W) Check for updates .
Chemistry

Europe

European Chemical
Societies Publishing

Research Article

Chemistry—A European Journal doi.org/10.1002/chem.202302643

www.chemeurj.org

Prediction of Strong Solvatochromism in a Molecular

Photocatalyst**

Miftahussurur Hamidi Putra,” Benedikt Bagemihl,™ Sven Rau,” and Axel Grof3*!

Based on quantum chemical calculations, we predict strong
solvatochromism in a light-driven molecular photocatalyst for
hydrogen generation, that is we show that the electronic and
optical properties of the photocatalyst strongly depend on the
solvent it is dissolved in. Our calculations in particular indicate a
solvent-dependent relocation of the highest occupied molec-
ular orbital (HOMO). Ground-state density functional theory and
linear response time-dependent density functional theory
calculations were applied in order to investigate the influence

Introduction

The efficient direct conversion of sunlight into valuable
chemicals is challenging but has the potential to significantly
contribute to a carbon-emission-free energy economy.”" Recent
years have witnessed an increased understanding of the
mechanisms operative in photochemical molecular devices
which combine a photosensitizer and a catalyst connected by
an electron relay.”® The operation of such molecular devices
requires the presence of solvents, and as many molecular
complexes are insoluble in aqueous media, often organic
solvents are used.” Although it is known that the activity of
photocatalysts is influenced by the properties of the solvent,”’ it
is fair to say that a systematic understanding of this influence is
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of implicit solvents on the structural, electronic and optical
properties of a molecular photocatalyst. Only at high dielectric
constants of the solvent, is the HOMO located at the metal
center of the photosensitizer, whereas at low dielectric
constants the HOMO is centered at the metal atom of the
catalytically active complex. We elucidate the electronic origins
of this strong solvatochromic effect and sketch the consequen-
ces of these insights for the use of photocatalysts in different
environments.

still lacking. Here we show that the polarity of a solvent
represented by its dielectric constant can strongly affect the
electronic and thus also the photocatalytic properties of photo-
active molecular complexes.

In particular ruthenium-based complexes such as
[(tbbpy),Ru(tpphz)Ptl,]** (tbbpy = 4,4'-di-tert-butyl-2,2"-bipyri-
dine, tpphz=tetrapyrido[3,2-a:2',3'-c:3""-h:2",3""-jlphenazine)
denoted by RuPtl, in the following, have successfully been used
as the photosensitizer in photochemical molecular devices.**'”
RuPtl, is one of the most active supramolecular photocatalysts
for hydrogen evolution incorporating photosensitizer, bridging
ligand and catalysts within one molecular structure. The
recently established novel active repair mechanism for this
catalyst leads to a boost in attainable catalytic activity with
triethylamine (TEA) as electron donor and acetonitrile water
mixtures as solvents.'"" The catalytic efficiency of the light-
driven hydrogen evolution reaction of RuPtl, and the related
RuPdCl, is strongly dependent on several factors such as the
nature of the sacrificial electron donor™ and supramolecular
aggregation phenomena.>'” The interaction with polyaromatic
supramolecular activators via -7 bonding with the bridging
ligand led to a reduction in the induction phase and an
improved initial turnover frequency (TOF) and turnover number
(TON) for RuPdCL."™ The nature of the applied solvent mixtures
has a profound effect on the attainable catalytic activity."*"®
Whereas in pure acetonitrile-TEA mixtures TONs of 56 are
possible, increasing the water content leads to TONs of more
than 200. However, it is not clear whether these effects stem
from manipulation of the photophysics of the light-driven
electron transfer due to solvatochromic effects"® or from
substrate limitations for the actual catalytic hydrogen evolution
process.!"”'®

Here we concentrate on solvatochromic effects caused by
the medium surrounding the photocatalytically active com-
plexes which may modify its electronic and optical properties.
Rutheniumpolypyridyl complexes have been shown to exhibit a
negative solvatochromism, that is a blueshift of the UV-vis
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absorption bands in water compared to organic solvents!?

which has been reproduced in time-dependent density func-
tional theory calculations and has been related to a decreased
dipole moment in the excited state.?” Such a blue shift has also
been obtained in TD-DFT calculations of ruthenium(ll) polypyr-
idine-type complexes.”” Solvent-induced shifts are typically
assumed to be due to dipole-dipole interactions between polar
molecules and a polarizable medium,”? as found for a wide
range of molecules.

