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ABSTRACT: Selective epoxidation of various alkenes with molecular oxygen (O,) under mild conditions is a long standing
challenge in achieving syntheses of epoxides. Cu based catalysts have been found to be catalytically active for selective
epoxidations. However the application of copper nanoparticles (CuNPs) for photocatalyzed epoxidations is encumbered
by the instability of CuNPs in air. Herein we report that CuNPs supported on titanium nitride (TiN) without additional
stabilizers, not only are stable in air, but also can catalyze selective epoxidation of various alkenes with O, or even air as
benign oxidant under light irradiation. CuNPs remain in the metallic state due to the significant charge transfer that oc-
curs between CuNPs and TiN. The epoxidation is driven by visible light irradiation at moderate temperatures, achieving
good-to-high yields and excellent selectivity. The photocatalytic process is applicable to the selective epoxidation of vari-
ous alkenes. In this photocatalytic system, reactant alkenes chemically adsorb on CuNPs forming Cu-alkene surface com-
plexes and light irradiation can activate the complexes for reaction. The cyclic ether solvent also plays a key role, reacting
with O, on the surface of CuNPs under light irradiation, yielding oxygen adatoms. The activated surface complexes react
with the adatoms, yielding corresponding epoxides. Analysis of the influence of irradiation wavelength and intensity on
the epoxidation suggests that light-excited electrons of CuNPs drive the reaction. The adatoms formed react with alkenes
producing the final product epoxides. We also observed interesting product stereo-selectivity predominantly generating
the trans-isomers for the epoxidation of stilbene (up to 97%). The findings reported here not only provide an effective
and selective reaction system for alkene epoxidations, but also are a step towards demonstrating the practical use of
CuNPs as photocatalysts for various applications.

adsorption due to the localized surface plasmon reso-
nance (LSPR) effect.’®2*> Free electrons of such NPs can
also absorb ultraviolet, visible and infrared photons be-
cause these metals have continuous electron energy levels.
Thus NPs of these metals can utilize light energy arising
from most of the solar spectrum for catalysis.>> The light
irradiation generate photoexcited electrons and these
electrons can transfer energy to molecules absorbed on
the metal surface, inducing a range of chemical transfor-
mations.>432

Introduction

Selective epoxidation of alkenes is a reaction of great in-
terest because epoxides are versatile building blocks in
organic syntheses, the pharmaceutical industry and in
materials and life sciences.3 At the forefront of existing
challenges is the development of processes that use a be-
nign oxidant, have broad substrate scope while maintain-
ing high selectivity, high atom economy and reduced en-
vironmental impact.*

The use of metal-based homogeneous catalysts has a

rich history and has been comprehensively reviewed,s Consequently, the NPs of group IB metals represent

however such catalysts can be costly and not eco-
friendly.®7 In the last decade, heterogeneous metal cata-
lysts from group IB (Au, Ag, Cu etc.) have been found to
be highly effective in epoxidations in the presence of acti-
vated oxygen atoms. It is generally accepted, although the
exact details remain to be determined, that an oxametal-
lacyclic (OME) intermediate is the key species in the cata-
lytic cycle that drives the epoxidation.83

In the past decade, the direct utilization of solar ener-
gy over various forms of photocatalyst to promote organic
synthesis has been recognized as perspective strategies.'s-
7 Among such, Au, Ag, Cu and Al, as plasmonic metals,
their nanoparticles (NPs) exhibit remarkable visible light

excellent candidates for the development of new photo-
catalysts for epoxidations. Copper has the lowest cost
among the IB metals, whereas it also exhibits the highest
selectivity.3 Studies and applications of CuNPs are, how-
ever, strictly limited because CuNPs can be readily oxi-
dized by air, oxidizing support materials and oxidants in
the reaction environment, yet there is evidence that the
metallic state of Cu is critical for both the optical proper-
ties of the catalyst and the epoxidation selectivity.3 Poly-
mer stabilizers and/or inert atmospheres have been em-
ployed to maintain copper in the metallic state3* Nitro-
benzene reduction over a Cu@graphene photocatalyst
has been reported,3s in which CuNPs stay in the metallic
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state on the graphene support. As yet there has been no
in depth study to establish the basis of the stabilization
effect. In this work, we demonstrate that CuNPs can be
prevented from oxidation when titanium nitride (TiN) is
used as a support, on which copper is dispersed as nano-
particles. Density function theory (DFT) calculations sug-
gest that the significant charge transfer loop between
CuNPs and TiN support provides the resistance of CuNPs
towards oxidation.

Another challenge for selective epoxidation is using
molecular oxygen as the oxidant for the epoxidation of
alkenes at mild temperatures. Oxygen, especially if deliv-
ered in air, represents the ideal oxidant, superior even to
the well-known “green” oxidant hydrogen peroxide.3%37

In addition, low reaction temperatures are usually
employed for photocatalysis processes, which not only
reduce the energy consumed by the reaction, but also
allow the process to be applied to temperature sensitive
substrates. Despite these attractions, the use of O, as a
selective oxidant and Cu-based catalysts under mild con-
ditions has been faced with some challenges.3®3° In this
study, we overcame many of these obstacles by using a
novel copper supported photocatalyst (Cu@TiN) and a
cyclic ether solvent, successfully achieving epoxidation of
a range of alkenes with molecular oxygen under visible
light irradiation at moderate reaction temperatures. Pre-
liminary investigations of the photocatalytic epoxidation
mechanism suggest a process involving adsorbed oxygen
interacting with solvent to transfer oxygen atoms to the
alkene.

