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mon contribution to chemical
reactions: alkoxyamines as a thermal probe†

Olga Guselnikova, a Gérard Audran,b Jean-Patrick Joly,b Andrii Trelin,c

Evgeny V. Tretyakov,d Vaclav Svorcik,c Oleksiy Lyutakov, c Sylvain R. A. Marque *b

and Pavel Postnikov *ac

The nature of plasmon interaction with organic molecules is a subject of fierce discussion about thermal

and non-thermal effects. Despite the abundance of physical methods for evaluating the plasmonic

effects, chemical insight has not been reported yet. In this contribution, we propose a chemical insight

into the plasmon effect on reaction kinetics using alkoxyamines as an organic probe through their

homolysis, leading to the generation of nitroxide radicals. Alkoxyamines (TEMPO- and SG1-substituted)

with well-studied homolysis behavior are covalently attached to spherical Au nanoparticles. We evaluate

the kinetic parameters of homolysis of alkoxyamines attached on a plasmon-active surface under

heating and irradiation at a wavelength of plasmon resonance. The estimation of kinetic parameters from

experiments with different probes (Au–TEMPO, Au–SG1, Au–SG1–TEMPO) allows revealing the apparent

differences associated with the non-thermal contribution of plasmon activation. Moreover, our findings

underline the dependency of kinetic parameters on the structure of organic molecules, which highlights

the necessity to consider the nature of organic transformations and molecular structure in plasmon

catalysis.
Introduction

Plasmon-driven chemistry is a rapidly developing area, where
existing limitations of heterogeneous catalysis, such as high
temperature and pressure and utilization of an elaborated
catalyst, can be overcome.1–9 Plasmonic chemistry also offers
endless opportunities for the discovery of new reaction path-
ways. Nevertheless, the mechanism of interaction between
a plasmon and organic molecules is still the subject of global
debate.10–16 Some groups postulate the dominant role of heating
effects,10,11 and others are convinced that the transfer of hot
carriers or intramolecular excitation of electrons is the rate-
determining step.17–19 In particular, photoexcitation generates
free charged carriers or excites the molecule in the surrounding
medium (a non-thermal effect). At the same time, hot carrier
relaxation through electron–phonon scattering leads to the
heating of the surrounding media (a thermal effect). Both
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mechanisms can contribute to the catalytic activity of plas-
monic nanostructures. Recent studies address the challenge of
disentangling thermal from non-thermal effects; however, the
relative importance of each effect remains an issue under erce
debate.17,20–24 Previous reports are focused on the quantication
of thermal and non-thermal effects mostly using physical
approaches and instruments.20–22 However, physical approaches
offer only a partial solution to this problem due to the lack of
knowledge regarding the chemical structure and reactivity
patterns of reacting compounds.

What if, to bring up a different perspective, the aforemen-
tioned issue can be resolved from an alternative chemical point
of view. The utilization of molecules with known and predict-
able reactivity under heating as a chemical probe may open
a new opportunity for determining the impact of each thermal
and non-thermal effect. This is especially true in terms of
reaction kinetics, one of the main tools to gain more in-depth
insights into plasmon catalysis.25 Nowadays, the kinetic studies
of plasmonic chemistry are commonly performed using
dimerization reactions with the formation of azo-moieties from
anilines or nitroarenes, transformation of Amplex Red to
resorun, and oxidation of dyes26–29 (Fig. 1). In these cases, the
kinetic investigations are hampered by the involvement of the
second component (e.g., oxygen in the case of azo-moiety
formation), which leads to second-order kinetic curves.30 These
interfering factors distort the output kinetic data due to the
diffusion effects, molecule collision, and reagent concentration.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Comparison of previously reported organic probes with
alkoxyamines attached to the surface for mechanistic evaluation of
plasmonic chemistry.
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Also, the primary source of information about the conversion of
reacting compounds in plasmon-assisted reactions is still
Raman spectroscopy.26–29

On the other hand, the on-surface homolysis of functional
groups seems to be more favorable for the in-depth analysis of
kinetics in the case of plasmon-catalyzed reactions (Fig. 1). First
of all, the homolysis processes represent rst-order and one-
stage transformations without additional reagents, excluding
most of the interfering factors. Not less important is the fact
that the reaction leads to the formation of easy-to-detect prod-
ucts – stable nitroxide radicals (Fig. 1). In contrast to other
short-living species, stable radicals can be precisely detected
and monitored by electron paramagnetic resonance, blind to
the spin-neutral molecules.

