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ABSTRACT: The conversion of CO, to fine chemicals is an efficient tool for j\rm y
reducing the negative impact of human activities on the environment. In this work, e L) © a o
we show that CO, capture and its sunlight-based activation can proceed efficiently ED
even at low, practically arctic temperatures with the implementation of so-called ﬁ,

q q g 8.9 AuNPs ~
plasmon-assisted chemistry. We propose the specific photocatalyst consisting of
two parts: (i) an organic shell responsible for CO, capture and (ii) a plasmon- :It_Jw_te_m;el;Jt;re-l ve 2 sunlight
active metal nanoparticle core for activation of entrapped CO, and involving it in | _-40°C-0°C 1| g{e &
the cycloaddition reaction. The effect of temperature on the plasmon-assisted CO, R=-CHj;-G;Hs:-CI O)Lo
cycloaddition was studied, and a reaction with only slight temperature sensitivity L )

was observed. Theoretical calculations indicated a significant decrease in the
“apparent” activation barrier of the reaction under the plasmon-assisted
mechanism. Our results open an opportunity for the world economy to exploit the vast Arctic and Antarctic (or close to them)
territories where the powerful solar potential is practically not used yet.
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1. INTRODUCTION The main idea here is to change the reaction pathways and
decrease the “apparent” reaction activation barrier for CO,
activation. This can be achieved photoelectrochemically
through changes in the electronic or polarization states of
the materials (both catalysts or reagents).'®'” In the case of
plasmon-assisted photochemistry, the light energy is used for
plasmon excitation with a related appearance of hot charge
carriers or high-energy states, which can be transferred to
surrounding materials.””*' In most related works, the plasmon-
assisted process accelerates the electrochemical reduction of
CO,, with the formation of various products, such as CO,
CH,0H, or CH,.”*"** For the transformation of CO, into fine
organic products, the lowering of the apparent reaction
activation barrier to close to zero level has also been reported,
using plasmon excitation on the surface of noble-metal
nanostructures.”® % As a result, plasmon-assisted chemical
transformations can be performed at significantly lower
temperatures, compared to traditional reaction routes.’’ >

In this work, we investigate the plasmon-assisted CO,
activation at temperatures significantly below zero, taking
into account the fact that an increase in CO, concentration in

Contemporary low-temperature chemistry provides unique
information about the behavior of reactive substances at low
temperatures and about the phenomena that occur when
moving from “standard” temperatures to much lower ones." To
date, processes such as plasma catalysis, electrocatalysis, sono-
catalysis, mechano-catalysis, and biocatalysis have been studied
at low temperatures.”” In addition, photocatalysis is a
promising option to be realized at low reaction temperatures.”
Activation of stable and common molecules such as methane,
nitrogen, and carbon dioxide at low temperatures, i.e., close to
arctic conditions, is essential from the goint of view of future
sustainable energy/chemical systems.s’ Moreover, according
to recent reports,” the north territories are undergoing a rapid
shift into a new warmer regime accompanied by permafrost
melting and emission of greenhouse gases. Therefore, the
possibility of CO, activation at low temperatures could not
only improve the environmental conditions in these regions
but also facilitate the use of CO, waste.

In general, CO, is a relatively inert molecule and its
activation suffers from energy efficiency and poor reaction
rates.®” "% Thus, photocatalytic CO, activation using sunlight is
very attractive due to the availability and zero cost of this
energy source even in the North territories."' ~'* From
photocatalysis studies performed at common temperatures,
we learned different strategies for CO, activation, including the
exploration of novel semiconductors with narrow band gaps
and the development of specific catalytic surface sites.”” ™"
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Figure 1. Schematic representation of the preparation of AuNPs-TBD hybrid catalysts for CO, cycloaddition to three different epoxides.
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Figure 2. Conformation of CO, capture by AuNPs-TBD and its plasmon-assisted release: (A) UV—vis spectra of AuNPs-TBD suspension in three
epoxides. (B) SERS spectra measured after AuNPs-TBD interaction with CO, in methanol at different temperatures (nanoparticles were
sedimented from methanol and immediately subjected to measurements without change of temperature). (C) Dependency of characteristic CO,
peak intensity on the temperature of creation of AuNPs-TBD/CO, zwitterionic adducts (methanol was used as solvent). (D) Stability of
characteristic CO, peaks (i.e., zwitterionic adduct) storage in dark or under illumination at RT and —40 °C temperatures.

