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ABSTRACT: The rapid heating rates (ΔT/δt) achieved in a microwave (MW) reactor has
been shown to accelerate reaction rates due to the direct power absorbed (Pabs) into the
reactants leading to faster kinetics. The Pabs is proportional to the dielectric cross section of
the materials as defined by the real (ε′) and imaginary (ε″) components. In a nanocrystal,
the dielectric cross-section will be frequency dependent as well as size dependent. In this
work, the frequency dependent growth of nickel nanocrystals at frequencies of 2.45, 15.50,
and 18.00 GHz at constant ΔT/δt was studied to evaluate the frequency dependence on
MW growth of Ni. A scaling law behavior for growth rates is observed that is shown to
depend on the MW electric field strength. A relationship is derived between the
“configurational energy” of the precursor molecules and the final nanoparticle size. The
study provides a clear description of a microwave effect that is dependent on the frequency
and power of the microwave and offers further insight into the physical chemistry of microwave applications to nanomaterial
synthesis.

■ INTRODUCTION
The global desire of reducing energy consumption to produce a
more sustainable chemical industry has led to development of
more efficient heating methodologies, of which microwave
(MW) chemistry is an example. There is no doubt that MW
chemistry represents a sustainable industrial process that is
significantly more energy efficient.1,2 Not surprisingly, today
MW technology is heavily employed in materials,3,4 organic,5,6

peptide,5 and catalytic chemistry.2,7

For much of the past decade, the observation of enhanced
reaction rates has led to wide speculation about the physical
reason, some based in classical physical chemistry while others
are wildly speculative.8−10 While it has been clearly shown that
microwave frequency photons do not possess the energy
necessary to cleave even the weakest of chemical bonds,8,11

several researchers have observed that when a reaction is
performed via microwave heating, rather than through
convective heat transfer, reaction rates proceed faster than
the measured temperature would suggest via the Arrhenius
equation.12 Researchers have rationalized that the accelerated
rates arise from the MW creating a more favorable alignment
between molecules leading to an increased dielectric constant
(chaperone effect)13,14 or potentially due to raising the
vibrational energy of the polar molecules through absorption
of the impingent MW electric field, which Richert referred to as
configurational temperature.15−17 In a nanoparticle, a similar
condition arises, where the phonon density is perturbed by the
presence of a phonon bottleneck condition.18 The change in
configurational energy in the acoustic and optical phonons of a
nanoparticle lead to a nonequilibrium perturbation of the
phonon distribution. The nonequilibrium distribution leads to a
slowing of the cooling rate.18−20 By analogy, a similar effect will
be observed for rotational modes within the nanoparticle, but at

much lower energies, allowing the predictions of Richert in
microwave molecular heating to be applied to nanoparticles
heating in a microwave field.
The nonequilibrium perturbation of the phonon distribution

leads to a time dependent increase in configurational energy
results from the nanoparticle’s inability to instantaneously
respond to an outside influence due to phonon confinement.
The resultant disequilibrium is realized as the vibrational energy
of the molecule being higher than expected given the
temperature of the system.18 In the case of molecular reaction,
as discussed by Dudley et al., in a microwave reaction, this can
lead to a condition where the more polar solute molecules in
the solution have a much higher vibrational energy than the
surrounding bath solvent. For a molecule the release energy is
near instantaneous, but in an nanometal the energy can give
rise to hot electron effects.19 In both molecular and the
nanoparticle cases, the configurational energy would theoret-
ically allow the reaction to proceed faster than expected from
Arrhenius law arguments.16,21 In physics fields, this is also
known a fictive temperature, as it cannot be measured by a
thermometer, though the phenomenon behaves like a temper-
ature increase.22

The magnitude of configurational energy change is depend-
ent on the absorption of the MW field by a molecule, which will
be dependent on the frequency and applied power. In a MW
cavity this is the electric field strength. Consistent with the
configurational energy argument, the observed MW rate
enhancement for growth of Ni and Au nanocrystals was
directly related to the change in the MW absorption cross-
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section as the nanometal.23 Kappe demonstrated that MW field
strength affects formation of Grignard reagents, irrespective of
temperature.24 The effect of MW power was noted to impact
growth rates in II−VI and III−V quantum dots,.25,26 Vazquez
found that higher MW powers (for the same time) in the
synthesis of ZnS nanometal resulted in more complete
conversion of the precursors, likely resulting from the more
rapid decomposition of TTA.27

