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Abstract
Plasmon-mediated chemistry presents an intriguing new approach to photocatalysis. However,
the reaction enhancement mechanism is not well understood. In particular, the relative
importance of plasmon-generated hot charges and photoheating are strongly debated. In this
article, we evaluate the influence of microscopic photoheating on the kinetics of a model
plasmon-catalyzed

reaction:

the

light-induced

4-nitrothiophenol

(4NTP)

to

4,4’-

dimercaptoazobenzene (DMAB) dimerization. Direct measurement of the reaction temperature
by nanoparticle Raman-thermometry demonstrated that the thermal effect plays a dominant role
in the kinetic limitations of this multistep reaction. On the same time, no reaction is possible by
dark heating to the same temperature. This shows that plasmon nanoparticles have the unique
ability to enhance several steps of complex tandem reactions simultaneously. These results
provide insight into the role of hot electron and thermal effects in plasmonic catalysis of
complex organic reactions, which highly important for the ongoing development of plasmon
based photosynthesis
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1. Introduction
The purpose of a catalyst is to increase the rate of a reaction. A photo-catalyst does so by
providing photo-excited electrons, effectively lowering the activation-energy.[1,2] Additionally,
excitation by light inevitably leads to photoheating, which can accelerate the reaction even
further.[3,4] The photocatalytic activity is therefore, at least in principle, controlled by increasing
the light-intensity. In traditional semiconductor photocatalysis, heating causes thermally
activated excited-state decay and charge recombination,[5] which impedes the catalytic activity
and limits the attainable turnover frequency.
Plasmon-driven photocatalysis by metal-nanoparticles offers an alternative approach that
overcomes some of the limitations of traditional semiconductor photocatalysis.[6,7] Plasmons
are a resonant collective excitation of the conduction band-electrons of a metal nanoparticle.[8]
They decay by the formation of an energetic electron-hole pair, which has about the energy of
the plasmon itself.[9–11] One, or both, of the energetic carriers might subsequently transfer to a
molecule adsorbed on the surface of the plasmonic structure. Alternatively, they thermalize
leading to efficient nanoscale heating.[4,10]
Today, literature knows a large amount of reactions that are either plasmonically accelerated or
even enabled.[12] Examples range from the dissociation of H2,[11,13] via the reduction H2O [14]
and of CO2,[15] to complex organic N-N or C-C coupling reactions.[16–25] The latter reaction type
is particularly interesting as it forms the basis for true photosynthetic capabilities.
Many of these studies have empirically shown a positive dependence of the plasmon-induced
reaction rate on the light intensity [1,6] and on the reaction temperature.[1,6,17] Notably, the reason
for the intensity dependence of the catalytic activity is strongly debated.[17,21,22,26,27] The central
controversy in this debate is the role of photoheating. While some authors systematically rule
out any influence of photo-generated heat,[22] others are convinced that they can explain the rate
enhancement in plasmon-driven chemistry entirely as photoheating effect.[26,28] In our opinion,
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this discussion frequently mixes up the question regarding the mechanism underlying the
intensity dependence with the more general question if plasmon catalysis necessarily involves
the generation of energetic (or “hot”) electrons. We argue that on the contrary, these two
questions must be examined separately.
All but the simplest examples of plasmon-driven reactions are multistep processes. In the dark,
the rate limiting step of the reaction is obviously the activation. However, as the transfer of
energetic electrons lowers this initial activation barrier, the reaction can be limited by a later
step. A typical limitation in heterogeneous catalysis is for example the surface diffusivity of the
activated reactants.[29] Moreover, the reaction could be limited by the excitation of specific
vibrations necessary to assume a molecular arrangement that allows the reaction to proceed.[18]
Increasing the generation of energetic electrons is of little use in this case.
In order to advance the discussion on the role of photoheating in plasmon-driven chemistry, we
investigated the light-intensity dependence of the reaction rate of a deliberately complex
multistep

reaction:

the

photodimerization

of

4-nitrothiophenol

(4NTP)

