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ABSTRACT: To inform prospective design rules for controlling aza-arene
photochemistry, we studied hydrogen-bonded complexes of 2,5,8-tris(4-methox-
yphenyl)-1,3,4,6,7,9,9b-heptaazaphenalene (TAHz), a molecular photocatalyst chemi-
cally related to graphitic carbon nitride, with a variety of phenol derivatives. We have
focused on excited state proton-coupled electron transfer (ES-PCET) reactions of
heptazines because the excited state properties governing this process remain
conceptually opaque compared to proton reduction reactions for these materials. We
used ground-state absorption, time-resolved photoluminescence, and ab initio
quantum chemical calculations to analyze TAHz reactivity toward a series of six
para-substituted phenol derivatives. We determined association constants (KA), excited-state quenching rate constants (kQ),
kinetic isotope effects, and transition-state barriers (ΔE⧧). From this data, we provide a generalizable picture of hydrogen bond
formation and excited state reactivity of heptazine-based materials with hydrogen-atom donating solvents. These results provide
important insights into strategies to tune charge transfer state energies and increase ES-PCET rates.

1. INTRODUCTION

Concerted motion of protons and electrons is critical for a
variety of chemical transformations relevant for applications
spanning energy storage1,2 to municipal wastewater treat-
ment.3,4 Recently, there has been mounting world-wide
interest in deploying molecular and polymeric organic
constructs as photoredox catalysts to drive these trans-
formations using photons.5−7 In order to utilize solar energy
in such processes, it is desirable to understand what molecular
properties control the efficiency of intermolecular excited state
proton-coupled electron transfer (ES-PCET) reactions. The
majority of intermolecular ES-PCET literature to date focuses
on metal-containing complexes,8−11 with fewer examples of all-
organic chromophores,12−14 despite their photophysical
properties being extensively studied over the past cen-
tury.5,6,15−17 Precious metal-containing catalysts have become
promising candidates, in part, because of their long-lived
excited state lifetimes ranging from hundreds of nanoseconds
to microseconds.18 However, identifying earth-abundant
alternatives continues to be a compelling challenge to
overcome. We have elected to examine all-organic materials
with long excited state lifetimes and good photostability.
Recently, the nitrogen-rich heptazine (Hz) unit has garnered
increased attention for applications in photocatalytic hydrogen

production.7,19−21 The mechanism of molecular Hz-driven ES-
PCET has been studied computationally,22−24 and our group
reported the first experimental evidence for this process
resulting in neutral radical species.25 This Hz-based
chromophore exhibits a singlet lifetime of 296.9 ± 0.4 ns,
the same order of magnitude as [Ru(bpy)3]

2+, a compound
which is ubiquitous in the study of photochemical trans-
formations.18,26 Interestingly, this roughly 300 ns lifetime is
significantly longer than first row transition-metal complexes27

as well as traditional strongly absorbing organic chromophores,
which typically have lifetimes of no more than tens of
nanoseconds.28 Additionally, we previously reported computa-
tional and experimental evidence that Hz derivatives can
exhibit an extremely unusual inversion of the energies of their
lowest singlet and triplet excited states.29 This peculiar
violation of Hund’s multiplicity rule stands in contrast to
virtually all other classes of known organic compounds. With
the lowest-lying excited state being a singlet rather than a
triplet, the sensitization of singlet oxygen appears to become an
inaccessible decay pathway for the lowest energy excited state
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of many Hz-based chromophores. Those results imply that Hz
molecules should enjoy unique photostability in the presence
of oxygen while maintaining a long-lived excited state (see
Section SII).
Herein, we provide further mechanistic insights into

intermolecular ES-PCET using 2,5,8-tris(4-methoxyphenyl)-
1,3,4,6,7,9,9b-heptaazaphenalene (TAHz) with a series of
phenol (PhOH) derivatives as proton and electron donors,
shown in Figure 1. By altering the functional group on PhOH,

