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Abstract

At the confined nanospace and/or nanoscale interface, the catalytic nature of active
sites on the molecule level still remains elusive. Herein, with the catalytic hydride
reduction of 4-nitrophenol (4-NP) over gold nanoparticles (NPs) catalysts as a
prototype reaction, the influence of delicate change of microenvironment of catalytic
active site on the reaction kinetics of 4-NP to 4-aminophenol (4-AP) with the
introduction of varied alkali-metal ion (AM") salt, have been deeply investigated. We
demonstrate that structural water (SW) adsorbed on Au NPs in the form of
{OH-H,O@Au NPs} is the real catalytic active sites (not alone Au NPs), and in the
presence of lithium chloride (LiCl), it shows the best catalytic performance. In addition,
the isotope labeling and kinetic isotope effect (KIE) experiments evidences that, the
reduction of 4-NP does not follow the classical Langmuir-Hinshelwood (L-H)
bimolecular mechanism, but an interfacial SW dominated electron and proton transfer
mechanism. The proposed mechanism answers why the dissociation of O-H bond of
water is the rate-determining step (RDS) of 4-NP reduction, and, counter-intuitively,
the solvent water is the hydrogen source of final product 4-AP, instead of sodium
borohydride (NaBH4) reducer. Importantly, the co-existence of Li" and CI" ions
synergistically stabilizes the transition state of reaction and accelerates the interfacial
electron and proton transfer, consequently enhancing the reaction kinetics. The model
of structural water as a bridge to transfer electron and proton at nanoscale interface is
the reminiscent of working mechanism of photosystem two (PSII) for water splitting
on Mn4CaOs cluster.

Introduction

Over the past several decades, the reduction of 4-nitrophenol (4-NP) to 4-
aminophenol (4-AP) by sodium borohydride (NaBH4) has become a benchmark or
model reaction to assess the catalytic activity of metal nanoparticles (NPs) in aqueous
media.l'! The well accepted reaction mechanism of metal NPs-catalyzed 4-NP
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reduction is based on the Langmuir-Hinshelwood (L-H) bimolecular adsorbed model,!”
I where two reactants of 4-NP and NaBH4 adsorb on the surface of metal NPs before
the reaction. Obviously, the hydrogen source of 4-AP final product could be coming
from NaBH4 reducer. However, it is not the case, isotope labeling experiments with
NaBD4 and D>O verified that the hydrogen source of 4-AP is counter-intuitively
originated from the water solvent, instead of NaBH4 reducer.['%!3 In addition, based on
the L-H mechanism, noble metals are necessary because they act as both the adsorption
center of the reaction substrate and the electron transfer medium.® '*2 However, very
recently, there are many examples of catalysts shows that the catalytic efficiency is not
only attributed to the metal NPs center, but also to the microenvironment around metal
catalysts, such as the pH, the type of solvent and the ion additives.['® ! 2531 For
example, even in the absence of metal catalysts, both N-doped graphene*?! and
surfactant aggregate!®’] catalysts showed high chemical reactivity for the selective
reduction of 4-NP to 4-AP, triggering the debate whether noble metal nanoparticles are
the catalytic active sites for this reaction. Thus, even as listed one of the widely
investigated benchmark reaction, the underlying reaction mechanism of 4-NP at
nanoscale interface is not clear.

Herein, using mesoporous silica nanoparticles with a unique dendritic structure
(DMSNS5s) as a support, highly dispersed gold NPs catalyst in size of ca. 2.4 nm was
synthesized. With the catalytic reduction of 4-NP as a probe reaction, we systematically
investigated the effect of alkali metal cations (AM") and its counter-anions on the
reaction kinetics of the reduction of 4-NP in an aqueous NaBH4 solution. We
demonstrated that the reaction kinetics are strongly dependent on the type and
concentration of used alkali metal salts. When the counter-anion is CI, the introduction
of Li" significantly accelerates the reaction rate, and with the increase of radius of AM",
the reaction rate is decreased in order of Li">Na">K" > Rb" > Cs". Very interestingly,
the designed experiments of isotope labeling and kinetic isotope effect (KIE) with
NaBDj4 and D0 proved that, water is the hydrogen source of 4-AP, instead of sodium
borohydride (NaBH4) reducer, and the dissociation of O-H bond of water is the rate-
determining step (RDS). In addition, combined with the characterizations of optical
spectrum, we identified that structural water (SW) adsorbed on the Au NPs in the form
of {OH-H,O@Au NPs} is the catalytic active site for the reduction of 4-NP as a whole,
not alone Au NPs. Due to the spatial overlaps of the p orbital of oxygen atoms of SW
at confined nanoscale interface, an ensemble of interfacial electronic states is produced,
which provides alternative channels for surface electron and proton transfer. The
presence of Li* with strong hydration capacity probably stabilizes the transition state of
the reaction intermediate by H-bond interaction, which accelerates the dissociation of
O-H bond in water and concurrently the cleavage of N-O bond in 4-NP, resulting in the
enhanced reaction kinetics of 4-NP reduction.

