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ABSTRACT: A quantitative kinetics and mechanistic re-
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nanoparticle formation reaction in real time and to obtain time (min) ime (min)
time-resolved, HEXRD peak areas for the formation of both 1 Aot A ol
Ag(111) and Ag(200) facets. Unfortunately, the subsequent
kinetics and mechanistic analysis that resulted is far from the state-of-the-art and was done without citing nor using well-
established literature of nanoparticle nucleation and growth kinetics and mechanisms that has been available for over 20 years.
Herein, the data are re-analyzed and re-interpreted in light of the fitting of the kinetics data with the presently most widely cited
and employed, deliberately minimalistic, disproof-based nanoparticle nucleation and growth mechanism, dating back to 1997, of
the pseudoelementary steps of slow continuous nucleation, A — B (rate constant k;), and then fast, autocatalytic surface growth,
A + B — 2B (rate constant k,), where A is the starting Ag* and B is the Ag® product. The two pseudoelementary step mechanism
is shown to be able to account for the previously reported kinetics data even for these large, up to ~100 nm (i.e,, 0.1 gm) Ag,
nanoparticles, a remarkable result in its own right given that there are on the order of ~10” Ag(0) atoms in a ~100 nm particle
formed from the reduction of ~107 Ag* atoms in what must be >107 actual elementary steps. However, the k, rate constant in
particular likely loses much of its value since it is an average over a large change in the percentage of surface atoms in the growing
nanoparticle. The results lead to nine revisions of questionable to incorrect previous claims and conclusions, plus a series of eight
insights and guidelines for future work in nanoparticle formation kinetics and mechanism. An extensive Supporting Information
further discusses interesting questions regarding the issues in analyzing and understanding nanoparticle formation kinetics and
the mechanism of such large, ~0.1 ym-sized particles.

B INTRODUCTION

A 2016 paper' described the synthesis of Ag, nanoparticles
from the polyol reduction of silver nitrate in the presence of
poly(N-vinylpyrrolidone) (PVP) under conditions of micro-
wave heating. The TEM, HEXRD, UV-visible absorption
spectroscopy, and other evidence provided' were sufficient to
demonstrate that Ag®, nanoparticles are formed, initially of an
average size of ~9.9 nm as the first-observable particles (at ¢ =

assisted synthesis of Ag’, nanoparticles is of synthetic as well as
kinetic and mechanistic interest.

Importance of the 2016 Paper. The aforementioned
paper' employed powerful physical methods which yielded
important, novel resultant kinetics data, notably: (i) the use of
in operando synchrotron high-energy X-ray diffraction
(HEXRD) integrated with microwave heating for the first
time; (i) the time-resolved, HEXRD-obtained peak areas of the
Ag(111) and Ag(200) facets and, hence, novel quantitative

11 min; that were termed “seeds”’) and then growing to a
broad distribution of average size ~15 nm, then 104 nm,
particles post >35 min at 140 °C. Elegantly obtained kinetics
data in the 2016 paper resolved the formation of Ag(111) and
Ag(200) facets for the first time. Additionally, others” have
reported the microwave-assisted synthesis of Ag’, nanoparticles
with a narrower size dispersion of 9.8 + 0.9 nm achieved by a
similar microwave-assisted polyol reduction of silver nitrate in
the presence of PVP, and in a continuous flow reactor with a
residence time of 2.8 s at 160 °C.> Hence, the microwave-
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kinetics data for the Ag(111) and Ag(200) peak areas vs time;
hence, (iii) the ratio of Ag(111)/Ag(200) peak areas vs time;
(iv) the Ag(111) linear dimension (in nm) vs time; and (v) the
temperature dependence of the Ag(111) peak area vs time and,
hence, the possibility of obtaining activation parameters for the
formation of the Ag(111) facet for the first time. The expertly
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obtained, highly valuable experimental results—that were also
demonstrated to be reproducible by the authors (e.g, see
Figure S11 therein')—are noteworthy. That data provides a
superior platform for addressing the kinetics and underlying
mechanism of the Ag’, nanoparticle formation and their
underlying nucleation, growth, and agglomeration, especially of
the resolved Ag(111) and Ag(200) facets, in a way that was not
previously possible.

Kinetics and Mechanistic Analysis in the 2016 Paper.
Unfortunately, the kinetics and mechanistic analysis in the 2016
paper is not state-of-the-art. Specifically, (i) the analysis and
interpretation of the kinetics and proposed mechanisms were
done with a lack of citation of any of the following, well-
established literature on the mechanisms of nanoparticle
formation,”” including key prior work on the mechanisms of
Ag’, nanoparticle formation.”~ "' Additional issues with kinetics
and mechanistic analysis provided' include that (ii) the kinetics
of the full curves were not fit, see, for example, Figure 2A,C of
the 2016 paper reproduced as Figure 1 herein. Instead, the first
10 min of the kinetics data are ignored, in part because a
temperature heating ramp is being applied during the first ~5—
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Figure 1. Reproduction of Figure 2A,C of the 2016 paper:' Variation
of peak area of (A) Ag(111) and (C) Ag(200) reflections in the course
of the Ag" — Ag® reaction at 140 °C. The peak area was given in area
units abbreviated as a.u. in the 2016 paper;' herein, the abbreviation au
will be used instead in order to avoid confusion with atomic units
(au.). The red curves represent the best fitting by the prior authors
while employing an arbitrary, empirical sigmoidal function, as
discussed more in the main text. Note that use of that empirical
sigmoidal function provides a poor fit (red line) to the ~8—17 min
induction period part of the kinetics data. Insets present the linear
fitting of In([Ag*"]/[Ag*],) as a function of reaction time at the early
stage when crystalline Ag started to form. [Ag'], and [Ag*] represent
the concentration of Ag* in the reaction solution before and after the
reaction started, respectively. Note also that the claimed linear fits in
the inset are over a very limited, arbitrary part of the kinetics data and
are not really linear in any event. Reproduced with permission from
the 2016 paper." Copyright 2016 American Chemical Society.

6 min of those 10 min. However, the problem in ignoring the
full first 10 min of the kinetics data is that the crucial nucleation
process is occurring during that key, early period.'”"

A third issue is that (iii) the next ~10—15 min of kinetics
data were taken and plotted using an assumed rate law
«[Ag']'[HOCH,CH,0H]', that is, a rate law assumed to be
first-order in [Ag'], despite growing precedent for a second-
order rate law in the nucleating metal®'* (i.e., x[Ag*]*) havin
precedent and, hence, arguably being more probable.”’
Moreover, (iv) the initial natural log plots used to infer a
first-order, [Ag*]' dependence are nonlinear if examined
carefully (see Figure 1 herein where those plots are reproduced,
specifically the inset in Figure 1, vide infra) and, troublingly, the
data used for those (poorly linear) log plots were taken over an
arbitrary, limited part of the kinetics curve. One, of course,
cannot “cherry pick” kinetics data out of just one part of a full
kinetics curve, plot it this way as was done, and then assign any
kind of reliable mechanistic meaning to it. Doing so is, instead,
a recipe for being mislead kinetically and, hence, mechanisti-
cally.

