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nd controlling the efficiency of
Au24M(SR)18 nanoclusters as singlet-oxygen
photosensitizers†

Mikhail Agrachev, ‡a Wenwen Fei, ‡a Sabrina Antonello, a Sara Bonacchi, a

Tiziano Dainese, a Alfonso Zoleo, a Marco Ruzzi *a and Flavio Maran *ab

Singlet oxygen, 1O2, can be generated by molecules that upon photoexcitation enable the 3O2 / 1O2

transition. We used a series of atomically precise Au24M(SR)18 clusters, with different R groups and

doping metal atoms M. Upon nanosecond photoexcitation of the cluster, 1O2 was efficiently generated.

Detection was carried out by time-resolved electron paramagnetic resonance (TREPR) spectroscopy.

The resulting TREPR transient yielded the 1O2 lifetime as a function of the nature of the cluster. We

found that: these clusters indeed generate 1O2 by forming a triplet state; a more positive oxidation

potential of the molecular cluster corresponds to a longer 1O2 lifetime; proper design of the cluster

yields results analogous to those of a well-known reference photosensitizer, although more effectively.

Comprehensive kinetic analysis provided important insights into the mechanism and driving-force

dependence of the quenching of 1O2 by gold nanoclusters. Understanding on a molecular basis why

these molecules may perform so well in 1O2 photosensitization is instrumental to controlling their

performance.
Introduction

Singlet oxygen, 1O2, is the rst excited state (1Dg) of molecular
oxygen. Depending on the experimental conditions, its lifetime
can span several orders of magnitude.1–3 1O2 eventually converts
to ground-state triplet oxygen (3Sg

�), 3O2. Because singlet
oxygen is signicantly more reactive than triplet oxygen, it nds
uses in several applications, especially organic synthesis, pho-
tocatalysis, and nanomedicine (photodynamic therapy).4–9

Singlet oxygen10–12 can be produced by direct excitation,
although 3O2 / 1O2 is a spin-forbidden transition with a very
low absorption coefficient. A more efficient way to generate
singlet oxygen is by using photosensitizers.10,13 The sensitizer is
photoexcited to its singlet state, undergoes intersystem crossing
(ISC) to form the excited triplet state, and then transfers energy
to triplet oxygen to yield 1O2; the last step is efficient because the
overall angular moment is now conserved. Suitable photosen-
sitizers are molecules that exhibit a sufficiently high value of the
excited triplet-state energy (the 3Sg

� to 1Dg excitation energy,
ova, Via Marzolo 1, 35131 Padova, Italy.
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Eexc, is 94 kJ mol�1), a high quantum yield for ISC, and a suffi-
ciently long triplet lifetime. On the other hand, it has been long
acknowledged that the sensitizer and/or products of its photo-
reactions can also quench singlet oxygen by converting it back
to 3O2.14,15 These quenching reactions may signicantly
diminish the 1O2 lifetime and, consequently, affect the overall
efficiency of the photosensitization process. An ideal photo-
sensitizer should, therefore, maximize generation efficiency
and minimize deactivation. This is not, however, an easy task to
achieve.10

The detection of singlet oxygen in uid solution is routinely
carried out by optical spectroscopy. The most specic probe of
singlet oxygen is 1275 nm 1O2 / 3O2 phosphorescence,
particularly when it is monitored in a time-resolved experiment.
To overcome the low-sensitivity limitations, several approaches
have been proposed, mostly relying on the introduction of
a uorescent probe activated by energy transfer from 1O2. For
example, phthalocyanines, naphthalocyanines, and porphyr-
azines exhibit strong delayed luminescence upon energy
transfer from two 1O2molecules.16 This luminescence is emitted
in the visible-light region and its quantum yield exceeds that of
1O2 phosphorescence by 2–4 orders of magnitude. These
molecules, however, are also good sensitizers for the formation
of 1O2, thereby complicating detection. Chemical traps have
also been extensively employed.17 Singlet oxygen rapidly and
irreversibly reacts with aromatic compounds to yield endoper-
oxides that do not uoresce and whose absorption spectrum
differs signicantly from that of the original molecule.
Chem. Sci., 2020, 11, 3427–3440 | 3427
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Fig. 1 (a) Typical structure of the Au24M(SR)18 nanocluster. One of the
icosahedron positions (purple) corresponds to M (M¼ Au, Hg, Cd). The
gold (yellow) and sulfur (red) atoms are shown, whereas the carbo-
naceous part of the ligands is omitted for clarity. (b) Structure of
Au25(SC3)18

0 showing the C (gray) and H atoms (white) for both inner
(in) and outer (out) ligand types of one of the six staples.
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However, chemical traps may also be reactive toward other
reactive oxygen species. Because of the difficulties associated
with direct detection and indirect methods, alternative
approaches for the detection of 1O2 generated by photosensi-
tizers are thus sought.

Possible photosensitizer candidates that meet several of the
aforementioned requirements are atomically precise gold
nanoclusters, Aun(SR)m (where SR ¼ thiolate). Nowadays, many
of these clusters can be prepared in a very pure, controlled
state.18 This implies full molecular control on the structure and
properties, which cannot be achieved with the larger gold
nanoparticles. Because the electronic structure and thus the
optical properties of these clusters depend on the values of n
and m, ultrasmall gold nanoclusters might be, in principle,
optimized for the efficient production of 1O2. So far, the
research in this eld has been quite limited,19–33 with very few
examples describing the behavior of truly atomically precise
gold nanoclusters. This is the case of Au25(SR)18, which is
a stable cluster that shows distinct electrochemical,34 optical,18

and magnetic features,35,36 and is consistently considered the
benchmark system for understanding and controlling many
properties of gold nanoclusters.37,38 Kawasaki et al. were the rst
to describe the formation of singlet oxygen using Au25(SR)18
(HSR¼ phenylethanethiol or captopril) as the photosensitizer.19

The photosensitization was detected optically and with chem-
ical quenchers. Au38(SC2H4Ph)24

0, another well-established
molecular cluster, was found to be signicantly less efficient.
More recently, Ho-Wu et al. compared the photosensitization
efficiency of Au25, Ag32, Au144, larger gold nanoparticles, and
a conventional dye photosensitizer.29 This study, which was
carried out with indirect optical methods (1,3-diphenyliso-
benzofuran quencher), concluded that Au144 provides the most
efficient system. A size dependence order of Au144 > Au38 > Au25
was observed for the aerobic oxidation of D-glucose on carbon-
supported clusters.31 The efficiency of 1O2 generation using
Au38S2(SAdm)20 (SAdm ¼ adamantanethiolate) nanoclusters
was found to be higher than that of Au25(SC2H4Ph)18

�.32 The
ultrasonic activation of Au25(Captopril)18 to generate 1O2 was
also demonstrated.33

Here we describe the photosensitizing behavior of a series
of Au25(SR)18

�, where R ¼ n-C3H7 (C3), n-C4H9 (C4), and
C2H4Ph (C2Ph) (hereaer, we will indicate the number of
carbon atoms of the alkyl chain simply as Cn), and mono-
doped Au24M(SR)18

0 (M ¼ Cd, Hg) clusters (Fig. 1). Besides
studying the effect of the protecting ligand, the analysis was
extended to monodoped clusters because their optical and
especially electrochemical behaviors show signicant differ-
ences from those of the undoped clusters.39 Regarding detec-
tion, we relied on continuous-wave and, especially, time-
resolved electron paramagnetic resonance techniques
(CWEPR and TREPR, respectively). TREPR spectroscopy
provides an efficient and sensitive method to detect even very
low concentrations of 1O2 generated by photosensitization in
solution.40,41 Moreover, TREPR is selective toward singlet
oxygen, which is unequivocally detected and identied, while
other reactive oxygen species are not revealed. As we will show,
TREPR allowed us to characterize in detail the
3428 | Chem. Sci., 2020, 11, 3427–3440
photosensitization behavior of the investigated clusters, and
could conrm that the cluster's excited state responsible for
the generation of singlet oxygen is indeed a triplet. Most
notably, we found that proper design of the redox properties of
the cluster yields results comparable to those of tetraphe-
nylporphirin (TPP), which is a well-known reference photo-
sensitizer.10 Finally, we carried out a comprehensive kinetic
investigation on the 1O2 quenching mechanism by gold
nanoclusters as a function of driving force and obtained
important mechanistic insights into the reasons why properly
devised gold nanoclusters may perform very well in 1O2

photosensitization.
Results and discussion
1O2 photosensitization with TREPR detection

