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Abstract

The first negatively charged PtCI(tpy) (tpy = 2,2°:6°,2”—terpyridine) derivative, formulated
as Nay[PtCl(tctpy)]*5SH20 (tctpy = 2,2":6'2"-terpyridine—4,4',4"—tricarboxylate), was
prepared, characterized, and investigated in detail for its activity as a single-component
photocatalyst which drives water reduction to H> in the presence of a sacrificial electron
donor (EDTA). This compound was confirmed to exist in its fully deprotonated form
[PtCl(tctpy)]* in aqueous media at pH > 4.4. In spite of its dianionic character,
[PtCI(tctpy)]* was found to form a specific adduct with anionic EDTA (i.e., YH2* and YH?*,
where YHgs is a fully protonated form of EDTA), enabling reductive quenching of the triplet
metal-to-ligand charge transfer excited state within the adduct leading to subsequent electron
transfer steps correlated with Pt(l1l1)-catalyzed H> evolution from water. Electrochemical
studies also reveal that the compound exhibits a unique pH-dependent first reduction (i.e.,
tctpy-centered reduction), leading to our realization of the first example of a Pt(l1)-based
molecular system photocatalyzing H> evolution reaction accompanied by a ligand-based

proton-coupled electron transfer (PCET) process.
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Introduction

Solar-driven water splitting (2H20 + 4Av — 2H> + O2) is now considered as one of the
promising candidates to solve the problems arising from shortage of fossil fuels and global
warming due to continued emission of CO..'* As part of our efforts to develop
molecule-based artificial photosynthetic devices for enabling photocatalytic water oxidation
and reduction, continuous efforts have been made to examine the hydrogen evolution reaction
(HER) promoted by Pt(l1)-based homogeneous catalysts.* Earlier studies relied on the use of
a well-known three-component photosystem consisting of EDTA, [Ru(bpy)s]*
(photosensitizer; bpy = 2,2°—bipyridine), and methylviologen (MV?2*; electron relay), in
which photochemically generated MV« serves as a reducing equivalent to drive water
reduction based on the reaction: 2MV™"s + 2H* — 2MV?* + H; (see Scheme 1).° Importantly,
the thermodynamic driving force (DF) for this reaction at pH 5.0 is only 150 meV.%¢® In spite
of such a small DF, various platinum(ll) complexes have been confirmed to accelerate
MV*e-driven HER under these conditions.® The highly active character of platinum(ll)
complexes has been suggested to arise from their characteristic pathway for the catalysis of
HER, which proceeds via rate-determining PCET steps leading to hydridoplatinum(l11)
intermediates: Pt" + H* + e — Pt'"'—H.5¢ Our DFT calculations revealed that the initial PCET
step is an uphill process but two possible subsequent steps are sufficiently downhill processes,

i.e., unimolecular and bimolecular Hz evolution steps; Pt"'-H + H* + &= — Pt" + H, and

3
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2Pt"-H — 2Pt" + H..5¢ We also reported rare examples of Rh'- and Co'-catalyzed HER,”®
which proceeds via an analogous PCET step affording a hydride intermediate without
generating lower valent intermediates often considered to take part in the catalytic paths for
some well-known Hz-evolving catalysts having a Co or Ni center.?*9910 These Co- and
Ni-based molecular catalysts have been considered to afford hydride intermediates via
oxidative addition of proton to a lower valence intermediate; e.g., Co" + e= — Co' followed
by Co' + H* — Co'"'-H.

We also attempted to fabricate photo-hydrogen-evolving molecular devices (PHEMDs)
that can promote both photo-driven electron transfer (ET) and Pt(l1)-catalyzed HER within a
single molecular motif. The RuPt?* derivatives depicted in Scheme 2 were shown to be the
first important series of PHEMDs.***1:12 For this family, the photo-hydrogen-evolving (PHE)
activity was examined by changing the substituent R, which resulted in our conclusion that
the DF for the intramolecular ET governs the apparent photocatalytic activity of PHEMDs.'2?
On the other hand, quite simple mononuclear platinum(ll) complexes having a bpy or tpy
derivative were also proven to serve as PHEMDs.!3 For these systems, the so-called SMLCT
(triplet metal-to-ligand charge transfer) or SMMLCT (triplet metal-metal-to-ligand charge
transfer) excited state, derived from the PtClx(bpy), PtCl(tpy), or [PtCl(tpy)]> dimer

chromophore, is considered to participate in the initial photo-driven ET step (i.e., reductive

guenching of the triplet by EDTA) . Due to the relatively short lifetimes of these triplet states
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in aqueous media at room temperature,'* ground-state adduct formation between the cationic
PHEMDs and dianionic EDTA (i.e., YH2?"; 93% in abundance at pH = 5.0) has been found to
play a key role in affording a reductively quenched product according to Scheme 3.