We will show that also photocatalytic molecular devices
such as RuPtl, can exhibit a strong solvatochromism. In this
molecule, [(tbbpy),Rul** acts as the photosensitizer (PS), (tpphz)
is the bridging ligand (BL) and Ptl, the catalytically active center
(CAT), as illustrated in Figure 1. The expected photochemical
mechanism in such photocatalysts is assumed to consist of the
following steps: (i) A photon excites an electron in the Ru" metal
center which creates a metal-to-ligand charge-transfer (MLCT)
state residing at the bridging ligand and bipyridine, (ii) ultrafast
intersystem crossing (ISC) and excited state relaxation processes
generate a population of triplet MLCT state(s) localized on the
tpphz bridging ligand, and (iii) an electron transfer to the Ptl,
catalyst occurs and forms a charge-separated (CS) state.”” As
this photochemical molecular device consists of two metal
centers, further complexity is added to the polarization
mechanism responsible for solvatochromic effects. For example,
electronic density can be shifted from the activated catalytic
center to the bridging ligand upon visible-light irradiation thus
reducing the catalytic activity.”®

We will first present our quantum chemical calculations
based on density functional theory (DFT) and time-dependent
density functional theory (TDDFT) of the photocatalyst. The
presence of the solvent has been taken into account using
implicit solvent models. The findings of the quantum chemical
calculations have been carefully analyzed in terms of the
underlying electronic structure of the molecular complexes.
Finally, we will discuss the implications of our findings for the
operation of photocatalytic molecular devices.

/ N\

Photosensitizer (PS)

Bridging Ligand (BL)

Catalyst (CAT)

Figure 1. lllustration of the structure of the RuPtl, photocatalyst.
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Results and Discussion

As a first step, we determined the structure of the RuPtl,
monomer complex in the gas-phase and compared it with its
optimized structure embedded in implicit solvents with dielec-
tric constants up to £=78.36 corresponding to water. In detail,
we have considered implicit solvents with dielectric constants
corresponding to benzene, chlorobenzene, dichloroethane
(DCE), acetone, ethanol (EtOH), methanol (MeOH), acetonitrile
(MeCN), dimethylsulfoxide (DMSO), and water. In order to
quantify the structural changes due to the presence of the
solvent, we determined the change in the bond lengths (|Ar;)):
|AI',-‘ — }ﬁolvent _ r;;ﬁS!7 (1)

i

and the bond angles (|y;|):
|A,yl| — b/?olvent _ y;gas" @)

with respect to the various bond lengths and angles of the
complex.

In Figure 2, we plot both the maximum value and the mean
value averaged over all bonds for the bond distances according
to Equation (1) (panela) and the bond angles according to
Equation (2) (panel b) for all considered solutes. Overall we find
rather small structural changes of the RuPtl, complex upon
embedding it in the implicit solvent. On the average, the
change in the bond distances is below 2.5x107A and the
change in the bond angles is below 0.3°. Still, there are
maximum changes of up to 0.05 A in the bond distances and of
up to 2° in the bond angles. Interestingly, these maximum
changes are found in the Pt-l distance and the I-Pt-l bond angle
of the catalytically active Ptl, moiety. Obviously, the presence of
the implicit solvent has the largest impact on the rather ionic
bonds of the catalysts protruding into the solvent. However,
overall we can conclude that the presence of the solvent has
only a small influence on the geometric structure of the
photoactive complex.

In contrast to the structural properties, the electronic
properties depend sensitively on the dielectric constant of the
electrolyte. In Figure 3a, the energy levels of the RuPtl, complex
close to the HOMO-LUMO gap determined using the Gaussian
16 code™ are plotted together with a color coding denoting
the electron localization. First of all note that the HOMO levels
are typically located at metal centers, whereas the LUMO levels
belong to organic moieties. Very surprisingly, in the gas-phase
and for weakly polar electrolytes, the HOMO is localized at the
catalyst and not at the Ru atom. Hence, in the gas-phase low-
energy excitations do not originate from the photosensitizer, as
usually expected, but rather from the catalyst. Only starting
with dichloroethane, that is at €~10, the HOMO becomes
localized at the metal center of the photoactive Ru complex. In
contrast, the LUMO is located at the phenazine part of the
bridging ligand over the whole range of considered dielectric
constants.