TREPR spectroscopy is especially suitable to study the kinetics
of photogenerated paramagnetic species exhibiting lifetimes
ranging from a few to several hundred ms.42 TREPR detection of
1O2 is based on the radical triplet pair (RTP) mechanism.43

Triplet quenching by a stable free radical, such as a nitroxide
(which is a doublet, 2R, and generally exhibits three, very similar
CWEPR lines due to the hyperne interaction of the unpaired
electron with the N nucleus), induces populations of radical
spin sublevels that differ signicantly from those at thermal
equilibrium. This phenomenon, which is commonly referred to
as chemically induced dynamic electron polarization,44 can be
sensitively detected by TREPR in the form of transient intensi-
ties of the EPR signals associated with the radical probe.
Importantly, polarization may also be caused by a singlet state,
as in the case of 1O2.45,46

Briey, photoexcitation of the sensitizer fundamental singlet
state (1PS) yields a singlet excited state (1PS*) that is quickly
converted into a triplet state (3PS*) via ISC. In the absence of
oxygen, the excited triplet state undergoes quenching by inter-
action with a nitroxide radical, and polarized emissive TREPR
signals are observed. The emissive polarization is interpreted
according to quartet-precursor RTP (Q-RTP) theory,47 as
described by eqn (1):
This journal is © The Royal Society of Chemistry 2020
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Fig. 2 TREPR surfaces recorded for 0.5 mM TEMPONE and 1 mM
Au25(SC3)18

� in (a) air-saturated and (b) deaerated toluene solution at
240 K. The z-axis shows the TREPR intensity (a.u.).

Fig. 3 Inversion recovery curves for a toluene solution of 0.5 mM
TEMPONE and 1 mM Au25(SC3)18

� (black) under anaerobic (trace (a))
and aerobic conditions (trace (b)), with the corresponding exponential
fits to the data (red: for both curves, r2 ¼ 1.000). The CWEPR spectra
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3PS* + 2R / 1PS + 2R*Y (1)

where 2R*Y indicates the emissive spin polarization generated
in 2R by the quenching of the 3PS* state. Radicals, on the other
hand, are also able to quench singlet states, though now the
spin polarization is opposite to that just described: in an air-
saturated solution of a nitroxide and a triplet sensitizer, a rein-
forced absorptive polarization for the signals of the nitroxide is
indeed expected. This absorptive character of the polarization is
a consequence of the initial energy exchange of the triplet state
of the sensitizer by triplet oxygen to form 1O2 (eqn (2)), which
then polarizes the radical 2R (eqn (3)):

3PS* + 3O2 /
1PS + 1O2 (2)

1O2 +
2R / 3O2 +

2R*[ (3)

where 2R*[ refers to the radical in which reinforced absorptive
spin polarization is generated. This mechanism is the equiva-
lent of the doublet-precursor RTP (D-RTP) theory,45 the only
difference being that now the nitroxide interacts with a singlet,
rather than a triplet state. Very importantly, the magnitude of
this net absorptive spin polarization is extraordinarily large even
for traces of singlet oxygen.46

All clusters were prepared and characterized by mass spec-
trometry, NMR spectroscopy, and UV-vis spectroscopy as
described previously.39,48–50 Special attention was paid to
controlling properly the charge state.51,52 TREPR experiments
were carried out in toluene at 240 K, and refer to 1 mM clusters
and 0.5 mM 2,2,6,6-tetramethyl-4-oxo-1-piperidinyloxy (TEM-
PONE), unless otherwise stated. In TREPR, a laser pulse (we
used 4 ns at 532 nm) triggers the aforementioned photochem-
ical reaction/s and eventually generates the polarized para-
magnetic species (2R*[ or 2R*Y). The ensuing EPR transient is
recorded at a given value of the magnetic eld (B). This proce-
dure is applied by scanning B until the entire eld range is
covered. The sequence is then repeated many times, and the
corresponding series of transients are averaged. The resulting
TREPR spectrum is usually displayed in a 3D form (Fig. 2),
where the TREPR intensity is plotted as a function of B and time
(t). No eld modulation is applied and thus the observed signals
do not exhibit the derivative shape typical of the corresponding
CWEPR spectra (Fig. 3c and d).

Fig. 2a shows the spectrum obtained using Au25(SC3)18
� as

the photosensitizer under aerobic conditions. The TREPR
spectrum of TEMPONE consists of three signals of equal
intensity that decay in a few ms. The polarized TREPR signals
show the net absorptive character expected when the overall
photosensitization process (excitation, ISC, and energy transfer)
is efficient and followed by step (3). In the control experiment
carried out in the absence of oxygen, only emissive polarization
is observed (Fig. 2b). According to the Q-RTP mechanism, the
emissive polarized transient spectra are consistent with the
direct interaction of the nitroxide with the triplet state of
Au25(SR)18

�. The extent of emissive polarization strongly
depends on the quantum yield of the latter and the actual
lifetime of the cluster triplet state. In this connection, the
This journal is © The Royal Society of Chemistry 2020
different time scales of the transients in the two plots of Fig. 2
are worth noticing. These results already allow us to draw a very
important conclusion. So far, photoexcitation of clusters has
been generically described as generating excited states, as no
conclusive evidence about the formation of an excited triplet
state could be gathered. In the rst report on singlet oxygen
generation by photoexcited Au clusters, the term triplet state
was used for the very same reason that the photoexcited cluster
was generating 1O2.19 On the other hand, singlet oxygen may
form in several different ways.53 In the present context, the
TREPR results observed under anaerobic conditions denitely
refer to the corresponding anaerobic (c) and aerobic conditions (d).

Chem. Sci., 2020, 11, 3427–3440 | 3429
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prove that, indeed, photoexcitation of Au25(SR)18
� eventually

leads to an excited triplet state.46
Analysis of the 1O2 lifetime and validation of the TREPR
method

The decay kinetics depends on several parameters. In a dea-
erated solution, the decay of the emission-polarized signals
(Fig. 2b) is determined by the lifetime of the cluster triplet state
and the characteristic magnetic-relaxation times of the nitro-
xide, T1 and T2.54 T1, which is the spin-lattice longitudinal
relaxation time, can be determined independently, by pulsed
EPR inversion recovery experiments (Fig. 3, trace (a)), to be
499.1(0.6) ns. In the absence of the cluster, we obtained
a virtually identical value of 501.8(0.7) ns (r2 ¼ 1.000). T2 is the
transverse spin–spin relaxation time and could be estimated to
be 0.43(0.01) ms from the reciprocal of the full-width-at-half-
height of the integral of the CWEPR spectrum shown in
Fig. 3c, as illustrated in Fig. S1.† In deaerated solution, the
reciprocal of the TREPR decay rate-constant value obtained
from the emission data (Fig. S2†) is 0.45(0.01) ms (r2 ¼ 0.983),
and therefore, is comparable to the relaxation parameters of
TEMPONE. These results point to the TEMPONE spin relaxation
as a particularly relevant factor determining the TREPR decay
kinetics and thus imply that the lifetime of the cluster triplet
state should be shorter than �0.3 ms.

