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Comparison of the structural features and catalytic performance of bimetallic nanocatalysts will help to
develop a unified understanding of structure—reaction relationships. The single-molecule fluorescence
technique was utilized to reveal the differences in catalytic kinetics among PtRu bimetallic nanocatalysts
and Pt and Ru monometallic nanocatalysts at the single particle level. The results show that bimetallic
nanocatalysts have higher apparent rate constants and desorption rate constants relative to monometallic
nanocatalysts, which leads to their higher catalytic activity. At the single particle level, bimetallic nanocata-
lysts have a wider distribution of apparent rate constants, suggesting that bimetallic nanocatalysts have
higher activity heterogeneity relative to monometallic nanocatalysts. By investigating the relationship
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between the reaction rate and the rate of dynamic activity fluctuations, it was found that spontaneous
surface restructuring and reaction-induced surface restructuring of nanoparticles occurred. The surface
of bimetallic nanoparticles restructured faster, which made the bimetallic nanocatalysts more active.
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Introduction

Bimetallic nanocatalysts are an important class of nanocata-
lysts in heterogeneous catalysis and show a variety of function-
alities and outstanding catalytic activity compared to monome-
tallic nanocatalysts."™ Despite extensive efforts in studying the
mechanisms of bimetallic nanocatalysts, the reason for the
better performance of bimetallic nanocatalysts compared with
their corresponding monometallic counterparts remains
unclear.”>® PtRu bimetallic nanocatalysts are an important
class of alloy materials with excellent catalytic properties in
many fields.” ™

However, most of the research on PtRu bimetallic nanocata-
lysts has focused on the ensemble level, where the average
information is obtained from the simultaneous measurement
of a large number of nanocatalysts.’*'® Adjusting the ratio of
the metal elements for bimetallic nanocatalysts is an impor-
tant method for tuning their catalytic activity. These nanocata-
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These findings provide new insights into the design of highly active bimetallic nanocatalysts.

lysts are highly heterogeneous, so the unique properties of
individual nanoparticles are hidden from ensemble-averaged
measurement.'? > Therefore, in order to study the relation-
ship between the activity of PtRu bimetallic nanocatalysts and
composition, it is necessary to study the behavior of individual
nanoparticles in catalysis. In the last decade, the single-mole-
cule fluorescence technique (SMFT), with the ability to study
the catalytic behavior of individual nanocatalysts at the single
particle level, has become an important approach in
catalysis.”* >’ This technique provides new insights into the
catalytic activity and enhances the understanding of
nanocatalysis.>® > SMFT is widely applied in the characteriz-
ation of catalytic processes, such as the difference in behaviour
between AuAg bimetallic nanocatalysts and Ag nanocatalysts
in catalytic processes, and the visualisation of bimetallic
activity enhancement on heteronuclear PdAu nanocatalysts at
the single particle level.**** To the best of our knowledge, the
study of PtRu bimetallic nanocatalysts has not been performed
previously using the SMFT.

In this work, we synthesized PtRu bimetallic nanocatalysts
with three different ratios, and compared them with monome-
tallic Pt and Ru nanocatalysts as five control groups. The
kinetic parameters of the five control groups were obtained by
the SMFT using the hydrogen reduction of resazurin to the
fluorescent product resorufin as a reaction model. By tracking
their catalytic behaviors at the single particle level, we divided
the catalytic process into product formation and desorption
stages. The kinetic parameters of bimetallic and monometallic
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catalysts showed that the catalytic mechanisms all follow com-
petitive adsorption. Moreover, it is demonstrated that bi-
metallic catalysts exhibit better performance compared to
monometallic catalysts at the single particle level. These
results further deepen the understanding of PtRu bimetallic
and monometallic catalysts.