Insert Scheme 3

These studies revealed that the HER photocatalyzed by either PV?* or [PtCl(5,5-MV4)]®*
(see Scheme 2) proceeds based on the following two-step excitation (Z-Scheme; see Scheme
4).13c,d

Insert Scheme 4

As mentioned above, all the PHEMDs examined so far possess a positive charge enabling
ion-pair formation with dianionic YH22". In the present study, we focus for the first time on a
negatively charged PtCl(tpy) derivative having three carboxylate units ([PtCl(tctpy)]?;
Scheme 2). This compound was originally designed to avoid deposition of a neutral
one-electron-reduced product PtCl(tpy *) while we were examining the photocatalysis of
[PtCI(tpy)]" in further detail, but later turned out to provide additional important insights into
this series, as reported in this study. An important realization is that such a negatively charged
system can also afford a specific adduct with anionic EDTA and does show PHE activity.
Moreover, this study clarifies intriguing pH-dependent redox properties of [PtCI(tctpy)]?> due
to the increased basicity of the carboxylates upon its one-electron reduction into

[PtCI(tctpy *)]*.
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Results and discussion

Spectroscopic and structural properties

First, the absorption spectrum of Naz[PtCl(tctpy)] in aqueous media was found to be sensitive to the
CIl~ concentration (Fig. S1), indicating that the hydrolysis equilibrium in eq. 1 is shifted to the

hydrolyzed form at lower CI~ concentrations.

[PtCI(tctpy)]*> + H20 2 [Pt(OHy)(tctpy)] + CI- (1)

From the CI~ concentration dependence of absorbance data (Fig. S1), it is clear that the concentration
of the hydrolyzed species becomes negligible at ClI~ concentrations above 0.075 M. To satisfy this
requirement, all the experiments described below were conducted in the presence of 0.1 M NaCl.
The [PtCl(tctpy)]? concentration dependence of absorbance data reveals that Beer’s law is obeyed at
concentrations below 1.0 mM (Fig. S2), indicating dimerization of [PtCl(tctpy)]?” in aqueous media
is negligible under these conditions. This is in sharp contrast with the dimerization behaviour of
[PtCI(tpy)]*, which was reported to have a dimerization constant of Kq = (4 + 2) x 10° M2.%° Perhaps,
dimerization of [PtCl(tctpy)]?> is considerably hindered due to the stronger electrostatic repulsion
between these dianionic species. Contribution of protonated species (i.e., [PtCl(tctpyH)],
PtCl(tctpyH2), and [PtCl(tctpyHs)]") is negligible and the triply deprotonated species is judged to be
the major species in solution in the pH range 4.4-7.4, since no spectral change is observed under

these pH conditions (see Fig. S3). Since precipitate starts to form at pH below ca. 4.2, the singly or

8
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doubly protonated species must be formed to cause deposition of a solid around this pH. The *MLCT
band of [PtCl(tctpy)]* is ca. 20 nm red-shifted relative to that of [PtCI(tpy)]* (see Fig. 1A),
presumably due to the electron-withdrawing effects of three carboxylate groups on the terpyridyl

moiety.

Neither aqueous nor methanolic solutions of [PtCl(tctpy)]?~ exhibit emission at room
temperature even under degassed conditions, probably due to efficient nonradiative decay via
low-lying d-d excited states or solvent interactions at the open coordination sites.!* Whereas,
[PtCI(tctpy)]? exhibits green emission in a methanol-ethanol-dmf (MED; 4:4:1, where dmf =
N,N—dimethylformamide) mixture under frozen glass conditions at 77 K (Fig. 2A).
Vibrationally structured bands appear at 488, 522, and 562 nm, where the spacing between
the 0-0 and 0-1 transitions is 1300 cm™. These results, together with the long emission
lifetime (10.6 pus; see also Fig. 2B) and a relatively large Stokes shift (ca. 100 nm), clearly
indicate that the emission arises from the triplet excited state. This encourages us to consider
that this SMLCT excited state contributes to reductive quenching of the photoexcited
[PtCl(tctpy)]?> by EDTA, as illustrated in Scheme 3.

To better understand the electronic properties of [PtCl(tctpy)]?-, the structure of
[PtCl(tctpy)]?>” in aqueous media was calculated using density functional theory (DFT)
calculation at the M06 level. As shown in Fig. 3, the optimized structure has Cyy symmetry

with all atoms coplanar (see also Table S1). The bond distances and angles within the

9
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coordination sphere can be compared with those of [PtCl(tpy)]* (Table S2), optimized using
the same level of calculation (Fig. 3; see also Table S3). All Pt—N(pyridyl) bond distances in
[PtCl(tctpy)]> are 0.008-0.014 A shorter than the corresponding bond distances in
[PtCI(tpy)]" (see Fig. 3), reflecting the stronger electrostatic attraction between the Pt ion and
the anionic tctpy® ligand. Due to this feature, the trans influence originated by the central Pt—
N(pyridyl) bond is stronger in [PtCl(tctpy)]? relative to [PtCI(tpy)]*, which is evidenced by
the slightly longer Pt—Cl bond in [PtCl(tctpy)]>~ compared to that in [PtCI(tpy)]* (see Fig. 3).
This feature is also relevant to the above-mentioned chloride dissociation (i.e., hydrolysis) in
eq. 1). On the other hand, a simulated absorption spectrum of [PtCl(tctpy)]> based on
TD-DFT results is somewhat consistent with the observed spectrum (Figs. 1A,B). The
lowest—energy band at 385.98 nm (f = 0.040) corresponds to a transition from HOMO-3
[dxz(Pt), w(tctpy), and pz(Cl)] to LUMO [=*(tctpy)] (see Table S4). This is characterized as a
mixed MLCT transition with significant contributions of ligand-centered (LC) and

halide-to-ligand charge transfer (XLCT) transitions.