Microwave heating can be treated classically as an alternating
EM field passing through a material with any polarizable
molecules coupling to the EM field. The early studies show that
for a MW reaction, one must consider the effect on
thermodynamics and kinetics, and how it is correlated to the
amount of energy absorbed (Pabs). In analogy to absorption
spectroscopy in the visible spectrum, it is convenient to define a
penetration depth (Dp) for a reaction system, which is defined
in terms of the weighted average of the complex dielectrics for
the reaction components. The energy absorbed will produce
the latent heat to drive the reaction since Pabs ∝ ΔT/δt. In a
typical MW reaction, Pabs depends on the applied power at a
given frequency for a defined thickness of material. In a
nanocrystal the Pabs will depend on the nanocrystal size,
reflecting the scaling law for the size dependent dielec-
tric.23,28,29

Since the dielectric is frequency dependent, the MW
frequency is also expected to play a role. In gas phase synthesis
the role of MW frequency was observed,30 but the role of
frequency on nanometal nucleation and growth in solution has
been largely ignored by the MW chemistry field. The effect on
nanometal size using different MW frequencies was investigated
by Abe et al, and no frequency dependence was observed for
gold nanometal (AuNP) when formed in ethylene glycola
high MW absorbing solvent.31 Intriguingly, Abe observed that if
oleylaminea low microwave absorbing solventwas used, no
AuNPs were formed at 2.45 GHz (for 60 W power), but were
formed at 5.8 GHz.31 In CdSe, Massa, et al. observed that size
and surface morphology were frequency dependent, with 12
GHz producing the largest nanometal, and frequencies above
and below that producing smaller particles.32 In BaTiO2, Suib,
et al. saw that higher frequencies lead to tighter distributions
and more spherical particles.33

In this manuscript, the influence of both power and
frequency on a MW reaction is explored for the growth of Ni
nanocrystals from Ni salts using a mild reducing agent. The
growth of the Ni follows an autocatalytic growth mechanism
allowing the effect of MW power and frequency on the kinetics
of the reaction to be systematically evaluated.23,34 The growth
kinetics were followed at three different frequencies (18.00,
15.50, and 2.45 GHz) and three powers chosen to keep the
heating rate (ΔT/δt) constant for each reaction. The
experimental results clearly show the kinetics for nucleation
and growth are enhanced by increasing MW field strength. The
enhanced reaction rate is due to the increased configurational
energy of the system consistent with thermodynamic expect-
ations.
The observation that both frequency and power define the

electric field is expected based upon a simple electromagnetic
field absorption argument and does not require modification of
activation energies or pre-exponential factors. The resultant
study lays the foundation for further work to allow the
translation of traditional round-bottom convective reactions to
MW enhanced reactions. MW enhanced reactions allow

efficient scale up of synthetic reactions without the complexity
of thermal transport in batch reactors.

■ EXPERIMENTAL SECTION

Materials. Nickel acetylacetonate (Ni(acac)2), 70% oleyl-
amine (OAm), and 90% oleic acid (OA) were purchased from
Sigma−Aldrich. Paraffin wax and solvents were used without
further purification.

Synthesis of Ni NP. A 7.50−18.00 GHz multimode cavity
(16 cm cube) of aluminum with mode stirrer was attached to a
IFI traveling wave tube amplifier, model 188-500, capable of
producing 7.50−18.00 GHz microwave radiation, with a WRD
750 waveguide was used for the 15.50 and 18.00 GHz synthesis.
The TWTA was driven by an Anritsu MG3692C signal
generator. The top of the multimode cavity was modified to
hold CEM 10 mL tubes and CEM fiber optic thermometer.
Additionally, a single mode resonant cavity (TE015) coupled to
a Gerling MW source was used for the 2.45 GHz synthesis.
Spherical fcc-NiNPs were synthetically prepared using MW-

assisted decomposition of Ni(acac)2 in 0.01 M solution of
Ni(acac)2 in OAm. The synthetic preparation of the fcc-Ni was
carried out by mixing 5.0 mmol of Ni(acac)2 and 500 mL of
OAm in a round-bottom flask and degassing under vacuum at
90 °C. A 5 mL aliquot of the clear blue solution was transferred
under ambient conditions into a 10 mL borosilicate CEM MW
vessel and capped. No stir bar or inert atmosphere was used in
the reaction vessel. The solution was irradiated until 240, 260,
and 280 °C and until reaction completion in either the TWTA
multimode or the Gerling single mode cavity. Temperature and
power were monitored actively during the reaction.