Results and discussion

The PtRu bimetallic nanocatalysts were synthesized by the con-
temporaneous reduction of RuCl; and H,PtCls with NaBH, as
the reducing agent and citric acid as the capping agent.*®> Pt
and Ru monometallic nanocatalysts were synthesized using
the same method with only one metal precursor. Detailed syn-
thesis information is available in the (ESI{). The quantitative
measurement results conducted by inductively coupled
plasma atomic emission spectroscopy (ICP-AES) revealed that
the components are PtssRuz,, Pt;cRu,, and Pt;oRug; for PtRu
bimetallic nanocatalysts, respectively. Typical transition elec-
tron microscopy (TEM) images of PtgsRusz, nanocatalysts are
shown in Fig. 1a, indicating a uniform dispersion. As shown
in Fig. 1b, the statistical analysis based on TEM images of
PtssRuz, nanocatalysts indicates that the nanocatalysts have
uniform diameters of 2.3 + 0.03 nm. Meanwhile, the size dis-
tributions of other nanoparticles are shown in Fig. S1 (ESIT),
which all indicate uniform dispersion with small sizes of less
than 3 nm. In situ ultraviolet-visible absorbance spectroscopy
(Uv-vis) proves that five control groups catalyze the H, (H)
reduction of nonfluorescent resazurin (R) to the highly fluo-
rescent product resorufin (P) at the ensemble level (Fig. S2a-e,
ESIT). The absorption spectrum shows a decrease of resazurin
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Fig. 1 (a) TEM image of PtegRuz4 nanocatalysts and (b) size distribution
of PtesRuzs nanoparticles with an average of about 2.3 + 0.03 nm.
Dependence of (c) 601 nm and (d) 571 nm absorbance on time for nano-
catalysts with different ratios. All of the experiments were carried out in
a saturated H, solution with the same nanoparticle concentration and
resazurin concentration.
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absorption at 601 nm and an increase of resorufin absorption
at 571 nm over time, indicating the persistence of the
reduction reaction. The evolution of the absorbance of the five
control groups at 601 nm and 571 nm over time is shown in
Fig. 1c and d. Moreover, unchanged absorbance can be
observed from the UV-vis tests performed in the absence of
either H, or nanoparticles, demonstrating a reaction process
with reductive H, catalyzed by metallic nanoparticles (Fig. S2f-
k, ESIT). Therefore, this shows that the apparent reaction rate
is as follows: PtggRuz, > Pt;eRu,, > PtzoRug; > Pt > Ru. The
results demonstrate that the catalytic efficiencies of bimetallic
nanocatalysts vary with different ratios, but they are all higher
than those of monometallic catalysts.

Single particle experiments were conducted with a home-
made flow cell (Fig. 2a). Briefly, nanocatalysts were immobi-
lized sparsely on the surface of quartz coverslips. A H,-satu-
rated solution was delivered with a syringe pump with varying
resazurin concentrations (ranging from 1 to 10 nM) into micro-
fluidic channels, where the reactions occur. The resorufin
product was generated on the surface of nanoparticles under
excitation with a 532 nm laser, and the fluorescence signal was
captured using a total internal reflection fluorescence micro-
scope (TIRFM) equipped with an electron-multiplying charge-
coupled device camera. The camera was operated at 100 ms
per frame to record movies, in which stochastic fluorescence
bursts at numerous localized spots on the glass surface were
shown with each point emitting fluorescence repeatedly. Each
fluorescence burst was attributed to a single reaction in which
a nanoparticle catalyzed the conversion of resazurin into the
fluorescent product resorufin. The dissociated product mole-
cules in the solution cannot be detected at our image speed
due to their rapid diffusion.®® The movies were processed
using a home-written Interactive Data Language program to
obtain fluorescence burst trajectories at each location (as
shown in Fig. 2b). These fluorescence trajectories revealed sto-
chastic switching signals, with individual nanoparticle turn-
over trajectories characterized by two waiting times: 7. and
Ton- Toff 1S the waiting time before each product formation and
7on 1S that for product desorption after its formation. The
kinetic mechanism of catalytic product formation and product
desorption reactions could be probed separately by resolving
them. The values of 7.¢ and 7., are stochastic, but they have
statistical regularities, such as averages and distributions,
which can be effectively integrated with the reaction kinetics.
In a statistical sense, (7o) - and (zon) ' (“( )" represents the
average value) represent the average reaction rate of the
product formation and product desorption, respectively.