It is noteworthy that ruthenium complexes with oligopyr-
idophenazine ligands show an optically accessible local LUMO
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Figure 2. Maximum and average structural changes of the RuPtl, photocatalyst upon embedding it in various solvent compared to the optimum gas-phase
structure with respect to the bond distances (a) and the bond angles (b).
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Figure 3. Calculated change in the electronic structure of the RuPtl, photocatalyst due to the presence of an implicit solvent. Occupied and unoccupied
energy levels of the RuPtl, complex calculated using (a) the Gaussian 16 and (b) the FHI-AIMS code. The color coding indicates the projection of the one-
particle states onto the Ru’" metal center, the Ptl, catalyst, the bridging ligand (tpphz) and bipyridine (bpy). The solvents are ordered according to their
dielectric constant, and the corresponding HOMO and LUMO levels are connected by the yellow and light blue line, respectively. c) HOMO-LUMO gaps of
RuPtl, as a function of the dielectric constant of the implicit solvent using both codes with the order of the solvents being the same as in panel a.
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at the ruthenium coordinated bipyridine part of the ligand and
a LUMO which is significantly lower in energy at the phenazine
moiety. Direct optical population of the latter is not feasible.”
Upon photoactivation of the ruthenium center, the excited
electron becomes transferred to the bridging ligand. However,
in contrast to the typically assumed picture of the photo-
chemical mechanism in photocatalysts?” at low dielectric
constants the initial metal-to-ligand charge transfer does not
occur from the Ru" metal center, but rather from the metal
center of the catalyst. Figure 3a also reveals that all considered
electronic levels move to higher energies with increasing
dielectric constant. However, this dependence is least pro-
nounced at the highest occupied state localized at the Pt
center. As this state corresponds to the HOMO at low dielectric
constants, this is the cause of the strong solvatochromism
calculated in this system. Interestingly, such a variation of the
HOMO-LUMO gap is also obtained when we consider the
[(tpphz)Ptl,] complex formed by the bridging ligand and the
Ptl, catalyst alone. Hence, the presence of the Ru'" center
apparently is not the main cause for the occurrence of the
strong solvatochromic effect.

Figure 3b shows the same properties as Figure 3a, but
obtained with the FHI-AIMS code®" for the RuPtl, complex in
gas-phase and in acetonitrile (MeCN) using the so-called tight
basis set. The results are very similar to those obtained with the
Gaussian 16 code, in particular as far as the levels close to the
HOMO-LUMO gap are concerned. This illustrates the robustness
of our computational findings with respect to the strong
solvatochromic effects found for the RuPtl, complex. Further-
more, as the tight basis set of FHI-AIMS yields triple zeta
quality,®” this favorable comparison strongly suggests that the
Gaussian calculations with the chosen basis set yield reliable
results.

In Figure 3¢, finally the HOMO-LUMO gap is plotted as a
function of the dielectric constant of the considered electro-
lytes. This panel illustrates that the HOMO-LUMO gap rises very
strongly from 0.6 eV to 2.8 eV upon changing the dielectric
constant from the gas-phase value of ¢x~1 to £~10 corre-
sponding to dichloroethane and then levels off at this value.
This has to be related to the presence of the electric double

layer forming at the interface between the photocatalytic
complex and the electrolyte.®

In order to get some more insights into the nature of the
solvatochromic effect, we have determined local HOMO-LUMO
gaps for three different pairs, Ru-bpy, Ru-tpphz, and Pt-tpphz,
which are plotted in Figure 4a. Note that these local gaps are
derived from the electronic structure of the whole complex by
projecting it to the corresponding moieties of the complex. The
local Ru-bpy HOMO-LUMO gap located around the photo-
sensitizer is almost independent of the dielectric constant in
spite of the fact that the levels are shifted as a function of the
dielectric constant. This is caused by the fact that HOMO and
LUMO are shifted by almost the same amount, as also found for
ruthenium polypyridine complexes®” and other organometallic
compounds.?¥

In contrast, the local HOMO-LUMO gap decreases for the
Ru-tpphz pair, whereas it increases for the Pt-tpphz pair for
higher dielectric constants. A very similar increase is also
observed for the Pt-tpphz pair of an isolated [(tpphz)Ptl,]
complex, that is with the photosensitizer removed from the
complex (Figure 4b). Hence, apparently this increase is inde-
pendent of the coupling to the photosensitizer. According to
Figure 4a, the minimum HOMO-LUMO gap changes at about
£~10 from a Pt-tpphz to a Ru-tpphz transition, which means
that in solvents with a low polarity the catalyst would possibly
exhibit a higher photoactivity than the Ru complex. Further-
more, we analyzed the molecular orbital shapes, which are
presented in detail in the Supporting Information, and hardly
found any significant changes as a function of the dielectric
constant of the solvent.

