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anchoring group.[7] The advantage of a covalently coupled hybrid
comes from possessing greater control over the distance and
geometry of donor-acceptor moieties, both of which are crucial
for modifying the rate of photoinduced electron transfer and
understanding photosynthetic energy conversion reactions.[8]
We recently reported the synthesis and photophysical properties
of a series of photoactive hybrids based on Keggin-type POMs
covalently grafted to bodipy photosensitizers.[9] In these POMbodipy conjugates, we observed that the occurrence and
kinetics of photoinduced electron transfer was strongly
dependent on the redox properties of both POM and bodipy
units. In this series of compounds, the hybrid displaying the best
electron accepting properties, i.e. an organosilyl POM derivative,
promoted very rapid charge separation (t=54 ps) upon the
excitation of the bodipy unit. Following this work, we wanted to
use our model donor-acceptor system to evaluate the effect of
the solvent and associated counterion on the intramolecular
charge separation kinetics. We decided to examine a Dawsontype hybrid analogue since this platform displays lower electron
accepting properties owing to a higher charge than that of the
Keggin. Consequently, based on our previous studies on
photosensitized POMs,[2b, 7h] it is expected that the Dawsonbased system would be slower compared to the Keggin one
(both for charge separation and recombination), and therefore
more prone to variation upon solvent or counterion change.
Here we report the synthesis of a Dawson-bodipy hybrid, which
has been isolated with counterions of different bulkiness tetrabutyl ammonium (TBA), tetraethyl ammonium (TEA) and
tetramethyl ammonium (TMA). The photophysical properties of
these Dawson-type hybrids and the previously reported Keggin
analogue are examined by changing the solvent and counterion.
This information is used to construct a qualitative model of how
photoinduced electron transfer is tuned through the control of
the reorganization energy in a POM-sensitizer hybrid.

Abstract: The optical and electrochemical properties of a series of
polyoxometalates (POMs) oxoclusters decorated with two bodipy
(boron-dipyrromethene) light harvesting units were examined. We
evaluated in this polyanionic donor-acceptor system the effect of the
solvent and associated counterions on the intramolecular
photoinduced electron transfer. Our results show that both solvents
and counterions have a major impact upon the energy of the charge
transfer state by modifying the solvation shell around the POM. This
leads to a significantly shorter charge separation time in case of
smaller counterion and slower charge recombination in a less polar
solvent. We rationalize these results in terms of Marcus theory and
show that solvent and counterion both affect the driving force for
photoinduced electron transfer and the reorganization energy. This
was corroborated with theoretical investigations combining DFT and
molecular dynamics simulations.

