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ABSTRACT: Plasmon-driven photocatalysis is an emerging and promising
application of noble metal nanoparticles (NPs). An understanding of the
fundamental aspects of plasmon interaction with molecules and factors
controlling their reaction rate in a heterogeneous system is of high importance.
Therefore, the dehalogenation kinetics of 8-bromoguanine (BrGua) and 8-
bromoadenine (BrAde) on aggregated surfaces of silver (Ag) and gold (Au) NPs
have been studied to understand the reaction kinetics and the underlying
reaction mechanism prevalent in heterogeneous reaction systems induced by
plasmons monitored by surface enhanced Raman scattering (SERS). We
conclude that the time-average constant concentration of hot electrons and the
time scale of dissociation of transient negative ions (TNI) are crucial in defining
the reaction rate law based on a proposed kinetic model. An overall higher
reaction rate of dehalogenation is observed on Ag compared with Au, which is
explained by the favorable hot-hole scavenging by the reaction product and the byproduct. We therefore arrive at the conclusion that
insufficient hole deactivation could retard the reaction rate significantly, marking itself as rate-determining step for the overall
reaction. The wavelength dependency of the reaction rate normalized to absorbed optical power indicates the nonthermal nature of
the plasmon-driven reaction. The study therefore lays a general approach toward understanding the kinetics and reaction mechanism
of a plasmon-driven reaction in a heterogeneous system, and furthermore, it leads to a better understanding of the reactivity of
brominated purine derivatives on Ag and Au, which could in the future be exploited, for example, in plasmon-assisted cancer therapy.
KEYWORDS: hot-electrons, plasmon-driven catalysis, fractal kinetics, brominated purines, SERS, hole scavengers

■ INTRODUCTION

Visible-light-driven chemical reactions on the surface of
plasmonic nanostructures form the basis of plasmon chemistry.
That is to say, an incident photon of certain energy when
impinged on the surface of a nanoparticle (NP) can trigger the
collective oscillation of the free electron cloud which results in
the generation of a localized surface plasmon (LSP).1−3 When
the oscillating electron cloud dephases, electron−electron
scattering on the NP surface results in the generation of
nonequilibrium high-energy electrons for a short time scale
that are referred to as “hot electrons”.4,5 The hot electrons
(charge carriers) can easily get transferred to an unoccupied
orbital of a nearby chemisorbed or physisorbed reactant
molecule to induce a chemical reaction within the system via
transient electronic exchange. This is termed as a surface
plasmon (SP)-induced reaction and is often studied by
SERS.6,7

Several mechanistic models described by dissociative
electron attachment (DEA),8 desorption induced by electronic
transition (DIET), and desorption induced by multiple
electronic transitions (DIMET),9,10 among others, have been
put forward to study and understand the nature of some

exemplary plasmon-induced reactions. For example, the
mechanism of plasmon-induced dissociation reactions of O2

and H2 has been explained on the basis of the formation and
relaxation of transient negative ions (TNIs) resulting in
vibrational excitation of the neutral molecules.9,11,12 On a
similar ground, an initial report from our group demonstrates
the C−Br bond cleavage in 8-bromoadenine (BrAde) adsorbed
on aggregates of Au and Ag via hot electron transfer based on
the DEA model.8 Along this line, an understanding over
controlling and increasing the efficiency of the same plasmon-
induced reaction was laid forward by Liu et al.13 using different
applied potentials and laser light. In principle, a three-step
mechanism based on DEA has been proposed which is
generalized as follows:3,8,13
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(i) The first step involves the generation of hot electrons
upon laser illumination at a selected wavelength
described by eq 1.
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(ii) The next step involves the transfer of generated primary
hot electrons to the lowest unoccupied molecular orbital
(LUMO) of adsorbed bromonucleobases (BrNBs)
resulting in the formation of TNI (BrNB*−) described
by eq 2.
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Alternatively, a direct electron transfer (chemical
interface damping, CID) could also be possible via a
coherent tunnelling process before it interacts with the
electron cloud resulting in the formation of the TNI.14,15

(iii) Further, the metastable BrNB*− so formed undergoes
cleavage of the C−Br bond generating a bromide anion
and a nucleobase radical.

* → +− • −BrNB NB Br
k3 (3)

The overall dehalogenation reaction was understood
considering a pseudo-first-order reaction rate law.8 However,
the factors that influence the kinetic rate law, the reaction rate

and possible product generation still need to be understood to
develop a complete idea of the reaction mechanism. Another
important aspect that would affect the reaction rate of
plasmon-induced reactions in a heterogeneous medium
would be the spatial inhomogeneous distribution of electrons
on the surface and hotspots of nanostructures.16 It is important
to account for these when deriving the kinetic rate equation for
all heterogeneous surface reactions induced by plasmons.8,9

The probability and mechanism of such surface plasmon-
induced reactions depends on several factors namely−
feasibility of hot electron transfer and availability of low lying
molecular orbitals of the adsorbate toward TNI forma-
tion,3,8,9,17 nature and structure of plasmonic substrate,18−22

incident photon intensity and excitation energy,8,20,23−27

nature of the adsorbates,14,28 temperature of metallic
nanostructures,25,29,30 and so on. Importantly, the availability
of hot electrons and their transfer highly depends upon the
recovery of metallic atoms from their hot hole counterpart
generated by plasmon excitation which determines the success
of a plasmon-induced reaction to a great extent.23,31 The
knowledge of the same would allow one to develop an
understanding of different reaction rates observed on different
plasmonic substrates based on the adsorbate of interest.8