Results and discussion

Metallic state of air-stable CuNPs. The photocatalyst is
readily prepared by impregnation-reduction methodology
to load CuNPs onto TiN powder (with particle size ~30
nm). In the as-prepared sample, copper exists at mixed
oxidation states according to the XPS spectrum (shown in
Figure Sia in Supporting Information, SI). This sample
was labeled as CuO/Cu@TiN. The CuO/Cu@TiN was fur-
ther treated under a hydrogen atmosphere at 300°C to
secure the NPs in metallic state (Cu@TiN), this is con-
firmed by the XPS result shown in Figure 1). The binding
energies at around 952.0 eV and 932.5 eV are indicative of
the existence of Cu(o), and peaks for other oxidation stat-
ed are notably absent.

Cu2pP,,

Cu2P,,

960 950 940 930
Binding Energy (eV)

Figure 1. XPS spectrum of Cu@TiN photocatalyst suggests
the metallic state of air-stable CuNPs. Air-stable metallic
CuNPs supported by TiN substrate.

Transmission electron microscopy (TEM) images indi-
cate that well-dispersed CuNPs (with a mean size of 4 nm)
are distributed on the TiN surface (Figure 2a). Scanning
electron microscopy (SEM) images and energy dispersive
spectrometer (EDX) mapping shown in Figure S3 confirm
the elemental composition of Cu@TiN is as designed. A
representative single-crystal Cu NP with (i) lattice
planes predominantly exposed is illustrated in Figure 2b.
It has previously been reported that the (111) planes of Cu
are favored for the absorption of reactants such as sty-
rene.* O, can also be absorbed easily onto the surface of
the (111) plane and this likely to represent the first step of
oxygen activation.3 XRD patterns indicate that CuNPs
have negligible impact on the TiN crystal structure pre-
sumably due to the low copper loading (Figure 2c).
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Figure 2. TEM and XRD characterizations of Cu@TiN. (a)
TEM image of Cu@TiN, CuNPs are well dispersed on TiN
substrate. (b) High resolution TEM image, single crystal
CuNP was form on the surface of TiN substrate with clear
() index face. (¢) XRD patterns of the Cu@TiN,
CuO/Cu@TiN and TiN. Cu@TiN exhibits identical XRD
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peaks compared with TiN substrate indicating negligible
influence of CuNPs loading on the TiN substrate.

The light absorption of TiN and Cu@TiN were exam-
ined by diffuse reflectance UV-Vis (DR-UV/Vis) spectra
(Figure 3). Distinctly different light absorption in visible
range is observed between TiN and Cu@TiN material. We
further analyzed the UV-Vis spectrum of Cu@TiN by us-
ing TiN spectrum as background and obtained a spectrum
attributed to isolated CuNPs as shown in the insert in
Figure 3. This indicates that CuNPs exhibit strong visible
light absorption with peak at around 580 nm being the
characteristic LSPR absorption of CuNPs.354

1

Cu NPs
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300 400 500 600 700
Wavelength (nm)

Normalized absorbance (a.u.)

Figure 3. DR-UV-Vis spectra of Cu@TiN, TiN and isolated
CuNPs (insert); Cu loading has a significant impact on the
optical properties of the TiN substrate; the isolated spectrum
of CuNPs was obtained by measuring Cu@TiN using TiN as
background, peak at 580 nm is attributed to the LSPR peak of
CuNPs.

To provide an in-depth understanding of the stabiliza-
tion mechanism for CuNPs supported on the TiN sub-
strate, we have carried out systematic DFT calculations
for the Cu/TiN interface. Figure 4 presented a side view of
3D plot of charge density difference for CuNPs on the TiN
surface. Yellow and cyan iso-surfaces represented charge
accumulation and depletion in the 3D space with an iso-
surface value of 0.005 e/A3.

Figure 4. Structure and charge density difference plot at the
CuNPs/TiN interface simulated using DFT method. Charges
are transferred from Cu atoms to N atoms, and a similar de-
gree of charge transfer from Ti atoms back to Cu results in
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the stabilization of CuNPs on the TiN substrate. The oxida-
tion state of Cu@TiN was calculated to be +0.02.

Clearly, there is a significant charge transfer from the
CuNPs to the N atoms of the TiN substrate, which can be
the major reason for CuNPs being more stable. Im-
portantly, an equal amount of charge is donated back
from the Ti atoms of TiN to the CuNPs. Such a charge
exchange between the CuNPs and the TiN support conse-
quently gives rise to a slightly positively charged state
(+0.02) for the CuNPs, thus suggesting a negligible oxida-
tion state of Cu atom. The stabilization of CuNPs is also
confirmed by the large negative formation energy (-4.08
eV) of Cu@TiN.

Photocatalytic performance of Cu@TiN for epoxida-
tion of alkenes. We found that the new Cu@TiN photo-
catalyst exhibits excellent activity for selective epoxida-
tion of various alkenes using air or molecular oxygen as
the oxidant under visible light irradiation at 60°C. Table 1
shows the results of the representative epoxidation of
styrene, trans-stilbene and norbornene (Table 1, entries 1,
4 and 5). The photocatalytic epoxidation using air as oxi-
dant proceeds smoothly over the Cu@TiN photocatalysts
under moderate/mild reaction conditions. The significant
difference in both conversion and selectivity between
light irradiated reactions and the same reactions in the
dark (numbers in parentheses) confirms that light absorp-
tion is the major driving force for the reactions.

