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ABSTRACT: Development of near-infrared (NIR) light-
induced hydrogen (H,) evolution system is indispensable to
construct a sustainable society to maximize the utilization of
solar energy. Here, we report NIR light-driven H, evolution
catalyzed by a combination of a diprotonated saddle-distorted
porphyrin as a photosensitizer and platinum nanoparticles as
a Hy-evolving catalyst. The quantum yield at 710 nm was
determined to be 17%, which is the highest value among
photocatalytic ~ H,-evolution systems ever reported.
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Hydrogen (H,) is a promising and clean energy source for
fuel cells to reduce the dependence on fossil fuels."? Therefore,
an efficient photocatalytic system capable of H, evolution
reactions (HERs) should be constructed on the basis of solar
energy because H, has been industrially manufactured by
energy-consuming methods such as steam reforming of
natural gas.> To this end, extensive efforts have been devoted
to developing photocatalytic HER composed of molecular
photocatalysts and H, evolution catalysts such as metal
complexes or Pt nanoparticles (PtNPs).>® The archetypal
photocatalysts®'® mainly absorb visible lights to proceed
photocatalytic HER efficiently, although the sun light
contains not only UV-vis lights but also near-infrared (NIR)
ones. Thus, the development of NIR light-responsible
photocatalysts is indispensable to maximize the utilization of
remaining solar energy for HER. However, there are a few
limited examples to demonstrate NIR light-driven HER by
heterogeneous semiconductors'"'* or metal complexes'*' as
photocatalysts, just affording low quantum yields (up to 4%).
Among organic photocatalysts, porphyrins are good
candidates for NIR light-induced HER owing to their optical
and redox properties based on the 187 aromatic macrocyclic
structure.'”" So far, porphyrins have been employed as NIR
light-responsible photosensitizers in photodynamic therapy
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Scheme 1. Schematic Representation of the Approaches for
Photocatalytic HER by HiDPP**(Cl")..

because light in the NIR range of 650-800 nm can only
penetrate tissues effectively’® In addition, the absorption
bands of porphyrins could be extended (~750 nm) by
introducing distortion to the porphyrin core and the following
diprotonation.!” Recently, a diprotonated saddle-distorted
dodecaphenylporphyrin (HsDPP?*)* has been employed as a
photoredox catalyst for photocatalytic oxidation of
substrates® and oxygen reduction reactions® based on the
photodynamics and electron-transfer (ET) properties of
H,DPP**.2*? However, organic photocatalysts responsible to
NIR lights have yet to be reported, which would open a
development of NIR light-driven HER. We report herein a
construction of an NIR light-driven H, evolution system
consisting of HyDPP?*(CI"), and PtNPs in the presence of an
electron donor (Scheme 1). Evaluation of NIR light-driven
HER was performed by a determination of initial rates of HER
and quantum yields at the excitation wavelength, respectively.

Poly(vinylpyrrolidone)-protected PtNPs were synthesized
according to the literature (see Experimental Section in the
Supporting Information (SI)).* The average size of PtNPs
was determined to be 3.8 + 0.8 nm by transmission electron
microscopy (TEM) measurements together with dynamic
light scattering (DLS) measurements (3.8 £ 0.5 nm) as shown
in Figure S1. It should be noted that the best size of PtNPs for
a HER catalyst has been reported to be around 4 nm.**** Then,
an elemental analysis of PtNPs afforded the weight ratio
between PtNPs and poly(vinylpyrrolidone), resulting the
determination of Pt contents (0.16 mg mL™) in the stock
solution of PtNPs (see Experimental Section in SI).