Introduction
Polyoxometalates (POMs) are a class of discrete metal-oxo
clusters that display a wide range of chemical properties, often
showing promise as building units for multi-functional materials
on account of their rich redox chemistry.[1] An important feature
of most POMs is their ability to be reduced with several
electrons under minor structural rearrangements and the activity
of their reduced species in the hydrogen evolution reaction.
Consequently POMs are currently drawing a growing attention in
the field of (solar) energy conversion for artificial
photosynthesis,[2]
dye
sensitized
solar
cells[3]
and
[4]
electrochemical energy storage. Despite the surge in research
into the use of POMs for energy applications, fundamental
insights regarding the electron transfer kinetics in such charged
species are scarce. For instance, the effects of solvent and the
associated counterions[5] on their reorganization energy remain
largely unexplored, the only experimental studies being yet
limited to outer-sphere chemical and electrochemical reduction
of POMs.[6] An attractive route towards multi-electron
photocatalysis is to associate the POM oxocluster to a suitable
chromophore sensitizer. Some hybrid systems, in which organic
or inorganic dyes are used to stimulate electron transfer to a
POM, have been proposed in the past. These have been bound
either by electrostatic interactions or covalently by means of an
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tetrabutylammonium hexafluorophosphate (TBAPF6, 0.1 M) as
the supporting electrolyte in a standard three-electrode cell,
composed of a glassy carbon working electrode, a platinum
counter electrode, and a saturated calomel reference electrode
(SCE). We also used tetraethylammonium perchlorate (TEAClO4,
0.1 M) and tetramethylammonium tetrafluoroborate (TMABF4,
0.1 M) as supporting electrolytes (Figure S6) to evaluate the
effect of the counterion on the redox properties of the Dawsonbodipy hybrid. The redox behavior of all hybrids was similar to
those of the parent hybrid platforms, for which the redox
properties have previously been reported and discussed.[7g, 7h, 11a,
12]
In the reduction part, TBA-KSi[BOD] and TBA-DSi[BOD]
display reversible reduction waves that correspond to
monoelectronic processes located at the tungstic framework
(blue dots on Figure S6) followed by simultaneous reduction of
both bodipy units (red dots on Figure S6). In the oxidative part,
TBA-KSi[BOD] and TBA-DSi[BOD] both display a redox process
around 1.0 V vs SCE, attributed to the oxidation of the bodipy
units. While partial electrochemical reversibility can be observed
on this wave in CH2Cl2 and MeCN (the shape of the oxidation
waves is however characteristic of adsorption/redissolution of
the oxidized species at the working electrode, which slighlty
lowers the precision of this measurement),[13] it is fully
irreversible in DMF. As can be seen from the cyclic
voltammograms, the redox properties of all hybrids are
significantly affected by the modification of the solvent and/or
electrolyte. The values of the redox potentials of the POM and
bodipy are listed in Table 1. Notably, using the same electrolyte
salt (TBAPF6), the first two reduction processes are ca. 115 mV
more negative for TBA-KSi[BOD] in CH2Cl2 compared to MeCN,
with the value in DMF being positioned in-between. A similar
trend is observed with TBA-DSi[BOD], with a maximum variation
of about 140 mV on the first wave and slightly more (160 mV) on
the second between MeCN and CH2Cl2 solutions. Changing the
nature of the electrolyte also has a notable impact with the first
reduction of the Dawson-based hybrid wave being 230 mV more
positive with TMAClO4 than with TBAPF6 in DMF and a change
of up to 360 mV on the second reduction process.

Scheme 1. Molecular representations of the POM-based hybrids compounds
described in this study. In the polyhedral representation, the WO6 octahedra
are depicted with oxygen atoms at the vertices and metal cations buried inside.
Color code: WO6 octahedra, blue; PO4 tetrahedra, green.

C31H30N2BF2)2}], isolated as a TBA salt, denoted TBADSi[BOD][10] contains two bodipy units connected to the
monolacunary site of a Dawson-type α2-[P2W17O61]10- through a
Si-O-Si anchor. Its synthesis was performed in one step from the
iodo-aryl terminated POM-based platform by adapting our
previously reported procedure involving a Sonogashira crosscoupling reaction.[11] The TBA counterion of the hybrid was
modified through precipitation in the presence of TEABr in
acetonitrile (MeCN), or TMABr in ethanol (EtOH), after full
solubilization of the hybrid in MeCN or dimethylformamide (DMF).
Two successive steps of solubilization / precipitation were
necessary to achieve a full exchange of the tetra alkyl
ammonium salts to give TEA-DSi[BOD] and TMA-DSi[BOD]. The
last hybrid was poorly soluble in MeCN and fully insoluble in
dichloromethane (CH2Cl2). A single precipitation with TMABr (in
EtOH) lead to the compound TMA,TBA-DSi[BOD], which
contained a mixture of counterions with a stoichiometry
TMA/TBA (5/1) and was slightly soluble in CH2Cl2 (Scheme 1).
All the hybrids were characterized by 1H, 31P, 11B and 19F NMR
spectroscopy, mass spectrometry, elemental analysis, and FTIR spectroscopy (Figures S1-S5).
Electrochemistry
The redox properties of TBA-DSi[BOD] and TBA-KSi[BOD] were
investigated by cyclic voltammetry in CH2Cl2, MeCN or DMF with

Table 1. Half-wave potentials (vs. SCE, in V) and peak-to-peak separation (mV) of the redox processes for the reported hybrids.
Hybrid

Solvent

Electrolyte

[BOD]+/[BOD]a

[BOD]/[BOD]-

POM/POM+1e

POM+1e/POM+2e

TBA-KSi[BOD]

CH2Cl2

TBAPF6

1.02

-1.30 (80)

