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Light driven water oxidation is a key step in artificial photosynthesis, aimed at splitting water into
hydrogen and oxygen with sunlight. In such process, the interactions between a photosensitizer (PS)
and a water oxidation catalyst (WOC) play a crucial role in the rates of photoinduced electron transfers,
determining the overall quantum efficiency of the system. In this work, by means of Small Angle X-ray
Scattering (SAXS) we investigate the nature of the aggregates between ruthenium polypyridine photo-
sensitizers (Rubpy and Ruydend) and a tetraruthenium polyoxometalate (Ru4,POM) water oxidation cat-
alyst. Aggregate scattering is confirmed by the strong intensity-increase in the low-q regime, whereas the
power law-fit of this region show slopes between —3 and —4, suggesting globular and porous aggregates.
Intermolecular PS/WOC distances lower than 3 nm support the observed fast photoinduced electron
transfers (<120 ps), however the proximity of the two components in the hybrids is also responsible
for fast charge recombination. Approaches for inhibiting such undesired process are discussed.

1. Introduction

Artificial photosynthesis yearns for splitting water into
hydrogen and oxygen exploiting sunlight (Eq. (1)), and appears
as a promising route towards the development of renewable and

inexhaustible fuels [1]:

2H,0 + sunlight — 2H, + O,

the complexity of such assemblies as well as the challenges of
interfacing all different functionalities, optimization of the
involved components is often carried on separately [4].

In particular, light driven water oxidation, which has often been
considered as the bottleneck of the entire process, takes advantage
of a three components sacrificial system, composed by a water oxi-
dation catalyst (WOC), a photosensitizer (PS), and a primary, sacri-
1) ficial electron acceptor (SA), Scheme 1. Upon light absorption by

the photosensitizer and generation of its excited state, an electron
flow WOC—PS—SA is induced [5]; when this step is efficiently

The design and development of photosynthetic devices [2] may
take inspiration from the natural process, that foresees a suitable
architecture of functional modules. In synergy, the final framework
needs to be capable of light absorption, energy and electron trans-
fer, charge separation, and catalytic routines where hydrogen and
oxygen are concomitantly generated [3]. In order to overcome
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replicated several times, it ultimately leads to the formation of
an oxidized form of the WOC, capable of oxidizing water to oxygen
[6]. Typically, the persulfate dianion S,0%~ is employed as the SA,
in virtue of its irreversible decomposition upon electron accep-
tance, which avoids unproductive, charge recombination events
[5]. Concerning the photosensitizer PS, ruthenium polypyridine
complexes have been widely considered due to their extended
absorbance in the visible region, a suitable lifetime of the triplet
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Scheme 1. Schematic representation of a three components system for light driven
water oxidation, composed by a water oxidation catalyst (WOC), a photosensitizer
(PS) and a sacrificial electron acceptor (SA).
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manifold excited state as well as the high redox potential to feed
the water oxidation process [5].

The forerunner of such coordination complexes is
tris(2,2’-bipyridine)ruthenium(Il), hereafter Rubpy (Fig. 1) [5,7],
while the use of ruthenium based dendrimeric derivatives, such
as [Ru{(p-dpp)Ru(bpy),}s]** (dpp = 2,3-bis(2'-pyridyl)pyrazine),
hereafter Rusdend (Fig. 1) [7-9], has provided significant advan-
tages in terms of extended absorption in the visible spectra of solar
light emission [9]. In particular, Rubpy and Rusdend photosensitiz-
ers have been combined with a tetraruthenium polyoxometalate

{Ru4(p-0)a(L-OH)y(H,0)4[ y-SiW10036]}'®  (hereafter RusPOM,
) 7"1
N “"\1" o s
/%i@ el
@ 1.2nm |® si\" .
» 0) . ®
3 s
N
2 Rubpy (2+) \
2 v 2.5 nm
0 o 1Y -
E oy ol . F e,
o A\ e ad § o gode By »o
-g. )‘ o "] < ’ ‘.\4.'-. .1;‘4":""%':\‘ ¢
A i » 9o o
(N/O\U W= = O Sy i
N U Sy, >y
(‘~ A 1.1nm %%
(W o,
Ru,dend (8+)
1.0 nm
ry
£, 1.0 nry & Carbon
s .
s ‘ Nitrogen
: @ Oxygen
] 2.0 nm
"g ‘ Ruthenium
=
é ' Tungsten
P
)
-
«
2