As solvatochromism is usually assumed to be due to the
dipole-dipole interactions between polar molecules and a
polarizable medium,?? it is instructive to take a closer look at
the dipole moment and the charge redistribution within the
RuPtl, complex upon changing the dielectric constant of the
solvent. As Figure 5a illustrates, there is a strong increase in the
overall dipole moment of the whole complex from about 50D
to 66D as a function of the polarity of the solvent. This increase
strongly correlates with the opening up of the HOMO-LUMO
gap shown in Figure 3c as a function of dielectric constant. This
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Figure 4. Local HOMO-LUMO gaps plotted as a function of the dielectric constant for (a) Ru-bpy, Ru-tpphz, and Pt-tpphz combinations and (b) for the Pt-

tpphz pair of an isolated (tpphz)Ptl, complex.
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Figure 5. (a) Dipole moment and (b) Mulliken charge difference (AQ) of the RuPtl, complex as a function of dielectric constant of the solvent.

suggests that the change in the dipole moment is directly
related to the strong solvatochromism of the whole complex.

In order to understand the cause of the increasing dipole
moment, we have performed a Mulliken charge analysis
focusing on five different parts of the photoactive complex, the
Ru** ion, the bipyridine (bpy) moiety, the bridging ligand
(tpphz), the Pt atom and the two iodine atoms. Note that
Mulliken charges typically strongly depend on the choice of the
basis set. However, any charge partition scheme is in principle
ill-defined as their is no unique criterion to associate the
electron distribution to one particular atom. However, the
trends with respect to changes in the charges are rather robust
and basically independent from the choice of the particular
charge partition scheme. As Figure 5b reveals, upon variation of
the dielectric constant the Mullikan charges at the Ru*" ion,
bipyridine (bpy), and the Pt atom remain approximately
constant. In contrast, there is a significant charge transfer from
the two iodine atoms to the bridging ligand upon increasing
the dielectric constant. These findings suggest that the strong
solvatochromism found in the RuPtl, complex is mainly due to
the charge transfer from the iodine atoms to the bridging
ligand upon increasing the dielectric constant of the solvent.
This affects the energetics of the Ptl,-related states in a different
way than all other states (Figure 3a) and thus causes the
appearance of the strong solvatochromic effects.

Still, as Figure 3a reveals, the energy levels at the Ru®"
center, bipyridine, and tpphz strongly shift as a function of the
dielectric constant. This might be an indication that the local
charge at the Ru*™ and the ligands around Ru’" are the cause
for the overall shift of the energy levels whereas the local dipole
moment between the bridging ligand and catalyst is respon-
sible for the change of the HOMO-LUMO gap and thus the
strong solvatochromism in this system. It is of course also
interesting to consider how these observed solvatochromic
effects affect the catalytic activity with respect to the hydrogen
evolution reaction. However, as this would require a detailed
study of the mechanistic details of this reaction, this issue is
beyond the scope of this study. It is also fair to note that our
understanding of these mechanistic details in the photocatalytic

Chem. Eur. J. 2023, €202302643 (5 of 10)

water splitting is still rather limited and requires detailed
independent studies.

In order to judge the quality of our calculations, we
compare the absorption spectrum derived from the LR-TDDFT
approach with the corresponding experimental results obtained
in acetonitrile™ in Figure 6. The main calculated absorption
peaks in the visible range at 437 nm and in the UV range at
300 nm compare well with the corresponding experimental
results, 442 nm and 280 nm, respectively, giving credibility to
our approach. In Figure 6, we also identify the five main
excitation mechanisms of the RuPtl, photocatalyst, namely the
d(Ru)— 7*(tpphz) (blue), d(Ru)— z*(bpy) (magenta), d(Pt),
n— m*(tpphz) (green), m(tpphz)— 7*(tpphz) (cyan), and
n(bpy)— 7*(bpy) (orange) transitions. Electronic isosurfaces of
the frontier orbitals of the RuPtl, photocatalyst in the consid-
ered solvents indicating the localization of the orbitals are
shown in Figures S2-511 in the Supporting Information. In the
visible range, the peak at 437 nm represents the electronic
excitation from Ru(ll) to bipyridine, whereas the shoulder
around 350-380 nm is related to the excitation from the
catalyst to the bridging ligand. The UV peak at 300 nm is
related to the superposition of intra-ligand charge transfer
(ILCT) processes on the bridging ligand at 306 nm and in the
bipyridine moiety at 277 nm.