-0.45 (80)

-0.96 (70)

TBA-KSi[BOD]

MeCN

TBAPF6

1.01

-1.18 (70)

-0.33 (70)

-0.85 (80)

TBA-KSi[BOD]

DMF

TBAPF6

1.03

-1.10 (70)

-0.36 (70)

-0.95 (80)

TBA-DSi[BOD]

CH2Cl2

TBAPF6

1.00

-1.31 (100)

-0.71 (80)

-1.10 (80)

TBA-DSi[BOD]

MeCN

TBAPF6

0.99

-1.20 (70)

-0.57 (70)

-0.94 (70)

TBA-DSi[BOD]

DMF

TBAPF6

1.03

-1.10 (80)

-0.69 (70)

-1.10 (80)

TBA-DSi[BOD]

DMF

TEAClO4

0.97

-1.17 (20)

-0.50 (80)

-0.93 (40)

TBA-DSi[BOD]

DMF

TMABF4

1.05

-1.13 (70)

-0.46 (70)

-0.74 (70)

[a] The standard potentials of irreversible processes were estimated by differential pulse voltammetry (Figures S7-S10).
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Such changes of the redox properties due to various noncovalent interactions have been related to entropic effects
associated with the significant modification of the solvation
shells of the redox partners upon electron transfer.[14] The fact
that redox potentials of POMs are considerably affected by the
modification of the solvent and/or the associated counterions
has often been reported[6a, 15] and outlines the importance of
specific solvation with these multi-charged species. For instance,
a correlation of the first one-electron reduction peak potential of
POMs with the acceptor number of the solvent has been
established.[16] The pronounced sensitivity of the redox
properties of POMs to the solvent or its counterion will add
further complexity to the photophysics. Not only will these
modifications
affect the
reorganization
energy
upon
photoinduced electron transfer, but also the thermodynamic
parameters of these processes.

Figure 1. Transient absorption spectra of TBA-DSi[BOD] in CH2Cl2 following
excitation at 540 nm (with a pump energy of 20 nJ and spot size of 150 μm):
(a) transient absorption difference spectra at selected time delays after
excitation; (b) decay associated difference spectra (DAS) from global analysis
(t1= ca. 340 ps and t2 = ca. 13 ns).

Electronic absorption and photophysical properties
The ground state absorption/emission of the Dawson-type
hybrids are dominated by a S0-S1 transition at about 525-530 nm
corresponding to the bodipy moieties, similarly to the Keggin
analogue (Figures S11-12). The polyoxometalate framework
absorbs into the UV-region and does not have an impact on the
vibrational fine structure of the bodipy absorption bands,
suggesting the two components are mostly electronically
decoupled in the ground state. The molar extinction coefficient at
the absorption maximum corresponding to the bodipy is approx.
140 000 M-1.cm-1. Table S1 summarizes the steady-state
spectroscopic properties of TBA-DSi[BOD] in different solvents.
Results for the Keggin analogue have been previously
reported.[9] As with TBA-KSi[BOD], the intrinsic fluorescence of
the bodipy unit in the Dawson analogues is substantially
quenched (by approx. 85%) in MeCN and CH2Cl2, which is
consistent with charge separation competing effectively with
radiative decay. A notable exception to this was observed when
the hybrids were dissolved in DMF, in which case fluorescence
was close to that of the parent bodipy (for [BOD] fF = 0.62, tS1
= 4.4 ns). Transient absorption spectroscopy (TA) was then
used to ascertain the electronic processes occurring following
the excitation of the bodipy. The transient absorption spectra for
TBA-DSi[BOD] in CH2Cl2 are shown in Figure 1 and are
consistent with data previously reported for TBA-KSi[BOD].[9] To
extract the principle components, global analysis of the spectra
was performed, in which the transients at all detection
wavelengths are analyzed simultaneously with a single set of
exponential functions.[17] At short delay times (0 to 300 ps) the
transient absorption spectra of TBA-DSi[BOD] contains a broad
excited state absorption centered at 440 nm, a bleach at 520 nm,
and a negative signal corresponding to stimulated emission
between 550-700 nm, all consistent with the bodipy singletexcited state.[9] This component decays with t1 = 340 ps, as a
second transient species with a sharp absorption at 405 nm
grows in over the same timescale and decays with t2 = 13 ns
(Figure 1b). The absorption profile of the 405 nm species is
consistent with the oxidized bodipy (note the absence of
stimulated emission).[9] Furthermore, the transient also features
a broad absorption extending past 700 nm, which follows the
same kinetics as the oxidized bodipy, characteristic of the
reduced POM (Figure S13).[2b, 7h] We therefore assign the
second spectral component to the charge-separated state,
[BOD+-POM(+1 e-)].

