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Atomically precise metal clusters have attracted increasing interest
owing to their unique size-dependent properties; however, little has
been known about the effect of size on the catalytic properties of
metal clusters at the single-cluster level. Here, by real-time monitoring
with single-molecule fluorescence microscopy the size-dependent cat-
alytic process of individual Au clusters at single-turnover resolution,
we study the size-dependent catalytic behaviors of gold (Au) clusters
at the single-cluster level, and then observe the strong size effect on
the catalytic properties of individual Au clusters, in both catalytic
product formation and dissociation processes. Surprisingly, indicated
by both experiments and density functional theory (DFT) calculations,
due to such a unique size effect, besides observing the different
product dissociation behaviors on different-sized Au clusters, we also
observe that small Au clusters [i.e., Au;5(MPA),3; here, MPA denotes
3-mercaptopropionic acid] catalyze the product formation through a
competitive Langmuir-Hinshelwood mechanism, while those rel-
atively larger Au clusters [e.g., Au1g(MPA)14 and Au,s(MPA)5] or
nanoparticles catalyze the same process through a noncompetitive
Langmuir-Hinshelwood mechanism. Such a size effect on the nano-
catalysis could be attributed intrinsically to the size-dependent elec-
tronic structure of Au clusters. Further analysis of dynamic activity
fluctuation of Au clusters reveals more different catalytic properties
between Au clusters and traditional Au nanoparticles due to their
different size-dependent structures.

single-molecule nanocatalysis | gold clusters | single-molecule fluorescence
microscopy | size dependence | quantum effect

Due to the limited resources of gold (Au) on earth, we need
to minimize the usage of Au by extracting its highest pos-
sible catalytic activity on the Au atom basis (1-4). To achieve
this, significant work has been done to examine size-dependent
catalysis of Au nanoparticles (5-7). Compared with traditional
ensemble methods, the single-molecule, single-particle method
can give deeper insight by removing ensemble averaging, thus
uncovering heterogeneous and dynamic behaviors of individual
nanoparticles that are often hidden in ensemble-averaged mea-
surements (8-13). For this reason, in recent years, the method of
single-molecule nanocatalysis based on single-molecule fluores-
cence microscopy has been used extensively to investigate the
size-dependent catalytic kinetics and dynamic behaviors of single
metal nanoparticles (e.g., platinum, palladium, and gold) at the
single-molecule, single-particle level (6, 14-17). Atomically pre-
cise Au clusters with well-defined size and structure could perfectly
match with the single-molecule fluorescence microscopy technique
to uncover several challenging fundamental issues in Au nano-
catalysts. In particular, ultrasmall Au clusters often feature unique
size effects (18) due to their size-dependent electronic structures
(19, 20) and work functions (21), etc. The catalytic properties of
Au clusters are highly dependent on (and sensitive to) their sizes
due to the size-sensitive electronic structures (such as charge
density profile), which are distinctly different from their larger
counterparts, traditional Au nanoparticles with a large numbers of
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Au atoms. However, little is known about the size effect on cata-
lytic properties of Au clusters at the single-molecule, single-particle
level, although the synthesis of such atomically precise Au clus-
ters with different sizes has been well developed in the cluster
community (5, 22-24).

To study the size effect on catalytic properties of Au clusters with
precise number of atoms (at atomic precision), here we chose
three different sized thiolate-stabilized Au clusters—Au,;5(MPA);3,
Aujg(MPA)4, and Auys(MPA);g—as model catalysts (MPA de-
notes 3-mercaptopropionic acid). A gold-catalyzed fluorogenic re-
action (i.e., reduction of nonfluorescent resazurin to fluorescent
resorufin) was chosen as a probe to study the catalytic kinetics and
dynamics of individual Au clusters of different sizes, leveraging on
the powerful single-molecule fluorescence microscopy. Strong size-
dependent catalytic behaviors of Au clusters were observed in both
catalytic product formation and dissociation processes. The size-
dependent catalytic activities and mechanisms could be attributed
to the size-dependent adsorption behaviors of the substrate and
product molecules on Au clusters, which are induced by the size-
dependent electronic structures of Au clusters.