Additional issues with the kinetics and mechanistic analysis
of the data in the 2016 paper' are (v) that instead of using an
established nanoparticle formation mechanism for fitting
sigmoidal nanoparticle formation kinetics curves, for example,
the widely employed FW two-step mechanism of slow
continuous nucleation and then autocatalytic surface grovvth,15
a mechanistically and physically meaningless empirical
sigmoidal function of unreferenced origin was used, specifically,
the function Y = A, + (A, — A,)/(1+ e® /%) where Y stands
for the peak area of Ag(111) or Ag(200) reflections, and x
stands for time. Note also that this empirical function has three
variables, A}, A,, and dx, whereas the FW two-step mechanism
for example has just two variables, rate constants k, and k,. In
addition, the use of an empirical sigmoidal function as done
previously' cannot, in turn, yield the desired rate constants—
because rate constants can only come from, as they are defined
only by, balanced chemical reactions.'® Instead, mechanistically
and physically useless—actually, worse, as we will see
misleading (vide infra)—(empirical) rate parameters result
from such empirical function fits,”” all literally without any
physically connected or meaningful concepts and words with
which to describe the results. Hence, no physical or mechanistic
insight is possible from such an empirical function fit, regardless
of how hard one tries to generate such crucial, needed, bottom-
line insights. (vi) Perhaps most importantly then—something
that is crucial to correct as done herein—is that the putative
mechanistic concepts and terms then used to (try to) describe
the chemistry are, as a result of the use of empirical fitting
functions, unconnected to any kinetics and mechanistic scheme
and its corresponding differential equations. This is the
insidious problem that continues to confound physical and
mechanistic understanding when empirical functions are used
to fit kinetics data, as we have demonstrated and discussed
elsewhere,”” and as is demonstrated herein. Finally, (vii) the
lack of tracking of (i.e., lack of knowledge of) the Ag" to Ag’
mass balance is another issue with the prior work." Ideally, at
least one complementary method to track the reaction would
have been used (e.g, UV—vis or perhaps XANES) so that one
could correlate the powerful HEXRD-based data to the
absolute (vs just the relative) Ag* to Ag’ mass changes in the
reaction. The concentration of Ag" in the reaction solution at
different times (at least in early stage) was calculated by
subtracting the concentration of reduced Ag" from the initial
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concentration, but it was not stated how the concentration of
reduced Ag" was calculated nor was the conversion factor or
calibration curve given to allow the needed quantitative
connection between the HEXRD data and the [Ag*], nor is
it apparent that an accounting for the minor, Ag(220) product
and its HEXRD peak area is included as it should have been in
the Ag" conversion calculations.

Focus of the Present Contribution. The present
contribution aims to reanalyze and sort out conceptually the
interesting results first reported in the 2016 paper.' Focal
points include performing the kinetics and mechanistic analysis
in light of what is known in the relevant literature on
nanoparticle nucleation and growth, identifying recommended
practices in such analyses (vs those that should be avoided),
understanding better the issues in applying the deliberately
minimalistic FW two-step mechanism to such large, ~100 nm
nanoparticle formation reactions, and construction of a list of
remaining questions and, hence, needed additional experi-
ments.

B EXPERIMENTAL SECTION

System and Data. The senior author of the prior work'
was contacted to see if he was willing to work together to yield
a collaborative version of the present paper. Unfortunately, he
declined our invitation, although he did share his questions,
comments, and concerns on the penultimate version of the
submitted manuscript, providing a number of thoughtful points
that are acknowledged and addressed in the manuscript or
Supporting Information (SI). Hence, we proceeded by
digitizing the scanned plots of functional data by using the
Java program Plot Digitizer Version 2.6.8. The synthesis of
PVP-stabilized silver(0) nanoparticles and the system used for
their in situ kinetics measurement and characterization are
described in the 2016 paper.” However, there exist some
subtleties that need to be noted here, namely: (i) it is 5—6 min
before the microwave heating of the reaction solution from
room temperature to 140 °C is fully complete (see the green
arrows in Figure 1B in the 2016 paper'), so that the heating
stage is convoluted at least somewhat with the nucleation stage
of the kinetics. However, and fortunately, (ii) Figure 3B
elsewhere' shows a strong temperature dependence in the
observed kinetics so that relatively little nucleation is probably
occurring until the temperature is close to ~140 °C. Consistent
with this, herein we find that if one drops just the first 3 min
(the main heating stage) from the kinetics data obtained at 140
°C, then the best fit results to the FW two-step
mechanism, ™" Figure 2 (vide infra) and Figure S1 of the
SL Another crucial aspect of the 2016 paper' is that it states, on
page 716, that “Because the peak area in HEXRD-pattern is
proportional to the mass of the corresponding crystalline
materials with a pure crystalline phase, the variation of peak
area as a function of reaction time can be used to track the
reaction kinetics of nucleation and growth involved in the
microwave reaction.” Although unreferenced in the prior work,'
this claim is supported by the XRD literature.'” ™" Accordingly,
the peak area kinetics data' were used directly in this work as
well for the kinetics and mechanistic re-analysis reported
herein.

Note that even if one wanted to treat the kinetics data as the
formation of a crystalline Ag0 and, hence by, say, the
semiempirical Avrami equation, the use of the FW two-step
mechanism is still applicable since it has been shown to be the
minimal chemical mechanism underlying the Avrami equa-

tion.”” Moreover, using the chemical FW two-step mechanism
avoids the problem, when using the Avrami equation, of having
to try to interpret the problematic, nonphysical semiempirical
“k” (rate parameter; not a rate constant) and “Avrami
exponent”, n, as discussed elsewhere.””

Kinetics Data Curve Fitting. The FW two-step mecha-
nism consisting of slow, continuous nucleation (rate constant
k;) and 1asult7ocatalytic surface growth (rate constant k) is given
ineq 1.7

kl
A->B

kz
A+ B 3 2B
netA — B (1)

where, for the present system and analysis, A stands for the
precursor Ag" ion and B for the growing A°, nano<particles. The
differential and integrated forms of its rate law'> are given in
eqs 2 and 3, respectively, all derived and discussed in detail in
an earlier publication.”

d[A] _ d[B] _
—T = —dt = klobs[A]t + kZObS[A]t [B]t (2)
kl + kz[A]O
Bl, = [Afp]1 —
|: ]t |: ]O[ kz[A]o + kle(k1+k2[A]o)t] (3)

In eqs 2 and 3, [A], and [B], are the concentration of A and
B at time f, respectively; [A], and [B], are the initial
concentrations of A and B, respectively. Since the 2016 paper
reports the HEXRD peak area (PA) the needed equations in
terms of PA of the reflections peak for silver metal are derived
in section S1 of the SL

ky + k;PA
PA, = PAm(l - L 2 = ]

kzlpAoo + kle(k1+k2/PAw)t 4)
PA, and PA,, are the peak areas of Ag’ reflections at time t and
at the end of complete conversion of Ag* to Ag’, Ck} = k,, and
C is a constant.