the reaction medium can be reached with a temperature
decrease. The plasmon-assisted CO, activation at low
temperatures allows the utilization of sole sunlight energy,
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which is important in some unusual places, e.g,, Polar Regions
or some regions of Europe or North America®® where other
energy sources are not available. Without a doubt, the
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development of CO, utilization technologies in these regions
may seem somewhat strange at first glance. However, given
both the global growth of the human population and the
depletion of nonrenewable resources (a significant amount of
which is located in the northern and polar territories), and the
large average amount of sunlight in the polar territories (which
is comparable with the amounts of sunlight energy in such
territories as central Europe),”’ ™’ the proposed approach may
be of future importance.

2. EXPERIMENTAL PART

The preparation of gold nanoparticles (AuNPs) and the
decoration of AuNPs with 1,5,7-triazabicyclo [4.4.0] dec-S-ene
chemical moieties (further designated as AuNPs-TBD) were
carried out according to previously reported procedures.’
Experimental details are described in the Supporting
Information (SI).

2.1. General Procedure of Plasmon-Assisted CO,
Cycloaddition. The CO, cycloaddition was carried out in a
septum-sealed flask at different temperatures from room
temperature (RT) to —40 °C. First, 3 mg of AuNPs-TBD
was sonicated in 3 mL of epoxide with the addition of
tetrabutylammonium bromide (TBAB). The reaction flask was
then placed in a thermal chamber and filled with CO, at the
desired temperature. The reaction mixture was illuminated
with a light-emitting diode (LED, 780 nm, 25 mW/cm?) under
continuous purging with CO, from a regular 3 L balloon via
the needle. After the reaction stopped, the AuNPs-TBD were
separated by centrifugation and the supernatant was analyzed
using gas chromatography (GS) and 'H and "*C nuclear
magnetic resonance (NMR) techniques

3. RESULTS AND DISCUSSION

3.1. Main Proposed Concept and AuNPs-TBD Prep-
aration. Hybrid plasmonic catalysts (combining plasmonic
and catalytic functions) have great potential in CO, conversion
and other relevant chemical transformations.*”*! In our work,
a hybrid plasmonic catalyst has been prepared according to a
recently published report.”” Briefly, the spherical AuNPs were
modified to attach hydroxyl groups, which were further
coupled with 2-bromopropionyl bromide, and finally, TBD
was immobilized on the surface (Figure S1). The confirmation
of the plasmonic catalyst structure and full characterization of
AuNPs-TBD is present in the SI (Figures S2 and S3 and
related discussion). It is well known that TBD spontaneously
forms a stable and isolable zwitterionic complex with CO,,**
ensuring its efficient entrapment from the surrounding
solution(s) near the active surface (Figure 1). After
preparation, AuNPs-TBD nanoparticles were dispersed in
epoxides and illuminated with wavelength, corresponding to
plasmon excitation at various temperatures and continuous
purging with CO, at atmospheric pressure. As mentioned
above, the immobilization of CO, will proceed spontaneously,
forming a stable TBD-CO, adduct. Plasmon excitation will
provide the energy required for the activation of the TBD-CO,
adduct and its subsequent reaction with epoxides with the
formation of the corresponding carbonates (Figure 1). As a
result, we expected this hybrid system to interact with CO,-
forming carbonates without the need for elevated CO,
pressure and even at low temperatures.’' >* To fully verify
this assumption, we used different epoxides, which can be
ordered as follows, according to the simplicity of their
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interaction with CO,: 1,2-epoxybutane > epichlorohydrin >
propylene oxide (further referred to as EB, EpCl, and PO,
respectively) and estimated CO, cycloaddition (Figure 1).

Since CO, cycloaddition will be performed under solvent-
free conditions in pure epoxides, we estimate the plasmon-
related optical properties of AuNPs-TBD in organic solvents.
The UV-—vis spectra of the AuNPs-TBD suspension in
epoxides are presented in Figure 2A, where an increase in
the plasmon bandwidth and its pronounced redshift
(compared to water) are evident (see also Figure S2). The
shift of the plasmon absorption band cannot be attributed only
to the changes in the surrounding refractive indexes, which is
not large enough (1.38S, 1.436, and 1.366 for EB, EpCl, and
PO, respectively, vs 1.333 for water). The observed shift (as
well as widening) of the plasmon absorption band peak can be
explained both by the nanoparticles and/or by the appearance
of the faster plasmon decay channel, as a result of the presence
of TBD on the surface. A similar effect was previously observed
on hybrid plasmonic systems.**** The position of the plasmon
absorption band in epoxides determines the wavelength(s)
subsequently used light source. In fact, all further experiments
were performed with 780 nm light, which overlaps well with
the plasmon absorption band AuNPs-TBD in all three
epoxides.

