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Enhancing the photo-efficacy of an organic visible-
light-activated chromophore (alizarin red S) on zinc
oxide with a Ag—Na electrolyte to photo-transform
aromatic and aliphatic alcohols+

*

Timothy M. Underwood “® and Ross S. Robinson

The development of an aqueous silver-sodium/alizarin red sensitised zinc oxide system has been reported
to oxidise a range of both aromatic and aliphatic alcohols to aldehydes. Furthermore, photoluminescence
spectroscopy validated the electron quenching effect of zinc oxide's defect sites after surface sensitising the
metal-oxide with alizarin red. Powder diffuse reflectance UV/Vis data further substantiated the visible-light
attenuated properties of alizarin red sensitised zinc oxide, and hence justification for its visible light reactivity
towards alcohol oxidations. Lastly, density functional theory calculations supported the intermolecular
photo-electronic transfer between alizarin red organic and zinc oxide.

Introduction

Alcohol oxidations are ubiquitous in the literature with conven-
tional techniques using 2-iodobenzoic acid (IBX)," polymer
bound dimethyl sulfoxide*> and various pyridinium chlor-
ochromate® reagents as primary oxidants. Literature reviews have
also illustrated the requirement for nitric acid assisted oxidation
of alcohols using Mn(vi) and Cr(vi) salts. However, with
contemporary research directed towards ‘Eco-Friendly’ reactions,
reducing waste has become of international importance.

With a focus on working towards more ecologically friendly
oxidants, photocatalysts have rapidly become the chosen stan-
dard to mediate alcohol oxidations ever since Fujishima and
Honda's noteworthy photo-electrochemical article (1972).

Besides the photo-oxidation of alcohols, researchers have
adapted the science to numerous photo-applications. Zhang
et al.,® discovered an application of solvated electrons from
chemical vapour deposition diamonds for the reduction of
carbon dioxide to methane. This finding was noteworthy due to
the long-term acceptance that synthetic diamonds were insu-
lator materials, with little application in the photocatalytic
division of materials science. Recently, Verlage et al.,” designed,
fabricated and tested a GaAs/InGaP under a TiO, stability film,
capable of producing 48 uL O,/H,(g) min ™.

Apart from the advent of significant photo-electrocatalysis
studies, photocatalysis (a contemporary alternative to photo-
electrocatalysis that produces a photocurrent without an
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external bias) has exemplified the noteworthy potential towards
alcohol oxidations. Multi-component semiconductors have
proven to be suitable materials to oxidise a variety of alcohols.
Kornarakis et al.,® reported a three-component cadmium sulfide
(CdS), silver(r) sulphide (Ag,S), Keggin structured poly-
oxometalate (POM) multi-component semiconductor that oxi-
dised aryl alcohols with satisfactory results. The compound
semiconductor mediated the alcohol oxidations from the
cascading effect of exciton lifetime extension through photo-
electron hopping from the CdS conduction band to the lower
energy state POM.

A publication by Zavahir et al.,® indicated that vanadium(iv and
v) oxides activated by LED sources were capable photocatalysts for
the oxidation of aromatic, saturated and unsaturated alcohols with
conversions exceeding 70%. The data reported by the research
groups of Fujishima and Honda, Zhang, Verlage, Kornarakis and
Zavahir illustrate the need for photocatalysis as an applicant to
meet the global requirements for environmentally friendly proto-
cols, a sustainable future and clean chemical practises.>® As part of
meeting these contemporary protocols, attenuating wide band gap
semiconductors with visible light chromophores (alizarin red S,
rhodamine B, indigo carmine and eosin Y) have demonstrated
targeted visible-light-activated semiconductor examples that are
capable of mediating the oxidation of organic sulfides and alco-
hols, and the synthesis of tetrahydroquinolines.’*** As observed in
the literature, low catalytic loadings of organic dyes offer the
unique ability to facilitate viable visible-light-activating photo-
catalytic properties without the need for an ultraviolet component
that typically induces the over-oxidation of feedstock materials
with poor selectivity."