Recently, we demonstrated the possibility of plasmon-driven
NO–C bond homolysis in alkoxyamines, which were covalently
attached to a plasmon-active surface.31 NO–C bond homolysis
leads to nitroxyl radical formation (1st order, one component
reaction) followed by surface-initiated nitroxide-mediated
polymerization.32 The number of generated radicals can be
precisely and quickly determined by common electron
Fig. 2 (a) Au–TEMPO and Au–SG1 preparation by diazotation/modifica
Au–TEMPO, Au–SG1, Au–SG1–TEMPO, and Au–SG1 + Au–TEMPO.

© 2021 The Author(s). Published by the Royal Society of Chemistry
paramagnetic resonance (EPR) spectroscopy. Moreover, the
homolysis of alkoxyamines proceeds with the formation of
a benzyl-type carbon-centered radical and nitroxide at elevated
temperatures (�100 �C is oen required). The exact tempera-
ture strongly depends on the structure of the alkoxyamine.33

The well-investigated structure–reactivity relationship for
alkoxyamines provides the possibility to compare thermal and
non-thermal effects.

In this contribution, we present a novel approach to
exploring the thermal and non-thermal effects of a plasmon
using alkoxyamines as chemical probes. To obtain a holistic
picture, we demonstrated the behavior of well-studied alkoxy-
amines covalently graed onto plasmonic AuNPs under illu-
mination as a model system. All batches of covalently modied
AuNPs were standardized using Au concentration, absorption
coefficients, and alkoxyamine loadings. The difference in the
kinetics of C–ON bond homolysis in alkoxyamines under heat-
ing and illumination enabled us to establish the presence of
a non-thermal component and the critical role of the molecular
structure in the observed plasmonic process.
Results and discussion
Experimental design

We started our study from the design of the experimental setup
and the selection of relevant conditions for the estimation of
thermal and non-thermal effects of a plasmon. First of all, we
chose an alkoxyamine as a chemical probe owing to the vast
information about the thermal decomposition of these
compounds.33–37 Thermal homolysis of alkoxyamines R1R2NOR3

leads to the formation of alkyl R�
3 and nitroxyl R1R2NOc radicals,

which are readily monitored by EPR spectroscopy. For the
careful estimation of plasmon effects, alkoxyamine moieties
should be located in the vicinity of the plasmonic surface, where
the thermal effects will be the most pronounced. In order to
solve this issue, we prepared alkoxyamines bearing –NH2
tion and plasmon-induced homolysis. (b) Schematic representation of

Chem. Sci., 2021, 12, 4154–4161 | 4155
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groups for the diazotization and subsequent covalent attach-
ment (Fig. 2a) directly to AuNPs. Alkoxyamines 1 (TEMPO) and 2
(SG1) (Fig. 2a) were prepared according to a reported proce-
dure,38 and their diazotization was performed in methanol,
affording the corresponding arenediazonium salts.

The covalent attachment of alkoxyamine to AuNPs was
realized through the simple addition of a freshly prepared
suspension of AuNPs to the solution of the prepared diazonium
salts. We also prepared AuNPs containing both alkoxyamine
moieties Au–SG1–TEMPO (Fig. 2b) via a preliminary diazotiza-
tion of (1) and (2) and their mixing and addition to AuNPs (for
details see experimental procedures in ESI and SN5†).