3.2. CO, Capturing by AuNPs-TBD. In the next step, we
estimated the ability of CO, capture by TBD under normal
pressure and at various temperatures. The freshly prepared
AuNPs-TBD suspension in methanol was bubbled with CO, at
different temperatures and then characterized by dynamic light
scattering (DLS) or surface-enhanced Raman spectroscopy
(SERS) measurements (SERS measurements were performed
in solid state mode, immediately after nanoparticle sedimenta-
tion under constant temperature). According to DLS data, the
increase in the hydrodynamic radius of AuNPs-TBD after CO,
bubbling confirmed AuNPs-TBD/CO, formation (Figure SS).
SERS spectra measured on Au-TBD before and after CO,
entrapment at RT and —40 °C provide the spectroscopic
conformation of the formation of the TBD/CO, zwitterionic
complex. In particular, CO, entrapment leads to the
spontaneous appearance of new characteristic SERS bands at
966, 1106, 1216, and 1336 cm™" (Figure 2B). The intensity of
these peaks correlates with the amount of entrapped CO,. The
CO,-related peak at 1336 cm™' was used to evaluate the
amount of CO, entrapped at both temperatures. As can be
seen from Figure 2C, the intensity at 1336 cm™" increases with
decreasing temperature. So, CO, capture and zwitterionic
adduct formation proceed more efficiently at low temperatures,
apparently due to an increase in CO, concentration in
methanol.”> A similar phenomenon can be expected in the
solubility of the case of epoxides; the solubility of CO, in
epoxides is shown in Figure S6. So, at lower temperatures,
more CO, molecules will be dissolved in organic solvents and
subsequently entrapped by AuNPs-TBD, where they are
available for further plasmonic triggering.

3.3. Plasmon-Assisted CO, Cycloaddition. After check-
ing that the plasmon assistance can activate the created TBD-
CO, zwitterionic adduct, we proceed to the utilization of
AuNPs-TBD hybrid catalyst for plasmon-assisted CO, cyclo-
addition. In contrast to the previous experiments, we used
different light wavelengths to activate the CO, adduct, which
corresponds to the peak of the plasmon resonance of AuNPs-
TBD-CO, in organic solvents. Of course, the use of different
wavelengths may lead to the excitation of charge carriers with
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ACS Catal. 2023, 13, 3830—3840


https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c05891/suppl_file/cs2c05891_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c05891/suppl_file/cs2c05891_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c05891/suppl_file/cs2c05891_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c05891/suppl_file/cs2c05891_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c05891/suppl_file/cs2c05891_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c05891/suppl_file/cs2c05891_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c05891/suppl_file/cs2c05891_si_001.pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.2c05891?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

O
A o

o

0 + CO, -

Cl

Conversion of EB > 95%
Conversion of EpCl > 95%

C 70-ﬁ

Cl

Time, h

100
RT
= 84 EB
5
‘D 604
[
>
c
3 401 LED
dark RT 10 0 -10 -20 -30 -40
20- ar Temperature, °C
0 - v T 2.0
0 4 EEB
1001 ° 16+ eeal
-40°C
< %1 EB 1.2
5 2
g 604 [¢]
[ 0.8
g 40
£ 404
© LED
20- —e—dark 0.4
0 —— _—__—_ Oie—o oo oo oo —osa oo 0.0 === T T
0 4 8 12 16 20 24 28 32 36 0 8 16 24 32 40 48 56 23°C 10°C  0°C -10°C -20°C -30°C -40°C
Time, h Time. h Difference in temperatures (T,-T,)

Figure 3. Conversion of epoxides at different temperatures under plasmon triggering or in dark: (A) EB, (B) EpCl; (C) time required for
conversion of epoxides (above 95%) as a function of surrounding temperature; (D) calculated values of Q,, for two epoxides as a function of

temperature range.