One well researched organic chromophores is alizarin red S
(AR).**** The UV/Vis absorption profile of AR has been reported
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in the literature to be highly pH dependent; 2-3 (yellow,
absorption @ 261-424 nm), 6-7 (orange, absorption @ 424-510
nm), and lastly violet at pH 11-12 (absorption @ 556-596 nm).**
Stemming from the pH dependence of alizarin red, various
coordination sites have been reported in the literature
(Fig. 1).%v

Considering the protocol of organic dye mediated photo-
catalysis, the typical reaction scheme is initiated after the
organic dye molecule is excited (Scheme 1, Step A) and electrons
are ejected from the excited orbitals of the organic dye into the
conduction band (CB) of the metal oxide (MO, Step B). The free
electrons relax into the CB of the metal oxide, producing an
active cationic dye radical and a free electron in the CB of the
metal oxide (Step C). Terminal oxidants (TO) are subsequently
reduced after accepting the conduction band electron (Step C),
whereby the oxidative process proceeds, viz. oxidation of
organic sulfides and alcohols, and the synthesis of tetrahy-
droquinolines (Step D).***

From previous work published within the group*®* an aliz-
arin red-silver zinc oxide system was developed to facilitate the
oxidation of seven alcohol derivatives. During the aforemen-
tioned studies, experimental procedures (electron spin reso-
nance spectroscopy) validated the necessity of silver nitrate and
TEMPO, which were identified to partake in quenching photo-
generated electrons (Fig. 2, [b]), and facilitating the oxidative
cycle of alcohols to aldehydes, respectively (Fig. 2, [c—¢]).

Despite the photocatalytic system yielding good alcohol
conversions, the high ionic strength of the aqueous silver

Where A = metal
cation of oxide.

Fig. 1 Reported orientations of alizarin red on metal oxides.

Dye + hv > Dye* (hv = visible light irradiation) [Step A]
MO + Dye* - MO (ecs”) + Dye" (cationic dye radical) [Step B]
MO (ecg ) + TO > MO + TO"™ [Step C]

TO" + alcohol or sulfide > aldehyde or sulfoxide [Step D]

Scheme 1 Recognised protocol of organic dye mediated photo-
catalysis.** Four stages outline the process from photo-activating the
organic dye molecule to facilitating the oxidation of the organic substrate.
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Fig. 2 Alizarin red-sensitised ZnO mechanism proposed by Jeena and
Robinson.*® Reproduced from V. Jeena and R. S. Robinson, Convenient
photooxidation of alcohols using dye sensitised zinc oxide in combi-
nation with silver nitrate and TEMPO, Chemical Communications, 2012,
48(2), 299-301 with permission from The Royal Society of Chemistry.

nitrate solution (18 molar equivalents) was undesirable and
required further investigation (Scheme 2).

In this research, two refinement strategies are explored.
Firstly, the high ionic concentration of silver nitrate necessi-
tated a review to lower the eighteen equivalents required to
stabilise the physi-adsorbed alizarin red, while still achieving
high alcohol conversions. Previous ESR research'®*®* monitored
the free radical processes that existed between alizarin red and
TEMPO (Fig. 2, [c-¢]), although no mechanistic study of the
photo-electronic interaction between alizarin red and zinc oxide
in Fig. 2, Step (a) was investigated. To probe the photo-physical
nature between alizarin red and zinc oxide under irradiative
conditions (as highlighted in Fig. 3), photoluminescence and
powder diffuse reflectance spectroscopic techniques were uti-
lised in conjunction with density functional theory modelling to
further insight into the organic dye-metal oxide interface.

Within the alizarin red-zinc oxide interface, electrons were
hypothesised of being transferred from the highest occupied
molecular orbital (HOMO) of alizarin red, and into the defect

Ag/ZnO/TEMPO
N gl 18eq. Ag, 3hrs. N
O hv > 450 nm o N

Scheme 2 Previous research conducted within the group.*®*°

Electrons emitted from AR relax into the defect

site of ZnO (a), therefore limiting the relaxation
* of intrinsic-conduction band electrons into the
3 ZnO defect site (b).

[ncoming radiation adsorbed
by zine oxide (ZnO) ;\ndg
Alizarin red (AR). =

AR further re-absorbed defect emission
- energy from ZnO, thus an apparent,
low ZnO emission was observed.

Conduction band
Bl 70 Defect band

AR promoted non-radiative exciton recombination
through reducing the number of active defect

2. recombination sites for intrinsic ZnO conduction
band clectrons, forcing non-radiative relaxation to
the valence band of ZnO (c).