10



Page 11 of 42 Dalton Transactions

35 35000
(A) S
3 — a) [PCl(tetpy)> ] 3002
25 1 25000
3 — b) [PtCI(tpy)]* 3
S 2 { 20000 ©
2 E!
S 15 1 15000 <.
2 <
1 10000 2
05 { 5000 §
0 L L L L 1 O ~
250 300 350 400 450 500 550 600
Wavelenath (nm)
045 [
o4 t| (B)
ey
5,035 |
c
o 03 Z/
® 0.25
S
% 02|
5 015 |
2]
O o1 f
0.05 | ‘
o LI,

250 300 350 400 450 500 550 600
Wavelength (nm)

Fig. 1 (A) UV-vis absorption spectra of 0.1 mM a) Na[PtCl(tctpy)]*5SH2O and b)
[PtCl(tpy)]CIl+2H20 in an aqueous 0.1 M NaCl solution at 20 °C in air. (B) Calculated
absorption spectra of [PtCl(tctpy)]?> (red). The singlet excitations, simulated with Gaussian
function, are shown as vertical bars (green) with heights equal to the oscillator strength.
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Fig. 2 (A) Emission spectra (lex = 374 nm) and (B) emission decay profiles (monitored at
487 nm) of [PtCl(tctpy)]? in a frozen glass state (MED) at 77 K in air. An excess of benzo—

15—crown—5 (10 equiv.) was added to this solution in order to solubilize Naz[PtCl(tctpy)] in
MED.
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Fig. 3 The geometries of [PtCl(tctpy)]?> (left) and [PtCl(tpy)]* (right) in their
water-solvated models (PCM) optimized at the MO06 level of DFT using the LanL2DZ basis
set for Pt and the 6-31+G(d,p) basis set for H, C, N, O, and CI.
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Electrochemistry

In order to solubilize Nax[PtCl(tctpy)] in dry dmf, a slight excess of dibenzo—18-crown—6
(dbc) was added to the solution prepared for electrochemical studies (see Fig. 4 for detail). In
other words, we may formally suppose that the solution was prepared by dissolving
[Na(dbc)]2[PtCl(tctpy)] in dmf. As shown in Fig. 4, [PtCl(tctpy)]> displays two reversible
reduction waves at —0.98 (Ered,1) and —1.50 (Ered2) V vs. SCE, which are quite comparable to
the values of —0.93 and —1.49 V previously reported for [PtCI(tpy)]*.*® The electrochemical
parameters provide an estimate for the comproportionation constant (K. = e(F/RT*AEAE =
Ered,r — Ered,2) fOr eq. 2, where F is a Fararaday constant, R is a gas constant, and T is an
absolute temperature (K).
[Pt''Cl(tctpy)]* + [Pt'Cl(tctpy+)]* —& . 2[Pt''Cl(tctpy +)]*~ (2)

The value is estimated as K¢ = 6.2 x 108, indicating that the equilibrium is largely shifted to
the right, and thereby formation of the doubly reduced species in dmf through
disproportionation of the one-electron-reduced species is negligible.

The first reduction potential (Ereq1) of [PtCl(tctpy)]? in aqueous media can be observed
using square wave voltammetric technique. Interestingly, Ereq,1 is found to be highly sensitive
to pH (Fig. S4) and affords a Pourbaix diagram showing somewhat complicated
pH-dependent behaviours (Fig. 5A). The first reduction is observed to occur at a constant

potential above pH = 7.0, indicating that this reduction is not coupled with any proton

13
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transfer process, leading to our assignment in eq. 3. On the other hand, the slope for the first
reduction as a function of pH is estimated as —0.059 V/pH for pH = 5.1-7.0 and —0.132 V/pH
for pH = 4.5-5.1. These results indicate that one-electron reduction of [PtCl(tctpy)]?>~ at pH =
5.1-7.0 is coupled with a single protonation process (eq. 4), while the reduction at pH =

4.5-5.1 is coupled with a double protonation process (eg. 5).

[PtCI(tctpy)]? + e — [PtCl(tctpy )] (pH > 7.0) (3)
[PtCI(tctpy)]?> + H" + e — [PtCl(tctpyH*)]* (5.1<pH<7.0) (4)
[PtCI(tctpy)]?> + 2H* + e — [PtCl(tctpyH2*)]” (4.5<pH <5.1) (5)

These results reveal that the pKa values of the singly reduced species ([PtCl(tctpyHn)]¢ "
n = 1,2,3) are significantly higher than those of the initial non-reduced species
([PtCl(tctpyHn)]®™; n = 1,2,3). Consequently, the values are estimated as pKs2 = 5.1 and
pKaz = 7.0 for the singly reduced species (eqs. 6,7), where pKai could not be determined
under these conditions.

