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ABSTRACT: Using trianisole heptazine (TAHz) as a monomeric
analogue for carbon nitride, we performed ultrafast pump−
photolysis−probe transient absorption (TA) spectroscopy on the
intermediate TAHzH• heptazinyl radical produced from an excited
state PCET reaction with 4-methoxyphenol (MeOPhOH). Our
results demonstrate an optically gated photolysis that releases H•

and regenerates ground state TAHz. The TAHzH• radical
signature at 520 nm had a lifetime of 7.0 ps, and its photodissociation by the photolysis pulse is clearly demonstrated by the
ground state bleach recovery of the closed-shell neutral TAHz. This behavior has been previously predicted as evidence of a
dissociative πσ* state. For the first time, we experimentally demonstrate photolysis of the TAHzH• heptazinyl radical through a
repulsive πσ* state. This is a critical feature of the proposed reaction mechanisms involving water oxidation and CO2 reduction.
KEYWORDS: Carbon nitride, Photoreduction, Photochemistry, Solar energy, Photocatalysis, Photoredox catalysis

Proton-coupled electron transfer (PCET)1,2 reactions are
fundamental processes in many biological and chemical

systems, such as photosynthesis,3,4 respiration,5,6 and catalysis.7

Heptazines can undergo PCET processes with protic
substrates, such as water or phenols, to form a highly reactive
heptazinyl radical species (HzH•) that has been calculated to
have a dissociation energy of 2.0 eV (46 kcal/mol).8

Heptazines are monomeric units of carbon nitride9−11 and
can be considered a testbed for understanding carbon nitride
photoreactivity.12 While carbon nitride has been modeled by
some as an organic semiconductor,13 due to the disparity
between the time scales of charge transfer dynamics and the
photoreactivity observed14−16 it has also been modeled as a
localized molecular photocatalyst,17−19 where intermediate
steps include heptazinyl radicals.20−22 For example, Mersch-
jann et al. have performed detailed photoluminescence23 and
time-resolved photoelectron spectroscopy (TRPES)24 studies
that support an electronic treatment of 2-D carbon nitride as
heptazine quasi-monomers at these time scales.25

In our studies of a functionalized monomer of carbon
nitride, trianisole heptazine (TAHz), we have observed
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Figure 1. Optically gated reaction cycle performed in toluene. First,
there is preassociation of methoxyphenol to TAHz 1a. Then, a pump
pulse of 375 nm excites the TAHz:MeOPhOH complex 1b to 1c
followed by PCET forming the TAHzH• heptazinyl radical 1d. A
subsequent photolysis pulse at 6 ps leads to the photodissociation of
the TAHzH• heptazinyl radical to release H• and regenerate the
closed-shell ground state TAHz.

Letterpubs.acs.org/physchemau

© 2024 The Authors. Published by
American Chemical Society

598
https://doi.org/10.1021/acsphyschemau.4c00030

ACS Phys. Chem Au 2024, 4, 598−604

This article is licensed under CC-BY-NC-ND 4.0

https://pubs.acs.org/page/virtual-collections.html?journal=apcach&ref=feature
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Liam+Wrigley"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Doyk+Hwang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sebastian+V.+Pios"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cody+W.+Schlenker"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsphyschemau.4c00030&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.4c00030?ref=pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.4c00030?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.4c00030?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.4c00030?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.4c00030?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/apcach/4/6?ref=pdf
https://pubs.acs.org/toc/apcach/4/6?ref=pdf
https://pubs.acs.org/toc/apcach/4/6?ref=pdf
https://pubs.acs.org/toc/apcach/4/6?ref=pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.4c00030?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.4c00030?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.4c00030?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.4c00030?fig=fig1&ref=pdf
pubs.acs.org/physchemau?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsphyschemau.4c00030?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/physchemau?ref=pdf
https://pubs.acs.org/physchemau?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/


oxidative homolytic cleavage of water via PCET.26 Based on
these findings, Ehrmaier et al. developed a model18 wherein
they proposed the following reaction mechanism: (1) initial
hydrogen bonding from the hydroxylic substrate to the
heptazine’s nitrogen edge site; (2) photoexcitation followed
by PCET from the substrate to form a heptazinyl radical and
hydroxyl radical; (3) the cycle is closed by two heptazinyl
radicals undergoing thermal radical−radical recombination of
two H•’s to form H2. This occurs as the dissociation energy of
H2 is 4.48 eV, so the recombination of two HzH• radicals with
dissociation energies of 2.0 eV is an exothermic process.
Recently, Pios and Domcke have focused more specifically