we monitor the effect of redox potential and hydrogen bonding
on the resulting photochemical reaction.30−34 In particular, we
consider the energy of the intermolecular charge transfer (CT)
states that form in these complexes and the corresponding
excited state reaction barrier heights. For each phenol
derivative, we determine a quenching rate constant (kQ) of
photoexcited TAHz, an association constant (KA), and a
kinetic isotope effect (KIE) of excited state deactivation with
R−PhOH versus R−PhOD. As the electron-donating strength
of the para-substituent, R, on R−PhOH is increased, we
observe an increase in the quenching rate constant
accompanied by a decrease in KIE. Using ab initio quantum
chemical calculations to examine the energy landscape for the
interaction of the Hz core with the same series of PhOHs, we
observe the same trend, wherein the transition-state barrier for
the photoinduced reaction decreases until the reaction
becomes completely barrierless for the most electron-donating
PhOH, OCH3−PhOH. Using time-resolved photolumines-
cence (TR-PL) measurements and global analysis, we can
separately monitor hydrogen-bonded and free TAHz emission.
Correspondingly, we observe no evidence for emission from
hydrogen-bonded complexes in the case of OCH3−PhOH,
consistent with barrierless excited state reactivity. This
photochemical reactivity information provides new insights
that synthetic chemists and materials scientists can deploy to
outline new molecular design strategies targeting Hz-based
photocatalysis.

2. RESULTS AND DISCUSSION

2.1. Association Constants for Hydrogen Bonding.
We observe evidence for hydrogen bonding by comparing the
ground-state absorption spectra of TAHz with and without

Figure 1. Schematic depiction of the proposed excited state landscape
along the H-atom transfer coordinate from phenol (PhOH) to TAHz.
As proposed previously, there exists a CT state in which an electron
moves from the oxygen atom of PhOH to the heptazine core and can
drive proton motion. Previous studies with TAHz and water
suggested the CT state was accessible from higher-lying states. We
hypothesized that the energy curve of the CT state could be stabilized
by adding electron-donating groups on the H-atom donor. In this
study, we do this by using the series of R−PhOH derivatives depicted
above.

Figure 2. (A) Addition of phenol (PhOH) changes the ground-state absorption of TAHz in toluene, suggesting hydrogen bonding. A distinct
redshift of the main absorption can be seen from TAHz in toluene without PhOH present (black dotted line) upon the addition of 100 mM PhOH
(solid red line). The weakly allowed transitions at lower energies, on the other hand, exhibit a blueshift upon addition of PhOH, shown in the inset.
(B) Peak shifts of TAHz absorption with 100 mM of R−PhOH as a function of the PhOH’s pKa [in dimethyl sulfoxide (DMSO)] shows a largely
linear trend. This suggests that different PhOHs have different hydrogen bonding strengths with TAHz. (C) Absorption spectra of TAHz with
different PhOH concentrations show change toward the TAHz−PhOH complex absorption. (D) Change in absorption intensity (ΔOD) at 380
nm as a function of PhOH concentration shows the TAHz absorption spectrum asymptotically approaching that of the all-hydrogen-bonded
complex. Fitting the data to eq 1, we determined KA for TAHz and PhOH to be 8.7 ± 0.1 M−1.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.9b08842
J. Phys. Chem. C 2019, 123, 29580−29588

29581

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b08842/suppl_file/jp9b08842_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcc.9b08842


PhOH present, as shown in Figure 2A. Upon hydrogen
bonding, we see a redshift in the bright ππ* transition, labeled
“peak 1.” At lower energies, we observe a blueshift of the
weakly allowed transitions with nπ* character, labeled “peak
2.” Figure 2B shows the magnitude of the peak shift as a
function of the pKa of the PhOH derivative. PhOHs with
electron-donating substituents, such as CH3−PhOH and
OCH3−PhOH, show only small shifts, whereas CN−PhOH
displays a significantly larger shift at 50 mM PhOH
concentrations. This suggests that the hydrogen bonding
strength is not equal across the series of PhOH derivatives.
The calculations (see Section SVIII) show the length of the
hydrogen bond between the OH group of PhOH and the
acceptor N-atom of Hz (RNH) is 1.937 Å in the Hz−PhOH
complex. RNH increases to 1.943 Å for the strongest electron
donating substituent (OCH3) and decreases to 1.904 Å for the
strongest electron withdrawing substituent (CN), see Table 1.
As is well known, the length of the hydrogen bond is a proxy
for the strength (binding energy) of the latter. In order to
quantify these differences from the experimental side, we
determined the association constant between TAHz and each
of the six PhOH derivatives. We employed the method
previously used by the Hammarström group to fit the
saturation behavior of the changing ground-state absorption
as a function of PhOH concentration.35,36 Figure 2C shows the
change in absorption spectra for TAHz with increasing PhOH

concentrations. Figure 2D plots the change in optical density
as a function of PhOH concentration, showing a clear
saturation behavior. Fitting this data to eq 1 allows us to
extract a KA value for TAHz−PhOH in the ground state.
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Here ΔA is the change in absorption at a given wavelength, l is
the path length of the cuvette, Δε380 is the difference in molar
absorptivity at 380 nm between the bound TAHz−PhOH
complex and free TAHz chromophore; [TAHz]0 and [PhOH]0
are the initial concentrations of TAHz and PhOH, respectively.
Using eq 1, we have estimated the KA values for the six