Result and discussion

Dendritic mesoporous silica nanoparticles supported gold nanoparticles catalyst
(Au@DMSNs) was prepared by a multi-step in situ nanocrystal seeding induced growth
(SIG) method with sodium borohydride (NaBH4) as reducer and amino-functionalized
DMSNs as a unique confinement support (Fig. 1a and Experimental details in the



Supporting Information).**) Note that the grafting of amino group and the nested
spherical pore in the dendritic network of DMSNs can provide both chemical and
physical confinement effect on the gold NPs (Fig. 1a).’>3! The combined
characterization by the X-ray diffraction (XRD) (Fig. 1b) and transmission electron
microscopy (TEM) (Fig. 1¢) confirmed that highly dispersed Au NPs (~2.4 nm) were
encapsulated into the pores of DMSNs. ICP-OES analysis indicated the actual loading
amount of Au was 1.18 wt% (Table S1), which is consistent with the previous work,?%
and the real loading weight was less than the feeding ratio of 2%, implying partial
leaching of metal during the synthesis of catalysts. The XPS spectrum of Au 4f for
Au@DMSNs catalysts was deconvoluted into Au’ and Au®" two components with
binding energies of 83.0 eV and 84.5 eV, respectively (Fig. S1), and the content of Au®
accounts for a large fraction up to ~78% to all Au atoms (Table S2). Besides, the binding
energy of dominant Au® (83.0 eV) species was lower than that of the standard crystalline
Au (84.0 eV), featuring the negative valence state of gold NPs confined in the
nanopores of DMSNSs. The striking negative valence state of Au NPs was assigned to
the favorite adsorption of the hydrous hydroxyl (or hydrous hydroxide) groups with
negative charges on the large number of the coordinatively unsaturated Au atoms (Fig.
la, zoom in analysis),***3! which is also called interfacial structural water molecules
(SW).[4-47]
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Figure 1. Schematic illustration of the synthesis procedure of Au@DMSNs catalysts (a) and its
characterizations by XRD (b) and TEM (c).
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Figure 2. Catalytic activity of Au@DMSNs catalysts for the reduction of 4-NP in the different
alkali-metal chloride (AMCI, AM= Li, Na, K, Rb, Cs, 1 M) aqueous solution (a) and the aqueous
solution with different concentration of LiCl (b). K, is the apparent pseudo-first-order rate constant
as the molar ratio of NaBH4/4-NP was about 200 in the reaction.

The catalytic activity of Au@DMSNs catalyst for the reduction of 4-NP to 4-AP
was tested in the aqueous NaBH4 solution with the introducing of a series of alkali metal
chloride (1 M). As shown in Fig. 2a, the catalytic activity was strongly dependent on
the type of alkali metal cations, the rate constant (k) increased with the order of Cs”
(0.04 min') <Rb" (0.05 min") <K (0.06 min™') <Na* (0.07 min!) < Li* (0.55 min™),
and only the catalytic activity with the introducing of Li* (0.55 min™!) surpassed the
intrinsic activity of Au@DMSNs catalysts in water (0.40 min!). Besides, the catalytic
activity showed a volcano-type trend with the concentration of LiCl (0.01-2 M), the
rate constant (k) firstly increased from 0.12 min™' to 0.55 min™! and then decreased to
0.12 min™! with the concentration of LiCl increased from 0.01 M to 1 M and then to 2
M, in which reach a maximum in 1 M LiCl aqueous solution (Fig. 2b). In most of cases,
it was accepted that the introducing of metal cations into NaBH4 could alter the
reducing power of BH4",*8-% whereas, it can hardly account for the observed trend in
the rate constants. In fact, the counter ions of lithium also showed a significant impact
on the catalytic activity (Fig. S2). when the counter ion CI" of Li" was replaced by NOs",
the reaction rate was decreased to 0.14 min™'; surprisingly, when the substituted anions
are Br, I', and SO4*, the Au@DMSNs catalyst almost lost the reactivity, suggesting
that the reaction kinetics of the reduction of 4-NP is extremely sensitive to the delicate
change of micro-environment of catalytic active sites.% 312!