Characterization. The NiNPs were fully characterized by
pXRD and TEM (Figure S1).The NiNPs can be indexed to the
fcc structure (card 98−002−2027) measured on a Panalaytical
Empyrion powder X-ray diffractometer (using Cu Kα λ =
1.5418 Å radiation). The size, size dispersity, and morphology
were measured by transmission electron microscopy (TEM)
with a JEM-ARM200cF electron microscope at 200 kV
accelerating voltage. Diluted NP samples were drop-cast from
dispersion in toluene onto 300-mesh copper grids and left to
dry under reduced pressure overnight. Histograms generated
from image capture of >300 nanoparticles in ImageJ was used
to generate the size distribution curves. Solution absorption
spectra used for the growth kinetics were obtained using a
Varian Cary 50 UV−visible spectrophotometer in a 1 cm quartz
cuvette from 400 to 1000 nm.

■ RESULTS AND DISCUSSION

Effect of Microwave Frequency and Power. The
absorption of the MW field will be dependent on the complex
dielectric ε* (=ε′ − iε″), which is often expressed in terms of
the dielectric loss function tan δ = ε″/ε′. The Pabs will scale
with the concentration of molecules in solution that have
significant dielectric loss, and in a dilute reaction is analogous to
the absorption of EMR radiation, and will follow Beer−
Lambert law behavior. It is important to remember that the
energy of a MW photon is not sufficient to break bonds or
excite electrons, but rather generates heat by molecular friction
as the dipole reorients with the oscillating field. The absorption
of the MW field will be dependent on the complex dielectric ε*
(=ε′ − iε″), which is often expressed in terms of the dielectric
loss function tan δ = ε″/ε′. The MW cross-section which is
correlated to the absorbed power (Pabs) will scale with the MW
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frequency, the concentration of molecules in solution, and in a
dilute reaction should follow Beer−Lambert law behavior
analogously to the absorption of EMR radiation. Since each
material will have a unique electromagnetic absorption and
scattering cross section, a solution or mixture can experience
selective heating, which impacts the rate of heating and,
therefore, the overall kinetics of the reaction.
During the growth of Ni (Figure 1A), the MW field is

primarily absorbed into the OAm early in the reaction and as

the reaction progresses, the absorption will become a weighted
average of the OAm and the size dependent Ni dielectric value.
The increasing absorption of the MW field by the growing Ni
nanocrystal is anticipated to scale with the Ni size35,36

increasing the configurational energy of the Ni surface when
the Ni nucleates due to confinement effects on the electron−
phonon properties of nanomaterials.
For a metal the dielectric dispersion generally increases with

increasing MW frequency, and therefore an increase in heating
rate is anticipated at higher MW frequencies reflecting the
increase in Pabs. The ramp rate (ΔT/δt) for the reaction can be
calculated by equating the absorbed MW power (Pabs) to the
calorimetric equation

∫ωε
ε

= Δ =
″ ⃗* × ⃗

⎛
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where M is the mass, Cp is the specific heat capacity, ΔT is the
change in temperature, t is time, ω is frequency, ε0 is the
permittivity of free space, εef f′ is the lossy permittivity of the
material, V is volume, E* is the complex conjugate of the
electric field, and E is the electric field. εef f′ is a frequency-

dependent term. For a metal the dielectric dispersion generally
increases with increasing MW frequency, and therefore an
increase in heating rate is anticipated at higher MW frequencies.
In the case of autocatalytic Ni nanometal growth, eqs 1-2 can
be used to predict the reaction temperature and absorbed
energy as a function of frequency with respect to the changing
size-dependent dielectric of the Ni NP growing with time, and
the evolving heat capacity of the system.28,29,37

ε
π π

ω
* = +

*
+ +

*
ℏ

⎛
⎝⎜

⎞
⎠⎟

m k r
a a

i
m k r

1
(2 )

20
139

1200
2

(2 )
6

F
2

2
B

2
B

F
3

(2)