The experimental PA versus time data were fit to eq 4 by
using nonlinear least-squares fit analysis using OriginPro 8.5
software, which in turn yields the rate constants k; and k; for
the slow, continuous nucleation and autocatalytic surface
growth, respectively. Error bars cited come from the fit. Note
that we know from published experience'® that, even if the
nucleation step is bimolecular, one can still employ fits to the
FW two-step unimolecuar nucleation mechanism because [A]
is effectively constant (= [A]y) to a high degree during the
induction period, so that k; from the unimolecular FW two-step
mechanism is related to ki (gps)imor Dy the simple relationship k;
= ki(obs)bimol[Alpy as our 2014 paper addresses in detail."*
Restated, even if the true nucleation step is bimolecular (or
higher molecularity), use of the unimolecular FW two-step
mechanism (eqs 1—4 herein) is still mathematically proper as
detailed in our 2014 paper.'

The peak area versus time experimental data for the growth
rate were, on the other hand, fit to eq S, derived in the SI from
eq 6,7 which also yields the rate constants k; and k} for the
slow, continuous nucleation and autocatalytic surface growth,
respectively, of the nanoparticle formation reaction.
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d[;tA] — kP Aoo_e(k1+k£PAm)t_(

2
k; + k,PA
kiPA_, + kelkitkaPAs)

(5)

2
ki + ky[Aly
kz[A]o + kle(k1+kz[A]o)t

— kl[A]O ,e(kl"'kz[A]o)f{

(6)

For simulation of the kinetics, the same equations were used
in OriginPro 8.5 Version but in the case of simulations by
inputting k;, k3, and PA, as fixed parameters. An extra
significant figure in the curve-fit-obtained k; and kj values has
been deliberately retained to minimize round-off or prop-
agation errors in any subsequent use of those rate constant
values.

The errors provided are, again, the errors of the fits, not
standard deviations of multiple, separate/repeat experiments.
We have known for some time and have published that (i) the
errors in k; are the largest (and compared to much smaller
errors in k,) and (i) that the intra-investigator error in at least
our own studies of Ir(0) nanoparticle formation are ~50% in k;,
while the inter-investigator error in k; is ~10'? over a 7 year
period by multiple researchers (see p. 10304 elsewhere);”*
Experimental reasons (water; trace impurities in acetone
solvent in that case;** small variations in the amount of free
Ir(1,5-COD)* that is a key species in the nucleation'** (in
that case), and other experimental factors are part of the
sensitivity of the nucleation rate constants—that are notori-
ously hard to measure.”'**° In addition, we have recently
shown mathematically that k, and k, (and [A],) all contribute
to each of the key sections of sigmoidal kinetics curves fit by the
two-step mechanism; for example, both k, and k, contribute to
the induction period (i.e, and not just k; as one might have
guessed intuitively).”’

B RESULTS AND DISCUSSION

Proposed Balanced Reaction. For the synthesis of Ag’,
nanoparticles from the polyol reduction of silver nitrate in the
presence of PVP, the first thing one needs is an at least
proposed balanced reaction, as given in eq 7.

1 1
AgNO, + SHOCH,CH,OH + bPVP + —H,0

130—180°C, microwave heating 1

+ (1 - x)NO; + H" + éHO;ZCCOZH @)

There is little doubt based on prior literature that the Ag’,
nanoparticles are formed by well-precedented alcohol-mediated
reduction (more generally known as a polyol reduction)”’~*°
and then stabilized by PVP polymer and probably surface-
adsorbed NO;™ anions,”" as eq 7 suggests. Eq 7 further
illustrates that trace water is likely a component of the
reaction,”” depending on the level of oxidation of the ethylene
glycol reductant—written somewhat arbitrarily above to show
its oxidation all the way to oxalic acid, HO,C—CO,H (i.e., with
full awareness that the initial product derived from ethylene
glycol oxidation should be glycol aldehyde, HOCH,CHO, with
glycolic acid then being another possible intermediate product,
HOCH,CO,H, en route to the full oxidation product oxalic
acid, HO,CCO,H). Although balanced reaction stoichiometry
was not unequivocally established, nor proposed, previously,"

for the purposes of the present contribution, eq 7 will suffice.
Eq 7 also teaches the additional kinetics studies that could be
done by any interested parties, notably determining any kinetic
dependence on added H,0, H" product, or ethylene glycol
oxidation intermediates, glycol aldehyde, HOCH,CHO, and
glycolic acid, HOCH,CO,H. Such studies are not the purpose,
nor necessary, for the present work, which strives to put the
prior kinetics data and analysis of the interesting data in the
2016 paper on a firmer, literature-aware, proper kinetics and
mechanistic footing, vide infra.

Curve-Fitting the Ag(111) Kinetics Data to the FW
Unimolecular Nucleation Two-Step Mechanism. The
peak area data of Ag(111) and Ag(200) reflections reported
in the 2016 paper' were used directly as described in the
Experimental Section. To start, the full data as originally given'
were used, that is, including the first ~5—6 min where heating
is occurring as well. The data obtained from the Ag(111)
reflections in Figure A of the 2016 paper' are well-fit, as shown
in Figure 2a, to the FW two-step mechanism' consisting of
slow, continuous nucleation (A — B, rate constant k;) and
autocatalytic surface growth (A + B —2B, rate constant k,), eq
1, where again A stands for the Ag(I) precursor and B for the
growing Ag®, nanoparticles. The fit in Figure 2a yields the rate
constants k, = (1.4 + 0.1) X 10~* min™", k; = (2.84 + 0.04) X
1072 (au) ™" min~" along with a reduced Chi-Sqr = 1.30 X 1072,
and R* = 0.99946. The relatively large value of kj/k; = 200
(au)™ indicates a relatively high level of kinetic control for the
formation of the Ag’ nanoparticles™ (i.e., and in the range of
peak area values experimentally observed herein at the end
point, that sum to between ~5—12 au that, then, can be
multiplied by the kj/k; = 200 (au)™" to give a unitless, then
here kj-au/k, = 1000—2400, value).

The resultant k; and k; values obtained using eq 4 were then
combined with the peak area value PA, (i.e.,, when the Ag* ion
is completely converted to Ag®)" to simulate the growth rate vs
time using eq S and to compare it to the experimentally
determined value (Figure S4 from the Supporting Information
of the 2016 paper'). Figure 2b shows that simulation coplotted
over the experimental data, revealing that both the experimental
growth-rate curve is largely accounted for, albeit with the
simulation showing a slight time delay of about 3 min that will
be dealt with in a moment.

We also performed the reverse fit and simulation. First we fit
the experimental growth-rate data using eq S to the FW two-
step mechanism,'” efforts that resulted in a close fit (Figure Sla
in the SI) and the rate constants k, = (2.1 £ 0.3) X 10~* min~/,
ki = (2.87 + 0.06) X 107> (au)™" min~", so a k, was obtained
that was slightly different from the one obtained above by the
reverse fitting in Figure 2a, k; = (1.4 + 0.1) X 10™* min~’, but
k, values obtained from both fits are identical within the stated
errors. Next, we simulated the experimental PA versus time
data using those eq S-fit-obtained rate constants by placing
them into eq 4, Figure S1b in the SI. The resultant simulated
PA growth-rate curve matches the experimental data, but again
slightly shifted in time to the left (Figure S1b in the SI).

