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ABSTRACT: Natural photosynthesis uses an array of molecular structures in a Dr
multiphoton Z-scheme for the conversion of light energy into chemical bonds (i.e., solar

P RoH
fuels). Here, we show that upon excitation of both a molecular photocatalyst (PC) and P OO

a substituted naphthol (ROH) in the presence of a sacrificial electron donor and proton - ] PO
source, we achieve photocatalytic synthesis of H,. Data support a multiphoton ‘ <
\ PhOH
' PC

mechanism that is catalytic with respect to both PC and ROH. The use of a naphthol
molecule as both a light absorber and H, producing catalyst is a unique motif for Z-
scheme systems. This molecular Z-scheme can drive a reaction that is uphill by 511 kJ
mol™" and circumvents the high-energy constraints associated with the reduction of
weak acids in their ground state, thus offering a new paradigm for the production of

'1,H,

solar fuels.

1. INTRODUCTION

The conversion of solar energy into chemical bond energy via
photosynthetic organisms is the foundation of life on earth.
Given its ubiquity and utility, considerable efforts are
underway to realize efficient “artificial” photosynthesis' ~
that harnesses solar energy for the production of chemical
fuels, such as hydrogen (H,), to meet the energy consumption
needs of humans.* Due to the inherent thermodynamic driving
forces combined with reaction activation barriers, it is difficult
to form chemical bonds with the energy of a single photon that
is typically absorbed by photosynthetic chromophores.™®
Nature circumvents this limitation using a Z-Scheme (Figure
1, left), which uses the energies of two photons absorbed at
P860 and P700 photocatalysts, for example, to drive chemical
bond breaking/making.”® Two independent excitation events
and electron transfer between the photocatalysts enable the
generation of strong redox active species that can catalyze the
oxidation of water and the reduction of NADP”, a reaction
with a of AG® = 220 kJ mol~1.*’

Artificial photosynthetic systems for solar fuels production
(e.g, splitting water into H, and O,; AG® = 237 kJ mol™")
have been realized via a variety of approaches including
multijunction solar cells, quantum dot suspensions, and
tandem dye-sensitized photoelectrosynthesis cells.”'® These
systems are typically composed of inorganic light-absorbing/
charge transport materials (e.g, semiconductors) and often
require additional, optically inactive, transition-metal catalysts
to perform the bond-breaking/making reactions.” Molecule-
based, multiphoton harvesting catalytic schemes have been
reported but many rely on light-harvesting arrays, redox
mediators, or consecutive excitation events (i.e., not
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. 17-21
independent chromophores), There are some examples

of systems with two independent light-absorbing species
enabling artificial Z-schemes for generating long-lived charge
separated states,”” as well as ring expansion, dehalogenation,
and detosylation reactions.””** However, a molecular Z-
scheme with two independent light-harvesting species that
can generate solar fuels like H,, in the absence of a co-catalyst,
is yet to be realized.

Here, we introduce a system where upon excitation of both a
photocatalyst (PC) and an aryl alcohol (ROH) in the presence
of a sacrificial electron donor and a proton source, photo-
catalytic generation of H, is achieved (Figure 1, right). In the
proposed, dual catalytic cycle, PC is excited and then reduced
by a sacrificial electron donor, forming PC™ (PC* + ¢~ —
PC™). PC™ transfers an electron to the photoexcited ROH,
followed by the production of H, (2PC~ + 2ROH* — 2PC +
2RO+ H,). ROH is then regenerated using a proton source,
such as phenol (RO~ + PhOH — ROH + PhO~). Direct
electron transfer between PC™ and ROH* removes the need
for redox mediators. Likewise, hydrogen production directly
from the reduction of the aryl alcohol eliminates the need for a
secondary H, producing catalyst. The additive energetics of
two independent excitation events also circumvents the
thermodynamic constraints associated with the reduction of
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Figure 1. Simplified depiction of the natural photosynthetic Z-scheme (left) and the molecular Z-scheme reported here (right). TEOA =
triethanolamine, HA = weak acid.