We also observed only a certain degree of photocata-
lytic-performance from the TiN support material alone
(Table S1). The TiN support exhibits light adsorption
(Figure 3) and results in 40% conversion for oxidizing
styrene to benzaldehyde yet no epoxides product was
detected, which is a critical issue in the epoxidation of
terminal alkenes. In the contrast, with CuNPs loaed TiN
photocatalyst, we observed 100% conversion with 89%
selectivity towards epoxides product, demonstrating the
support makes little contribution to the overall conver-
sion and selectivity of the Cu@TiN catalyst.

The epoxidation over Cu@TiN is inhibited when air or
pure O, is replaced by argon (Table 1, entry 3; Table S2)
indicating that molecular oxygen is required as the oxi-
dant in the process. It also reveals the fact that Cu@TiN
can cooperate with O, while maintaining its metallic state.

The important role of the metallic state CuNPs in the
epoxidation is also demonstrated in Table 1. The precur-
sor powder CuO/Cu@TiN comprises both metallic and
oxidized Cu, as confirmed by XPS measurements (Figure
S1a). We applied CuO/Cu@TiN in photocatalytic epoxida-
tions as well as CuO@ZrO, (XPS spectrum in Figure Sib),
commercial Cu oxides and salts for comparison. It should
be noted that Cu oxides are p-type semiconductors with
narrow band gaps and can also absorb visible light (see
the reflectance UV-Vis extinction spectra in Figure S2a).+
Thus, as expected, we observed some light induced con-
version with CuO/Cu@TiN, CuO@ZrO, and commercial
CuO and Cu,O powder (with much higher Cu content);
although none of these materials proved as effective as
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metallic Cu@TiN (Table 1, entries 6-11). It has been previ-
ously reported that copper salts, complexes or oxides ex-
hibit catalytic activity for epoxidation of alkenes in the
assistance of stronger oxidants than molecular oxygen.444
This may explain the very low conversion that we ob-
served with copper oxide catalyst using molecular oxygen

in the dark. Thus, on the basis of the results in Table 1, we
conclude that metallic state CuNP plays an important role
in the activation of molecular oxygen, whereas copper
oxides are much less effective.

Table 1. High performance epoxidation of alkenes over Cu@TiN. [

Page 4 of 13

o
R/\ CuNP photocatalyst 5 /\ RMO
hv, 1 atm Air/O,,

1a: Styrene;

1b: Norbornene; 2: Epoxides 3: Aldehyde

1c: trans-Stilbene

Select. [%]
Entry Catalyst Atmosphere  Substrate Conv. [%]
2 3

1 Cu@TiN Airlb 1a 100(6) 89(n.d) 11(100)
2 Cu@TiN 0, 1a 100(5) 81(n.d) 19(100)
3 Cu@TiN Argon 1a n.r. n.d. n.d.
4ld Cu@TiN Airl®] 1b 100(14) 100(100) n.d(n.d)
5ldl Cu@TiN Airlbl 1c 100(23) 100(100) n.d(n.d)
6 CuO/Cu@TiN 0O, 1a 85(13) 44(19) 56(81)
7l CuO/Cu@TiN 0, 1b 36(4) 100(100) n.d(n.d)
8ld] CuO/Cu@TiN 0, 1c 72(20) 100(100) n.d(n.d)
9 CuO@ZrO, 0, 1a 74(25) 32(20) 68(80)
10 CuOlel 0, 1a 87(7) 53(n.d) 47(100)
n Cu,Olel 0, 1a 79(4) 54(n.d) 46(100)
12 Cu(NO,),l 0, 1a 7(3) n.d(n.d) 100(100)
13 None 0, 1a 6 n.d 100

Reaction conditions: 20 mg catalyst, 0.1 mmol substrate and 3 mL 1,4-dioxane as solvent. Selected gas was bubbled for 5 min and
then reaction tube was sealed. The reaction mixture was stirred under visible light irradiation (0.5 W/cm?2) at 60°C for 4 h. Con-
version were determined by using an Agilent 6980 gas chromatography coupling with an Agilent HP5973 mass spectrometer
equipped with a HP-5 column (GCMS). Numbers in parentheses are results of reactions in the dark. [a] (n.r.= no reaction;
n.d.=not detected); [b] air was bubbled for 5 min prior to the start of reaction and every hour after; [c] reaction for 8 h; [d] reac-
tion for 16 h; [e] the Cu loading of the catalyst is 40 times of that in Cu@TiN.

More importantly, in the epoxidation of terminal al-
kenes, where aldehyde can be easily formed as by-product,
the work of Marimuthu et al had proved that metallic
state CuNPs are superior to copper oxides in respect to
epoxidation selectivity,33 a possible reason is the direct
electron photoexcitation between hybridized orbitals of
metal-organic as such effect does not occur on copper
oxides (comparing the results of entries 2, 6 and 9 in Ta-
ble 1), this theory will be further discussed later. Cu(NO,),
showed negligible activity in both light irradiated and
dark reactions (Table 1, entry 12) demonstrating the inef-
fectiveness of Cu?* ions in epoxidation of alkenes. The
blank reaction of styrene epoxidation was also tested in
the absence of any catalyst showing a 6% conversion with
only benzaldehyde product as shown in (Table 1, entry 13).