These above two fits and simulations led, empirically and in
turn, to the notion of deliberately dropping the first ~3 min
where the heating ramp is not yet near ~140 °C. Performing
the same two fittings and simulations, but now with the first 3
min of the (heating lag-time data) deliberately omitted, yielded
Figure 2c (for fitting the PA versus time data), which shows an
excellent fit to the FW two-step mechanism," and resultant
rate constants k; = (4.0 + 0.3) X 107* min™' and k; = (2.83 +
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Figure 2. (a) Peak area versus time plot (obtained from the peak area of Ag(111) reflections in Figure 2A of the 2016 paper') in the course of the
Ag" — Ag’ reaction at 140 °C and its fit to the FW two-step mechanism'® yielding k; = (1.4 + 0.1) X 10™* min™", k} = (2.84 + 0.04) X 107> (au)™"
min~" with a reduced Chi-Sqr = 1.35 X 107% and R* = 0.99946. (b) Simulation of the experimentally determined growth-rate variation with time
given in Figure S4 in the Supporting Information of the 2016 paper,' using the rate constants obtained in (a). (c) The same peak area versus time
plot as in (a) but with the first 3 min deleted and its fit to the FW two-step mechanism'® yielding k; = (4.0 + 0.3) X 10" min™", k, = (2.83 + 0.04)
x 1072 (au) ™" min™" with a reduced Chi-Sqr = 1.35 X 107% and R* = 0.99946. (d) Simulation of the experimentally determined growth-rate variation
with time given in Figure S4 in the Supporting Information of the 2016 paper," using the rate constants obtained in (c). Notable here is that (i) the
fit to the FW two-step mechanism adequately accounts for the kinetics data and (ii) that the better fit to the FW two-step mechanisms in 2d vs 2b is
evidence supporting the deliberate deletion of the first ~3 min of kinetics data, during which heating of the solution is occurring.

0.04) X 107> (au)™" min™" with a reduced Chi-Sqr = 1.35 X
1072, and R* = 0.99946. The simulation of the growth-rate data
using these rate constant values as fixed input parameters and
eq 5 gives, now, an even better match to the experimental plot
as shown in Figure 2d. The reverse fitting was also performed,
yielding an excellent fit now to the growth-rate data (Figure Slc
in the SI) and the rate constants k, = (4.0 = 0.5) X 10~* min™!
and k, = (2.87 + 0.06) X 1072 (au)™' min~!, values are very
close to the values obtained from the fit of PA versus time data
in Figure 2c. Pleasingly, the simulation of peak area versus time
data from these resultant rate constants and the PA, gives an
excellent match to the experimental PA versus time data, Figure
S1d of the SL

Taking the above results all together allows us to suggest that
the FW two-step mechanism'> provides a very good,
deliberately minimalistic description of the formation of Ag’
nanoparticles via polyol reduction of Ag(I) ions in the presence
of PVP stabilizer and driven by microwave heating to 140 °C.
As a result, clarified greatly are the prior author’s word-only
claims of “continuously formed seeds” and a “typical self-
catalytic” reaction, kinetically and mechanistically imprecise
concepts that can now be replaced by the rigorously defined, as
well as curve-fit supported, concepts from the FW two-step
mechanism of slow, continuous nucleation followed by fast,
autocatalytic surface growth."

Note also that the prior claim' that “stable nuclei called
seeds” are formed is imprecise and arguably incorrect, as the
most recently available evidence is that “seeds” are not formed
as classical nucleation theory postulates. Instead, a small,
kinetically effective nucleus (KEN) of just 2—3 atoms now has
growing precedent."”'* Moreover, that KEN typically does not
build up but, instead, is quickly consumed in the fast,
autocatalytic growth step—concepts far removed from the
notion of the claimed “stable seeds” based on seeing' what are
really the first observable clusters'* of ~9.9 nm. Another
important point here is that ~9.9 nm Ag(0), nanoparticles are
already rather large and contain ~3 X 10* Ag(0) atoms—so
nucleation, growth, and, one would expect, some agglomeration
(aggregation; coalescence) have been ongoing for some time
before the “seeds” are detectable by HEXRD.

Curve-Fitting the Ag(200) Kinetics Data to the FW
Unimolecular Nucleation Two-Step Mechanism. The
experimental peak area data collected for the Ag(200)
reflections in Figure 2C of the 2016 paper' (at 140 °C with
microwave heating' of the polyol reduction of Ag" in the
presence of PVP stabilizer) were plotted versus time in Figure 3
(blue diamonds). That peak area versus time data (without
omitting the first 3 min) for the peak area of Ag(200)
reflections are also well-fit by the FW two-step mechanism' as
displayed in Figure 3 (red line), yielding k; = (1.9 = 0.3) X
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Figure 3. Ag(200) peak area versus time plot (obtained from Ag(200)
reflections in Figure 2C of the 2016 paper') in the course of the Ag*
— Ag’ reaction at 140 °C and its fit to the FW two-step mechanism '
yielding k; = (1.9 + 0.3) X 10™* min™", k} = (6.08 + 0.13) x 107
(au)"'min~". Reduced Chi-Sqr = 6.55 X 1073, R? = 0.99866.

10~ min™!, k5 = (6.08 + 0.13) X 1072 (au) 'min~" (reduced
Chi-Sqr = 6.55 X 1073, R* = 0.99866). This is an important
result, one that builds off the novel data and powerful physical
methods employed in the valuable 2016 paper that are a
compliment to experimental abilities and efforts of the prior
authors."

The rate constants for the Ag(111) data are k; = (1.4 + 0.1)
x 107 min~! and k; = (2.83 + 0.04) X 1072 (au)™ min~’, and
for the Ag(200) data are k; = (1.9 + 0.3) X 10 *min~" and k} =
(6.08 &+ 0.13) X 107> (au)™! min™'; rate constants obtained
herein for the first time from the HEXRD data. However, using
the resultant rate constants and eq 4 to try to fit the relative
peak areas, PA;;;/PA,y, vs time plotted in Figure 2D of the
2016 paper' reveals that while the data past 18 min in that plot
is well accounted for, the data before 18 min are not; see Figure
S2 of the SI of the present paper. The results from the present
analysis and those shown in Figure S2 of the SI suggest that
there is likely a large error in the PA;;;/PA,,, peak area ratio
data for the first ~18 min. A large error likely results because
the initial PA,y, peak area is small, near zero early on with
associated relatively large error bars, and the PA,, value is in
the denominator of the peak-area-ratio expression—a resulting
too large PA,;;/PA,y, peak area ratio resulting with large error
bars. Unfortunately, the experimental or estimated error bars
for the PA,;;/PAyq, peak area ratio data were not provided' but
are crucial to being able to interpret that peak-area-ratio
correctly—whether the Ag(111) and Ag(200) grow in parallel,
sequential, or perhaps a combination of parallel and sequential
reactions (among other conceivable mechanisms), a point
discussed more in the SI along with Figure S2 there. In short,
the more intimate mechanism for formation of the Ag(111)
and Ag(200) facets is not apparent at this time from the
available data. It is likely that at least the k,” values are
composites for formation of a combination of the Ag(111) and
Ag(200) peak areas, even though they were measured
separately and directly for those individual facets—a
mathematical subtlety of parallel reaction kinetics discussed
more along with Figure S2 of the SI for the interested reader.