To further elucidate the reaction micro-kinetics of the alkali metal cation-
dependent catalytic activity on the molecule level, kinetic isotope effects (KIEs) and
isotope labelling experiments were performed to determine the rate-determining steps
of the reduction of 4-NP.””) As shown in Fig. 3a and 3b, the KIEs values of
Au@DMSNSs catalysts in water are 2.76 and 1.59 for solvent (Ku20/p20) and reagent
(KnaBH4/NaBD4), Tespectively, which indicated that the dissociation of the B-H/B-D bond
of BH4/BD4 and O-H/O-D of H,O/D»0 are both involved in the reduction reaction, %
B3l and the much larger KIE value of solvent water (2.76) compared to that of reducer
NaBH4 (1.59) suggests that the reaction-determining-step (RDS) in the reduction of
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Figure 3. Kinetics isotope effects (KIE) of reagent (NaBH4/NaBD4) and solvents (H,O/D,0) in the
reduction of 4-NP on Au@DMSNs using water (a) and 1 M LiCl aqueous solution (b) as reaction
media. (c) FTIR spectra of the final products after the reduction of 4-NP on Au@DMSNs using 1
M LiCl aqueous solution (top) and water (bottom) as reaction media and NaBH4 and H>O (black
line), NaBD4 and H,O (red line), and NaBH4 and D,O (green line) as reducer and solvent,

respectively.

4-NP is the cleavage of O-H bond of water rather than the cleavage of B-H bond of
NaBHgs. Notably, when LiCl aqueous solution (I M) was introduced into reaction
system, both the reagent (Knapn4/Nap4) and solvent (Kuzo/p20) KIE value are
approximately equal to 1 (1.12 for Knapna/Napp4 and 1.23 for Knxo/p20), suggesting that
the introducing of LiCl further stabilized the transition state of reaction intermediate
species probably by H-bond interaction, consequently further accelerating the reaction
kinetics by the activation of O-H bond of water.

The isotope labelling experiments further emphasized the vital role of water in the
hydride reduction of 4-NP with Au@DMSNs as catalysts, the deuterium isotope
labelled reduction products by D,O or NaBD4 were obtained from the large-scale
catalytic reaction system with the combination of reducer and solvent as NaBH4 + H>0,
NaBD4 + H>0 and NaBH4 + D;0, respectively. The FT-IR spectra of commercial 4-NP



and 4-AP (Fig. S3) and as-obtained products (Fig. 3¢) in the reaction media of water
and 1 M LiCl aqueous solution were recorded, the absorption peaks centered at about
3283 and 3343 cm! are attributed to the stretching modes of N-H bond (Fig. 3c, olive
dash line),!'": 261 and the absorption peaks centered at about 2385 and 2497 cm! are
attributed to the stretching modes of N-D bond (Fig. 3c, purple dash line).l'!]
Intriguingly, no matter the reaction media is water or 1 M LiCl aqueous solution, the
stretching modes of N-D bond can be only observed in the reaction system of NaBH4
+ DO rather than the reaction system of NaBD4 + H>O, suggesting that the hydrogen
source of products was originated from water rather than reducer NaBHs4. Thus, the
isotope labelling experiments provide the solid evidences that, surface adsorbed water
directly involves the interfacial electron and proton transfer for selective reduction of
4-NP, which does not follow the classical L-H mechanism. However, the structure of
interfacial water and how it manipulates electrons and protons at the nano-confined
interface are not clear.

Very recently, after long-term and systematic research on the physical origin of the
bright photoluminescence (PL) of noble metal nanoclusters,'>**%! we identified that
water molecules (namely structural water molecules, SW) adsorbed or confined at the
nanoscale interface could form a new interfacial state with the characteristics of a
conjugated m-bond (namely p band intermediate or transient state, PBIS) due to the
spatial overlap of p orbitals of oxygen atoms in SW (Fig. S4), which could emit bright
color and act as alternative reaction channel for static electron transfer,! 13- 30. 39, 44-47.
371 Using this model, we clearly answered the physical origin of water as bright emitters
for photoluminescence (PL), finishing a century of debate on this issue.*® > Thus, we
suppose that, if the interfacial SW involves the construction of Au NPs catalytic active
sites, the optical spectrum will show clear evidences. As shown in Fig. 4a, when the
Au@DMSNs catalyst was dispersed in the aqueous solution, it showed a strong
emission peak centered at 425 nm with main excitation bands centered at 355 nm with
a should peak at 290 nm (Fig. 4a, black line), which is assigned to structural water (SW),
stemming from p band intermediate state with the characteristics of n-bonding due to
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Figure 4. Excitation (dot line) and emission (solid line) spectra of Au@DMSNSs catalysts in 1 M
LiOH aqueous solution (a) and the aqueous solution with different concentration of LiCl (b) before
and after the addition of 4-NP.