In comparison with traditional thiol-based approaches,
relying on the utilization of Au–S bonds,39,40 covalent attach-
ment of aryl groups via Au–C bonding is signicantly more
stable, especially under heating.39–41 Thus, the covalent attach-
ment of alkoxyamine (1) and (2) moieties allows precise deter-
mination of the effect of plasmon excitation on the homolysis
rate without the aforementioned disadvantages (Fig. 1).

As mentioned above, the homolysis rate and, more impor-
tantly, kinetic parameters are dependent on the structure of the
organic probe. It means that the direct comparison of reaction
kinetics of Au–TEMPO and Au–SG1 under similar experimental
conditions will provide a possibility to directly estimate the
thermal and non-thermal contribution of the plasmon to the
kinetic parameters. In order to avoid any possible experimental
deviations, we suggest applying four types of probes – Au–
TEMPO, Au–SG1 and their mixture and Au–SG1–TEMPO, where
both organic functional groups are distributed across AuNPs
and can be homolyzed under the same conditions. Moreover,
such a design allows us to introduce additional control on the
reproducibility of kinetic measurements.

Thus, we conceptualized the experimental design to estimate
the thermal and non-thermal effects of plasmons on the
alkoxyamine homolysis (Fig. 3). The detailed description of the
experimental setup is given as ESI Note 1 (SN1).†

Briey, AuNPs were dispersed in the tert-butylbenzene as
a nonpolar solvent for EPR42 treated by ultrasonication to obtain
a homogeneous dispersion. The prepared samples were
measured by EPR to obtain blank spectra. Then, the AuNP
suspension was irradiated with an LED with the wavelength
corresponding to themaximum of plasmon resonance of AuNPs
in tert-butylbenzene. Aer irradiation for denite periods, the
Fig. 3 Experimental setup of this work.

4156 | Chem. Sci., 2021, 12, 4154–4161
EPR spectra were recorded, providing information about the
nature (pattern of signal) and amount of radicals (intensity).
Furthermore, the AuNP suspension was again sonicated and
irradiated, and EPR spectra were recorded. Repeating this
operational sequence provided the kinetic curves, affording
kinetic parameters for plasmon-induced homolysis of
alkoxyamines.
Characterization of surface-modied gold nanoparticles (Au–
TEMPO, Au–SG1, and Au–SG1–TEMPO)

AuNPs prepared (Fig. S1, SN2†) by chemical reduction43 were
modied with alkoxyamines (1) and (2) via diazonium chem-
istry with the formation of covalently graed moieties. The as-
prepared AuNPs (average diameter 13.5 � 2.1 nm) demonstrate
the maximum of plasmon resonance in water at 518 nm (Fig. 4,
S1B and C†).

Aer modication with alkoxyamines (1) and (2), the
resulting AuNPs (Au–TEMPO, Au–SG1, Au–TEMPO–SG1, and
Au–SG1–TEMPO) have been carefully washed with water and
methanol (sodium citrate was removed) and transferred to the
tert-butylbenzene via solvent exchange (for details, see the
experimental part and Fig. S2–S6 and SN2–SN6†) for further
experiments.

The attachment of organic functional groups has been
conrmed by Raman spectroscopy and X-ray photoelectron
spectroscopy (XPS). Surface-Enhanced Raman Spectroscopy
(SERS) data (Fig. 4A, S3–S6†) highlight the appearance of peaks
related to the attached alkoxyamines 1 and 2 (the full assign-
ment of peaks is provided in Table S1†). SERS spectra of Au–
SG1–TEMPO and Au–SG1 + Au–TEMPO display the typical
pattern of peaks for alkoxyamines (1) and (2), i.e., aromatic ring,
P]O stretching, C–N stretching and alkyl vibrations in the
region 300–1700 cm�1 and, more importantly, Au–C stretching
at 380–390 cm�1 (see Fig. S4b, S5b, Table S1 for details†). The
position of peaks is almost identical as in the case of separate
graing of alkoxyamines (1) and (2). The position of “Ar ring str”
peaks for Au–SG1 + Au–TEMPO is slightly shied compared to
Au–SG1 and Au–TEMPO (1589 cm�1 vs. 1598 cm�1) accompa-
nied by general peak broadening of spectra due to the prepa-
ration procedure and poor SERS reproducibility for AuNPs.