The absorption spectra of the RuPtl, photocatalyst in
various media within the UV-Vis range are shown in Figure 73,
the single excitations are listed in the Supporting Information in
Tables S1-S10. Furthermore, we have collected the properties
of the maximum excitations in the visible and the UV region in
Table 1. Maximum absorption in the visible region occurs in the
relatively narrow wavelength range between 428 and 438 nm
(2.83-2.90 eV). The electronic excitation mechanisms are also
basically the same, corresponding to d(Ru)— z*(tpphz) and
d(Ru)— zz*(bpy). Obviously, the solvent-solute interaction does
not significantly influence the profile of the maximum excita-
tion wavelengths of the RuPtl, photocatalysts within the visible
region.

In detail, in the visible region, by increasing the dielectric
constant corresponding to the transition from gas-phase to
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Figure 7. Calculated absorption spectra of (a) RuPtl, in various solvents, (b) RuPtCl, and (c) RuPdCl, in the gas-phase and acetonitrile.

chlorobenzene, there is an increase of the wavelength 1% of
the main absorption peak which then stays approximately
constant at about 435 nm for larger dielectric constants. As
listed in detail in the Supporting Information, these excitations
mainly correspond to d(Ru)— zr*(tpphz) and d(Ru)— " (bpy)
transitions, except for chlorobenzene, where the largest con-
tribution comes from the d(Pt)— " (tpphz).

In order to examine the effect of the solvent on the singlet
excitations of the photosensitizer, we define the maximum
excitation energy of the photosensitizer (£ ) as the transition
with the maximum oscillator strength f,s restricted to the
transitions d(Ru)— 7*(tpphz) and d(Ru)— z*(bpy) originating
from the photosensitizer. According to Table 1, E%lies in the

range 2.70-2.92 eV (453-424 nm). This means that the solvent
variation does not significantly change the excitation energy of
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the photosensitizer, as the maximum singlet absorption in the
photosensitizer stays in the wavelength range of blue light for
all considered dielectric constants. Interestingly enough, for low
dielectric constants corresponding to gas-phase and benzene,
in the UV region two ILCT peaks corresponding to the
n(tpphz)— 7 (tpphz) and m(bpy)— 7" (bpy) transition are ob-
served which merge to one peak at higher dielectric constants.

According to Figure 7a, in gas-phase and benzene the peaks
at about 270 nm associated with the m-7* excitation on the
bipyridine moiety have a higher intensity than the correspond-
ing excitation on tpphz at about 320 nm. As just mentioned, for
higher dielectric constants of the solvent, only one peak
appears in this region. This phenomenon is caused by the slight
shift of the m-7* transition on tetrapyrido phenazine from
3.9 eV to about 4.0 eV. On the other hand, the 7z(bpy)— 7*(bpy)
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Table 1. Properties of the main excitations of the solvated RuPtl, complexes in the considered solvents in the visible and UV region: wavelength in the
visible (1% ) and in the UV region (1)), excitation energy of the photosensitizer (E% ) and from the catalyst to the bridging ligand (E*) together with their
oscillator strengths fs and f,, respectively.
Solvent € A% (nm) A (nm) E” (eV) fis E® (eV) Frr
Gas-phase 1.00 427.00 328.00 2.73 0.16 2.01 0.14

271.00
Benzene 2.27 431.00 313.00 2.92 0.22 242 0.15

278.00
Chlorobenzene 5.70 436.00 289.00 291 0.13 2.85 0.20
Dichloroethane 10.12 434.00 285.00 2.87 0.18 3.02 0.12
Acetone 20.49 436.00 299.00 2.77 0.23 3.15 0.10
Ethanol 24.85 436.00 300.00 2.76 0.20 2.83 0.15
Methanol 32.61 436.00 300.00 2.76 0.18 3.20 0.14
Acetonitrile 35.69 435.00 300.00 2.77 0.18 3.21 0.13
DMSO 46.83 435.00 301.00 2.85 0.22 3.22 0.12
Water 78.36 435.00 301.00 2.85 0.20 3.25 0.12

transition tends to stay constant at ~4.4 eV. Thus these two
ILCT states shift closer together resulting in only one overall
peak. Furthermore, based on our TDDFT calculations we
speculate that the small blue shift of the z(tpphz)— z*(tpphz)
transition is probably related to the higher charge transfer to
the bridging ligand for more polar solvents.

