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ABSTRACT: We demonstrate chemical tuning and laser-driven A A
) ; ; IN-H-0 —— :N-H +°0,
control of intermolecular H atom abstraction from protic solvent y K4 A R
molecules. Using multipulse ultrafast pump-push-probe transient r \ Push 4 ‘Push arrival

absorption (TA) spectroscopy, we monitor hydrogen abstraction
by a functionalized heptazine (Hz) from substituted phenols in
condensed-phase hydrogen-bonded complexes. Hz is the monomer
unit of the ubiquitous organic polymeric photocatalyst graphitic
carbon nitride (g-C;N,). Previously, we reported that the Hz
derivative 2,5,8-tris(4-methoxyphenyl)-1,3,5,6,7,9,9b-heptaazaphe-
nalene (TAHz) can photochemically abstract H atoms from water, > N

in addition to exhibiting photocatalytic activity for H, evolution Reaction Coord. Time

matching that of g-C;N, in aqueous suspensions. In the present

work, we combine ultrafast multipulse TA spectroscopy with predictive wave function-based ab initio electronic-structure
calculations to explore the role of mixed nz*/az* upper excited states in directing H atom abstraction from hydroxylic compounds.
We use an ultraviolet (365 nm) laser pulse to photoexcite TAHz to a bright upper excited state, and, after a relaxation period of
roughly 6 ps, we use a near-infrared (NIR) (1150 nm) pulse to “push” the chromophore from the long-lived S; state to a higher-lying
excited state. When phenol is present, the NIR push induces a persistent decrease (AAOD) in the S; TA signal magnitude,
indicating an impulsively driven change in photochemical branching ratios. In the presence of substituted phenols with electron-
donating moieties, the magnitude of AAOD diminishes markedly due to the increased excited-state reactivity of these complexes
that accompanies the cathodic shift in phenol oxidation potential. In the latter case, H atom abstraction proceeds unaided by
additional energy from the push pulse. These results reveal new insight into branching mechanisms among unreactive locally excited
states and reactive intermolecular charge-transfer states. They also suggest molecular design strategies for functionalizing aza-
aromatics to drive important photoreactions, such as H atom abstraction from water. More generally, this study demonstrates an
avidly desired achievement in the field of photochemistry, rationally redirecting excited-state reactivity with light.
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B INTRODUCTION aromatics engage in addition, reduction, and substitution
Photochemical reactions occur on time scales of milliseconds reactions when they absorb light in the presence of an
to minutes. However, reaction yields are controlled by appropriate H atom donor.”~"" However, the mechanisms of
branching among photophysical pathways occurring on much these reactions have been heavily debated in the literature for
faster time scales (femtoseconds to nanoseconds). Unfortu- decades, particularly with regard to how intermolecular
nately, it is not generally well-understood how these time hydrogen bonding with H atom donors can control the
scales are interrelated. Competition among decay processes reactivity of these molecules,"*~"* with little clear consensus.
such as fluorescence, phosphorescence, internal conversion, Historically, the rich photochemistry of these N-hetero-

intersystem crossing, charge transfer, and H atom tunneling
ultimately determine the overall reaction efficiency. Under-
standing how to manipulate the branching ratios among these
excited-state relaxation pathways is likely the key to directing
reactivity in photochemical transformations such as CO,
reduction,’ water remediation,” acid/base photochemistry,‘"5
and artificial photosynthesis.®

Photochemical reactions of aza-aromatics are a compelling
testbed for studying light-driven chemistry. Many aza-

aromatics, such as acridines, purines, and quinolines, in protic
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media was assumed to proceed directly from Iow-lzring locally
excited states of the heteroaromatic molecule.”'""> By locally
excited states, here we mean those involving only the orbitals
of the chromophore, with no contribution from neighboring
solvent molecules. Remarkably, until recently, even the
electronic configuration of the reactive excited state of acridine,
a model nitrogenous heteroaromatic whose Photochemistry
has been extensively studied for over 70 years, >~ *° continued
to be a contentious issue in the literature. In 2014, Eisenhart
and Dempsey showed a proton-coupled electron transfer
(PCET) mechanism by which the lowest locally excited triplet
state drives H atom transfer from phenol (PhOH) to acridine
orange.21 Using computational methods, Domcke, Sobolewski,
and co-workers demonstrated that the H atom abstraction
reaction with acridine involves a manifold of charge-transfer
(CT) states with electronic configurations comprising both
aza-aromatic and hydroxylic orbitals of the H-bonded
intermolecular complex.””