Fig.3 Proposed research of alizarin red sensitised zinc oxide. Adapted
from V. Jeena and R. S. Robinson, Convenient photooxidation of
alcohols using dye sensitised zinc oxide in combination with silver
nitrate and TEMPO, Chemical Communications, 2012, 48(2), 299-301
with permission from The Royal Society of Chemistry.

This journal is © The Royal Society of Chemistry 2019
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sites of zinc oxide. After which, the electrons would relax into
zinc oxide's defect site (Fig. 2). Spectroscopic studies to monitor
the proposed photo-electronic process was monitored using
photoluminescence spectroscopy, powder diffuse reflectance
spectroscopy and density functional theory modelling.

Results and discussion

After recognising that silver ions not only functioned as electron
acceptors in Fig. 2 but also as ionic mediators (to inhibit the
hydrolysis of the physi-absorbed alizarin red on zinc oxide),*®
sodium nitrate was introduced into the catalytic cycle. Due to
sodium's negative standard reduction potential (—2.17 V), its
only function was to stabilise the alizarin red organic dye.
Therefore, an electrolytic solution of silver nitrate (one equiva-
lent) and sodium nitrate (three equivalents, 1.2 M) afforded
a supporting electrolyte of higher ionic strength (1.24 M) that
was adequate to stabilise the alizarin red dye on the surface of
zinc oxide (Fig. 4).

The literature has noted that silver solutions are known to
stabilise dye sensitised photocatalytic systems, while in other
reports, anthocyanin extracts have been noticeably stabilised in
the presence of Mg, Fe, K, Cu, Al and Sn cations due to the
presence of hydroxy groups that co-ordinate and stabilise the
organic dye.'**® Therefore, an optimisation study was conduct-
ed to investigate the ionic strength affect by varying the sodium
electrolyte concentration in the reaction solution, while
attempting to oxidise 3,4-dimethoxybenzyl alcohol under photo-
irradiation conditions using alizarin red sensitised zinc oxide
and 2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPO, Table 1).
Note, a detailed experimental procedure outlining the synthesis
of alizarin red sensitised zinc oxide has been made available in
the ESI (Chapter S3).t

After obtaining the optimised reaction conditions (Table 1,
entry 5), the oxidative potential of alizarin red sensitised zinc
oxide was evaluated by oxidising a table of fourteen alcohol
derivatives (Table 2). The reactions' conversions were quanti-
tatively calculated using 4-octylphenol as an internal standard
on a Shimadzu QP-2010SE in conjunction with the established
equation noted below.>**

[1S] 1

H| = PA L VI
[OH] oH X PAs " RRFop

In the above expression, [OH] = alcohol concentration after the
reaction, [IS] = internal standard concentration, PA;g = peak

-2.17:Na' (@ ) 7
-1.57 : AR /AR"" W
-0.42 : ZnO '

Ky

+0.79 : Ag O

Potential vs. SHE ([V], A.U.)

Fig. 4 Relative band position of ZnO vs. metal ions.

This journal is © The Royal Society of Chemistry 2019

View Article Online

RSC Advances

Table 1 Optimised photo-reaction conditions for 3,4-dimethox-

ybenzyl alcohol oxidation®

Entry Ag equivalents Na equivalents Conversion (%)
1 0 18 18
2 1 15 >99
3 1 10 >99
4 1 5 >99
5 1 3 99
6 1 1 97

“ Reaction conditions: 0.2 mmol 3,4-dimethoxybenzyl alcohol, 20 mg
dye-ZnO, 1.24 M Ag-Na solution electrolyte, 0.096 mmol TEMPO,
0.5 mL de-ionised H,0, 7 hours OSRAM® VIALOX 70W incandescent
lamp irradiation (65 600 lumens).

area of the internal standard, and RRFoy = the relative
response factor of the alcohol. Observed reactions were regio-
selective for the corresponding aldehydes without any notice-
able over-oxidised derivatives.

The alizarin red sensitised zinc oxide was noted to favour the
oxidation of both electron withdrawing and electron donating
benzylic alcohols (Table 2, entries 1-5, 7, and 8). In addition,
alizarin red sensitised zinc oxide mediated the oxidation of
phenyl-substituted and non-aromatic-substituted alkenes with
fair to excellent conversions (Table 2, entries 6 and 12).