Bromoderivatives of purine nucleobases are potential
radiosensitizers in cancer therapy and exhibit a pronounced
susceptibility to free and plasmonically generated low energy
electrons.32,33 We chose them as a model system to understand

Figure 1. (A) Representative FESEM image of BrGua-coated aggregated AgNPs. (B) SERS spectra recorded during BrGua dissociation on
aggregated AgNPs under CW illumination at different time intervals using a 532 nm laser source (laser power: 0.2 mW; data acquisition time: 0.05
s; accumulation: 300) and marked bands in blue and pink correspond to the ring breathing mode of BrGua and Gua adduct, respectively, shown as
(C) zoom-in view of the SERS spectra (500−1300 cm−1) recorded in panel A. (D) Plot showing change in SERS intensity of the ring-breathing
mode of BrGua at 670 cm−1 against that of the Gua adduct at 693 cm−1 as a function of laser illumination time.
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the reaction rate law and mechanism of plasmon-induced
dehalogenation. The excitation of surface plasmons in
aggregates of Ag and Au drives the C−Br bond cleavage of
brominated purines on the metal surface. The reaction rate law
will be discussed on the basis of the DEA model described in
our previous work8 along with addressing the following
questions: (i) What parameters determine the reaction rate
law? (ii) How is the reaction rate influenced by hot hole
deactivation? (iii) What could be the possible dehalogenation
products and the plausible role of reaction products and
byproducts in the hole-scavenging mechanism? (iv) How does
the hot-hole-scavenging mechanism affect the reactivity of
purine derivatives on different plasmonic substrates? Next, the
plausible mechanism of plasmon-induced dehalogenation
reaction will be discussed by elucidating the reaction rate
dependence on illumination energy and irradiance. Finally, on
the basis of the kinetic data, the reactivity of the two different
purine derivatives on Ag and Au substrate will be compared.
The overall reaction kinetics is monitored in real time using
SERS, which allows one to trigger and simultaneously track the
reaction with a confocal Raman microscope.

■ RESULTS AND DISCUSSION

Plasmon-Induced Dehalogenation Reaction in 8-
BrGua and 8-BrAde by SERS. The dehalogenation reaction
of BrGua adsorbed on AgNPs and AuNPs was carried out
under continuous-wave (CW) illumination in ambient
condition using a selected laser excitation source. Details of
the synthesis of AgNPs and the preparation of the SERS
substrate can be found in the Supporting Information (SI).
UV−vis absorption spectra of citrate stabilized AgNPs and
AuNPs dispersion is shown in Figure S1 (Supporting
Information, SI). Field emission scanning electron microscopy
(FESEM) of BrGua-coated AgNPs (Figure 1A and Figure
S2A,B; SI) and AuNPs (Figure S2C−E; SI) surfaces reveals
the aggregated nature of nanostructures. SERS measurements
were carried out approximately on the regions shown in the
FESEM images (Figure 1A, orange circles, and Figure S2C; SI)
to ensure reproducible SERS.
Figure 1B shows the SERS spectra recorded at different time

intervals during dissociation of BrGua on AgNPs under CW
illumination with a 532 nm laser. The SERS spectra reveal
characteristic sharp peaks at 693 cm−1 (due to a ring breathing
mode, solid blue line) along with other peaks at 838 and 1280
cm−1 extracted at t = 0.2 s (dotted blue line). The cleavage of

the C−Br bond in BrNBs was ascertained by a decrease in the
SERS peak intensity at 693 cm−1 in due course of the reaction
time with the concomitant rise of a peak at 670 cm−1,
characteristic of the ring breathing mode of Gua (Figure 1B).
The peak rising at 1196 cm−1 (dotted lines in pink; Figure 1C)
is assigned to a C8−H bending mode (δ), affirming the Gua
formation (via Gua radical intermediate)34 supported by
additional peaks rising at 834, 1007, and 1627 cm−1. In all
cases, the reaction was monitored until saturation of the peak
intensity was observed.
Additionally, the SERS spectrum recorded for Gua under the

same illumination condition as of BrGua (Figure S3) showed
no change in ring breathing mode intensity at 670 cm−1,
indicating the stable nature of Gua. All peak assignments have
been done with respect to reference SERS frequencies
tabulated in ref 34. In general, slight deviations in the
wavenumber position of the vibrational modes of BrGua and
Gua from the reference SERS values and fluctuations in peak
intensity were occasionally observed. This could be attributed
to inhomogeneous interparticle gaps resulting in varying
structural orientation of the molecules in the aggregates or
to local lattice heating.35,36 Further details of the experimental
results on the dehalogenation reaction of BrAde studied on Ag
aggregates can be found in Figure S4, SI.

Proposed Dehalogenation Reaction Pathway and
Kinetic Analysis of BrNBs (BrGua and BrAde) on Ag and
Reaction Rate Law. The dehalogenation pathway has been
proposed taking into account eqs 1−3 based on the DEA
model8 and has been summarized in Scheme 1. Equation 1
involves the generation of hot electrons marked by <100 fs
lifetime.3 The plasmon decay (e− − e− scattering) takes place
on the fs time scale, and the fraction of effective hot electrons
that are generated and transferred remains low with numbers
on the order of 10−4−10−8.29,37 This allows us to consider the
formation of TNI in eq 2 to be slow and possibly the rate
limiting step. Next, the metastable BrNB*− so formed
undergoes cleavage of the C−Br bond generating a bromide
anion and a nucleobase radical (eq 2). The dissociation
proceeds on a repulsive potential presumably within a single
vibrational period (i.e., within tens of fs). Hence, this is
considered to be the fast step of the dehalogenation
reaction.9,11