We performed NIR light-driven HER under catalytic
conditions by employing H;DPP**(Cl"), as a photocatalyst®®
together with PtNPs as a H, evolution catalyst and 10-methyl-
9,10-dihydroacridine (AcrH,) as a two-electron donor in the
presence of p-toluenesulfonic acid (TsOH) as a proton source.
Note that no interaction was detected between HyDPP** and
PtNPs in the ground state, since no spectral change was
observed in the UV-vis spectrum of HyDPP** upon addition
of PtNPs (Figure S2). Photoirradiation (4= 710 nm) to a
methanol (MeOH) and acetonitrile (MeCN) mixed solution
(1:1 v/v) containing HyDPP**, PtNPs, AcrH,, and TsOH
under Ar resulted in the efficient evolution of H, detected by
gas chromatography (GC). Several control experiments were
performed in the absence of each component one by one to
confirm the necessity (Figure S3), resulting all components
are essential for promoting photocatalytic HER. In order to
confirm the stoichiometry of HER, the amounts of products
were quantified by UV-vis measurements during
photocatalytic HER as shown in Figure la. An absorption
band at 357 nm assigned to the oxidized product of AcrH,
(AcrH") increased, although the absorption bands at 485 nm
and 706 nm of HyDPP** were intact, indicating the robustness
of HyDPP?** under the catalytic conditions. The time profile
of H, evolution is almost consistent with that of AcrH*
formation (Figure 1b), which indicates that photocatalytic
HER proceed almost stoichiometrically by consuming AcrH,
as a two-electron source (eq 1).
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Figure 1. (a) UV-vis spectral changes in photocatalytic HER (A = 710
nm) observed after a 20-fold dilution. Conditions for HER: [HsDPP?**]
=10 gM, [TsOH] = 30 mM, [PtNPs] = 0.15S mg mL, [AcrH,] = SmM
in a MeOH/MeCN mixed solution (4 mL, 1:1 v/v) under Ar at 298 K.
(b) Time profiles of product amounts for AcrH* and Ha.
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Figure 2. Plots of i vs (a) [AcrHa] in the presence of TsOH (30 mM)
and PtNPs (0.15 mg mL™), (b) [PtNPs] in the presence of TsOH (30
mM) and AcrHa (10 mM), (c) [TsOH] and (d) [TFA] in the presence
of PtNPs (0.15 mg mL™') and AcrHz (10 mM), under photocatalytic
HER conditions (4 = 710 nm) in a MeOH/MeCN mixed solution (4
mL, 1:1v/v) containing HsDPP** (10 M) under Ar at 298 K.

Next, we investigated dependence of HER on the
concentrations of PtNPs, AcrH,, acids, and H,;DPP** to
optimize the photocatalytic conditions. When the amount of
evolved H, was plotted against photoirradiation time, the
initial rate of HER (v, #mol min™') was determined on the
basis of the initial slope of the plots (Figure S4). The
dependence of 1 on the concentration of AcrH, ([AcrH,])
showed saturation behavior (Figure 2a), suggesting that
AcrH, should be involved in a rate-determining step in

photocatalytic HER as discussed later. As for [PtNPs], a bell-
shaped dependence of vy on [PtNPs] was observed within
0.30 mg mL™, showing the highest performance in the range
of 0.10-0.16 mg mL™", as shown in Figure 2b. In contrast, no
dependence of v on [TsOH] was observed even in the case
of a weaker acid such as trifluoroacetic acid (TFA)** (Figure
2¢,d), indicating no correlation with the apparent proton
concentration ([H*]) in the mixed solvent. Additionally, no
kinetic isotope effect (KIE = w1/ v = 1) was observed,*' when
deuterated TFA (TFA-d) was employed as depicted in Figure
2d. Judging from no dependence of vy on acid concentrations
and the lack of KIE, the formation of a putative Pt-H species
between a Pt atom of reduced PtNP and a proton on the
surface of PtNPs is not involved in the rate-determining step
in contrast to the reported photocatalytic HER by using the
same size of PtNPs.! When we increased the concentration of
H.DPP*, the wy value increased slightly with showing
saturation behavior because the amount of absorbed photons
at 710 nm increased with increasing [H;DPP**] owing to the
elevated absorbance at 710 nm (Figure SS). In terms of
quantum yields (@) based on the absorbed photons, no
dependence of the @ values on [HsDPP**] was observed,
indicating HyDPP?* acts as a photosensitizer rather than a H,-
evolving catalyst.

Under the optimized photocatalytic HER conditions, a
turnover number (TON) of NIR light-driven HER based on
[H.DPP**] was reached 1500 at 3 hours with the 72% yield of
H, based on [AcrH,] as shown in Figure 3. In order to
interpret the saturation behavior of v vs photoirradiation
time, repeated photocatalytic HER experiments were
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Figure 3. A time course of Hz evolution under photoirradiation (1="710
nm) in a MeOH/MeCN mixed solution (4 mL, 1:1 v/v) containing
H(DPP** (10 zM), AcrHs (20 mM), TsOH (30 mM), and PtNPs (0.16
mg mL™") under Ar at 298 K.

performed by adding additional amount of AcrH, and TsOH
after 40 min photoirradiation. As a result, the same vy values
were obtained at least three times (Figure S6), ascertaining the
robustness of this photocatalytic HER system. This result also
suggests that the rate of photocatalytic HER depends on the
concentration of AcrH, without decomposition of H,DPP**
and PtNPs. Surprisingly, the quantum yield (@) of
photocatalytic HER was determined to be 17% at 710 nm,
12% at 480 nm, and 8% at 750 nm from the v values in Figure
S7 by a photomultiplier and a comparative actinometer
method (see Experimental Section). These @ values at NIR
regions are the highest ever reported in photocatalytic HER.