More recently, Domcke, Sobolewski, and co-workers
predicted that triazine- and heptazine-based molecules and
materials engage in photochemistry analogous to that of
acridine.”>** Heptazine-based materials, such as carbon nitride,
have garnered intense interest for photocatalytic hydrogen
evolution and water splitting in recent years.””> > While the
synthesis of these earth-abundant materials is straightforward,
the chemical composition and the molecular structures are
ambiguous; therefore, the underlying photophysical and
photochemical processes of these catalysts are typically
harrowing to control and remain poorly understood.*” ™

To clarify the fundamental photophysics of heptazine-based
materials, we recently synthesized the anisole-substituted
heptazine (Hz) derivative 2,5,8-tris(4-methoxyphenyl)-
1,3,4,6,7,9,9b-heptaazaphenalene (TAHz) (Figure la).*®
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Figure 1. (a) Molecular structure and (b) ground-state absorption
spectrum of 2,5,8-tris(4-methoxyphenyl)-1,3,4,6,7,9,9b-heptaazaphe-
nalene (TAHz) in toluene with and without phenol (PhOH) (100
mM).

Using TAHz as a model system, we previously demonstrated
that fluorescence from the hydrogen-bonded complex of TAHz
with water molecules can be spectroscopically observed and
that the complex photochemically reacts to liberate hydroxyl
radicals.”® Upon the basis of the excited-state reduction
potential of TAHz, the single-electron water oxidation to
hydroxyl radicals would not, at first glance, appear to be an
accessible process (+2.7 V vs SHE). However, ab initio
computational results reveal that the coupling of proton and
electron motion can provide a pathway along the H atom
transfer coordinate.”® Evidently, the H-bonding interaction
modulates the energy of the reacting species via orbital mixing
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and the fluctuation of the proton’s position along the H-
bonding axis.

While photoinduced PCET between Hz-based materials and
protic solvent molecules holds potential implications for future
energy conversion and storage systems, the carbon nitride
literature has focused almost exclusively on proton-reduction
reactions to form H,.”>7>****" However, as stated above, there
is limited knowledge of the underlying photochemical
dynamics that control reactions such as H atom abstrac-
tion.”¥*""** Therefore, it is compelling to examine how local
versus intermolecular electronic excitations can provide control
over photochemical reaction pathways, such as a single-
electron oxidation of hydroxylic compounds.

In this Article, we use ultrafast pump-push-probe spectros-
copy in combination with accurate ab initio electronic-
structure calculations to control and understand the excited-
state branching ratios of TAHz in the presence of four PhOH
derivatives. We employ a series of substituted PhOHs, R-
PhOH, to induce a change in photochemistry that would be
analogous to that of installing electron-withdrawing groups on
the Hz core. We chose this system based on two criteria: (1)
the improved solubility of TAHz in toluene vs water and (2)
the ease with which we can tune the energy of the
intermolecular charge-transfer (CT) state by varying the
electron-donating/withdrawing character on the proton source
(i.e., R-PhOH). Using ultrafast pump-push-probe spectrosco-
py, we are able to manipulate the population of the lowest-
energy locally excited state by selectively pushing it into
higher-lying intermolecular CT states. We show that the
relative decrease of the induced absorption (AAOD) from the
hydrogen-bonded complex upon the arrival of the push pulse
exhibits an anticorrelation with the photochemical reactivity of
TAHz:R-PhOH. That is, the effect of the push pulse decreases
as the driving force for electron/proton transfer increases.
These results, combined with the results of ab initio
calculations, provide insight into the ability of short-lived
excited states to drive fundamental photochemical reactions.
From this knowledge, we can develop design rules for
selectively promoting a variety of photochemical reactions
with protic solvent molecules.

B RESULTS AND DISCUSSION

For TAHz:R-PhOH complexes, we previously explored trends
in properties such as kinetic isotope effects using fluorescence
quenching.”> While that study revealed new insight into the
reactivity of the lowest excited electronic state (S;) of the
complex, it provided no handle for studying the dynamics of
the bright upper excited state that may strongly influence
photochemistry. The role of upper excited states in driving the
photoexcited complex along reactive trajectories remains
unclear.** Herein, we report the application of ultrafast
multipulse TA spectroscopy of these TAHz complexes to
correlate their response to an additional “push” pulse with their
photochemical reactivity.

In Figure la, we present the structure of TAHz hydrogen-
bonded to R-PhOH. The absorption spectrum of TAHz in
toluene exhibits a redshift in the zz* absorption as well as a
blueshift of the nearly dark nz* transitions in the presence of
PhOH, as shown in Figure 1b. This shift results from the
ground-state H-bonding interaction indicated by a dotted line
in Figure la. Because of the concomitant redshift of the zz*
energy and blueshift of the nz* energy, these transitions
become increasingly mixed upon H-bonding. Therefore, we