to

4-,4’-

mercaptoazobenzne (DMAB) in the presence of gold nanoparticles. As this reaction has become
somewhat the model instance for plasmon induced coupling reactions,[17–22,24,25,30] it is of no
surprise that several studies have already approached the influence photoheating in the past.
Their results are however largely inconclusive.[17,20–22] On the one hand, Golubev et al.
demonstrated that under reaction conditions that do not cause a reduction of 4NTP upon
illumination, the reduction could be started by additionally increasing the temperature.[21]
Moreover, Zhang et al. presented a superlinear increase of the reaction rate on temperature,[20]
which can be interpreted as sign of a photothermal effect. On the other hand, seemingly
opposing results were published by Keller and Frontiera, who measured the photoheating by
ultrafast Raman thermometry.[22] They did not observe a significant photoheating for longer
than a few picoseconds after illumination.
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In this article, we discuss the correlation between the dependence of the reaction-rate on the
light intensity and on an externally applied reaction temperature. Notably, we show that both
dependencies are identical if the experimentally determined photoheating is considered, while
at the same time, the dimerization cannot be achieved by pure external heating. These results
demonstrate a large advantage of plasmonic photocatalysis: plasmonic nanoparticles can
influence different steps of a reaction by different mechanism simultaneously.

2. Results and Discussion
The prominence of the plasmon-driven 4NTP dimerization in literature is largely caused by its
facile observation using surface-enhanced Raman (micro-) spectroscopy (SERS): both the
reactant and the product molecules have distinct Raman signatures.[17,31]
We measured the dimerization of 4NTP molecules chemisorbed on Au-Nanoflowers (Fehler!
Ungültiger Eigenverweis auf Textmarke., inset) via an Au-S bond. Flowers were chosen for
their irregular morphology, which enhances the SERS effect.[32] To obtain comparable
measurements, we used an area with a homogeneous distribution of particles as well as a large
focal spot with a low magnification 10x objective (NA 0.25). Three main peaks dominate the
typical Raman spectrum of 4NTP chemisorbed to Au nanoparticles (Fehler! Ungültiger
Eigenverweis auf Textmarke.). The resonances at 1332, 1575, and 1097 cm-1 (R1-R3)
correspond to the NO symmetric stretching, the ring C=C stretching and the C-H bending modes,
respectively.[33] Upon illuminating the particles with a 785 nm cw-laser with an intensity of 159
kW/cm², additional Raman peaks at 1134 cm-1, 1388 cm-1, and 1434 cm-1 (P1-P3) appear
(Fehler! Ungültiger Eigenverweis auf Textmarke.). These can be assigned to vibrations
involving the N=N bond of DMAB that was formed by photo-dimerization of 4NTP.[34] Timeresolved Raman measurements (Fehler! Ungültiger Eigenverweis auf Textmarke.) show the
kinetics of the DMAB-formation by the appearance of its characteristic resonances (P1-P3).
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Simultaneously, the intensity of the 4NTP fingerprint resonances (R1-R3) decreases. The
DMAB fingerprint only occurs for a sufficiently strong illumination. Notably, it does not occur
for an excitation with a light intensity below 4 kW/cm², even after a prolonged illumination
period of 1h.[17] Neither does it occur by heating of the sample under dark conditions (see also
Figure S1). Hence, the necessity of light for this reaction is obvious. As there is no qualitative
difference between photoheating and external heating, photoheating alone cannot be the cause
of the dimerization reaction. We hence assume that the reaction is started by transfer of
energetic (non-thermal) charges that reduce the 4NTP.
Indeed, the dimerization of 4NTP most likely follows a redox scheme[24,25,35] (Fehler!
Verweisquelle konnte nicht gefunden werden.), which has been known since the 1980 from
electrochemical investigations.[35] In the plasmon-driven version of this reaction, the excitation
of the particles provides the energetic electrons that are equivalent to the electrochemical
charges.[25] These reduce the 4NTP molecule, which eventually causes a hydrogen assisted
cleavage of the oxygen atoms in the nitro-group.[35]
The over-all reaction proceeds via the formation of four different intermediates and the addition
of each eight electrons and protons (Fehler! Verweisquelle konnte nicht gefunden werden.).
As discussed earlier, we need to determine the rate limiting step from this reaction scheme to
correctly interpret the kinetics. Having in mind the threshold-like dependence of the reaction
on the light intensity, one might be tempted to assume that it is transfer of energetic electrons
that limits the reaction rate. Consequently, many publications use quasi-single molecular
kinetics to extract a reaction rate of dimerization.