XPS spectra revealed an increase in C 1s (284.8 eV), O 1s
(532.7 eV), and N 1s (400 eV) simultaneously with a decrease in
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Characterization of AuNPs functionalized with alkoxyamines. (A) SERS spectra at 785 nm wavelength (peak assignment in Table S1†)
measured from AuNPs deposited on silicon, (B) survey XPS spectra (position of peaks are described in text), (C) UV-Vis spectra in tert-butyl-
benzene measured before experiments, and (D) transmission electron microscopy images (I -AuNPs, II-Au–SG1, III-Au–TEMPO, IV-Au–SG1–
TEMPO, V- Au–SG1 + Au–TEMPO).
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the Au 4f (85.2–88.8 eV) peak intensities because of the attach-
ment of the organic moieties and screening of the gold surface
(Fig. 4B, S2–S5C†). The attenuation of the Au signal enabled us
to calculate the thickness of the alkoxyamine layer and surface
coverage: 2.1 nm and 2.7 molecules per nm2 for Au–SG1; 1.8 nm
and 5.7 molecules per nm2 for Au–TEMPO; and 1.4 nm and 2.8
molecules per nm2 for Au–SG1–TEMPO (SN7†). The obtained
values are within one order of magnitude and conrmed the
presence of 1–2 phenylene layers of graed alkoxyamines. A
photoemission spectrum of the N(1s) line is shown in Fig. S6,†
where the peaks ascribed to N–O bonds are detected similarly to
those reported previously for TEMPO44 and SG1 (ref. 31) moieties
graed on surfaces. Accordingly, the combination of Raman
spectroscopy and XPS proves the successful graing of alkoxy-
amines to AuNPs.

The optical characterization was performed by UV-Vis
measurement in water and tert-butyl benzene (Fig. 4C, S2–
S5D†). UV-Vis spectra in water display the broadening and shi
of peak aer modication: maximum z690 nm for Au–SG1;
maximum z675 nm for Au–TEMPO; maximum z695 nm for
Au–SG1–TEMPO; and maximum z665 nm for Au–SG1 + Au–
TEMPO (Fig. S2–S5D†). Transfer of AuNPs to tert-butylbenzene
leads to the appearance of peaks with the maximum at 715 nm
for Au–SG1; 705 nm for Au–TEMPO; 720 nm for Au–SG1–

TEMPO; and 705 nm for Au–SG1–TEMPO (Fig. 4C, S2–S5E, SN2-
SN6†). This broadening of peaks is because of the approaching
of AuNPs to each other and some aggregation. A dominant
dipole feature is observed that is pushed into the infrared due to
interparticle coupling or increased light scattering.45,46 These
changes in AuNP approach and agglomeration are also evident
from TEM images (Fig. 4D, S2–S5E†), where the average size of
AuNPs almost did not change (Fig. S2–S5G†).

To calculate alkoxyamine loading and the amount of AuNPs,
CHNS elemental analysis (EA) with atomic absorption
© 2021 The Author(s). Published by the Royal Society of Chemistry
spectroscopy (AAS, measurement error 0–10%) was imple-
mented. The change in nitrogen content aer modication was
used to calculate the alkoxyamine loading in mmol per g of
AuNPs. The elemental composition of the graed alkoxyamines
groups allowed us to establish a molar amount of functional
groups per 1 g of AuNPs. The following values were obtained:
0.08 mmol g�1 Au–SG1 ([Au] ¼ 6.7 mg L�1); 0.087 mmol g�1 for
Au–TEMPO ([Au] ¼ 7.1 mg L�1); and 0.083 mmol g�1 for Au–
SG1–TEMPO ([Au] ¼ 9.2 mg L�1) (Fig. S2–S5G and SN2-SN6†).