https://dx.doi.org/10.1021/acs.jpcc.0c00415
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Figure 2. (a) Approximate excitation energies of the excited states of TAHz and oxidation potentials of four phenol derivatives, R-PhOH. As the
PhOH oxidation potential shifts cathodically, the thermodynamics for charge transfer after a Hz-localized excitation becomes more favorable. (b)
Potential energy diagram showing a photochemical proton-transfer reaction driven by an electronic charge-transfer (CT) state, which is strongly
stabilized by the proton transfer, resulting in the formation of a biradical (BR). The push pulse populates higher excited states that can efficiently
couple to the CT state. The wavy line indicates rapid radiationless decay of the S, states to the long-lived S, state. (c) Simplified diagram depicting
the vertical excitation energies from the electronic ground state to the locally excited dark (LE Hz) and bright (A — Hz) 'zz* states and the
intermolecular charge-transfer (CT) state. While the energies of the locally excited states are independent of the substituent R on phenol, the
energy of the CT state is substantially lowered by electron-donating substituents such as Me or MeO. (d) Simplified diagram depicting electronic
transition energies from the relaxed geometry of the S, state. Calculated oscillator strengths for transitions in (c) and (d) are qualitatively
represented by the line widths of the vertical arrows. A full quantitative list of transition energies, oscillator strengths, and dipole moments
associated with (c) and (d) are reported in the Supporting Information, Tables S1 and S2. Pump and push energies are represented by the black
horizontal dashed lines in (c) and (d). Note the different ordinate scales in (c) and (d).

refer to the high-lying state as mixed nw*/7zz*, whereas the vertical arrows, while state energies relative to S, are
lowest-lying state, S,, is a pure mz* state that is dark in represented by the colored horizontal bars. A full quantitative
absorption/emission from/to S, respectively. list of transition energies, oscillator strengths, and dipole
The approximate oxidation potentials of the R-PhOH in this moments associated with (c) and (d) is reported in Tables S1

study are shown in Figure 2a.*~* Increasing the strength of and S2 of the Supporting Information.
the electron-donating substituent on R-PhOH shifts the The lowest excited singlet state (S;) is an essentially dipole-
oxidation potential cathodically. forbidden 'zz* transition, which is a local excitation (LE) on
To glean more insight into the relative energies of excited the Hz core. The lowest bright excited state is an intra-
states of the H-bonded TAHz:R-PhOH complexes, we turned molecular zz* excitation in TAHz due to electron transfer
to ab initio quantum chemical calculations. We employed the from the pendent anisole group, A, to the Hz core. This A —
second-order algebraic-diagrammatic-construction (ADC(2)) Hz intramolecular 'z7* state is very bright and corresponds to
method.”” ADC(2) is a wave function-based single-reference the transition with the greatest oscillator strength in Figure 2c,
propagator method that provides an accurate and balanced consistent with the absorption signatures that we observe in
description of locally excited states and CT states, which is our experimental spectra at wavelengths shorter than ~400
essential for determining reliable vertical excitation energies of nm. At intermediate energies, between the S, state and the
the electronic states involved in excited-state PCET reactions. bright intramolecular lzz% A — Hz CT state, there exist a
Figure 2¢ summarizes the relevant vertical transition energies manifold of dark 'nz* states, which, for clarity, have been
(AE/eV) and oscillator strengths (f) associated with optical omitted from Figure 2¢ and Table S1. As such, hereafter we
transitions from the electronic ground state (S,). Oscillator label the pertinent electronic states that reside vertically above
strengths are represented qualitatively by the line width of the S, as S, or according to their predominant orbital character.
9153 https://dx.doi.org/10.1021/acs.jpcc.0c00415
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We note that, due to vibronic intensity borrowing, two of the
dark state transitions faintly appear in our experimental spectra
within the range of 400—475 nm in Figure 1b. Most
importantly, there exists a singlet state of intermolecular zz*
CT character, in which an electron is excited from R-PhOH to
TAHz or, equivalently, a hole is transferred to R-PhOH from
TAHz. In contrast to the intramolecular 'zz* A — Hz CT
state, the intermolecular 'zz* CT state transition is optically
dark at the geometry of the S state (no vertical arrow in Figure
2c and f & 0.0 in Table S1).

Inspection of Figure 2c¢ reveals that the energy of the lowest
singlet state (S;) of the complex as well as the energy of the
bright zz* state are not affected by the R substituent of the R-
PhOH derivative. In sharp contrast, we find a significant range
of energies for the intermolecular 'zz* CT state. The energy of
this CT state depends strongly on the nature of the R group
linked to the phenol. The vertical excitation energy of this
state, which provides the driving force for the proton transfer
from R-PhOH to TAHz, decreases from 3.64 eV for CI-PhOH
to merely 3.09 eV for MeO-PhOH. The stronger electron-
donating character of the R group leads to an intermolecular
CT state of lower energy.