Table 1. Summary of Various Reaction Conditions and the Resulting Quantity of H,“

reaction condition

product outcome

entry [PC] (mM) [ROH](mM) [TEOA](mM) lightb other mmol H,* TONPCd TONRon*
1 2.5 100 150 UV LED 0.20 5.7 0.1,
2 2.5 100 150 blue LED 0 0 0
3 2.5 100 150 0 0 0
4 2.5 100 UV LED 0 0 0
S 100 150 UV LED 0 0 0
6 2.5 150 UV LED 0.02 0.6 N/A
7 2.5 10 150 UV LED 100 mM PhOH 1.63 46.6 11.6
8 2.5 150 UV LED 100 mM PhOH 0.06 1.7 N/A

“Reaction vessel contained 28 mL of acetonitrile and 3.5 mL of N, purged headspace. “2000 mW 365 nm LED or 1500 mW 455 nm LED. “All
reactions performed in at least duplicate and mmol of H, are reported with +5% accuracy. “TON with respect to PC. “TON with respect to ROH.

Irradiation times were 6 h.

weak acids in their ground state, offering a new paradigm for
the conversion of light energy into H, bond energy.

2. RESULTS

For this molecular Z-scheme system, the aryl alcohol 7-bromo-
2-naphthol (ROH) was chosen as one of the chromophores
because its long-lived triplet excited state (Tpop+ = 15 us;
Figure S1) enables diffusion-limited bimolecular reactions.”
Also, in the ground state, ROH has a relatively high reduction
potential (E,.¢° = —1.39 V vs saturated calomel electrode, SCE
in MeCN) and is only weakly acidic (pK, = 27.9 in MeCN)
such that it is unfavorable for ground-state reduction of ROH
to RO~ and H, by common photoreduction catalysts (see the
SI for more details). The weak acidity of ROH also means the
conjugate base RO™ will allow for the regeneration of ROH via
a weak proton donor (vida infra). Ir(dF-CF5-ppy),(dtbpy)*,
where dF-CF;-ppy is 2-(2,4-difluorophenyl)-S-
(trifluoromethyl)pyridine and dtpby is 4,4'-tertbutyl-2,2'-
bipyridine, was chosen as the second chromophore (i.e.,
photocatalyst; herein PC) because it has a long triplet excited-
state lifetime (z3pcs = 2.2 ps; Figure S2) and an excited-state
oxidation potential that is thermodynamically below the
reduction potential of the ground state of ROH.”® Triethanol-
amine (TEOA) was used as the sacrificial electron donor
because its potential is favorable for the reduction of *PC* but
not *ROH*.

With system design in hand, irradiation of an MeCN
solution containing 100 mM ROH, 150 mM TEOA, and 2.5
mol % PC (0.07 mmol) for 6 h with a 365 nm light-emitting
diode (LED) resulted in 0.20 mmol of H, corresponding to a
turnover number (TON) of 5.7 and 0.1 for the PC and ROH,

respectively. Increasing the irradiation time to 12 h led to a
total of 0.3 mmol of H,. It is also worth noting that with these
reaction conditions, no ROH regeneration mechanism was
introduced; thus, the maximum theoretical TON with respect
to ROH is 1.0 (i.e., 1.4 mmol H,). While these initial TONs
are modest, the results confirm the ability of the system to
photocatalytically produce H, without the need for an
additional transition-metal catalyst to promote the hydrogen-
bond-making reaction.”’