As shown in Table 2, Cu@TiN photocatalyst exhibits
wide substrate scope while maintaining excellent selectiv-
ity, being active on linear, aromatic, terminal, electron

deficient, electron rich and conjugated alkenes. For ex-
ample, good to excellent yields were achieved for epoxida-
tion of terminal alkenes. This is of particular interest as
the 1,2-epoxide products are often key intermediates in
organic synthesis (Table 2, entries 1, 2, 4 and 5 etc.).454
Epoxidation of electron-deficient alkenes, which is re-
garded to require strong oxidants,> was achieved with
excellent selectivity using Cu@TiN (Table 2, entries 7 and
8).

It has been reported that terminal alkenes are less ac-
tive in epoxidation reactions than cyclo-alkenes,*® be-
cause low electron density of terminal alkenes has nega-
tive impact on the electrophilic oxygen transfer and re-
sults in reduced reactivity.# In the present study, poor
conversion is observed for cyclohexene and its derivative
(Table 2, entries 9 and 10), while the reaction of 1-hexene
achieved good yield (Table 2, entry 20).
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We also found that increasing the strain energy of cy-
cloalkanes can remarkably promote the reaction efficien-
cy. Two examples, cyclooctene and norbornene are shown
in Table 2 (entries 1 and 12). Nonetheless, low selectivity
for the epoxide product is observed for propene epoxida-
tion over Cu@TiN although the propene conversion is
high. The predominant product in this case is the ketone
(Table 2, entry 13) rather than the epoxide, the reason has
not been understood yet.

Cu@TiN photocatalyst also exhibited very good per-
formance for reactants with terminal conjugated double

ACS Catalysis

bonds (Table 2, entries 14-16) due to the strong adsorption
of m-conjugated molecules on to the Cu surface. Such ad-
sorption lowers the LUMO energy of the adsorbate.5°
Poor yields are observed with relatively inactivate aliphat-
ic long-chain alkenes (Table 2, entries 18 and 19). Never-
theless, employing a stronger oxidant such as H,O, can
effectively enhance the reaction efficiency (see entries 18
and 19 under conditions d), indicating the Cu@TiN can
interact with other oxidants to transform less reactive
alkenes to the corresponding epoxides.

Table 2. Scope of the Cu@TiN catalyzed epoxidation reaction of alkenes. The performance is expressed in conversion of
the reactant and selectivity to the corresponding epoxide product (percentage in parentheses)

72%(83%) 100%(78%)
[5] 3 [
éﬁ PhA/
25%(63%) 3%(100%) ]
[ [10]
O @
15%(100%)al 7%(100%)[al
[14]
J o
100%(5%) ™! 85%(100%) P!
[17] [18]
0
/\/\/\({
HO—/Q\—OH O
100%(15%) 32%(100%)!1 65%(100%) 2lld!
[20] 0 [21]
0
\/\A/
83%(100%)lal 55%(100%) 1]
[24] [23]
o) Ph
\A/ O "Ph
59%(100%)al 100%(89%)al

100%(100%) 100%(53%)
8 o]
V- ot
PhAﬁO
NOz
100%(100%) 45%(100%) 2!
[11] [12]
(P A
0
50%(100%)lal 100%(100%) !
15
[ é [15;]
Q\( >A_=<
100%(65%)[b] 100%(100%)
[19]
NN TN
O
14%(100%)[<}; 19%(100%)@lld]
2 23l
\/\l>\ A~
32%(100%) (2l 71%(100%) 2!
[26]
Ph Ph
o
28%(100%) 2l

Reaction conditions: 20 mg Cu@TiN, o.1 mmol reactant and 3 mL solvent. O, was bubbled for 5 min. and then the reaction tube
was sealed. The reaction mixture was stirred under visible light irradiation (0.5 W/cm?) at 60°C for 4 h [a] reaction time 16 h; [b]
reaction temperature 40°C, reaction time 8 h; [c] reaction temperature 70°C, reaction time 48 h; [d] 2 equiv. H,O, (0.2 mmol)
was added as oxidant. Conversion (dark color numbers) and selectivity (red color numbers) were determined by GCMS analysis.
For entries 21-26, starting reactants are trans-2-hexene, cis-2-hexene, trans-3-hexene, cis-3-hexene, trans-stilbene and cis-
stilbene, for possible enantiomer products, only one enantiomer is presented.

It is noteworthy that the photocatalytic epoxidation
system favors trans-epoxide over their cis-isomers (Table
2, entries 21-26). This stereo-selectivity is evident as the

results in Table 3 show that the trans-epoxide is predom-
inant product no matter cis- or trans-stilbene were used
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as reactant. Conversion of the cis-stilbene is substantially
lower than that trans-stilbene.