In the presence of air, the CWEPR spectrum of TEMPONE
shows broader peaks (Fig. 3d). The T1 measured by pulsed EPR
inversion recovery experiments in the presence of Au25(SC3)18

�

(Fig. 3b) is now only 64(0.2) ns (r2 ¼ 1.000), that is, about one
order of magnitude shorter than the T1 determined under
anaerobic conditions. Similarly, T2 decreases from 0.43 to 0.04
ms. These effects are caused by the known interaction of TEM-
PONE with triplet oxygen.55 Under aerobic conditions, the decay
of the TREPR signals also depends on the singlet-oxygen
Fig. 4 TREPR transient observed for 0.5 mM TEMPONE and 1 mM
Au25(SC3)18

� in toluene under aerobic conditions (black) at 240 K. The
red curve is the exponential fit to the data. The inset provides a sche-
matic representation of the TREPR detection of 1O2 generation
through photoexcitation of the cluster.

3430 | Chem. Sci., 2020, 11, 3427–3440
lifetime. A scheme of the general process is provided in the inset
of Fig. 4. The average of the TREPR transients (Fig. 4) can be t
to a single exponential (r2 ¼ 0.969) yielding an observed decay
rate constant (kD) of 3.02 � 105 s�1, which corresponds to
a lifetime (sD) of 3.31(0.05) ms. sD is thus nearly two orders of
magnitude longer than the corresponding T1 value, and this
indicates that now the observed decay of spin polarization is
only controlled by the 1O2 lifetime. In other words, while the
polarized signals decay on the T1 time scale, there is still some
singlet oxygen in solution that continuously contributes to
generating further polarization in the TEMPONE molecules.
Under these conditions, the decay of the TREPR signal lifetime
can thus be used to calculate the singlet-oxygen lifetime.

Under any given experimental conditions, the observed 1O2

lifetime is determined by the species present in solution.10 In
the absence of solutes other than oxygen, on the other hand, the
intrinsic 1O2 decay pseudo-rst order rate constant (kSD) only
depends on the solvent (S) through two terms (eqn (4)):

kSD ¼ knr[S] + kr[S] (4)

where knr and kr refer to the nonradiative and radiative compo-
nents, respectively.10,56 From available data obtained in toluene as
a function of temperature, we calculate the intrinsic lifetime of
1O2 (s

S
D) at 240 K to be 31.7 57 and 34.6 ms.56 These lifetimes are

signicantly longer than the lifetime of 3.31 ms obtained with the
TEMPONE/Au25(SC3)18

� system, and therefore, show that in our
experimental conditions signicant quenching of singlet oxygen
must take place. Comparison of sDwith sSD (hereaer, we will refer
to the most recent determination, 34.6 ms)56 yields a relative sD
decrease of 100(sSD � sD)/s

S
D ¼ 90.4%.

Besides the solvent, there are two possible candidates as
quenchers: TEMPONE and the cluster itself. To address this
issue, we carried out further experiments. The majority of
photosensitizers currently employed in photodynamic therapy
are cyclic tetrapyrrolic structures, such as porphyrin deriva-
tives.58 It is thus instructive to compare the polarized signals
observed for Au25(SC3)18

� with those obtained for tetraphe-
nylporphyrin (TPP), which is a well-known reference photo-
sensitizer, yet showing some quenching of 1O2.59 TPP was used
at the same concentration of the cluster (1 mM) and qualita-
tively gave the same TREPR spectrum, but for the two differ-
ences that the signal intensity at its maximum is�3 times larger
than for Au25(SC3)18

� and, particularly important, the decay is
much slower (Fig. 5). It should be noted that for t < 0.5 ms the
presence of a negative spike indicates that a (small) fraction of
the TPP molecules in their triplet excited state (for TPP, the
fraction of singlet excited state species that undergo radiation-
less decay to form the triplet excited state is FT ¼ 0.71;60 in the
presence of oxygen, this value is expected to increase slightly)61

react with TEMPONE according to Q-RTP theory (eqn (1)). The
fact that the TREPR intensity maximum is attained at 1.5–2 ms
indicates that the majority of the TPP triplet reacts with 3O2

within less than 1 ms. This is in keeping with a lifetime of 196 ns
measured for the TPP triplet state in aerated toluene at room
temperature.62
This journal is © The Royal Society of Chemistry 2020
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Fig. 5 TREPR transients observed under aerobic conditions for
samples of 1 mM TPP and 0.5 (black) or 0.1 mM (blue) TEMPONE in
toluene at 240 K. The corresponding exponential fits to the data are in
red.
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The best t of the decay data obtained for t > 3 ms gives kD ¼
3.54 � 104 s�1 (r2 ¼ 0.999), corresponding to a lifetime sD of
28.2(0.1) ms. This shows that TPP is, as expected, a very good
photosensitizer. Comparison of this sD value with sSD, however,
evidences a relative s decrease of 18.5%. To obtain information
on a possible effect of TEMPONE as a quencher, we carried out
further TPP photosensitization experiments in which the
TEMPONE concentration was varied, as exemplied by the two
traces in Fig. 5. We obtained: [TEMPONE] ¼ 0.2 mM, kD ¼ 3.36
� 104 s�1, and sD ¼ 29.8(0.4) ms; ([TEMPONE] ¼ 0.1 mM, kD ¼
3.66� 104 s�1, and sD ¼ 27.4(0.6) ms). The very similar sD values,
therefore, show that under our experimental conditions the
TEMPONE concentration does not affect the observed 1O2 life-
time. Besides conrming that indeed TPP acts as a quencher,
these results also indicate that despite the intense TREPR
signals, TEMPONE polarization must involve a very small
amount of 1O2 present in solution. These tests validated the
TREPR methodology and indicated that 0.5 mM TEMPONE
could be consistently used with no detectable effect on the 1O2

lifetime. The experiments described below were carried out
under these conditions.
Tuning the photosensitizing properties of Au25 nanoclusters

The TREPR data conrm that Au25(SR)18
� can be used as

a photosensitizer.19 They also show that the 1O2 lifetime
measured in the presence of Au25(SC3)18

� is much shorter than
sSD. The cluster is, therefore, not only a good sensitizer but also
a good quencher, as observed for many sensitizers.10 We will
now specically focus on this aspect. The decay of singlet
oxygen can proceed by physical quenching, leading to deacti-
vation of 1O2, and chemical reactions, in which 1O2 irreversibly
reacts with some other species in solution.10 In the presence of
a generic molecule (M) capable of quenching or chemically
reacting with 1O2, eqn (4) must include further terms (eqn
(5)):10,56
This journal is © The Royal Society of Chemistry 2020
kD ¼ knr[S] + kr[S] + kq[M] + kcr[M] (5)

where kq and kcr are the second-order rate constants referring
to the quenching and chemical reaction components,
respectively. The gold nanoclusters do not react chemically
with 1O2. Although Au25(SR)18

� may react with 1O2 by electron
transfer (ET), the effect of this reaction is detected only on
a much longer time scale. For example, we found that ashing
a Au25(SC4)18

� sample (by using the same pulse sequence as in
the TREPR experiments) in the presence of oxygen for 2 h
transforms 8.8% of the anion into the corresponding neutral
cluster (Fig. S3†). We can now thus focus only on the physical
quenching paths, which consist of the rst three terms in eqn
(5). Physical quenching is the consequence of interactions
with the solvent (terms knr and kr) and solute/s (term kq). For
many solvents, including toluene, knr is dominant over kr.10 As
to knr, solvent molecules deactivate singlet oxygen by
electronic-vibrational energy transfer and by perturbing
singlet oxygen with the result of facilitating its transition to
3O2.12,56 An effective physical quenching route is also attrib-
uted to the formation of a charge-transfer (CT) complex
between singlet oxygen and the photosensitizer.10,63,64 The
resulting exciplex is a bimolecular excited state that can be
described as a resonance of the excited and full ET states. The
exciplex thus involves a partial (d) CT10 and its formation
favors ISC64–67 by providing a spin–orbit coupling contribution
that helps overcoming the spin constrain associated with the
1O2 / 3O2 transition.68 Exciplex formation is especially
favored when the photosensitizer is a good electron-donating
compound.10 This is a condition that applies particularly well
to Au25(SR)18

� clusters, whose formal potential (E�) values
(Au25(SR)18

0/Au25(SR)18
� redox couple) are, compared with

usual photosensitizers,10 exceptionally low. In dichloro-
methane (DCM) containing 0.1 M tetrabutylammonium hex-
auorophosphate (TBAH), which is the solvent/electrolyte
system generally used to study and compare the electro-
chemical behavior of metal nanoclusters,34 the E� of, e.g., the
Au25(SC3)18

0/Au25(SC3)18
� redox couple is �0.171 V (298 K,

potentials versus the saturated calomel electrode, SCE),49

whereas that of O2/O2
�c is �0.85 V (this work).