[20,23,25,36]

However, to be the limiting step,

the activation by energetic electrons must be the slowest process in the reaction. This is rather
unlikely, as the thermalization time of energetic electrons, which is the timescale in which the
activation must occur, is in the order of a few fs.[8] Even if more than one energetic electron
would be required for the activation, this would not limit the reaction, as the duration between
5

the absorption of two photons at the observed threshold intensity of 25 kW/cm² is about 0.5ps
(see supp. info).
On the other hand, the formation of DMAB includes the bi-molecular dimerization step.
Already the fact that the dimerization requires the presence of two different intermediates
(DHTP and HATP), makes its occurrence less probable, and thus slower, than the prior single
molecular steps. Moreover, Sun and coworkers recently showed that the dimerization requires
a favorable geometrical arrangement of the reactants,[18] which limits the rate even further.
For these reasons, the reaction is most likely limited by the dimerization step. Consequently, its
kinetics should be described by a bi-molecular model.[24,37] This interpretation is supported by
a detailed statistical comparison, by van Schrojenstein-Lantman and coworkers.[24] They
compared the likeliness of a bi-molecular model and a mono-molecular model for the
description of the DMAB formation kinetics and found that the bi-molecular description is
clearly favorable.
We investigated the kinetics using the transients of the 𝑃1 (a combined N=N stretching and CH bending) and 𝑅2 (NO2 symmetric stretching) resonances (
The prominence of the plasmon-driven 4NTP dimerization in literature is largely caused by its
facile observation using surface-enhanced Raman (micro-) spectroscopy (SERS): both the
reactant and the product molecules have distinct Raman signatures.[17,31]
We measured the dimerization of 4NTP molecules chemisorbed on Au-Nanoflowers (Fehler!
Ungültiger Eigenverweis auf Textmarke., inset) via an Au-S bond. Flowers were chosen for
their irregular morphology, which enhances the SERS effect.[32] To obtain comparable
measurements, we used an area with a homogeneous distribution of particles as well as a large
focal spot with a low magnification 10x objective (NA 0.25). Three main peaks dominate the
typical Raman spectrum of 4NTP chemisorbed to Au nanoparticles (Fehler! Ungültiger
Eigenverweis auf Textmarke.). The resonances at 1332, 1575, and 1097 cm-1 (R1-R3)
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correspond to the NO symmetric stretching, the ring C=C stretching and the C-H bending modes,
respectively.[33] Upon illuminating the particles with a 785 nm cw-laser with an intensity of 159
kW/cm², additional Raman peaks at 1134 cm-1, 1388 cm-1, and 1434 cm-1 (P1-P3) appear
(Fehler! Ungültiger Eigenverweis auf Textmarke.). These can be assigned to vibrations
involving the N=N bond of DMAB that was formed by photo-dimerization of 4NTP.[34] Timeresolved Raman measurements (Fehler! Ungültiger Eigenverweis auf Textmarke.) show the
kinetics of the DMAB-formation by the appearance of its characteristic resonances (P1-P3).
Simultaneously, the intensity of the 4NTP fingerprint resonances (R1-R3) decreases. The
DMAB fingerprint only occurs for a sufficiently strong illumination. Notably, it does not occur
for an excitation with a light intensity below 4 kW/cm², even after a prolonged illumination
period of 1h.[17] Neither does it occur by heating of the sample under dark conditions (see also
Figure S1). Hence, the necessity of light for this reaction is obvious. As there is no qualitative
difference between photoheating and external heating, photoheating alone cannot be the cause
of the dimerization reaction. We hence assume that the reaction is started by transfer of
energetic (non-thermal) charges that reduce the 4NTP.
). These are least affected by crosstalk from other resonances and hence reflect the pure reactant
and product kinetics most clearly. As 4NTP does not have any resonance at 1134 cm-1, the 𝑃1
peak at this wavenumber should exclusively show the generation of DMAB. Indeed, the
experimental transients have only one timescale (Fehler! Verweisquelle konnte nicht
gefunden werden., orange squares).
On the other hand, the slope of the 𝑅2 -transients suggest the presence of a fast and a slow
timescale (Fehler! Verweisquelle konnte nicht gefunden werden., blue squares). As the
second timescale is not present in the 𝑃1 -transients, we assume that next to the DMAB
formation a second reaction pathway for 4NTP exists. We found some evidence in literature
that the 4NTP reduction and the DMAB formation only occur at plasmonic hotspots.[17,38,39]
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Conversely, this means that the largest fraction of 4NTP molecules does not react to DMAB
but follows a different reaction pathway. Possible reactions are the direct formation of 4aminothiopehnol (4ATP)