However, we were delighted to note that alizarin red sensitised
zinc oxide successfully achieved the partial oxidation of aliphatic
alcohols with high selectivity to their respective aldehydes (Table
2, entries 10-14). Table 2, entry 13 demonstrated that alizarin red
sensitised zinc oxide was less suited towards secondary aliphatic
alcohols. Although similar reports of secondary alcohol oxida-
tions have also proven difficult to convert under comparable
conditions using TEMPO as the oxidant.**

Table 2, entry 14 identified the unexpected potential (!) of
alizarin red sensitised zinc oxide to selectively control the single
site oxidation of 2,2-dimethyl-1,3-propandiol to 2,2-dimethyl-3-
hydroxypropionaldehyde (96%) without the production of
dimethylmalonaldehyde. The observed conversions in Table 2
were slightly lower than the previous alizarin red sensitised zinc
oxide that utilised eighteen equivalents of silver nitrate,®
although the significant reduction of the metallic salt to one
equivalent was highly favourable. Future studies are underway
to evaluate the potential of the photocatalytic system in chiral
alcohol photo-oxidation studies and assess the stereoselective
oxidation of either R- or S-enantiomers.

The aliphatic oxidation results were indeed of significant
interest as their controlled oxidations are notoriously difficult to
undertake; especially whilst using mild oxidative conditions to
retain the selectivity of the aldehyde intermediate.’

Wiles et al.* reported a Jones' reagent bound to silica gel and
loaded into a pressurised flow reactor to selectively convert
aliphatic and aromatic alcohols to either aldehydes (at 650
uL min~") or carboxylic acids (50 pL min~') with near quanti-
tative yields. However, chromium derivatives (Jones' reagent,
PCC, PDC) that typically require organic solvents (Jones reagent
[explosive], chromium in concentrated sulphuric acid [corro-
sive], hypervalent iodine derivatives [DMP, IBX, explosive])**>*

RSC Adv., 2019, 9, 24259-24266 | 24261


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra03474a

Open Access Article. Published on 05 August 2019. Downloaded on 1/13/2026 5:30:51 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

Table 2 Alcohol oxidation study using Na/Ag ionic electrolyte®

Entry Alcohol Aldehyde Conv. (%)
A0 OH -0 o
1 =99
o o
OH Xo
2 59
o o
OH Xo
3 97
O,N O,N
OH Xo
4 e® &
OH Xo
5 66
cl cl
2 X
X
OH o
JEN G AN ¢ S
OH Xo
o o
° Wt L Yo 73
o
10 /b):/OH W 66
11 /HE/OH W © 75
OH o
12 /634\/ W 60
13 A Oy 10
OH o
14° 88

I
;{
o
T
I
O
>/§
(o)

“ Reaction conditions: 0.2 mmol alcohol, 20 mg dye-ZnO, 1.24 M Na/Ag
solution electrolyte, 9.6 x 10~° mol TEMPO, 0.5 mL H,0, 7 hours.
OSRAM® VIALOX 70W incandescent lamp irradiation (65 600
lumens). Aldehyde product conversion was determined by GC-MS.
b No dimethylmalonaldehyde was detected.

and expensive transition metals (ruthenium and palladium),?**°
are indeed capable of selectively controlling aldehyde synthesis,
yet their potentially explosive and/or toxic nature retard their
contemporary applications.

Similar literature has reported alcohol oxidations in the
absence of TEMPO. Raji et al.** used (001) faceted titanium dioxide
in trifluorotoluene, an oxygen atmosphere, and irradiation from
a CFL lamp, which afforded 86% of heptanal. However, a pro-
longed 24 hour reaction period limited its practicality. A nitroxyl
radical derivative (a porous co-ordination polymer [PCP] with
a long-lived isoindoline nitroxide radical) was later developed by Li
et al.* to transform benzylic and aliphatic alcohols. However, 24—
96 hour reaction periods and 0.016 mmol reaction scales have

24262 | RSC Adv., 2019, 9, 24259-24266
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established the superiority of alizarin red sensitised zinc oxide
towards mediating alcohol oxidations in seven hours with high
conversions. Photocatalytically active metal organic frameworks
(MOFs) have also demonstrated as plausible oxidants of organic
materials. MIL-125/Ag/g-CsN, was previously prepared by Yang
et al®® and shown to facilitate 4-methyl benzyl alcohol (72%
conversion) and 4-nitrobenzyl alcohol (12% conversion) in an
oxygen environment. Although, the low conversion of an electron
withdrawing substituted benzylic alcohol and a 0.2 mmol reaction
scale with visible light irradiation (>400 nm) after six hours have
further established the efficiency of alizarin red sensitised zinc
oxide to mediate a diversified array of alcoholic reactants (Table 2).