The easiest way to tune the properties of Au25 is to change the
capping ligands. While this change does not affect the structure
and the absorption spectrum,18,69 other properties, especially
the electrochemical potentials,34,70 may change appreciably.
Finally, the ligands provide a nanoenvironment surrounding
the cluster core that determines the effective dielectric
constant70 and porosity of the capping monolayer,69 and these
factors may exert an inuence on the quenching mechanisms of
the excited states and ultimately the effective singlet-oxygen
lifetime. To gain insights into this aspect, we compared the
outcome of TREPR measurements carried out on Au25 clusters
capped by SC3, SC4, and SC2Ph thiolates. The ligand choice was
primarily dictated by their ability to change the E� of the
Au25(SR)18

0/Au25(SR)18
� redox couples quite signicantly.70,71

Au25(SC4)18
� and Au25(SC2Ph)18

� display TREPR surfaces
similar to that of Au25(SC3)18

�. Fig. 6 compares the reinforced
absorptive-polarized transient signals observed upon 1O2
Chem. Sci., 2020, 11, 3427–3440 | 3431
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Fig. 6 TREPR (normalized) transients and corresponding exponential
fits to the data for air-saturated toluene solutions of 0.5mM TEMPONE
and 1 mM Au25(SC4)18

� (red), Au25(SC3)18
� (black), and Au25(SC2Ph)18

�

(blue). Temperature ¼ 240 K.

Fig. 7 Comparison of the TREPR transients and corresponding
exponential fit to the data for air-saturated toluene solutions of
0.5 mM TEMPONE and 1 mM Au24Hg(SC4)18

0 (black), Au24Cd(SC4)18
0
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photosensitization by Au25(SC4)18
�, Au25(SC3)18

�, and Au25(-
SC2Ph)18

� (red, black, and blue traces, respectively). The growth
of the polarized signals occurs within 1 ms (that is, a bit faster
than for TPP) and the maximum signal intensities are very
similar, pointing to similar photosensitization efficiency (in
Fig. 6 the intensities are normalized for the sake of better
comparison of the transients).

Monoexponential t to the decay data reveals small, yet
clearly detectable differences in the value of kD, which increases
in the order Au25(SC2Ph)18

� (2.17 � 105 s�1, r2 ¼ 0.990) <
Au25(SC3)18

� (3.02 � 105 s�1, r2 ¼ 0.974) < Au25(SC4)18
� (3.69 �

105 s�1, r2 ¼ 0.986); the corresponding lifetimes sD are
4.61(0.05), 3.31(0.05), and 2.71(0.04) ms, respectively. This order
indeed matches that of the decreasing E� of the anionic clusters
(DCM/0.1 M TBAH, 298 K, E vs. SCE), which are �0.077, �0.171,
and �0.188 V, respectively.70,71 These data point to the ease of
oxidation (lower E� value) as an important factor enhancing the
cluster quenching ability and are thus in keeping with the effect
noted for other sensitizer families.10

Overall, these results evidence a detectable effect of the
cluster oxidation potential on the singlet-oxygen decay kinetics
and thus conrm an active role of the cluster also as a quencher.
With alkanethiolate ligands, however, the potentials cannot be
changed substantially.34,70 A more substantial way to modify the
physicochemical properties of gold nanoclusters is by doping
their core with other metals. We thus focused on modifying
Au25(SC4)18

� to prepare the corresponding Au24M(SC4)18
0

clusters, with M ¼ Hg, Cd. For these metals, monodoping is
conveniently accomplished by carrying out the metal exchange
on a preformed Au25(SR)18

� cluster by using a salt or thiolate of
the exogenous metal.39,72–74 We focused on these two metals
because they both dope the cluster on one of the icosahedron
positions, as we could demonstrate very recently.39 While in
their neutral state, the resulting Au24M(SC4)18

0 clusters are
diamagnetic and thus match the same magnetic state of anion
Au25(SC4)18

�.
3432 | Chem. Sci., 2020, 11, 3427–3440
Monodoping affects the HOMO–LUMO gap. The values that
can be estimated from the electrochemical peaks are:39,70 Au,
1.30 eV; Hg, 1.28 eV; Cd, 1.41 eV. Similar differences are found
for the optical bandgaps.39,75 These differences are indeed
noteworthy because, for example, a progressive change in the
number of carbon atoms from 2 to 12 in Au25(SCn)18 does not
affect the HOMO–LUMO gap, which remains constant at
1.30 eV.70 Besides these differences, Hg and Cd doping affects
the electrochemical potentials very signicantly. In particular,
the rst oxidation of the Au24M(SC4)18 clusters occurs (E�

values) at �0.188 (Au), +0.364 (Hg), and +0.332 V (Cd).39 In
electrochemical terms, a positive shi of the rst oxidation step
by more than 0.5 V is indeed massive.

Hg doping induces remarkable changes in the TREPR tran-
sients (Fig. 7, black trace). First, in Au24Hg(SC4)18

0 the photo-
sensitization efficiency is about two thirds that of Au25(SC4)18

�

(red trace). This decrease may be caused by a shorter triplet
lifetime, a less efficient cluster-to-oxygen energy transfer to form
singlet oxygen, or a lower quantum yield for the formation of
the triplet. In this context, an important piece of information
is provided in a recent study by Zhou et al. about the
excited-state lifetime of similar (R ¼ C2Ph) clusters, as the
values determined for Au24Hg(SC2Ph)18

0 and Au25(SC2Ph)18
�

are 50 and 100 ns, respectively.75 The observed TREPR intensi-
ties are indeed in rather good agreement with this ratio, and
therefore, we may arguably conclude that the efficiency
of singlet-oxygen generation is mainly determined by the
cluster triplet lifetime. Regarding the hypothesis of a less effi-
cient cluster-to-oxygen energy transfer, we note that the
HOMO–LUMO gap of Au24Hg(SC4)18

0 (1.28 eV) is slightly
smaller than for Au25(SC2Ph)18

� (1.30 eV): the same should be
true also for the corresponding triplet states and this may affect
the cluster-oxygen energy transfer, although to a very small
extent. Finally, ISC in the cluster should occur on a low ns
timescale and very efficiently (FT ¼ 0.87), as evaluated by Wen
et al. for lms of BSA-protected Au25 clusters.76
(blue), and Au25(SC4)18
� (red). Temperature ¼ 240 K.

This journal is © The Royal Society of Chemistry 2020
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Themost important effect brought about by the introduction
of a single Hg atom, however, is to increase the singlet-oxygen
lifetime by more than one order of magnitude: 19.5(0.2) (kD ¼
5.13 � 104 s�1, r2 ¼ 0.990) vs. 2.71 ms (kD ¼ 3.69 � 105 s�1),
which indicates that the mechanism of 1O2 quenching is much
less efficient than for the corresponding Au25 cluster. Still,
compared with the reference sSD of 34.6 ms, the relative sD
decrease is quite signicant: 43.6%.