Ru,POM (10-)

Fig. 1. Ruthenium polypyridine photosensitizers and tetraruthenium polyoxomet-
alate water oxidation catalyst employed in this work. Some key dimensions of the
three molecules are provided.

Fig. 1) as the water oxidation catalyst, reaching notable efficiency
and unprecedented quantum yield towards oxygen generation,
using persulfate as the sacrificial electron acceptor [10-12]. In both
cases, the occurrence of supramolecular PS/WOC aggregates,
formed by electrostatic based ion pairs between the cationic pho-
tosensitizers and the polyanionic WOC had a remarkable impact in
the overall efficiency of the light activated cycle [11,12]. In partic-
ular, Ruydend/RuyPOM aggregation in 1:1 stoichiometry, is respon-
sible for fast, reductive quenching of Rusdend triplet excited state
by RuyPOM, occurring in a hundred ps timescale [12b], and
initiating the cascade of electron transfer events that ultimately
lead to O, production with a quantum yield of 0.30 [12].

In this work, we investigate the structural features of these elec-
trostatic aggregates by means of Small Angle X-ray Scattering
(SAXS), which is recognized as a state-of-the-art characterization
technique for nano-assembly in solution [13]. From a single mea-
surement this technique allows to gain insights on a wide struc-
tural range, starting from an estimate on the aggregates’ size and
morphology down to mean intermolecular distances within the
assembly. The combination of SAXS evidence with Transmission
Electron Microscopy (TEM) imaging, and elemental mapping tech-
niques, has a definite potential regarding the characterization of
competent photosynthetic nano-systems, formed in water by the
supramolecular PS/WOC assembly. The final aim is to build effec-
tive structure-reactivity descriptors for the design of functional
materials and photoelectrodes.

2. Experimental
2.1. Materials

Rubpy was purchased from Sigma-Aldrich as the dichloride,
hexahydrate salt. Rusdend and RusPOM were synthesized accord-
ing to the literature procedures [8c,14] and isolated as the PFg
and Na* salts, respectively.

2.2. Sample preparation

The RuyPOM-Rugdend and RusPOM-Rubpy hybrid aggregates
were obtained by simple mixing of precursors using ratios stated
further below, by mixing stock solutions in 50/50 H,O/tetrahydro-
furan (THF) of RusPOM (1 x 10~* M) and of Rusdend (1 x 10~% M)
or Rubpy (4 x 107*M). The actual mixing was performed ca
10 min before measurement. The mixed H,O/THF was employed
as the solvent due to a better dispersion of the aggregates with
respect to pure aqueous media.

2.3. Small Angle X-ray Scattering (SAXS)

Small Angle X-ray Scattering experiments were performed at
the Austrian SAXS beamline of Elettra synchrotron (Trieste, Italy)
using 8 keV photon energy. The liquid samples were filled in stan-
dard 1.5 mm quartz capillaries whereas 6-8 consecutive images
were taken over time, to rule out possible radiation damage by
comparison of the scattering pattern. A two-dimensional image-
plate detector (Mar300, Germany) was placed at a distance of
approximately 90 cm to obtain an accessible g-range from 0.15
to 9.25nm™'. A reference measurement was made using silver-
behenate as a standard for the calibration of the angular regime.
Azimuthal integration of the 2D images was done using the Fit2D
program [15]. The resulting integrated scattering curves were
corrected for dark-current, normalized by sample transmission
and subsequently the background was subtracted using the pure
solvent-scattering.