To investigate the mechanism of this reaction, a series of
control experiments were performed, and the results are
summarized in Table 1. Given the absorption profiles of the
chromophores (Figures S3—SS), three different light con-
ditions were used: (1) a 365 nm UV LED capable of exciting
both PC and ROH, (2) a 455 nm blue LED that can excite PC
but not ROH, and (3) in the dark where no photoexcitation is
occurring. Emission profiles for the LEDs can be found in
Figure S6. It is worth noting that while 365 nm is not the ideal
wavelength for exciting ROH (4, = 335 nm), the emission
profile for the 365 nm LED overlaps with the low-energy
absorption shoulder and has previously been used as an
excitation source for ROH.”® Comparing between the
irradiation conditions (entries 1—3), a measurable quantity
of H, was only observed with the UV light source capable of
exciting both the PC and ROH (entry 1, Table 1). The lack of
H, generation under blue light (entry 2) and in the dark (entry
3) suggests that both the PC and ROH must be excited for the
reaction to occur.

Further control reactions show the removal of TEOA (entry
4) or PC (entry 5) resulted in no detectable quantities of H,. A
small, but measurable, amount of H, was produced from a
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Figure 2. Transient absorption spectra of (a) PC and TEOA (1:10; A, = 375 nm) with *PC* (at S ns) in blue and the chemically generated PC~
spectrum in orange; (b) PC, TEOA, and ROH (1:20:10; 4, = 335 nm); and (c) PC and ROH (1:10; 4., = 375 nm) with *PC* and *ROH* (at §
ns) in blue and red, respectively, in N,-deaerated MeCN. Time slices progress from green to black at 0.00S, 0.5, 1.0, 2.0, 5.0, 10.0, 100, and 1000

us.

solution containing just PC and TEOA (i.e., without ROH,
entry 6). This H, production most likely resulted from the
chemical decomposition of oxidized TEOA, as has been
previously reported.”” Regardless, the amount of H, from
TEOA is relatively small compared to that produced from the
solution containing ROH (entry 1).

At this point, we envisioned two possible pathways for the
photocatalytic generation of H, from this system: the
reduction of ROH* by PC™ to generate H, (eq 1) or the
generation of acidic protons by ROH* (eq 2) that are then
reduced by PC™ (eq 3).

2ROH* + 2PC™ - H, + 2RO + PC (1)
2ROH™ - 2RO™ + 2H" )
2H" +2¢” > H, (3)

To test the proposed mechanisms, we first investigated the
redox chemistry of ROH and PC, and then the role of acidity
in H, generation. PC™ was synthesized by chemical reduction
with potassium and then added to a solution of ROH in
acetonitrile. This solution mixture was stirred in the dark for 6
h, and GC analysis of the solution headspace showed no H,
production (Table S1). This result indicates that PC~ does not
reduce ground-state ROH or produce H, directly. Conversely,
a stirred solution of PC™ and ROH in acetonitrile under
irradiation for 6 h resulted in H, production (TONgoy = 0.3,
Table S1). This result indicates that ROH must first access its
excited state, ROH*, before H, production occurs when in the
presence of PC™. Electrochemical measurements using an
indium tin oxide electrode modified with PC** under reducing
bias (—0.4 V vs SCE) gave minimal photocurrent response
(<10 uA) (Figure S7). Upon the addition of ROH, however,
switchable photocurrents of >15 A were observed, indicating
that ROH* can serve as an electron transfer relay in the
electrolyte solution. Collectively, these results suggest that the
formation of PC™ and ROH* is necessary for H, production in
this catalytic system.

While the above observations are fully consistent with eq 1,
they do not rule out the possibility of the mechanism proposed
in eqs 2 and 3. Naphthol and its derivatives are known
transient photoacids with notably increased acidities in the
excited state.’’ Following excitation and SROH* formation,
the pK, of ROH decreases from 27.9 (in MeCN) to 16.4 as
determined from a Forster cycle analysis (see the Supporting
Information, SI for details).””™** This transient acidity