A comparison of the lifetimes associated with the singlet excited
state and charge-transfer excited state for TBA-KSi[BOD][9] and
TBA-DSi[BOD] in CH2Cl2 shows that charge separation and
recombination of the Keggin-hybrid are considerably faster than
those of the Dawson analogue (Table 2). This is consistent with
our previous study of POM-iridium systems in which we
observed that POMs with lower electron accepting properties
displayed slower kinetics of charge separation (CS) /
recombination (CR). The assumption is that CS occur in the
Marcus normal region while the more exergonic CR occurs in
the Marcus inverted region.[7h]
The transient absorption spectra of TBA-KSi[BOD] and TBADSi[BOD] were also recorded in more polar solvents such as
MeCN (e = 37.5) and DMF (e = 36.7, Figures S14-S17, Table 2).
As for CH2Cl2 (e = 8.93), the relaxation dynamics in MeCN can
be accurately described using a two-component model, the first
component corresponding to the formation of the charge
separated state and the second to its decay.

Table 2. Time constant (t), for CS and CR of the POM-bodipy hybrids in
CH2Cl2, MeCN and DMF at 298 K.
Compound

Solvent

tCS (ps)

tCR (ns)

tCR / tCS

TBA-KSi[BOD]

CH2Cl2

54

4.8

89

TBA-KSi[BOD]

MeCN

38

1.3

34

TBA-KSi[BOD]

DMF

2000

5.7

2.9

TBA-DSi[BOD]

CH2Cl2

340

13

38

TBA-DSi[BOD]

MeCN

380

3.1

8.2

TBA-DSi[BOD]

DMF

2400

10

10

TEA-DSi[BOD]

MeCN

300

2.8

9.3

TEA-DSi[BOD]

DMF

3000

6.7

2.2

TMA-DSi[BOD]

MeCN

82

3.2

40

TMA-DSi[BOD]

DMF

2100

5.3

2.5
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The kinetics of charge separation are rather similar in these
solvents, whereas the lifetime of the charge separated state is
significantly shorter in a polar organic solvent like MeCN, than in
CH2Cl2. In DMF, we observed that the formation of the chargeseparated state is considerably slower (Figures S16, S17). For
example, the excited and charge separation states for TBADSi[BOD] decayed with t = 2.4 ns and ca. 10 ns respectively.
This is consistent with the high fluorescence quantum yield of
this compound in this solvent (Table S1).
The effect of the counterion was also determined using transient
absorption spectroscopy. This proved difficult to do in a
systematic manner due to poor solubility in solvents other than
DMF. In DMF, where all hybrids are soluble, the lifetime of the
first component is shorter for TMA-DSi[BOD] (t = 2.0 ns) vs.
TEA-DSi[BOD] (t = 3.0 ns), the TBA salt lying in-between (t =
2.4 ns). In MeCN where the solubility of TEA-DSi[BOD] and
TMA-DSi[BOD] is poor we still managed to extract kinetics for all
systems. The transient spectra recorded in MeCN show that the
charge separation is significantly accelerated going from TBADSi[BOD] to TMA-DSi[BOD], TEA-DSi[BOD] lying in-between,
while the charge recombination occurs at a similar rate (Figures
S15, S18 and S19). We did not succeed in solubilizing the TEA
and TMA salt in CH2Cl2, yet we could solubilize a sample
containing a mixed TMA/TBA salt (Figure S20). For this
compound the charge injection was extremely fast (tCS = 4 ps),
while charge separation remains relatively slow (tCR = 2.1 ns),
yet as aggregation in this solvent cannot be excluded, the
drastic acceleration of the charge separation can be attributed to
other reasons than the sole effect of the counterion change.