the spatial overlap between the p orbitals of oxygen atoms of SW.[** %] Besides, we
interestingly found that, upon the addition of lithium hydroxide (LiOH), the PL
intensity was slightly increased, but the position at 425 nm did not show any shifts, (Fig.
4a, red line), suggesting the enhanced stability and/or increased number of SW at
nanoscale interface, consistent with the structure of SW in the form of
{OH-H0@Metal}.1** 45 471 Importantly note that, if the excessive introduction of
LiOH is not conducive to 4-NP reduction, because the over-saturated adsorption of OH"
ions on the Au NPs surface will compete for the adsorption of reactants with the same
negative charge (BH4 and 4-NP), thus quenching the reaction (Fig. S5). This
observation also answered our previous result that, only at medium concentration of
NaOH solution, the reduction of 4-NP exhibited the highest chemical reactivity at Ag
NPs based catalysts.[*"]

Interestingly, when the reagent 4-NP was added, the emission band is red-shifted
from 425 nm to 470 nm with a dramatical dcreased intensity, the excitaion band at ca.
355 nm was blue-shifted to ca. 340 nm (Fig. 4a, green line). This suggests that 4-NP
substrate involves the contructing of a new interface state by p orbital interaction of O
and N atoms of 4-NP with structural water (SW), forming a hyperconjugation by space
interaction at nanoscale interface. Obviously, it is not easy to maintain the
hyperconjugation of multiple atoms at the nanoscale interface at the same time. This
also answers why the PL emission intensity of the Au NPs catalyst is significantly
reduced after the introduction of 4-NP (Fig. 4a, green line), and the reaction kinetics of
4-NP reduction is extremely sensitive to any delicate change of the microenvironment
of the catalytic active sites, such as type and concentration of alkali metal ions (Fig. 2)
and its counter ions (Fig. S2). In addition, it is worthy noting that, when Au@DMSNs
was dispersed in the LiCl aqueous solution, PL intensity at 430 nm was increaesd with
the increase of concentration of LiCl solution (Fig. 4b), suggesting that the introdction
of LiCl favours the stablization of the interface state of structural water and/or raises up
the numbers of SW. Thus, with the characterizations of the optical spectrum, we clearly
confirmed that structural water (SW) adsorbed on the Au NPs in the form of
{OH-H,0@Au NPs} could form some alternative interface states (or channels) for
sufrace elcetron transfer (or decay) due to the overlapping of p orbitals by space
interaction.

Combining the characterization of the optical spectrum with the data of reaction
kinetics with isotope labeling, a simple model with SW adsorbed on Au NPs in the form
of {OH-HO@Au NPs} as catalytic active sites was proposed to explain the alkali
metal cation- and its anion-dependent catalytic activity of the benchmark or model
reaction-hydride reduction of 4-NP (Scheme 1) where SW as a bridge to connect the
reaction substrate BH4 (electron donor) and 4-NP (electron acceptor) for surface long-
range electron transfer by the spatial overlaps of p orbitals of one B atom in BH4", two
oxygen atoms in SW and one O atom in 4-NP.3% 4445.55.60.611 Qpyiously, the transition
state of reaction intermediate composed of multiple atoms by space interaction of their
p orbitals is unstable and easily affected by the delicate change of microenvironment of
catalytic active center, for example, type and concentration of AM" and its counter
anion. In the aqueous NaBHj4 solution (pH = ca. 8.4), the negatively charged surface of



Au@DMSNEs catalysts are compensated by the electro-neutrality due to the electrostatic
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Scheme 1. Schematic illustration of the distribution of the reagent (4-NP and BHy4") and hydrated
alkali-metal cations (AM™, typical case of (a) Li* and (b) Cs™) in the electrical double layer (EDL)
region on the surface of gold NPs.? (*IHP represented inner Helmholtz plane, the structural water
molecules (SW) in the form of (OH*H,O@Au NPs) are strongly adsorbed on the IHP; OHP
represented outer Helmholtz plane, hydrated Li* and Cs* are attracted by the negatively charged
surface of gold NPs at OHP. Li* cations with strong hydration capacity weakly bound on the Au
NPs active site mainly plays two core roles in the reduction of 4-NP: on the one hand, acting as the
relay (or gateway) station for water transportation (accelerating the proton transfer for the reduction
of 4-NP); on the other hand, as an anchoring point of the counter-anion Cl- by electrostatic
interaction to optimize the molecular configuration of activated water by H-bonds, which
accelerates the dissociation of O-H bond of water, and finally enhances reaction kinetics. While, for
example, Cs™ cations with a weak hydration ability strongly bind on the Au NPs, which blocks the
diffusion of reaction substrate of BH4, 4-NP and water to the active sites, thus slowing down the
reaction rate of 4-NP reduction.)