different energies. On the other hand, we assumed that in this
case, plasmon triggering will also lead to the activation of the
CO, adduct. The plasmon-assisted activation of AuNPs-TBD
adduct with CO, was studied at RT and —40 °C (after
separation and storage in the dark or under light illumination).
At both temperatures and during storage in the dark, we
observed the conservation of the characteristic peaks of the
entrapped CO, (Figure 2D), indicating that there is no
spontaneous CO, release. However, the illumination (595 nm
wavelength was chosen according to UV—vis data in Figure
S7) of AuNPs-TBD/CO, with plasmon triggering led to the
disappearance of characteristic CO, bands, independently of
the temperature. So, the as-created zwitterionic adduct is stable
and can be activated by plasmon triggering. Plasmon triggering
leads to the release of a CO, molecule(s) or their participation
in chemical transformation (according to our assumption and
preliminary results®).

After verifying that plasmon assistance can activate the TBD-
CO, zwitterionic adduct, we proceed to the use of AuNPs-
TBD hybrid catalyst for plasmon-assisted CO, cycloaddition.
We used three different epoxides and performed cycloaddition
at RT and at —40 °C, also taking into account the higher
solubility of CO, at lower temperatures (Figure S6). The
formation of all reaction products and reaction proceedings
were monitored using GS and NMR methods (Figures S8—
S14).

The time-resolved conversion of epoxides is presented in
Figure 3A—D (and Figures S15 and S16) for two temperatures,
RT and lower (—40 °C), while Table 1 shows the reaction
yields. All experiments were carried out in the dark or under
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illumination. All epoxides besides EB do not spontaneously
react with CO,, but the reactions proceed successfully under
plasmon triggering. The epoxides conversion and carbonates
yield are in accordance with the reactivity of epoxides, ordered
as follows: EB > EpCl > PO. The reaction rate at =40 °C and
under plasmon triggering slowed 4—6 times compared to that
at RT (Figure 3A—C). Despite the deceleration of the
cycloaddition observed for all three epoxides, the reaction(s)
still proceed efficiently even at very low temperatures (close to
arctic conditions). In the next step, we analyzed the
deceleration taking into account the common van’t Hoft law.
The temperature decrease by ca. 60 °C (from +23 to —40 °C)
should lead to the reaction deceleration by a factor of (2—4)°
(i.e., 60—4000 times), but only a decrease of ca. 3—6 times was
observed.

To highlight this fact, we present the Q,, coefficient

ki 10/(T,~T,)

%)
the reaction rates and T are the reaction temperatures. This
coefficient gives the deceleration of a chemical process when
the reaction mixture is cooled by 10 °C as a function of the
temperature intervals (Figure 3E and Figure S15). For the Qy
evaluation, we used the moments when the quantitative yield
(above 95%) of carbonates is achieved (except for the PO case,
where the time for the 55% conversion was used). Generally,
for chemical transformations, the Q,, coeflicient usually lies in
the range of 2—4. In the case of plasmon-assisted CO,
cycloaddition to EB, we obtained significantly lower values of
Qy for all temperature ranges. In the case of EpCl, the Q,

calculated according to Q) = < , where R’s are
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Table 1. Plasmon-Assisted Reaction Parameters and
Corresponding Yield(s)

temperature (°C)  time (h) light conversion” (%)  yield” (%)
1,2-Epoxybutane
RT 7 ON 9 95
OFF 6 4
10 11 ON 98 94
OFF S 3
0 15 ON 98 96
OFF 4 3
—-10 21 ON 99 94
OFF 4 3
-20 28 ON 97 95
OFF 3 2
-30 33 ON 99 96
OFF 2 1
—40 37 ON 98 96
OFF <2 <1
Epichlorohydrin
RT 9 ON 98 96
OFF <2 S
10 13 ON 98 95
OFF <2 <2
0 18 ON 97 93
OFF <1 <1
—-10 26 ON 97 92
OFF <1 <1
-20 38 ON 98 95
OFF <1 <1
-30 53 ON 98 95
OFF <1 <1
—40 60 ON 99 97
OFF <1 <1

“Yield and conversion were defined by GC as incorporation of Au-
TBD-CO, into cyclic carbonates. Reaction conditions: 2.5 mL of
epoxide, CO, (1 atm), Au-TBD (3 mg), TBAB (0.8 mol %), solvent-
free.

values were also lower compared to common cases. Finally, for
PO, the Q,, was close to the normal value of 2 but decreased at
temperatures below 0 °C. So, the main conclusion is that
plasmon triggering significantly decreases the sensitivity of
CO, cycloaddition to temperature decrease. This observation
can be explained by two phenomena: (i) increase in CO,
solubility in organic solvents and (ii) changes or reaction
pathway (with a decrease of the apparent thermodynamic
barrier) under plasmon triggering. However, the temperature
dependence of Q,, indicates the impact of CO, solubility
(Figure S6), which was increased only by a factor of 5—10 in
the temperature range of RT to —40 °C. Thus, only increased
solubility cannot fully explain the independence of the reaction
rate on temperature.