The following basic parameters were carefully registered
before utilization of AuNPs in the plasmon-induced or thermal
homolysis: absorption coefficient (UV-Vis), [Au] concentration
(AAS), alkoxyamine loading (EA), and surface coverage (XPS)
(Fig. S2–S5G†). Comparison of these basic parameters for Au–
SG1, Au–TEMPO, Au–SG1–TEMPO, and Au–SG1 + Au–TEMPO
does not show a signicant difference (Fig. 4, S2–S5G†). All
discrepancies are taken into account as inconsiderable for
kinetic study. The broadening of the plasmonic peak of AuNPs
appears to be almost identical so that these parameters can be
disregarded for the evaluation of plasmonic behavior, and
further detailed study will be devoted to the chemical reactivity
under plasmon excitation and heating.

Homolysis of Au–SG1, Au–TEMPO, and Au–TEMPO–SG1

With the modied AuNPs in hand, we started to investigate the
homolysis of Au–SG1, Au–TEMPO, and Au–TEMPO–SG1 under
two conditions: external heating and light-emitting diode (LED)
irradiation at 25 �C with a wavelength (l) of 780 nm (7 mW
mm�2) (corresponding to the plasmon absorbance band,
Fig. 4C).

The typical patterns for the EPR signal of TEMPO and SG1

(Fig. 5a, Table 1) present the 6- and 3-line patterns (X axis),
respectively and are marked by stars and circles. The intensity
changes (Y axis) of EPR signals from TEMPO and SG1 radicals
Chem. Sci., 2021, 12, 4154–4161 | 4157
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Fig. 5 Illustrative EPR results (A) The EPR signal of Au–TEMPO, Au–
SG1, and Au–SG1–TEMPO (entry 7) after 95min of irradiation. Stars and
circles indicate the 3-line EPR signal of TEMPO, and the 6-line EPR
signal of SG1, respectively. (B) EPR kinetics for entry 7 in Table 1. The
curves are exponential fits of eqn (1).
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afford easy monitoring of the released nitroxide by EPR under
plasmon irradiation. The signal from Au–SG1–TEMPO also
displays well-dened EPR patterns (Fig. 5A). The growth in the
EPR signal of the corresponding released nitroxides affords
rst-order kinetic curves for all processes (Table 1, Fig. 1, S7†).
The values of kd (Table 1, S2†) are estimated by tting the plots
of concentration vs. time with eqn (1) (Fig. S7,† Fig. 5b).
Table 1 Experimental results of the homolysis of 1, 2, Au–TEMPOAu–SG
Fig. S11 (see ESI))

Entry Material Ta (�C)

1 1 99
2 Au–TEMPO 90–131
3 Au–TEMPO 25, PI
4 2 h

5 Au–SG1
e 90–120

6 Au–SG1 25, PI
7 Au–TEMPO–SG1 25, PI

8 Au–SG1
j 25, 340 nm

9 Au–SG1
j 25, dark

a Temperature observed in the EPR cavity. PI¼ plasmon-induced. b Error o
Tp assuming a pure thermal effect for the plasmon effect. e Not determined
of nanoparticles. g Averaged values of all (4) measurements. h See ref. 34. i

nanoparticles. j Control experiments – kinetics obtained in the dark (no pla
340 nm emission wavelength – displayed only traces of nitroxides on the

4158 | Chem. Sci., 2021, 12, 4154–4161
kd ¼ [nitroxide]N(1 � e�kt) (1)