In the case of the TAHz:PhOH complex, the vertical
excitation energy of the intermolecular CT state is higher than
the energy of the lowest bright zz* state. In the case of MeO-
PhOH, on the other hand, the intermolecular CT state is
vertically below the lowest bright 'zz* state; see Figure Ic.
From these computational results, one can anticipate that,
when the TAHz:MeO-PhOH complex absorbs a photon from
the pump pulse at 365 nm, the system will rapidly (on
femtosecond time scales) nonadiabatically convert to the CT
state and will be propelled along the proton-transfer coordinate
to the biradical (BR) product. On the other hand, for the case
of the TAHz:PhOH and TAHz:CI-PhOH complexes, one
anticipates that significantly fewer photoexcitations will result
in BR products following illumination at 365 nm because the
resulting wave packet on the S, surface must tunnel through a
potential energy barrier along the H atom transfer coordinate
or traverse the barrier in an activated process if any
photochemistry is to occur prior to the fast radiationless
relaxation of the system to the long-lived S, state.

On the basis of these computational results, we hypothesize
that the reactivity pattern for these hydrogen-bonded TAHz:R-
PhOH complexes should generally map onto the schematic
potential energy diagram shown in Figure 2b. That is, the
energy of the CT/BR state is lowered with increasing electron-
donating strength of the substituent on R-PhOH, which should
result in an increase in radical products.”> To experimentally
probe whether this is true, we employed spin-trapping electron
paramagnetic resonance (EPR) spectroscopy to compare the
radical yields for TAHz:MeO-PhOH vs TAHz:PhOH as two
limiting cases. For these spin-trapping experiments, we utilized
5,5-dimethyl-1-pyrroline N-oxide (DMPO) as a phenoxyl
radical scavenger to form metastable radical products with
lifetimes long enough to be detected by steady-state EPR.
Figures Sla and b of the Supporting Information show that the
EPR spectra collected in this work match literature
precedent.50 In Figure Slc, we show a substantial increase
(roughly 40%) in the initial DMPO-phenoxyl radical adduct
concentration upon illuminating the TAHz:MeO-PhOH
complex at 365 nm compared to illuminating the TAHz:PhOH
complex. The higher radical generation yield in the case of
MeO-PhOH suggests that changing the excited-state energy
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landscape has a large influence on the postexcitation
photophysical branching ratios and ultimate photochemical
reaction yields in this system.

Having established the character of the ground-state
absorption spectra, the excited-state energies, and the general
trend in radical yields for our TAHz:R-PhOH complexes, we
turn to transient absorption (TA) spectroscopy to probe the
upper excited-state dynamics on femtosecond to nanosecond
time scales for this chemical series. Figure 3a depicts the

20 2-3 ps 1.0 No PhOH
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< )
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Figure 3. (a) Transient absorption spectra from the ultraviolet to
near-infrared (averaged from 2—3 ps) and (b) decay traces of TAHz
(15 uM) with and without phenol (PhOH) (1.0 M) averaged over
900—1000 nm.

transient absorption spectra for toluene solutions of TAHz in
the presence and absence of PhOH. In this case, we have
employed probe wavelengths ranging from 400 to 1400 nm,
integrated over 2—3 ps after the arrival of the 365 nm pump
pulse. The majority of the signals in both cases comprise an
induced absorption spanning the gamut of the probe
wavelengths that we utilized in this study.

To identify the nature of the broad induced absorption
features that we observe in Figure 3a, we focus on the NIR
portion of the transient absorption spectrum. We compare the
lifetime of the luminescence from S, and the lifetime of the
excited-state absorption in neat toluene (without the presence
of an H atom donor) in Figure S2. We see virtually
indistinguishable decay kinetics for the photoluminescence
and NIR-induced absorption with a monoexponential decay
constant of roughly 300 ns. On the basis of these results, we
associate the induced absorption signal in Figure 3a with the
population of the lowest-lying singlet excited state, S,.

Figure 3 also shows static (a) and dynamic (b) quenching of
the excited-state absorption of TAHz in the presence of
PhOH. This quenching is evidently due to a new relaxation
pathway, which leads to -TAHzH/PhO- biradical species that
ultimately produce the phenoxyl radicals that we detected in
our initial spin-trapping EPR experiments mentioned earlier. In
addition to quenching, the excited-state absorption changes
shape slightly. Notable changes include the slight redshift of
the bleach in the UV region, which is expected from the
ground-state absorption shift seen in Figure 1b, and the slightly
more pronounced redshift at low energies, more clearly seen in
Figure S3a and b. This shift is due to hydrogen-bonded TAHz
as opposed to free TAHz molecules in toluene solution. We
note that the lack of signal in the 700—800 nm region is likely a
combination of low probe light after filtering out the
fundamental beam (800 nm) and scattered second-order
pump light (730 nm).

