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A series of singlet oxygen sensitizing hybrid materials is reported consisting of a zinc(i) phthalocyanine
(ZnPc) derivative immobilized on nanoporous gold leafs (npAu) with various pore sizes. The resulting
photocatalytic coatings exhibit a thickness of around 100 nm and pore sizes between 9-50 nm. Herein,
we report the synthesis and characterization of those hybrid materials which were synthesized by
functionalization of npAu leafs by an azide terminated alkanethiol self-assembled monolayer (SAM) and
subsequent copper catalyzed azide—alkyne cycloaddition (CUAAC). The characterization of the samples
morphology included scanning electron microscopy (SEM), UV-Vis spectroscopy as well as energy
dispersive X-ray spectroscopy (EDX). The morphology—reactivity relationship was investigated employing
the hybrid photocatalysts in the photooxidation of diphenylisobenzofuran (DPBF) as selective singlet

oxygen quencher. An increasing photocatalytic activity was found for smaller pore sizes up to 15 nm,
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Introduction

Porous materials have gained growing attention during the last
decades in many different fields such as catalysis, sensor
applications or electrode materials due to the high specific
surface area arising from its porosity and small size feature.**
In addition, the formation of nanoporosity leads to new active
materials as it was shown in the case of npAu.”** While gold as
bulk material is relatively inactive in chemical reactions, npAu
was shown to be a very efficient catalyst for several oxidation
reactions in both, gas phase and liquid phase even at compa-
rably low temperatures.”®™® Besides this, the formation of
porosity in the nanometer scale is also the reason for arising
special optical features such as surface plasmon resonance
similar to gold nanoparticles (AuNPs)."*' Using surface gold
chemistry, which is well established in literature, the nano-
porous material can be easily functionalized in many ways, for
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example with different metal oxide nanoparticles as well as
several organometallic complexes or even proteins using the
principles of self-assembled monolayers."*** The introduction
of light absorbing chromophores is thereby of great interest, as
interactions with the surface plasmons of gold nanostructures
were shown to have an increasing effect onto the photocatalytic
activity of such hybrid materials.>*° Recent studies revealed an
increase in singlet oxygen formation by nearly an order of
magnitude when a zinc(u) phthalocyanine derivative was
immobilized onto a npAu as additional chromophore, that can
be used for example for the photooxidation of citronellol,
a reaction that is also of industrial relevance.>* A severe draw-
back in heterogeneous photocatalysis with porous catalysts is
the limited penetration depth of visible light in such materials.
In the case of npAu it was shown by UV-Vis spectroscopy in
transmission mode that the penetration maximum is around
300 nm, and therefore in conventional npAu catalysts a high
amount of the noble and expensive gold materials is inactive in
the dark zone.* To overcome this problem the usage of a thin
film npAu support is beneficial. Such npAu films were first re-
ported by J. Erlebacher and coworkers in 2004 who showed that
such films with a thickness of around 100 nm can be easily
prepared by floating white gold leaf (Ag/Au alloy) on concen-
trated nitric acid.** Using this approach, monolithic npAu films
with various pore sizes can be obtained by adjusting the
employed dealloying time of the precursor alloy foil. The
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Fig. 1 Structure and corresponding optical spectrum of the photo-
sensitizer zinc(i) phthalocyanine 2 used in this study.

variation of the pore sizes is coherent with a shift of the plas-
monic peak, where the longitudinal part shifts from around
550 nm at small pores below 10 nm up to 650 nm for pores
around 50 nm."?° The transversal part of the signal on the other
hand stayed constant at around 490 nm.** In this study we used
a npAu coating material prepared from cheap, commercial gold
foils which were functionalized via the established two step
synthesis approach with a ZnPc derivative (Fig. 1) as first time
reported hybrid material consisting of a macrocyclic metal
complex immobilized on a npAu foil.>** In our preliminary
work we have shown that the immobilization of such a chro-
mophore onto npAu disks and powders results in a significant
increase in photocatalytic singlet oxygen production by nearly
an order of magnitude due to a synergistic effect between the
plasmon resonance of the npAu support and the immobilized
photosensitizer.>® The aim of the present study is to investigate
in detail the effect of the pore size on such hybrid systems. As
mentioned beforehand, the variation of the pore size induces
a shift of the plasmonic signal, resulting in a higher spectral
overlap integral for larger pore sizes, which should have an
impact on the energy transfer rate to the sensitizer.>*>* In
contrast, a variation of the pore size also changes the available
specific surface area and will lead to a higher amount of
immobilized sensitizer for samples with smaller pores. Finally,
the question of mass transport and diffusion limitation will be
investigated for samples with small pore sizes to determine the
ideal pore size for the hybrid photocatalyst where the interplay
between the three opposing factors mentioned beforehand will
result in the highest singlet oxygen sensitization activity.