Upon irradiation of Au–SG1 and Au–TEMPO with an LED
with 780 nm wavelength, we noted fast growth of radical
concentration in the rst 300–400 s (Fig. 5B, entries 3 and 5,
Table 1), and a plateau of nitroxide concentration was reached
in less than 10 000 s, meaning that all alkoxyamine decom-
posed in sharp contrast to the expected result of thermal
homolysis. It should be noted that the amount of released
radical is equal to the molar loading of alkoxyamines on AuNPs.
The EPR-derived concentration of alkoxyamines perfectly
converges with data of EA and AAS, which proves the full
conversion of homolysis (Fig. S2–S5G and SN2–6†). Full
conversion of the attached alkoxyamines was additionally
conrmed by SERS (Fig. S9 and SN9†). Thus, we observed the
disappearance of characteristic bands of NO–C bonds near 1300
cm�1 and the emergence of a vibrational band at 1646–1666
cm�1 associated with C]O bonds aer interaction with atmo-
spheric oxygen. For both Au–SG1 and Au–TEMPO, the experi-
ments were conducted in duplicate using two different batches
of nanoparticles and showed good reproducibility for the
amount of released nitroxides and kd values (see Table S2†). To
prove the plasmonic nature of the homolysis, we performed
additional experiments in the dark with Au–SG1 (entry 9, Table
1) and under irradiation by an LED with 340 nm emission
wavelength (2 mW mm�2) (entry 8, Table 1). In both cases, only
traces of nitroxides were detected aer 1000 s. It should be
noted that 340 nm wavelength is overlapped with the absor-
bance of pristine alkoxyamine (2) (SG1-substituted, Fig. S10†),
which excludes the possible photoactivation pathway and
highlights the plasmonic nature of the homolysis process.

As mentioned above, assuming a pure thermal effect of
plasmon excitation, Tp was found to be ca. 91 and ca. 113 �C for
Au–SG1 (entry 5, Table 1) and Au–TEMPO (entry 3, Table 1),
respectively. Hence, considering that the reaction proceeded at
25 �C, the obtained values are 66 and 88 �C for Au–SG1 and Au–
TEMPO, respectively, which could account for the results. As all
1, and Au–TEMPO–SG1 (details of kinetic parameters calculations are in

kd
b (10�4 s�1) Ea

c (kJ mol�1) Tp
d (�C)

3.3 127.3 e

f 127.9g e

12.5 e 113
h 124.5 e

i 119.4g e

19.0 e 91
28.8 (SG1)

e 96 (SG1)
20.6 (TEMPO) 118 (TEMPO)
— — —
— — —

f kd is less than 10%. c Error of Ea is assumed as 2 kJ mol�1. d Estimated
. f At 90 �C, kd values are 0.00014 to 0.00008 s�1 depending on the batch
At 90 �C, kd varies from 0.00092 to 0.0059 s�1 depending on the batch of
smon excitation) and kinetics obtained under irradiation by an LEDwith
threshold level aer 1000 s of experiments.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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the samples received the same energy from the LED sources
(780 nm, 7 mW mm�2), the same plasmon effect was expected
for both Au–SG1 and Au–TEMPO. Nevertheless, we observed
a noticeable�22 �C difference in experimental Tp, which proves
the contribution of non-thermal effects (Fig. S11 and SN11†).

First, we estimated values of kd for thermal homolysis of (1),
Au–TEMPO, (2), and Au–SG1 and the corresponding activation
energy Ea (eqn (2)), using the previously reported averaged
factor A ¼ 2.4 � 1014 s�1.34 para-Substituted aryl alkoxyamines
containing TEMPO and SG1 moieties have been extensively
investigated, which allows determining the effects of AuNPs on
the reaction kinetics.38,47 In general, the presence of electron-
donating groups (EDGs) (such as Au metal) should slightly
decrease kd or display a weak effect on kd (delta Ea z 0.6 kJ
mol�1) as observed for 1 and Au–TEMPO47 (entries 1, 2, 4, and 5;
Table 1). However, these changes are more striking for Au–SG1

than for Au–TEMPO. Indeed, the decrease of ca. 5 kJ mol�1

observed for Au–SG1 is associated with electronic effects due to
the covalent aryl–gold bond formation (Fig. S8 and SN7†).
According to the literature, EDGs or atoms (such as gold) may
lead to a decrease of kd in sharp contrast to the observed
results48.