Temperature Dependence of the Ag(111) Peak Area
Kinetics Data. The kinetics data collected from the peak area
of Ag(111) reflections at four different tem?eratures with
microwave heating (Figure 3A in the 2016 paper’ ) were plotted
versus time in Figure 4. All the data at four different
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Figure 4. Ag(111) peak area versus time plots obtained from the peak
area of Ag(111) reflections at four different temperatures produced via
microwave heating (Figure 3A in the 2016 paper'). The data from all
four different temperatures is well-fit by the FW two-step
mechanism, " yielding the k;, and k; rate constants values and
associated fitting statistics summarized in Table 1.

temperatures are well-fit by the FW two-step mechanism,'”
Figure 4 yielding the desired k, and k; rate constants as well as
the least-squares correlation parameters, Table 1.

A look at the temperature-dependent rate constant data in
Table 1 reveals some precedented, and therefore not
unexpected, trends:>* the better defined, less noisy k; rate
constants increase with increasing temperature as expected, but
the nucleation rate constants k;, which are notoriously hard to
measure precisely,'”'> do not—for example, the lower
temperature 140 °C k; value is ostensibly larger than the
higher temperature, 160 °C k; value. Therefore, a meaningful
Arrhenius, In(k) versus 1/T, plot could be constructed for only
the growth-rate constant, k;, Figure S. An activation energy of
E, = 83 + 2 kJ/mol (19.8 + 0.5 kcal/mol). Note that the
present kinetically rigorous analysis teaches that, unfortunately,
a reliable A factor and corresponding AS* is not available in any
meaningful standard state, because the needed complete mass
balance and the total peak areas (PAs) of the Ag(111), Ag(200)
plus Ag(220) are not available," values that are required for the
conversion of the PAs to their corresponding converted [Ag*],
and formed [Ago] , values and, hence, also for the value of C in
k,’= k,/C. It is easily shown that this means that the A value
and associated AS* will be off by that (unknown) constant; for
example, the intercept of a In k," vs 1/T plot being: intercept =
In A + In C (that intercept = 16.4 in Figure 5).

Importantly, the E, obtained herein updates the claim in the
2016 paper’ that “the formation of seeds...” (i.e, the ~9.9 nm
particles) occurs “with activation energy of 20.34 kJ/mol” (=
4.86 kcal/mol). This reported value and its assignment to “seed
formation” can now be seen to be (i) at best unclear if not
confused conceptually, because the required specific balanced
chemical equation needed to define the reaction that the E,
refers to was not provided;' (i) to be in error numerically
relative to the now well-defined steps of nucleation and
autocatalytic surface growth of the Ag® nanoparticles, steps not
separated kinetically previously;' and also (jii) not to make
much physical sense because the E, = 4.86 kcal/mol value
obtained is too low to be correct for either of the nucleation or
growth steps of the polyol reduction of Ag* ion, a reaction
known to occur only at temperatures higher than 100 °C,* and
a reaction that occurs in the present study only once one is
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Table 1. k, and k; Rate Constants for the Nucleation and Autocatalytic Surface Growth, Respectively, of Ag(0) Nanoparticles

According to the Ag(111) Data”

T (°C) k; (min~") &, ((au)™ min~") ¥ R?
180 (13 +0.6) x 1078 (24.1 £ 0.6) x 107> 2.68 X 1073 0.99991
160 (1.1 £ 0.6) x 107° (10.1 + 0.6) x 1072 5.19 x 1072 0.9982
140 (LS +0.1) x 107* (295 + 0.04) X 1072 127 X 1072 0.9995
130 (20 £02) x 107° (1.65 + 0.02) x 107> 6.75 X 107* 0.99812

“At four different temperatures and the nonlinear least-square correlation parameters.
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Figure S. Arrhenius In(k}) versus 1/T plot for the autocatalytic surface
growth, kj, step from the polyol reduction of AgNO; solution in the
presence of PVP stabilizer at four different temperatures driven by
microwave heating. A linear least-squares fit of the data to the
Arrhenius equation yielded In(k;) = —9933(1/T) + 16.43, with R* =
0.997.

>130—180 °C, all of which hint at E, values >>4.86 kcal/mol
(and unless the reaction has a hugely negative entropy).
Although no E, values for Ag’, nanoparticle formation from
the literature were cited for comparison in the previous study,
we did find one value on searching the literature: an E, omposice
=77.9 + 1.8 kJ/mol (18.6 = 0.5 kecal/mol). We say composite
here because this value reported for the formation of silver
nanoparticles from the decomposition of silver acetate does not
have nucleation deconvolution from the growth step(s).36
Nevertheless, that reaction is reported to occur at an
appreciable rate at 170 °C, again meaning that the reported’
E, value of 3>4.86 kcal/mol is not meaningful physically.”> That
is, the E, value obtained from the empirical fitting function used
previously' is, unfortunately, a telling example of what was
noted in the Introduction: the hugely insidious, misleading
nature of getting empirical parameters, ones therefore not
defined properly by balanced chemical reactions, and then
trying in vain to attach words and concepts to those values to

try to describe what is going on physically, in the present case
the putative “formation of seeds” (that are really large, ~9.9 nm
first observable clusters' by the HEXRD method) with an
unprecedented low E, = 4.86 kcal/mol that, in all probability,
refers to nothing of chemical value.

Effect of Ag(l) lon Concentration and Stabilizer
Concentration on the Formation Kinetics of Ag°
Nanoparticles. Figures S10 and S11 of the 2016 paper'
report peak area kinetics data for Ag’ nanoparticle formation as
a function of varying the initial concentrations of AgNO; or
PVP stabilizer (as before in ethylene glycol solution, at 140 °C
achieved via microwave heating). The peak area kinetics data in
Figures S10 and S11 of the 2016 paper' were displayed as part
of the present re-analysis as Figures S3 and S4 for the
experiments varying the initial [AgNO;] and [PVP] stabilizer,
respectively. As Figures S3 and S4 show, each of the six separate
kinetics curves are again well-fit by the FW two-step
mechanism.”® Hence, we can conclude at this point that the
FW two-step mechanism is able to account quantitatively for all
the kinetics data in the 2016 paper.' The resultant k, and k; rate
constants are summarized in Table 2.

Again not unexpectedly, the hard-to-measure-precisely'*
nucleation rate constant k; have scattered values. Interestingly,
the typically better defined®~” kj rate constant for autocatalytic
surface growth remains unaltered with the increasing
concentration of PVP stabilizer, but decreases with the
increasing initial concentration of Ag(I) ion, a find that
pleasingly supports the prior author’s statement that “increasing
the concentration of AgNO,...only slightly slows the reaction
kinetics.”"