[PtCI(tctpyH2*)]” 2 [PtCl(tctpyH *)]> + H*  pKa2=5.1  (6)

[PtCI(tctpyH+)]> 2 [PtCl(tctpy+)]*~ + H* pPKaz=7.0 (7)
Note that the standard electrode potential for HER is defined by eq. 8 (see also Fig. 5A).

E12(2H*/Hz) = —-0.241 —0.059 pH (V vs. SCE) (8)

Since the formal first reduction potential of [PtCl(tctpy)]? is constant above pH = 7.0, the DF
for the thermal HER driven by the one-electron-reduced form of [PtCl(tctpy)]>~ decreases at

14
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higher pH as given in eq. 9 (see also Fig. 5B). Importantly, the DF for the HER at pH =
5.1-7.0 is insensitive to pH and remains constant (0.15 eV) as given in eq. 10 (Fig. 5B). On
the other hand, the first reduction potential of [PtCl(tctpy)]?>~ is much more sensitive to pH
with the highest slope at pH = 4.5-5.1. Because of this feature, the DF for HER decreases

with decreasing pH in this pH range (see eq. 11 and Fig. 5B).

2[PtCl(tctpy *)]* + 2H* — 2[PtCl(tctpy)]> + H>  (pH > 7.0)

9)
DF = 0.562 — 0.059 pH (eV) (e.g. DF =0.120 eV at pH 7.5)
2[PtCl(tctpyH*)]>” — 2[PtCl(tctpy)]> + H2 (5.1 <pH < 7.0)
(10)
DF = 0.150 (eV)
2[PtCl(tctpyHz*)]” — Hz + 2[PtCl(tctpy)]?> + 2H* (4.5 <pH <5.1)
(11)

DF =0.073 pH —0.225 (eV) (e.g. DF =0.125 eV at pH 4.8)

In summary, the highest DF (150 meV) for the thermal HER driven by the
one-electron-reduced species [PtCI(tctpyH+)]?" is achieved in the pH range 5.1-7.0. This is
the first example of a Pt(l1)-based H»z-evolving catalyst which exhibits pH-independent DF

for HER owing to the PCET character of the redox couple correlated with HER.

15
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Fig.4 A cyclic voltammogram of [PtCl(tctpy)]> (0.5 mM) in dmf containing 0.1 M TBAP
(tetra(n-butyl)ammonium perchlorate) as a supporting electrolyte, recorded at a scan rate of
100 mV/s under Ar in the dark at room temperature. In this experiment, a slight excess of
dibenzo-18-crown-6 (4 equiv.) together with Naz[PtCl(tctpy)]*SH20 was dissolved in a small
amount of methanol, followed by adding dmf. Most of the methanol is considered to be
removed by purging with Ar before scanning.
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Fig. 5 (A) Plot of the first reduction potential (Ereq,1) of [PtCl(tctpy)]* as a function of pH
(Pourbaix diagram), where potentials were determined by observing the square wave
voltammograms of the complex in agueous media at various pH conditions. See Fig. S4 for
details. (B) The DF for the thermal HER driven by the singly reduced species of
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[PtCl(tctpy)]* as a function of pH.

17



Dalton Transactions Page 18 of 42

Photocatalytic Hz production from water

The PHE activity of [PtCI(tctpy)]> was first evaluated by visible light irradiation of aqueous
solutions of the complex at a constant pH (0.1 M acetate buffer, pH = 5.0) in the presence of
0.1 M NaCl and 30 mM EDTA. As shown in Fig. 6a, [PtCI(tctpy)]?>~ was confirmed to serve
as a PHEMD. The TON (2.4 at 12 h) is lower than that recently reported for the
multiviologen-tethered PtClx(bpy) systems (e.g., TON = 27 at 12 h for [PtClx(5,5—
MV4)]8%),%3¢ but is comparable to that reported for one of the RuPt** derivatives with R =
COOH (TON = 2.4 at 10 h), which was reported as the first active model of PHEMD.!!
Importantly, degradation of [PtCl(tctpy)]?>~ during the photocatalysis is suppressed under
these conditions as seen for the H> evolution curve in Fig. 6a, whereas [PtCl(tpy)]* was
confirmed to lose activity within an hour due to the replacement of the chloride ligand by a
coexisting donor ligand in solution.*3 On the other hand, an unexpected result was given in a
control experiment carried out for [PtCl(tpy)]* under the conditions adopted in the above
experiments. As depicted in Fig. 6b, no H. evolution occurs despite that our previous two
reports showed that this complex is active as a PHEMD in the absence of any chloride salt at
identical pH; one was examined wusing a different buffer (MES; 2-(N-
morpholino)ethanesulfonic acid)** while the other using the same acetate buffer.’* The loss
in the PHE activity of [PtCl(tpy)]* in the presence of NaCl (0.1 M) is attributable to the

deposition of one-electron-reduced species PtCl(tpy ) as blue precipitate (see Fig. S5). The