Various photocatalytic procedures have attempted to oxidise
aliphatic alcohols using dye sensitised titanium dioxide,** B-
cyclodextrin loaded on iron oxide (Fe;0,), gaseous alcohols
using titanium dioxide,* and nickel modified gold nanoparticles
loaded onto hydrotalcite® yet, with varied success. The presented
research establishes a new photocatalytic opportunity to selec-
tively convert aliphatic alcohols with good to high conversions,
well above those reported in the literature vide supra. The use of
earth abundant reagents and water as a reaction solvent further
elevates its application in contemporary photocatalytic studies.

In the previous studies," electron spin resonance (ESR) spec-
troscopy was utilised to probe plausible mechanistic electron
pathways between the organic dye (alizarin red) and TEMPO
(primary oxidant). The findings illustrated that the duality of
alizarin red and TEMPO were vital for generating and recycling the
active N-oxoammonium salt of TEMPO which was responsible for
mediating the conversion of alcohols to aldehydes. The ESR
characterisation amply validated the proposed mechanism (Fig. 2,
[c-€]) but instrumental studies were required to obtain an in-depth
understanding of the photo-physical processes that were occurring
at the alizarin red-zinc oxide interface (Fig. 2, [a]). Photo-
luminescence spectroscopy, powder diffuse reflectance spectros-
copy and density functional theory modelling were therefore used
to further investigate the Step (a) of the mechanism (Fig. 2).

In efforts to further examine the complex photo-electronic
pathways that were occurring in the dye-sensitised zinc oxide

0,005 4
Non-sensitised ZnO

0,004 | R

0,003 4 i |

Undoped ZnO

0,002 4

I Alizarin red

0,001 ) sensitised ZnO '

0,000 ’ .
400 600 800

Wavelength (nm)

Fig.5 Photoluminescence spectra of alizarin red sensitised zinc oxide
(solid red line) and non-sensitised ZnO (dashed blue). The lowered
peak intensity of alizarin red sensitised zinc oxide (solid red line) has
indicated fewer electron—hole recombinations between the
conduction band and intrinsic defect site of zinc oxide.

This journal is © The Royal Society of Chemistry 2019
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system, photoluminescence spectroscopic studies (Fig. 5) were
investigated to further refine the proposed mechanism (Fig. 3).

The reduced peak intensity signal in the photoluminescence
spectrum of alizarin red-sensitised ZnO (Fig. 5, solid red line) to
non-sensitised ZnO (Fig. 5, dashed blue line) illustrated
a decrease of approximately 500% for the zinc oxide's surface-
exciton defect recombination process. After sensitising the
surface of zinc oxide with alizarin red, the 500% decrease in peak
intensity at 507 nm was suggested to arise from a photoelectronic
transfer of electrons from the HOMO orbital of alizarin red and
into the defect site on zinc oxide, which is in agreement with the
literature on similar studies where alizarin red has been utilised
as a visible light chromophore."** Despite zinc oxide having
a band gap of 3.2 eV, Han et al.,* also reported strong 500 nm
emission signals for zinc oxide, which arose from intrinsic defect
sites within the zinc oxide's crystal lattice.

0,006
ZnO defect
emission
0,004 4
3
<
c
9
‘@ 0,002
2
IS ZnO exciton
C emission
(a)
0,000 4
T T T 1
400 600 800 1000
Wavelength (nm)
[Figure 6a expanded 384a nm below]
0,0008
0,0006 +
el
< 0,0004
=
2
4
€
w
0,0002 +
0,0000 4 ZnO exc!ton (sensmsed.).
— — =ZnO exciton (Non-sensitised)
L L L L L 1 1 T 1
355 360 365 370 375 380 385 390 395 400 405 410 415
Wavelength (nm)
Fig. 6 (a) and (b): Photoluminescence signals from zinc oxide's intrinsic

band gap (387 nm) and significantly larger defect emission (507 nm). The
intense peak emission at the defect site wavelength (507 nm) indicated
that electron—hole recombinations were dominant at the defect site and
not the intrinsic band gap. (c) A comparison of the exciton emission
intensities between alizarin red sensitised zinc oxide (solid black line) and
non-sensitised zinc oxide (dotted red line). The larger exciton intensity of
alizarin red sensitised zinc oxide indicated more exciton recombinations
occurred when alizarin red S was adsorbed onto the surface of zinc oxide.