Considering the three elementary steps, the general rate of
the dehalogenation of brominated purines can be written as
below:

Scheme 1. Schematic Showing the Plasmon-Excitation-Induced Dehalogenation Pathway of Brominated Purines on an Ag
Nanostructure and the Varying Observed Rate Constants of the Reaction on the Aggregated Nanostructure (across the Hot-
Spots and the Residual Surface)
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is the observed rate constant of the

reaction. We refer to the SI for a detailed derivation and
discussion. Equation 4 reflects that the rate of dehalogenation
depends on the concentration of adsorbed BrNBs and effective
hot charge carriers directing the dehalogenation kinetics to
follow a second order rate law. This could be possible as the
illumination area encompasses both hot-spots and remaining
surface of the nanostructure, which creates a hot electron
concentration gradient in due course of the reaction8,9

However, considering a rapid excitation-relaxation process
during hot-electron generation under CW illumination,3 the
time averaged local concentration of the hot-electrons e− can
be considered constant in the initial time. Alternatively,
considering the dissociation of the TNI (BrNB*−) to be the
fast step (as described above), we can write k3 ≫ k−2. These
assumptions lead to a simplified pseudo first order eq 5 which
can be expressed as below:

= [ ] = ′ [ ]
t

krate
d BrNB

d
BrNBobs (5)

where k′obs = −k1k2[NP] and refers to a pseudo-first-order
reaction constant. Detailed considerations can be found in the
SI, equations S1−12.
Therefore, we fit the experimental SERS kinetic data (Figure

1D) with the first-order integrated rate equation (equation
S15, SI) obtained from the rate law described in eq 5. The
reaction kinetics was tracked by monitoring the relative
decrease in SERS intensity at 693 cm−1 (IBrGua) and
corresponding rise in peak at 670 cm−1 (IGua) due to product
over time t as shown in Figure 1D. Interestingly, a time
dependence of k′obs was found (Figure S5, SI) unlike that
observed in classical first-order kinetics. This is indicative of
the heterogeneous surface reaction that occurs in confined
spaces with a limited mobility of the reactantscharacteristic
of fractal-like reaction kinetics.38 It should be mentioned that
other factors, such as local temperature and inhomogeneous
reaction sites, might affect the reaction rate constant of a
heterogeneous reaction taking place in a confined space as well
as plasmonic field enhancement in the case of plasmon-
mediated reactions, as might be the case herein.8,9,38

We report on the aggregated nature of the nanostructures
(Figure 1A) which results in the generation of inhomogeneous
reaction sites. Consequently, the hot spots created in the
junction between the NP aggregates serves as confined
reaction sites, which exhibit the highest electric field
enhancement than on the residual surface.39 The presence of
such hot spots and the electric field gradient generated across
the hot-spot and the residual surface is also confirmed by
FDTD simulations, where the geometry was chosen to
reproduce an exemplary region (shown in Figure S6A) of
BrGua-coated Ag aggregates. The electric field enhancement
was simulated for the four different excitation wavelengths,
including 488, 532, 633, and 785 nm, as shown in Figure S6B−
E. The inhomogeneity of the system due to the electric field
gradient and hence the time dependence of the reaction rate
constant can be explained as follows: in general, a higher
reaction rate is expected at the local hot spots than on the rest
of the surface due to a higher local concentration of hot
electrons. Therefore, within the reaction zone, the gradual

change in the local environment in terms of temperature and
field enhancement would generate a reaction trajectory, leading
to a gradient of reaction constants represented in Scheme 1 on
the right-hand side.8 The region with higher reaction rate (hot-
spot) dominates the reaction trajectory in the initial time
which is gradually replaced by reaction on the remaining
surface that would exhibit lower reaction constant. Therefore,
inhomogeneous distribution of the reaction site (substrate
perspective) within the illumination zone dominates over the
kinetic process (adsorbate perspective), inducing time depend-
ence of the electron transfer step designated by rate constant
k2.
Therefore, we use the term time-dependent reaction-

coefficient (k′obs) typically used in fractal-like reaction
kinetics,38 instead of a reaction constant in, for example,
(pseudo-) first-order kinetics, which is typically used for a well-
stirred mixture of reactants. The time-dependent k′obs is
therefore replaced by relation (6) in the electron transfer step
(eq 2) designated by the rate coefficient k2 taking into account
the inhomogeneity of the system.38,40

= ≤ ≤ ≥−k k t h t, 0 1 and 1h
2 f (6)

where h refers to fractal dimension, t refers to time, and kf
refers to the fractal reaction constant which is a time-
independent parameter. Introducing the fractal relation (6)
into the pseudo-first-order rate law in eq 5 allows us to obtain
the following relation:

[ ] = [ ] − −
−

eBrGua BrGua k t
h0

( 1 )
h

f1

1

(7)

where eq 7 represents the general expression for the pseudo-
first-order fractal kinetic equation and kf1 refers to the reaction
constant of the reaction. Detailed derivation of eq 7 is provided
in the SI. Herein, we consider [BrGua] and [Gua]to be
proportional to the decay and rise in SERS intensity at 693 and
670 cm−1, respectively. Importantly, to exclude the contribu-
tion from background noise arising in heterogeneous systems
and to achieve improved goodness of the curve fit we consider
taking the ratio of SERS signal intensity of IGua and IBrGua
obtained in Figure 1D to extract reaction constant kf1, which
led to eq 8. It is to be mentioned that kf1 will be used as key
parameter to discuss all kinetics results and comparison.