A rather similar qualitative behavior was observed in experi-
ments in which gas-phase UV/Vis photofragmentation spectra
where compared with normalized absorption spectra in
acetonitrile solution, however, for RuPdCl, and RuPtCl,
photocatalysts.® In order to check whether the results for
RuPdCl, and RuPtCl, photocatalysts are also relevant for the
understanding of the RuPtl, system we are focusing on here,
we additionally performed LR-TDDFT calculations to determine
the absorption spectra of the RuPtCl, and RuPdCl, complexes in
gas-phase and acetonitrile (Figure 7b and 7c). Similar to the
results for the RuPtl, system, we observe two peaks in the gas-
phase and only one in acetonitrile for both photocatalysts. And
again, the peaks in the UV region mainly originate from ILCTs in
tetrapyrido phenazine and bipyridine. In addition, a MLCT peak
is observed at ~440 nm, whereas a backward MLCT (b-MLCT)
process from the catalyst to tetrapyrido phenazine (d(Pt),
n— " (tpphz)) leads to a shoulder at around 350 nm, in
agreement with the experiment.®***¢ This nice agreement with
the experiment for the RuPdCl, and RuPtCl, complexes suggests
that our calculations for the RuPtl, complex are trustworthy,
exhibiting a predictive power.

We now take a closer look at the backward MLCT (b-MLCT)
from the catalyst to tetrapyrido phenazine (d(Pt),
n— 7" (tpphz)). As documented in the Supporting Information,
a b-MLCT exists in solvents with small dielectric constants in the
near-IR region up to the visible region, indicating a photo-
poisoning effect. In solvents with high dielectric constants, on
the other hand, b-MLCT occurs at wavelengths around 350 nm
and shows up in measured spectra as a shoulder at this
wavelength.”) To quantify the behaviour of the b-MLCT, we
define ES® as the energy of the b-MLCT with maximum

max
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oscillator strength which are listed Table 1. We find that £
exhibits a blue-shift from 615 to 381 nm (2.01 to 3.25 eV) upon
increasing the dielectric constant of the solvent from 1 to 80.

The b-MLCT from the catalyst metal center (Pt) to the
bridging ligand is of importance as the efficiency of photo-
catalytic processes might also be influenced by such
processes.”® Electron transfer from the catalytic center to the
bridging ligand can reduce the catalytic activity.”® Hence, the
b-MLCT transition should be energetically more demanding
than the MLCT transition in order to suppress it. Indeed, as
Table 1 shows, increasing the dielectric constant of the solvent
to values above 10 shifts the excitation energy of the b-MLCT to
the higher energy than those associated with the MLCT.

Besides addressing singlet transitions in the RuPtl, complex
in various solvents, we have also considered singlet-triplet
transitions which can play an important role in the excited state
relaxation processes populating triplet MLCT states upon ultra-
fast intersystem crossing.”’?%% The properties of the most
dominant triplet excitations for the various solvents considered
in this work are collected in the Supporting Information in
Tables S6-S24. In general, we find trends in the excitations that
are qualitatively rather similar to the singlet transitions, there-
fore we do no discuss them here in detail.

Overall, we find dramatic differences in the electronic
properties of the RuPtl, complex embedded in an implicit
solvent with low and high dielectric constants. The HOMO-
LUMO gap, the dipole moment, and the charge of the RuPtl,
complex in the singlet state change rather significantly at low
dielectric constants upon increasing the dielectric constant
(Figures 3-5). In total, all these changes appear to be a
consequence of the charge rearrangement between the tpphz
bridging ligand and the two iodine atoms of the catalytically
active center upon embedding the RuPtl, complex in a polar-
izable medium (Figure 5b). As these solvatochromic effects can
be used to tailor the electronic properties of photoactive
complexes, it appears to be worthwhile to also look for such a
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solvatochromism in other photoactive and photocatalytic
complexes.