[25]

or the plasmon assisted cleaving of the nitro-group to form

thiophenol (TP).[39] The latter has been demonstrated for Au nanoparticles with such a low
4NTP coverage that the reactants were too far separated to find a reaction partner.
We believe that DMAB can only be formed in a gap between two particles, as otherwise the
trans-configuration of the molecules cannot be realized. At points that are not directly adjacent
to another particle, the 4NTP molecules hence cannot form DMAB. Consequently, they react
to another product. As the Raman cross-sections of both possible products (4ATP and TP) as
well as the SERS enhancement outside of hotspots are low compared to the situation for DMAB,
it is difficult to observe the appearance of the second product directly.
The amount of 4NTP and DMAB at a given time 𝑡, depends on the second order rate constant
𝑘2 and the initial amount of the reactant [𝑅]0 . As discussed earlier, not all the initial 4NTP
molecules convert to DMAB, hence we describe [𝑅]0 by the sum of three fractions [𝑅]0,𝑑𝑖𝑚 ,
[𝑅]0,𝑑𝑖𝑠𝑠 and [𝑅]0,𝑖𝑛𝑒𝑟𝑡 that represents the amount of 4NTP molecules that dimerize to DMAB,
dissociate to another product with a rate 𝑘1 or are completely inert, respectively. Multiplying
the obtained reactant and product amounts with the Raman-cross-sections 𝜎𝑅2 and 𝜎𝑃1 then
gives the Raman intensity for 𝑅2 and 𝑃1 peaks. The time-dependent Raman signal for the
formation of DMAB thus follows the relation (see also supporting information for a detailed
derivation):
𝐼𝑃 (𝑡) =

1

[𝑅]2

⋅ σP1 1+[𝑅]0,dim
2

𝑘2 𝑡

0,dim 𝑘2 𝑡

𝐾 𝑡

2
= 𝜎𝑃′ ⋅ 1+𝐾

(1)

2𝑡

In the fitting procedure we used the adjusted rate constant 𝐾2 = [𝑅]0,𝑐𝑎𝑡 𝑘2 , which has the
dimension 1/𝑠. Moreover, we used the total Raman scattering 𝜎𝑃′ = 𝜎𝑃1 ⋅ [𝑅]0,𝑑𝑖𝑚 /2, which
corresponds to the total Raman signal after all 4NTP molecules have been converted.
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The transient Raman signal corresponding to the 4NTP consumption is best described by the
presence of two parallel reactions. The first order reaction describes the dissociation and the
second order reaction the dimerization process. A global offset finally considers the inert
fraction of 4NTP molecules that do not react at all:
𝐼𝑅 (𝑡)

=
+
+

′
𝜎𝑅,𝑑𝑖𝑚

1+K2 𝑡
′
𝜎𝑅,𝑑𝑖𝑠𝑠 ⋅ 𝑒 −𝑘1𝑡
′
𝜎𝑅,𝑖𝑛𝑒𝑟𝑡

(2)

′
′
′
The total Raman signal parameters 𝜎𝑅,𝑑𝑖𝑚
, 𝜎𝑅,𝑑𝑖𝑠𝑠
and 𝜎𝑅,𝑖𝑛𝑒𝑟𝑡
in equation 2 are defined