2.4. Transmission Electron Microscopy (TEM)

TEM images were acquired using a Philips EM 208 microscope,
with accelerating voltage of 100 kV. Samples were prepared by
drop casting of the mixed samples onto a carbon coated 200 mesh
Ni grid (EM Sciences, Gibbstown, NJ) followed by solvent evapora-
tion under vacuum.

2.5. Dynamic light scattering (DLS)

DLS experiments were performed with a Malvern Zetasizer
Nano-S instrument, equipped with a quartz cuvette thermostated
at 25 °C; laser wavelength 633 nm.

3. Results and discussion
3.1. SAXS

Synchrotron SAXS measurements were conducted on
RusPOM-Ruydend hybrid aggregates, prepared by mixing an
equimolar amount of Ruydend and Ru4POM precursors, as well as
a comparative measurement of a 1:4 RuyPOM:Rubpy mixture
(association of Ru4POM with Rusdend and Rubpy in 1:1 and 1:4
ratios, respectively, was observed by means of conductometric
titrations [11a,12b], and can be justified on the basis of the
charge-balance provided by the cationic photosensitizer with
respect to the Ru4POM polyanion, see Fig. 1). The scattering from
both systems are shown in Fig. 2; the first clear observation is
the strong intensity-increase in the low-q regime, which is
characteristic for aggregate-scattering, as it is evident also from
TEM images of the same mixtures as seen in Fig. 3." The slopes of
the Porod fits in the low-q regime of —2.98 (Ru4POM-Rusdend) and
—4.02 (RuyPOM-Rubpy), suggest the presence of globular
aggregates, that appear to be more porous in the case of
Ru4POM-Rugdend compared to Ruy,POM-Rubpy, as indicated by the
lower absolute value of the slope [16]. An explanation for the
increased porosity might be the higher size of Rusdend with respect
to Rubpy (see Fig. 1): the ruthenium dendrimer acts as a “spacer”
between interacting molecules, whereas in the case of the quasi-
spherical and significantly smaller Rubpy, a more compact packing
can be envisioned.

More interestingly, both curves exhibit rather broad correlation
peaks in the mid to high-q regime, that correspond to intermolec-
ular distances in the aggregate (indeed, these peaks are not
observed in the isolated solution of Ru4POM, Rusdend, or Rubpy).
To better understand these features, one should keep in mind that
the recorded intensity in an X-ray scattering experiment is
proportional to the square of the electron density difference in
the sample. In the present case, the SAXS patterns will be then
dominated by scattering from the heavy atoms (W atoms from
the polyoxotungstate cage of Ruy,POM), which, as a side effect,
makes the polypyridine groups comparably transparent to the
X-rays. Therefore the observed correlation peaks most likely
represent mean distances between Rus;POM molecules inside the
aggregates (see Table 1). In particular, the broad nature of the
peaks immediately implies that the molecular arrangements are
disordered in the sense that no coherent long range order exists,
hence the terminology mean intermolecular-distance is used
herein. It is, however, intriguing that the positions of the
correlation peaks A, B and C fall in a similar region, for both
RusPOM-Ruydend and the RuyPOM-Rubpy nano-hybrids (Fig. 2),

! The presence of large aggregates is detected also with dynamic light scattering
(DLS) experiments, although the low quality of the fitting of the correlation function,
likely ascribable to non-monodisperse particles, does not allow a precise estimation
of the size (see Fig. S3).
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Fig. 2. SAXS data recorded for both RusPOM-Rusdend (1:1 ratio) and
RusPOM-Rubpy (1:4 ratio) in H,O/THF solution. The black-dotted lines represent
the Porod fits in the low-q regime that reveal a more porous structure in the case of
RusPOM-Ruydend. The black arrows indicate the correlation peaks (A, B, C) resulting
from inter-molecular mean distances (see Fig. S1), whereas the exact d-spacings of
the reflections are found in Table 1. Error-bars are omitted for clarity.

