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Abstract: Understanding the fundamental facts behind
dynamicity of catalytic processes has been a longstanding
quest across disciplines. Herein, we report self-assembly of
catalytically active gold nanorods that can be regulated by
tuning its reactivity towards a proton transfer reaction at
different pH. Unlike substrate-induced templating and co-
operativity, the enhanced aggregation rate is due to
alteration of catalytic surface charge only during reactivity
as negatively charged transition state of reactant (5-nitro-
benzisoxazole) is formed on positively charged nanorod
while undergoing a concerted E2-pathway. Herein, en-
hanced diffusivity during catalytic processes might also act
as an additional contributing factor. Furthermore, we have
also shown that nanosized hydrophobic cavities of clus-
tered nanorods can also efficiently accelerate the rate of an
aromatic nucleophilic substitution reaction, which also
demonstrates a catalytic phenomenon that can lead to
cascading of other reactions where substrates and products
of the starting reactions are not directly involved.

Living systems ranging from bacteria to birds communicate
with each other by colonization, clustering, flocking, etc., to
carry out functions for their sustainability.[1] Myriad of spatio-
temporally organized catalytic processes play the central role in
emergence of living beings and associated properties.[2] Thus,
comprehending the fundamental facts behind catalysts’ behav-
ior can aid scientists and technologists to not only understand
natural processes better but also to develop synthetic systems
with attractive functions.[3] Some recent pioneering reports
suggest that enhanced diffusion might be one of the central
phenomena that catalysts experience during their working
time.[4] Catalysts can also come in close proximity to each other
and sometimes form assembly for efficient substrate utilization.
Two major natural examples of this are the formation of
purinosome (dynamic assembly of multi-enzyme complex near
mitochondria during purine starvation) and metabolon (multi-

enzyme complex formed in a sequential manner during
metabolic pathways).[5]

In very few instances, however, synthetically designed
catalytically active nano/microparticles (mostly Janus particles)
have been observed to form assembly, like cellular systems.[6–10]

Until now, assembly formation and thereby gain-of-function
have mostly been reported for amphiphilic or nanoparticle
systems by utilizing chemical fuel which mainly acts in
supramolecular fashion, or physical energy sources like light or
electric signal that can form assembly by configurational
change of building blocks.[11–13] Templated and co-operative
assembly of catalytic building blocks using its substrate have
also been reported.[13–15]

In this paper, we put forward an exciting new class of
example where synthetic nanocatalysts can form functional self-
assembly where catalytic process plays the central part. Here,
cetyltrimethylammonium bromide (CTAB)-functionalized gold
nanorods catalyzed Kemp Elimination (KE) reaction (a com-
monly used model to understand mechanistic intricacies in
biotransformation)[16–19] resulted in transition state mediated
enhanced flocking behavior of nanorods during the catalytic
conversion period to form larger sized assembly (Figure 1). We
have also shown that the hydrophobic nanocavities of
assembled nanorods can trap hydrophobic substrates and can
enhance the rate of an aromatic nucleophilic substitution
reaction.

Firstly, we have synthesized the KE substrate, 5-nitrobenzi-
soxazole (NBI), which converted to 2-cyano-4-nitrophenol (CNP)
under catalytic conditions. Product formation kinetics were
monitored at 380 nm (see supporting Information).[16] Initially,
we have studied KE catalysis in presence of both hydrophilic
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Figure 1. Schematic representation of the assembling of gold nanorods
during the KE catalytic conversion, mediated by the formation of negatively
charged transition state on its surface.
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(solvents, salts, and buffers at different pH values) and hydro-
phobic (ranging from CTAB micelle to CTAB-capped gold
nanoparticles (GNP), and gold nanorods (GNR)) environment.
Generally, presence of polar aprotic solvents, and basic salts,
can increase catalytic efficiency by 2 to 4 orders of
magnitude.[17] To start with, we examined KE catalysis rate in
presence of different percentage of solvents, like: DMSO,
Acetonitrile (ACN), Dioxane, DMF and THF in aqueous media,
and some basic salts, like: acetate (AcO� ), thioacetate (AcS� ),
phosphates (HPO4

2� , PO4
3� ) and sulphate (SO4

2� ) in 70 % DMSO-
H2O. However, maximal activity was observed for 70 % DMSO-
H2O system, and phosphates. (Figure S6 and S7 in the
Supporting Information).