Tomake the cluster evenmore performing, the foreign-metal
atom should minimize quenching effects without losing the
photosensitization efficiency or possibly even increasing it with
respect to Au25. The doped cluster should, therefore, exhibit
electrochemical properties similar to those of Au24Hg(SC4)18

0,
a more signicant population of the photogenerated triplet
state, and ultimately, allow for a longer 1O2 lifetime. A cluster
that satises these requirements is Au24Cd(SC4)18

0, as it is
almost as resistant toward oxidation as Au24Hg(SC4)18

0 (0.332 V
vs. 0.364 V), its HOMO–LUMO gap is the largest of the three SC4
clusters, and according to Zhou et al.75 its excited-state lifetime
(in supposedly aerated solution) is 200 ns (R ¼ C2Ph), i.e., two
and four times longer than those of Au25(SC2Ph)18

� and
Fig. 8 Comparison between the DPV curves (oxidation region) of
Au25(SC4)18

�, Au25(SC3)18
�, Au25(SC2Ph)18

�, Au24Cd(SC4)18
0, Au24Hg(SC4)18

0,
Au24Cd(SC2Ph)18

0, and TPP. Glassy carbon electrode, DCM/0.1 M TBAH, and
25 �C.

This journal is © The Royal Society of Chemistry 2020
Au24Hg(SC2Ph)18
0, respectively. In this regard, it is worth

mentioning that TREPR (emission decay lifetime of 0.44(0.01)
ms, r2 ¼ 0.988) points to a higher limit of�0.3 ms for the lifetime
of the triplet of Au24Cd(SC4)18

0 under anaerobic conditions
(Fig. S4†), as already noted and discussed for Au25(SC3)18

�.
These general expectations of better performance are fully met:
use of the Cd-doped cluster yields a longer singlet-oxygen life-
time (kD ¼ 4.31 � 104 s�1, r2 ¼ 0.999, and sD ¼ 23.2(0.09) ms)
than Au24Hg(SC4)18

0, a smaller relative sD decrease (32.9%) and
a more signicant photosensitization efficiency (Fig. 7, blue
trace). In particular, the maximum intensity of the TREPR
signals is �1.5 times larger than that observed for Au25(SC4)18

�

and more than two times larger than that of Au24Hg(SC4)18
0.

The photosensitization efficiency of Au24Cd(SC4)18
0 is signi-

cant also in comparison with that of the TPP photosensitizer, as
the TREPR signal intensity of the former is �1/2 that of TPP.
The fact that the amount of triplet excited state obtained from
Au24Cd(SC4)18

0 is quite signicant is also supported by the
presence of the negative spike for t < 0.5 ms, which, as already
commented upon for TPP, is attributed to the Q-RTP compo-
nent (eqn (1)).

Finally, we tested the Cd-doped cluster that has an evenmore
positive oxidation potential, Au24Cd(SC2Ph)18

0, whose E� is
0.430 V (vs. 0.332 V for Au24Cd(SC4)18

0).39 The DPV curves
(oxidation region) of all clusters investigated and TPP are
gathered in Fig. 8. Also for this cluster we estimate (Fig. S5:†
TREPR emission decay lifetime of 0.44(0.01) ms, r2 ¼ 0.989)
a higher limit of �0.3 ms for its triplet lifetime under anaerobic
conditions. Indeed, the photosensitization outcome further
improves (Fig. 9, blue trace), as the observed singlet-oxygen
lifetime is even longer (kD ¼ 3.58 � 104 s�1, r2 ¼ 0.997, and sD
¼ 27.9(0.25) ms). In particular, this sD value and the relative sD
decrease, 19.3%, are virtually identical to those of TPP (Fig. 9,
black trace), 28.2(0.1) ms and 18.5%, though the latter is more
difficult to oxidize by as much as 0.563 V (Fig. 8). Besides the
redox potentials, a comparison between the aforementioned
estimated lifetime values (aerobic vs. anaerobic conditions)
Fig. 9 TREPR transients and corresponding exponential fit to the data
for air-saturated toluene solutions of 0.5 mM TEMPONE and 1 mM
Au24Cd(SC2Ph)18

0 (blue) and TPP (black). Temperature ¼ 240 K.

Chem. Sci., 2020, 11, 3427–3440 | 3433
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obtained for the Cd-doped clusters and TPP (whose triplet-state
lifetime in the absence of oxygen increases by orders of
magnitude)13,62 shows that despite the much shorter intrinsic
lifetime of their triplet state, the Cd-doped clusters are perfectly
ne to accomplish the 1O2 photosensitization job very
efficiently.
Chemical quenching

To compare further the performance of doped and undoped
clusters, we performed photosensitization experiments in the
presence of 9,10-diphenylanthracene (DPA), which reacts with
singlet oxygen to yield the endoperoxide 9,10-diphenyl-9,10-
epidioxyanthracene (DPA-O2) with rate constants on the order
of 106 M�1 s�1.77 Its formation can be conveniently monitored
through the decrease in the excitation and uorescence spectra
of DPA. Fig. 10 compares the uorescence spectra of DPA in air-
saturated toluene (at room temperature) containing the
photosensitizer Au24Cd(SC4)18

0 (panel a) or Au25(SC4)18
� (panel

b) before and aer 10 min pulsed irradiation (carried out as in
the TREPR experiments) with a 532 nm laser at 240 K (for
details, see the Experimental section).

For Au24Cd(SC4)18
0, the strong emission band of DPA at

�430 nm (excitation at 360 nm) is markedly quenched (by
56.9%), which conrms its particular efficiency as a photosensi-
tizer. Instead, when Au25(SC4)18

� is used as photosensitizer, only
13.6% quenching of the DPA emission is observed at �430 nm.
The different behavior of the two clusters is also
quantitatively detected in the excitation spectra obtained at
450 nm: Au24Cd(SC4)18

0 causes a strong decrease of the absorp-
tion band of DPA (56.9%), whereas the variation is much less
signicant for Au25(SC4)18

� (11.0%) (Fig. S6 and S7†). The
absorption spectra of the solutions of the two clusters, which only
show the optical features of the nanoclusters because their
concentration is 100 times larger than that of DPA (the molar
extinction coefficients of DPA,78 Au24Cd(SC4)18

0, and
Au25(SC4)18

� are 1.4 � 104 M�1 cm�1 (372.5 nm), 4.68 � 104
Fig. 10 Emission spectra (lexc ¼ 360 nm) of 1.3 � 10�3 mM DPA in
aerated toluene containing 0.13 mM (a) Au24Cd(SC4)18

0 or (b)
Au25(SC4)18

�. The spectra correspond to before (black) and after
10 min irradiation (red) at 532 nm at 240 K. The spectra were obtained
at room temperature.

3434 | Chem. Sci., 2020, 11, 3427–3440
M�1 cm �1 (398 nm) and 4.58 � 104 M�1 cm �1 (401 nm),
respectively), exhibit no differences before and aer laser irradi-
ation (Fig. S8 and S9†), thereby pointing to their photostability
(no change of the spectrum associated with cluster oxidation)
under the given experimental conditions. These results thus
show that Au24Cd(SC4)18

0 is a signicantly better photosensitizer
than Au25(SC4)18

�, in full agreement with the TREPR results.
Mechanism of physical quenching by Au25 nanoclusters

The sequence of the observed sD values is in very good agree-
ment with the cluster oxidation potentials (Fig. 11).

Due to the aforementioned considerations regarding kr and
kcr, eqn (5) can be simplied to eqn (6):

kD ¼ knr[S] + kq[M] (6)

kq can thus be obtained from the kD value determined experi-
mentally and the knr[S] term, which can be calculated from
literature data56 to be 2.89 � 104 s�1 at 240 K. According to the
CT–ISC mechanism, the quenching process involving 1O2 and
the molecular Au nanocluster (M) can be summarized by using
eqn (7)–(9):

1O2 þM ) *
kd

k�d

�
1O2;M

�
(7)

�
1O2;M

�
) *

kCT

k�CT

1
�
O2

d�;Mdþ
�

(8)

1
�
O2

d�;Mdþ
� ����!kISC 3�

O2
d�;Mdþ� ����!k�d 3O2 þM (9)

�
1O2;M

�
) *

kPET

k�PET

1
�
O2

��
;Mþ�

�
(10)
Fig. 11 Dependence of the 1O2 decay rate constant kD on the formal
potentials for the oxidation of the clusters. The dashed line shows the
linear fit to the data.