= −−−I
I

e 1k t hGua

BrGua

/1h
f1

1

(8)

The fitted kinetic data in Figure 2 corresponds to the SERS
time trace from BrGua on AgNPs. The pseudo-first-order
fractal constant kf1 extracted from the fit with eq 8 is 0.03 ±
(1.3 × 10−4) s−1 with R2 = 0.952. A similar trend was observed
for time trace data obtained from the dehalogenation reaction
observed on BrAde on AgNPs with 633 nm laser (data not
shown).
Next, to comment on the possible dehalogenation products

and the role of reaction products and byproducts in the hole
deactivation mechanism, we discuss eqs 9 and 10 in further
continuation to eqs 1−3, which has been detailed in the SI and
depicted in Scheme 2.

→•NB products
k4

(9)

* + →+ −NP (h ) e NP
k5

(10)
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The nucleobase radical generated after dehalogenation could
translate to form a neutral nucleobase (Gua or Ade) product
consuming a H+ ion and an additional electron.8 Additionally,
owing to its high tendency toward oxidation compared to its
stable hydrogenated counterpart, it may preferentially follow a
one-electron oxidation (eq 11) to generate the oxo-product of
guanine and adenine, or it may undergo dimerization to form
the dimerized adduct.41,42 (refer to equations S20−26, SI)

+ → ‐ + +• − +NB H O 8 oxoNB e H2 (11)

For example, the peak arising at around 1460 cm−1 at 6 s
(Figure 1B) can be assigned to vibrational bands characteristic
of oxidation of Gua.42 A very similar feature characteristic of
guanine oxidation at around 1610−1620 cm−1 could be seen
which can be assigned to the oxo product of Gua, namely, 8-
oxoguanine or 8-hydroxoguanine.42,43 It should be mentioned
that although the vibrational band corresponding to oxidized

reaction products can be assigned, a direct quantitative analysis
of the oxidized product in the spectral range 1600−1630 and
1400 cm−1 could not be carried out because of their close
overlap with the band features of their nonoxidized counter-
part. Further, observations made in SERS spectra recorded for
the dehalogenation reaction of BrAde (Figure S4A) are
included in SI. Importantly, time series normal Raman
measurements of BrGua and BrAde were carried out under
CW illumination using 532 nm laser source as a control study
(Figure S7A,C). No decay in the intensity of ring breathing
mode (or cleavage of the C−Br bond) of BrGua and BrAde
reflected from Figure S7B and D, respectively, was noted,
indicating that the bromonucleobases do not undergo
decomposition in the absence of plasmonic nanoparticles.
That is to say, brominated purines do not show any
photoreactivity in the visible range, which is also clear from
the absorption spectra recorded for BrGua and BrAde solution
(Figure S8A and B), respectively. Additionally, in a recent
study, we irradiated 5-bromouracil in the absence of nano-
particles, with focused ns-laser pulses (532 nm, 4 × 109 W/
cm2) and observed neither a cleavage of the C−Br bond nor
any other decomposition of the bromonucleobase.44

Like we discussed before, the hole deactivation is an
important step, therefore we propose two plausible pathways
that can lead to hole deactivation during the dehalogenation
reaction (as shown below and refer to equations S22−33, SI).
A first plausible hole reduction pathway proposed is the
oxidation of the product nucleobase radical (eq 11). The
oxidation of the free nucleobases is very well studied in solid
electrodes by electrochemical techniques.45,46 On a silver
electrode, the values for the oxidation of deoxyguanosine 5′-
triphosphate (dGTP) start around 0.49 V vs SHE (Standard
hydrogen electrode).47 Typically, the triphosphate backbone
shifts the oxidation potential of nucleotides toward a more
positive potential by almost 0.250 V compared with the
bases.46 Therefore, it is likely that the oxidation of Gua takes
place around 0.3 V vs SHE, which indicates toward the
consumption of an unstable Gua radical product in the hole
reduction, which can undergo oxidation even at a lower

Figure 2. IGua/IBrGua versus time plot when fitted to pseudo-first-order
(eq 8) integrated fractal rate expression with the pink curve showing
the corresponding fit (laser: 633 nm; 1 mW, 5 s).

Scheme 2. Schematic Representation of the Overall Plasmon-Induced Dehalogenation Process and Plausible Pathway of Hot
Hole Reaction and Fate of Nucleobase Radical (Taking the Example of BrGua) on Ag Surfacea

aEnergy levels shows absolute electrochemical energies, E (eV) with respect to the vacuum level.
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potential than 0.3 V vs SHE. This appears just above the Fermi
energy of the AgNP centered around 0.36 V vs SHE (or, E
(eV) = −4.80 eV, absolute electrochemical energy with respect
to vacuum given by the relation: E (eV)= −(4.44 + ESHE) eV

13

such that the electrons generated by the oxidation of the base
or base radical would be consumed by the hot-holes without
any energetic loss. The same can be expected in the case of
Ade dehalogenation, considering very small shifts in terms of
potential values, since the oxidation of the Ade base also occurs
around 0.3 V vs SHE.47 A schematic description of the
plasmon-induced dehalogenation process and plausible path-
ways of hot hole reaction and fate of nucleobase radical
product are summarized in Scheme 2.
Second, we propose that the Br− byproduct from the

reaction can act as hole scavenger. This involves a favorable
one-electron transfer reaction to the hole that occurs at a
potential of 0.10 V vs SHE (−4.54 eV)48 with respect to the
Fermi energy of 0.36 V vs SHE (−4.80 eV).13 This would
result in the formation of photosensitive AgBr on the Ag
surface (eq 12) which has also been reported by Xie et al. in
one of their seminal works.31