The mechanistic insights here are multiple and interesting,
namely that (i) the mechanism is more complex—in the case of
these very large ~100 nm Ag(0), nanoparticles, much more
complex—than the by-design minimalistic FW two-step
mechanism (as will almost always be the case, as noted

,15

elsewhere).”'* However, several published examples compel-
lingly demonstrate that fits to the FW two-step mechanism can
provide a very valuable, often required, first mechanistic
foundation from which to discover the more complex,
underlying mechanisms.**”~* For example, (i) one possible

Table 2. k; and k; Rate Constants for the Formation of Ag’ Nanoparticles at 140 °ct

[Ag'] (M) [PVP] (M) k; (min™")
0.1 @ (4.3 + 3.6)x1077
0.2 @ (22 + 0.8)x107°
0.3 “ (8.5 + 5.7)x1077

@ 02 (2.5 + 1.4)x107°
“ 0.3 (24 + 0.8)x10™°
@ 04 (5.5 + 2.8)x107°

k; (au)™ min~!) Ve R?
(24.5 + 1.5)x107 1.35 X 1072 0.9979
(9.15 + 0.36)x1072 3.57 X 1072 0.9985
(7.73 + 0.39)x107> 9.19 x 1072 0.9984
(9.00 + 0.53)x1072 8.19 X 1072 0.9965
(9.06 + 0.32)x107> 3.02 x 1072 0.9987
(820 + 0.47)x107> 8.77 X 1072 0.9964

“These PVP concentrations were kept constant, but that specific value was not reported in the 2016 paper.' bAs a function of various starting
concentrations of the Ag(I) ion and PVP stabilizer, plus the resultant nonlinear least-square parameters for the fits to the FW two-step mechanism.
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explanation for inverse dependence of k, on the starting
[AgNO;] is a prior equilibrium in which ion-paired silver
nitrate in ethylene glycol reversibly dissociates to its component
ions, the freely diffusing Ag" being more oxidizing and hence
more reactive, Ag'NO;~ 5 Ag" + NO;~ — to further, on-path
reaction(s). Another possibility is that, in ethylene glycol, a
silver nitrate aggregate is present that dissociates to what one
then postulates is the more reactive monomer, for example,
something such as (AgNO;), & nAgNO; — to further, on-
path reaction(s). Additionally, the present work generates the
insight that (iii) the k} step must be a composite of elementary
steps and, hence, should be labeled as k} ;i qene to make that
clear; and that (iv) the activation energy E, value for the k,’
step is, also and therefore, a composite that should be labeled
E, ppparent = 83 £ 2 kJ/mol (19.8 + 0.5 kcal/mol) to make that
point clear as well. None of the above insights were possible
from the prior fitting to an empirical function.' A fit to the two-
step mechanism begins the journey to the true, underlying
mechanism, even if just “inch-wise” as is the evolutionary,
disproof-based, and hence often slow and tedious nature of
reliable mechanistic work.

Additional Insights into What Is Occurring Physically
and Mechanistically vs the Words and Concepts
Disconnected from the Empirical Function That Were
Used Previously. As discussed in the Introduction, there is a
huge, insidious problem in studies of chemical reactions and
their mechanisms that fail to use well-defined chemical
equations and the rate constants as well as proper chemical
terms they define—such as A — B, rate constant k;, for slow
continuous nucleation, and A + B — 2B, rate constant k3, for
autocatalytic surface growth. That insidious problem is the
highly misleading, confusing disconnect that then unavoidably
occurs in measured rate parameters (that are NOT rate
constants, because they do not refer to balanced chemical
reactions) and especially in the words and concepts adapted
from the literature in a hit and miss way to try to describe the
observed results physically and mechanistically.”” Summarized
and addressed next are the misleading, mechanistically and
physically incorrect words and concepts that resulted from the
prior use of an empirical fitting function.'

The terms and concepts used previously," which have no
connection to the equations used to fit the kinetics, and which
can now be replaced and re-conceptualized by the results
presented herein, include: (a) the claim of a “supersaturated
concentration of Ag’ atoms”, despite the fact that prior
literature notes that single, metal-zero, naked atoms are likely
NOT involved in nucleation;"*~">'® (b) the claim that “the
formation of seeds follows typical first-order reaction
kinetics”—and “with activation energy of 20.34 kJ/mol”—is
shown herein to be at least misleading, the formation of ~9.9
nm “seeds” actually including many cycles of an autocatalytic
growth step if not probably also agglomeration. Additionally,
evidence is accumulating that nucleation is often second-
order,"”'* not first-order in metal precursor. Furthermore, (c)
the claim that “there are two different types of reaction kinetics”
is at best unclear (“what two types of kinetics”?), and shown
herein to be misleading, because a single, well-precedented
kinetics scheme of the FW two-step mechanism is able to
quantitatively account for all the prior kinetics and over each of
the full kinetics curves, vide supra; (d) the imprecise claim of a
“typical self-catalytic reaction mechanism” can now be replaced
with the precisely defined concept of autocatalytic surface
growth, a well-precedented concept for over 20 years now; '’

and (e) the claim that the first-seen ~9.9 nm clusters are
“seeds” can now be better understood as what have been
termed the “first observable clusters”.'* Additionally, (f) the
claim in the Abstract of the 2016 paper that “the microwave
synthesis of Ag nanoparticles proceeds with reaction kinetics
significantly different from the synthesis present in conven-
tional oil heating” is poorly supported. In fact, the most
commonly used nanoparticle formation mechanism when
conventional heating is used,”™"® namely the two-step kinetics
scheme employed herein, is able to fit all of the reported
kinetics data' as well as that of several other Ag®, formation
systems.”™"" Finally (g) the prior claim' that the synthesis
includes “four well-separated steps,... incubation of the
nucleation process, formation of seeds, growth of seeds, and
completion of the reaction” is poorly defined physically and
unsupported kinetically—the “completion of reaction” perhaps
being agglomeration, vide infra. In point of fact, the FW two-
step mechanism (or its two-step agglomeration counterpart,
vide infra) is all that has been needed to fit the observed
kinetics of all of the primary kinetics curves provided
previously." Hence and while the claim of “4 stages” seems
on one hand to be reasonable, this claim is not mechanistically
rigorous because it is not supported by any corresponding
kinetics scheme, associated equations used to fit the data, nor
resultant rate constants.

However, it is important to give the prior study credit for
noting the broad range of particles formed and for their attempt
to interpret this, specifically their statement suggesting that “the
Ag nanoparticles coalescence, ...via possible orientated attach-
ment and fusion”. We can reframe what the authors were
hinting at in terms of the precedented agglomeration steps of
the highly disproof-based four-step mechanism:*'> namely
bimolecular agglomeration (B + B — C; rate constant k)
followed by autocatalytic agglomeration (B + C — 1.5 C; rate
constant k,), where C is the growing, average, agglomerated
particle. Interestingly, Figure SS of the SI demonstrates that just
the two-step bimolecular agglomeration plus autocatalytic
agglomeration mechanistic formulation given above fits the
data in the 2016 paper. This is not surprising, however, because
the underlying integrated kinetics equation is basically
mathematically identical to that for the two-step nucleation
and autocatalytic growth mechanism, except for the different
1.5 stoichiometry factor and that B and C are present rather
than A and B.