3.4. Control Experiments. To reveal the contribution of
plasmon excitation to low-temperature CO, cycloaddition, we
performed a few control experiments, accomplished without
catalysts or illumination. The results of these experiments,
performed at RT and —40 °C (Figure S17), indicate that the
illumination switching off or the removal of the catalyst
interrupted the reaction. Similarly, in the absence of TBD
grafting on the AuNP surface (i.e., the addition to the reaction
mixture with dispersed AuNPs of an equal amount of not
grafted TBD), the reaction did not proceed either (Figure
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S18). We also tested AuNPs without TBD (Figure S18) or
with the addition of TBD without AuNPs (Figure S19). These
experiments were performed under illumination at —40 °C,
and we did not observe any EB conversion. Thus, the plasmon
assistance and CO, entrapment near the plasmon-active
substrate are necessary conditions for successful reaction
proceeding.

In addition to the importance of the hybrid catalyst
structure, we also studied the possible effects of plasmonic
heating. First, monitoring the temperature of the reaction
mixture under illumination indicated a negligible increase in
the “reaction volume” temperature (Figure S20). We also
performed the addition of CO, (also at RT and lower
temperature) under illumination with different light powers or
apertures, according to the experimental route described in a
recently published article.*® A linear dependence would
indicate a photochemical process, whereas an exponential
increase would rather be the signature of a photothermal effect.
Figure S21 indicates the perfect linear dependence of EB
conversion on the applied light power, which is a signature of
the absence of photothermal effects. In the case of aperture
radius variation (Figure S22), we observed a deviation from
the expected quadratic dependence (characteristic for plasmon
catalysis without the participation of plasmon heating).
Probably, in this case, the previously predicted effect of heat
dissipation occurs (the proposed “ideal” quadratic dependence
assumes heat diffusion in an infinite surrounding medium and
some deviation from the ideal behavior can be observed due to
the different local thermal conductivity in the surrounding
medium where the reaction proceeds).46 An observed
negligible impact of plasmon heating could be expected since
constant illumination of spherical AuNP (with moderate light
intensity) cannot produce significant heating, even when close
to the nanoparticle surface space (unlike the case of nano- or
femto-pulsed laser utilization).

As an additional argument, often used in favor of plasmon
heating, namely, the agglomeration of NPs can lead to spatial
“proximity” of several heating sources and a more pronounced
increase in temperature. In our case, despite the fact that we
did not observe obvious agglomeration of nanoparticles with
the formation of large agglomerates (microscopic photos are
shown in Figure S23), the results of DLS show that some
agglomeration still occurred. To assess the potential impact of
this phenomenon on plasmon heating, we performed a series
of calculations (described in SI Figure S24). As expected,
agglomeration of nanoparticles leads to some increase in
temperature at the “hottest” point of the agglomerate.
However, this increase was far from significant enough to
affect the mechanism of plasmon catalysis.

Taking into account the preliminary exclusion of plasmon
heating, as well as two alternative mechanisms of plasmon
catalysis (direct or indirect energy or charge transfer), we
performed a series of additional experiments to study the
wavelength dependence of reaction efficiency (Figure S25). As
can be seen, the reaction conversion does not correlate
completely with the absorption profile of the plasmon-active
catalyst. Therefore, based on previously reported work, we can
assume that plasmonic photocatalysis occurs by the direct
charge transfer mechanism without the injection of hot
electrons and through the plasmon-induced excitation of the
inner electron in the TBD-CO, adduct.***"~*