At nearly neutral pH (6 to 8), KE reaction remains almost
ineffective in aqueous media mainly because of the non-
polarity of the substrate, NBI (Figure S17 in the Supporting
Information). However, introduction of cationic micelle and
vesicles in aqueous media can enhance the activity by 2–3
order of magnitude due to: (i) enhanced solubility of substrate
in the hydrophobic domain, (ii) higher concentration of reactive
anionic base near the stern layer of the cationic miceller or
vesicular system, and (iii) more than 2-fold lower dielectric
constant of miceller stern layer compared to bulk water.[19] In
fact, we also observed a similar scenario in simple CTAB miceller
system where maximally an almost ~ 200-fold enhanced activity
was observed at 8 mM CTAB concentration (Figure S9 in the
Supporting Information). Encouraged by the above-mentioned
facts and observations, we decided to utilize GNP (hydro-
dynamic diameter, Dh = 25�2 nm) and GNR with aspect ratio of
2.5�0.5 having width of 6�1 nm synthesized using reported
protocols (Figure S10-S12 in the Supporting Information).[20]

Highest initial rate (Vi) in KE catalysis was observed with GNR by
almost 50, 200, and 500 -fold in pH = 6, 7, and 8, respectively
while comparing with buffer only, at our experimental con-
dition ([NBI] = 100 μM, [GNR] = 0.15 nM ([Au] = 100 μM),
[Phosphate] = 10 mM) (Figure 2a + b). Additionally, the ob-
served activity in GNR is ~ 2-fold higher than CTAB miceller
system and GNP.

Also, the activity was increased with increase in concen-
tration of phosphate buffer from 5–20 mM, pH 8 with GNR at
our experimental conditions (Figure 2c). The observed higher
activity in GNR is probably due to: (i) presence of sharp edges
which are known to show pronounced catalytic effects
compared to isotropic ones (edges of GNR contains highly
reactive facets like {100} and {110}),[21] (ii) GNR possesses much
higher surface area/volume ratio compared to spherical GNP,
therefore GNR contains larger reactive sites,[21b] and (iii) bilayer
attachment of CTAB around the nanoparticle also provide
added benefits as mentioned in preceding paragraph.

Next, we performed time-dependent UV-Vis spectroscopic
measurement to observe change in surface plasmon resonance
pattern of GNR under catalytic conditions. For this purpose, we
monitored absorbance at 750 nm (characteristic peak of GNR)
during the course of KE catalysis.[22] For this, we firstly added
GNR (0.15 nM, [Au] = 100 μM) and water mixture with and
without NBI, then after 3 minutes phosphate buffer was added
to the system and observed an instant decrease in absorbance
value (Figure 3a-3c). At pH 7, a slightly higher decrease in
absorbance value was observed than pH 6 in both presence
and absence of NBI (Figure S19 in the Supporting Information).
While at pH 8, a decrease of 0.035 and 0.01 units in absorbance
was observed in presence and absence of NBI, respectively,
after only one minute of addition of buffer at our experimental
condition. This difference in A750 increased during catalytic
activity, suggesting clustering of GNR over time. Again, we have
observed a continuous decrease in A750 with increase in buffer
concentration from 5 mM to 20 mM (Figure S20-S21 in the
Supporting Information). While maximum deviation in A750 from
initial value was observed for pH 8, 20 mM phosphate buffer at
our experimental condition.

Furthermore, we performed dynamic light scattering (DLS)
experiments to find out the size of the particles present inside
the system with respect to time. Here also, we observed
increase in size of GNR in presence of NBI with increase in pH
from 6 to 8. The observed z-average size of GNR system, after
one minute of buffer addition was 39�2 nm, 43�3 nm, and
48�5 nm in absence of NBI, which increased to 42�4 nm,

Figure 2. (a) Comparison of Vi (Nanoparticle)/Vi (buffer) at pH 6, 7, and 8 for GNP and GNR. Amount of KE catalytic product formed as a function of time in
GNR system at (b) pH 6 to 8, 10 mM phosphate buffer, and (c) 5, 10 and 20 mM of phosphate buffer at pH 8. Experimental condition: [GNP] = 0.14 nM
([Au] = 100 μM), [GNR] = 0.15 nM ([Au] = 100 μM), buffer = phosphate, [NBI] = 100 μM, T = 25 °C.
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45�5 nm, and 65�8 nm in presence of NBI at pH 6, pH 7, and
pH 8 respectively at our experimental condition (Figure 3d–3f).
The difference between average size of GNR system in absence
and presence of NBI increased with time at all pH values, with
maximal difference at pH 8 as the catalytic rate is highest in this
case. In addition to this, we further observed increase in
average size with increase in the concentration of phosphate
buffer from 5 mM to 20 mM (Figure S22 in the Supporting
Information). This corroboration of UV-vis spectroscopic data
and DLS measurements suggest the interconnectivity of
catalytic activity and aggregation kinetics. We hypothesize that
the aggregation behavior is due the formation of negatively
charged transition state (TS) on nanorod surface during KE
catalysis and in case of high reaction rate, the concentration of
the TS on GNR surface might become high enough to induce
the aggregation more effectively (Figure 1). This enhancement
in size and KE catalysis in GNR system has also been verified via
zeta potential measurements.[23] Zeta potential of our reaction