Fig. 3. TEM images of the aggregates (a) Ru4,POM-Rusdend and (b) Ru4,POM-Rubpy.
Scale bar: 200 nm.

implying the occurrence of analogous structural motifs within both
aggregates. A closer look at the d-spacing values in Table 1 shows
that both A and B peaks are found at higher values in the case of
RuysPOM-Ruydend, thus supporting the notion that the bulky
tetraruthenium dendrimer increases the mean distance between
the Ru,POM scattering centres.

To further investigate the nature of the correlation peaks and of
the corresponding structural parameter (mean RuyPOM distance)
as a function of the Ru4POM-Rusdend stoichiometry SAXS mea-
surements were repeated at RusPOM:Rusdend = 0.5:1 ratio. In
these conditions, due to strong electrostatic association, ca. 50%
of the Ruydend is present in solution and the overall amount of
RusPOM-Ruydend aggregates is halved, while their composition
and nano-morphology are expected to be unchanged [12b].
Indeed, as seen in Fig. 4 (full scattering curves can be found in
the Supporting information), the low-q aggregate scattering is
very similar for both mixing ratios (Porod slope of —3.03 for
RusPOM:Ruydend =0.5:1), which implies that the nano-
morphology of the aggregates is unchanged. This was further
confirmed by comparable A, B and C d-spacings values (Table 1).
In regard of the previously determined correlation peaks, two
different behaviors can be observed as far as peak intensities are
concerned: while peaks A and B decrease comparable to the low-
q regime, peak C is only slightly lowered. To put these
observations into context, it should be noted that the measured
scattering intensity in such a X-ray scattering experiment
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Fig. 4. SAXS data of Ru4POM:Rusdend samples mixed 1:1 and 0.5:1 in H,O/THF
solution. The previously determined correlation peaks are marked by black arrows.
For better comparability, the curves were normalized to the Ruydend concentration
in the final mixture. Error bars are represented by the light color background of the
curves. As this data suggests, with decreasing Rus;POM concentration, peaks A and B
are significantly decreased, while peak C appears to be invariant. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Table 1
Mean intermolecular d-spacings obtained from the correlation peaks as marked by
the black arrows in Fig. 2.

A (nm) B (nm) C (nm)
Ru4POM-Ruydend 3.06 (0.20) 1.64 (0.09) 0.95 (0.10)
Ru,POM-Rubpy 2.56 (0.48) 1.47 (0.03) 0.97 (0.06)
Ru4POM-Rusdend (0.5:1) 2.89 (0.27) 1.57 (0.10) 091 (0.12)

Errors are given in brackets. The corresponding fits can be found in Fig. S1 in the
Supporting information.

directly correlates with the concentration of the aggregates,
assuming all other parameters remain constant [16]. In this case,
since the nano-morphology of the aggregates is identical, a reduc-
tion of the relative RusPOM concentration should hence scale
down corresponding scattering features by the same amount. The
data in Fig. 4 clearly show that this predicted behavior can actually
be identified in the case of peaks A and B. On the other hand, the
rather unexpected non-linear behavior of peak C cannot as easily
be connected to one of the nano-aggregate. An indisputable attri-
bution of peak C will be therefore subject to further investigation.?

3.2. Intermolecular arrangement

The obvious subsequent step towards elucidating the inter-
molecular features seen in the SAXS data is a comparison of the
retrieved mean distances with dimensions from previously estab-
lished theoretical models. Ru4,POM has already been structurally
characterized and described in literature [14]. An analogous char-
acterization is missing for Rusdend, mostly due to the existence
of geometrical and stereo-isomers [8,17]; however the approxi-
mate dimensions of this latter species can be estimated, as shown
in Fig. 1. Before focusing on the information above about mean
distances gained directly from the scattering data, an important

2 The seemingly constant scattering behavior of peak C under changing RusPOM
concentrations is unusual. While the present data doesn’t allow a decisive assighment
to a specific molecular arrangement, it might help to exclude possible conformations.
The comparison of the corresponding mean molecular distance of 0.97 nm (retrieved
from the peak position) with the structural dimensions of Ru,POM (see Fig. 1),
together with the unaffected scattering intensity under changing conditions, makes
an attribution of C to a RusPOM-Ru,4POM distance improbable.