This journal is © The Royal Society of Chemistry 2019
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Exciton emission spectra (Fig. 6a-c) of zinc oxide were
further studied to assess the influence of electrons trapped by
the defect site on exciton state emissions.

Fig. 6a demonstrate emission signatures that were detect-
able from both the band gap and intrinsic defect sites of zinc
oxide, yet zinc oxide's intrinsic defects were the dominant
source of recombination centres. The exciton emission energies
(Fig. 6¢) of zinc oxide (solid black line) were 240% higher than
alizarin red sensitised zinc oxide (dashed red line), which the-
orised that alizarin red promoted more exciton recombinations
on zinc oxide.

From the photoluminescence results presented in Fig. 5, an
intense 507 nm emission peak for non-sensitised zinc oxide
suggested an intermolecular electron transfer process between
the conduction band of zinc oxide and an intrinsic defect site;
which subsided after alizarin red was used as a sensitising
agent. The fivefold reduction in the 507 nm peak intensity (after
zinc oxide was sensitised with alizarin red) was intriguing and
potentially understood to originate from a re-absorption of
emitted energy from the intrinsic defect of zinc oxide by alizarin
red, thus producing the observed reduction in emission inten-
sity. Further investigations to monitor the fivefold reduction
and subsequent absorption of emitted energy was studied with
powder diffuse reflectance UV/Vis spectroscopy (Fig. 7).

Alizarin red sensitised zinc oxide (Fig. 7, solid red line)
depicted an absorption profile that matched well with non-
sensitised zinc oxide (Fig. 7, dotted blue line) up till the band
gap of zinc oxide (384 nm), after which alizarin red sensitised
zinc oxide had a strong 500 nm absorption shoulder which
could be assigned to alizarin red (at red shifted wavelengths
>420 nm) on sensitised zinc oxide.

At the absorbance maximum wavelength of 507 nm (Fig. 7),
alizarin red-sensitised zinc oxide demonstrated a 500% absor-
bance increase (0.71) compared to non-sensitised zinc oxide
(0.15). This absorbance excess was in favourable agreement
with the 500% emission decrease at 507 nm (Fig. 5), which lent

: Non-sensitised ZnO
— Alizarin red sensitised ZnO

- - - Alizarin red

Absorbance

0,6

0,44

0,2 4

0,0 4
T T T T T T T
200 300 400 500 600 700 800
Wavelength (nm)

Fig. 7 UV/Vis absorbance spectra of zinc oxide (dotted blue line),
alizarin red sensitised zinc oxide (solid red line) and alizarin red S
(dashed green line). Inset of alizarin red sensitised zinc oxide. The
spectra depict the visible light absorbance from alizarin red S at
500 nm.
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support to identify that electrons were re-absorbed by alizarin
red.

After the assessment of alizarin red sensitised zinc oxide
using photoluminescence spectroscopy and powder diffuse UV/
Vis data, density functional theory (DFT) simulations were
applied towards further understanding the electronic migration
between alizarin red and alizarin red sensitised zinc oxide. The
simulations were performed using Gaussian (09W*° at the CAM-
B3LYP/6-31G[d,p]*") level of theory. Single first polarization
functions were added to the basis set to increase the accuracy of
the simulations. Both the prepared input files and analysed
output files were prepared using GaussView 5.0.*> The molec-
ular orbitals were assigned by studying the spatial distribution
of their isosurfaces. Only singlet excited states were considered.
Geometry optimisations and frequency calculations were
carried out on both species using the above-mentioned level of
theory. The absence of negative frequency eigen values suggests
that the geometry-optimised structures are true minima on the
global potential energy surface.

Modelling the coordination of alizarin red to zinc oxide
through the two hydroxy groups confirmed the preliminary
findings as depicted in Fig. 8 below. The basis for the modelling
study was developed on similar research in the literature of
chatecolate scaffolds that were bound to the surface of TiO,.*

From the initial assumptions, alizarin red was photo-excited
with hw > 450 nm (note the shift in electronic density between
the LUMO and HOMO states of alizarin red above, Fig. 8a and
b). After physi-adsorption of alizarin red onto zinc oxide,

(a)

)
X

®

LUMO: Alizarin red LUMO: Alizarin red-sensitised ZnO

(b) (d)
*
|
> .
?