18
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manner how deposition proceeds could be more quantitatively observed by using dynamic
light scattering (DLS) technique. As shown in Fig. 7a, within a minute after starting
photoirradiation, an abrupt increase is seen in the light scattering intensity measured for the
EDTA/[PtCl(tpy)]* system in the presence of 0.1 M NaCl. Quite similar behaviour was
observed spectrophotometrically (Figs. S6A,B), in which growth of new broad low-energy
bands in the visible and near infrared region can be seen. Moreover, these absorption features
are also given by merely mixing [PtCl(tpy)]* with MV, generated in situ by controlled
potential electrolysis of MV?* (Fig. S6C). We conclude that these bands originate from
absorption by radical species within the heterogeneous particles (ca. 10 pm at 10 min via
DLS), since the solution became colorless after the suspension was left for about an hour to
let the particles deposited on the bottom of the measurement cell. These results indicate that
an insoluble neutral complex PtCl(tpy *) is formed through reductive quenching of the
photoexcited state of [PtCl(tpy)]* ([PtCl(tpy)]™*) by EDTA to inactivate all the relevant PHE
processes.

In contrast, the increase in the light scattering intensity during the photocatalysis of
[PtCl(tctpy)]?> is negligible over 7 h (Fig. 7b), revealing that all intermediate species
generated during the photolysis, such as the one-electron-reduced species of [PtCl(tctpy)]*
(i.e., [PtCI(tctpyHn)]®""; the major species adopts n = 2 at pH = 5.0: see above), are well
soluble in aqueous media (see Fig. 7b). Furthermore, the lack of any particle formation also

19
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evidences that colloidal platinum formation during the photolysis of [PtCl(tctpy)]? is

negligible, which strongly supports the homogeneous character of the present photocatalysis.
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Fig. 6 Photochemical H> production from an agueous acetate buffer solution (0.1 M, pH =
5.0; 10 mL) containing EDTA<2Na (30 mM) and 0.1 M NacCl in the presence of a) 0.1 mM
Naz[PtCl(tctpy)]*5SH20 or b) [PtCl(tpy)]Cl1*2H20 at 20 °C under Ar atmosphere.
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pH dependence of photodriven HER by [PtCl(tctpy)]*-

As discussed above, [PtCl(tctpy)]> is a unique example for which PHE activity can be
examined as a function of pH because of its protonation at the three carboxylate groups of the
reduced species. Fig. 8A shows the Hz evolution curves observed at various pH conditions. In
these experiments, pH values were adjusted by changing the mixing ratio of Naz['YHz] and
Nas[YH] by adopting a constant total EDTA concentration ([Y]: = [YH*] + [YH2?] = 30
mM). The pH dependence of the maximum H: evolution rate estimated from these data
provides a unique volcano-like diagram depicted in Fig. 8B. The maximum rate occurs at pH
= 6.2, which also coincides with the pH at which the concentration of YH2? and YH?" are
equal (Fig. 8C). Importantly, this pH lies within the pH range where the highest/constant DF
is applied according to eq. 10 (see also Fig. 5B). At this pH, TON = 4.6 (12 h) is achieved
when the [PtCl(tctpy)]?>” concentration is 0.4 mM (see Fig. S7).

In order to better understand the behaviours of chemical species in solution, the reactions
during photocatalysis were examined spectrophotometrically at three different pH conditions.
As shown in Figs. 9A-C, growth of broad visible and near infrared absorption bands is
observed at all pH conditions. For all cases, the absorption band gradually decays at the
prolonged photolysis stage after the final recording time in these figures; the final spectrum at
each pH was recorded when the maximum concentration is given for the reduced species

during the course of photolysis. These bands are attributable to a one-electron-reduced
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species. The pH-dependent character observed in these spectral data clearly reflects the shifts
of protonation equilibria for [PtCl(tctpyHn)]® ™~ (egs. 6,7). Strictly speaking, both
[PtCI(tctpyH)]>" and [PtCl(tctpyH2,+)]~ are considered to possess two different protonation
forms (see Fig. 10). As a consequence, five species must be thus taken into consideration,
including a non-protonated form, as shown in Fig. 10. As a result, five spectral features can
be simulated based on the results of TD-DFT calculations (Fig. 10). Particularly, the
simulated spectrum of the non-protonated species well resembles that observed at pH = 7.5
where the relative abundance of [PtCl(tctpy+)]* is 76%. On the other hand, it seems that the
amount of reduced species generated during the photolysis increases as the pH increases,
which can be rationally interpreted as follows. Despite that the H2 evolution rate at pH = 6.2
is larger than that at pH = 7.5 (Fig. 8B), the maximum concentration of the reduced species at
pH = 6.2 is only a half of that seen at pH = 7.5. This simply suggests that the photoreaction
populating the reduced species competes with the thermal process depopulating the reduced
species. In other words, change in the maximum concentration of the reduced species reached
during these two reactions (i.e., formation and consumption reactions) can be induced by the
variation in the ratio of the formation and consumption reaction rates.