The results, shown in Figure 2, compare the radial distribution
functions (RDFs) obtained. In DMF, the first peaks in the RDFs
are found at 7.85 Å for TMA and TEA, a value that increases to
8.45 Å for TBA, the bulkiest cation of the series. In line with this,
the computed coordination number for TBA is N = 4.25 and N =
5.0 for TEA and TMA respectively. Such a cation distribution
around DSi[BOD] is consistent with the interaction energies
shown in Figure S21, revealing that the POM–cation interaction
is significantly smaller for TBA (–419 kJ.mol-1) vs –550 kJ.mol-1
for TMA. The previous fact is reinforced by the high TBA-DMF
affinity, -1229 kJ.mol-1 (–219 kJ.mol-1 per TBA unit), much larger
than for the other cation-DMF pairs. Similar POM-cations
analysis have been reported previously.[18] Interestingly, no
cation was found near the organic part of the DSi[BOD] system
in our simulations, but mostly in the bulk of the solution or
surrounding the negatively charged Dawson framework of
DSi[BOD], as shown in Figure 2b. We have also evaluated the
effect of the solvent by analyzing the distribution of TBA in
CH2Cl2 and MeCN. The TBA coordinates poorly to the POMhybrid (N = 3.11) in MeCN as solvent. This trend is explained by
the high POM-MeCN (Figure S21) and TBA-MeCN affinities,
which result in a low POM-TBA interaction (–261 kJ.mol-1). This
is in agreement with the important discrepancy in the diffusion
coefficients between hybrid POMs and their TBA cations that
has been observed by DOSY NMR in this solvent.[19] At the
opposite end, when the solvent is CH2Cl2, the POM-solvent and
TBA-solvent pairs show poor affinities. Concomitantly, the POMTBA interaction is maximal (–655 kJ.mol-1) and N ≈ 6. In
comparison, the DMF case is located in-between the previous
two in terms of POM-TBA coordination.
The electronic structure of DSi[BOD] and its redox properties
under the influence of the different solvents and counterions was
computed with single point DFT calculations taking five random
structures (hybrid-POM + counterions) of each MD trajectory. As
shown in Table S2, the LUMO energy (ELUMO) of the cationhybrid system depends largely on the solvent and the number of
counterions (N) in contact with the POM. The relevance of the
solvent is clearly visible in the values of the three first entries.
Hence, whereas ELUMO is –4.117 eV for the TBA-CH2Cl2 system,
in MeCN the corresponding value decreases to –4.312 eV.
Consequently, a change in the redox potential of about 195 mV
is expected, not far from the 140 mV observed. ELUMO depends
also on the pairing between the POM and the counterions. The
higher the ion pairing, the deeper the LUMO. In DMF, the
highest LUMO is found with TBA (–4.284 eV) and the lowest one
with TMA (–4.414 eV), the latter system featuring the highest ion
pairing. Thus, the combination of MD simulations with molecular
orbital analysis computed at the DFT/BP86 level with a Slater
TZP basis set allows a reasonable match with the redox
properties of the DSi[BOD] anion in different solvents. Similar
results were found with the PBE functional (Table S3). Although
theoretical studies on the redox properties of POMs have
already been reported,[20] to our knowledge, this is the first case
in which a systematic analysis on the influence of cations on the
reduction potentials of a POM has been performed.
State-of-the-art computational methods can also be very helpful
in the understanding of the kinetics of electron transfer (ET)
processes in complex systems such as hybrid POMs.
Theoretical estimation of the reorganization energy, l, can
indeed allow evaluating the roles played by the solvent and the

Theoretical calculations
For a deeper understanding of the experimental results we
applied computational methods on the target systems, namely
density functional theory (DFT) and classical molecular
dynamics (MD) (see the method in the SI file). Firstly, by means
of MD simulations we analyzed the structure of solutions
containing the DSi[BOD] anion with different combinations of
counter cations (TMA, TEA or TBA) and solvents (DMF, MeCN
or CH2Cl2).