Conclusions

Based on density functional theory (DFT) and time-dependent
DFT calculations, we have studied the properties of a RuPtl,
molecular photocatalyst upon embedding it in an implicit
solvent as a function of its dielectric constant. Whereas the
geometric structure of the RuPtl, complex is hardly influenced
by this embedding, the electronic properties change dramati-
cally upon increasing the dielectric constant from 1 to 20,
corresponding to the transition from gas-phase conditions to
solvation in acetone. For higher dielectric constants, the proper-
ties then remain approximately constant. These dramatic
changes at low dielectric constants are associated with a
change in the location of the HOMO state from the Ptl, catalyst
to the photoactive Ru center and a strong increase in the
HOMO-LUMO gap. Based on an analysis of the charge and spin
distribution, we relate these changes to the net electron
transfer from the bridging ligand to the iodine atoms upon
embedding the RuPtl, complex in a polarizable medium. As a
consequence, we predict strong solvatochromism in this
complex. Such dramatic effects might well also occur in other
photoactive and photocatalytic complexes upon solvation. As
the integration of photocatalysts in very nonpolar polymeric
materials, lipid membranes, etc. is an area of increasing
relevance, integration of RuPtl, and similar photocatalysts in
such materials has to be treated with caution, as a complete
switch of the light-induced electron transfer mechanisms might
occur. However, in general our results suggest that such strong
solvatochromic effects might be used to deliberately tailor the
properties of photoactive complexes.

Computational Details

In order to unravel the effect of the interaction between molecular
RuPtl, photocatalysts and its surrounding medium, we have
performed DFT and TDDFT calculations using the Gaussian 16
code™ in a setup that corresponds to the present standard in the
field of computational molecular photocatalysis.""***? The elec-
tronic ground-state properties of the RuPtl, complexes in the
singlet and triplet configurations were determined using DFT
calculations employing the B3LYP functional™®*¥ to account for the
exchange-correlation effects using the def2svp basis set™** for all
atoms. To take dispersion interaction into account, the D3
dispersion scheme of Grimme with Becke-Johnson damping was
used in this work.””*® Note that this computational methodology
used in our work is widely employed in this field, see, e.g.,
Refs. [11,40-42], and yields results that compare favorably with
measured data. Some additional calculations have also been
performed with the FHI-AIMS code.”" In the AIMS calculations, the
tight basis set was employed for the B3LYP geometry optimization
and energy level calculations. Relativistic effects have been
considered on the level of the atomic zeroth order regular
approximation (ZORA).*? Upon including relativistic effects, the
energies of the considered singlet and triplet states changed by
less than 25 meV, and no change in the ordering of the transitions
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was observed. Furthermore, the van der Waals correction scheme
by Tkatchenko and Scheffler (vdW-TS) was used.”® To model the
presence of the electrolyte in the AIMS calculation, we used the
multipole moment expansion (MPE) implicit solvation method.®"
Using test sets from Marenich et al.®” we selected the solvation
parameters o=2.89 meV/A?2, B=-3.12meV/A* and the cavity
isodensity o, =40.00 meV/A*™® for acetonitrile. Further details of
this procedure are given in the Supporting Information.

In the Gaussian calculations, the SMD (Solvation Model Based on
Density) continuum solvation model®? was applied to describe the
solvent around the complex as it gives more reliable values of the
solvation free energies (AG,,) of cationic complexes compared to
other methods such as the integral-equation-formalism polarizable
continuum model (IEFPCM) or conductor-like polarizable continu-
um models (CPCM).”? Furthermore, it also promises a more realistic
representation of the molecule-solvent interaction as also other
properties such as Abraham’s hydrogen bond acidity and basicity,
aromaticity, and electronegative halogenicity have entered its
construction.”®*? The particular solvents addressed in this work are
characterized by their respective dielectric constant. In detail, we
considered benzene (¢=2.27), chlorobenzene (¢=5.70), DCE (¢=
10.12), acetone (¢=20.49), EtOH (¢=24.85), MeOH (¢=32.61),
MeCN (¢=35.69), DMSO (¢ =46.83) and water (¢=78.36). Further-
more, the corresponding results are also compared with gas-phase
calculations (gas, €=1.00) calculations. In principle it would be
desirable to validate the results of the implicit solvent calculations
with simulations considering explicit solvent molecules. However,
this would require sampling over ab initio molecular dynamics
simulations with sufficiently long run times including several
hundreds of explicit solvent molecules. This is at the moment still
numerically prohibitive with existing computer resources.