In order to observe the thermal HER driven by these one-electron-reduced species
according to egs. 9-11, the Hz evolution that proceeds after stopping the photoirradiation was
examined at pH = 6.2. As shown in Fig. 11a, the absorption band derived from the reduced
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species at 840 nm slowly decays over 1 h after the light-off action was made (see also Fig.
S8). When the same event is monitored on the basis of the amount of Hz evolved, a quite
consistent response was observed (Fig. 11b), where the measurements were carried out by
adopting the continuous Ar—flow method (see experimental section for detail) by setting the
flow rate at 2 mL/min. Moreover, the thermal HER after the light-off action can be observed
even when the solution, immediately after the light-off, is completely purged with Ar (100
mL/min for 10 min) prior to monitoring the Hz evolved using the same Ar-flow method (2
mL/min). This confirms that the Hz evolution curve observed in Fig. 11b is not an artifact due
to the Ar-purging technique in our analysis. In addition to these observations, a similar
photolysis experiment was carried out using a sealed reaction vessel containing 22 mL of the
photolysis solution and having ca. 8 mL of the inner gas phase volume, which revealed that a
quite similar thermal H> evolution behaviour can be observed by gas chromatography after
the light-off action (Fig. S9). These confirm that the H> evolution from water is indeed driven
by [PtCl(tctpyH+)]?>" as a dark reaction (see egs. 9-11). This is in sharp contrast with the
stable character of PV*e (i.e., one-electron-reduced form of PV?*), which does not drive the
thermal HER (2PV*e + 2H* — 2PV?* + H; does not take place).'* Finally, we have to note
that we cannot completely exclude photo-driven generation of the doubly reduced species
[Pt'Cl(tctpyHn+)]* ™~ which might be formed via the Z-scheme envisioned for PV?* (see
Scheme 4).
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Fig. 8 (A) Photochemical Hz production from an agueous 0.1 mM Naz[PtCl(tctpy)]*5SH20
solution (at 20 °C under Ar atmosphere) containing 0.1 M NaCl at a) pH = 4.83, b) pH = 5.03,
c) pH =5.80, d) pH = 6.15, ) pH =6.49, f) pH = 6.73, g) pH = 7.04, or h) pH = 7.45, where
pH was adjusted using a combination of Naz[YH2] and Nasz[YH] with a fixed total
concentration (30 mM). (B) Plot of the maximum rate of H> production photocatalyzed by
Naz[PtCl(tctpy)]*5H20 vs. pH, determined from the Hz evolution curves in Fig. 8A. (C)
Variation in the concentrations of YHx“ >~ (x = 0, 1, 2, and 3) as a function of pH when the
total EDTA concentration is 30 mM ([Y]t = [YHs] + [YH2*] + [YH3*] + [Y*] = 30 mM),
where pKa values employed are those in the literature (pKa2 = 2.67, pKaz = 6.16, and pKas =
10.26).Y
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Fig. 9 Spectral changes during the photolysis (300 W Xe lamp, 400-800 nm) of an aqueous
0.1 mM Naz[PtCl(tctpy)]*5SH20 solution (at 20 °C under Ar atmosphere) containing 0.1 M
NaCl in the presence of (A) 1 mM Naz[YH2], 29 mM Nasz[YH], 16 mM NaH2POs, and 84
mM Na;HPOs4 (pH = 7.5; 0.1 M phosphate buffer), (B) 15 mM Naz[YH2] and 15 mM
Nas[YH] (pH = 6.2), or (C) 29 mM Naz[YH:] and 1 mM Nas[YH] (pH = 4.8). For A,
additional use of phosphate somehow improved the reproducibility of the results. It should be
also noted that spectral features of products are unaffected by the presence of phosphate,
ruling out chloride replacement by phosphate donors. The blue line for each condition shows
a spectrum affording maximum absorption during the course of photolysis.
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Fig. 10 TD-DFT simulated absorption spectra of five possible one-electron-reduced
species; [PtCl(tctpy*)]*~ (A), [PtCl(tctpyH+)]?> (B,C), and [PtCl(tctpyHz*)]" (D,E), where
excitations are shown as vertical bars with heights equal to the oscillator strength (f). Relative
energy among B and C, and that among D and E are shown with values in parentheses.
Geometries optimized for each species are shown in Tables S5-S9, together with the spin
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density distribution for each species. Each electronic transition is also summarized in Tables

S10-S14.
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Fig. 11 Photoresponse properties examined for the photolysis of an aqueous

Naz[PtCl(tctpy)]*5H20 solution in the presence of 0.1 M NaCl, 15 mM Naz[YH:], and 15
mM Nas[YH] (pH = 6.2) at 20 °C under Ar atmosphere. The light-off action was made at 15
min after starting photoirradiation (300 W Xe lamp, 400-800 nm). a) The photoresponse
observed by the change in absorbance at 840 nm. b) The dark reaction after the light-off
action was separately monitored by detecting H> evolved using the continuous Ar-flow
method (2 mL/min).
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Ground state adduct formation of [PtCl(tctpy)]*- with EDTA