Through separately averaging turnover trajectories of nano-
catalysts such as PtggRuss, Pt;sRUs4, Pt3oRU6q, Pt and Ru, the
dependency of reaction rates on the resazurin concentration
for the five types of nanocatalysts can be obtained (Fig. 2c and
d). It can be clearly concluded that the product formation rate
(Toge)™" initially increases with the increase in resazurin con-
centration and then declines at higher resazurin concen-
trations after reaching a maximum value. The variation in
(Toge) ™" is attributed to the competitive adsorption reaction of
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Fig. 2 (a) The experimental setup of fluorescent catalytic reactions based on TIRFM. (b) A segment of the fluorescence turnover trajectory of a

PtggRus4 nanocatalyst in saturated H, of 10 nM resazurin. (c) and (d) represent the tendency of the dependence of resazurin concentration on
product formation rates and product desorption rates. Each data point is averaged over the turnover trajectories of more than 80 nanoparticles
(NPs). (e) Kinetic mechanism of the reduction reaction. The meaning of each symbol is described in detail in the ESI.}

the reactants: resazurin and H, co-adsorb onto the nano-
particle surface simultaneously.”” When the concentration of
the substrate is very high, the other reactant will be unable to
adsorb onto the nanocatalysts, leading to a decline after reach-
ing maximum reaction rates. It is interesting that the desorp-
tion rates of the products from the control groups are indepen-
dent of the resazurin concentration. It can be concluded that
there are two pathways for desorption: the substrate-assisted
desorption pathway and the direct product desorption
pathway. When the resazurin concentration is low, the product
directly desorbs. As the resazurin concentration increases, the
product desorbs with the assistance of the substrate.

Based on these facts and the Langmuir-Hinshelwood
mechanism, we proposed the reaction mechanism based on a
bimolecular reaction model as shown in Fig. 2e. Herein,
during the reaction process, the substrate and product main-
tain a rapid adsorption/desorption equilibrium on the surface
of the nanoparticle. The dissociation process is of two types:
substrate-assisted dissociation (reactions (II) and (III)) and
direct desorption (reaction (IV)) of the products. Based on this
mechanism, single particle kinetic analysis was performed.
Single particle rate equations and some kinetic parameters

5186 | Analyst, 2024, 149, 5184-5190

were obtained. The mathematical expressions for (7o) ' and
(Ton) " are given by eqn (1) and (2), respectively (the detailed
process is provided in the ESIT).*®

Vet [H]ar[R]

(Toff) ~ = (1+ ay[H] +aR[R])2 (1)
-1 _ YZG[R] + ]
(ton) = 1+GR Y

where y.¢ represents the effective catalytic rate constant of a
single nanoparticle, and ay and ag are the adsorption equili-
brium constants of H, and resazurin, respectively. [H] and [R]
are the concentrations of H, and resazurin, respectively. y, and
73 are the rate constants of the two desorption processes of the
product, y; and y_; represent the reaction rate constant of
reversible reaction (II), and G(=y4[H]/(y—; + 72)) is a parameter
related to y,, y_; and y,.293°

As predicted by eqn (1), the forward reaction rates (7o) " of
the five control groups exhibit an initial increase followed by a
decrease with an increase in resazurin concentration, as
shown in Fig. 2c. However, the five control groups show differ-
ences in reaction rates, with the catalytic rate PtssRuz, >

This journal is © The Royal Society of Chemistry 2024
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Pt;cRu,, > Pt3oRug; > Pt > Ru at any concentration, which is
consistent with the UV-vis data. Eqn (1) and (2) are used to fit
the experimental data, and the kinetic parameters for product
generation and dissociation are obtained. The parameters of
the data curves fitted with equations are listed in Table 1. The
results indicate that bimetallic catalysts exhibit higher rate and
adsorption constants, which demonstrates that they have
stronger substrate adsorption ability and higher activity. The
desorption rate of the product ({zon) '), as shown in Fig. 2d, is
independent of the substrate concentration. However, nanoca-
talysts of different metal element ratios show varying desorp-
tion rates, which are consistent with the trend obtained from
(zor) . Based on the properties of the function in eqn (2), it
can be inferred that if y; > 0, then y, can be obtained from
eqn (2). If y; =~ 0, then y, = y; can be derived from eqn (2),
resulting in y, for the five control groups. Although it cannot
be confirmed which of these two assumptions is correct, y,
could still be obtained, as listed in Table 1. Based on these
facts, bimetallic catalysts exhibit stronger catalytic activity com-
pared to monometallic catalysts. Additionally, the catalytic
activities of bimetallic catalysts vary with different ratios of
metal elements. The catalytic efficiency of catalysts could be
changed by adjusting the ratios of metal elements.