Results and Discussion

Catalytic Kinetics of Individual Clusters in Different Sizes. Water-
soluble Au clusters protected by MPA with different sizes [e.g.,
Au15(MPA)13, Au18(MPA)14, and Au25(MPA)13] were synthe-
sized according to a reported protocol (25). UV-Vis absorption
and electrospray ionization (ESI) mass spectra (Fig. 14 and SI

Significance

Here, by real-time monitoring with single-molecule fluores-
cence microscopy the size-dependent catalytic process of indi-
vidual Au clusters at single-turnover resolution, we study the
size-dependent catalytic behaviors of gold (Au) clusters at the
single-cluster level, and then observe the strong unique size
effect on the catalytic properties of individual Au clusters, in
both catalytic product formation and dissociation processes.
Such a unique size effect on the nanocatalysis could be at-
tributed intrinsically to the size-dependent electronic structure
of Au clusters, leading to a more comprehensive understanding
of the catalytic mechanism of Au particles.

Author contributions: W.X. designed research; Y.Z. and X.L. performed research; Tiankai
Chen, ZW., Y.W.,, J.X,, and W.X. contributed new reagents/analytic tools; Y.Z., P.S., X.L.,
and Tao Chen analyzed data; and Y.Z., P.S., J.X,, and W.X. wrote the paper.

The authors declare no conflict of interest.
This article is a PNAS Direct Submission.
Published under the PNAS license.

Y.Z. and P.S. contributed equally to this work.

2To whom correspondence may be addressed. Email: chexiej@nus.edu.sg or weilinxu@
ciac.ac.cn.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1805711115/-/DCSupplemental.

Published online October 1, 2018.

www.pnas.org/cgi/doi/10.1073/pnas.1805711115


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1805711115/-/DCSupplemental
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1805711115&domain=pdf
http://www.pnas.org/site/aboutpnas/licenses.xhtml
mailto:chexiej@nus.edu.sg
mailto:weilinxu@ciac.ac.cn
mailto:weilinxu@ciac.ac.cn
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1805711115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1805711115/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1805711115

L T

/

1\

BN AS  DNAS P

Appendix, Fig. S1) confirmed the successful synthesis of Aus
(MPA)]3, Au18(MPA)14, and Au25(MPA)18 with hlgh purity
(hereafter denoted as Auys, Auyg, and Auys clusters, respec-
tively). TEM images (Fig. 1B) further support the ultrasmall size
of Au clusters used in this study. Similar to the traditional Au
nanoparticles (6, 14), the as-prepared Au clusters can effectively
catalyze the reduction of nonfluorescent resazurin to fluorescent
resorufin by the reductant hydroxylamine (NH,OH), as shown in
Fig. 1C (14). Control experiments further indicate that only the
gold atoms rather than the ligand MPA are the active compo-
nents for the catalysis. The remarkable stability of ligand MPA
on Au clusters or the Au clusters on slide during the catalysis was
also confirmed by the X-ray photoelectron spectroscopy (XPS)
and size analysis before and after the long-term (6 h) ensemble
catalytic process (SI Appendix, Fig. S2).

In a typical single-molecule experiment setup (Fig. 24 and SI
Appendix, Scheme S1), the as-prepared Au clusters were first
dispersed sparsely (SI Appendix, Fig. S3) on a quartz slide sur-
face, followed by an overnight flowthrough of pure water to
remove any extra MPA from the cluster surface before flow in
the reactant solution. By detecting the fluorescence of individual
resorufin molecule formed locally on the surface of individual
Au clusters (SI Appendix, Fig. S4), we can monitor the catalytic
behaviors of individual Au clusters at single-turnover resolu-
tion under ambient reaction conditions. Fig. 2B shows a typical
fluorescence trajectory during the catalytic reaction, reflecting
the product formation process (zo¢) and dissociation process
(ton) On an individual Au cluster. The digital nature of the sto-
chastic off-on fluorescence bursts and the consistent height of
the on level are characteristics of single-molecule fluorescence
detection. 7. is the time before each burst, and it is the time for
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Fig. 1. Characterization of Au clusters. (A) UV-Vis absorption spectra and
ESI-MS spectra (black lines in Insets) of the as-synthesized Au,s (Left), Aug
(Middle), and Au,s (Right) clusters; the red arrows indicate characteristic
absorption peaks of the corresponding Au nanoclusters. The red lines in the
Insets are the simulated isotope patterns of [Au;5(MPA);3 — 5 H + NaJ]*",
[Ausg(MPA);, — 9 H + 5 Na]*~, and [Au,5(MPA),5 — 7 H + Na]>~. (B) Typical
TEM image of Auys clusters. (Inset) Typical high-angle annular dark-field
imaging-TEM image of one Auys cluster. (C) Fluorescence spectra of resa-
zurin reduction by NH,OH catalyzed by Auss clusters (lex = 532 nm; [resa-
zurin] = 10 uM; [NH,OH] = 20 mM). The arrow indicates fluorescence
increase of the product with time.
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Fig. 2. Single-turnover detection of single Au cluster catalysis. (A) Experi-
mental design using total internal reflection fluorescence microscopy for
single-molecule, single-particle measurement. (B) A typical fluorescence
turnover trajectory of a single Auys cluster with 100-ms imaging rate. a.u.,
arbitrary units.