Here kF is the Fermi level, m* is the effective electron mass, r is
the nanoparticle radius, and aB is the Bohr radius. Figure 1
assumes a constant electric field (E0) throughout the reaction.
The dip in the temperature plot (Figure 1B) arises from the
change in heat capacity for OAm with increasing temperature
prior to growth of the Ni nanometals to a size regime in which
MW absorption begins to play a substantive role.
Using the values in Table 1, a theoretical plot of the

frequency dependent reaction temperature vs time is shown in

Figure 1B. The dip in the temperature plot arises from the
change in heat capacity for OAm with increasing temperature
competing with the increasing contribution from the growing
Ni nuclei. The dielectric loss values for the reaction
components used in eq 1 are extracted experimentally using a
vector network analyzer (VNA) and are listed in Table 1.
Figure 1C is a theoretical plot of Pabs for each frequency can
also be generated. From the Pabs plot the effective evolution of
MW absorption by the reaction constituents can be envisioned
by taking into account the number of nuclei, the size dependent
dielectric for Ni, and the decreasing Cp for the solvent with
increasing reaction temperature. Inspection of parts B and C of
Figure 1 leads to the observation that, during the reaction,
OAm will dominate the heating profile initially until the Ni
nanoparticle grow to sizes >4 nm. At this point the MW
absorption will steadily shift from OAm to Ni, as the weighted
average of OAm absorption and absorption by the Ni, which
scales with size and concentration.

Frequency Dependent Reaction Rates. Nanometal
growth at subsaturation conditions from metal salts in solution
to form metal nanoparticles is well described by the
autocatalytic growth process, wherein the growing seed acts
as a surface mediated catalyst thus accelerating the reaction rate
as the nanoparticle grows.23,34,38−60 In the autocatalytic
mechanism growth onto a nuclei surface occurs faster than
continuous nucleation steps leading to a lag growth behavior
but tight size distributions. In the case of Ni nanoparticles
growth by the mild reduction of Ni(acac)2 with OAm has been
shown to follow an autocatalytic process, where the first step of
the reaction is governed by formation of the reduced Ni

Figure 1. (A) Illustration of when reaction goes from microwave
absorption dominated by oleylamine to nickel nanoparticles. (B)
Temperature vs time for reaction at different frequencies, and (C)
power absorbed for reaction at different frequencies. Parts B and C
both assume a steadily growing nanoparticle, and a constant E0..

Table 1. Dielectric Loss (ε″) for the Reaction Precursors at
the Three Microwave Frequencies Used in the Experiments

2.45 GHz 15.5 GHz 18 GHz

oleylamine 0.102 ± 0.011 0.207 ± 0.008 0.238 ± 0.014
Ni(acac)2 0.001 ± 0.004 0.012 ± 0.010 0.011 ± 0.009
Ni (4 nm) 0.010a 0.063a 0.073a

Ni (6 nm) 0.034a 0.212a 0.247a

aCalculated values.
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precursor and nucleation (Ni(acac)2 → Ni0) and the second
step is the continuous growth of the nucleus (Ni0 → → →
NiNP) when carried out at non- exponential behavior of an
autocatalytic saturated conditions.23,34 Tilley showed that nickel
nanoparticle growth from Ni(acac)2 follows this two-step

growth in conventional thermal reactions,34 and our previous
work showed that similar reactions follow the FW mechanism
in microwave thermal reactions.23

The initial step in the autocatalytic reaction is governed by
the rate k1 and the second step governed by the rate k2 and will

Figure 2. TEMs of the nanoparticles formed in the MW at 18.00, 15.50, and 2.45 GHz, and control experiments. Histograms are based on >300
particles.
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follow classical Arrhenius law behavior (k1 = AeEa/RT).38,39 In
both cases the rates will follow reactions, which in turn allows
the prediction that a significant acceleration of reaction rate will
occur at higher MW frequencies due to larger values for Pabs
and, by inference, more efficient heating.
In addition to a rate enhancement, the size dispersity will also

be influenced in an autocatalytic reaction. In the autocatalytic
mechanism the ratio of k2[Ni

0]/k1 is defined as the R-factor and
as shown in our previous study to dictate the size distribution.23