Experimental
Materials

Ag/Au foils were received from Noris Blattgold GmbH, Schwabach,
Germany (American white gold, 12 karat, Ag : Au 50 : 50 wt%). S-(6-
azidohexyl)ethanethioate (1), the co-catalyst tris(benzyl-
triazolylmethyl)amine (TBTA) and the photo-sensitizer 2,9,16,23-
tetrakis(4-hex-5-yn-oxy)phthalocyanine-zinc(u) (2) were synthesized
as described previously according to literature procedures.>*?>3>-°
Hydroquinone was obtained from Merck, Cu(MeCN),PFy (97%)
from Aldrich and 1,3-diphenylisobenzofuran (DPBF (3), >95%)
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from TCL Ethanol (abs., reagent grade), THF (reagent grade, =
99.0%), DMF (analytical reagent grade, = 99.5%) and HNOj;
(analytical reagent grade, 65 wt%) were all received from VWR and
were used without further purification. UV-Vis spectra of ZnPc 2,
npAu and for the measurements of the photocatalytic oxidations
were recorded on a UV-1600PC UV-Vis spectrometer from VWR.

Nanoporous gold (npAu) preparation

npAu foils with various pore sizes were prepared according to
a literature procedure.* The starting Ag/Au alloy (12 karat white-
gold leaf, 50 : 50 wt%, 100 nm thickness) was cut into pieces of
1.5 x 1.5 cm, transferred onto a microscope glass slide and
dealloyed by floating on concentrated HNOj; (50 mL, 65 wt%) for
15 min, 30 min, 2 h, 8 h or 72 h, respectively. After dealloying,
the foil was washed by floating on deionized water for 30 min,
transferred onto a microscope cover glass and dried at ambient
atmosphere overnight. The pore and ligament sizes of the npAu
foils were analyzed by scanning electron microscopy.

Hybrid preparation

The as prepared npAu foils were immersed into a solution of S-
(6-azidohexyl)ethanethioate (1, 100.6 mg, 0.5 mmol) dissolved
in EtOH (10 mL) for 24 h. Then the samples were repeatedly
washed with EtOH to remove any physisorbed material.

The as prepared functionalized npAu samples bearing an
azide terminated SAM were immersed into a solution of ZnPc (2,
144.2 pg, 0.15 pmol), Cu(MeCN),PF¢ (931.8 pg, 2.5 umol), TBTA
(1.326 mg, 2.5 pmol) and hydroquinone (272.5 pg, 2.5 pmol) in
a THF/H,O mixture (10 mL, 3 : 1 v%). After a reaction time of
72 h, the sample was repeatedly washed with THF to remove any
unbound ZnPc.

Characterization methods

For determination of the pore and ligament sizes of the npAu
supports as well as the zinc distribution the samples were trans-
ferred onto a microscope sample holder with a conductive carbon
tape. Micrographs of the samples morphology were acquired with
a Supra 40 (Zeiss, Germany) scanning electron microscope oper-
ated at 10.0 kV acceleration voltage, 300 pA probe current and
4 mm working distance. The pore and ligament sizes were deter-
mined by measuring the diameter of at least 250 pores or liga-
ments in the obtained SEM images using the program Image]. The
specific surface area S was calculated from the ligament diameter
d according to S = (C/pd) where C is the porosity factor for npAu
with 3.7 and p is the gold bulk density of 19.8 g cm ™ according to
literature.***' This method was shown to give values that are in
good agreement with both, data from gas adsorption experiments
(BET) as well as electrochemical methods (CV).**** The amount of
immobilized ZnPc as well as the zinc distribution on the surface
were determined by energy dispersive X-ray spectroscopy (EDX,
Bruker XFlash 6/30).