corresponding to 𝜎𝑃′ . The model given by equation 1 and equation 2, indeed describes the 𝑅2 and 𝑃1 -transients very well (Fehler! Verweisquelle konnte nicht gefunden werden.). Notably,
a single value for 𝐾2 was chosen for the DMAB production (equation 1) and the 4NTP
consumption (equation 2). This description by a single rate for consumption and production is
not possible using a mono-molecular model, which has led to some confusion in the past.[23]
We hence take the simultaneously good agreement of both resonances as a strong indicator for
the correctness of our bi-molecular approach.
Having established an understanding of the reaction kinetics, we now turn our attention to the
dependence of 𝐾2 on the light intensity. In principle, two intensity-dependent mechanisms
could influence 𝐾2 . For once, increasing the light intensity causes an increased number of
energetic electrons. These can in turn activate a larger number of reactants that are subsequently
able to undergo the dimerization step. On the other hand, illuminating plasmonic particles leads
to a significant (local) temperature increase,[17] which can increase the dimerization velocity.
To understand the role of photoheating, we compared the dependence of 𝐾2 on light intensity
𝐼 with its dependence on an external reaction temperature 𝑇𝑒𝑥𝑡 (Figure 3 a,b) applied by a
heating stage. It becomes immediately clear, that in both cases 𝐾2 follows a super-linear
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dependence. Indeed, the similarity between the slopes of 𝐾2 (𝐼) and 𝐾2 (𝑇𝑒𝑥𝑡 ) suggest that both
follow a thermal Boltzmann distribution.
To directly compare 𝐾2 (𝐼) and 𝐾2 (𝑇𝑒𝑥𝑡 ), it is essential to determine the amount of photoheating induced by illuminating the particles. Boerigter et al. demonstrated a direct
measurement of the nanoparticle-temperature by Raman-thermometry.[40] In short, photons
scattered from the Fermi-Dirac distributed electrons lead to a Boltzmann-distributed
background intensity in the anti-Stokes signal. Using this method, we recently demonstrated a
significant increase in the nanoparticle temperature during the 4NTP dimerization.[17] Here we
go one step further – we used the photoheating measured by Raman thermometry to determine
a heat conversion factor for calculating the nanoparticle temperature for a given light intensity.
By a linear fitting of the measured particle-temperature for four intensities, we determined a
conversion factor of 0,82 𝐾 ⋅ 𝑐𝑚2 /𝑘𝑊 (details see supporting information).
The experimentally determined photoheating factor allows us to calculate the light-induced
temperature increase Δ𝑇𝑝ℎ𝑜𝑡𝑜 for each intensity. Figure 3c shows the dependence of 𝐾2 on the
photoheating (𝐾2 (Δ𝑇𝑝ℎ𝑜𝑡𝑜 ), red) and on external heating (𝐾2 (𝑇𝑒𝑥𝑡 + Δ𝑇𝑝ℎ𝑜𝑡𝑜 ), blue) in the form
of an Arrhenius plot. In the latter case, Δ𝑇𝑝ℎ𝑜𝑡𝑜 amounts to the temperature increase caused by
a Raman-laser of 5 𝑚𝑊. The Arrhenius plot is a linearization of the exponential dependence
of a reaction-rate 𝐾 on the reaction temperature 𝑇, according to the Arrhenius formula:
𝐾 =𝐴∙𝑒

𝐸
− 𝐴

𝑘𝐵 𝑇

(3)