PhOH derivatives with TAHz in Table 1 (see Section SIII for
fits). As expected, we see an increased KA for PhOHs with
electron-withdrawing substituents with the largest being for
CN−PhOH. Notably, there is a very small difference between
the KA values for PhOH, CH3−PhOH, and OCH3−PhOH,
despite there being a significant difference between the
oxidation potentials of these PhOHs. The computed ground-
state hydrogen bond lengths follow the same trend.

Table 1. Comparison of Key Parameters Determining Hydrogen Bonding and ES-PCET in Complexes of TAHz or Hz with
Phenol (PhOH) Derivatives

R E0 (RPhOH
+/RPhOH)a pKa PhOH

b kQ (×109 s−1) TCSPC kQ (×109 s−1) PLQY KA (M−1) S1 KIE
c RNH (Å)d ΔE⧧ (eV)d

CN 2.03 13.2 0.556 ± 0.05 0.53 ± 0.02 58 ± 3 1.9 ± 0.1 1.904 0.369
Cl 1.88 16.75 2.78 ± 0.03 2.785 ± 0.007 17.2 ± 0.3 1.36 ± 0.04 1.924 0.169
Br 1.86 16.36 2.73 ± 0.03 3.053 ± 0.009 19.1 ± 0.7 1.36 ± 0.05 1.923 0.177
H 1.88 18.0 2.21 ± 0.02 2.579 ± 0.004 8.7 ± 0.1 1.5 ± 0.1 1.937 0.167
CH3 1.79 18.9 4.21 ± 0.02 5.124 ± 0.007 8.9 ± 0.2 1.19 ± 0.04 1.940 0.093
OCH3 1.68 19.1 4.26 ± 0.03 5.218 ± 0.008 8.9 ± 0.4 1.06 ± 0.02 1.943

aVersus SHE in ACN (±0.1 V).33,39 bIn DMSO.34 cAll R−PhOH concentrations 50 mM. dFrom ab initio calculations, see Section 2.4.

Figure 3. (A) PL intensity quenching of TAHz shows significant static quenching with increasing concentrations of phenol (PhOH). (B) PL
lifetimes of TAHz with increasing concentrations of PhOH show dynamic quenching. Stern−Volmer analysis yields quenching constants, kQ, for
(C) PL intensity quenching and (D) PL lifetime, fit after 5 ns.
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To determine how these ground-state electrochemical and
hydrogen-bonding properties affect the photochemical reac-
tivity and excited state barrier height, we turn to PL quenching
and ab initio computational studies.
2.2. Quenching Constants for PhOH Derivatives. To

monitor the quenching rate of the TAHz S1 state with varying
PhOH derivatives, we performed Stern−Volmer quenching
analysis using both PL intensity and lifetime quenching data as
shown in Figure 3A,B, respectively. Table 1 holds all of the kQ
values for the six different PhOHs (see Section SIV) and
calculated KIE values for the S1 lifetime with R−PhOH/D. As
expected, increasingly anodic oxidation potentials of the R−
PhOH lead to smaller kQ values, suggesting that a kinetic
barrier has been introduced along the photochemical reaction
pathway. This is confirmed by the increasing KIE values with
decreasing kQ, suggesting proton motion must couple to
electron motion for the reaction to proceed, perhaps by a
tunneling mechanism. In the cases of low KIE values and high
kQ constants, it is plausible that the mechanism of fluorescence
quenching can be attributed to pure electron transfer (ET), as
has been discussed previously.33,37 However, when we
monitored TAHz fluorescence quenching in the presence of
the pure electron donor 1,4-dimethoxybenzene, with an
oxidation potential similar to OCH3−PhOH but without the
capacity to transfer a proton, we observed only moderate
quenching that was roughly seven times slower than OCH3−
PhOH (see Section SV for further discussion).38 This suggests
that, while ET to TAHz is observable, the fast quenching rates
we observe with phenols do not appear to be consistent with a
purely donor−acceptor ET process alone.
The experimentally determined kQ values from the two

methods (intensity and lifetime) are close for PhOH, but the
intensity quenching shows a slightly greater rate constant. We
attribute this to the fact that intensity analysis can reflect both
static and dynamic quenching, whereas lifetime analysis only
captures the rate of dynamic quenching. We note that for