3.5. DFT Calculations of Plasmon-Assisted CO,
Cycloaddition. Photochemical plasmon catalysis is com-
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monly attributed to the intramolecular excitation or injection be expected, as is schematically depicted in Figure 4A. To
of hot electrons from a metal surface to organic species. In verify the potential reaction mechanism, we performed density
both cases, the appearance of an alternative reaction pathway functional theory (DFT) (SS) calculations in a simplified
and the reduction of the apparent thermodynamic barrier can model with the involvement of N-methylated TBD as the
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model substrate. In this case, methyl imitates the properties of
the linker and at the same time prevents the involvement of the
second nitrogen atom during the fixation of epoxides.”’ The
energy profile (Figure 4B) for the ground state reaction
pathway shows that the fixation of CO, is only slightly
endergonic with the energy barrier of TS, 29 kJ/mol. The rate-
limiting step (114 kJ/mol) is the attack of one oxygen from
CO, on the oxirane ring connected with its opening (TS;).
This is followed by rotation (TS,) and closure of the carbonate
ring (TS;). In the last stage, the product is released (TS,) and
the cataléyst enters the new catalytic cycle. As we have recently
shown,””** the plasmon-assisted [3 + 2] cycloaddition can
occur via the triplet pathway (REF). In our case (Figure 4B),
the triplet state of the complex of TBD-CO, with epoxide (T})
is 307 kJ/mol, ie., it is higher compared to that of the
analogous ground state S,. More importantly, the energy of
TSt is only 45 kJ/mol above T|. It should also be noted that
TSt is not a complete analogue of TS,. In this case, the
oxirane ring is opened more easily. This indicates a possible
energy transfer from TBD-CO, to epoxide prior to oxygen
attack. As result, the activation energy is almost 3 times lower
compared to that of the ground-state pathway, which is
consistent with our experimental results. All attempts to find
TS for ring closure failed, and the energies of triplet structures
analogous to Int; and TS, are too high. This confirms the fact
that ring closure and product release occur after loss of
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excitation and return to the ground-state reaction pathway. As
an experimental verification of the calculated plasmon-assisted
reaction pathway with participation of the triplet state, we
performed several additional experiments using COT as the
scavenger of exited states. The results presented in Figure S26
show that the addition of COT apparently quenches the
reaction, which observation perfectly correlates with the
performed DFT calculations.

3.6. Technological Attractiveness Demonstration. In
the last part of the work, we demonstrated the technological
attractiveness of the proposed approach by: (i) increasing the
volume of the reaction mixture, (i) utilizing sunlight instead of
a single-wavelength LED (at —40 °C), and (iii) increasing the
humidity in the reaction “surrounding”. These additional
experiments were carried out taking into account the “Arctic”
conditions—low temperature, sufficient sunlight flux, and low
absolute humidity (Figure SA). First, the scalability tests
(Figure SB) indicate some decrease in the reaction efficiency
with volume increase (under the conservation of catalyst/
volume ratio). Such a phenomenon can be attributed to
insufficient mixing of AuNPs-TBD nanoparticles under
mechanically induced stirring or gradual decrease of the light
intensity with its penetration into a larger volume of the
reaction medium. We also compare the results of LED
illumination with simulated sunlight triggering using a solar
simulator (the power on the sample surface was adjusted to be
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100 mW/cm?). According to the time required for the
conversion of epoxides, the CO, cycloaddition is slightly
decelerated with the utilization of sunlight simulator, the
deceleration being less than 25% for all epoxides (Figure SC)
was observed.

Generally, the fact that CO, cycloaddition is sensitive to
moisture due to possible hydrolysis®® significantly complicates
its technological implementation. However, a decrease in the
reaction temperature to extremely low values leads to the
suppression of humidity in the air (Figure S27). Thus, it is
possible to avoid technical difficulties associated with the
presence of moisture using plasmon-assisted CO, cyclo-
addition at —40 °C. To assess this possibility, we performed
CO, cycloaddition in an opened flask (the reaction chamber
was preliminarily saturated with water vapor at RT and then
cooled to —40 °C). The results showed that the amount of
obtained 1,2-butylene carbonate decreased only by 30%
compared to the case of the septum-sealed flask (Figure
SD). We also evaluated the possibility of using low
concentrations of CO, down to the atmospheric concentration
(Figure S28). The results obtained show that a decrease in the
concentration of CO, led to a rather significant slowdown of
the reaction rate, observed in both cases, at RT and lower
temperatures. However, at low temperatures, the observed
decrease in the reaction rate was not as significant as in the RT
case. This phenomenon can be explained by better solubility at
low temperatures. In the case of low temperatures, we could
use only air without its preliminary drying, which was not
possible in the case of room temperature.