Figure 2. (a) RDFs (g(r), black line), taking the center of mass of DSi[BOD] as
reference, of the counter cations for the systems DMF/X (X = TMA, TEA or
TBA), CH2Cl2/TBA and MeCN/TBA. The integration of g(r) (red line) and the
coordination number shown indicate the number of species on average at a
given distance from the reference. Data from the last 10 ns of each MD
trajectory. (b) Snapshot of the simulation in DMF showing a highly
representative interaction mode between the hybrid-POM and five TMA
cations (the 6th cation is located in the bulk solution).
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results that lBOD must not depend on the cation nature directly,
as cations do not enclose the BOD group. This is at variance to
the Dawson framework and lPOM. As shown in Table 3 and
Table S4, the reorganization energies for the DSi[BOD] anion
were estimated to be 0.94 eV in CH2Cl2, 1.07 eV in DMF and
1.19 eV in MeCN with rather similar contributions from BOD and
POM moieties. The driving force for TBA-DSi[BOD] of the
charge separation is estimated to be –0.74, -0.96 and –1.01 eV
in CH2Cl2, DMF and MeCN respectively. DGCS can also be
estimated from the Rehm-Weller eq. 2.[25]

The Coulombic interaction (wel) between the positive and
negative charges was evaluated from the optimized structure of
TBA-DSi[BOD]. Using the values RBOD+-POM- = 19.9 Å, the work
term is evaluated to be 0.08 eV in CH2Cl2 and 0.02 eV in MeCN
and DMF (neglecting the distribution of some TBA cations in the
medium). The theoretical values of ∆G° (i.e. ∆GCS) are slightly
more negative albeit in good agreement with the experimental
ones.
Equivalent MD simulations were carried out for the Kegginbased system KSi[BOD] (Figure S23) to analyze the distribution
of counter cations around the hybrid. This followed the
procedure described above for DSi[BOD] to determine the
stabilization of the Keggin fragment and their frontier orbitals in
CH2Cl2 and MeCN. From Table 3 it stands out that the LUMO for
the Keggin system is 0.3–0.5 eV (depending on the solvent)
deeper than that of DSi[BOD] in agreement with the
electrochemical study. The evaluation of the calculated
reorganization energy shows that the contribution of the Keggin
is slightly higher than that of the Dawson in both solvents.
Furthermore for KSi[BOD] the driving force is very close to the
reorganization energy, which is in agreement with the very fast
electron transfer in this compound. A correlation between the
computed activation energy barriers (using the experimental free
energies) and the electron transfer rates is observed for TBAKSi[BOD] and TBA-DSi[BOD] in CH2Cl2 and MeCN (Figure S24).
Eventhough this correlation is simplistic since it implies that the
electronic factor n is the same for all systems, its observation
suggests that the computed l values are reasonably good. Note
that, for CS, as the driving force is close (in absolute value) to
the reorganization energy, slight uncertainties on the estimation
of the reorganization energy have a drastic consequence on the
free activation barrier, which is not the case for charge
recombination that occurs deep in the Marcus inverted region.
This explains the better correlation for CR than for CS. CS and
CR times cannot be directly compared with the sole values of
the energy barriers since the electronic factor n is significantly
different in the charge separation and in the charge
recombination. Indeed, it depends on the overlap between
LUMO+4 (donor) and LUMO (acceptor) for the charge
separation and the overlap between LUMO (donor) and HOMO
(acceptor) for the charge recombination. Interestingly the LUMO
+ 4 has an important contribution at the meso position
connecting the bodipy to the POM while this position
corresponds to a node in the HOMO (Figure 3). This shows that
the electronic factor for the charge separation is higher than that
of the charge recombination in agreement with the experimental
observation.

Figure 3. Schematic view of the processes taking place in DSi[BOD] upon
irradiation.

POM framework in the kinetics of ET processes. In Figure 3, the
vertical red arrow represents the HOMO (π) ® LUMO+4 (π)
(lowest unoccupied orbital localized on the bodipy) electron
transition dominating the photoexcitation of the system under
visible light. It was determined with time-dependent DFT (TDDFT) (Figure S22) with an energy of 2.52 eV, ca. 0.2 eV higher
compared to the experimental value.
To investigate how the kinetics of CS and CR depend on the
medium containing the POM-hybrid system, some of us used a
recently proposed strategy to determine the associated
reorganization energies, l and free energy barriers, DG≠.[21]
According to Marcus theory, the rate constant for an electron
transfer process of a supramolecular system in the nonadiabatic
limit (i.e. when its different elements are poorly electronically
coupled) can be expressed by equations (1).[22],[23] In the current
case, considering the electron decoupling between the organic
and inorganic moieties,[12] it is likely that the electron transfer
would occur through space.
#∆%!