Photocatalytic oxidation

Photocatalytic oxidations were performed in a self-built reaction
setup as described previously.” Irradiation was carried out using

This journal is © The Royal Society of Chemistry 2020
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a 300 W Xe-arc lamp (LOT qd GmbH, Darmstadt, Germany)
equipped with a 550 nm cut-on filter from Andover to achieve
simultaneous irradiation of the plasmon resonance of npAu
between 550-650 nm and the Q-band of the immobilized ZnPc at
690 nm without decomposition of DPBF which would occur at
wavelengths < 500 nm.

For each photocatalytic experiment the respective hybrid
catalyst (1.5 x 1.5 cm, ~0.05 mg) supported on a microscope
cover slide was fixed at the rear screwing facing the inside of the
gas cuvette to achieve a reproductive fixation of the catalyst at the
same position in the light beam and distance to the light source
(Fig. S1t). Then the reactor was filled with DMF (100 mL) and
stirred under oxygen atmosphere for 10 min to achieve gas
saturation of the reaction solution. Subsequently DPBF (1.35 mg,
5 umol) was added, the vessel closed with a septum and irradi-
ation started. Samples were collected every 120 s via syringe and
the DPBF concentration was measured using UV-Vis spectros-
copy and calculated at the absorption maximum at 415 nm using
Lambert Beers law and the extinction coefficient of e45 =
23000 L mol ' em™'.%2

Results and discussion

Preparation and characterization of npAu foils with various
pore sizes

npAu samples bearing various pore sizes were obtained by
dealloying commercial Ag/Au gold foils in concentrated HNO;
employing different dealloying times. The interruption of the
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dealloying process by transferring the sample from the acid
onto water immediately stops the process resulting in samples
with pore sizes between 10 and 50 nm and a thickness of around
100 nm (Fig. S271).*** The morphology of the obtained samples
was analyzed by SEM, which shows the expected trend in pore
size ranging from 9.5 nm after a dealloying time of 15 min up to
48.5 nm after 72 h (Fig. 2). All samples show a Gaussian like
distribution regarding the pore sizes, which broadens for
samples with larger pores. The determined ligament sizes were
similar in size to the pores, and only samples with larger pore
sizes showed a significant deviation resulting in larger liga-
ments. The position of the LSPR band in npAu foils is known to
be dependent on the pore size of the sample as well as the
dielectric environment of the surrounding media." As many
photocatalytic experiments are performed in DMF, due to the
high singlet oxygen lifetime in this solvent and reasonable
oxygen solubility capacity, the position of the LSPR band of the
npAu supports in a DMF environment was of major interest
(Fig. 3).*** For this, the samples were sandwiched between two
microscope cover glasses and two drops of DMF added between
them. Subsequently, the samples were placed inside a UV/Vis
spectrometer and measured in transmission mode, measuring
the extraordinary optical transmission (EOT) arising from the
plasmon resonance of the npAu films. The obtained spectra
showed two different plasmonic peaks for each npAu sample
which are ascribed to the longitudinal and the transverse LSPR
in the ligaments.”® Whereas the two LSPR peaks could be
resolved using DMF as surrounding environment, the
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Fig.2 SEM images of the structure of npAu foils after dealloying times of (a) 15 min, (b) 30 min, (c) 2 h, (d) 8 h and (e) 72 h. Distribution curves for
the pore sizes (f—j) and for the ligament sizes (k—0) of the prepared npAu foils all show a Gaussian distribution and are used for the calculation of

the specific surface area.
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Fig. 3 UV-Vis transmission spectra of unfunctionalized npAu foils in
a DMF surrounding environment after dealloying times of 15 min (red),
30 min (green), 2 h (blue), 8 h (grey) and 72 h (black).

measurements in air only gave an averaged signal where no
shifting trends of the signals were observed. In contrast,
a significant red-shift was observed for the long-wavelength
peak with increasing pore size of the npAu, while the short-
wavelength peak remains unchanged. Similar trends were
shown providing other solvents like water, EtOH or toluene as
surrounding dielectric environment to the npAu material.****
The possibility to tune the position of the plasmonic absorption
of the npAu supports might be a promising strategy to enhance
energy transfer in hybrid systems of immobilized photosensi-
tizers on npAu by adjusting the spectral overlap integral
between the plasmonic states of npAu and the excited states of
the sensitizer in order to make energy transfer more efficient
and energetically favourable.