consideration should be kept in mind: as seen by the —3 slope in
the low-q regime of the SAXS measurements, the Ru4POM-Rusdend
aggregate morphology appears to be rather random and globular,
implying that no preferred growth direction exists (slope values
of —1 and -2 are instead expected for 1-D and 2-D aggregates,
respectively) [16]. This also means that there is no molecular align-
ment or orientation relation since this would have anisotropic con-
sequences on the underlying growth mechanism and therefore on
the aggregate shape. All of the above observations together with
the broad nature of the peaks are a clear indication that no long
range order between the molecules exists. Accordingly, the
observed correlation peaks in the scattering data have to be the
result from a three-dimensionally disordered system, representing
the spherically-averaged mean distance between the molecular
components.

With this in mind the previous observations can now be put in a
more global context. The molecular structure of RusPOM represent
a fairly rigid building block, where the atomic distances are well
known from the solid-state crystallographic analysis. As a first
SAXS model a double ellipsoid arrangement was postulated [18],
which can be simplified as a cylindrical geometry with 1 nm of
diameter and 2 nm in height. A comparison of these dimensions
with the measured mean distances in the aggregate of 1.64 and
3.06 nm shows that their assignment to a Ru,POM-Ru4POM mean
distance is plausible when assuming intercalation of Rusdend
molecules with different geometrical conformations.

3.3. Implication of RusPOM-Ruydend assembly on photoinduced
electron transfer

The electrostatic association between RusPOM and Rusdend
and the intimate distance between the two components in the
aggregate (considering intercalation of one Rusdend between two
Ru4POM molecules, an estimate of the Ru4POM-Ruydend distance
is given by half values of the observed d-spacings, and therefore be
in the 0.8-1.5nm range) fully support the fast photoinduced,
electron transfer leading to reductive quenching of the triplet
metal-to-ligand charge-transfer (MLCT) excited state of Ruysdend
by RuyPOM. Such a process is characterized by a relatively high
driving force of AG=-0.58 eV and takes place with a time con-
stant of about 126 ps in phosphate buffer at pH 7 [12b,19].
Charge recombination is estimated to be even faster, as
demonstrated by the non-accumulation of the charge-separated
state in the ultrafast pump-probe spectroscopic experiments,
and agrees with an even larger driving force (close to —1.1eV)
[12b]. This suggests that both forward and back electron transfer
processes in the associated RusPOM-Ruysdend systems are not
slowed down by the nuclear barrier effects usually occurring in
restricted environments as a consequence of significant increase
in reorganization energy [20]. Such result can be attributed to
the “porous” nature of the RuyPOM-Rusdend system discussed
above, that would let enough mobility to the donor-acceptor pair
to overcome problems due to the expected reorganization energy.

4. Conclusion

In this work we have investigated by means of Small Angle
X-ray Scattering the nature of aggregates between ruthenium
polypyridine photosensitizers Rusdend and Rubpy, and a tetraruthe-
nium water oxidation catalyst RuysPOM, that provide very
efficient systems in light driven water oxidation with persulfate
as electron acceptor [10-12]. Power law-fit in the low-q regime
between —3 and —4 are diagnostic for globular, porous aggregates,
that grow in a three dimensional, disordered network. Intermolec-
ular PS/WOC distances lower than 3 nm are compatible with fast



photoinduced electron transfers observed in a hundred of ps time-
scale [12b]; however the proximity of the two components in the
aggregates promotes also very fast back electron transfer, that
could be detrimental for the overall efficiency of the PS/WOC
assembly when embedded onto a regenerative photoelectrode.
This justifies the present, extensive efforts in the development of
redox relays [21], aimed at decreasing charge recombination rates
in photoactive assemblies. Moreover, parameters such as pore size
and active surface area of the aggregates should be considered,
since they could impact the overall photocatalytic performance
of the device.
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