Furthermore, static activity was also evaluated, which rep-
resents the static heterogeneity of rates among individual
nanoparticles. The probability density function of the off-time
is used to evaluate the static activity of the product generation,
with the following equation (see the ESI}):

Sott(7) = Yapp€XP(—7app?) (3)

where ypp, is the apparent rate constant for the formation of a
product on the surface of a nanoparticle. The typical distri-
bution of 7,4 from a fluorescence turnover trajectory of a
single PtgsRus, nanoparticle is shown in Fig. 3a. The decay
constant of the distribution is the apparent rate constant (yapp)
shown in eqn (3). By analyzing the z.¢ distribution of multiple
turnover trajectories of PtgsRus,, the values of many y,p, were
obtained. Then, the Gaussian distribution was used to calcu-
late the distribution of y,p,, and the center value obtained by
Gaussian fitting represented the y,p, value of PtgRug,
(Fig. 3b). In the same manner, we obtained the y,, values of
the four control groups, see Fig. S3 (ESIt). The center values of
the Gaussian distribution also exhibit a similar trend to the
reaction rates (Fig. 3c orange solid line). Moreover, the y,, dis-

Table 1 Kinetic parameters obtained from the fittings of eqn (1) and (2) ¢
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Fig. 3 (a) Distributions of 7. from a single trajectory of a PtegRuzg
nanoparticle at 10 nM resazurin; the solid line is a single exponential fit
with the decay constant y,p, = 0.13 + 0.012 s, (b) Distribution of y,pp of
PtesRusz4 nanocatalysts at 10 nM resazurin; the solid line is the Gaussian
fit. (c) Dependences of y,,, (orange)and y, (blue) on the percentage of
Pt. (d) Distributions of 7., from over 100 trajectories of PtggRusz4 nanoca-
talysts at 10 nM resazurin; the solid line is a single exponential fit. All
experiments are conducted in a Hj-saturated solution of 10 nM
resazurin.

tributions of the five control groups are broad, indicating sig-
nificant activity heterogeneity among individual nanoparticles.
We further quantify the heterogeneity of activity using the full-
width at half-maximum (FWHM), as shown in Table 2. The
results indicate that the heterogeneity of activity does not
show a correlation with the reaction rate, but it is evident that
the FWHM of bimetallic nanocatalysts is much larger than
that of monometallic nanocatalysts. Therefore, at the single
particle level, it could be concluded that individual bimetallic
nanoparticles with different ratios of metal elements exhibit
different catalytic activities.*>

For the product desorption process, when the substrate
resazurin concentration is high enough, the probability
density function can be simplified as follows (see the ESI):

Son(7) = raexp(=727) (4)

It is a single exponential function with the product desorption
rate constant y, acting as the decay constant. We employed our

Table 2 Fitting results for static and dynamic heterogeneities of
nanoparticles®

Yetf (5_1) an (l’l’lM_1) aR (nM_1) 72 (S_l) Xe (Sil) FWHM 72 (Sil) Tﬂu off (S) Tﬂu on (S)
PtseRUs, 0.58 + 0.03 0.89 + 0.08 0.64 + 0.03 2.70+0.10 PtgRus, 0.137  0.065 +£0.004 3.09+0.18 33 +2 36 +2
Pt,Ru,, 0.52 + 0.03 0.65 + 0.04 0.45 + 0.01 2.50+0.09 Pt,Ru,, 0.096  0.073 £0.007 2.48=020 45+4 485
Pt3oRUg; 0.44 + 0.04 0.56 % 0.04 0.46 + 0.01 2.35+0.07 PtyoRus; 0.082  0.072 £0.005 2.39+0.14 64+8 60 + 8
Pt 0.40 + 0.01 0.20 £ 0.01 0.38 +0.03 2.26+0.04 Pt 0.056 0.036 + 0.004 2.08 +£0.11 97 £16 94 +15
Ru 0.30 + 0.03 0.33 +£0.01 0.35+0.01 1.99+£0.03 Ru 0.036 0.028 +0.005 1.75+0.11 136+31 128 +28