21570

increases the H' concentration in solution (eq 2), which
could be followed by the reduction of H* to H, (eq 3).
However, it is worth noting that the reduction of the solvated
proton (i.e, H* + e- — H®), in the absence of a catalytic
electrode such as platinum, has been determined to be —1.96 V
vs SCE*>*® and is thus thermodynamically inaccessible in our
catalytic system. Nonetheless, to test the role of solution
acidity in H, production and the possible mechanism of eqs 2
and 3, chloroacetic acid (MCA, pK, = 15.3) was used as a
surrogate for ’ROH*. Under the standard reaction conditions,
0.07 mmol of H, was produced from 100 mM MCA (Table
S1), which is nearly 3-fold lower than the solution containing
ROH (Table 1, entry 1). It is important to note that the
effective concentration of *ROH* is <0.1 mM because it is
limited by photon flux and the excited-state lifetime, and thus
the H" concentration for a solution containing 100 mM ROH
is at least 3 orders of magnitude lower than for 100 mM MCA.
Consequently, the low H, production from MCA indicates
that the acidity of *ROH* plays a minimal role in H,
production from the catalytic solution; thus eqs 2 and 3 are
not the likely mechanism for this catalytic system.

To further investigate the H, generation mechanism, we
performed the direct reduction of ROH electrochemically.
Cyclic voltammetry of a 1 mM solution of ROH in acetonitrile
(Figure S8) showed an irreversible reduction with an E, of
—1.57 V vs saturated calomel electrode (SCE). This potential
is 0.20 V more negative than the oxidation potential of PC~
(—1.37 V vs SCE), indicating that PC~ should not be
thermodynamically capable of reducing ground-state ROH. It
is worth noting that the measured E, includes the common
overpotential associated with the reduction of weak acids at
carbon electrodes,”” but is in agreement with the lack of H,
production from PC~ and ROH in the dark. Controlled
potential electrolysis at —1.60 V vs SCE performed on
solutions of various ROH concentrations all led to measurable
H, production, which scaled linearly with [ROH]* (Figure S9).
This is consistent with a second-order reaction with respect to
ROH. Electrochemical reduction of ROH was also monitored
with UV—visible absorption spectra, and an isosbestic point for
the conversion of ROH to RO~ (Figure S10) was observed.
This is notable for two reasons. First, once ROH is reduced,
either electrochemically or via reductive quenching of ROH*
by PC™, H, is produced concurrently with the conjugate base,
RO™. Second, in contrast to 6-bromo-2-naphthol that is known
to undergo decomposition via dehalogenation and a 6-carbene
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intermediate,”® we observe no side products with ROH (7-
bromo-naphthol).

Next, the roles of PC, ROH, and TEOA were investigated
using transient absorption spectroscopy (TA), and the results
are shown in Figure 2 and the Supporting Information. Two
different excitation wavelengths were used: 375 nm for the
selective excitation of PC and 335 nm for the excitation of
both PC and ROH (Figure S11). For an MeCN solution
containing only ROH and TEOA (Figure S12) under 335 nm
excitation, the excited-state decay of "ROH* was the same as
in the absence of TEOA (r & 15 us). This result shows that
TEOA is unable to reductively quench *ROH*. Conversely, an
MeCN solution containing just PC and TEOA showed a rapid
(<1 ps) decrease in the *PC* feature (425—500 nm, Figure
2a) upon 375 nm excitation, followed by the formation of
structured absorption spectra resembling that of the PC~
generated via chemical reduction. This outcome is consistent
with the previously reported reductive quenching reaction,
SPC* + TEOA — PC™ + TEOA', that occurs with a Stern—
Volmer quenching rate constant of 6.9 X 10° M~ s™! (Figure
$13).%° The resulting PC™ lifetime is significantly longer than
our acquisition time window (>1 ms).

In a solution containing all three components—PC, ROH,
and TEOA—335 nm excitation was followed by the rapid
disappearance of the *PC* feature (425—500 nm) in <1 s,
and longer-lived signatures for PC™ and *ROH* (Figure 2b).
Concomitant decay for PC™ and *ROH* at 420, 440, and 470
nm occurred with a lifetime of ~10 us (Figure S14), which is
faster than the intrinsic decay of PC™ (7 > 1 ms) and *ROH*
(t ~ 1S ps), suggesting a cooperative decay mechanism. Based
on the results above, we attribute this cooperative decay to the
reduction of ‘ROH* by PC~. We observed no spectral features
indicative of ROH®~ formation, which is consistent with the
electrochemical reduction of ROH, where H, generation was
the rapid step.