Upon the basis of its kinetic correlation with the
fluorescence decay that we observe, the TA signal in Figure
3 is generally attributable to excited-state absorption from the

https://dx.doi.org/10.1021/acs.jpcc.0c00415
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long-lived S, nz* state of TAHz, as indicated in Figure 2b. To
gain further detailed insight into the phenomena exhibited by
our excited-state absorption spectra, we once again turned to
ab initio electronic-structure calculations. The relevant
parameters for excitation from the first singlet excited state
(S;) are depicted in Figure 2d. The vertical transition energies
(AE*/eV) and oscillator strengths (f*) are tabulated in Table
S2, along with the dipole moment (y/Debye) and dominant
electronic configurations of the excited electronic states. These
results were obtained in an analogous fashion to those
presented earlier for the absorption from the electronic ground
state using the ADC(2) method, but the excitation in this case
is taken to occur from the equilibrium geometry of the long-
lived S, excited state. The two lowest transitions when exciting
from S, are the transition to the lowest nz* state of the
heptazine core and the transition to the lowest intramolecular
(A > Hz) CT state. The energies of these transitions are
largely independent of the nature of the R pendent group in R-
PhOH. By coincidence, these two transitions happen to be
nearly degenerate, and their energies are roughly 1.1 eV (4 =
1130 nm) across the board for each TAHz complex that we
analyzed in this study (see Table S2 in the Supporting
Information). Upon inspection of our transient absorption
spectra for the TAHz:PhOH case in Figure 3a, we find that
these calculated transition energies are commensurate with the
induced absorption signal near 1050 nm, with intensity out to
1200 nm. In general, the oscillator strengths for the transitions
from the S, state (f*) are significantly lower than the ground-
state f values. This result appears to be qualitatively consistent
with our experimental observations based upon a comparison
of the magnitude of the excited-state absorption signal relative
to that of the ground-state bleach signature.

Interestingly, at energies just above the intramolecular (A —
Hz) CT state for the R = H and R = Cl complexes, there is the
intermolecular CT state that now exhibits nonzero oscillator
strength (see Table S2). This is the same CT state from R-
PhOH to TAHz as in Table S1. It stands out by its remarkable
dipole moment of 11-25 D. It is also worth noting that the
oscillator strength for the excitation from the S, state to the
intermolecular CT state is of the same order of magnitude as
the oscillator strength for the excitation to the A — Hz
intramolecular CT state from the S, state. Our calculations also
reveal a manifold of higher-energy A — Hz intramolecular
excited-state absorption features that agree well with our
experimental results. For example, the next optically allowed
transition that we predict resides at 1.81 eV, which is
commensurate with the onset of the TA signal that we observe
near 690 nm. Notably, for the case of R = Me and R = MeO,
the energy of the photochemically reactive intermolecular CT
state drops below the energy of the lowest A — Hz
intramolecular 'z7* state (see Figure 2d).

From these spectroscopic measurements and ab initio
predictions, the schematic portrayal in Figure 2 begins to
emerge for the TAHz:R-PhOH system. The complex can
absorb a photon from our 365 nm pump pulse, which excites
the bright zz* (A — Hz) transition calculated at 3.45 eV (360
nm); see Table S1. In the case of TAHz:PhOH, the vertical
excitation energy of the optically dark intermolecular CT state
is ~0.2 eV higher at the S; equilibrium geometry than the
energy of the lowest bright state. The bright zz* state can mix
by nonadiabatic coupling with the reactive intermolecular CT
manifold, and population may proceed along the proton-
transfer coordinate to biradical (BR) products. This process

9155

competes with fast nonreactive radiationless relaxation to the
long-lived S, state. From the S, state, the potential energy
barrier along the proton-transfer coordinate is much larger. In
the S, state, however, the TAHz unit undergoes an out-of-
plane deformation that cranes the central nitrogen atom out of
the molecular plane. This puckering of the Hz frame allows the
nm* states to mix with the zz* states. As a result, optical
transitions from the long-lived S, state to the mixed upper S,
(nz*/zn*) states become allowed. To explore this new
transition experimentally, we introduce a NIR laser pulse
that follows the pump pulse to impart additional energy to the
S, state, transiently “pushing” the population of the S, state to
higher energy.