The optical properties of the RuPtl, complexes were derived using a
linear response formalism based on time-dependent density func-
tional theory (LR-TDDFT)®***! within the singlet ground-state
geometry of the complexes. The absorption spectra of the RuPtl,
complexes were determined using:

" f E—E)?
S(E)=dexp(f - ) , 3)

i

where ¢(E) corresponds to the absorption spectra at energy E, f is
the oscillator harmonic strength derived in the TDDFT calculations,
and o denotes the broadening of the absorption spectra.”” In this
work, we selected 0=0.30 eV in Equation (3) in order to mimic the
typical resolution of experiments.

To further validate our computational approach, we used the RuPtl,
geometry optimized with the B3LYP"** functional and performed
for this geometry single-point calculations for the HOMO-LUMO
gap in the gas-phase and in acetonitrile using further hybrid
functionals (PBO,”® HSE06,*” and MO06“¥), a long-range-corrected
(CAM-B3LYP®) and a double hybrid functionals (M06-2X").
Interestingly, B3LYP, PBEO and MO06 yield rather similar results for
the two energy gaps, whereas HSE06 gives a smaller gap (Fig-
ure S16). In contrast, the long-range-corrected (CAM-B3LYP) and
the double hybrid (M06-2X) functionals both predict gaps that are
about twice as large as the B3LYP results.

In order to allow a better comparison with experiment, we
determined the optical properties of the RuPtl, complex for the
different functional using TDDFT calculations, again using the
relaxed B3LYP geometry. The optical spectra shown in Figure S17
demonstrate that the hybrid functionals B3LYP, PBEO and MO06
nicely reproduce the experimental spectrum, in particular also the
experimental MLCT absorbance in the visible regime at A=

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

85UBD 17 SUOWILLIOD BAIFER1D 3|qedljdde ay) Ag pausenob a1e Sapie WO ‘88N JO S9N 4oy Afeiq 1 8UlUO A8|IM UO (SUORIPUOD-PUR-SWRILOD A8 | I ARe1q) 1 BU1IUO//SANY) SUORIPUOD PUe SWie L 8L} 38S *[£202/TT/ST] Uo ARIqIT8ul|uo A|IM ‘WIN BISBAIUN BP ZIX AG £79206202 WRUD/Z00T 0T/10p/W0d" A3 1M Afe.q pu juo'adoune-Ansiweypy/sdny wou papeojumod ‘0 ‘S92ET2ST



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

Chemistry—A European Journal doi.org/10.1002/chem.202302643

442 nm, whereas the HSE, CAM-B3LYP, and M06-2X functionals all
yield overall blue-shifted spectra. Given the agreement with the
experimental absorption spectra, we conclude that the B3LYP
functional chosen by us as well as the PBEO and MO06 functionals
are well-suited to describe the electronic properties and excitations
RuPtl, complex.
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Solvatochromism denotes the de-
pendence of the colour of a solution
on the solvent. Based on quantum
chemical calculations, we predict
strong solvatochromism in a light-
driven molecular photocatalyst for
hydrogen evolution. Moreover, we
find a solvent-dependent relocation
of the highest occupied molecular
orbital opening the way to deliber-
ately modify the properties of photo-
active complexes.

i
Il
il

Energy Level (eV)

M. H. Putra, B. Bagemihl, Prof. Dr. S.
Rau, Prof. Dr. A. Grof3*
1T-11

Prediction of Strong Solvato-
chromism in a Molecular Photo-
catalyst

35UBD17 SUOLULLOD SAIER.1D B (0ed! dde 8U) Aq pauLBA0B 8.8 SaR1LE YO ‘B8N J0 S9INJ 10) Al 3UIIUO AB]IA UO (SUOTIPUOD-PUR-SLLLBY D" AB | 1M ARe.g]1|BU UO//STNY) SUOIIPUOD PUe SWLB L 84} 835 *[€202/TT/ST] U0 Akeiqiauliuo Ao |im ‘win IsieAIuN Jop ZIX AQ E7920£202 WRYD/Z00T OT/10p/wod Ao M Aselq1jpul|uo-adoune-ALs Luayd//sdny woiy pepeojumod ‘0 ‘G9.ETeST