on the nature of this intermediate heptazinyl radical species.27

Carbon nitride has demonstrated a capacity to reduce CO2
28

to formic acid29 and methanol.30 This reaction had been
previously modeled as a joint process of water oxidation and
carbon dioxide activation via a carbamate complex;31 however,
both proposed steps involve high potential barriers. Pios and
Domcke instead proposed that the initial step was an excited
state PCET with water to form the heptazinyl radical; this
species can then hydrogen bond with CO2. Subsequent
photoexcitation of the intermolecular HzH•−CO2 complex
along a repulsive πσ* state can drive a barrierless transition to
the hydroxyformyl (HOCO) radical.
For both the proposed water oxidation and carbon dioxide

reduction mechanisms, the πσ* nature of the heptazinyl radical
is critical. The heptazinyl radical’s planar π-conjugated system
mixes with the diffuse antibonding σ* orbital on the
transferred hydrogen,32 analogous to planar heteroaromatics
such as phenol,33,34 indole,35,36 and pyrrole.37,38 This πσ*
potential energy surface is repulsive along the N−H stretching
coordinate due to the transformation of the 3s Rydberg-type

orbital of the NH group toward the 1s valence orbital of the H
atom upon stretching of the N−H bond. These dark πσ* states
are often characterized by gas-phase photodissociation experi-
ments.39,40 Since we are dealing with an intermediate in an
excited state PCET reaction, here we adapt ultrafast pump−
push−probe spectroscopy,41−43 in what we term “pump−
photolysis−probe” spectroscopy (Figure S1), to experimentally
demonstrate for the first time the photodissociation of H• from
a transient radical through a πσ* state in the condensed phase
as displayed in Figure 1.
In the cycle in Figure 1, we are using trianisole heptazine

(TAHz, 50 μM) in toluene as the heptazine monomer and
methoxyphenol (MeOPhOH, 1M) as the protic substrate. In
previous studies on TAHz as a testbed analogue for carbon
nitride, we have obtained multiple substantive insights
involving kinetic isotope effects,26 modulating the position of
the charge transfer state toward PCET,44 and how hydrogen
bonding affects the vibrational dynamics leading to PCET.45

These studies were all related to the detailed kinetics of the
first three steps of compounds 1a−1c in Figure 1. We have also
previously studied the PCET step (Figure 2a) of this system
using pump−push−probe spectroscopy.41 In our prior work,
TAHz was incubated with a series of phenolic substrates, to
which it can hydrogen bond, ranging from weakly electron
withdrawing species, such as phenol, to the most electron
donating like 4-methoxyphenol. This range of electron
donating and withdrawing character provides the ability to
tune the height of the barrier to the charge transfer (CT) state.
Initial pump pulses were used to excite the TAHz:R-PhOH
complex 1b to higher Sn ππ* states, and as it relaxes from
higher Sn states to the S1 state, a fraction branches into the CT
state dependent on the height of that barrier.44 A push pulse of

Figure 2. Summary of the PCET reaction step. (a) Reaction scheme for TAHz:MeOPhOH undergoes a PCET barrierless transition to the
TAHzH• radical. (b) Energy level diagram showing how the pump pulse (375 nm) excites to higher Sn energy levels that exhibit higher oscillator
strength, and as it relaxes to S1, a fraction of the excited state population branches off into a CT state. (c) Absorption spectrum for ground state
TAHz 1a and the TAHz:MeOPhOH complex 1b, showing the redshift of the hydrogen bonded complex. (d) Summary of data from ref 46.
Transient absorption of TAHz 1a without PCET displays an excited state absorption signal related to the S1 energy level. (e) Transient absorption
spectrum of TAHz:MeOPhOH with a 375 nm pump displays a 520 nm signal associated with 1d. Adapted with permission from ref 46. Copyright
2023 American Chemical Society.
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1150 nm (∼1.07 eV) was chosen to allow for a re-excitation of
the remaining excited state population in the S1 state at 1c
back into the CT state. We observed that the decay kinetics of
the S1 state of 1c correlated with the predicted CT state barrier
height, and in the case of 4-methoxyphenol it proved to be a
barrierless transition. The main limitation of this previous
study was that we were without a clear photoproduct signal,
leaving us to monitor the kinetics using depletion of the
excited state population of 1c.
Recently, we published a study46 where we were able to