It is known that both photo induced isomerizations
from cis-stilbene to trans-stilbene and from trans-stilbene
to cis-stilbene can take place.>* But there is a larger barrier
(~3 kcal/mol) for the trans- to cis-isomerization than for
the reverse reaction (the barrier is negligible). Trans-
stilbene should be less reactive than cis-stilbene from the
point of view of energy. In the contrary, results in Table 3
are against the inference. This indicates the stereo-
selectivity over Cu@TiN photocatalyst is not determined
solely by bond energy. Importantly, under the photocata-
lytic conditions of the present study, we did not observe
direct trans- to cis- isomerization of alkene reactants in
experiments. Therefore, we deduce that the stereo-
selectivity is integrated into the epoxidation process. Sim-
ilar results have been reported with Au/C catalyst, it was
believed that the adsorption of olefins onto metal surface
may create steric constraints, resulting in a specific reac-
tion pathway.>* Another possible explanation is that the
isomerization on CuNP surface is caused by light irradia-
tion.s

Table 3. Stereo-selectivity of stilbene epoxidation

Entry Substrate Light Conversion %  Selectivity %

. trans- Light 100 89 (trans)
Stilbene  park 12 98 (trans)
cis- Light 28 95 (trans)

2 Stilbene  park .. n.d.
o mixed-  Light 76 97 (trans)
Stilbene  pDark 5 99 (trans)

Reaction conditions: 20 mg Cu@TiN, o.1 mmol substrate, 3
ml 1,4 dioxane as solvent, O, bubbled for 5 min, 60°C, 0.5
W/cm2 16 h. [a] mixed stilbene was prepared by mixing
trans-stilbene and cis-stilbene in 11 ratio. (n.r. = no reaction;
n.d. =not detected)

Catalytic active sites of Cu@TiN. To study the active
sites, we measured infrared emission spectra (IES) of sty-
rene adsorbed on Cu@TiN photocatalyst and TiN support,
respectively, at stepwise elevated temperatures. As shown
in Figure 5, the characteristic peaks of aromatic C=C
stretch located at around 1400 cm™ can be identified for
styrene adsorbed on both Cu@TiN and TiN at 50°C. It
confirms the existence of styrene on Cu@TiN photocata-
lyst and TiN support material. These peaks can still be
observed from the spectra of styrene adsorbed on
Cu@TiN when the sample was heated to 450°C, as shown
in Figure 5a, suggesting a strong chemisorption of styrene
on the sample. In contrast, as shown in Figure sb, the
characteristic aromatic C=C peaks from the sample of
styrene adsorbed on TiN are greatly weaken with raised
temperature and nearly vanished at 300°C.

450°C °
a ‘ b 450°C
,\.\/\/\,\/\—‘r\/\,\«
) Wh )
Q (2] L]
AdaivAsmaaif:
£ £ —
7] L1 o
A I n
Ig H\/\/’/wv\—'ﬁ "\—s/\,\.k
W\/\/"H‘- A
m\/\‘-\/"‘—‘———
\_"'\\WM__ ||
50°C 50°C
1 L] 1 1
1450 1400 1350 1300 1450 1400 1350 1300

Wavenumbers (cm™) Wavenumbers (cm”)

Figure 5. Infrared emission spectra of styrene adsorbed on
(a) Cu@TiN photocatalyst and (b) TiN support. The infrared
spectra were measured from 50°C to 450°C at every 50°C gap.

The results reveal that chemisorption of styrene on
CuNPs is much stronger than that on TiN metal. Thus, it
is rational that CuNPs, rather than TiN support, are the
active sites. It was reported that chemisorption of styrene
on Cu surface of (1) plane lowered unoccupied molecular
orbitals (LUMOs) and elevated occupied molecular orbit-
als (HOMOs).4° This is caused by the hybridization of Cu
d-band orbitals and styrene w," and ,” orbitals into bond-
ing and antibonding orbitals of Cu-styrene surface com-
plexes. Electrons from such complexes can be directly
photo-excited between bonding and antibonding states,
similar to the situation reported by Christopher et al54
Such excitation activates the double bond for epoxidation,
enhancing photocatalysis activity and well-controlled
selectivity (Table 1, entry 1). This theory can explain the
fact that Cu@TiN exhibits photocatalytic performance
superior to CuO/Cu@TiN and other Cu(I) and Cu(II) pho-
tocatalysts.

Influence of light. The effect of light on the reaction was
examined to provide insights into the photocatalysis
mechanism. Firstly, the irradiation wavelength has a cru-
cial impact on the photocatalytic epoxidation can be di-
rectly reflected by action spectrum analysis, which shows
a variation of the photocatalytic activity (in quantum
yield) as a function of the irradiation wavelength.5> We
found that the trend of quantum yields (orange dots in
Figure 6) does not follow the trend of light absorption
shown by the DR-UV/Vis spectrum of Cu@TiN (the dash
lines in Figure 6). However, in the wavelength ranging
from 365 nm to 490 nm, the trend of the action spectra of
all the reaction match well to the light absorption spec-
trum of isolated CuNPs (solid blue lines in Figure 6). The
matching for cis-stilbene even extends to 530 nm. These
results further demonstrate that CuNPs are the photo-
catalytic sites and TiN surface sites have very limited con-
tribution to the photocatalytic epoxidation. This is con-
sistent with reactant adsorption results obtained by IES
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spectroscopy. In this wavelength range, stronger absorp-
tion by CuNPs results in a higher quantum efficiency.
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Figure 6. Action spectrum of (a) styrene, (b) norbornene, (c)
trans-stilbene and (d) cis-stilbene epoxidation. Reaction
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rates presented as quantum efficiency are plotted against
wavelength of irradiated light at 400+5 nm, 470+5 nm, 530+5
nm, 5905 nm and 620+5 nm, 0.2 W/cm?.