PhOH derivatives with low KA values and low oxidation
potentials, we see a greater difference between the kQ values
that we obtain from lifetime measurements compared with
intensity measurements. One explanation could be, in this case,
that complex formation is the rate-determining step as opposed
to ES-PCET. Whereas in the case of CN−PhOH, KA is large
but the driving force for ET is low, so the rate of ES-PCET is
rate-determining. In this case, the intensity and lifetime
quenching are the same because both report on the rate of
ES-PCET.
It is worth noting that we observed a two-component PL

lifetime in the presence of PhOH, in contrast to the
monoexponential decay of TAHz in neat toluene. We
attributed the fast decay to the emission of hydrogen-bonded
complexes, as has been observed for coumarin complexes
previously.30 We determined the lifetime kQ values using the
long component of the PL lifetime, see Section SIV for further
discussion, and therefore, we regard this value as a reporter on
diffusional quenching.

2.3. Time-Resolved PL. Using TR-PL spectra in tandem
with global analysis, we analyzed the nature of the fast PL
decay component mentioned above. Figure 4A shows the PL
spectral traces of TAHz in a 100 mM PhOH solution at early
(500 ps) and late (5−7 ns) times. Though the spectral
difference is small, the increased intensity near 475 nm at early
times does not appear for TAHz in neat toluene (Figure S15).
Figure 4B clearly shows different decay rates in the spectral
range 450−475 nm in contrast to 500−525 nm, indicating that
at least two separate luminescent species are present.
To kinetically resolve these overlapping emission features,

we apply global analysis. We model total PL intensity Θ(t,λ) at
time t and wavelength λ as a sum of concentration-weighted
spectral components such that Θ(t,λ) = Σci(t)σi(λ), where ci(t)
and σi(λ), respectively, correspond to the time-dependent
concentration and wavelength-dependent species-associated
emission spectra (SAES) of the ith emissive species.40 Global

Figure 4. (A) TR-PL measurements of 50 μM TAHz with 100 mM phenol. Spectral traces averaged over the first 500 ps (black) and 5−7 ns (gray)
show a small spectral change in the high-energy region. (B) Kinetic decay traces averaged from 450 to 475 nm (blue) and 500 to 525 nm (black)
suggest at least two kinetically distinct luminescent species. (C,D) Global target analysis of the TR-PL data shows two SAES. Emission attributed to
the S1 state, labeled ϵ1 (black), is the emission shape seen in steady-state measurements and has a lifetime of 3.23 ns. The second SAES, labeled ϵ2
(blue), is seen at higher energies and decays notably faster than ϵ1 with a lifetime of 0.36 ns.
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analysis yields two kinetically resolvable emission features as
shown in Figure 4C. The spectral trace at higher energies
decays at a significantly faster rate, on the order of hundreds of
picoseconds. We attribute this emission spectrum to that of a
hydrogen-bonded TAHz−PhOH complex. The blueshift in
emission corresponds to the blueshift of the low-lying and
weakly-allowed transitions that appear in the absorption
spectra in Figure 2A. Considering the nπ* character of these
low energy transitions, we would expect to see a blueshift for
the emission of this state. It is interesting to note that the
vibronic peak spacing is similar for both the fast and slow
components of roughly 1200 cm−1, which is commensurate
with a heptazine ring-breathing mode.
To probe whether this state is associated with hydrogen