Preparation and characterization of npAu foils functionalized
with the ZnPc derivative

The functionalization of the as prepared npAu foils was ach-
ieved employing a two-step functionalization approach estab-
lished in our group (Fig. 4).>**° In a first step, the npAu foil was
functionalized using the principle of a SAM using 1 resulting in
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Fig. 5 (a) UV-Vis transmission spectra of ZnPc functionalized npAu

foils in @ DMF surrounding environment after dealloying times of
15 min (red), 30 min (green), 2 h (blue), 8 h (grey) and 72 h (black) and
(b) Differential spectra of functionalized and unfunctionalized npAu
foils showing the absorption of the immobilized ZnPc derivative 2.

a system bearing free azide groups at the surface. Secondly,
these azide groups were used to perform a CuAAC (“click reac-
tion”) to attach the peripherally alkyne-substituted ZnPc
photosensitizer onto the npAu surface.

The advantage of the npAu foils over npAu disks and
powders used in our previous studies is shown by the possibility

ZnPc,
(¢}
ZnPc,

\!

[ VA
RO~ 2 ="OR
[Cu(MeCN),]PFq
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Hydrochinon

N3 N3
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Fig. 4 Schematic representation of the functionalization of the npAu foils: formation of the azide terminated alkanethiol self-assembled
monolayer (SAM) in the first step using S-(6-azidohexyl)ethanethioate (1) followed by copper catalyzed azide—alkyne cycloaddition (CUAAC,

“click chemistry”) to bind the alkyne-substituted ZnPc derivative 2.
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Table 1 Properties and photocatalytic activity of different npAu hybrids prepared by various free corrosion dealloying times. Ps — determined
average pore sizes at the surface, Ls — determined average ligament sizes at the surface both obtained from SEM, A gngitudinal — POsition of the
longitudinal part of the plasmon resonance in the UV-Vis spectrum, Arransverse — POSItion of the transverse part of the plasmon resonance in the
UV-Vis spectrum, xzn, epx immobilized Zn content given as weight% as obtained by EDX spectroscopy and conversion — maximum oxidation by

sensitized O, after 20 min irradiation time

DeallOyirlg ALcongitudinal ATransverse

(min) P (nm) Ls (nm) §(m*g™") (nm) (nm) Xzn, EDxX (Wt%) Conversionppgy (%)
15 9.57 £ 1.79 11.11 + 1.88 16.82 553 492 1.5 20.69

30 14.18 + 2.39 15.08 £ 2.59 13.16 560 490 0.9 29.07

120 21.37 £ 3.42 21.08 £ 3.54 8.86 576 488 0.6 19.02

720 37.00 £ 7.47 39.16 + 7.62 4.77 590 486 0.1 14.04

4320 48.46 £+ 10.27 66.52 £ 12.68 2.81 643 485 Not detected 9.02

to directly provide evidence for the successful linkage of the
macrocycle to the npAu by UV-Vis spectroscopy (Fig. 5a). As the
samples were measured in transmission mode, the signals of
the ZnPc appear as negative peaks in the spectra. Using the
spectra of the unfunctionalized npAu supports (Fig. 3) it was
possible to obtain differential spectra clearly showing the
absorption of the immobilized ZnPc (Fig. 5b). The surface
concentration of immobilized ZnPc shows a direct dependency
on the pore size of the support. The reason for that is due to
larger specific surface areas for npAu with smaller pores, which
was calculated according to a literature method to range from 2
to 17 m*> g7, resulting in an increased available surface per
support for the ZnPc immobilization.***' For a more precise
analysis, the samples were also studied by SEM and EDX
measurements. The pore and ligament sizes were found to be
unaffected by the organic functionalization and were the same
as in the precursor supports, as already shown for npAu disks
and powders.”> EDX mapping on the surface of a modified npAu
foil also confirmed a homogenous distribution of the photo-
sensitizer over the entire surface (Fig. S31). The trend of
increasing ZnPc immobilization shown by UV-Vis spectroscopy
was also confirmed by the EDX measurements (Table 1). For the
EDX measurements it turned out to be crucial to transfer the
hybrid foil samples from the supporting microscope cover glass
directly onto the conducting carbon tape of the SEM sample
holder, as the EDX measurement of a bare microscope cover
slide showed the presence of around 5 at% of zinc contained in
the glass. The absolute amount of immobilized ZnPc was too
small for exact determination, as the values obtained from EDX
spectroscopy are extremely close to the detection limit and are
only good to support the observed trend already seen by UV-Vis
spectroscopy. Therefore, the specific surface area for every
hybrid system was calculated (Table 1) and used for compar-
ison, assuming a weight of 0.05 mg for the npAu support for
further discussion. A direct weighing of the samples was not
possible as the samples were to light. We hence calculated the
weight based on the specific density (50 wt%) of the Ag/Au
starting alloy and its dimensions.