the formation of each fluorescent product on an individual Au
cluster. 7., is the time required for the dissociation of each
fluorescent product from the Au cluster surface after its for-
mation. Each off-on cycle corresponds to a single turnover of
catalytic process. According to a reported study (14), (z¢) " and
(Ton) ! are the time-averaged product formation rate and dis-
sociation rate of a single particle, respectively (() denotes aver-
aging) (26, 27). Therefore, the fluorescence turnover trajectories,
such as the one shown in Fig. 2B, would allow us to study the
catalytic kinetics and dynamics of an individual Au cluster. It
should be noted that, under the laser intensity and the flow rate
of solution used in the present study (14, 28), photobleaching or
blinking of the fluorescent product resorufin is insignificant,
compared with its short residence time on a particle. A contin-
uous observation of such digital signals from individual clusters
in a long-time window (>5 h) indicates a strong binding of in-
dividual clusters on slide. Further control experiments indicate
that the strong binding or interaction between the slide and
clusters only leads to negligible effect on the catalytic activity of
clusters (SI Appendix).

To study the size-dependent catalysis of an individual Au
cluster, by simply fixing the concentration of reductant NH,OH
(denoted as A), we obtained the average product formation rates
and dissociation rates at different resazurin (denoted as B)
concentrations. Interestingly, as shown in Fig. 34, the product
formation rates on both Aug and Au,s clusters show saturated
behavior with the concentration increase of resazurin, indicating
a noncompetitive Langmuir—Hinshelwood mechanism (Fig. 3B,
Top). This mechanism is described quantitatively by the follow-
ing equations (6, 14, 29, 30):

Product formation rate:

-1 _ Yetr@B[SB]
(rot) = 1+ az[Sa] (1]

and the product dissociation rate:

-1_ k2G1 [SB} + k3

- 1+G1 [SB} ’ 2]

(Ton)

where [Sg] is the resazurin concentration; y.¢ is the rate constant
representing the intrinsic reactivity per cluster for the catalytic
conversion reaction; ag is the adsorption equilibrium constant of
resazurin; k, and k3 are the rate constants for the indirect and
direct dissociation of the product, respectively; Gy = kq/(k_1 + k»).

With the size decrease of Au clusters, unexpectedly, the product
formation rate on Au clusters with only 15 Au atoms (Au;s) first
increases with the substrate concentration (Fig. 3C), and then
decreases after a maximum point. Similar behavior was also ob-
served from the dependence of product formation rate on the
reductant (NH,OH) concentration as shown in SI Appendix, Fig.
S5. As the decrease of product formation rate at high reactant
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Fig. 3. Kinetic study of different-sized Au clusters. (A and C) Resazurin
concentration titrations of <zos>"" on Auas (A), Ausg (A), and Au,s (C) with
20 mM NH,OH. Each data point is averaged over the turnover trajectories
of >50 clusters, with SEM as the error bar. The solid lines are fittings with Eqgs.
1 (A) and 3 (C), respectively, with parameters summarized in S/ Appendix,
Table S1. (B, Top) Noncompetitive Langmuir—Hinshelwood mechanism of
catalysis on a single nanoparticle. (B, Bottom) Competitive Langmuir—
Hinshelwood mechanism of catalysis on a single nanoparticle. [A], the
substrate NH,OH concentration; [B], the substrate resazurin concentration;
Au, Au nanoparticle; P, the product resorufin; Q, the product from NH,OH.
Yeff represents the combined reactivity of all surface catalytic sites of a
nanoparticle. kq, k_;, k3, and ks are the rate constants at each steps. @ is the
fraction of catalytic sites that are occupied by substrates. (D) Resazurin
concentration dependence of <zon>"" of Auss, Ausg, and Au,s. The solid
lines are the fittings with constants. Inset is the size dependence of ks.