𝑘!" = 𝜈 exp '

&" "

(

∆𝐺 ! =

"#$∆& °'
(#

(2)

"

(1)

Here n is an electronic factor that depends on the overlap
between the electronic wavefunctions of the donor and acceptor
groups, ∆G° is the standard free energy change of the reaction,
and l is the reorganization energy. In this approach, the medium
(solvent+counterions) is implicitly included in the DFT
calculations.[24] Table 3 and Table S4 list the values computed
for the systems based on Keggin and Dawson frameworks in
CH2Cl2, MeCN and DMF. In the initial models of the Marcus
theory, the total l was estimated from separate contributions for
the electron donor, the acceptor and the medium.[22-23] In our
system, assuming that BOD and POM are two distinct fragments
acting as electron donor and acceptor, we compute l = lBOD +
lPOM alternatively, each being the joint contribution
donor+medium or acceptor+medium. The surroundings of
DSi[BOD] are represented by a set of point charges in our DFT
setup, thus the calculation of lPOM (and lBOD) does not account
for the effect of the cation size. However, we know from MD
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Compound / solvent

LUMO
/ eV

l
/ eV

-∆GCS / eV
DFTa Expt

∆GCS≠ b
/ kJ.mol-1

tCS
/ ps

-∆GCR / eV
DFTc Expt

∆GCR≠ b
/ kJ.mol-1

tCR
/ ns

TBA-DSi[BOD] / CH2Cl2

–4.117

0.94

0.74

0.70

1.46 (1.00)

340

1.78 1.63

12.3 (18.2)

13

TBA-DSi[BOD] / MeCN

–4.312

1.19

1.01

0.80

3.07 (0.62)

380

1.51 1.54

2.50 (2.05)

3.1

TBA-DSi[BOD] / DMF

–4.284

1.07

0.96

0.62

4.58 (0.27)

2400

1.56 1.70

8.92 (5.38)

10

TBA-KSi[BOD] / CH2Cl2

–4.641

0.99

1.20

0.94

0.06 (1.15)

54

1.32 1.39

3.96 (2.64)

4.8

TBA-KSi[BOD] / MeCN

–4.677

1.24

1.28

1.02

0.94 (0.03)

38

1.24 1.32

0.13 (0.00)

1.3

TBA-KSi[BOD] / DMF

–4.670

1.11

1.26

0.95

0.58 (0.47)

2000

1.26

1.65 (0.46)

5.7

1.39

[a] Estimate of DGCR obtained as difference between the energy of the excited electron and the LUMO of the molecule. [b] Free energy barriers calculated with eq.
2. In parentheses, free energy barriers estimated using the computed values for DGCS. [c] Estimate of DGCR obtained as difference between LUMO and the HOMO
energies of the molecule, which are localized on the POM and BOD, respectively.

unexpectedly low in this solvent. The origin of the slow electron
transfer kinetics in DMF is probably related to the higher
viscosity of this solvent (0.80 cP at 25°C) compared to that of
MeCN (0.34 cP ar 25°C) or CH2Cl2 (0.41 cP at 25°C) and the
important solvation energy of the TBA cations in this solvent
(Figure S21). It is then very likely that in DMF the exchange of
the TBA cations would be very slow. The role of solvation
dynamics (and notably the viscosity of the solvent) on
photoinduced elecron transfer has indeed been clearly identified
in several studies.[26] In the present case, theoretical calculations
have shown that in DMF some of the TBA cations are located in
the bulk solvent. In this solvent, the slow electron transfer is then
consistent
with
a
mechanism
in
which
the