+ → +− −Ag Br AgBr e (12)

However, because of high photosensitivity (AgI > AgBr >
AgCl),31 photodissociation of AgBr could easily regenerate an
Ag atom and a bromide radical (equation S29, SI) that further
engages in stepwise redox processes (refer to SI, equation
S30−32 and Scheme 2) to continue the reaction cycle. A third
possible pathway for the hole reduction reaction involves water
oxidation (equation S23). However, the hole consumption via
oxidation of the nucleobase radical and Br− anion proposed to
occur on the interface of Ag NPs are more likely to supersede
the four-hole oxidation of H2O

23 (1.23 V vs SHE (−5.67 eV))
due to their favorable oxidation potential with respect to Fermi
energy.
As assumed in a first approximation in the derivation of the

rate equation, the electron transfer to the adsorbate is the rate-
determining step. Nevertheless, in the case of insufficient and
slow hole reaction, k5 would likely overrule the kinetics of the
initial steps marking itself to be the rate-determining step
without affecting the kinetic rate laws defined. Having said
that, favorable hot hole reaction as discussed above still allows
consideration of time-average concentration of hot electrons to
be constant under CW illumination. Therefore, we consider a
pseudo-first-rate law and rely on the integrated first-order

fractal kinetic, eq 8, to derive further kinetic parameters in the
rest of the discussion.
Indeed, that the hole deactivation mechanism is prevalent

and places an important role in deciding the reaction rate is
further supported by carrying out a dehalogenation reaction of
brominated nucleobases on AuNPs. For this, the dehalogena-
tion reaction kinetics were monitored on aggregates of Ag and
Au at different laser power (irradiance; W/cm2) under
different incident photon energy, viz., 488, 532, 633, and 785
nm. Figure 3A shows the semilog plot of kf1 versus irradiance
obtained at four different illumination wavelengths (for the
reaction monitored in case of BrGua). Reaction rate constant
compared at different irradiance (Figure 3A and Figure S9 for
BrGua and BrAde on Ag, respectively) showed an increase in
value with irradiance at all the wavelengths.
In contrast to the case of Ag, the dehalogenation reaction on

Au could only be followed with 633 and 785 nm laser
illumination. SERS spectra recorded for brominated purines on
Au surfaces under laser illumination at 488 and 532 nm were
dominated by a visible emission background (Figure S10A,B
and Figure S11A) which made the traceability of the reaction
difficult. This can be explained by radiative recombination
attributed to interband transitions in Au that occur in the range
of 2.6−2.8 eV close to 488 and 532 nm laser excitation
resulting in plasmon damping (obscuring SERS signal) in
addition to off resonance excitation.49 The weak Raman
scattering signal (ring stretching vibration) from BrAde
adsorbed on Au aggregates when illuminated with the 532
nm laser is shown in Figure S11A. Further description of
kinetics and SERS spectra of brominated purines adsorbed on
Au aggregates can be found in SI.
The SERS time traces were fit with eq 8 to obtain the

pseudo-first-order kinetic constant for the case of both BrGua
and BrAde on the Au substrate (Figure 3B and Figure S12,
respectively) under 633 and 785 nm laser illumination.
However, the reaction kinetics observed at laser powers
above 6 mW did not show significant differences in the
reaction rate constant (for both BrGua and BrAde when
studied with 633 and 785 nm laser excitation). This is
supported by the kf1 vs irradiance in Figure 3B and Figure S12
unlike that observed in Figure 3A and Figure S9. This could
possibly be attributed to the small range of laser power
selection, which did not allow seeing discernible gradients in
the respective reaction coefficients. Nevertheless, the reaction
rate observed at 633 nm was higher than at 785 nm for both

Figure 3. (A) Semilog plot of reaction rate constant plotted as a function of irradiance at different laser wavelength (X-axis is in log scale)
determined for dehalogenation reaction of BrGua on (A) AgNPs and (B) AuNPs. Error bar represents the standard deviation of kf1 values from
three different independent measurements carried on different reaction spots. (C) Semilog plot of rate constant kf1 normalized with respect to
lowest incident laser power (P, mW) expressed by kf1P = kf1/P plotted at different laser wavelength for dehalogenation of BrGua on AgNPs (blue)
and AuNPs (pink), respectively. (Y-axis is in log scale).
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BrGua and BrAde on Au albeit less pronounced than for the
Ag substrate (summarized in Figure 3C and Figure S13). The
rate constant (kf1) extracted for making the above comparison
was normalized with respect to lowest incident laser power (P,
mW) expressed by kf1P = kf1/P plotted at different laser
wavelengths.
This can be explained by the hole deactivation pathway

prevalent on AuNPs surface. In case of Au also, we consider
the one-hole oxidation of Br− (via AuBr2

−, eq 13) and
oxidation of nucleobases (and their corresponding nucleobase
radicals; eq 11), which could serve as a potent hole scavenger
along with water oxidation.