The power dependent autocatalytic growth RFW value was
previously reported to follow the empirical law for size y =
−0.0026(x) + 26.4 (x = power applied; y = size) and for
distribution z = −0.034(x) + 60.1 (x = power applied; z =
dispersion).23 Therefore, carrying out the MW growth of a
material that follows autocatalytic growth at higher frequency
should lead to faster reaction times, smaller nanocrystals, and
tighter size dispersions.
To evaluate the hypothesis, the MW frequency dependence

of the Ni growth reaction rates (k1 and k2), size, and size
dispersity were tested using 5 mL of 0.01 M Ni(acac)2 in OAm
solution in a MW cavity operating at constant power to ensure
constant heating rates ΔT/δt (ΔT of 250 °C in 9, 4, and 2.5
min) at 2.45 GHz (140, 148, and 160 W), 15.50 GHz (138,
174, and 232 W), and 18.00 GHz (91, 123, 151 W).
Powder X-ray diffraction of the samples confirm the isolation

of fcc-Ni in all reactions (Figure S1). The size and size
dispersity of the isolated Ni nanocrystals are shown in Figure 2,
where it can be seen that for each frequency, the size decreased
and the size dispersion narrowed as the power increased. The
TEM show well-formed nanocrystals across all frequency and
ΔT/δt conditions. The size dispersity plots in Figure 2 show
evidence of Ostwald ripening at all-time points for the
convective reaction (control) and at long reaction times, as
expected.
The results of the growth study in Figure 2 are revealing

when compared to the theoretical plots in Figure 1, where a
change in absorption of the microwave field by the reactants
will increase by 2 orders of magnitude leading to more rapid
heating as the frequency is increased from 2.45 to 18 GHz. The
effect of increased absorption can be seen in Figure 3A, where
the size vs ΔT/δt is plotted. The plot shows a clear decrease in
nanoparticle size with increasing ΔT/δt and the largest
nanocrystals are observed for the lowest applied frequency.
However, there is no immediately apparent correlation between
size and applied frequency as the 18 GHz data is larger than the
15 GHz Ni sizes and much smaller than the 2.45 GHZ samples
at a ΔΤ/δt of 0.5. While surprising, the answer lies in the
kinetics of the growth mechanism for a mild reducing reaction
carried out at subsaturation conditions. As shown previ-
ously,23,34,40−42 the subsaturation conditions lead to an
autocatalytic mechanism of growth rather than the classical
nucleation mechanism employed at supersaturation.
The Finke−Watzky (F−W) autocatalytic mechanism is

unique from a classical nucleation mechanism. In this
mechanism, there is a slow nucleation step whose rate (k1) is
dependent on the slow reduction of Ni0 monomers from the Ni
salt,34,43−45 followed by a rapid, self-catalyzed nanoparticle
growth step characterized by k2. Unlike a classical nucleation
mechanism, in the autocatalytic mechanism the initial metal
monomer M0 concentration is below saturation. This leads to
the number of nuclei formed at the start of the autocatalytic
part of the reaction to be invariant if k1 ≪ k2. In our previous
work we showed the number of nanoparticle nuclei formed at

240 °C was within experimental error of the number of
nanoparticles at the end of the reaction.23 It has also been
shown that when k1 ≪ k2, k1 and k2 are separated in time and
are distinct.46−48 It has been disputed that k1 is not sufficiently
suppressed to have distinct nucleation and growth without
invoking a mechanism different from autocatalysis.49,50 Xia et
al., on the other hand, have shown clearly that the autocatalytic
step is sufficient to suppress nucleation.51 In the case of
microwave assisted nanoparticle synthesis, it could be
hypothesized that the point at which the nanoparticle is large
enough to dominate the MW absorption over the precursors is
the point at which k1 transitions to k2,

23 though more work
needs to be done to elucidate this.
The autocatalytic mechanism has been fully demonstrated to

explain the growth behavior for nano metal growth at sub
saturation conditions.23,34,38−60 While the FW mechanism is
simplified to a 2-step process, it is the simplest model for fitting
sigmoidal nanoparticle nucleation and growth data,52−54

Figure 3. Plots of nanoparticle size vs (A) ΔT/δt of reaction, (B) k1 of
reaction, and (C) k2 of reaction. N = 2 for all.
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including that of NiNPs grown in mild reducing conditions.34,46

As the manuscript is focused on MW flux, we have adapted this
model to explain the power and frequency dependent growth
behavior. Within this assumption the rate of Ni formation
(d[NP]/dt) can be expressed as

= − + *
t

k k
d
d

[NP] [M salt] [M salt][M ]1 2 (3)

The autocatalytic mechanism has been fully described for
formation of Ag,55,56 Au,38,57−59 Ru,39 and Ni34 in convective
reactions and demonstrated to describe growth of Ag,60 Ni,23

and Au23 in a MW reactor.
The frequency dependent growth at fixed heating rates (ΔT/

