned as they were overestimated.

further analyzing the particle growth via the nondimensional
processing of eqs 12— 14, that is:

kaPO
a = & (15)
p=i (16)

where P, is the initial precursor concentration. These two
nondimensional parameters, & and f, correspond to scaled
growth and dissociation rates, respectively.

Following the method described by Bawendi and co-workers,
the nondimensionalized expressions of eqs 12—14 given as eqs
S1—3 in the Supporting Information were integrated using the
continuous Fokker—Planck partial differential equation, and the
following experimental quantities were computed on the basis of
the concentration equations including the mean size (D), radial
variance (0g?), relative standard deviation (RSD), and reaction
conversion rate (Y). More details on the simulation method and
parameters are provided in the Supporting Information.

The best simulation results on size, size distribution, and
conversion rate presented in Figure 2 are shown in Figure 12 with
@ and 3 corresponding to 1.0 X 10” and 2.0 x 10°, respectively.
According to the simulation results, the growth process of Fe;O4
nanocrystals can be divided into three distinct regions. In the first
region, the conversion rate of precursor is very low, and the size
and size distribution are mainly determined by the nucleation
process. In the second region, that is, the growth stage, the
particle size increases with the conversion rate of precursor;
meanwhile, the size distribution is reduced. In the third region,
the particle growth nearly stops, while the conversion rate of
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Figure 13. The best simulation results on particle size and size
distribution for the Fe;0, nanocrystals (shown in Figure 7) obtained
by aging the stock solution at 40 °C for 12 h (red lines, 12.1 nm), at
40 °C for 72 h (green lines, 14.1 nm), at 80 °C for 4 h (blue lines,
15.6 nm), and at 140 °C for 4 h (cyan lines, 18.9 nm), respectively. The
parameter value of 3 is fixed as 2.0 x 10°.

precursor reaches 100%. Meanwhile, the size distribution remains
nearly constant for some time, and then slightly increases upon
further reaction. It was demonstrated that the variation of RSD in
the third region is dependent on the value initially set for 3. As
shown in Figure S7, further decreasing 3 simply flattens the tail of
the RSD curve without changing the equilibrium size achieved at
the end of the second region. In general, the simulation results
match well with the experimental results shown in Figure 2, and
the size focusing effect is also well depicted with respect to the
Fe;0, nanocrystals synthesized without purposely imposing a
preaging process for increasing the gelification degree.

As decreasing 3 does not change the simulation results on the
equilibrium size and the corresponding RSD at the end of the
particle growth stage as shown in Figure S7, 8 was fixed in the
following simulations on the particle size and size distributions of
those Fe;O4 nanocrystals shown in Figure 7 for further under-
standing the impact of gelification on the growth as well as the
equilibrium size of Fe;O4 nanocrystals eventually achieved. On
the basis of the best fits shown in Figure 13, a series of ¢ values was
extracted as 1.5 x 10%, 4.0 x 10°,7.0 x 10%, and 2.0 x 10" for
12.1, 14.1, 15.6, and 18.9 nm Fe;O,4 nanocrystals, respectively.

In the expression of , that is, k,Po/kg Py was fixed during the
experiments and k, should remain unchanged as it represents the
rate constant for the monomer addition on particle surface.
Consequently, a is inversely proportional to k¢ that represents
the rate constant for the precursor decomposition. Therefore, it
can be concluded that the increased equilibrium size, in con-
sequence of the increased gelification degree of the stock
solution, is intrinsically caused by the reduced decomposition
rate constant of the precursors, which involves HOOC—PEG—
COOH in forming a large molecular network.

To further verify the above conclusion, the growth of Fe;0,
nanocrystals formed in the nongelification system containing
mPEG—COOH (Figure 10) was also simulated with the best
results being shown in Figure S8. The value of « extracted was in
the magnitude of 10°% which is greatly smaller than those
extracted from the gelification systems, even though Fe(acac);
was used in all of these systems as the starting material. The
reduced « as a result of the increased rate constant for precursor
decomposition is greatly in favor of burst of nuclei; consequently,
the equilibrium size of the Fe;O4 nanocrystals is much smaller in
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the nongelification system and also reached more quickly. In this
context, it is easy to understand why the as-prepared iron oxide
nanocrystals are typically of several nanometers in diameter by
using Fe(acac); as precursor except for those prepared via the
seed-mediated grow‘ch,7’20‘31’35’53’5 because the rate constant k¢
for the precursor decomposition is determined by the chemical
nature of the precursor.

Bl CONCLUSIONS

In summary, nearly monodispersed Fe;O,4 nanocrystals with the
diameter ranging from 5.8 to 18.9 nm were synthesized in diphenyl
oxide by the thermal decomposition method through a single
preparation recipe comprised of Fe(acac) ;, HOOC—PEG—COOH,
and oleylamine. Systematic experiments reveal that HOOC—PEG—
COOH used for the biocompatible surface coating can cross-link
Fe(acac); molecules with the aid of oleylamine to form gels.
Further investigations demonstrate that the gelification degree is
strongly associated with the equilibrium size of the resultant
Fe;0, nanocrystals. Simply by manipulating the gelification
degree through aging the stock solutions with the same prepara-
tion recipe, the equilibrium size of the Fe3;0, nanocrystals has
effectively been tuned over a size range of 11.3—18.9 nm. The
PES/PIMS analysis on the small molecules released during the
reaction suggests that the nanocrystal growth is strongly corre-
lated to the pyrolysis reactions taking place in the reaction system.
Theoretical analysis and numerical simulations on the particle
growth behavior suggest that the complexation between
HOOC—PEG—COOH and Fe(acac)s, apparently inducing the
gelification of the reaction system, intrinsically reduces the
thermal decomposition rate constants of the Fe precursors in
the new forms, and eventually gives rise to the gelification-
associated size regulation effect for Fe;O4 nanocrystals by altering
their growth kinetics.

The delicate control over the particle size is not only mean-
ingful for discovering the particle size-related physical properties
of inorganic nanocrystals, but also important for further achiev-
ing advanced nanomaterials with well-defined properties. The
current investigations have demonstrated that the gelification of
the reaction system can be used as an effective measure for tuning
the size of resultant nanocrystals. Although the gelification
phenomenon does not always occur in the thermal decomposi-
tion systems for producing high-quality nanocrystals, the under-
lying principle can be adopted for effectively regulating the size of
nanocrystals by manipulating the complexation between metal
precursor and organic ligands or additives.
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© Ssupporting Information. (1) TGA curve of the 11.3 nm
Fe;0, nanoparticles, (2) hydrodynamic size distribution profiles
of Fe;0, particles obtained at different reflux times, (3) TEM
image of Fe30, nanoparticles extracted at around 224 °C during
the heating process, (4) absorption spectra of Fe(acac)s, oleyla-
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