system ([GNR] = 0.15 nM, [Au] = 100 μM) decreased from 51�
5 mV, 38�1 mV and 30�3 mV, as we increased pH from 6, 7,
and 8 respectively for 10 mM phosphate buffer (Figure 3g). The
rate of decrease in zeta potential is significantly higher in
presence of NBI and during the period of catalytic conversion
rather than the product itself (Figure 3h and S24 in the
Supporting Information). These outcomes made us postulate
that the negatively charged transition state (TS) formed during
KE catalysis resides on nanorod surface and results in decrease
of GNR surface potential. As GNR surface potential during
reaction time at pH = 8 sharply decreased to ~ 15 mV (below
colloidal stability zone)[23] due to accumulation of higher
amount of anionic TS on its surface, therefore it showed faster
and higher aggregation. The decrease in zeta potential value
continued as we increased strength of pH 8, phosphate buffer
from 5 mM to 20 mM (Figure 3h and S23 in the Supporting
Information). In addition to this, TEM (transmission electron

Figure 3. Change in A750 in presence and absence of NBI at (a) pH 6, (b) pH 7, (c) pH 8 with time. Change in hydrodynamic diameter in absence and presence
of NBI at (d) pH 6, (e) pH 7, (f) pH 8 with time. (g) Zeta potential values of GNR system in buffer from pH 6 to 8. (h) Change in zeta potential with time in
absence and presence of the reactant (NBI) and the product (CNP) at pH 8. TEM image of GNR (i) in water, (j) without NBI in pH 8, 10 mM phosphate buffer, (k)
with NBI at pH 8, 10 mM phosphate buffer. The TEM samples were drop-casted in the TEM grid exactly after 2 minutes of addition of buffer with or without
NBI solution. Experimental condition: [GNR] = 0.15 nM ([Au] = 100 μM), buffer = phosphate, [NBI] = 100 μM, T = 25 °C.
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microscopy) images also suggested formation of higher degree
of self-assembled GNR upon addition of NBI (Figure 3i–k).

We have also studied the reusability of GNR for KE catalysis.
For this purpose, we added NBI in batches of 50 μM and looked
at the changes in size of GNR system by using DLS measure-
ments and product formation kinetics by using UV-Vis spectro-
scopy (Figure S25 in the Supporting Information). The efficiency
of KE catalysis in repetitive cycle decreased after addition of
each batch, presumably because of the product inhibition effect
(Figure S16 in the Supporting Information). It suggests that the
product also have affinity on the cationic GNR surface owing to
its negative charge along with the hydrophobic residue.

Further, we did motion analysis by optical video recording
and MSD (mean squared displacement) calculations to under-
stand the catalytic effect in diffusion.[24,25] It is worthy to
mention that enhanced diffusion of catalyst during reaction are
one of the fascinating phenomenon and discussed issues since
last decades among interdisciplinary sciences.[4] Mostly, self-
phoretic mechanism (e. g. self-electrophoretic, self-thermopho-
retic, self-diffusiophoretic etc.) play the prime role behind this
effect, although the exact reason still remain dubious.[4f] One of
the most reliable technique to measure this phenomenon is by
using tracking motion of the particle by optical/fluorescence
microscopy.[24,25] For this, we have used a micro-sized replica of
our system formed by using carboxylate modified polystyrene
bead (d = 2 μm) GNR conjugate (PS-GNR) as only GNR (dimen-
sion of ~ 25 nm) cannot be observed under optical microscope
(Figure 4a and S26 in the Supporting Information). Encourag-
ingly, we have observed significantly enhanced diffusion (~ 5–7

fold) of GNR-bead conjugated particles in presence of NBI in
comparison with CNP, with NBI in water and in only buffer
(Figure 4b + 4c, Figure S27-S29 and Table S2 in the Supporting
Information). We believe this behavior is due to self-electro-
phoretic effect as uncharged reactant results slightly charged
product resulting momentary imbalance of electrical charge.[4d]