This journal is © The Royal Society of Chemistry 2020
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�
O2

��
;Mþ�

� ����!k�ET
�
3O2;M

� ����!k�d 3O2 þM (11)

�
O2

��
;Mþ�

� ����!k�d
O2

�� þMþ� (12)

where kd and k�d are the diffusion rate constants for the
formation and dissociation of the caged species, kCT and k�CT

are the forward and backward rate constants of the transfer of
a partial charge d between the caged 1O2 and M species, and kISC
is the rate constant for ISC in the exciplex. Reactions 10–12 can
be competitive to the sequence 8–9 in quenching 1O2: whereas
kPET and k�PET are the forward and backward rate constants for
the oxidation of the cluster by 1O2 (that is, the possibility of re-
crossing to the excited donor surface is included), k�ET is the
backward rate constant for the ET between M and 3O2 (that is,
charge recombination). It should be noted that eqn (7)–(12) are
generically written for two neutral species. Whereas this is valid
for the doped clusters, for Au25(SR)18

� the negative charge of the
cluster must be taken into account in eqn (7)–(12). The fact that
the cluster may carry a charge does not prevent the formation of
the exciplex, as shown very recently for a cationic excited state
acceptor.79 Charge-transfer activation of oxygen by both anionic
and neutral gold nanoclusters has been described.80,81 Very
recent mass spectrometry results would indeed point to an
effective interaction of oxygen and Au25(SC2Ph)18

�, at least in
DCM.82

Charge-transfer induced quenching. We rst focus on the
quenching sequence 7–9 (the competition by the ET path, eqn
(7) and (10)–(12), will be discussed later). Applying the steady-
state approximation to the encounter complex and the singlet
exciplex leads to the following expression (eqn (13)) for the kq
term in eqn (5):

kq ¼ kd

1þ k�d

kCT
þ k�d

kISC
exp

 
DG

�
CT

RT

! (13)

We start by considering Au25(SC4)18
�, which exhibits a less

positive oxidation potential and the fastest quenching rate, and
then we will discuss the differences caused by making the
cluster oxidation more difficult. For this cluster, kD ¼ 3.69� 105

s�1. The term kq[M] can be obtained from eqn (6) by subtracting
the rate constant for the intrinsic 1O2 lifetime (sSD ¼ 34.6 ms and
kSD ¼ knr[S] ¼ 2.89 � 104 s�1). Hence, a value of kq ¼ 3.40 � 108

M�1 s�1 is calculated using [M] ¼ 1 mM.
The diffusion rate constants kd and k�d are estimated to be

1.9 � 1010 M�1 s�1 and 2 � 1010 s�1, respectively (see the ESI†).
The equilibrium constant KCT, and thus DG

�
CT, is unknown.

However, DG
�
CT, which refers to the transfer of the charge frac-

tion d, is conceivably related to DG
�
ET,

10 which is the free energy
for full ET between the cluster and singlet oxygen (eqn (10)). kCT
may be similarly estimated (eqn (14)) using a Marcus expression
for the activation free energy DGs

CT (eqn (15)).

kCT ¼ Z exp[�DGs
CT/RT] (14)
This journal is © The Royal Society of Chemistry 2020
DGs
CT ¼ DGs

0 ;CT

�
1þ

�
DG

�
CT

.
4DGs

0;CT

��2
(15)

The process is considered adiabatic and thus occurring at
the contact distance between singlet oxygen and the cluster, as
supported by recent results.80–82 The frequency factor Z is esti-
mated (see the ESI†) by taking into account the role of solvent
friction in determining the rate of crossing the barrier.83

DGs
0,CT is the intrinsic barrier, that is, the value of DGs

CT at zero
driving force. In analogy to the ET intrinsic barrier
(DGs

0,ET), DG
s
0,CT can be seen as composed of a solvent reorga-

nization term, DGs
0,s,CT, and an inner component,

DGs
0,i,CT, which describes the molecular deformation of bond

lengths and angles of the reacting system. For a full ET,84,85

DGs
0,ET can be calculated from the homogeneous self-exchange

(DGs
0,ET)hom,ex values of the two redox couples (here, M+c/M

and 1O2/O2
�c) (eqn (16)):

DGs
0;ET ¼

��
DGs

0;ET

�
hom;ex;Mþ�

=M
þ
�
DGs

0;ET

�
hom;ex;O2=O2

��

�	
2

(16)

The values of the two (DGs
0,ET)hom,ex terms can be obtained

from the corresponding heterogeneous intrinsic barriers
through eqn (17):86

(DGs
0 )hom,ex ¼ 2(DGs

0 )het � (DGs
0,s)hom,ex (17)

where (DGs
0,s)hom,ex is the homogeneous solvent reorganization

term. For the cluster, we use the electrochemical (DGs
0,ET)het ¼

0.222 eV, which was previously obtained in DCM/0.1 M TBAH, at
298 K from the standard heterogeneous rate constant.69 For 1O2/
O2

�c and assuming that the intrinsic barriers of 1O2/O2
�c and

3O2/O2
�c are the same, we obtain (DGs

0,ET)het ¼ 0.408 eV by
cyclic-voltammetry analysis of the oxygen reduction peak (see
the Experimental section). To estimate these parameters for
toluene at 240 K and then calculate the other terms of eqn (17),
we followed a procedure described in the ESI.† For the 1O2/
Au25(SC4)18

� system, the use of eqn (16) yields DGs
0,ET ¼ 0.23 eV.

It is worth mentioning that for DCM at 298 K, DGs
0,ET is much

larger, 0.40 eV: this is a consequence of the fact that the very low
polarity of toluene makes the solvent reorganization term very
small, with the result that the already signicant inner reorga-
nization of Au25 clusters69–71,87 and possibly oxygen88 becomes
largely dominant (85%). For this reason, we can neglect that for
(DGs

0,ET)het (and thus (DGs
0 )hom,ex) the radii employed in the

solvent reorganization calculations are correct, whereas
(DGs

0 )ET might be slightly affected by the penetration of 1O2

inside the monolayer, as the effective cluster radius should be
a bit smaller. A posteriori, we checked that this assumption is
indeed valid for the CT–ISC mechanism even if one uses for the
cluster just the crystallographic radius of the gold core (4.9 Å).70

Both kCT and KCT require calculating DG
�
ET and how to relate

it to DG
�
CT. Additionally, kCT requires converting DGs

0,ET into
DGs

0,CT. For
1O2 quenching, DG

�
CT is usually taken as a fraction f

of DG
�
ET to account for the partial character d of ET in the
Chem. Sci., 2020, 11, 3427–3440 | 3435
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formation of the exciplex.10 DG
�
ET can be estimated, according to

Rehm and Weller,89,90 with eqn (18). Because the process here
considered involves a neutral and a charged species, 1O2/
Au25(SC4)18

�, the coulombic term associated with the forma-
tion of charges is zero. To avoid confusion, the actual charge of
the Au25 cluster is made explicit.

DG
�
ET ¼ nFE��M�

=M��� nFE��O2



O2

���� Eexc (18)

where n is the number of exchanged electrons (for a full ET, n ¼
1), F is the Faraday constant, E�(Mc/M�) and E�(O2/O2

�c) are the
formal potentials of the Mc/M� and oxygen/superoxide redox
couples, respectively, and Eexc ¼ 94 kJ mol�1 is the 3Sg

� to 1Dg

excitation energy. Eqn (18) (also in its form including the
coulombic term) provides a reasonable estimate of DG

�
ET, and

therefore, E�(1O2/O2
�c) will be taken as E�(O2/O2

�c) � Eexc/F ¼
�0.850 + 0.974 ¼ 0.124 V (for details, see the ESI†).