“The values of the kinetic parameters are the average of many nano-
particles (>100). y, is obtained by fitting eqn (2).***!

This journal is © The Royal Society of Chemistry 2024

%y, is obtained by fitting the probability density function using eqn
(4).40,41
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previous method to calculate z,, for multiple turnover trajec-
tories, yielding the fitted parameter y, (Fig. 3d and S4, ESIf).
Moreover, the y, in Fig. 3c for the blue solid line exhibits a
trend similar to y,pp. Therefore, the relationship between
metal ratios and reaction rates for the five control groups at
the single particle level is demonstrated, which enhances the
understanding of bimetallic catalysts. The y, values (in
Table 2) exhibit the same trend as the data shown in Table 1
obtained from the concentration-titration fitting. Therefore,
this proves that the previous assumption is reasonable.

There are differences in static catalytic activities among
nanocatalysts, so it is necessary to study the variability of
activity in an individual nanoparticle over time, i.e., the fluctu-
ations of reaction rates. The variation in reaction rates over
time for an individual nanoparticle is referred to as dynamic
disorder in chemical kinetics.*® This fluctuation timescale,
which corresponds to the timescale of underlying surface
restructuring dynamics, can be measured using autocorrela-
tion analysis of single-turnover waiting times, 7o and 7oq.***>
At high substrate concentrations, the reaction rate limitations
for the off-time and on-time are denoted by y.¢ and y,, respect-
ively. We use covariance to describe the dynamic variation of
activity over time for a nanoparticle. The mathematical
expression is as follows:**™*8

nZTzTHm_ Zn:Tz
o) = ¢ )_ acoasm)

Ef)

i

where 7 is an index number for a total of n + m turnovers in a
trajectory; ¢; is the experimentally determined on-time (or off-
time); and m is the separation between the pairs of on-times
(or off-times). In fact, C(m) is the autocorrelation function of
the on-times or off-times (the second term of eqn (5)). In the
absence of dynamic disorder, C(0) = 1 and C(m) = 0 (m > 0). In
the presence of dynamic disorder, C(m) is a decay function.
The insets in Fig. 4a and b depict the autocorrelation func-
tions of the off-time and on-time of PtgsRus, nanocatalysts,
respectively, both exhibiting exponential decay, indicating
dynamic activity fluctuations during product formation and
desorption processes. The autocorrelation functions of the
other four control groups are plotted in the insets of Fig. S5
and S6 (ESI{), and their exponential decay functions similarly
indicate dynamic activity fluctuations. The decay constants of
PtesRu3z, nanocatalysts are mqg = 1.50 £ 0.32 and mg, = 1.91 +
0.27, respectively. The average turnover time of the trajectory is
denoted as 17.2 s. Therefore, we convert the turnover exponent
m of the reaction process into the turnover reaction time,
fitted as Fig. 4a and b, respectively. The fitted fluctuation cor-
relation times 7,¢ and 7., of the reactions are 26 + 3 s and 33 +
2 s, respectively. The fitted curves of the autocorrelation func-
tions of the off-time and the on-time for the other four control
groups are shown in Fig. S5 and S6 (ESIT). These two fluctu-
ation times represent the timescales of fluctuations in y.¢ and
72, which are rate-limiting in the 7,4 and 7., reactions at high
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Fig. 4 Autocorrelation function Cry (t) (a) and Czop, (t) (b) of the reac-
tion time 7z from turnover trajectories of PtegRuz4 nanocatalysts. Inset:
autocorrelation function of the 7.4 (a) and ., (b) from the turnover tra-
jectory of a single PtggRus4 nanoparticle; the solid line is a single expo-
nential fit. Autocorrelation function Cro (t) (@) and Czg, (t) (b) of the
reaction time z from turnover trajectories of PtggRus4 nanocatalysts. The
x-axis was converted from the turnover index m to real time using the
average turnover time of each nanoparticle. The solid line is a single
exponential fit. Dependence of the activity fluctuation rates of (c) 7o
and (d) 7o, on the reaction rates. All experiments are conducted in a H,-
saturated solution of 10 nM resazurin.