These results, in turn, lead one to realize an important
ambiguity in the 2016 paper (one that unavoidably also carries
over to the present re-interpretation of that work; see the SI for
additional discussion): it is not clear from the 2016 paper what
one is actually starting with for the purposes of the HEXRD
monitoring of crystalline Ag(111) and Ag(200) formation that
“starts” with “seeds” that contain ~3 X 10* Ag(0) atoms and
ends up in ~100 nm particles. Is Ag* (=“A”) really the proper
starting point conceptually (ie., and for the HEXRD
monitoring), or are nucleation and surface autocatalytic growth
fast at the >140 °C temperatures employed, so that it is actually
Ag, preformed by the hot ethylene glycol (i, really Ag°, = “B”)
that one is truly “beginning with” in the microwave synthesis en
route to the final, HEXRD-observed, crystalline Ag(111) and
Ag(200), 0.1 um-sized products? Put another way, the actual
starting material for the purposes of the kinetics analysis is a
large uncertainty in the 2016 study, one made apparent as part
of the present studies and re-analysis. The SI presents more on
this interesting, nontrivial issue and its possible implications for
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the interested reader. Hence, and even though the prior was on
track for noting that “coalescence” was probably involved in
their reaction, the problem is because no guidance results from
the empirical function used to fit the kinetics, the prior work
imprecisely calls what they are monitoring (e.g., in the paper’s
Abstract) “nucleation and growth” and “the formation of seeds
(nucleation)” and “the growth of seeds (growth)”. Associating
“nucleation” with 9.9 nm first observable clusters that already
contain ~3 X 10* atoms is not physically meaningful and is, in
fact, misleading. This type of confusion results completely and
“automatically” if one’s kinetics and mechanistic treatment does
not contain the balanced reactions required to define rigorously
the kinetics, their associated rate constant, and the well-defined
concepts and words that one is then “allowed” to use to
describe the chemistry physically. Note also here that if the
actual species being monitored by the HEXRD is primarily the
agglomeration of already formed Ag’, clusters, then the correct
reactions, rate constants, and proper concepts and words will be
significantly different.

In short, there is a nearly complete disconnect in the prior
work' between the elegantly and expertly obtained, very
valuable, novel kinetics data—superb data at a level of detail
that monitors the separate Ag(111) vs the Ag(200) facets—and
the words and concepts used to attempt to describe what is
occurring mechanistically and hence physically. Such a
disconnect is unfortunately far too common;®” it results from
attempting to use empirical, nonrigorous-mechanism-derived
equations for the fitting of kinetics data, which in turn
invariably results in the poor choice of improper, unconnected
concepts and words to describe what is occurring mechanis-
tically and physically—thereby generating and propagating
confusion in the resultant literature. It is a practice that must be
abandoned! Providing evidence against this practice is a main
reason why we have taken time to reanalyze the present, again
elegantly and expertly obtained’, kinetics data for the formation
of Ag(111) and Ag(200) facets under the interesting
microwave heating, and polyol reduction, conditions employed.
The data is spectacular! It deserves as good an analysis as
possible, one done in full awareness of the known kinetics and
mechanistic literature of nanoparticle nucleation, growth, and
agglomeration.

B SUMMARY AND CONCLUSIONS

In summary, some insights and conclusions from the present
contribution are that

(1) The well-established principle of sound science—that
you must go to and learn what the prior literature has to
say that is relevant to your problem—is once again
emphasized. Disproof of multiple alternative hypotheses
is also crucial,*' for example, the hypotheses relevant to
the present example that the FW two-step mechanism
can account for the formation of very large nanoparticles,
or the hypothesis that preformed nanoparticles, B, should
really be the true starting material for the kinetics in the
2016 paper.

The very valuable, elegantly and expertly obtained,
kinetics data in a 2016 paper, resolving the rates of
formation of Ag(111) and Ag(200) facets, has been
critically re-analyzed herein in light of the extant, now
extensive, relevant literature of the kinetics and
mechanisms of nanoparticle nucleation, growth, and
agglomeration plus other relevant literature.”~"*

)

27651

®)

)

)

(6)

™)

It has been shown that all of the kinetics curves in the
2016 paper' can be quantitatively accounted for by the
now 20 year-old, 1997 FW two-step mechanism of
slow continuous nucleation (A — B, rate constant kl),
then fast autocatalytic surface growth (A + B — 2B, rate
constant k,, or in the present case, k), where A is Ag*
and B is Ag’, What especially the resultant kj rate
constant means, and how to interpret it, are another
issue, one discussed further in the SL

The analysis of the kinetics data by the highly disproof-
based, hence kinetically and mechanistically rigorous, FW
two-step mechanism does provide well-defined concepts
and precise words to describe the extant reaction
chemically and physically: slow, continuous nucleation,
and autocatalytic surface growth—that is, assuming that
the HEXRD is monitoring the conversion of Ag* (“A”)
in to Ag’, (“B”) as believed in the 2016 paper.

On the other hand, it is likely that agglomeration steps
that are part of the four-step mechanism®®'? are present,
given that the final particle distribution is relatively
broad. Hence, if Ag’, nanoparticles are quickly
preformed under the (high temperature) reaction
conditions (i.e., and from relatively easily reduced Ag"),
so that one is really starting with “B” = Ag’, and not “A”
= Ag" for the purposes of the kinetics (and so that the B
+ B — C, then B + C — 1.5 C formalism should be used
to analyze the kinetics and as Figure S5 of the SI shows
will fit the data), then the prior work needs to be
reformulated rather completely. In addition, if B is the
true starting material, then everywhere herein where
“nucleation and autocatalytic surface growth” formation
of nanoparticles is used, then those terms would need to
be replaced by “bimolecular nucleation of agglomeration”
and “autocatalytic agglomeration of nanoparticles”.
“Know thy reactants and thy products” is a well-known
rule of reliable chemical kinetics and mechanism, one
attributed to Prof. Ralph G. Pearson.*” Another key point
here, one discussed more in the SI, is that these two
possible qualitative, conceptual descriptions of what the
HEXRD is actually monitoring are what Prof. J. Platt
called “logical boxes” in his classic paper about how
science is best done.™! Providing the conceptual/logical
boxes of slow, continuous nucleation and autocatalytic
growth, or nucleation of agglomeration and autocatalytic
agglomerative growth if those are the main processes
present, are the main strength of the by-design, minimal,
highly disproof-based, two-step mechanisms cited above
and in the present work. That is why the two-step FW
mechanism has enjoyed such broad appeal, as
documented in the SI for the interested reader.