concentration is not due to the gradual deactivation of Au
clusters during the catalysis (SI Appendix, Fig. S6), all of these
results suggest unambiguously a two-site competitive Langmuir—
Hinshelwood mechanism (Fig. 3B, Bottom) between the two
reactants, as described quantitatively by the following equations
(29, 30):

Product formation rate:

Yetr@a0B[Sa][SB]

-1
Toff) = , [31
(ror) (1+a[Sa] +as[Ss))’
and the product dissociation rate:
_1 kG[Sp]+k
1_R2G|5B|+k3
<Ton> = 1+G[SB} ) [4]

where [Sa] is the NH,OH concentration; as and ag is the ad-
sorption equilibrium constant of NH,OH and resazurin, respec-
tively; G = [Salki/(k—1 + ko).

However, the obtained dissociation rate on clusters is in-
dependent of the substrate concentration (Fig. 3D), which is
different from the observed substrate concentration-dependent
product dissociation behavior on traditional Au nanoparticles
(6). Such independence of substrate concentration observed
here on Au clusters could be for the following two reasons (14):
(i) k2 = k3; and (i) ky = 0. Due to the limited surface atoms or
active sites on individual Au cluster for the substrate and/or
product adsorption, after the adsorption of substrate molecules
on the surface of an individual Au cluster reaches an equilib-
rium state, the binding of more substrate molecules would be
hindered because of the steric hindrance effect without the
release of substrate or product molecules, which means k; =
0 or the product molecules formed on the Au cluster surface
could only be dissociated directly without the effect of substrate
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molecules. Taken together, the right side of Egs. 2 and 4 can be
simplified as k3, which is the rate constant of direct dissociation
of the product.

By fitting the experimental data of the product formation rates
and dissociation rates using the above equations and k; = 0 (Fig.
3 A, C, and D), the corresponding kinetic parameters for the
product formation process (v, @a, and ap) and dissociation
process (k3) on different-sized Au clusters were obtained, and
these data are included in SI Appendix, Table S1. Interestingly,
these parameters clearly suggest a strong size-dependent re-
lationship. In particular, y.¢ increases with the size decrease of
Au clusters, which is consistent with an ensemble-level obser-
vation on the reported polyvinyl pyrrolidone-stabilized Au clus-
ters (31); however, this result is contrary to a previous
observation on individual Au nanoparticle (6). In addition, both
the adsorption equilibrium constant (ag) of the dye molecules
and the direct product dissociation rate constant (ks; Fig. 3D,
Inset) decrease with the size increase of Au clusters, which is also
contrary to a previous observation on Au nanoparticles (6). The
decrease trend with the size increase indicates a strong adsorp-
tion of reactant resazurin and a weak adsorption of product
resorufin molecules on small Au clusters.