We selected 4 1150 nm for our NIR push pulse
wavelength, such that it would be slightly on the red edge of
the lowest-energy excitation predicted from the S, state (1130
nm) and the TA signal that we observe experimentally. This is
depicted in Figure 4a. In the presence of PhOH, the decay of

fast 1150 nm
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Figure 4. Global analysis (a) spectra and (b) kinetics of the NIR
transient absorption feature of TAHz (1S uM) in the presence of
phenol (PhOH) (1.0 M). From the evolution-associated difference
spectra (EADS), the push pulse was chosen to be 1150 nm to excite
the red edge of the lowest-energy transition for the hydrogen-bonded
complex (75 ps decay constant, shown in blue). The long-lived
component (shown in black) has a decay constant of 620 ps.

the induced absorption contains a noticeable subnanosecond
component (fast), shown in blue, as well as a longer-lived
component (slow), shown in black (Figure 4b). We use global
analysis to kinetically resolve these features and recover the
evolution-associated difference spectra (EADS). We take the
overall spectrum, y(t, 1), to be a linear combination of a time-
dependent concentration, ¢;(t), of the associated species with a
wavelength-dependent spectrum, 6,(1), for the ith species, such
that w(t, 1) = Y.c(t)o,(4). Figure 4 shows (a) the EADS of the
NIR transient absorption spectrum (~800—1400 nm) and (b)
their decay traces in the presence of PhOH (1.0 M). We
recover two distinct EADS, one with a decay constant of
roughly 620 ps and the second with a decay constant of
roughly 75 ps. The spectrum of the prompt component is
redshifted compared to the longer-lived evolution-associated
spectrum. Figure S4 shows the luminescence of TAHz in a
similar H-bonded environment that has almost identical
evolution-associated decay constants.

We regard the intermolecular CT state as providing the
driving force toward -TAHzH/PhO- biradical products, as
indicated in Figure 2b. Populating the bright upper excited
states, S,, may provide a pathway to the reactive CT state
because the activation barriers are predicted to be low in these
upper states. However, these high-lying excited states are
relatively short-lived (<200 fs) (see Figure SS), implying that
the biradical product yield might intrinsically be low if this
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were the only excited-state PCET reactivity pathway. Ideally,
for optimum biradical yield, the system should be designed
such that there is no energetic barrier from the lowest-lying
bright state to the CT state in order to minimize the additional
excitation energy needed to drive reactivity.

To uncover the dynamics at the excited-state curve crossings
on photochemical H atom transfer reactions between TAHz
and PhOH derivatives, we employ a multipulse ultrafast
transient absorption technique. A simplified experimental setup
and pulse sequence of this technique are found in Figures 5

R
| NN
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Reference

1 kHz 1 kHz

) O

Delay Stage
Y 9 l: Detectors

Push Pump Probe

Figure S. Schematic of pump-push-probe spectroscopy. The pump
pulse (500 Hz) is first incident on the sample, followed by the push
pulse (1 kHz) ~6 ps later. The probe pulse (1 kHz) is on an
adjustable delay stage (—1.0 to 12 ps for these experiments).

and S6, respectively. We use this pump-push-probe spectro-
scopic technique to glean experimental information about the
dynamics in higher-lying excited states that we postulated
previously based on our computational results. Pump-push-
probe spectroscopy has recently been utilized by a number of
authors to monitor charge-separation dynamics in organic
materials often used in solar cells.”'>® Such results have
demonstrated that photocurrent generation efficiency is
governed by access to delocalized intermolecular charge-
separated states. In the case of thin-film heterojunction organic
solar cells, the role of the push pulse is to impart additional
energy to overcome the activation barrier for accessing these
delocalized charge-separated states.

In the context of photochemical reactivity, pump-push-
probe spectroscopy allows us to infer information concerning
the potential role of the mixed nz*/zn* excitations of the H-

bonded complex in promoting access to the reactive CT state.
In principle, the excited state prepared by the initial pump
pulse (365 nm) could be further excited by the energy of the
push pulse (1150 nm). However, these higher excited states
are depopulated on femtosecond time scales by either nearly
barrierless PCET or by efficient radiationless relaxation to the
minimum of the S, state. The push pulse therefore interacts
with the population in the long-lived S, reservoir state. As we
mentioned previously, the photon energy of the push pulse was
chosen, based upon the EADS in Figure 4a, to impart a nearly
resonant perturbation to the H-bonded excited-state complex
in the S, state at 6 ps after the pump pulse.

Using a third laser pulse (broadband probe), we monitor the
sample’s dynamic response to the pump and push pulses by
recording time-dependent changes in transmission. Figure 6a
shows the transient absorption spectra with and without the
push pulse (both averaged from 6.5—8.0 ps) for TAHz in the
presence of PhOH. The spectral evolution following the push
pulse reveals a decrease in the excited-state signal amplitude
associated with the S, state.

Interestingly, the impulsive decrease in AAOD signal
amplitude resulting from the push pulse in Figure 6a is
persistent in the presence of PhOH on the time scale of our
experiment. Parts b and ¢ of Figure 6 show the signal probed
from 700—750 nm and 900—1000 nm, respectively. This
persistent loss in AAOD amplitude suggests that the
population of the S, reservoir state is propelled to a higher-
lying excited state, a portion of which, upon coupling to the
CT electronic manifold, can relax by PCET toward the
‘TAHzH/PhO- biradical state. In principle, the push pulse
could be repeated after another few picoseconds, and more
population of the S; reservoir state could be converted to BR
products by PCET. This scheme allows us to control the
branching ratio between reactive events (BR formation) and
nonreactive events (S; luminescence) following the initial
excitation of the TAHz:R-PhOH complex.