As to the fraction f of DG
�
ET, it has been proposed that d� f1/2,

as inferred from experimental trends involving neutral
donors.10 Because of the charge here involved, however, we will
use a linear dependence (eqn (19)) in which d simply replaces n
¼ 1 in eqn (18). Hence:

DG
�
CT ¼ dF

h
E��M�

=M��� E��1O2



O2

���i (19)

Regarding the conversion of DGs
0,ET into DGs

0,CT, we consider
that DGs

0,s,CT should also depend on the square of d, whereas
DGs

0,i,CT has been previously considered as, possibly, indepen-
dent of it, although differences were noted between different
classes of compounds.91 The actual dependence of DGs

0,CT on
d is indeed unclear, especially in solvents of a very low dielectric
constant and/or when DGs

0,i,CT is dominant, as noted above for
Au25 clusters.69–71,87 Here, to balance contributions, we will
consider a simple linear dependence, DGs

0,CT � dDGs
0,ET.

kCT can now be obtained from the appropriate pre-
exponential factor (eqn (14) and S1,† with Z ¼ 4.6 � 1010 s�1),
provided that a reasonable d value is used in eqn (19). As d is
unknown, we will follow an approach similar to that used for
other series of photosensitizers.10,66,67 In ETs, the transfer coef-
cient a is introduced to describe how the activation free energy
responds to changes in the reaction driving force, that is,
a ¼ dDGs

ET=dDG
�
ET ¼ �RTd ln kET=dDG

�
ET. Because of the

quadratic expression relating DGs
ET to DG

�
ET, a is expected to be

0.5 at zero driving force.85 We will focus on the three Au25
clusters, which are self-consistent in terms of cluster charge.
The corresponding driving forces for ET (eqn (18)) range from
�0.312 (SC4) to �0.201 (SC2Ph) eV, that is, these processes are
exergonic, yet not too far from DG

�
ET ¼ 0. The corresponding

log kq vs. DG
�
ET plot provides a slope corresponding to a very

small a value of 0.10. Adjusting d in eqn (19) shows that a � 0.5
is obtained when d ¼ 0.2. This gure corresponds to DG

�
CT

values ranging from�0.06 to�0.04 eV. This value of d is indeed
quite similar to those previously proposed for 1O2 quenching by
other photosensitizers.10,66,67 We also should note that d is ex-
pected to decrease for more positive reaction free energies.79

Using d ¼ 0.2, the remaining quantities in eqn (13) are dened.
Hence, an experimental rate constant (SC4) of kq ¼ 3.40 � 108
3436 | Chem. Sci., 2020, 11, 3427–3440
M�1 s�1 corresponds to DG
�
CT ¼ �0:062 eV, kCT ¼ 1.8 � 1010

s�1, and kISC ¼ 1.8� 107 s�1. For common photosensitizers, ISC
is a fast process, with rate constant values estimated to be�1010

s�1.66 Despite the several inputs and assumptions and the
resulting comparatively small kISC value, this kinetic analysis
would suggest that the same CT–ISC mechanism proposed for
1O2 quenching by other photosensitizers is plausible. Different
assumptions on the preexponential factor Z do not affect the
value of kISC, as already observed.66

Electron-transfer induced quenching. On the other hand,
Au25 clusters provide unusually92 negative free energies for ET.
This new situation may indeed make the reactions (10)–(12)
competitive to reactions (8) and (9). As a matter of fact, we
already noted that some oxidation of the Au25(SC4)18

� cluster
takes place, which points to the occurrence of reaction (12).
Although mechanistically useful, however, this reaction only
occurs on a long time scale, and therefore, is not kinetically
relevant in consuming the charge-separated pair formed in
reaction (10). The quantities already estimated allow us to
estimate the likeliness of this competition/alternative path.
Thus, assuming that only the ET (indicated as photoinduced
ET, PET, to distinguish it from the ET in eqn (11)) mechanism
(eqn (7), (10) and (11)) is responsible for 1O2 quenching, the
following expression (eqn (20)) for kq ensues:

kq ¼ kd

1þ k�d

kPET
þ k�d

k�ET
exp

 
DG

�
PET

RT

! (20)

where the steady-state approximation has been applied to the
encounter complex and the charge-separated pair. The resulting
relevant rate constants are kPET¼ 3.9� 108 s�1 and k�ET¼ 2.0�
1010 s�1. Both ETs can be considered as irreversible because the
corresponding k�PET and kET are 1.1 � 102 and 2.5 � 10�4 s�1,
respectively, and thus escape from the cage is much faster. In
other words, the third term in the denominator of eqn (20) is
orders of magnitude smaller than the rst two terms (1 and
51.3, respectively). The process described in eqn (11) is thus
essentially rate limited by kPET and corresponds to an ET-
induced ISC. Because of the many assumptions involved, all
these rate-constant values should be considered only as esti-
mates. Nonetheless, we note that the resulting kq of 3.6 � 108

s�1 is in full agreement with the actual kq (assuming that only
eqn (7) and (10) are kinetically relevant), and this points to the
full ET–ISC sequence as the most probable mechanism,
although some contribution from the CT–ISC mechanism
cannot be excluded. Different assumptions on the pre-
exponential factor, making it larger, would make kPET exceed-
ingly large. If one now considers Au25(SC2Ph)18

�, which of the
three Au25 clusters is the one exhibiting the most positive
oxidation potential, the picture does not change much and
similar conclusions can be reached.

It is worth making a comment about the spin constrains. For
this ET pathway, the singlet-triplet spin transition rate might
affect the overall back ET rate in eqn (11). Indeed, spin-
forbidden transitions can be orders of magnitude slower than
the corresponding allowed transition.93 Both caged species
This journal is © The Royal Society of Chemistry 2020
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formed in eqn (10) are radicals and the exchange interaction
between them gives rise to nondegenerate singlet and triplet
states (spin-correlated radical pair). In the present case, the
singlet state has a higher energy and, as the precursor is
a singlet (1O2), it is initially more populated. Therefore, the back
ET rate constant should be considered as an upper limit.
However, the rate is still large enough to make 3O2 formation
a very rapid step.

Quenching by the doped clusters. Regarding the doped
clusters, the DG

�
ET in eqn (18) (with E�(M+c/M) in place of E�(Mc/

M�)) requires adding the coulombic term, as now two opposite
charges form. This correction can be performed for CT
according to Rhem–Weller,89,90 who considered this term as
negative (stabilization of the opposite charges) (eqn (21)):

DG
�
CT ¼ dF

h
E��Mþ�

=M
�� E�

�
1O2



O2

��
�i

þ ðþdÞð�dÞe2
4p3s30a (21)

where e is the charge of the electron and a is the distance
between the two species (usually taken as the sum of the two
radii, assuming that the species as spherical). The larger the
d and the smaller the 3s, the larger the negative contribution to
DG

�
CT. For photoinduced ETs, coulombic stabilization has been

shown to be especially important for dielectric constants
smaller than 13.94

It is useful to compare TPP and Au24Cd(SC2Ph)18
0, which

exhibit very similar kq values of 6.5� 106 and 6.9� 106 M�1 s�1,
respectively. For TPP, the decrease of DG

�
CT caused by the

coulombic term depends on the value of d: for example, it is
0.032 and 0.008 eV for d ¼ 0.2 and 0.1, respectively. In the
absence of further information, however, we will keep using d¼
0.2. The CT–ISC path can reproduce the experimental kq value
when kISC is set to 2.4 � 1010 s�1, which is indeed a reasonable
value for a molecular system such as TPP.66 For the sake of
argument, the use of a very small d value of 0.1 would lower kISC
to 7.5 � 108 s�1. Regardless, there is no competition from the
ET path (eqn (10) and (11)), as kPET drops by several orders of
magnitude.

For Au24Cd(SC2Ph)18
0, the situation is more intriguing.