identify a spectroscopic signature for the photogenerated
TAHzH• radical 1d in the transient absorption (TA) spectrum
by varying the local hydrogen bonding environment. In the
case of a hydrogen bond accepting solvent such as pyridine47

where preassociation before PCET cannot occur, the TAHz 1a
TA spectrum is regenerated as per Figure 2d. In the case of
toluene, we identified the TAHzH• radical 1d at ∼520 nm,
shown in Figure 2e.
While our prior work uncovered the spectral fingerprint of

the TAHzH• radical 1d, it did little to reveal the fate of this
photoproduct and whether it would undergo the predicted
photodissociation that would be indicative of having a πσ*
dissociative state. To explore this photodissociation process,
we first performed a pump−probe experiment to reconfirm the
presence of the 520 nm signal shown in Figure 3a. We selected
a pump pulse wavelength at 375 nm to specifically target the
hydrogen bonded TAHz:MeOPhOH 1b complex that can be
seen in the red-shifted absorption of Figure 2c, proceeding the
reaction in Figure 2a, and producing the 520 nm TAHzH•

radical signature. In addition, we performed a pump power
dependence of this signal (Figure S2) revealing a linear power
dependence of this signal corresponding to the first order
growth of the spectral peak of the TAHzH• radical (1d) in
response to pump power.
We then introduced a photolysis pulse, also at 375 nm, that

would arrive 6 ps after the pump pulse and observed a partial
recovery of the ground state bleach in the TAHz-MeOPhOH
kinetic trace at 385 nm as seen in Figure 3b. This is the

Figure 3. Transient absorption pump−probe and pump−photolysis−probe data of heptazine. (a) Pump−probe spectrum (375 nm excitation) of
the TAHz:MeOPhOH complex showing ground state bleach and 520 nm photoproduct absorption signature of the TAHzH• radical generated by
PCET. (b) Kinetic trace of TAHz-MeOPhOH ground state bleach (GSB) at 385 nm. Upon the arrival of the third photolysis pulse (375 nm) at
tpump−probe = 6 ps, there is a partial ground state recovery, corresponding to the conversion of 1d to 1a. (c) Pump−photolysis−probe spectrum
highlighting the recovery of the ground state bleach 1a upon arrival of the photolysis pulse, indicating partial recovery of ground state TAHz as per
Figure 1. (d) Magnified view of ΔΔOD spectrum from Figure 3c revealing photodissociation of the TAHzH• radical generated by the pump, which
is kinetically linked to the recovery of the ground state bleach, indicating direct conversion between these two states, and releasing H•.

Table 1. Doublet Vertical Excitation Energies of TAHzH•

Open Shell Radical Species Calculated by ADC(2)

state energy (eV) f dipole moment (D)

D1A′(ππ*) 1.00 0.013 9.93
D2A′(ππ*) 1.13 0.067 5.16
D3A′′(πσ*) 2.88 0.001 11.2
D4A′(ππ*) 3.03 0.050 4.87
D5A′(ππ*) 3.24 0.128 5.32
D6A′(ππ*) 3.32 0.060 3.45
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opposite behavior seen in a TAHz only case where a third
pulse repumps and increases the GSB (Figure S3). While in
our prior work we targeted 1c with a low energy push pulse at
1150 nm (∼1.07 eV) to investigate the barrier of the PCET
step, this time we were guided by second-order algebraic-
diagrammatic construction scheme (ADC(2)) calculations
(Table 1) to target the intermediate TAHzH• radical species
1d with a higher energy photolysis pulse such as 375 nm (∼3.3
eV). By monitoring, in response to the photolysis pulse, the
relative populations of 1d and 1a, we can directly observe the
photolysis reaction and release of H•.
The pump−photolysis−probe spectrum ΔΔOD seen in