To verify that the system responds linearly to the power of
the push, we performed a push-pulse power-dependence study,
the results of which are shown in Figure S7. The effect of the
push pulse is indeed linear with increasing power over the
range of fluences used in this work. Therefore, the push pulse
does not itself appear to be driving any two-photon processes
under NIR excitation.

Figure 7a shows the transient absorption spectrum of TAHz
in neat toluene overlaid with the spectra of TAHz in the
presence of PhOH, CI-PhOH, Me-PhOH, and MeO-PhOH
with and without the push pulse (averaged from 6.5 to 8.0 ps).
We observe static quenching of the TA signal with the addition

No Push 6.0
S 1.5
g §5.0
£1.0 = 4.0
e = = 30 Push
. = Eoo
iin 05 $2
. \"N 1.0
' 00 Probe =700-750 nm 0.0 Probe =900-1000 nm
500 700 900 1100 1300 1500 o 2 4 6 8 10 12 o 2 4 6 8 10 12
a. Wavelength (nm) . Time (ps) C. Time (ps)

Figure 6. (a) Transient absorption spectra of TAHz (50 M) in toluene and phenol (1.0 M) with the push pulse (solid lines) and without the push
pulse (dotted lines) averaged from 6.5—8.0 ps. Temporal traces averaged over (b) 700—750 nm and (c) 900—1000 nm. The system was pumped at
365 nm and pushed at 1150 nm. The sample was stirring throughout the experiment.
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Figure 7. (a) (Left, dotted) Pump—probe spectra of TAHz (50 yM) in toluene with and without phenol derivatives, R-PhOH. (Right, solid)
Pump-push-probe spectra of TAHz (50 4M) in toluene with and without phenol derivatives, R-PhOH. Spectra were averaged from 6.5—8.0 ps. (b)
Decay of the population probed from 700—750 nm, shaded in gray in (a), with (solid) and without (dotted) the push pulse. The system was
pumped at 365 nm and pushed at 1150 nm at 6 ps. The sample was continuously stirring during the experiment.

of each R-PhOH derivative, similar to previous luminescence
experiments.*’ The magnitude of this quenching increases with
the electron-donating character of the substituent on R-PhOH.
After the push pulse, many of the spectra exhibit a decrease in
the signal amplitude, as demonstrated in Figure 6a. The change
in spectral shape is least significant, almost nonexistent, for
TAHz:MeO-PhOH, suggesting that in this case the excited-
state population is not significantly altered by the push pulse.
This is due to the highly reactive nature of the photoexcited
TAHz:MeO-PhOH complex, producing radicals readily upon
excitation from the pump without the assistance of the
additional energy provided by the push pulse. The spectra in
Figure 7a are overlaid in Figure S8 for closer comparison.

Figure 7b shows how the push pulse influences the dynamics
in the 700—750 nm region of the TA spectrum on the
picosecond time scale for the series of TAHz:R-PhOH
complexes, in contrast to the excited-state push response of
TAHz in neat toluene. Similar to Figure 6¢, Figure 7b
demonstrates persistent TA signal reduction, of varying
degrees, of the excited state in the presence of R-PhOH,
which suggests additional reactivity toward the -TAHzH/R-
PhO- biradical state, as discussed earlier.

The response we observe in Figure 7b for TAHz in neat
toluene contrasts significantly with the results we observe for
the TAHz:R-PhOH complexes. When PhOH is present, there
is an irreversible loss of the transient absorption signal after the
arrival of the push pulse. PhOH exhibits the largest signal loss
(~25%), while MeO-PhOH shows the smallest push-induced
signal loss (<5%). However, without R-PhOH present (i.e., the
“No PhOH” case), a small fraction of the S; population is
pushed to the S, states, which induces a transient loss of the
absorption intensity in the 700—750 nm region. Yet this TA
signal rapidly recovers, roughly within the duration of our push
pulse (<200 fs), and the signal magnitude after 8 ps with the
push pulse is virtually indistinguishable from that without the
push pulse.