We tentatively ascribe this phenomenon to the back dona-
tion of p-electrons in empty d (as displayed in Fig. S8† as an
example) and f orbitals of an Au atom favoring an increase in
the partial positive charge at the ipso-position of the aryl moiety
(details of the observed phenomenon are provided in Fig. S8
and SN8†).
Estimation of kinetic parameters for Au–SG1 and Au–TEMPO

The values of Ea (constant for Au–SG1 and Au–TEMPO inde-
pendent of reaction conditions) allowed us to estimate the most
important parameter of the non-thermal (or thermal) contri-
bution of the plasmon to the homolysis of an alkoxyamine:
apparent temperature Tp of homolysis (eqn (3) and Table 1,
SN11†). Assuming that the homolysis is mediated solely by the
thermal effect of plasmon excitation, the Tp value should be
equal to the temperature of homolysis under heating. Any
difference in Tp speaks by itself in temperatures speaks by itself
and makes it possible to estimate the non-thermal contribution
via temperature difference and the related kinetic parameters.

Ea ¼ RT ln

�
A

kd

�
(2)

Tp ¼ � Ea

R lnðA=kdÞ (3)
Estimation of kinetic parameters for Au–TEMPO–SG1 and Au–
SG1 + Au–TEMPO

To circumvent any issues due to the setup, the procedure, and
the effect of the surface modication, we prepared AuNPs Au–
TEMPO–SG1 containing both alkoxyamines (1) and (2) (Fig. S4,
SN5†) with the same amount of covalently graed alkoxyamines
as for pure Au–SG1, Au–TEMPO (Fig. S2–S4†). In the presence of
© 2021 The Author(s). Published by the Royal Society of Chemistry
both alkoxyamines on the surface, the expected increase of
radical concentrations (SG1 and TEMPO) was observed (Fig. 5B)
under illumination. Estimated Tp values (entry 7, Table 1) were
found to be very similar to those for pure Au–SG1 and Au–
TEMPO. In this case, the energy of the plasmon interacting with
both attached alkoxyamines on AuNPs is the same. The differ-
ence in Tp between SG1 (96 �C) and TEMPO (118 �C) is ascribed
only to a specic interaction of the plasmon with graed
alkoxyamines, highlighting the non-thermal effects and strict
dependencies on the structure of alkoxyamine. As additional
evidence, similar kinetic parameters have been observed for the
homolysis of Au–SG1 + Au–TEMPO (Fig. S5, SN6 and 10†) in
solution (Table S2,† entries 7 and 8). Hence, assuming that the
homolysis of Au–SG1 proceeded due to a pure thermal effect,
Au–TEMPO should also display a Tp equal to 96 �C (the same as
for Au–SG1), affording an Ea of 120.6 kJ mol�1. Nevertheless, the
calculated Tp for Au–TEMPO was sufficiently larger (118 �C),
which gives at least a 7.6 kJ mol�1 gain of energy related to
plasmon excitation (Fig. S10 and SN11†) calculated from the
kinetic parameters obtained under external heating (entries 2
and 5) and plasmon-induced homolysis (entries 3 and 6).

A question still arises about the importance of thermal
heating of the surface under plasmon irradiation. The temper-
ature of the experimental system can be decomposed into
macroscopic collective effects, measurable with a thermometer,
and local overheating of nanoparticles, calculated theoretically.
Performed calculations revealed that under our experimental
conditions, local heating in the vicinity of AuNPs is on the order
of 10�3 �C (Fig. S11 and SN12†). It is interesting to estimate the
LED power density needed to achieve the local temperature
elevation of 66 �C, under the assumption of a pure thermal
effect for the homolysis of Au–SG1. By numerically solving the
corresponding equation, we found that such heating is reached
under an illumination of �5.02 � 108 J m�2 in contrast to 7 J
m�2 utilized in our experiments, which is 108-fold less. Conse-
quently, calculations support the fact that the local heating
effects at the surface are negligible. Additional experiments
with temperature tracking using a miniaturized leaf thermo-
couple immersed in the AuNP suspension revealed the increase
of the suspension temperature by <1.5 �C within the error bar
aer 30 minutes of irradiation (Fig. S12 and SN13†) under the
above-stated experimental conditions, ruling out the possible
thermal homolysis (taking into account homolysis tempera-
tures larger than 60 �C) during irradiation of the sample.
Plausible mechanisms of plasmon-induced homolysis of
alkoxyamines