bonding between TAHz and PhOH, we monitor the relative
amplitude of the emission signal for this high-energy species as
a function of PhOH concentration. While Figure 5B shows
that the spectral shape does not change for either species,
Figure 5C reveals that the relative intensity of the high energy
features increases with increasing concentrations of PhOH.
This intensity/concentration correlation strongly suggests that
the high energy emission results from a hydrogen-bonded
TAHz−PhOH complex. This distinction between hydrogen-
bonded and free TAHz emission allows us to monitor the two
populations separately for the different PhOH derivatives. We
observe kinetically resolved high energy emission spectra for all
of the phenol derivatives that we studied, with the exception of
OCH3−PhOH, Figure S22, for which this emission feature is
absent on our experimental timescale (Supporting Information
Section SVI). We attribute this absence to barrierless reactivity
from the S1 state (vide infra). Such barrierless reactivity for
OCH3−PhOH would be consistent with this derivative
possessing the lowest anodic oxidation potential in this series
and exhibiting no significant KIE. In the photoexcited TAHz
and OCH3−PhOH complex, the rate of reaction far out-
competes the rate of fluorescence. Therefore, the only emission
we observe is from unbound TAHz chromophores. The
quenching rate of this free TAHz then becomes diffusion
limited for the chromophore and OCH3−PhOH in the
solution.
2.4. Computational Studies of Structures and

Potential Energy Surfaces of Hz−PhOH Complexes. To
assess the role of the excited state reaction barrier in
controlling the photochemical reactivity of hydrogen-bonded
heptazine−phenol complexes, we turned to ab initio quantum
chemical calculations. The ground-state equilibrium geo-
metries of the hydrogen-bonded complexes of Hz with
PhOH and derivatives thereof were determined with the
second-order Møller−Plesset (MP2) method. Vertical elec-
tronic excitation energies and excited state potential energy

surfaces were computed with the second-order algebraic
diagrammatic construction [ADC(2)] method.41 ADC(2) is
a wave-function-based single-reference propagator method
which provides, in contrast to time-dependent density
functional theory with various functionals, an accurate and
balanced description of locally excited (LE) states and CT
states, which is essential for the determination of reliable ab
initio potential energy surfaces for ES-PCET reactions. The
complex of TAHz with PhOH is too big for wave-function-
based excited state ab initio calculations. Therefore, all ab initio
calculations were performed for complexes of the Hz core of
TAHz with PhOH and its derivatives. More details on the ab
initio computational methods are given in Section SVIII of the
Supporting Information.
The most relevant nuclear coordinates for PCET processes

are the H-atom transfer coordinates (chosen here as the OH
bond length ROH of the hydrogen-bonded PhOH molecule)
and the distance RON between the oxygen atom of PhOH and
the H-atom accepting nitrogen atom of Hz (Figure 6). For
fixed ROH and RON, the energy of the lowest excited singlet
state was minimized with respect to all other nuclear
coordinates of the complex. This procedure yields a two-
dimensional (2D) relaxed potential energy surface for the

Figure 5. Phenol (PhOH) concentration-dependent TR-PL suggesting that the high energy emission is from a hydrogen-bonded complex. (A)
Kinetic decay rates of bonded TAHz S1 (solid) hydrogen-bonded TAHz−PhOH (dotted) with different PhOH concentrations: 25 mM (red), 50
mM (orange), 75 mM (green), and 100 mM (blue). (B) Normalized SAES reveal that the spectral shape does not appreciably depend on phenol
concentration. (C) High-energy emission grows with increasing [PhOH] relative to low-energy emission.

Figure 6. (A) 2D relaxed potential energy surface of the S1 excited
state of the heptazine−phenol (Hz−PhOH) complex computed at the
ADC(2) level. The reaction coordinates are the OH bond length of
PhOH and the distance between the O-atom of PhOH and N-atom of
Hz, see (B). The circle designates the energy minimum of the LE
state in the FC region. The square indicates the equilibrium geometry
of the •HzH···PhO• biradical (BR) formed by H-atom transfer. A
saddle point (marked by the triangle) separates the two energy
minima.
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PCET reaction. The saddle point (transition state) on this 2D
relaxed surface was located and used as the starting guess for a
full optimization of the transition state with the ADC(2)
method. Analysis of the eigenvalues of the Hessian confirmed
there was only a single imaginary frequency, implying a first-
order saddle point. The difference between the energy of the
transition state and the energy minimum of the S1 state in the
Franck Condon (FC) zone defines the reaction barrier ΔE⧧.
The reaction barriers are listed in Table 1.
Figure 6A shows the 2D relaxed S1 potential energy surface