Nonetheless, the CuNPs can strongly absorb light in
the range from 530 nm to 630 nm according to the DR-
UV-Vis spectrum of isolated CuNPs, the quantum effi-
ciency of Cu@TiN in this range is rather low and does not
follow the trend of the LSPR adsorption of CuNPs. This
fact clarifies two key issues.

First, the dependence on wavelength indicates that
the contribution from the photo-thermal effect to the
reaction rate is not important. Absorption of light by the
NPs may cause a short term temperature increase of the
NPs, leading to the so-called photo-thermal effect.3* The
elevated temperature on NP surface could enhance the
catalytic reaction on particle surface, such temperature
rising is stronger with longer light wavelength. However,
the light source with wavelength >530 cannot drive the
epoxidation efficiently even with relatively high light ad-
sorption at such range. For example, CuNPs exhibit
strong absorption at 580 nm but give a very low catalytic
activity under irradiation at this wavelength. On the other
hand, reaction with 400 nm light source, which is weak in
photo-thermal effect, exhibits much higher reaction rate.
Thus we conclude that the epoxidation was not driven by
the photo-thermal effect but the direct photon energy.

Second, the steep drop of the catalytic performance
under wavelengths >530 nm implies that there is a
threshold of photon energy required for the reaction. In
Figure 6a,b and c, the photons of long wavelengths (e.g. >570
nm) do not have sufficient energy to induce the epoxidation;
therefore negligible quantum yield was observed even
though significant light absorption occurs.’® However, in
Figure 6d, we observed a higher quantum yield for cis-
stilbene epoxidation at wavelength 530 nm than that at
wavelength of 470 nm, a possible explanation is that the en-
ergy threshold for cis-stilbene is relatively low that photons
of 530 nm is sufficient to trigger epoxidation, as a result, the
high light adsorption at such wavelength emerge to domi-
nate the photocatalysis and leads to a quantum yield bounce.

0.4 4

0.3

0.2

Reaction rate (pmol/min)

0.3 04 05 0.6 0.7 0.8 0.9
Irradiance (chmz)

Figure 7. Dependence of photocatalytic activity on the light
irradiance. 20 mg Cu@TiN, 0.1 mmol styrene and 3 mL 1,4-
dioxane as solvent. Oxygen gas was bubbled for 5 mins and
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then reaction tube was sealed. The reaction mixture was
stirred under visible light irradiation (400-700 nm) at 60°C
for 4 h. Conversion and selectivity were determined by
GCMS analysis using HP-5 column. The reaction rate super-
linearly increases with the increasing of light irradiance. [a]
reaction time 3 h.

The relationship between photocatalytic performance
and light irradiance (that is, the photon flux) was investi-
gated through the epoxidation of styrene. Since the pho-
tons absorbed by the CuNPs induce the reactions, the
light absorption should be proportional to the reaction
yield. We observed a superlinearly increased photocata-
lytic activity with the increasing light irradiance as shown
in Figure 7 and Table S3, this is proved to be one of the
experimental signatures of photo-excited electron-driven
reactions.5’ In general, high irradiance gives greater con-
version and product yield, presumably through the more
photoexcition of the CuNPs. Additionally, more than one
photoexcited electron may deposit their energies in one
adsorbed reactant molecule at high light irradiance caus-
ing a superliner reaction rate increase, which is a subse-
quent photoexcited electron deposits its energy in the
reactant molecular before the dissipation of molecular
vibration induced by another photo-excited electron.

Influence of reaction temperature. We also investigat-
ed the influence of reaction temperature on the photoca-
talysis process. The temperature was adjusted by external
heating or cooling. It was found that a moderate rise of
reaction temperature can efficiently accelerate photocata-
lytic epoxidation of styrene (see Table S4). High reaction
temperatures enhance the vibrational state of adsorbed
reactant molecules,> so that less energy is required from
photoexcited electron to overcome activation barrier. As a
result, the Cu@TiN photocatalyst can utilize thermal en-
ergy to promote photocatalytic epoxidation as well, which
is an advantage to traditional semiconductor photocata-
lysts.

Influence of solvent. To investigate the role of solvent
for the epoxidation over Cu@TiN, we tested multiple or-
ganic solvents listed in Table Ss. First of all, the most
common solvents such as toluene, CH,Cl,, DMF and
MeCN all give negative results, the results also illustrate
that solvent polarity does not exhibit notable influence to
the epoxidation. Moreover, high oxygen solubility is not
crucial for epoxidation as we do not observe notable con-
version with acetone and DMF. The determining factor of
solvent was found to the ether structure because we no-
tice epoxidation over Cu@TiN only takes place in the
presence of ether solvents, 1,4-dioxane, THF and diphenyl
methyl ether for instance (Table S5). Therefore, we con-
clude that ethers structure, cyclic ethers in particular,
play a key role in the reaction mechanism and the oxygen
activation process as discussed in the subsequent section.