→ +− −Br
1
2

Br e2 (13)

However, unlike Ag, the oxidation potential of Br−/Br2
(centered around 1.24 V vs SHE)50 and that of nucleobase
or nucleobase radical oxidation (centered around 1.20 V vs
SHE)51,52 is quite large. This lies close to water oxidation at
1.23 V vs SHE which might limit the efficiency of hot hole
reduction on an Au surface, thereby diminishing the
dehalogenation reaction rate on the Au surface contrary to
what was observed in the case of AgNPs. That is, an inefficient
hole deactivation will induce a time delay in the relaxation of
the NP system before any subsequent new photoexcitation
(e−-h+ formation) can take place limiting the kinetic rate of
dehalogenation on Au as observed.23 In such a situation, any
increase in laser power (photon density) will still result in
generation of hot carriers which would be available for hot-
electron transfer. However, further increase in photon density
under such slow hole deactivation rate will lead to a regime
which would allow the relaxation of the photo excited carrier
via nonradiative e−-h+ recombination (that occurs in ps time
scale)53 to compete over the hot-electron transfer process.
This will limit the number of effective hot-charge carrier
available to participate in the dehalogenation reaction resulting
in either saturated or diminished value of reaction rate
coefficients as reflected in Figure 3B or Figure S12. This
explains the overall lower reaction rate observed experimentally
on the Au surface at 633 and 785 nm when compared to Ag. A
schematic describing the plasmon-induced dehalogenation
process and plausible pathways of hot hole reaction and fate

of nucleobase radical product on Au surface is presented in
Scheme S1. Hence, this draws our attention to the fact that the
overall plasmon mediated reaction rate might be limited by the
feasibility of hole deactivation.23

Importantly, the success of a plasmon-induced reaction
(initiated by hot electron transfer) is often questioned either
by the existence of a thermally driven reaction pathway or rate
acceleration by simple plasmon heating. For an electron-driven
photochemical reaction, a linear increase in reaction rate with
the laser intensity is expectedthat is, rate ∝ intensityn with n
= 1, which however deviates to show a super linear
dependence with n > 1 for very high laser intensity or under
fs-pulsed laser illumination.26 However, a photothermal
process shows deviation from such linearity and exhibits an
Arrhenius type dependence between the reaction rate and laser
intensity for a linear dependence of temperature on the laser
power.37 The reaction rate coefficient compared at different
irradiance (Figure 3A and Figure S9 for BrGua and BrAde on
Ag, respectively) shows almost a linear trend although a
deviation from linearity is observed at higher irradiance. The
steep rise in rate constant observed at the highest irradiance
(for some wavelength, viz., 532 and 785 nm) could still be the
signature of electron-driven photochemical reaction that is
mainly observed in extended metallic nanostructures as
described in detail by Linic and co-worker in one of their
seminal work.26 The presence of multiple active hot-spot sites
which supports higher rate of hot electron formation at higher
photon density results in efficient resonance transfer of
electrons to the LUMO of the adsorbate which might be
one of the reason for steep rise in reaction rate. Furthermore, a
steep rise at the highest irradiance (at different wavelength)
could also be due to the dominance of thermal process or
plasmon heating. As no clear trend is reflected for both the
cases studied, we do not solely depend on reaction rate vs
irradiance comparison to analyze the nature of the plasmon
mechanism (thermal versus nonthermal). This is because a
plasmon-induced reaction which is necessarily initiated via hot
electrons might still be influenced photothermally when
monitored at high laser power due to localized plasmon
heating.25,27 Additionally, the microabsorbance spectrum
shown in Figure 4A, red band (and Figure S14, yellow
band) recorded on the region shown in Figure S15A for

Figure 4. (A) Absorbance and corresponding reflectance spectra recorded on the region shown in Figure S15A for BrGua coated AgNPs. (B) Rate
constant (kf1) normalized with respect to absorbed laser power (Pabs in mW) expressed by kf1Pabs(kf1Pabs = kf1/Pabs) plotted at different laser
wavelength for BrGua coated AgNPs. Pabs = incident power × absorbance. The absorbance of the substrate used for the normalization has been
determined from microabsorbance spectra recorded in panel A. The error bar represents the standard deviation of kf1 values from three different
independent measurements.
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BrGua-coated AgNPs (and Figure S15B for BrAde) shows
pronounced absorbance at 488 nm. This could also lead to a
temperature increase aiding the reaction thermally.
Further, we compare the reaction rate constant normalized

to the absorbed power under different laser excitation
wavelengths to comment on the role of hot electrons in
plasmon-induced dehalogenation. The rate constant (kf1)
normalized with respect to the absorbed power Pabs given by
the expression kf1Pabs(kf1Pabs = kf1/Pabs, where Pabs = Incident
Power × Absorbance (λ)) plotted at different wavelengths
showed an increasing trend with increase in laser excitation
energy following the order BrGuak488 > BrGuak532 > BrGuak633 >
BrGuak785 (Figure 4B). The microabsorbance spectrum in Figure
4A showed a decrease in absorbance with an increase in
wavelength; and, the field enhancement calculated according
to the FDTD simulations (determined on an exemplary
regions of BrGua coated Ag aggregates) follows the order: E488
> E532 > E633 > E785 (Figure S6, refer to SI for details). The
experimental reflectance spectrum (Figure 4A, blue curve) also
closely resembles the simulated reflectance spectrum shown in
Figure S16. Typically, plasmon-induced reactions observed on
regions that correspond to higher absorbance and high field
enhancement should exhibit higher reactivity because of the
higher rate of hot electron generation under resonant
illumination.20,27 Therefore, highly pronounced absorption
(indicated by dotted colored lines - blue and green, Figure 4A)
and comparatively high field enhancement at 488 and 532 nm
(Figure S6B and C, SI) would result in buildup of population
of hot carriers in this regime explaining the observed trend in
reactivity. On the other hand, off resonance and lower optical
absorption at 633 and 785 nm under low photon energy on Ag
substrate and lower plasmonic field enhancement (Figure S6D
and E, SI) explains the corresponding lower reaction rate
observed. A very similar argument holds true in case of
dehalogenation kinetics for BrAde on AgNPs (refer to Figure
S14).
Next, in the case of nonthermal or hot electron-driven

processes, the energy distribution of the hot carriers depends
upon the excitation wavelength as high energy photons can
excite electrons far from the Fermi level compared with lower-
energy photons.17,27 Based on the decreasing energy of hot
carriers with increasing wavelength, a significant drop in

reaction rate should be observed in the case of a hot electron-
driven process. Furthermore, temperature rise of a system
depends upon the amount of absorbed optical energy.2