δt) for the mild reduction of Ni(acac)2 to form Ni nanocrystals

was monitored using UV−vis absorption spectroscopy at fixed
time points to follow the increase in Ni dielectric absorption,
which is broad and featureless, and the loss of the Ni(acac)2
absorptions at 610 nm and a rising absorption above 420 nm
(Figure 4). In Figure 5, the Ni formation rate (d[NP]/dt) is
plotted by measuring the change in absorption intensity at 488
nm, where no Ni(acac)2 absorption exists and as shown
previously corresponds to absorption by only the Ni nano-
crystals.23 In Figure 5, the change in absorption at 488 nm is
fitted to the sigmoidal growth curve behavior for a classical
autocatalytic mechanism.
In the autocatalytic mechanism, the value for [M*] at the

end of nucleation is assumed to be equivalent to the number of
nanometal particles in the reaction at t∞, as was shown

Figure 4. UV−vis spectra for all experiments: (A) 18 GHz, 2.5 min; (B) 18 GHz, 4 min; (C) 18 GHz, 9 min; (D) 15.5 GHz, 2.5 min; (E) 15.5 GHz,
4 min; (F) 15.5 GHz, 9 min; (G) 2.45 GHz, 2.5 min; (H) 2.45 GHz, 4 min; (I) 2.45 GHz, 9 min; (J) control, 9 min; (K) control, 4 min; (L) control,
2.5 min. N = 2 for all.
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previously,23 and as detailed in the Supporting Information
(Figure S2) for this paper.
The number of nanometal particles is extracted from the

absorption data at 488 nm using the Ni extinction values for the
isolated TEM sizes at the completion of the reaction and the
numbers are listed in Table 2, along with the values for k1 and
k2.

23,61−63 The number of Ni nanoparticles is calculated by
treating the extinction (absorption) cross-section for a metal as
a size dependent dielectric using Mie scattering to find the size
dependent extinction cross-section61

σ
ω

=
ϵ

×
ϵ

ϵ + ϵ + ϵ
V
c

9
[ 2 ] ( )ext

m
3/2

2

1 2
2

2
2

(4)

where V is the volume of the nanoparticle, εm is the dielectric
of the medium, assumed to be invariant with frequency, c is the
speed of light, ω is the frequency being absorbed, and ε1 and ε2
are the frequency dependent real and imaginary parts of the

dielectric of the nanoparticle, respectively. The number of
nanoparticles will be related to the absotption intensity through
the extinction cross-section in analogy to Beer’s law62

σ=A bNext (5)

where b is the path length of the cell and N is the number of
nanoparticles per unit volume. The concentration of nano-
particle is critical in predicted the rate law behavior for the
assumed autocatalytic mechanism.
Using eq 323,40 the values for k1 (nucleation) and k2 (growth)

are extracted and plotted in Figure 3, parts B and C, as a
function of the nanoparticle size extracted from the TEM
data.23,34 The experimental conditions and the kinetic
parameters are summarized in Table 2. The values of k1 and
k2 exhibit no immediate correlation with the applied frequency,
albeit a linear decrease is observed in k1 and k2 for a given
frequency and the general behavior of the frequency depend-
ence mimics the ΔT/δt plot in Figure 3A.

Figure 5. Plot of 488 nm absorbance for all reactions showing the classic sigmoidal curve of Finke−Watzky kinetics. N = 2 for all.

Table 2. Frequencies, Powers, E0, Nanoparticle Size, and Absorbed Power for each of the Nine MW Experimentsa

freq (GHz)
time
(min)

dissipated MW power
(W) E0 (V/m)

NP diameter
(nm) k1 (s

−1) k2 (M·s−1)
N of Ni

nanoparticles

18.00 9 91 6.23 × 104 21.2 ± 9.6 1.141 × 10−4 ± 1.05 × 10−4 0.0058 ± 0.00488 8.38 × 1017

18.00 4 123 7.24 × 104 20.2 ± 5.7 2.12 × 10−4 ± 1.37 × 10−4 0.0112 ± 0.00374 4.80 × 1017

18.00 2.5 151 8.02 × 104 16.3 ± 5.1 3.17 × 10−4 ± 1.79 × 10−4 0.0176 ± 0.00403 2.58 × 1018

15.50 9 138 7.96 × 104 18.8 ± 5.6 4.62 × 10−4 ± 4.72 × 10−5 0.0058 ± 5.2010−4 4.75 × 1017