Mechanism study. The epoxidation mechanism of the
new photocatalytic system must involve two general stag-
es: 1) activation of molecular oxygen on CuNP surface; 2)
selective epoxidation of C=C bond. Previous work in this
area has shown that oxygen adatoms (O,) absorbed on
CuNP, also referred as Cu-O species in many cases, have

been identified, both theoretically and experimentally, as
the epoxidizing agent for alkene epoxidation.®® Adsorp-
tion of O, on low index faces of Cu is facile,? % yet it is
difficult to convert the adsorbed O, to O, adatoms weakly
bonded onto Cu surface. This is supported by the fact that
Cu@TiN cannot initiate epoxidation in various solvents
even those having high solubility of oxygen molecules
(Table Ss, entries 1-5). Successful epoxidations were only
observed with 1,4-dioxane and other ethers, implying
ether solvents played a crucial role in formation of O,
adatoms (Table Ss, entries 6-10).

Table 4. The formation of peroxide intermediate.

C) e (3

Entry Catalyst Light Atmosphere  Peroxide inter-
mediate

1 Cu@TiN  Light Detected
2 Cu@TiN  Light Argon
Cu@TiN  Dark

4 No cata-  Light
lyst

Oxygen
Not detected

Oxygen Not detected

Oxygen Not detected

Reaction conditions: 20 mg of 3 wt% Cu@TiN, 3 ml 1,4-
dioxane as solvent, 60°C, light irradiance 0.5 W/cm?, selected
gas bubbled for 5 min, reaction time 2 h.

Taking 1,4-dioxane as an example (Table 4), GCMS
analysis suggests that a seven-membered cyclic peroxide
is produced from 1,4-dioxane. We found that the cyclic
peroxide was produced within 2 h, only in the presence of
both Cu@TiN catalyst and light irradiation as shown in
Table 4. It means that 1,4-dioxane interacts with the ad-
sorbed O, molecules on CuNP surface yielding the perox-
ide, and this process is predominantly driven by light ir-
radiation due to the significant difference between light
reaction and dark reaction.

We separated the liquid phase and solid catalyst of the
system of entry 1 in Table 4, they are labeled as 1,4-
dioxane-peroxide (the liquid) and Cu@TiN-peroxide (the
solid), respectively. Both of them contain the seven-
membered cyclic peroxide. Then we studied the function
of the both, separately and in combination for styrene
epoxidation reaction. The results are shown in Table 5.

Combining Cu@TiN-peroxide with 1,4-dioxane-
peroxide exhibited similar yields (Table 5, entry 2) to that
of a typical reaction without the peroxide (Table 5, entry
1). When oxygen was removed from reaction system, the
typical reaction did not proceed (Table 5, entry 3). How-
ever, 8% yield was observed with the combined system
(Table 5, entry 4). This is the evidence that the seven-
membered cyclic peroxide provides the oxygen for epoxi-
dation. We also found that epoxidation can proceed with
Cu@TiN-peroxide alone (Table 5, entries 5 and 6) without
oxygen source (neither oxygen gas nor ether), but cannot
with 1,4-dioxane-peroxide alone (Table 5, entry 7). This
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means that 1,4-dioxane-peroxide does not react directly
with the C=C bond of styrene. Instead, there is an inter-
mediate formed on the CuNPs, which is the direct cause
of epoxidation reaction. This intermediate is generated
from the reaction between from the seven-membered
cyclic peroxide and the CuNP surface. Therefore, it is ra-
tional that the peroxide on CuNPs decompose to oxygen
adatom (O,) and 1,4-dioxane, the released oxygen ada-
toms act as oxidant which directly react with the C=C
bond of alkene (which is activated by the photoexcitation
of bonding electrons as afore discussed) as schematically
illustrated in Scheme 1. The releasing of O, does not re-
quire light irradiation, therefore we infer that light does
not play critical rule in this step.

Table 5. Roles of 1,4-dioxane-peroxide and Cu@TiN-
peroxide in epoxidation reaction.

o

o

-

hv, Peroxide

Cu@TiN

Entry Photocatalyst Solvent Atmosphere Yield %

1 Cu@TiN 1,4-dioxane Oxygen 53
2 Cu@TiN- 1,4- Oxygen 56
peroxide dioxane-
peroxide
Cu@TiN 1,4-dioxane Argon
4 Cu@TiN- 1,4- Argon
peroxide dioxane-
peroxide
5 Cu@TiN- Toluene Argon 4
peroxide
6 Cu@TiN- 1,4-dioxane Argon 6
peroxide
7 None 1,4- Argon o
dioxane-
peroxide
8 Cu@TiN Toluene Argon o

Reaction conditions: 20 mg of photocatalyst, 3 ml solvent,
60°C, light irradiance 0.5 W/cm?, selected gas bubbled for 5
min, reaction time 2 h.

It has been reported that styrene lays on a CuNP with
C=C bond parallel to surface,>3 and O, reacts with the
activated C=C bond causing the insertion of an O atom
and producing the -C-C-O- structure. With such configu-
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ration, two types of surface intermediates could be yield-
ed according to previous studies on epoxidation.” One is a
four-member oxametallacycle (OME-4) which includes
one Cu atom bonded to both C and O atoms (see Scheme
1). The other is a five-membered OME (OME-5) involving
a Cu-Cu fragment bonded to C and O atoms. The inter-
mediate OME-5 would be expected to undergo a ring-
opening process leading to undesired combustion prod-
ucts, while the -C-C-O- structure in OME-4 yields epox-
ide through a ring-closure process." Thus, selectivity of
epoxidation is determined in this step that occurs with
lower activation energy. The overall reaction mechanism
is shown in Scheme 1.