Here 𝐸𝐴 is the activation energy of the reaction, 𝑘𝐵 the Boltzmann-constant and the preexponential factor 𝐴 the attempt frequency. A linear slope in this representation is thus a strong
indicator for thermal origin of the rate-variation.
No statistics is necessary to immediately recognize that both measurements lie on one line and
have the same activation energy. Indeed, a linear fitting gives for both measurements an
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activation energy of 305 meV. Moreover, all datapoints lie within the 95% prediction interval
of both fittings. We therefore assume with good confidence, that both measurements show the
same physical mechanism – which must be heating.
Immediately, the following question arises: if the dependence of 𝐾2 on the light-intensity is
exclusively explained by photoheating, how can it be understood that no reaction occurs in the
absence of light - even at high temperatures? In our opinion the answer to this question can be
found in the mechanisms limiting the reaction rate (Figure 4). The threshold-like behavior of
the reaction with light intensity suggests that the reaction needs to be activated by energetic
electrons. However, as the activation energy for the first step is lowered, a later reaction-step,
the bi-molecular combination of DHBT and HABT, limits the reaction rate. In order to
overcome the activation barrier, the molecules need to assume a beneficial conformation, which
is probably different form their equilibrium conformation.[18] Increasing the temperature
provides more vibrational energy, so the molecules can rearrange into a geometrical
conformation that fosters the formation of DMAB.
3. Conclusions
In conclusion we discuss the role of photoheating for the light-intensity dependence of a
prototypical plasmon-driven coupling reaction - the photodimerization of 4NTP to DMAB. We
established that the chemical kinetics of this reaction is limited by the bi-molecular combination
of two activated 4NTP molecules. We experimentally determined a photoheating factor to
calculate the temperature increase when increasing the light intensity. This allows a direct
comparison between the influence of different light intensities and different reaction
temperatures on the reaction rate. The comparison shows an Arrhenius-like behavior with
identical activation energies in both cases. Thus, the rate of the full reaction is only determined
by the particle heating and not by the amount of available energetic electrons. We explain this
observation by the fact that the over-all reaction is limited by the bi-molecular dimerization step
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rather than the initial electron injection step. The dimerization step is likely limited by the
geometrical conformation and possibly the surface diffusion of reactants and hence strongly
temperature dependent.
The investigation at hand shows that plasmonic nanoparticles can function as “tandem
catalysts”, influencing reactions in different ways simultaneously. This means that great care
must be taken to understand the mechanism and kinetics of a given plasmon induced reaction,
in order understand the different influences the nanoparticle rector. It also demonstrates a great
advantage of plasmon photocatalysis over traditional semiconductor approaches: plasmonic
nanoparticles can simultaneously foster different reaction steps by different mechanism
4. Experimental Section
Synthesis of gold nanoflowers (AuNFs): We prepared irregularly shaped gold nanoparticles,
known as AuNFs in literature, according to an established procedure.[17,32] Briefly, we mixed
200 μl of 100 mM of HEPES buffer solution (pH 7.4 + 0.5) thoroughly with 1.8 mL water for
5 min. Then, 40 μl of 25 mM aqueous solution of HAuCl4 was quickly added. The final mixture
was left undisturbed for 2 h. During this time, the color turned from pale yellow to colorless
and finally to dark blue. The AuNFs were washed several times by centrifugation and finally
dispersed in 500 μl water.
Fabrication of SERS-substrate: 1 cm2 pieces were cut from silicon wafers and cleaned by
immersion in a solution of 30 wt % H2O2 and 30 wt % H2SO4 for 1 hour and subsequent washing
with ethanol and water. AuNFs were deposited by drop-casting 50 μl of AuNF solution and
subsequent drying for several hours. 4NTP molecules were self-assembled by immersion of
the substrates in an ethanolic solution of 5 mM of 4NTP for 6 h. Finally, the substrates were
washed with ethanol and water to remove the unattached molecules.
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SEM Microscopy: AuNFs were placed on a Si-substrate by drop-casting according to the
procedure described in the last section. SEM micrographs were taken with the BSE detector of
a Zeiss Gemini SEM at 1keV.
Raman Micro-Spectroscopy: Raman spectra and kinetics were measured by a commercial
confocal Raman microscope (alpha 300; WITec, Ulm, Germany), equipped with a
thermoelectrically cooled CCD detector (DU401A-BV, Andor, UK) placed behind a
spectrometer (UHTS 300; WITec, Ulm, Germany). The spectrometer was calibrated using the
characteristic Raman band of the silicon wafer at 520 cm−1. A laser wavelength of 785nm was
chosen such that the excitation lies well separated from any direct vibronic excitation of the
molecules, but still within the plasmon band of the particles. In order to minimize sample
variations, we used a 10 × (Nikon, NA = 0.25) microscope objective with a focal spot of roughly
2 μm. Temperature dependent Raman measurements were performed by placing the sample in
a closed-chamber Linkam heating stage. All measurements showed a strong intensitydependent background, that might be connected to Au-NP fluorescence.[41] We used the
PolyMod algorithm by Lieber and Madhadevan-Jansen[42] with 50 iterations to fit the
background by a 3rd order polynomial. All subsequent analysis was done on backgroundcorrected spectra.
Raman Thermometry: Thermometry and kinetics measurement were, for technical reasons, not
possible at the same setup. Raman thermometry was performed by simultaneously recording
the anti-Stokes Raman spectra using a different confocal Raman microscope (JASCO NRS4100). Laser excitation wavelength and spot size were chosen identical to the kinetics
measurements (785 nm and 2 μm spot diameter). An intensity calibration delivered by the
manufacturer was used to correct the wavelength-dependent sensitivity of the silicon CCD.
Different excitation powers were achieved using neutral density filters. To determine the
nanoparticle temperature a data-analysis procedure introduced by Boerigter et al.[40] was
13

employed. More information on this procedure can be found in the section “Measurement of
Nanoparticle Temperature by Raman Thermometry” of the supporting information.
Figures