Therefore, in case of a nonthermal process, the reaction rate
normalized to the absorbed number of photons should show a
wavelength dependence with maxima in the spectral range
where hot electron generation is efficient.27 A clear depend-
ence of reaction coefficient normalized to absorbed power
versus wavelength can be observed in Figure 4B and Figure
S17 with maxima at the SPR region of Ag nanoparticles in the
case of both BrGua and BrAde, respectively. This allowed us to
conclude that the dehalogenation reaction is driven by hot-
electron indicating toward the nonthermal nature of the
reaction. However, we do not completely eliminate the thermal
activation of reactants and hot charge carriers with increase in
irradiance and laser energy.
Additionally, we considered analyzing the relative SERS

response of the brominated purines on the surface of Ag and
Au. Therefore, a histogram plot showing relative normalized
SERS intensity of BrAde and BrGua on the aggregated surface
of AgNPs and AuNPs under 633 and 785 nm laser excitation is
shown in Figure S18. We arrive at a conclusion that the SERS
sensitivity of BrAde is higher compared with BrGua on both
Ag and Au substrate. Also, Ag appears to be a better SERS
substrate for both BrAde and BrGua than Au, which was
apparently clear from Figure 3C and Figure S13.
Lastly, we took interest to know whether the observed

kinetics is dependent upon the nature of brominated purines
involved. Overall, our findings showed comparatively higher
reactivity of BrAde on AgNPs than BrGua, which reverses its
reactivity on the AuNP surface under both the laser
illumination at 632 and 785 nm independent of their relative
SERS sensitivity response. This is shown by the bar diagrams
in Figure 5A,B of the rate constant (kf1) normalized with
respect to incident laser power (P) expressed by kf1P, although
an explanation for the reactivity of brominated purines on the
respective plasmonic substrates demands a separate study as a
whole. However, a preliminary idea of the higher reactivity of
BrGua over BrAde on the AuNPs surface could be drawn
taking into account the binding affinity of the respective
unsubstituted nucleobases on Au and AgNPs and shift in
density of states upon surface adsorption.54−58 A plausible
reasoning for the observation has been discussed in SI.

Figure 5. Bar graph showing the comparison of normalized rate constant (kf1P, normalization done with respect to lowest laser power) for
dehalogenation of both BrAde and BrGua on AgNPs and AuNPs under (A) 633 nm and (B) 785 nm laser excitation. The normalized rate constant
of dehalogenation of BrAde is relatively higher than BrGua on AgNPs surface, whereas dehalogenation of BrGua is relatively higher than the rate of
dehalogenation of BrAde on AuNPs surface.
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■ CONCLUSIONS

In summary, hot-electron-induced cleavage of C−Br bonds,
release of Br−, and formation of a reactive radical intermediate
are proposed to be the essential steps that form the basis of the
kinetic rate equation. Based on a proposed kinetic model, the
time-average constant concentration of hot electrons and time
scale of the dissociation of transient negative ions (TNI) is
considered to play a critical role in defining the rate law.
Therefore, a pseudo-first-order dehalogenation kinetics has
been implemented considering the time-averaged concen-
tration of hot electrons to be constant. Importantly, Br− and
product nucleobase radical play an important role in hole
deactivation which ultimately guides the dehalogenation rate.
Although the reaction rate is initially suggested to be limited by
electron transfer to the LUMO of adsorbed BrNBs, we arrive
at the conclusion that insufficient hole deactivation could
impede the reaction rate significantly marking itself as rate-
determining step for the overall reaction. The favorable
oxidation potential of Br− and the nucleobases radicals toward
hole reaction explains the overall higher reactivity of
dehalogenation kinetics observed on Ag, which is compro-
mised on Au surfaces because of the large oxidation potential
of both Br− and the nucleobase radical.
Higher reaction rate observed at the higher laser energy has

been explained by pronounced surface plasmon resonance
(SPR) absorption accompanied by high plasmonic enhance-
ment in the case of Ag compared with Au, which results in the
generation of higher concentration of hot carriers. We further
conclude on the hot-electron-driven nature of the dehaloge-
nation reaction over the thermal nature by showing the
wavelength dependency of the reaction rate normalized to
absorbed optical power. The dehalogenation reaction rate law
is independent of the nature of brominated nucleobases and
the plasmonic substrate, although the feasibility of the reaction
and their corresponding reaction rate is guided by nature of the
brominated purines and the plasmonic substrate involved.
Based on the present findings, future implications lie in further
monitoring of hot-electron-induced reactions in brominated
purines when incorporated in long ss and ds DNA by the SERS
method.59 The success of which would direct one to employ
the bromo-derivative of the purines and other potent
electrophilic radiosensitizers for real time study in cellular
environment for upgraded cancer therapy.