As already was shown, we observed a slowdown in the
reaction rate both with an increase in the volume of the
reaction mixture and a decrease in the CO, concentration in
the initial mixture of gases. To compensate for these
shortcomings, we tried immobilization of AuNP-TBD on the
surface of Al,O; microparticles. This approach allowed us to
introduce a larger amount of AuNPs-TBD in the reaction
mixture (in contrast to nonimmobilized AuNPs, which tend to
agglomerate when a certain critical concentration is reached).
The utilization of immobilized nanoparticles also allowed us to
avoid plasmon heating, which is usually associated with
nanoparticle aggregation.

The preparation and characterization of AL, O;@AuNPs-
TBD are presented in the SI (Figures $29 and S30), while the
“opened” reactor design is shown in Figure S31. Interestingly,
even in the case of immobilized nanoparticles that cannot
physically agglomerate, we observed an expansion of the
plasmon peak, which correlates with the assumption of the
presence of a faster plasmon decay channel due to the presence
of TBD (Figure S32). The conversion of EB using this catalyst
is shown in Figure 6, where special attention is paid to
compensating for the negative effect of low temperature and
the increase in reaction volume (Figure 6A). Furthermore, the
utilization of AL,O;@AuNPs-TBD allowed us to significantly
accelerate the reaction rate in the case of a large volume of
reaction mixture and a lower CO, concentration (up to the use
of air as a CO, source) as is shown in Figure 6B. An additional
advantage of this approach is the fact that we can use air
without pre-drying, which is impossible at room temperature
due to the presence of natural humidity (Figure S31). Of
course, in this case, the necessary amount of gold increases, but
this fact is easily compensated by very simple removal of the
catalyst and its re-utilization in several subsequent cycles
without loss of catalyst efficiency (Figure 6C). Thus, taking
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into account the results of experiments carried out in “closer”
to realistic conditions, as well as the availability of solar energy
in the polar regions (which are already beginning to be used),
we can talk about a fairly large potential for plasmonic
chemistry (in particular, in application to CO, conversion for
useful products) under the conditions of the polar regions (or
regions close to them).

As a final remark, it should be noted that we demonstrated
the plasmon-assisted CO, activation at temperatures signifi-
cantly below zero, taking into account the fact that an increase
of CO, concentration in the reaction medium can be reached
with temperature lowering. Plasmon-assisted CO, activation at
low temperatures allows the utilization of sole sunlight energy,
which could be important in some unusual places (e.g., Polar
Regions), where other energy sources are not available.
Without a doubt, the use of solar energy in the Polar Regions
(or close to them) may seem somewhat strange (these regions
are traditionally associated with cold, which, in turn, is
intuitively associated with the absence of solar heat). However,
according to the data from various time periods, the averaged
value of total solar irradiance in Polar Regions is comparable to
European countries like the Netherlands (which produces
22.7% of its electricity from solar energy).”' ~>°

4. CONCLUSIONS

In this paper, we present a rational and nontrivial utilization of
plasmon-assisted chemistry aimed at CO, cycloaddition for the
production of technically relevant carbonates at low, down to
the arctic, temperatures up to —40 °C. Cycloaddition was
implemented under solvent-free conditions by saturating three
organic epoxides with CO,, followed by illumination of
dispersed plasmon-active hybrid catalysts by LED at 780 nm.
As a hybrid catalyst, we used gold nanoparticles grafted with
TBD ligand for spontaneous capture of CO, at atmospheric
pressure and low temperatures. The plasmon triggering led to
the activation of the TBD-CO, adduct and its involvement in
cycloaddition. Despite the common van’t Hoff law, we found
that plasmon-induced CO, cycloaddition is weakly dependent
on the reaction temperature, which in turn allows the use of
this reaction even at the temperature of —40 °C. To explain
these experimental observations, additional quantum mechan-
ics simulations were performed, which reveal alternative
reaction pathways under plasmon triggering, with an activation
barrier 3 times lower than in the common case of CO,
cycloaddition. Low-temperature plasmonic cycloaddition is
also facilitated by the enhanced CO, solubility in epoxides.
Our findings prove that photochemical processes can be
carried out in places with sufficient sunlight and low ambient
temperatures so that the geography of plasmon chemistry can
be expanded significantly. We demonstrated the technological
attractiveness of the proposed process in terms of reaction
scalability, humidity insensitivity, and the ability of sunlight
utilization. We believe that low-temperature plasmonic
chemistry can be expanded to other reactions, including
carbon dioxide fixation/utilization and dehydrogenation.
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