Figure 1. In the SERS spectrum the consumption of 4NTP and the production of DMAB is
observed by the decay and growth of their characteristic peaks R1, R2, R3 and P1, P2, P3,
respectively. The inset shows a typical SEM micrograph of the Au nanoflowers.
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Scheme 1. The transformation of 4NTP to DMAB involves four intermediates and the addition
of in total 8 electrons. The intermediates include dihydroxylaminothiophenol (DHATP),
nitrosothiophenol (NSTP), hydroxylaminothiophenol (HATP) and azoxybenzenethiol
(AZOBT).[35]
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Figure 2. Transient of the DMAB production (orange) and 4NTP consumption (blue), obtained
by integrating the R2 (blue) and P2 (orange) peaks.

Figure 3. The bimolecular rate 𝐾2 shows a superlinear dependence on both, the excitation
intensity at room temperature (a) and on the reaction temperature by external heating at 5 mW
excitation (b). In an Arrhenius plot (c), the reaction rates obtained by variation of intensity and
temperature lie approximately on one line and have the same activation energy. The quasiexponential curves in (a) and (b) use the values obtained by the linear fitting in the Arrhenius
plot.
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Figure 4. Schematics of the Gibbs free energy in a Plasmon-driven multistep reaction. As the
plasmon excitation lowers the initial reaction barrier, the subsequent dimerization step limits
the reaction rate. The activation energy determined in Figure 3c) is given by the dimerization
barrier.
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Supplementary Information
S1. Calculation of Absorption Time
We assumed that the geometrical cross-section of the particles is about the same as their
absorption cross-section [43]. In this case the photon arrival frequency 𝑓𝑝ℎ𝑜𝑡𝑜𝑛 is:
𝜆

𝑓𝑝ℎ𝑜𝑡𝑜𝑛𝑠 = 𝐼 ⋅ 𝜋𝑟 2 ⋅ ℎ𝑐 = 2 𝑇𝐻𝑧

(S1)

with 𝐼 = 25 𝑘𝑊/𝑐𝑚², 𝑟 = 25 𝑛𝑚, 𝜆𝐿𝑎𝑠𝑒𝑟 = 785 𝑛𝑚. For the time between the arrival of two
photons this gives 𝑇𝑝ℎ𝑜𝑡𝑜𝑛 = 1/𝑓𝑝ℎ𝑜𝑡𝑜𝑛𝑠 = 0.5 𝑝𝑠, which is sufficient to trigger the reaction.
S2. Low Intensity SERS

Norm. Raman Scattering
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25 C, 1 sec
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Figure S1. Comparison between Raman spectra taken after 5min reaction time at 175°C under
dark conditions (black line) and 1 sec reaction time at 25°C with an illumination of 25 kW/cm².
S3. Reaction Kinetics
S3.1 Product Peak 𝑷𝟏
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The dimerization of two reactant molecules 𝑅 to one product molecule 𝑃, is a bimolecular
reaction according to the scheme[43]:
𝑅+𝑅 →𝑃

(S2)

The kinetics of the reaction can be obtained from the corresponding differential equation:
−2

𝑑[𝑃]
𝑑𝑡

=

𝑑[𝑅]
𝑑𝑡

= −𝑘2 [𝑅]2

(S3)

Were [𝑅] and [𝑃] are the concentrations of reactant and product and 𝑘2 is the second order rate
constant. This DGL must be integrated with respect to time to obtain an expression for reactant
a given point in time [𝑅(𝑡)]:
𝑅𝑡 𝑑[𝑅]

∫𝑅0

[𝑅]2

1 𝑅𝑡

𝑡

= ∫0 −𝑘2 𝑑𝑡 ⇒ − [𝑅]|

𝑅0

1

1

= −𝑘𝑡 ⇔ [𝑅] − [𝑅] = 𝑘2 𝑡
0

(S4)

𝑡

This simplifies to:
[𝑅]𝑡 =
𝑘

[𝑅]

1
2 𝑡+1/[𝑅]0

= 1+[𝑅] 0⋅𝑘
0

(S5)