Photooxidation of DPBF by ZnPc functionalized npAu foils

As already mentioned in the previous sections, the resulting
npAu foils all exhibit a thickness of only around 100 nm, as
determined by SEM (Fig. S21), resulting in a porous structure

This journal is © The Royal Society of Chemistry 2020

completely irradiated during the photooxidation experiments.
In addition, having npAu foils with different pore sizes in hand,
the hybrid photocatalysts can be tested regarding diffusion
limitation phenomena. But, as summarized in Table 1, the
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Fig. 6 (a) Reaction scheme for the photooxidation of DPBF by 1O,. (b)
Photocatalytic DPBF oxidation over time by npAu photocatalytic
coatings with pore sizes of 9.57 nm (red), 14.2 nm (green), 21.4 nm
(blue), 37.0 nm (grey) and 48.5 nm (black). (c) Plot of the maximum
conversion after 20 min vs. the specific surface area of the corre-
sponding hybrid for visualization of diffusion limitation and mass
transport phenomena.
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change in pore size is coherent with a change in the specific
surface area, since smaller pore sizes result in a higher available
surface area that has to be considered during the functionali-
zation with the photosensitizer. The UV-Vis and EDX measure-
ments both confirmed the expected increase in immobilized Zn
content for the samples bearing smaller pores (Fig. 5b and
Table 1).

The photocatalytic experiments clearly show this trend
resulting in a higher DPBF conversion, based on a higher
amount of sensitized singlet oxygen, with increasing ZnPc
coverage (Fig. S4,T Fig. 6b). Assuming a constant immobiliza-
tion fraction of the ZnPc, the increase in singlet oxygen sensi-
tization should be proportional to the calculated specific
surface area. The plot of the maximum DPBF conversion after
an irradiation time of 20 min against the specific surface area of
the used hybrid material shows the linear dependency of the
activity to the surface area for all samples with pore sizes
between 14 and 50 nm. Only the sample with a pore size below
14 nm shows a significant deviation from this trend, which is
ascribed to the diffusion limitation at small pore sizes. Except
for this one particular sample, no limitation by diffusion was
observed (Fig. 6¢). In addition, the effect of higher ZnPc
immobilization completely dominates any effect of plasmonic
shift that should contrarily increase the activity for samples
with larger pores and therefore smaller surface areas. Trans-
ferring those results to the hybrid systems based on npAu
powder described in our previous study, the reduction of the
pore sizes to 15 nm could be a promising strategy for optimi-
zation of the overall activity.”® Those powder hybrid systems
seem to be the best solution for batch reactors, whereas the
npAu foils represent a promising material used as catalytic
coatings in flow reactors, making them also an interesting
material for industrial applications.

Conclusions

This study is, best to our knowledge, the first example of npAu
foils functionalized with a photosensitizer and the usage of
those new hybrid materials as photocatalytic coatings for
singlet oxygen sensitization. Hybrid materials were prepared on
npAu foils with pore sizes between 9-50 nm and an increasing
amount of immobilized photosensitizer was found in both, UV-
Vis and EDX spectroscopic measurements for npAu supports
with smaller pore sizes and accordingly larger specific surface
areas. The photocatalytic activity of singlet oxygen sensitization
was shown to be exclusively dominated by the amount of
immobilized sensitizer suppressing every indication of
changing interaction due to the shift of the corresponding
surface plasmon resonance of npAu with altering pore size. In
addition, the photocatalytic results clearly confirm that mass
transport and diffusion limitation are becoming predominant
for the sample with pore sizes below 14 nm. Thus, the hybrid
material on a npAu support with defined pore sizes of around
15 nm shows the highest singlet oxygen sensitization activity
due to the largest specific surface area and maximum sensitizer
coverage above the diffusion limited regime.
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