Discussion
Theoretical calculations clearly show that the respective
solvation energy of the POM, the counterion and POM-cation
affinity cause a considerable modification of the redox potentials
depending on the nature of the solvent and the associated
counterion. This study also demonstrates that the calculated
reorganization energy is significantly higher in MeCN than in
CH2Cl2 owing to a difference in polarity. Furthermore, it shows
that Keggin-type POMs have higher reorganization energies
than Dawson analogues. Finally, we showed that with similar
free energy barrier the CS is considerably faster than the CR
owing to a difference in the electronic contribution at the bodipy
meso position in the ground state and the bodipy excited state,
which provides directionality in the photoinduced electron
transfers. From the theoretical study and electrochemistry, we
observed that the hybrids displayed more negative reduction
potential in CH2Cl2. Consequently the driving force for the CS is
more favorable in MeCN and in DMF than in CH2Cl2. The fact
that the kinetics of charge separation are similar in CH2Cl2 and
MeCN suggests that the loss in the driving force (ca. 0.10 eV for
TBA-KSi[BOD] and TBA-DSi[BOD]) is compensated by a lower
reorganization energy. The difference in the calculated
reorganization energy in CH2Cl2 and in MeCN is slightly more
significant (0.25 eV) and possibly reflects a minor overestimation
in MeCN. The lifetime of the charge separated state is 3 to 4
times higher in CH2Cl2 than in MeCN. Indeed, for CR, the
change from MeCN to CH2Cl2, both lowers the reorganization
energy and increases the driving force of the CR (Figure 4).
Considering that the CR occurs in the Marcus inverted region,
both effects will tend to increase the activation energy and
hence increase the lifetime of the charge-separated state.
The slow kinetics of CS in DMF for all hybrids is still surprising.
Indeed, the redox potentials of the hybrids in DMF are inbetween those in CH2Cl2 and MeCN. Furthermore the calculated
reorganization energy in this solvent also falls in-between those
calculated in MeCN and CH2Cl2. Based on these features, it
would have been expected that the kinetics of the photoinduced
electron transfer would be similar in DMF to that in MeCN and/or
CH2Cl2. As in DMF, the CR is also slow (Table 3), an
explanation could be that the electronic factor n would be

Figure 4. Profile of the potential energy curves of the photoinduced electron
transfer reaction. The red, blue and black curves correspond to the bodipy
centered excited state, the charge separated state and ground state
respectively. The blue dotted curve and the circles curves correspond to the
effects of decreasing counterion bulkiness (from TBA to TMA) or decreasing
the solvent polarity (from MeCN to CH2Cl2) respectively. The inset shows a
detail of the crossing of the BOD* and charge-separated states.
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Table 3. Selected parameters relevant for the charge separation and recombination steps for TBA-DSi[BOD] and TBA-KSi[BOD] systems in CH2Cl2, MeCN and
DMF.
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electron transfer step would be gated by the slow counterion
rearrangement (i.e. change of the coordination number for
permitting the electron transfer), which is not the case in CH2Cl2
in which all counterions are located at the vicinity of the POM or
in MeCN in which the counterion exchange is much faster (lower
viscosity and lower solvation of the TBA cations). The nature of
the POM counterion also has an important effect on the
photophysical properties of the photosensitized POM-based
hybrids. Indeed not only does the counterion affect the driving
force by modifying the redox potentials of the POM (as
evidenced by electrochemistry and theoretical calculations), but
it should also modify the reorganization energy, even though the
cation size effect was not considered in the calculation of l. The
effect is rather weak in DMF but much greater in MeCN. This is
exemplified in the case of the mixed cation TMA,TBA-DSi[BOD]
for which the CS is accelerated by two orders of magnitude in
CH2Cl2 compared to TBA-DSi[BOD]. The Dawson hybrid
TMA,TBA-DSi[BOD] (albeit poorly soluble) in CH2Cl2 hence
constitutes the most effective system displaying ultra fast CS
and long-lived charge separated state.
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Environmental changes. The intramolecular photoinduced electron transfer of a series of polyoxometalates (POMs)-bodipy hybrids
were examined. We show that both solvents and counterions have a major impact on the relaxation dynamics of the excited states by
modifying the solvation shell around the POM. The experimental findings were corroborated with a computational investigation
combining DFT and molecular dynamics simulation methods.
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