15.50 4 174 8.94 × 104 17.9 ± 4.7 3.61 × 10−4 ± 2.05 × 10−4 0.0181 ± 0.00249 1.51 × 1018

15.50 2.5 232 1.03 × 105 15.6 ± 6.4 4.1 × 10−4 ± 1.98 × 10−4 0.0189 ± 0.00142 2.11 × 1018

2.45 9 140 1.64 × 105 35.1 ± 11.6 3.85 × 10−4 ± 2.07 × 10−4 0.02 ± 0.0022 1.49 × 1017

2.45 4 148 1.68 × 105 30.7 ± 15.5 1.52 × 10−5 ± 2.06 × 10−4 0.0008 ± 0.00213 1.42 × 1017

2.45 2.5 160 1.74 × 105 29.2 ± 10.6 1.176 × 10−4 ± 1.08 × 10−4 0.0059 ± 0.00493 1.96 × 1017

control 9 N/A N/A 26.8 ± 7.15 4.5 × 10−5 ± 1.01 × 10−4 0.0025 ± 0.008 7.00 × 1017

control 4 N/A N/A 19.3 ± 9.34 6.7 × 10−5 ± 2.89 × 10−4 0.0061 ± 0.028 2.71 × 1018

control 2.5 N/A N/A 17.5 ± 7.09 2.4 × 10−4 ± 6.34 × 10−5 0.0238 ± 0.006 1.38 × 1018

aE0 is based on the power measured in the cavity, not the set power of the instrument. For the TWTA these are the same, but for the Gerling, due to
the water dump, the measured power is ∼10% of the set power. Here, 9, 4 and 2.5 min are the times from room temperature to 280 °C, which
directly correspond to the powers listed in the second column.
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To develop a model that allows the observed frequency
dependent behavior for autocatalytic growth of Ni in a MW
cavity, the configurational energy of the reaction, which is
related to the power absorbed (Pabs) by the reactants, must be
considered. Richert showed theoretically that the configura-
tional energy of molecules interacting with an impingent MW
electric field will be a function of both power applied and the
frequency.15,64 The configurational energy difference is propor-
tional to the power absorbed divided by the heat capacity of the
molecule.

τ ε ε ω τ
ω τΔ

=
Δ

Δ +

⎛
⎝⎜

⎞
⎠⎟

P
c

E
c2 1p v

abs 0 0
2 2 2

2 2
(6)

where E0 is the strength of the electric field in the cavity
(dependent on power and frequency of the MW, as well as the
dimensions of the cavity), Δε is the dielectric strength (the
static dielectric constant minus the dielectric constant at very
high frequencies), Δcv is the slow mode part of the volumetric
specific heat (approximated as 1/2 the volumetric specific heat),
Δcp is the slow mode part of the specific heat (approximated as
1/2 of the specific heat), ω is the frequency in radians, and τ is
the relaxation time of the molecule. E0 is determined from the
power, frequency and volume of the cavity (if cubic or
rectangular multimodal with mode stirrer) using

ωε
= =

⎛
⎝⎜

⎞
⎠⎟E E

P V Q
4

( / )
0 rms

0

1/2

(7)

where P is the power dissipated in the system, V is the volume
of the cavity, and Q is the quality factor of the cavity, which can
be estimated by 2V/σS, where σ is the skin depth of the cavity
at frequency ω, and S is the surface area of the inside of the
cavity. For a single mode cavity (TE10n), where the power is not
uniformly distributed, E0 = √2 × Erms. The relaxation time (τ)
of the molecule can be calculated from the Debye equation,

ε ε
ε ε

ωτ
* = +

−
+∞

∞

i1
s

(8)

The relaxation time can be extracted from the slope of a
linear Cole−Cole plot of ε′ vs ε″/ω, where ε′ and ε″ are taken
from VNA measurements (Table 2).65 Inspection of eqs 4−6
shows that the configurational energy will be small, since τ will
be in picoseconds and E0 will be ∼105 V/m, leading to Pabs of
∼10−3 W.
In Figure 6, a clear trend is noticeable in the plot of the Pabs

vs the nanometal size isolated in the MW reaction. The Pabs
exhibits an exponential scaling law behavior for MW absorption
by the Ni. The scaling law behavior can be rationalized since

Pabs = Po(e
−2αd), where Po is the initial power, α is the size

dependentΜW attenuation, and d is the diameter. The value of
α scales as the size dependent dielectric constant as shown
previously.23,37,57,61,63,66 This provides a reasonable explanation