Reproducing the observed kq value, requires kISC ¼ 3.7 � 107

s�1, which, if one considers the error introduced by the various
approximations, is probably the same as that calculated for
Au25(SC4)18

�. On the other hand, the independently estimated
kPET, 3.2 � 106 s�1, leads (eqn (20)) to kq ¼ 5.3 � 106 M�1 s�1,
which is also comparable to the experimental value of 6.9 � 106

M�1 s�1. We are thus facing the same mechanistic competition
addressed for the undoped Au25 clusters.
Conclusions

Diamagnetic Au24M(SR)18 clusters are shown to be effective
singlet-oxygen photosensitizers. As to their efficiency as singlet-
oxygen quenchers, we show that it can be modulated quite
precisely by changing the ligands and/or one of the Au atoms.
The use of very sensitive TREPR spectroscopy allowed us to
determine 1O2 lifetimes ranging from 2.71 to 27.9 ms. The latter,
This journal is © The Royal Society of Chemistry 2020
which was measured for Au24Cd(SC2Ph)18
0, is virtually the same

as that of TPP, a well-known reference photosensitizer.
Analysis of the results leads to three main conclusions.
(1) We have described the rst kinetic analysis of the

quenching mechanism/s by gold nanoclusters. The Au25

clusters have unusually low E� values, yielding almost
unprecedented92 negative DG

�
ET values. 1O2 quenching

involves both CT–ISC and ET–ISC mechanisms, although the
latter appears to be the most probable: indeed, for the ET–ISC
mechanism the kq value is fully calculated according to eqn
(20), whereas for the CT–ISC mechanism the kISC is adjusted to
reproduce the experimental kq value via eqn (13). Therefore,
the actual kISC might be even smaller. This is also supported by
the fact that 1O2 quenching by the corresponding Au24M
doped clusters also appears to be possible through both
mechanisms. The ET–ISC mechanism is made possible
because the substantially more positive E� values of these
doped clusters are largely compensated by the coulombic term
(eqn (21)). This would imply that the use of a more polar
solvent, which decreases the value of the coulombic term89,90

and may even revert its sign,94 would remove the feasibility of
the ET–ISC mechanism, leaving CT–ISC as the only plausible
quenching mechanism.

(2) Despite the possibility of quenching 1O2 through two
mechanisms, we have detected the striking effect that the kISC
values estimated for the nanoclusters are consistently smaller
than those estimated for other molecular systems (and here
shown for TPP) by no less than two orders of magnitude. This
observation is obviously benecial in terms of using this
family of nanoclusters as 1O2 photosensitizers with minimum
1O2 quenching efficacy and makes these materials extremely
promising for practical applications. Indeed, this large
difference in kISC values points to something special in the
interaction between nanoclusters and 1O2. Minaev concluded
that, to achieve an efficient intersystem crossing enhance-
ment, there should be a non-linear encounter geometry
between 1O2 and the quencher molecular axes.68,93 This
condition is typically fullled for common molecules, as
quenching can be treated as a series of random encounters.
Instead, ligand-protected gold nanoclusters are composed of
a hard core and a dynamic capping layer,69 which is a feature
not present in regular molecules. When inside the monolayer,
interactions of 1O2 with the ligands may give rise to
orientation-specic interactions with the Au orbitals. In this
framework, our results would suggest that an approximately
axial collision takes place, as this orientation, according to
Minaev, does not lead to strong ISC. More generally, it is
conceivable that the limited orientations imposed by the
capping monolayer can make ISC substantially less favored
than in common molecular systems, where all relative orien-
tation geometries and, therefore, ISC contributions are
possible.

(3) The sequence of the observed sD values illustrated in
Fig. 11 demonstrates that the efficiency of Au24M(SR)18 clusters
as a singlet oxygen quencher is a function of their E� value. We
thus expect that a more positive E� would allow us to obtain
even better results and possibly reach the physiological limit of
Chem. Sci., 2020, 11, 3427–3440 | 3437
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sSD ¼ 34.6 ms, i.e., no physical quenching by the cluster.
According to Fig. 11, whose linear t has a good r2 value of
0.990, the “ideal” cluster should have an oxidation potential at
least more positive than�0.5 V vs. SCE in DCM/0.1 M TBAH.We
believe that this target is indeed reachable through proper
selection of the ligands to cap a cluster of the Au24Cd(SR)18

0

family, which also appears to have the longest triplet lifetime.
These results, methodologies, insights, and conclusions are

expected to provide further ideas and incentive for using
atomically precise gold nanoclusters as efficient photosensi-
tizers, which is a topic of current interest for both fundamental
and applied research.95,96
Experimental
TREPR

For the TREPR measurements, a pulsed laser beam from
a Nd:YAG laser (Quantel Brilliant, pulse length 5 ns, pulse
energy 5 mJ, and pulse repetition rate 20 Hz) was used for the
optical excitation of the samples at 532 nm. At this wavelength,
the absorption of all Au24M(SR)18 clusters is signicantly larger
than for nitroxides. The measurements were carried out by
using a Bruker ER200D (X-band) spectrometer with an extended
detection bandwidth (6 MHz), disabling the magnetic eld
modulation and working in a direct detection mode. The
temperature of the sample inside the EPR cylindrical cavity
(8 mm optical access) was controlled to 240 K by using a vari-
able-temperature nitrogen ow system. The time-dependent
EPR signals were digitized using a digital oscilloscope (LeCroy
Model LT344) with a maximum acquisition rate of 500
megasample/s synchronized with the laser pulse. The time
resolution of the instrument was �150 ns. Data collection was
performed with a personal computer and soware that allowed
controlling the magnetic eld and setting the digital oscillo-
scope. Typically, 300 transient signals were averaged under on-
resonance conditions and subtracted from those accumulated
off-resonance to eliminate the background signal induced by
the laser pulse. A complete two-dimensional data set that shows
the EPR signal as a function of both time and magnetic eld
consists typically of a set of transient signals, containing 500
points each, recorded at 128 different magnetic eld positions.
The 500� 128matrix gave a two-dimensional time/eld data set
from which the transient spectra were extracted.
Electrochemistry

The DPV and CV measurements were carried out in DCM/0.1 M
TBAH, under an Ar atmosphere, in a glass cell, at 25 �C. For DPV
we used a CHI 660c electrochemical workstation, whereas for
the electrode kinetics, CV experiments we used an EG&G-PARC
173/179 potentiostat-digital coulometer, an EG&G-PARC 175
universal programmer, and a Nicolet 3091 12-bit resolution
digital oscilloscope. The working electrode was a glassy carbon
microdisk (9.1 � 10�4 cm2), prepared and activated as already
described.97 The counter electrode was a Pt wire. A silver wire,
which was kept in a tube lled with the same electrolyte solu-
tion and separated from the main compartment by a Vycor frit,
3438 | Chem. Sci., 2020, 11, 3427–3440
served as a quasi-reference electrode. At the end of the experi-
ments, its potential was calibrated aer addition of ferrocene;
the ferricenium/ferrocene redox couple has E� ¼ 0.460 V (SCE)
in DCM/0.1 M TBAH. All potential values are reported against
the SCE. Standard DPV parameters were employed: peak
amplitude ¼ 50 mV, pulse width ¼ 0.05 s, increments per cycle
¼ 2 mV, and pulse period ¼ 0.1 s. For CV, we applied positive
feedback correction to minimize the ohmic drop between the
working and the reference electrodes. The standard heteroge-
neous rate constant, k

�
het, for oxygen reduction on a glassy

carbon electrode was determined by the analysis of the CVs
obtained at various scan rates (v). In DCM/TBAH 0.1 M, the
separation between the cathodic and anodic peak potentials is
large also at low v values (e.g., 0.228 V at 0.2 V s�1) pointing to
a small k

�
het value. The latter was determined by digital simu-

lation of the experimental CVs. For digital simulation, we used
DigiSim 3.03 soware, using a step size of 1 mV and an expo-
nential expansion factor of 0.5.
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