As discussed above, the positively charged PHEMDs were shown to afford an ion-pair
adduct required to enhance the reductive quenching of the triplet (Scheme 3), which was
generally evidenced by observing their saturation kinetics in the photochemical Hz evolution
rate as a function of [EDTA].12¢922 Our preliminary prediction avoided postulation of such an
ion-pair adduct for [PtCl(tctpy)]> because of its dianionic character. Nevertheless,
experiments in Fig. 12 clearly show that quite similar saturation behaviours are observed at
both pH = 5.0 and 7.0, where the major forms of EDTA in solution are YH2*>" (93%
abundance) and YH3 (89% abundance), respectively. Quite similar saturation Kinetics is
observed at pH = 6.2 (see Fig. S11). Least-squares fitting analysis of these saturation curves
provides apparent outer-sphere formation constants (Kos; see Scheme 3) under these pH
conditions; Kos = 26, 59, and 29 M at pH = 5.0, 6,2, and 7.0, respectively. Importantly, the
Kos IS maximized at pH = 6.2 where the H2 evolution rate is maximized (see Fig. 8B).
Saturation is also seen when the H: evolution rate was examined as a function of the
[PtCl(tctpy)]?>" concentration at a constant EDTA concentration (see Fig. S12). On the other
hand, these adduct formation behaviours can be examined spectrophotometrically. The
EDTA concentration dependence of absorption spectrum of [PtCl(tctpy)]*” at pH = 6.2
(['YH2]* = [YH]*) roughly shows that no essential change is induced in the coordination

environment due to the variation in the total EDTA concentration (Fig. S13A). However,
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careful analysis of absorbance changes at several wavelengths reveals that relatively small
absorbance changes attributable to a shift of adduct formation equilibrium with Kos = 59 M
could be given upon changing the EDTA concentration with an isosbestic point located at
360 nm (Fig. S13). These results are consistent with our conclusion that this is not a ligand
replacement equilibrium but corresponds to a relatively weak association between the two
species. A possible interpretation may be that the positively charged ammonium groups may
contribute to stable adduct formation between [PtCl(tctpy)]>~ and either YH2?" or YH?", as
proposed in Scheme 5. Indeed, reports have shown that YH2>~ and YH?®" exist primarily in
their ammonium forms in aqueous media,'® which rationalizes the adduct formation proposed
in Scheme 5. The reductive quenching of the photoexcited state of [PtCl(tctpy)]? (i.e.,
[PtCI(tctpy)]? ™) is likely to proceed only within such adducts because of the short-lived
character of [PtCI(tctpy)]?>* under these conditions (vide supra).

There are several factors affecting the apparent PHE activity of [PtCl(tctpy)]?. First, the
formal redox potential of EDTA (Eoxepta) in aqueous media shows a cathodic shift upon an
increase in pH. For instance, EoxepTa IS reported as 0.32, 0.24, 0.17, and -0.17 V vs. SCE at
pH = 2.1, 3.7, 4.8, and 9.2, respectively.*® Within the major adduct given at pH = 5.0 (adduct
I in Scheme 5), reductive quenching becomes less favourable because of protonation at both
nitrogen donors, which can also be rationalized due to the higher formal oxidation potential
of EDTA, Eoxepta, leading to a lower DF for the reductive quenching (DF =
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E12([PtCl(tctpy)]>*/[PtCl(tctpy=)]*) — E2(EDTA'Y/EDTA)). Moreover, the reductive
qguenching within adduct I is considered to proceed via a PCET process, in which ET from the
nitrogen donor to the Pt'"" atom in the MLCT state must be accompanied by the proton
transfer from a relevant nitrogen donor, e.g., to one of the adjacent carboxylate units of
[Pt'"'>Cl(tctpy+)]®>3)-, where arrows show changes in oxidation state and charge that take
place upon PCET. As for the reductive quenching within the major adduct at pH = 7.0
(adduct 11 in Scheme 5), ET from YH?" to [PtCl(tctpy)]>* is much more favourable due to
the presence of a non-protonated nitrogen donor, although the electrostatic stabilization is less
favourable due to the smaller local positive charge given for YH3". It is quite reasonable to
consider that the above-mentioned several competing effects could lead to the manifestation
of the observed maximum rate in Hz evolution. Thus far, we attempted to elucidate the adduct
formation between [PtCl(tctpy)]>~ and EDTA simply based on ‘electrostatic models’.
However, we cannot rule out involvement of other models, such as those supposing adducts
stabilized with specific hydrogen-bonding interactions between the two species. We also
avoid discussing the factors relevant to the rate-limiting processes in the subsequent steps
after the reductive quenching takes place. Particularly, a possible PCET step, affording a
hydride intermediate [Pt'"Cl(tctpyHn+)]®™- + H* > [Pt"'CI(H)(tctpyHn)]?™", may also

contribute to the pH-dependent rate of H> evolution depicted in Fig. 8.
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Conclusions

We thus come to encounter an interesting Pt(11)-based molecular H2 evolution catalyst whose

basicity drastically increases upon forming the one-electron-reduced form, which allows us to

demonstrate an important strategy to develop catalysts driving HER using a PCET process

derived from the ligand geometry, which often lowers the reaction barriers of catalytic

pathways. We also envision a special case in which two negatively charged species, that is, a

photocatalyst and an electron donor, can form a weakly associated adduct which is essential

to activate the photocatalyst’s activity for H> evolution. Extended studies by adopting such

strategies are now actively in progress.
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Experimental Section

Materials

K2PtCls was purchased from Tanaka Kikinzoku Kogyo. All solvents and reagents were of the
highest qualities available and were used as received without further purification. The ligand

(tctpyHs)?° and [PtCl(tpy)]C1-2H.0?! were synthesized as previously described.