Unfortunately, due to the inherent instability of PC™ and
spectral overlap for ROH and PC~, we were unable to perform
concentration-dependent quenching studies for *ROH* by
PC™. However, as a surrogate, we chose to use ferrocene (Fc)
as an electron donor (0.4 V vs SCE). Ferrocene is a much
weaker reductant than PC~ (—1.37 V vs SCE) but has
sufficient potential to reduce *ROH* (1.27 V vs SCE, vida
infra). As shown in Figure S15, the excited-state quenching
*ROH* by Fc occurs with a Stern—Volmer rate constant of 2.3
x 10° M™' s7". A similar spectral evolution and Stern—Volmer
rate constant (2.5 X 10° M~' s™'; Figure S16) was obtained for
the quenching of 2-bromo-7-methoxynaphthalene (ROMe),
which has a chromophoric core that is analogous to ROH, but
it cannot directly undergo proton reduction. The similarity in
spectral evolution and rate constant (~2.4 X 10° M~ s™') for
the quenching of ROH and ROMe suggests that the
chromophoric naphthalene units of ROH and ROMe are the
likely sites of excited-state reduction. Consistent with previous
reports,‘i’9 no spectral features were observed for Fc* due to its
low extinction coefficient (¢ < 500 M™! cm™ at 620 nm).
However, further support for a reductive quenching mecha-
nism is provided by the fact that a 6 h irradiation of a mixture
of 100 mM ROH and 100 mM Fc with a 365 nm LED resulted
in the production of 0.20 mmol of H,.

In an acetonitrile solution containing just PC and ROH,
excitation of PC at 375 nm resulted in a TA spectral shift
consistent with the *PC* to ROH triplet energy transfer
(Figure 2c) with a Stern—Volmer quenching rate constant of

8.0 X 10° M~ s7! (Figure S17). Importantly, in Figure 2c,
there are no indications of the formation of PC*/PC™ or an
increased rate of ’ROH* decay (375—475 nm), demonstrating
that no redox events are occurring and *PC*-to-ROH energy
transfer is the only excited-state interaction upon 375 nm
excitation. Irradiation of PC and ROH with 335 nm light
(Figure S18) resulted in a similar *PC* to *ROH* spectral
evolution, but with a larger initial contribution from SROH*
(Amax & 440 nm) from direct excitation of ROH. Interestingly,
although this triplet sensitization mechanism is competitive
with the formation of PC7, it is still a productive pathway as it
also generates the reactive ’ROH* species.

As described above, irradiation of a solution containing PC,
ROH, and TEOA results in the photocatalytic production of
H, and RO™. That reaction, however, is only catalytic with
respect to PC, and not ROH, and will stop when ROH is
consumed. To regenerate ROH during the catalytic reaction,
phenol (PhOH) was added as a sacrificial proton source. The
pK, values of PhOH and ROH in MeCN are 27.2 and 27.9,
respectively.’”” Consequently, the acid—base equilibrium
constant (eq 4) indicates that PhOH-to-RO™ proton transfer
is favorable.

RO + PhOH = ROH + PhO, Kg=150 (4)
Furthermore, '"H NMR spectra of a solution containing RO~
and PhOH shows the formation of ROH and confirms that
PhOH can protonate RO~ (Figures S19—S21). This
regeneration step closes the catalytic cycle with respect to
ROH.