Figure 3c and magnified in Figure 3d is generated by
subtracting the pump−probe spectrum from the pump−
photolysis−probe spectrum to isolate the spectral changes
caused by the photolysis pulse (ΔOD data can be seen in
Figure S4). The positive peak at wavelengths near 370−380
nm in the ΔΔOD spectrum is attributable to a recovery of 1a,
causing a partial ground state recovery (i.e., decreasing the
amplitude of the ground state bleach signal) of 1a seen in the
ΔOD spectrum. On the same time scale, a new negative
ΔΔOD signal emerges in the 520 nm region. This negative
signal in the ΔΔOD is the loss of the 1d photoproduct
absorption signal seen in the ΔOD spectrum. This provides
the key piece of experimental evidence. We know that the 520
nm signal is the TAHzH• radical signature, and we know that
we can target its πσ* dissociative state. If in response to the
photolysis pulse, the 520 nm 1d signal is lost on the same time
scale as 1a is regenerated, just as the mechanism in Figure 1

suggests, it can be kinetically deduced that photodissociation
occurs. This necessitates the corresponding release of H•

species and demonstrates the πσ* nature of the TAHzH•

radical dissociation.
The link between the ground state recovery of 1a and the

decay of the TAHzH• radical absorption signature 1d is
particularly clear when the kinetics traces of the averaged 375−
380 nm ground state bleach recovery and the averaged 515−
520 nm TAHzH• radical absorption decay are plotted
together. Both progress on commensurate time scales of 6.6
± 0.3 and 7.0 ± 0.4 ps as seen in Figure 4d, clearly indicating
the photodissociation outlined in the fourth step of Figure 1
and the reaction in Figure 4a.
The TAHzH• radical, like the pyridinyl radical,48 has a singly

occupied molecular orbital (SOMO) with π character,
resulting in a minimal probability of direct excitation into
the πσ* state, necessitating excitation into higher ππ* states
and radiationless transfer through a conical intersection into
the πσ* state.32 Table 1 displays the relevant doublet excited
states of the TAHzH• radical. The photolysis pulse at 375 nm
excites bright ππ* states D5 and D6 with higher oscillator
strength, from where it can vibrationally relax along the dark
πσ* state dissociating to regenerate the ground state and
releasing H•.
These results demonstrate that we are able to photochemi-

cally cycle TAHzH• and release H•, a compelling prospect if
used as a photoreductant.49,50 The spectroscopic assignments
of this work identify the TAHzH• heptazinyl radical and its
photodissociation behavior through a πσ* state, which is

Figure 4. Photolysis reaction step. (a) Photolysis pulse at 375 nm results in photodissociation of the intermediate TAHzH• heptazinyl radical in 1d
to produce closed shell ground state TAHz 1a. This releases H• in direct response. (b) Rigid scan of TAHzH• energy levels seen in Table 1 along
the NH distance at the ADC(2) level (unannotated in Figure S5). Excitation into higher lying ππ* states with higher oscillator strength, from where
it can vibrationally relax along the D3 πσ* state dissociating to regenerate the ground state and releasing H•. Black, electronic ground state; green,
ππ* excited states; blue, πσ* excited state. (c) SOMO and LUMO+1 molecular orbitals showing diffuse πσ* molecular orbital. (d) Kinetic
evolution of 1a and 1d signals in response to arrival of the third photolysis pulse at tpump−probe = 6 ps, the arrival of the photolysis pulse reset to time
zero. In black, recovery of the ground state bleach is seen in Figure 3c, which is the repopulation of 1a with a lifetime of τ = 6.6 ± 0.3 ps. In blue is
seen the decay of the TAHzH• photoproduct absorption seen in Figure 3d, which is the depopulation of 1d with a lifetime of τ = 7.0 ± 0.4 ps.
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experimental evidence for proposed mechanisms of heptazine
and carbon nitride photoreactivity involving radical inter-
mediates for PCET.17,27 New heptazine derivatives with
increased solubility could enhance our understanding of
heptazine photoreactivity. Due to the insolubility of current
heptazines in suitable solvents for time-resolved infrared
spectroscopy (TRIR),51,52 we have recently synthesized a
new highly soluble heptazine using Friedel−Crafts between
trichloroheptazine and [(2-ethylhexyl)oxy]benzene. This may
allow us to directly probe the importance of vibronic coupling
for this πσ* dependent photoreaction.53 To test the predicted
barrierless excited state PCET between the heptazinyl radical
and CO2,

27 one could synthesize a water-soluble heptazine
monomer, which could then form heptazinyl radicals from
water by PCET and, with a subsequent UV pulse, reduce CO2.
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