To provide more insights on the size-dependent catalytic ac-
tivity of Au clusters, the diameters (d in nanometers) of ligand-
protected Au clusters (with size smaller than 2 nm) were calcu-
lated according to a reported equation: n = 59 atoms/nm” x 4/3 x
1 % (d/2)° nm”® (32), where N is the number of metal atoms per
cluster (SI Appendix). As shown in SI Appendix, Table S1, the
effective product formation rate constant per cluster (yes) in-
creases with the size decrease of Au clusters, which is contrary to
the observation from Au nanoparticles (6). In addition, the in-
trinsic cata%ytic activity per surface area or active site [ye/S, S =
4 x (df2)", the surface area of a single cluster; SI Appendix,
Table S1] also increases with the size decrease of Au clusters,
which agrees well with the observation from Au nanoparticles
(6). For the Au clusters used in this study, the higher catalytic
reactivity of smaller clusters is accompanied with a stronger
substrate adsorption to (larger ag) and a faster product de-
sorption from (larger k3) the catalytic sites of Au clusters (33).
However, the apparently different size dependence of y.¢ be-
tween Au clusters and nanoparticles is probably for the following
reason: yeg & nr(yesS), where nr is the total number of active
sites on a Au cluster or nanoparticle surface. For a nanoparticle
with large number of surface atoms, the 2- to 3-nm decrease of
size only leads to a small increase of y.¢/S but results in a sig-
nificant decrease of the number of surface active sites (nr);
therefore, the result is the decrease of yegr Or nr+(yess/S) with the
size decrease of nanoparticles. While for the Au clusters with
size <2 nm (SI Appendix, Table S1), the value of y./S is very
sensitive to the size (d) of clusters. For example, with a tiny
decrease of size, such as from Aug to Auys, the value of ye/S
remarkably increases, while the value of ny only decreases
slightly, therefore leading to the increase of y.gr OF nr(yere/S) With
the size decrease of clusters.

The above results show that the catalytic properties of clusters vary
with size apparently. Further control experiments based on another
type of Au clusters [Au,s(MHA),g; MHA, 6-mercaptohexanoic acid,;
SI Appendix, Fig. S7 and Table S1] indicate that the observed
difference of catalytic properties among clusters is not due to the
ligand effect, instead, according to previous work (18, 19), such a
difference could be attributed to the unique size or quantum
electronic effect on the catalysis of Au clusters. However, the
observed difference between small Au clusters and large nano-
particles could be attributed in part to their structural difference
due to the fact that the atomic arrangements of small Au clusters
are different from those of large nanoparticles.

Density Functional Theory Calculation for Cluster Size-Dependent
Adsorption of Substrate and Product. Furthermore, to figure out
why Au clusters with different sizes could catalyze the product
formation process in different pathways, or why the reductant
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NH,OH could affect the adsorption of resazurin on the surface
sites of small clusters, we carried out density functional theory
(DFT) (SI Appendix) calculation to understand the adsorption of
reactants and products on different-sized Au clusters. The data
summarized in SI Appendix, Table S2 (first column), suggest that
the intrinsic binding affinity of reactant resazurin is stronger on
smaller-sized Au clusters. Such predicted size-dependent absorp-
tion of the reactant resazurin on Au clusters is consistent with
the size-dependent adsorption equilibrium constant of the reac-
tant (ag) obtained experimentally from the single-molecule nano-
catalysis, as shown in SI Appendix, Table S1. To further un-
derstand why the product formation on relatively larger clusters of
Auyg and Au,s follows a noncompetitive Langmuir—Hinshelwood
mechanism (Fig. 34), while the catalysis of product formation on
small Auys clusters follows a competitive Langmuir—Hinshelwood
mechanism, we studied the effect of reductant NH,OH on the
adsorption of reactant resazurin (SI Appendix). Surprisingly, the
results (SI Appendix, Table S2) indicate that the presence of
NH,OH can weaken the adsorption of resazurin on small Auys
clusters, confirming the observed competitive mechanism on Auys
cluster (Fig. 3C). In contrast, NH,OH shows negligible effect on
the adsorption of resazurin on Au;g and Auys clusters, confirming
the observed noncompetitive mechanism (Fig. 34). The distinct
difference of the catalytic mechanism between Auys and Aug
clusters is probably due to the huge difference between their
surface structures. As for the adsorption energy of product resorufin
on Au clusters with different numbers of NH,OH molecules
around, interestingly, as shown in SI Appendix, Table S2, the ad-
sorption energy of product decreases with the size decrease of Au
clusters, which is consistent with the size-dependent k3 shown in
SI Appendix, Table S1. Such consistence indicates that the direct
dissociation step of product resorufin can be affected by the re-
ductant rather than the substrate resazurin, probably due to the
unique surface structure of Au clusters.