To explore the regenerative role of PhOH in the catalytic
cycle, an acetonitrile solution containing 2.5 mM PC, 10 mM
ROH, 100 mM PhOH, and 150 mM TEOA was irradiated
with a 365 nm for 6 h. This reaction resulted in the formation
of 1.6 mmol of H,, which corresponds to a TON of 46.6 with
respect to the PC and 11.6 with respect to ROH (Table 1,
entry 7). Based on the intensity of the light source (2000
mW), the quantum yield of this reaction is ~5%. Removal of
ROH from the reaction (Table 1, entry 8) resulted in a nearly
20-fold decrease in H,, indicating that PhOH is not solely
responsible for the observed H, increase, and *ROH* is
needed for the observed H, production. It is worth noting that
the regeneration of ROH from RO~ may also prevent
homoconjugation between ROH and its conjugate base
(RO™-+-H-OR), an interaction that is known to impede
catalytic H, generation.””"'

3. DISCUSSION

Many of the above results can be rationalized by the energy-
level diagram depicted in Figure 3. It is energetically favorable
for *PC* to be reduced by TEOA to generate PC™([1] in
Figure 3) and "ROH* to be reduced by PC™[2]. Reduction of
*ROH* can lead to a bimolecular reaction that generates H,
and RO7[3]. Electron transfer events 3—7 in Figure 3 are
thermodynamically unfavorable and were not observed in any
of the control experiments. Of particular note is that while the
thermodynamic potential for the reduction of ROH is close to
the oxidation potential of PC”, we did not observe any
electron transfer events between PC™ and ground-state ROH.

Accounting for the thermodynamic considerations, we
propose Figure 4 as the mechanism for the photocatalytic
production of H, from a solution of PC, ROH, TEOA, and
PhOH. Each step is supported by spectroscopic and electro-
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Figure 3. Energy-level diagram for TEOA, PC, and ROH with
energetically favorable and unfavorable processes depicted by blue
and orange arrows, respectively. Excited-state potentials are for triplet
excited states (i.e., PC* and *ROH*).

chemical experiments described in the Results section. This
mechanism generates H, from the relatively unreactive TEOA
and PhOH (PhOH + TEOA — 1/2H, + PhO~ + TEOA"),
which is a thermodynamically unfavorable process by 511 kJ
mol ™.,

Steps 1 and 2, the photoexcitation of PC and reduction of
PC* by TEOA, have been previously reported” and are
consistent with TA data reported in Figure 2a. These two steps
generate the reductant PC7in situ, which has an oxidation
potential of —1.37 V vs SCE in acetonitrile.”® Concurrently,
SROH* can be generated through either direct excitation with
335 nm light (step 3 in Figure 4, data shown in Figure S1) or
triplet energy transfer from *PC* to ROH (step 4 in Figure 4,
data shown in Figure 2c). This energy transfer step effectively
makes this a tricatalytic reaction solution (vida infra), but with
the sensitization process being redundant and less efficient
than direct excitation of ROH. In fact, irradiation with 455 nm
blue light, which only directly excites the PC and not ROH,
did not result in a measurable quantity of H,. However, with
sufficient blue photon flux, we anticipate that H, generation
could occur via the *PC* to ROH triplet sensitization step, but
with low quantum yields.

Support for steps S and 6 comes from the control reactions
where PC™ and ROH were mixed in solution. Under dark
conditions, no reaction was observed between PC™ and ROH,
and no H, was liberated. In contrast, when ROH is excited in
the presence of PC™, or a weaker donor like ferrocene, H,
formation is observed (Table 1). This result, and the
thermodynamic redox potentials in Figure 3, indicate that
photoexcitation of ROH is necessary for electron transfer to
occur (step S in Figure 4) and either PC™ or Fc can act as a
reducing agent for *ROH*. Furthermore, the comparable
Stern—Volmer rate constant (~2.4 X 10° M™! s7') for the
quenching of ROH and ROMe by Fc suggests that the
chromophoric naphthalene units of ROH and ROMe are the
likely sites of excited-state reduction by PC™ or Fc. In contrast,
TEOA is not capable of reducing *ROH* as shown by TA data
(Figure S12), and this is further supported by the lack of H,
formation when solutions containing only ROH and TEOA
were irradiated with 365 nm light (Table 1, entry S).