The present work demonstrates (a) that one needs to
avoid using empirical functions that lack any physical
meaning to fit such sigmoidal kinetics data when well-
defined mechanistic equations and associated functions
are available, and (b) that one needs to avoid the
kinetically improper, highly misleading practice of just
fitting one, somewhat randomly chosen, part of a kinetics
curve and then claiming a reaction order relevant to the
full kinetics curve.

Evidence has been uncovered suggesting that the PA,;,/
PA,y, peak area ratio vs time in Figure 2D in the 2016
paper’ likely has large error bars at short initial times
where the PA,, is small (closer to zero), so that the
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PA,;/PAyy peak area ratio is inherently imprecisely
determined at those low PA,, peak area values. This is
not in any way a fault of the prior work," rather just an
experimental reality of the precision available in even
state-of-the-art, synchrotron-based, dynamic HEXRD
studies. This uncertainty in the PA;;;/PA,y, peak area
ratio at short times in turn limits a more detailed
mechanistic analysis of how the Ag(111) vs the Ag(200)
facets form, for example, in parallel reactions, sequential
reactions, or perhaps a combination of both (or perhaps
some different mechanism). This ambiguity has the
added effect that the underlying components, contribu-
ting to especially the k,” apparent rate constant and
perhaps also to the k; (then apparent) rate constant,
cannot be dissected at this time, as discussed more in the
SI along with the associated Figure S2.

(i) Lastly, there is the (remarkable) observation that the
two pseudoelementary step mechanism is able to at least
fit the kinetics data of the formation of ~100 nm Ag(0),
nanoparticles in which n ~ 10" Ag" atoms have been
reduced to ~10" Ag(0) atoms in what must have
involved >10" elementary steps. The two pseudoele-
mentary steps of A — B, then A + B — 2 B and the
associated averaged, apparent rate constants k, and
probably especially kj have, then, averaged—and in that
sense hidden—a huge amount of chemistry that one
would like to access with the goal of better under-
standing. For certain, the hugely composite resultant rate
constant k, should be interpreted only with considerable
caution, especially in comparison to the apparent rate
constants obtained from much smaller, ~10—20 nm
particle formation reactions. That caution and caveat so
stated, well-designed, careful k; and k, measurements as a
function of smaller to larger nanoparticle formation is of
interest and may yield novel insights, a point discussed
more in the SI. In the present example and because the
final Ag’, nanoparticles are so large, the resultant
especially k, rate constant becomes averaged over such
a large surface-area change and resultant scaling factor'
(designed to compensate for that changing number of
surface vs total atoms), that k, becomes relatively
imprecise and hard to know how to interpret, at least
presently. The SI discusses this point as well in greater
detail for interested reader. We thank Dr. Y. Sun for
bringing this point to our attention.

(ii) As for the k; value, it will be very interesting to
compare k; values for such large, ~100 nm, and much
smaller, ~10—20 nm, nanoparticles of the same metal
(and where those rate constants are obtained under
conditions as identical as possible as the formation of
different-size nanoparticles will allow). The interesting,
presently untested prediction from our recent work on
nucleation'>'* is that the k; values will more generally
reflect low molecularity nucleation and, therefore, tend to
be both more valid and less variable, if not “relatively
constant”, over even very different sized nanoparticles
(and at least in comparison to the anticipated larger
changes in k, as a function of increasing nanoparticle
size).

(8)

Finally, for readers interested in either these specific results
or the use of the FW two-step'® and subsequent four-step®®'*
kinetic models of nucleation, growth, and two types of
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agglomeration, they are referred to the detailed discussions
elsewhere of the strengths, and especially the caveats and
weaknesses, of these disproof-based, deliberately minimalistic,
Ockham’s razor obeying, kinetics models.'* The weaknesses in
general result from the minimalistic, too-simple nature and the
averaged values (e.g, the above-noted average rate constants
and average size of nanoparticles’) that result from the two-,
three-, or four-step kinetics models.

The weaknesses of the two- and four-step models so noted,
the reader is also directed to the growing list of examples™”~*’
demonstrating that the composite, pseudoelementary'*~"
steps of A —> B,and A+ B — 2B (or B+ B — B, and B +
C — 1.5C) contain sums of the underlying, more detailed,
intimate chemical mechanism and truly elementary steps that
one can then tease out in at least simpler and favorable cases
with additional work. Indeed, in one exemplary case a fit to the
pseudoelementary two-step model A — B, and A + B — 2B
allowed the discovery of the identity of the hidden catalyst, B,
and then the underlying catalytic cycle.”” Important to note is
that all other, prior attempts to uncover the catalyst and
associated mechanism had failed, even in the hands of a world-
class mechanistic group at a top university because of the
complexity of the reaction and its autocatalytic component.*”
The discovery of the underlying mechanism required, first, a fit
to the two-step model. This example is significant in a way that
is difficult to overemphasize, namely the mechanistically
powerful application of nonempirical kinetics models to help
dissect complex, multistep reactions into their underlying
elementary-steps by, first, fits to minimalistic mechanisms
composed of pseudoelementary steps.”

An important take-home message, then, is that even just
starting with pseudoelementary steps such as A = B and A + B
— 2B to account for the observed sigmoidal kinetics, those
deliberately simplified but precise, balanced chemical equations
provide the thereby first-available, associated, precisely defined
words and concepts that one can then use to describe reliably
the chemistry properly, mechanistically and physically. Average
rate constants for those well-defined chemical processes also
result, although they are inherently averaged, composite values
that should be interpreted with suitable caution, especially the
k, value when very large nanoparticles are involved.

A final take-home message, one fortified by the discussion in
the SI, is that there can be little doubt that much remains to be
learned about the intervening, underlying, >10’ elementary
steps that one deduces must be involved in the formation of
large, Ag(0), or other, ~100 nm nanoparticles. Only the first-
pass, initial start at kinetically and mechanistically characterizing
these intriguing reactions has been achieved by the superb
HEXRD data gathered in 2016" and its analysis in just two
pseudoelementary steps and two associated, averaged rate
constants—itself a remarkable result.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.jpcc.7b06323.

Derivation of kinetics equations employed for curve
fitting and associated Figures S1, S2, S3, and S4, and
discussion of Figure S2 about the probable composite
nature of the observed two-step (apparent) rate
constants; section S2: fitting the kinetics data to the
bimolecular nucleation plus autocatalytic agglomeration
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mechanism and associated Figure S5; section S3;
estimation of the fraction of surface atoms in a 100 nm
Ag(0), nanoparticle; and section S4: further discussion of
five questions and issues that have arisen in this research,
and associated Figures S6 and S7 (PDF)
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B NOTE ADDED IN PROOF

A paper by G. F. Strouse and co-workers has appeared*’ that
supports the findings of present studies. Specifically, that 2017
paper studies primarily Ni, but also Au, nanoparticle (NP)
formatting under microwave (MW) heating, and includes in its
conclusions the following: (i) “It is demonstrated that the MW
facilitated growth of metal NPs follows the FW autocatalytic
model”; and (ii) “The power-dependent enhancement in the
dispersity for NPs grown in an MW is readily explained within
the FW autocatalytic mechanism without involving MW special
effects”.
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