Quantum Size Effect on Catalysis of Individual Clusters. According to
a previous study (34), the specific catalytic activity of Au clusters
could be attributed to the well-known quantum size effect. Wood
derived an expression for the variation of metal work function as
a function of the size (d in nanometers) of metal (35, 36):

Wi=Wy + % eV, [Sa]

where W, is the bulk metal work function (5.10 eV for Au).
Based on this, the variation in Fermi level energy (gf) of metals

with the size of metal particles could be expressed as follows
(35, 36):

d(nm)

The energy spacing or gap () between adjacent levels or
electronic states could then be expressed by the following
equation (37):

sf=—<5.10 eV+&GV>- [5b]

o= Sf/N, [63]

where N [=59 atoms/nm® x 4/3 x X (d/2)* nm] is the number of
metal atoms per ligand-protected Au cluster (with size smaller
than 2 nm) (32). Substituting &; in Eq. 6a with Eq. 5b and con-
sidering & as positive, the relationship between § and d can be
expressed as follows:

5= (0.]6/d3 + 0.0352/d4> eVv. [6b]

Accordingly, the ¢ values of Au clusters with different sizes were
obtained, as shown in SI Appendix, Table S1. It shows that the
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energy gap of Au clusters decreases with the size increase of
Au clusters.

Recently, Hakkinen and coworkers (38) observed a positive
linear correlation between the energy gap (6) and the adsorption
energy or binding ability of O, on Au clusters. Based on it, we
hold the opinion that the adsorption equilibrium constant () of
reactants on Au clusters could probably be expressed as follows:

a=K1-5=K1 (0'16/d3 +0'0352/d4). [7]

K is the proportional factor between a and é. It indicates that
the adsorption or binding ability of O, on clusters decreases with
the increasing of the cluster size (d), which is consistent with the
experimental observation of resazurin adsorption (ag; SI Appen-
dix, Table S1) on Au clusters, but contrary to the observed resa-
zurin adsorption on Au nanoparticles (SI Appendix, Table S1)
(6). Such differences between Au clusters and nanoparticles
could be mainly attributed to the unique size effect on catalysis
of clusters (38). As for the resazurin adsorption (ag) on Au
clusters (SI Appendix, Table S1), by fitting the d-dependent agp
with Eq. 7 (Fig. 44), the value of K; was obtained to be 1,530 +
318 pMLeV~l.

However, it was further found that the correlation shown in Eq.
7 does work for some adsorbates (such as O, and resazurin) but
not for all on Au clusters. Actually, it has been reported that the
CO adsorption ability increases monotonically with Au cluster size
due to the more favorable LUMO (M)-o(CO) interaction for
larger clusters (39). Interestingly, such CO adsorption on Au
clusters is consistent with the observed adsorption of product
resorufin on Au clusters indicated by the dissociation rate (large
k3) of resorufin from Au clusters (SI Appendix, Table S1). While
the difference of adsorption properties observed between sub-
strate resazurin and product resorufin on the same set of Au
clusters probably could be attributed to the different electronic
interactions between clusters and these two types of molecules,
while such different electronic interactions could be further at-
tributed to the structural/compositional differences between sub-
strate resazurin and product resorufin.

Moreover, as SI Appendix, Table S1 shows, the catalytic ac-
tivity and the adsorptions of both substrate and product mole-
cules correlate with the work function (W) (obtained from Eq.
5a) of clusters in the same manners as that with the energy gap
(6) due to the similar size (d) dependences of W, (Eq. 5a) and §
(Eq. 6b).

Moreover, for the Au clusters used in this study, unexpectedly,
Fig. 4B shows a linear correlation between the catalytic reactivity
(verr/S, the catalytic rate constant per surface area) and substrates
binding (ap) to the Au clusters, with a slope of K; = 0.32 +
0.01 s_1~nm_2-pM, the proportional factor between a and y.q/S.
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Fig. 4. Size-dependent catalytic kinetics of Au clusters. (A) Size dependence
of the adsorption equilibrium constant of resazurin (ag), where the solid line
is the fittings according to Eq. 7. (B) The correlation analysis between the
effective rate constant per surface area (y./S) and the adsorption equilib-
rium constant of resazurin (ag), where the solid line is the linear fitting. (C)
Size dependence of the effective rate constant per surface area (yes/S),
where the solid line is the fitting according to Eq. 8.
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Thus, the relationship between y.¢/S and 6 or d can be expressed
as follows:

yeff/Ssz . a=K2 -K] . 6=K<0'16/d3 +O'0352/d4) ’ [8]

where K = K. K;. By fitting the d-dependent y /S with Eq. 8
(Fig. 4C), we obtained the proportionality constant K (488.3 +
101.4 sT"nm™%eV™"), and then K, = K/K; = 0.32 s~ -nm~2.pM,
which is exactly the same as that obtained from Fig. 4B (K; =
0.32 + 0.01 s™":nm™>uM). These data confirm the reliability of the
linear relationship between the energy gap and adsorption energy
(38), and the linear relationship between the catalytic rate con-
stant and binding ability of substrate to Au clusters (Fig. 4B). Both
of these two linear relationships observed on Au clusters are due
to the unique size effect on the catalysis of Au clusters (37).

As for the higher catalytic activity of smaller Au clusters
(shown in SI Appendix, Table S1), besides the contribution from
the quantum size effect as discussed above, a ligand effect was
also observed. The Au 4f;,XPS spectra (SI Appendix, Fig. S84)
on different clusters show clear positive shift of binding energy
with the size decrease. Due to the positive correlation between
the binding energies and sulfur (S) contents (Auys with S 41 wt%,
Auyg with S 43 wt%, and Auys with S 46 wt%) on different
clusters (SI Appendix, Fig. S8B), the positive shift of binding
energy with the size decrease could be attributed to the stronger
interaction between Au and sulfur in the form of Au-S bonding.
It has been known that the higher binding energy of metal
nanocatalysts usually corresponds to higher catalytic activity
(40); therefore, the higher catalytic activity of smaller Au clusters
observed in this study could be partially attributed to the ligands
effect (41, 42).

Size-Dependent Catalytic Dynamics of Individual Clusters. Similar to
previous nanoparticle studies (6, 14), to study the catalytic dynamics
of individual Au clusters, we further determined the activity fluc-
tuations of individual Au clusters. The activity fluctuations could be
reflected by the reaction rate variations in the 7. reaction (the
catalytic product formation), the 7, reaction (the product dissoci-
ation), or both. To study the activity fluctuations of z.g¢ and 7o,
processes, we extracted the sequences of individual z.¢ and 7, from
each turnover trajectory, and then calculated their autocorrelation
functions, C,(m) = (A7(0)Az(m))/(A7?) (43, 44). Here, 7 is either
Toff OF Top, M is the turnover index number in the sequence, and
Az(m)=17(m) — (7). With activity fluctuations, the values of Cz(m)
are positive and show a decay behavior with the decay time constant
being the fluctuation correlation time. Fig. 5 A and B show exem-
plary Czog(m) and Cz,,(m) of a single Auys cluster. The exponential
decay behaviors of Cro(m) and Cr,,(m) directly demonstrate the
activity fluctuations in the catalytic product formation and dissoci-
ation reaction, respectively. For the single cluster shown in Fig. 5 4
and B, the exponential decay constant of Crog(11) is Mg = 5.0 + 0.4
turnovers, and that of Cz,,(m) is m,, = 1.2 £ 0.2 turnovers. With an
average turnover time of ~11.2 s for this particular cluster, the ac-
tivity fluctuation correlation time for its z.¢ and 7., reactions is ~56
and ~13 s, respectively. These two correlation times are the time-
scales of the catalysis-induced dynamic conformation restructuring
of the clusters (45, 46). The activity fluctuation of individual clusters
could be attributed to small-scale dynamic conformation restruc-
turing, similar to that of nanoparticles (6, 14). While for Au clusters
with small number of atoms here, changing adsorbate—surface in-
teractions during catalysis can induce a dynamic conformation re-
construction, resulting in oscillatory kinetics due to the different
activities of different surface structures. Moreover, compared with
the distribution of fluctuation correlation time of Au nanoparticles
(the width of the time distribution is about 400 s) (6, 14), the dis-
tributions (Fig. 5 4 and B, Insets) of the fluctuation correlation time
of Au clusters are much narrower (the width of the time distribution
is about 170 s), indicating that individual clusters have more
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Fig. 5. (A and B) Autocorrelation function of the 7.4 (A) and o, (B) from