® 4 *

Fig.8 HOMO and LUMO orbitals of alizarin red and the likely structure
of the alizarin red-sensitised ZnO. A key feature of the molecular
orbitals is the migration of the HOMO from the dye to the ZnO, this
neatly illustrates the mixing of the molecular orbitals. The HOMO-
LUMO energy gaps measure 5.65 and 2.77 eV, respectively. HOMO and
LUMO states of alizarin red and alizarin red-sensitised ZnO species.
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Fig. 9 Proposed photoelectron transfer within alizarin red-sensitised
zinc oxide.

alizarin red's electronic density resided over the entire molec-
ular (see ‘LUMO: Alizarin red-sensitised ZnO in Fig. 8¢’).

However, after photoexcitation (hv > 450 nm), intramolecular
electric charge transfer from alizarin red's HOMO state to zinc
oxide rapidly ensued (Fig. 8d). Subsequently, electrons trans-
ferred to the conduction band of zinc oxide were either termi-
nally quenched with ionic silver or relaxed into the zinc oxide's
intrinsic defect site. The DFT study exemplified the HOMO state
of the uncoordinated alizarin red species to exist predominately
over the aromatic component of the molecule. However, upon
coordination of alizarin red to zinc oxide, a rapid shift of the
HOMO state resided over the zinc oxide-alizarin red coordina-
tion site as seen elsewhere in similar TiO,-pendant catechol
studies.”** This confirmed favourable photoelectron ejection
into the conduction band of zinc oxide while the photocatalytic
system was irradiated.

Emanating from the photoluminescence, powder diffuse
reflectance UV/Vis spectroscopy, and DFT modelling, a mecha-
nism of the complex photo-system between alizarin red and
zinc oxide has been proposed below for the oxidative cycle of
alcohols to aldehydes, which is in agreement with similar
literature of alizarin red and TEMPO mediated systems.®

Excitation of photo-generated electrons into the HOMO state
of alizarin red proceeded after illumination (Fig. 9, Step a).
Electrons entered into the conduction band of zinc oxide are
either quenched by silver ions (Ag") or subsequently fall into the
sub band-gap defect site of zinc oxide (Fig. 9, Step b). If a back-
electron transfer from zinc oxide to alizarin red did occur, the
sub band-gap defect site on zinc oxide would have an equally
high recombination rate prior to sensitising zinc oxide with
alizarin red (see Fig. 5). However, this was not experimentally
observed. The alizarin red dye cationic radical proceeds to oxi-
dise TEMPO to the N-oxoammonium salt (the active oxidant of
the photocatalytic system, Fig. 9, Step c), which in-turn facili-
tates the alcohol oxidation (Fig. 9, Step d). Consequently, the N-
oxoammonium salt of TEMPO is reduced to the hydroxylamine
(Fig. 9, Step €) and concurrently oxidised back to the TEMPO
radical by the alizarin red dye cationic radical (Fig. 9, Step f).

Conclusions

The presented dye-sensitised zinc oxide photo-oxidation system
has demonstrated a refined procedure to drastically lower the
silver nitrate content (from 18 to 1 equivalent), while retaining

This journal is © The Royal Society of Chemistry 2019
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the high photo-capacity to mediate the oxidation of alcohols to
aldehydes under visible light irradiation (conversions up to and
exceeding 99%).

Furthermore, the controlled photo-oxidation of aliphatic
alcohols yielding aldehyde intermediates and regio-selectivity
for 2,2-dimethyl-3-hydroxypropionaldehyde synthesis illus-
trates the potential for alizarin red sensitised zinc oxide to
function as a prominent photo-oxidising agent in contemporary
photo-redox chemistry practises.

In conjunction to the previously obtained electron spin
resonance studies, the photoluminescence and powder diffuse
reflectance UV/Vis spectroscopy studies, and DFT modelling
have arguably substantiated a refined mechanism to provide
further insight into understanding the photo-mechanistic
pathways in the alizarin red/Ag-Na/ZnO/TEMPO system.

Future investigations to recycle the aqueous sodium, extend
the aliphatic scope to more complex natural product systems in
various electrolytic solvents and understand the regio-selective
oxidation of 2,2-dimethyl-1,3-propandiol are currently
underway within our laboratories.
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