of the Hz−PhOH complex. For small OH distances, the H-
atom is covalently bonded to the oxygen atom of PhOH and
forms a hydrogen bond with a peripheral nitrogen atom of Hz.
For large OH distances, on the other hand, the H-atom is
covalently bonded to the nitrogen atom of Hz [forming the
heptazinyl (HzH•) radical] and is hydrogen-bonded with the
phenoxyl (PhO•) radical. The 2D relaxed energy surface
clearly exhibits two minima. The minimum for small OH
distances is the energy minimum of the LE state in the FC
region (indicated by the white circle in Figure 6A). The second
minimum at large OH distances (indicated by the white square
in Figure 6A) represents the •HzH···PhO• biradical (BR). For
the ES-PCET transfer to occur, the photoexcited complex has
to overcome the barrier separating the two minima, which is
indicated by the triangle in Figure 6A. At the saddle point, the
wave function of the S1 state changes from a ππ* state of LE
character to a ππ* state of CT character. For the Hz−PhOH
complex, the energy of the saddle point is 2.68 eV above the
energy minimum of the S0 state and the barrier height is 0.167
eV.
Figure 7 shows the 2D relaxed S1 energy surfaces of the

CN−PhOH−Hz (A) and OCH3−PhOH−Hz (B) complexes.
These are the systems with the highest (CN−PhOH−Hz) and
lowest (OCH3−PhOH−Hz) barrier for the ES-PCET reaction.
For CN−PhOH−Hz, the energy of the transition state is 2.89

eV above the S0 energy minimum and the height of the barrier
of the PCET reaction is 0.369 eV. The comparatively high
barrier is a consequence of the electron-withdrawing character
of the nitrile group of the CN−PhOH−Hz complex, which
leads to a blue shift of the CT state compared to the Hz−
PhOH complex (SCT

GS = 3.86 eV, see Table S3 in the Supporting
Information). The methoxy group of the OCH3−PhOH
complex (Figure 7B), on the other hand, is a relatively strong
electron-donating group which causes a substantial red shift of
the CT state (SCT

GS = 2.80 eV, see Table S3 in the Supporting
Information). The vertical excitation energies of the CT states
of CN−PhOH−Hz and OCH3−PhOH−Hz differ by more
than 1.0 eV. For OCH3−PhOH−Hz, the redshift of the CT
state is large enough to eliminate the barrier on the S1 potential
energy surface; see Figure 7B. The theoretically predicted
barrierless ES-PCET reaction is consistent with the exper-
imental observations for OCH3−PhOH: no observable fast PL
component attributable to a hydrogen-bonded complex and no
significant KIE.
Additional ab initio data (vertical excitation energies of the

LE and CT states and vibrational stabilization energies of the
LE state) are collected in Table S3 in the Supporting
Information. The molecular structures of the BRs and the
transition states of the six Hz−R−PhOH complexes are
displayed in Figures S24 and S25 of the Supporting
Information, respectively. The lengths of the OH···N hydrogen
bonds at the transition state are specified in this figure. While
the vertical excitation energies of the S1 states, S1GS, and the
minimum-to-minimum excitation energies of the LE states,
S1

min, differ by merely 0.02 eV, the energies of the transition
state, S1

TS , vary substantially for the substituents R on PhOH,
resulting in a significant variation of the barrier height ΔE⧧.
The stronger the electron-donating character of the sub-
stituent, the lower the barrier. Importantly, the barrier height
ΔE⧧ and the vertical excitation energy of the CT state, SCT

GS, are
strongly correlated. While the latter decreases by about 1.0 eV
from the CN substituent to the OCH3 substituent, the barrier
height changes by 0.37 eV. These findings imply that the
vertical excitation energy of the CT state, which is much easier
to compute than the energy of the transition state, can be used
as a proxy for the relative barrier height in future ab initio
screening studies of carbon nitride photocatalysts.