Reduction of *ROH* by PC™ results in the formation of H,
and RO~ as depicted in step 6 of Figure 4. The thermodynamic
potential for the hydrogen-evolving reduction of ROH at an
electrode (i.e, ROH + e~ - RO~ + 1/2 H,) is —=1.39 V vs
SCE, and this value is dictated by the pK, of ROH.?” Under
the experimental conditions here, electrocatalytic H, gener-
ation was observed at —1.6 V vs SCE (Figure S8) due to the
overpotential associated with the reduction of the proton at the
surface of the electrode as predicted by Sabtier’s principle.*”
Under these conditions, H, generation occurs via the reduction
of protons on an electrode at potentials lower than one would
expect for the direct reduction of ROH to ROH*~ (ROH + e~
— ROH®"). However, in the photocatalytic system reported
here, no electrodes/catalytic surfaces are present and direct
reduction of protons in solution is thermodynamically
unfavorable. Consequently, we propose PC~ + *ROH* —
PC + ROH*™ — RO™ + 1/2H, as a new and previously
unexplored route for H, production. This proposed H,
evolving mechanism agrees with the experimental data above
and is further supported by the following thermodynamic
arguments.

As discussed above, the direct ionization of the RO—H bond
followed by the reduction of the protons at the electrode
surface has a calculated reduction potential of —1.39 V vs SCE.
This chemical reaction at the electrode surface supersedes
direct reduction of ROH (i.e, ROH + e~ — ROH®);
therefore, the reduction potential of ROH cannot be directly
measured with electrochemical techniques. Instead, ROMe can

TEOA*
hv3 PC
CFs
ROH* ................... ROH F i | IEF‘"’)
........................ PhO"
.......... ,
Photocatalyst " Aryl Alcohol
Cycle - Cycle PhOH

1 RO"

hv

1, H,

Figure 4. Proposed mechanism for the photocatalytic generation of H, from PhOH and TEOA in a molecular Z-scheme consisting of two

independent light absorption cycles.
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be used as a nonacidic surrogate in which no preceding
chemical reactions will interfere with measuring the reduction
potential of the naphthol moiety. We can thus estimate the
value for the direct reduction of ROH from the E, for ROMe +
e~ — ROMe*", which is —2.46 V vs SCE (Figure S8). This is
likely a high-end estimate by several hundred millivolts due to
the electron-donating nature of —OMe relative to —OH likely
leading to a more negative reduction potential. Given the E;_,
of ROH* is 2.66 V (see the SI for details), the excited-state
reduction potential CROH* + e~ — ROH"®") is calculated to
be >0.2 V vs SCE. The net proposed redox reaction that leads
to H, evolution is thus composed of the two half-reactions
shown in egs 5 and 6.

PC" -> PC+e, E°=137VvsSCE (5)

SROH* + ¢~ -» ROH®", E =02VvsSCE (6)

PC™ + ROH* - ROH®™ + PC, E = 1.57 Vvs SCE

)

The direct reduction of *ROH* at the chromophoric
naphthalene core by PC™ is thus favorable by AG = —36.2
kcal mol™'. Upon the generation of ROH®", it is
thermodynamically downhill for the generation of H, as
evidenced by the hydrogen evolution potential being roughly
1.0 eV more favorable than the direct reduction of ROH to
form ROH®™ (—2.46 V for ROH + e~ - ROH"~ versus —1.39
V for ROH + e~ — RO~ + 1/2 H,). Presumably, H,
generation occurs via a bimolecular reaction between two
ROH®™ molecules that generates H, and two RO™ molecules,
which are the only observed products in the reaction mixture.
Collectively, the evidence suggests that ‘ROH* is acting as an
electron acceptor/shuttle, which then directly facilitates H,
formation without the need of a co-catalyst. This observation
opens interesting opportunities for aryl alcohol molecules to
serve as chemical, electrochemical, and/or photochemical
catalysts.