Figure 6. (A) Plot of Ni NP size vs absorbed power calculated using eq 4. (B) Plot of control Ni NP made in Al block vs dT/dt. (C) Plot of k1 vs Pabs
by the reaction at the beginning of the reaction and D) k2 vs Pabs by the reaction when the NP are 4 nm in diameter.
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of the observed dependence on MW power applied and
frequency observed in the Ni reactions. If there were no MW
influence, we would expect to see only three sizes of NP, one
for each of the ΔT/δt’s. This assumption is clearly
demonstrated by inspection of Figure 6B, where control
experiments were performed under identical conditions to the
MW studies with CEM tubes in an aluminum block at identical
heating rates (ΔT/δt). A description of the setup is shown in
Figure S3. The convective control experiments do not exhibit
an exponential dependence on growth.
In parts C and D of Figure 6, the Pabs argument is correlated

with the rates from autocatalytic growth. The rate behavior for
k1 and k2 exhibit exponential behavior, with k2 being more
sensitive to Pabs. Previous studies on MW autocatalytic reactions
have suggested MW absorption is predominately in k2
consistent with the increasing MW absorption as the
nanocrystal grows.60 It should be noted that the curve fitting
for k2 is much poorer than for k1 or for Figure 6A. This is not
unexpected due to the pseudo elementary nature of k2, as k2 is
in reality a composite rate dictated by surface area that changes
as the nanoparticle grows.47 It should also be noted that since
k2 is one to 2 orders of magnitude higher than k1. Even if
nucleation continued during k2, it would be approximately 1−
3% of the rate, as well as being a competing mechanism for
nickel ion consumption. This level of precision is unresolvable
in the data presented in this paper.
Since both reaction rates are expected to follow the

Arrhenius equation, we can extract the Ea and Arrhenius
prefactor (A) for both the nucleation event and autocatalytic
growth (using power instead of temperature) from the plots
(Figure 6 C and D). The Arrhenius law fits yield values for k1 of
Ea

(1)/R = 0.869 kJ·W/mol with an A(1) of 16.1 × 10−4 s−1, while
for k2 an Ea

(2)/R of 0.162 kJ·W/mol and an A(2) of 115.2 × 10−4

s−1is measured. The experimentally observed Arrhenius law
behavior confirms the reactions follow classical thermodynamic
behavior. The observation that the MW enhancement is
explainable within thermodynamic models, indicates that the
MW effects should be expressed in terms of MW absorption by
the reactants or, in other words, the MW flux as defined by
applied power/frequency.

■ CONCLUSIONS
In nanometals, it is clear that MWs do not break bonds, and do
not change thermodynamic or kinetics; however, MW
enhancement can be observed. In this paper, the effect of the
MW applied power and frequency at constant ΔT/δt is
explored for Ni growth under autocatalytic conditions. The
results show a scaling law behavior with size due to the
increasing MW cross section of the growing nanometal. The
increased Pabs that occurs is understood in terms of local energy
changes. Demonstrating a correlation of MW enhancement
being related to thermodynamics and not nonthermal MW
effects is critical to understanding experimental reports on MW
accelerated growth. This leads to the conclusion that a
generalized strategy for reaction design would be to optimize
concentration and applied power at a given frequency to
achieve the desired particle size and size distribution since Pabs
is dependent on reaction concentrations of precursors.
The study shows definitively that the reaction rate for

nanometal growth is a problem of electromagnetic radiation
absorption and thus will be dependent on the applied power,
frequency, relaxation time, and concentration of the reactants.
It is believed this strategy can be applied to organic reactions to

explain rate acceleration, although the magnitude of the change
in Pabs may mask the kinetic effects. It is hoped that continued
exploration of MW enhancement using physical chemistry will
allow reactions to be translated efficiently from a convective
format to a MW format with minimal guesswork. This would
lead to substantial energy savings1,2 due to the higher efficiency
of a MW volumetrically heating when compared to convective
reactors.
While this work does not disprove “nonthermal” MW effects,

it provides a physical description supported by kinetics and
thermodynamic evaluation to understand how selective
molecular MW heating can explain differences in reaction
rates and reaction products commonly seen in microwave
chemistry and commonly referred to as “nonthermal” MW
effects. The science of microwave chemistry can only be
enhanced by a greater understanding within the scientific
community of the importance of applying EM physics to the
understanding of chemical reactions.
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