the turnover trajectory of a single Auys cluster at 10 nM resazurin. The solid
lines are the exponential fits with decay constants of my¢ = 5.0 + 0.4 turn-
overs and m,, = 1.2 + 0.2 turnovers. (Inset) Histograms of the fluctuation
correlation times for z.¢ and 7, reactions at 10 nM resazurin. (C and D)
Dependence of the activity fluctuation rate (the inverse of fluctuation cor-
relation time) of the 7.4 reaction (C) and the 7., reaction (D) on the rate of
turnovers. Each data point is an average from >50 trajectories. Error bars are
SEM. The solid lines are linear fits.

consistent restructuring timescales, probably due to their much
narrower size distribution compared with Au nanoparticles.

Furthermore, the catalysis-induced activity fluctuations or
surface restructuring were also observed from the positive cor-
relations between the activity fluctuation rates (i.e., the inverse
of fluctuation correlation times) and the turnover rates (Fig. 5 C
and D). It shows that the activity fluctuation rates of both 7. and
Ton Teactions increase with the increase of turnover rates, fol-
lowing a linear correlation approximately. Interestingly, the
slope of such linear correlation increases with the size decrease
of Au clusters for both 7.4 and 7., reactions. Such size de-
pendence indicates that the catalysis of smaller Au clusters can
induce a faster dynamic surface restructuring, which is consistent
with the observation on Au nanoparticles (6). Moreover, Fig. 5 C
and D further suggest that the slope of the r.¢ reaction (Fig. 5C)
increases faster with the size decrease than that of the 7, re-
action (Fig. 5D), indicating that z.g reaction-induced activity
fluctuations or surface restructuring is more sensitive to the size
of Au clusters than 7., reaction-induced activity fluctuations or
surface restructuring, which is contrary to the observation on Au
nanoparticles (6). Furthermore, as shown in Fig. 5 C and D, the
activity fluctuation rates were extrapolated linearly to zero rate
of turnovers for all three Au clusters. The positive intercepts
approximate the rates of spontaneous (compared with the
catalysis-induced restructuring) dynamic surface restructuring of
individual Au clusters in an aqueous environment, but the small
values (approximately zero) of these intercepts indicate that the
spontaneous dynamic surface restructuring of Au clusters could
be neglected, compared with the catalysis-induced restructuring
(Fig. 5 C and D). Such observation indicates that the surface of
Au clusters is more stable than the surface of Au nanoparticles in
aqueous environment since the remarkable spontaneous surface
restructuring has been observed on Au nanoparticles (6). Such
differences observed above between Au clusters and nano-
particles could be partially attributed to the strong stabilization
of MPA ligands to the surface Au atoms.

It should be noted that the size-dependent catalytic properties
of Au clusters revealed here intrinsically could be attributed to
their size-dependent structures, such as size-sensitive electronic
structure (charge density profile). The tiny fluctuation of the
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electronic structure induced by the size variation of clusters can
hugely affect the interaction between the clusters and the sub-
strate or product molecules.

Conclusions

The size-dependent catalytic activity of Au clusters under am-
bient solution conditions was studied at the single-molecule,
single-cluster level. Atomically precise Au clusters with different
sizes show distinct catalytic kinetics and mechanisms with dif-
ferent substrate and product adsorption ability. In particular, the
smaller Au;s cluster follows a competitive Langmuir—Hinshel-
wood mechanism with stronger substrate binding ability and
weaker product binding ability, while the larger ones, Au;g and
Au,s clusters, follow a noncompetitive Langmuir—Hinshelwood
mechanism with weaker substrate binding ability and stronger
product binding ability. DFT calculation suggests that such size-
dependent catalytic activities and catalytic mechanisms could be
attributed to the different adsorption behaviors of substrate and
product molecules on clusters with different sizes, which are
intrinsically induced by the size-dependent electronic structures
of the Au clusters. The analysis of dynamic activity fluctuations
and surface reconstruction of the Au clusters revealed more
different catalytic properties between Au clusters and traditional
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