■ MATERIALS AND METHODS

Chemicals. Guanine (Gua), 8-bromoguanine (BrGua),
silver nitrate (AgNO3), and trisodium citrate were purchased
from Sigma-Aldrich (Germany). 8-Bromoadenine (BrAde) was
purchased from Carbosynth (U.K.). Sodium hydroxide
(NaOH) was purchased from Merck. AuNPs (diameter 40
nm) were purchased from BBI solutions. Si-wafers were
purchased from CrysTec GmbH (100 mm, p-Typ). All
chemicals were used as received without further purification.
Milli-Q grade water was used for synthesis and experimental
work.
Synthesis of AgNPs. AgNPs were synthesized following

Lee and Meisel protocol60 with some modifications. Briefly, 1
mM AgNO3 dissolved in 500 mL of Milli-Q water were heated
up to boil under reflux condition at 125 °C with constant
stirring (600 rpm). This was followed by addition of 10 mL of
155 mM sodium citrate to the same solution using a syringe
and the boiling was continued for another 1 h. The formation

of AgNPs was ensured by the appearance of final brown-yellow
color of the dispersion. Detailed characterization of as
synthesized AgNP dispersion has already been presented in
ref 34.

■ SERS STUDY
Sample Preparation. Citrate (cit) stabilized Ag and Au

NPs were first functionalized with brominated analogue of
purine derivative, viz., BrAde and BrGua.34

AgNPs. In the first step, 1 mL of as-synthesized AgNP
dispersion was purified by centrifugation at 2000 rcf for 10 min
at 20 °C, and the precipitate was redispersed in 1 mL of Milli-
Q water. Next, 20 μL of 0.5 mM solution of Gua and their
brominated analogue of Gua and Ade were mixed with 80 uL
of centrifuged AgNPs dispersion and allowed to incubate for 1
h at room temperature. Because of poor water solubility, 0.5
mM of Gua and BrGua were made in NaOH solution such that
the final concentration of NaOH is 13 mM and 0.8 mM
respectively. Upon 1 h of incubation, the resulting mixture was
centrifuged at 1000 rcf for 10 min at 20 °C (×2), and the
precipitate was redispersed in 20 μL Milli-Q water.
Immediately, 10 μL of the sample dispersion was drop cast
on a cleaned Si-substrate and was left for overnight drying at
ambient condition.

AuNPs. The AuNP samples for SERS measurements were
prepared by similar method except for few changes as stated.
Then 1 mL of AuNP dispersion was purified by centrifugation
at 2000 rcf for 10 min at 20 °C, and the precipitate was
redispersed in 1 mL of Milli-Q water. Next, 20 μL of 0.5 mM
solution of brominated analogue of Ade and Gua were mixed
with 80 μL of centrifuged AuNPs dispersion and allowed to
incubate for 1 h at room temperature. Due to poor water
solubility, 0.5 mM of BrGua were made in NaOH solution
such that the final concentration of NaOH is 2 and 4.4 mM
respectively. Upon 1 h of incubation, the resulting mixture was
centrifuged at 1000 rcf for 10 min at 10 °C (×2), and the
precipitate was redispersed in 20 μL Milli-Q water.
Immediately, 10 μL of the sample dispersion was drop cast
on a cleaned Si-substrate and was left for overnight drying in
ambient condition.
Upon treatment, the brominated derivatives of purines

preferentially get adsorbed on the surface of NPs, replacing the
citrate as surface stabilizers meanwhile inducing aggregation in
the dispersion.54 This is further facilitated during the two-step
centrifugation process, which helped remove the citrate layer
from Ag and AuNPs and simultaneously inducing aggregation
of NPs via intermolecular H-bonds or by π−π* stacking
interaction between the brominated analogues.34,55,61 The
extent of induced aggregation depends upon the type of
brominated nucleobases and their respective binding energies
toward NPs.

SERS Kinetic Measurements. Kinetic measurements of
brominated purines treated AgNPs and AuNPs were carried
out using WITec alpha300 Raman−microscope equipped with
four different excitation laser sources (488, 532, 632, and 785
nm) under a 10× objective (NA = 0.25). The laser power,
integration, and accumulation time for each measurement
employed can be found as stated where necessary. All
measurements were carried out in triplicate in different sample
areas. All SERS spectra obtained were processed using WITec
Project 5 and Origin 9.1 software.

Microabsorbance Measurements. The measurements
were performed with a microabsorbance spectrometer, which
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is described elsewhere in detail.62 Briefly, light from a
supercontinuum laser (Fianium, SC-400−4) was guided
through a beamsplitter toward a modified microscope and
focused on the sample with an Olympus SLMPlan FLN 20×
objective with an NA of 0.25. The reflected light was collected
by the same objective and guided by an optical fiber (Oceans
optics QP600−2-UV-BX) to the spectrometer (Avantes,
Avaspec 3648). The microabsorbance spectra were measured
at characteristic places that were similar to the SERS
measurement spots. The reflectance of the Si substrate close
to the measurement position was used as a reference IReference
for reflection. The reflectance was calculated as

=
−
−

R
I I

I I
Sample Dark

Reference Dark

The absorbance was determined as A = 1 − R, since
transmission was prevented by the Si substrate.
Finite-Difference Time-Domain Method (FDTD).

FDTD simulations of AgNP on a Si substrate have been
carried out using the software Lumerical FDTD Solutions 8.6.3
with a mesh size of 1 nm. The Si substrate was covered with a
2 nm SiO2 layer and decorated with cylindrical 40 nm AgNPs
imported from SEM images of the sample. A linear polarized
plane wave source (400 to 900 nm) irradiated the sample from
the top and a power monitor above the light source recorded
the reflectance of the sample. The E-field was monitored in the
xy-plane in the center of the AgNPs.
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