As described previously, the homolysis of C–I or S–S bonds can
proceed without the involvement of hot carriers via intrinsic
excitation of an electron to the LUMO followed by decomposi-
tion.19,49 In our opinion, the cleavage of alkoxyamines can be
initiated by a similar mechanism (Fig. 6A). The plasmon energy
can induce intramolecular excitation and formation of a disso-
ciative transition state (TS), which can be spontaneously
decomposed with the formation of two radicals. The pathway
associated with the ionization of molecules by hot carriers
Chem. Sci., 2021, 12, 4154–4161 | 4159
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Fig. 6 Tentative mechanisms. (A) Tentative mechanism of plasmon-
induced homolysis of Au–SG1/TEMPO. (B) Back p-donation of a p-
electron of the aromatic ring into empty d or f orbitals of an Au atom
accounting for the increase in kd.
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seems to be less possible due to the formation of cationic or
anionic species, which have not been detected by EPR spec-
troscopy. Moreover, the energy required for the homolysis of
covalently attached alkoxyamine could be sufficiently lowered
by back p-donation, as was mentioned before for the thermal
homolysis (Fig. S8B†). This phenomenon can be explained by
the interaction between empty d and f orbitals of gold with the
p-electrons, which should increase the partial positive charge at
the ipso position (loss of electron density in the p-cloud). The
back p-donation causes an increase in electronegativity of the C
atom of the C–O bond, thereby weakening this bond, as
commonly observed for chemical triggering of C–ON bond
homolysis.
Conclusions

In conclusion, in contrast to commonly used probes for
mechanistic studies of plasmonic reactions, we demonstrated
the applicability of alkoxyamines covalently graed to AuNPs
for the well-dened kinetic study (due to one component reac-
tion with 1st order kinetics) of their homolysis under plasmon
excitation using EPR monitoring. Experimentally obtained
kinetic parameters of homolysis, especially Tp, calculated
assuming a solely thermal contribution, enable us to quantify
the unquestionable presence of a non-thermal component.
Experiments with the homolysis of Au–SG1–TEMPO and Au–
TEMPO + Au–SG1, where the amount of energy delivered by an
LED is equal for both alkoxyamines, reveal a considerable
difference in Tp. The observed difference of 22 �C conrms that
the effects of the plasmon are explicitly attributable to the
nature of the organic molecule. As a result, our study highlights
the presence of a non-thermal plasmon effect and moves us
closer to the understanding of the nature of the plasmon
4160 | Chem. Sci., 2021, 12, 4154–4161
interaction with organic molecules. The observed results indi-
cate that the structure of organic molecules and the nature of
chemical transformation should be considered for plasmon
catalysis. A further mechanistic study using plasmonic
substrates and organic molecules should be addressed from
both physical and chemical points of view for full under-
standing. To date, several questions are still pending: what is
the strength of each effect? Can the plasmon effect be tuned by
the reaction conditions? At this time, our data do not allow the
size of each component to be quantitated. Nevertheless, we
believe that our ndings will shed light on the mechanisms of
the plasmon-assisted reaction and will prompt scientists to
develop novel plasmon-initiated transformations.
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Abajo, Opt. Express, 2006, 14, 9988.
46 L. Schumacher, J. Jose, D. Janoschka, P. Dreher, T. J. Davis,

M. Ligges, R. Li, M. Mo, S. Park, X. Shen, S. Weathersby,
J. Yang, X. Wang, F. Meyer Zu Heringdorf, K. Sokolowski-
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