Interestingly, the selectivity also depends on the wave-
length (Figure S4). When styrene is epoxidized with irra-
diation at 470 nm, we observed the highest selectivity,
either shorter or longer wavelength light results in de-
creased selectivity towards epoxides. Photons with short
wavelengths (<470 nm) are likely to lead to breakdown of
the oxirane ring. This was confirmed experimentally
through irradiation of styrene oxide that was shown to be
unstable using shorter wavelength irradiation. On the
other hand, photons with long wavelengths cannot deliv-
er sufficient energy to trigger the epoxidation process
resulting decreased selectivity as well as low conversions.

I/ ) \I

100

80 \I I
™~
~_—

60 4

40 4

Conversion (%)

Runs

Figure 8. The reusability of the Cu@TiN. Epoxidation of
styrene was used as module, used Cu@TiN photocatalyst was
recovered, washed with water and ethanol and then directly
applied in cycle reactions without further treatment or re-
generation in the first seven cycle runs. Prior to the eighth
cycle run, the used Cu@TiN photocatalyst was reactivated by
hydrogen gas at 200°C for 10 mins. The bar chart represents
the reaction conversion and the dot line represents the selec-
tivity towards epoxides.
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Scheme 1. Overall reaction mechanism of styrene epoxidation over Cu@TiN.
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Oxygen molecules adsorb onto CuNPs first, and the consequent O, activation process occur on the surface of CuNPs in the assis-
tance of cyclic ethers under visible light irradiation at mild temperature (<60°C). The adsorbed O, and cyclic ether yield cyclic
peroxide, which then release oxygen adatoms (O,) on the CuNP and the ether. Styrene strongly chemisorb on the CuNPs surface
forming Cu-styrene surface complex, and the chemisorption results in hybridization of Cu and styrene orbitals and formation of
bonding and antibonding states. Hence, the light irradiation could induce direct resonant photoexcitation of electrons from
hybrid bonding state to antibonding state to trigger the interaction between styrene and O, adatoms. The oxidation of styrene
occurs on CuNP surface undergoes two competing reaction pathways through two types of OME intermediates and eventually
give epoxidation product and combustion product respectively. Er denotes the system Fermi level.

Reusability study. We also investigated the reusability
of the Cu@TiN catalyst. The used photocatalyst was re-
covered, washed simply with water and ethanol and then
directly applied in cycling reactions without further
treatment or regeneration. Cu@TiN exhibits good reusa-
bility as shown in Figure 8: the reaction conversion main-
tained 100% for seven cycles while selectivity towards
epoxide was 85% in the first reaction run and decreased
to 70%. We therefore analyzed Cu@TiN of 4 cycles runs
with XPS as shown in Figure Ss. Results suggest that
CuNPs remain mostly metallic sate after one cycle run,
the content of CuO in Cu@TiN is increasing with the in-
crease of cycle run number, this is the reason to the epox-
idation selectivity dropping. Next, the Cu@TiN photo-
catalyst was recovered and reactivated in hydrogen gas
atmosphere at 200°C for 10 mins, we found the reaction
conversion drop to 95% whereas the selectivity towards
epoxide regained to 76%. The XPS spectra (Figure Sse)
confirmed that the CuNPs are completely reformed to
metallic state. In addition, the inductively coupled plas-
ma-atomic emission spectroscopy (ICP-AES) analysis of
after-reaction solution indicated only 0.09% of Cu was

leached after one reaction cycle as shown in Table S6. The
negligible metal loss is the reason to the good reusability
of the novel photocatalyst. Meanwhile, it also demon-
strated that the TiN support material not only effectively
stabilizes CuNPs in the metallic state but also solidly
bonds the NPs avoiding the loss of CuNPs.

Conclusions

In summary, we have developed a stable Cu@TiN photo-
catalyst for selective epoxidation of alkenes with molecu-
lar oxygen as the oxidant. Our characterization and DFT
simulations indicate that the stability of metallic state of
CuNPs in air is attributed to significant charge transfer
between CuNPs and TiN substrate. Photocatalyzed epoxi-
dation processes are driven by visible light irradiation
under mild conditions. The novel photocatalyst exhibits
with wide substrate scope with various types of alkenes.
Interestingly, stereo-selectivity to trans-isomer product
was observed with stilbene epoxidation. The solvent cy-
clic ether facilitates the reaction by reacting with molecu-
lar oxygen on the surface of CuNPs, yielding oxygen ada-
toms. This reaction process is driven by light irradiation
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at mild temperatures. The reactant alkenes chemically
adsorb on CuNPs, forming surface complex. The complex
can be activated by irradiation of visible light. The oxygen
adatoms react with the activated alkene yielding final
product of corresponding epoxide. Light irradiation is the
driving force of the epoxidation process. Thus, the light
intensity and wavelength as well as reaction temperature
are influencing parameters on the performance of the
photocatalytic epoxidation. The photocatalyst exhibits
excellent reusability and an overall reaction pathway for
selective epoxidation was proposed. Our results indicate a
promising CuNP photocatalyst and photocatalytic meth-
odology methodology at mild reaction conditions for al-
kene epoxidations by using photocatalysis and molecular

oxygen.
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