It is noteworthy that micron sized bead which initially remained
catalytically inactive, can enhance the diffusion of the whole
conjugate, just by its surface functionalization with active
nanometer-sized GNR (Supporting video, SV1 in the Supporting
Information). In fact, we were able to visualize formation of
dimer/trimer of microbeads coated with GNR under catalytic
condition (Figure S28 in the Supporting Information). We
presume that faster diffusion under catalytic condition can play
additional role in higher assembly under catalytic condition as
mentioned in earlier literature reports.[26]

Finally, we were curious to explore if this self-assembly of
GNR during KE catalysis can lead to the emergence of additional
functionality not directly related to the KE catalysis. We argue
that the hydrophobic cavities formed during assembly forma-
tion of gold nanorods can be utilized as a nanoreactor where
hydrophobic reactants can be trapped and made to react.[12] To
study this dual catalytic behavior of gold nanorods, we chose
an aromatic nucleophilic substitution reaction between octyl
amine and 4-Chloro-7-nitrobenzofurazan (NBD-chloride) which
form a fluorescent adduct (NBD-C8), where reaction can be
monitored easily by fluorescence techniques (Figure S33 in the
Supporting Information). This reaction does not proceed in
aqueous buffer system, however, in presence of GNR substantial
reactivity was observed as the hydrophobic bilayer zone of
CTAB on its surface helped the solubilization of the substrates.
Interestingly, presence of NBI (100 μM) leads to more NBD-C8

formation where clustering of GNR is more (Figure 5a + b and
S35 in supporting information). Fluorescence microscopic
images also showed more and larger sized fluorescent particles
(NBD-C8 adduct formed inside GNRs or in the cavity of its
aggregates) in presence of NBI (Figure 5c + d). Interestingly,
here also, we have observed an increase in adduct formation
with increase in pH from 6 to 8. (Figure S35 in the supporting
information). Maximum NBD-C8 adduct formation was observed
for pH 8 in presence of NBI, which again corroborates previous
results of GNR aggregation. The formation of NBD-C8 adduct
was ensured by using mass spectrometry (Figure S36 in the
Supporting Information).

In summary, we have shown that synthetic catalysts can
show enhanced assembly which is driven by the formation of
transition state during catalytic conversion. In KE catalysis,
uncharged reactant leading to anionic TS and thereby product
on the cationic nanocatalyst (GNR) surface leads to decrease in
surface potential which results in loss of dispersibility of the
colloidal system inducing the aggregation phenomenon. Nota-
bly, here neither substrate nor product plays any direct
interactive role towards aggregation. Additionally, we have
demonstrated a catalytic phenomenon occurring at the
surfactant bilayer of the nanoparticle surface can lead to
cascading of other reactions, absolutely unrelated to the
original catalytic reaction (KE). We believe apart from unraveling

Figure 4. (a) Schematic representation of hybridization chamber (containing
eight units in one strip) containing PS-GNR solution with microscope setup.
The movement of the PS-GNR conjugate was observed under the optical
microscope at a resolution of 100 × and scan rate of 10 frames/second. (b)
Trajectory of PS-GNR conjugate in absence and presence of NBI (100 μM)
over 10 sec in the XY plane observed under optical microscope and analyzed
using Tracker software. (b) Diffusion co-efficient of PS-GNR conjugate in
absence and presence of NBI (100 μM) and the catalyzed product, CNP
(100 μM) as obtained from the slope of the MSD curves using MSD = 4DΔt.
CI = 95 % with 8 PS-GNR conjugates from 4 sets of experiment.
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fundamental behavior of catalysts; these results can also
potentially lead to the emergence of more life-like complex and
dynamic chemical systems with unique multi-dimensional
functionality as it showed a completely different approach to
generate assembly of a catalytic system which gets fueled
during catalytic processes enabling new possibilities for next-
generation dynamic materials.[27,28]
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COMMUNICATION

Self-powered assembly: Synthetic
functional assembly of catalytic unit
(gold nanorod), principally regulated
through their surface catalytic reactiv-
ity towards proton transfer reaction is
reported. The hydrophobic cavities
formed during flocking of gold
nanorods has been utilized as reactors
for hydrophobic substrates towards
aromatic nucleophilic substitution
reaction in aqueous media, demon-
strating a catalytic cascading which is
completely unrelated to primary
reaction products.
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