To gain a mechanistic insight into the photocatalytic HER,
we performed nano-second laser flash photolysis (ns-LFP) in
a mixed MeOH/MeCN solution (1:1, v/v). Upon
photoexcitation at 532 nm to a deaerated MeOH/MeCN
solution of HyDPP?** and TsOH, transient absorption spectra
of H,DPP** showed an absorption band at 560 nm at 0.8 us
after laser excitation. This indicates the formation of the triplet
excited state of HyDPP?* (3(H,DPP?*)*) that showed a us-
order lifetime (7= 7.7 us) via intersystem crossing (ISC) from
the singlet excited state of HyDPP** (*(H,DPP**)*) (Figure
S$8).2° Then, transient absorption spectra were measured in
the presence of AcrH, to investigate photoinduced electron
transfer (ET) from AcrH, to 3(H4sDPP*")* (Figure 4a). The
transient absorption spectrum changed to exhibit a new
absorption band at 520 nm, which was ascribable to the
formation of the one-electron reduced H,DPP*
(H4DPP-*).>% The decay time profile at S60 nm assigned to
3(H4DPP?**)* coincided with the rise time profile at 520 nm
due to HyDPP* as shown in Figure 4b. The second-order rate
constant (k:) of photoinduced ET from AcrH, to
3(H4DPP**)* was determined to be 1.2 x 10" M s! by
changing [AcrH,] (Figure S9). Judging from the lifetime of
3(H,DPP*")* and the determined k. value, the saturation
behavior of v in Figure 2a was well explained by a competitive

manner between ET from AcrH, to 3(H,DPP**)*
(k[AcrH,]) and the decay of 3(HsDPP*")* (1/7) according
to eq 2. The fitting line based on eq 2 is completely consistent
with the saturation behavior in Figure 2a, indicating the rate-

determining step in photocatalytic HER is the photoinduced
ET from AcrH, to 3(H,DPP?*)*,
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Figure 4. (a) Transient absorption spectra of H{DPP?* (40 zM) in the
presence of AcrH, (12 mM) and TsOH (5 mM) in a deaerated
MeOH/MeCN mixed solution (4 mL, 1:1v/v) at 298 K taken at 0.4 us
(red) and 20 s (blue) after nano-second laser excitation at 532 nm. (b)
The decay and rise time profiles at $10 nm (blue) and 560 nm (red) in
photoinduced ET from AcrH, to 3(H4DPP**)*,
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The proposed HER mechanism is described in Figure 5.
Upon photoexcitation of HsDPP** in the presence of AcrHa,
photoinduced ET from AcrH, to *(H4sDPP**)* occurs to
produce H,DPP"* as observed by ns-LFP. The fate of AcrH,™*
was expected to form a radical species (AcrH®) via the
deprotonation and the resulting AcrH" species is capable of
reducing another H;DPP>*.*>** Subsequent electron injection
directly from H,DPP** to PtNPs occurs to reduce a proton,
affording a putative Pt-H species®** on the surface of PtNPs,
to evolve H, under catalytic conditions. Thus, we conclude
that photoinduced ET from AcrH, to H;DPP** and electron
injection from H,DPP** to PtNPs allows us to construct the
efficient photocatalytic HER system by NIR irradiation.
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Figure S. Proposed photocatalytic HER mechanism.

In conclusion, we have constructed NIR light-driven HER
system composed of HyDPP** and PtNPs showing the highest



quantum yield (@0 = 17%) ever reported. The HER
mechanism was clarified on the basis of nano-second laser
flash photolysis and dependence of the HER rates on
concentrations of PtNPs, AcrH,, and acids. The results
presented herein are expected to contribute to the
development of NIR light-driven HER by organic

photocatalysts.
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