resazurin concentrations. The dynamic activity fluctuation was
attributed to the dynamic surface restructuring on the individ-
ual nanoparticle surface. During catalysis, changes in adsor-
bate-surface interactions can induce dynamic surface restruc-
turing, with kinetic disturbances due to the different activities
of different surface structures.*>>® For the nanocatalysts here,
dynamic surface restructuring can cause dynamic activity fluc-
tuation by changing the rate constants (yeg Or y,) at each cata-
Iytic site. So, the rate of dynamic activity fluctuation (reciprocal
of fluctuation correlation times) should increase with the reac-
tion rate (rate of turnover). To support this attribution, we
need to determine the dependence of the dynamic activity
fluctuation rate on the reaction rate. We counted the decay
constants of a large amount of PtgsRus, nanoparticles to
obtain the average fluctuation correlation times Tqy o (and
Tau,otf), listed in Table 2. The average fluctuation correlation
time of the other four control groups is also listed in Table 2.
The relationship between the reaction rates and the activity
fluctuation rates is illustrated in Fig. 4c and d. We found a
positive correlation between the reaction rates and the activity
fluctuation of an individual nanoparticle, suggesting that reac-
tions indeed induce surface restructuring of nanocatalysts.
Extrapolating activity fluctuation rates to zero, the intercepts
provide approximate rates of spontaneous surface restructur-
ing during the 7o¢ and 7., processes of nanocatalysts.>*>' The
timescales of spontaneous surface restructuring (>200 s) are
longer than that of the catalysis-induced surface restructuring
process, indicating that surface restructuring of nanocatalysts

This journal is © The Royal Society of Chemistry 2024
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is predominantly induced under catalytic conditions. In
addition, the slope of bimetallic nanocatalysts is higher than
that of monometallic nanocatalysts, showing a greater rate of
fluctuation in the dynamic activity of bimetallic nanocatalysts
and higher activity.

Based on the above data obtained from the single-molecule
fluorescence technique, the PtRu bimetallic catalysts exhibit
enhanced catalytic performance compared to the monometal-
lic Pt or Ru samples. The reason for this is inferred to be the
accelerated catalytic kinetics arising from the regulated elec-
tron structure of active sites or the synergistic effect of diverse
active sites. On the one hand, the electron structure of active
sites can be tuned by the formation of alloys, which facilitates
the sorption of reactive species and thus improves the catalytic
kinetics.>> On the other hand, considering the presence of
adjacent Pt and Ru sites, the synergistic effect, which is
adsorbing different reactants on diverse active sites, may also
be the reason for the enhanced activity of PtRu bimetallic
catalysts.*’

Conclusions

From a single particle perspective, we investigated the catalytic
behaviors of bimetallic and monometallic catalysts. By study-
ing the relationship between catalytic reaction rates and sub-
strate concentrations, the reaction mechanisms of the five
control groups all followed a competitive adsorption
Langmuir-Hinshelwood model. By analyzing turnover trajec-
tories during product formation, we discovered that bimetallic
nanoparticles exhibit greater activity heterogeneity compared
to monometallic nanoparticles. Autocorrelation analysis indi-
cates dynamic fluctuations in activity during both product
generation and desorption processes, with the rate of these
fluctuations positively correlated with reaction rates. The high
catalytic activity of the bimetallic catalyst is attributed to its
high dynamic activity fluctuation rate. This work deepens
understanding of the differences between bimetallic and
monometallic catalysts and provides a good reference at the
nanoscale for the design of metallic catalysts.
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