2𝑡

The product concentration [𝑃(𝑡)] at a given time 𝑡 is then obtained by:
[𝑃(𝑡)] =

[𝑅]0 −[𝑅𝑡 ]
2

=

[𝑅]0
2

1

(1 − 1+[𝑅]

0 𝑘2

)=
𝑡

[𝑅]0
2

([𝑅] 𝑘2 𝑡)
0 𝑘2 𝑡

⋅ 1+[𝑅]0

1

[𝑅]2 𝑘2 𝑡

= 2 ⋅ 1+[𝑅]0

0 𝑘2 𝑡

(S6)

To obtain the Raman signal of the 𝑃1 product peak of DMAB, we must multiply this
concentration by the Raman cross-section of the peak 𝜎𝑃1 . For simplicity, the cross-section
shall also include the SERS enhancement factor. This approach is legitimate, as we expect that
the enhancement does not change during the course of the reaction. For the Raman intensity of
the peak 𝑃1 we thus get:
1

[𝑅]2 𝑘2 𝑡

𝐼𝑃1 (𝑡) = 𝜎𝑃1 2 ⋅ 1+[𝑅]0

0 𝑘2 𝑡

+ 𝐼0

(S7)

Here 𝐼0 is an additional fitting component, that takes into account a small non-zero background
at the start of the reaction.
3.2 Reactant Peak 𝑹𝟐
19

The fraction of the reactant peak 𝑅2 that decays because of the production of DMAB can be
easily obtained by multiplying equation S5 with the Raman cross-section of the 𝑅2 peak 𝜎𝑅2 .
However, we assume that 4NTP does not only react to DMAB, but also has a parallel first order
reaction route, which we must include to obtain an expression for the intensity 𝐼𝑅1 (𝑡). The
corresponding differential equation is:
𝑑[𝑅]
𝑑𝑡

= −𝑘1 [𝑅]

(S8)

With the solution:
[𝑅] = [𝑅]0 ⋅ 𝑒 −𝑘1𝑡

(S9)

The progression of the peak 𝑅2 during the reaction is hence given by:
𝐼𝑅 (𝑡)

=

[𝑅]

𝜎𝑅2 1+[𝑅] 0,dim⋅𝑘
0,dim

2𝑡
−𝑘1 𝑡

(S10)

+ 𝜎𝑅2 [𝑅]0,𝑑𝑖𝑠𝑠 ⋅ 𝑒
+
𝜎𝑅2 [𝑅]0,𝑖𝑛𝑒𝑟𝑡

Here [𝑅]0,𝑐𝑎𝑡 is the fraction of 4NTP that dimerizes to DMAB, [𝑅]0,𝑑𝑖𝑠𝑠 is the fraction that
follows the dissociative first order route and [𝑅]0,𝑖𝑛𝑒𝑟𝑡 is the fraction that does not react at all.
S4. Measurement of Nanoparticle Temperature by Raman Thermometry
We measured the electron temperature of the nanoparticle by the method promoted by Boerigter
et al.[40] In short, photons can scatter from the Fermi-Dirac distributed electrons in the
nanoparticle. This gives a smooth inverse exponential background in the anti-Stokes Raman
signal. Following their procedure, we fitted the anti-Stokes background by:
𝐼𝑎𝑆,𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑑 = 𝐼𝑎𝑆,0 [𝑒 𝐸𝑅𝑎𝑚𝑎𝑛 /𝑘𝐵 𝑇 + 1]

−1

(S11)

To separate the background from the Raman signal of the adsorbate molecules, we used an
approach inspired by the PolyMod algorithm by Lieber and Madhadevan-Jansen[42]. The basic
idea of this algorithm is to fit a model-function to the data, and subsequently replace all data
points whose value is larger than the fitted function value, by the function value. The thus
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obtained new dataset is then again fitted by the model-function and the replacement step is
repeated. This procedure is repeated until a fitted function that only represents the background
remains. In the original PolyMod algorithm, a polynomial is used as model function. For the
temperature determination, we used instead the function described in equation S11.
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Figure S2. Anti-Stokes spectra at 4 different laser intensities and corresponding fits of the
Fermi-Dirac background.
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Figure S3. Particle temperatures extracted from anti-Stokes background versus the applied
laser intensity. The linear fit has a fixed y-axis intercept at room temperature (20 °C).
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