Synthesis of Naz[PtCl(tctpy)]-5H20

The ligand tctpyHs (0.331 g, 0.83 mmol) was dissolved in aqueous media by adding water
and aqueous 0.1 M NaOH, while the pH was kept below 8, and the total volume of the
solution reached ca. 35 mL at the end. To the solution were added K:PtCls (0.342g, 0.83
mmol) and NaCl (0.19 g. 3.3 mmol) followed by refluxing for 2 d. After cooling down to
room temperature, the solution was filtered for the removal of insoluble materials if any. The
pH of the filtrate was then adjusted to 3 using an aqueous 0.1 M HCI solution. The resulting
green precipitate was collected by filtration, and washed with a minimum amount of water

34



Page 35 of 42 Dalton Transactions

and acetone (3 times for each solvent). The solid was then dissolved in an aqueous solution
(100 mL) containing NaHCO3 (0.1 M) and NaCl (1 M), followed by adding a large excess of
methanol (900 mL). The orange powder deposited was collected by filtration, washed with
cold methanol (3 times), and then dried in vacuo. Yield: 0.531 g (88%, 0.73 mmol). Anal.
Calcd for C1gH18N301:1NaxCIPt: C, 29.66; H, 2.49; N, 5.77. Found: C, 29.51; H, 2.21; N, 5.64.
!H NMR (methanol—d4/trimethylsilane, ppm): & 9.14 (d, J = 5.4 Hz, 2H), 8.80-8.77 (m, 4H),

8.19 (d, J = 5.4 Hz, 2H).

Measurements

UV-vis spectra were recorded on Shimadzu UV-2600 and UV-3600 spectrophotometers. *H
NMR spectra were acquired on a JEOL JNM-ESA 600 spectrometer. Luminescence spectra
were recorded on a Shimadzu RF5300PC spectrofluorophotometer. Emission decays were
recorded on a HORIBA FluoroCube 3000USKU, where the excitation source was a diode
laser (374 nm) (HORIBA N-375L). Cyclic and square wave voltammograms were recorded
on an ALS 602DKM electrochemical analyzer (BAS). For the experiments using dry dmf media,
a platinum working electrode, a platinum wire counter electrode, and a Ag/Ag* reference electrode
(ca. 0.25 V vs. SCE) were used, where TBAP (0.1 M) was used as a supporting electrolyte. The
potentials were corrected by employing the ferrocene/ferrocenium (Fc/Fc*) couple as an internal

standard, in which the Fc/Fc* couple was considered to be 0.310 V vs. SCE. For the measurements
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using aqueous media, a glassy carbon working electrode, a platinum wire counter electrode, and a
saturated calomel reference electrode (SCE; 0.241 V vs. NHE) were employed, where KCI (0.1 M)
was used as a supporting electrolyte. Photochemical hydrogen evolution experiments were
carried out using the automated system developed in our group, as described elsewhere.5?!
These experiments adopted a continuous Ar-flow method by setting the flow rate at 10
mL/min, unless otherwise noted. The photoirradiation was carried out by an ILC Technology
CERMAX LX-300 300 W Xe lamp equipped with a CM-1 cold mirror which reflects lights
in the range of 400 < A < 800 nm. DLS experiments were carried out using an Otsuka
Electronics ELSZ-2PS particle analyzer equipped with a diode laser (660 nm). The pH

measurements were performed using an HM-25R pH meter (DKK-TOA).

DFT calculations

The geometries of model structures were optimized at the MO06 level?? of DFT using the
LanL2DZ basis set?® for Pt and the 6-31+G(d,p) basis set for H, C, N, O, and Cl, where the
contribution of water solvation was also taken into account using the polarizable continuum
model (PCM) method?* implemented in Gaussian 09.2° The LanL2DZ basis set uses relativistic
effective core potentials (RECP) for Pt to account for the scalar relativistic effects of the inner 60
core electrons ([Kr]4d'%4f'4). Figures were made using GaussView 5.09.2% Excited states were

calculated by TD-DFT?” as implemented in Gaussian 09.2° These calculations employed the
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hybrid M06 functional along with the basis sets described above. At least 300 excited states

were calculated for each system. The calculated transitions were replaced by a Gaussian

broadening function with a full width at half maximum height of 0.2 eV to simulate the

electronic transition spectrum.
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molecular photocatalyst capable of driving H> evolution coupled with a PCET process at the ligand

geometry.
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