attraction of alkali metal ions in the electrical double layer (EDL). Thus, the inner
Helmbholtz plane (IHP) of gold NPs is covered by SW with strong surface binding, while
the outer Helmholtz plane (OHP) is filled with hydrated AM™ cations (Scheme 1). The
bulky Cs™ cations with weak hydration capacity are strongly bound on the gold NPs
surface due to the eclectrostatic interaction, which blocks the diffusion of reaction
substrates (4-NP, water and BH4") to the gold NPs active site and consequently lowers
the reaction kinetics of the reduction of 4-NP. However, Li ions with strong hydration
capacity are weakly adsorbed on the surface of Au nanoparticles due to charge shielding
effect of the hydration shell, showing strong mobility, which not only does not affect
the diffusion of the reaction substrate, but also can be used as the water relay or gateway
station to provide activated hydrogen protons, thus accelerating the reaction kinetics.
In addition, CI"as the counter-anion of Li" located around the catalytic active sites can
stabilize the molecular configuration of activated water through H-bonds hydrogen
bonding, thus accelerating the dissociation of O-H bonds of water molecules. Using
this model, the kinetic isotope effects (KIEs) and the origin of hydrogen sources in the



reduction could be easily elucidated (Fig. 3), and also answer that the reduction of 4-
NP does not follow the classical bimolecular L-H mechanism. In fact, the model of
structural water as a bridge to transfer electron and proton in the confined nanospace is
the reminiscent of working mechanism of photosystem two (PSII) for water splitting
where Ca?" and CI also play the pivotal role to the activation of water on MnsCaOs

cluster.[62-68]

Conclusion

In summary, with the hydride reduction of 4-NP as a benchmark or model reaction,
we clearly elucidated the catalytic nature of Au active sites for electron and proton
transfer at confined nanoscale interface. The composition of the catalytic active center
includes not only the metal nanoparticles themselves, but also the structural water
adsorbed on the surface of the metal nanoparticles. Different from the hydrogen
bonding effect of bulk free water, due to the nano-confinement effect, the p orbitals of
two oxygen atoms in the structural water adsorbed on Au NPs nanoparticles overlap to
form an ensemble of interface electronic configurations by space interaction, which has
the characteristics of m bonding, 3% 44 45 5.
called PBIS state) provide the alternative channels for surface electron transfer. Because
structural water (SW) participates in the construction of complex intermediate states
(transition states), the long-range electron transfer between two reactants (BH4™ and 4-
NP) is extremely sensitive to the microenvironment of the catalytic active site. This also
answers the two abnormal experimental phenomena observed by the isotope labelling
experiment: the hydrogen of the final product 4-AP comes from water, not NaBH4
reducer; the reaction kinetics of 4-NP reduction strongly depends on the type,
concentration and counterions of alkali metal ions (AM"). Herein, AM" and its counter-
anions play a pivotal role of: (i) to stabilize the transition state of BH4-{OH-OH>}-4-
NP intermediate by H-Bonding interaction, which promotes the activation of O-H bond
of water and concomitantly accelerates the cleavage of N-O bond of 4-NP. In fact,
structural water plays a role as a media for electron transfer or exchange at nanoscale
interface, which can be explained by the inner-coordination sphere electron transfer
model of Marcus theory,®!! reminiscent of the working mechanism of the ‘water bridge’
or ‘water line’ for the electron and proton transfer in biological system, for example,
photosystem II (PSII).[°-%8] The model can also provide completely new insights into
the understanding on the underlying mechanism of other redox reactions, which show
similar pH- and cations-dependent or microenvironment-controlled catalytic activity,
such as hydrogen evolution reaction (HER),!**’ CO, and CO reduction,”>7®! low-
temperature conversion of methane to methanol,**: ! water-gas shift reaction.[*!: 4]

%01 These interface electronic states (the so-
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The structural water molecules (SW) absorbed on Au nanoparticles in the form of {OH-H,O@Au
NPs} were identified as catalytic active sites for the reduction of 4-NP (not alone Au NPs), where

the overlapping of the p orbital of oxygen atoms of the hydroxyl (hydroxide) groups and water

molecules in SW by space interaction yields an ensemble of interfacial electronic states, which

synergistically promotes both interfacial electron transfer and the activation of water (dissociation

of O-H bonds) or proton transfer.