2.5. Implications for Molecular Design. While the
limited solubility of TAHz restricts our ability to reliably
estimate pKa and ΔGPCET values, we can readily infer that
proton motion must play a significant role in the photo-
chemical reactivity of TAHz because the excited state
reduction potential of the free chromophore is 1.48 V versus
SHE (see Section SVII). Comparing the potentials for the
isolated half reactions, this reduction potential would be
insufficient to drive oxidation of any of the PhOHs in the series
that we have studied here. Fortunately, we can glean critical
insight by examining the ab initio computational results for the
barrier height ΔE⧧ of the ES-PCET reaction from PhOH to
the Hz core. The computed ΔE⧧ values exhibit a reasonable
correlation with the rate constants for excited state quenching
plotted in Figure 8. We observe that the greater the degree of
electron-donating character of the substituent on the PhOH,
the lower the value of ΔE⧧ and the faster the excited state
quenching. This trend suggests that chemically inverting this
effect, appending strongly electron-withdrawing moieties to the
heptazine core, could significantly increase the rate constant
for the ES-PCET reaction of a hydrogen-bonded Hz−water

Figure 7. (A) 2D relaxed potential energy surface of the S1 excited
state of the CN−PhOH−Hz and the OCH3−PhOH−Hz (B)
complexes computed at the ADC(2) level. See caption of Figure 6
for the definition of the reaction coordinates. (B) OCH3−PhOH−Hz
complex exhibits a barrierless S1 potential energy surface.
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complex. However, it is interesting to note that for PhOH
derivatives with similar oxidation potentials, Cl−PhOH,
PhOH, and Br−PhOH, the effect of hydrogen bonding is
evident. The PhOHs with lower pKa’s have larger KA values,
stronger hydrogen bonds, and greater quenching rate
constants. Therefore, it is important to consider both
electrochemical potentials and hydrogen-bonding strengths
for photocatalyst design. Achieving efficient intermolecular ES-
PCET in hydrogen-bonded aza−arene−water complexes could
lay the groundwork to kick off a variety of future applications
with the potential to utilize compelling reactions with these
photogenerated hydroxyl and heptazinyl radical species,
including hydrogen production, CO2 reduction, and municipal
waste-water decontamination.

3. CONCLUSIONS
We aim to control the rate of ES-PCET between heptazine
chromophores and hydroxylic compounds by tuning the
excited state barrier height for H-atom abstraction. We
hypothesized that this tunability could be achieved by adding
electron-donating groups to the hydroxylic compound (Figure
1). We present a combined experimental and theoretical study
to assess the validity of such a design strategy by adding
electron-donating groups to PhOH, acting as a model
hydroxylic species. In support of our hypothesis, we observe
increased quenching rate constants for PhOH derivatives with
more electron-donating substituents. The ES-PCET reactivity
is found to be governed by the barrier height ΔE⧧ on the
potential energy surface of the long-lived S1 state of the
TAHz−PhOH complex, which in turn scales with the vertical
excitation energy of the CT state. In the case of the most
electron-donating hydroxylic compound, OCH3−PhOH, we
computationally predict and experimentally verify the excited
state H-atom transfer reaction becomes barrierless in the S1
excited state of the hydrogen-bonded complex. This increased
reactivity does not come at a significant cost of hydrogen
bonding as the KA values for OCH3−PhOH−TAHz and
PhOH−TAHz are essentially the same.
It is a common practice in photocatalytic hydrogen

evolution experiments to use sacrificial electron donors such
as triethanolamine, triethylamine, or methanol.5 However,
systematic investigations as to how excited state dynamics
influence reactivity is lacking. Herein, we presented a
systematic and theory-supported analysis of the ES-PCET

reactivity for the TAHz photocatalyst with substituted PhOHs
as sacrificial electron donors. The oxidation potentials, E0, of
the electron donors vary from 2.03 V (CN−PhOH) to 1.68 V
(OCH3−PhOH) (Table 1). The ab initio computed reaction
barriers vary from 0.369 eV for CN−PhOH to zero (no
barrier) for OCH3−PhOH, following closely the trend of the
oxidation potentials. While it is comparatively easy to photo-
oxidize sacrificial electron donors with low oxidation
potentials, the challenge lies in the efficient photo-oxidation
of water molecules with visible light. Rather than lowering the
oxidation potential of the solvent, the reduction potential of
the photocatalyst should be increased such that hydrogen-
bonded water molecules can be oxidized in a barrierless and
therefore efficient ES-PCET reaction, thus removing the need
for sacrificial electron donors. We conjecture that this can be
achieved with Hz-based photocatalysts by adding strong
electron-withdrawing groups to the Hz core. Synthetic efforts
guided by ab initio electronic structure calculations are
currently underway in our laboratories to experimentally
develop this scenario. Interesting questions remain regarding
the nature of the proton-transfer mechanism (tunneling vs
barrier crossing) and the ultimate fate of the radicals that are
produced.
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