It is worth noting that the catalytic production of H, from
excitation of a brominated naphthol-containing solution was
previously observed.”® In that report, the authors proposed
that H, generation was initiated by excited-state proton
transfer from 6-bromo-2-naphthol to the well-known cobalt-
diglyoxime, H, generation catalyst."”** They noted, however,
that the measured rate constant (4.7 X 10° M~ s7') for
photoinduced protonation of the cobalt catalyst by 6-bromo-2-
naphthol, as measured by excited-state quenching of the aryl
alcohol, was at least 3 orders of magnitude faster than
previously reported rate constants (<10° M~' s™!) that were
measured using stronger ground-state acids.”’~*° Interestingly,
the rate constant for the excited-state quenching of 6-bromo-2-
naphthol by cobalt-diglyoxime (4.7 x 10° M~ s7') is in
reasonable agreement with the quenching rate constant for 7-
bromo-2-naphthol by Fc (2.3 X 10° M™" s7") reported here. In
the latter, Fc cannot act as a proton acceptor and H,
generation catalyst. Given that cobalt-diglyoxime (E;, =
—0.5 V vs SCE) is a stronger reductant than Fc (E,/, ~ 04 V
vs SCE), excited-state quenching of 6-bromo-2-naphthol via
reduction by Co'-diglyoxime, followed by H, generation from
the aryl alcohol, may have been an operable reaction
mechanism in that system.

Regarding steps 6 and 7, the formation of RO~ from the
reduction of ROH is supported by spectroelectrochemical data
(Figure S10), which exhibits an isosbestic point with spectral

signatures for ROH and RO™. An NMR spectrum collected
after a controlled potential electrolysis of ROH was performed
also shows the direct formation of RO™. The regeneration of
ROH by proton transfer from phenol to RO~ is supported by
NMR studies (Figures S19—S21), where mixing RO~ and
PhOH results in the formation of ROH and PhO™.
Regeneration of ROH closes the aryl alcohol cycle and
completes the dual catalytic scheme. Further evidence for the
complete cycle is given by the NMR spectrum of the post-
reaction solution (Figure $22). The NMR spectrum shows the
formation of RO™, and signals for PC, which match a previous
report,29 and indicate molecular stability of the PC (i.e., no
ligand loss and protonation of the iridium center).

The net reaction of this mechanism generates H, from
TEOA and PhOH (PhOH + TEOA — 1/2H, + PhO™ +
TEOAY), which is a thermodynamically unfavorable process by
511 kJ mol™". This high-energy reaction is enabled by the
additive effects of two independent excitation events and
highlights the ability of this molecular Z-scheme to drive high-

energy bond-forming reactions.

4. CONCLUSIONS

Here, we report the realization of a molecular Z-scheme for the
photocatalytic production of H,. This solar fuel-generating
reaction is achieved by concurrent excitation of a molecular
photoredox catalyst and a naphthol in the presence of an
amine electron donor and a phenol proton source. A series of
chemical and electrochemical control reactions support a dual
catalytic mechanism that exploits two excited-state electron
transfer reactions involving the photocatalyst and aryl alcohol,
with the net reaction being the reduction of phenol by
triethanolamine to generate H,. Transient absorption measure-
ments further support this proposed mechanism and give
evidence for a third catalytic cycle involving triplet energy
transfer from the photocatalyst to the aryl alcohol. Despite the
modest quantum yield of ~5% for the photocatalytic
production of H,, this entirely molecular artificial Z-scheme
can drive a reaction that is uphill by 511 kJ mol™, thus
illustrating the advantages of utilizing simple aryl alcohols for
light absorption and catalytic reactivity. The quantum yield of
this reaction is also likely limited by the diffusional aspect of
the system and could be improved in future studies where the
PC and ROH could be chemically bound to eliminate the need
for diffusional processes or tethered to an electrode surface in a
photoelectrochemical system. This system also represents a
new paradigm for the use of aryl alcohol photocatalysts for
high-energy reactions.
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