Further investigation shows the dynamic response to the
push pulse in the 500—550 nm spectral regions with and
without R-PhOH; see Figure S9. In this region, we observe an
increase in the amplitude of the induced absorption signal that
rapidly decays within the duration of the push pulse, which is
consistent with internal conversion of the free TAHz
chromophore from an upper excited state. These data support
our hypothesis that the push pulse excites the hydrogen-
bonded complex from the S, reservoir state into an upper
excited state, and, depending on the presence and type of R-
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PhOH, a fraction of the excited population couples to the CT
state and, subsequently, yields radical products. In the case of
MeO-PhOH, the push pulse does not significantly influence
the amplitude of the TA signal, which suggests that, in the case
of MeO-PhOH after the initial 365 nm excitation, the reaction
dynamics already proceeds mainly along a trajectory toward
the biradical products. These results appear to be consistent
with prior predictions of barrierless excited-state reactivity in
the TAHz:MeO-PhOH complex”’ and with the general trend
predicted here in Table S2 derived from ab initio electronic-
structure calculations.

We note that the shape of the resulting spectral signature
that we obtain in the TA spectra for TAHz:MeO-PhOH
complex is markedly dissimilar to the TA spectra for all other
TAHz:R-PhOH complexes that we have measured in this
study. In fact, the TA spectrum for the TAHz:MeO-PhOH
system strongly resembles the induced absorption signal that
we would associate with the reduced form of the TAHz
chromophore. While the thermochemistry of this particular
complex is such that both PCET and pure electron-transfer
reactions may be accessible, we have previously measured the
rate of fluorescence quenching using dimethoxybenzene, which
possesses a similar oxidation potential as MeO-PhOH, and
found it to be relatively sluggish compared to the quenching
that we observe for MeO-PhOH. This result suggests that,
while pure electron transfer can quench the TAHz excited
state, it does not appear to account for the rapid reaction
dynamics that we observe for MeO-PhOH. Additionally, the
fact that we have detected photogeneration of spin-trapped
phenoxyl radical DMPO adducts by EPR is a strong indication
that the TAHz:MeO-PhOH complex undergoes a photon-
driven H atom abstraction reaction.

Finally, examination of the schematic potential energy
landscape depicted in Figure 2 may lead one to conclude
that, once the system relaxes to the low-lying S, reservoir state
of the TAHz:PhOH system, no photochemical reaction will
occur. While the potential energy barrier for the H atom
transfer reaction is indeed significant in this case (calculated as
0.17 eV for TAHz:PhOH),"” we do observe luminescence
quenching from this state in the presence of phenol on a time
scale of nanoseconds.*’ This observation is a clear indication
that H atom transfer from PhOH to TAHz takes place even for
H atom transfer barriers of several tenths of an electronvolt,
owing to the absence of competing fast quenching processes in
the S, state, such as intersystem crossing to triplet states (the
S, state of TAHz is located 0.25 eV below the T, state).””
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Further work is underway by our team to assess the possible
roles that tunneling compared to thermal activation play in
controlling the rate constants for these quenching processes.

B CONCLUSIONS

Herein, we have demonstrated ultrafast photochemical control
of excited-state intermolecular H atom abstraction reactions
between the aza-aromatic TAHz model compound and various
phenol derivatives. Although aza-aromatic photochemistry in
protic solvents has been studied extensively since the mid-
1900s, the underlying processes of coupled proton and
electron transfer, specifically in heptazine-based systems, are
not well-understood. Here we examined the coupled proton
and electron motion in TAHz:R-PhOH hydrogen-bonded
complexes and the correlation between ultrafast intermolecular
charge transfer and the photochemical reactivity resulting in
phenoxyl radicals. Furthermore, predictively controlling such
reactions with color-tunable optical pulses is a longstanding
goal in the field of photochemistry. Clarifying the connection
between femtosecond to nanosecond dynamics and milli-
second to minute chemical reactions has the potential to
provide insight into materials design rules to manipulate
photoinduced PCET reactions.

We demonstrated that altering the excited-state landscape of
hydrogen-bonded TAHz-R-PhOH complexes by a substituent
on R-PhOH can dramatically change the photochemical
branching ratios after the initial excitation. Our data suggest
that the fraction of excitations that underwent photoinduced
PCET upon the initial 365 nm pulse was correlated with the
increasing electron-donating strength of the substituent, R, on
R-PhOH. In the TAHz:MeO-PhOH complex, for which the
calculations predict a barrierless PCET reaction, the push pulse
caused little to no change in the excited-state dynamics. This
result suggests that the trajectory of this photochemical
reaction is likely decided by the initial 365 nm excitation, at
a rate that approaches the sub-ps time scale. For the Me-
PhOH, PhOH, and CI-PhOH complexation partners, on the
other hand, the resonant excitation by the push pulse has a
significant effect on the pump-induced excited-state population
via the promotion of population from the relaxed S, reservoir
state to the higher excited states of TAHz, which are quasi-
degenerate with the reactive CT state and drive the formation
of the biradical product. The TAHz:R-PhOH complexes are
fascinatingly simple systems in which the light-driven oxidation
of solvent molecules (here, R-PhOH) can be controlled at will
with appropriately tailored laser pulses.

Our time-resolved multipulse spectroscopy results supported
by ab initio calculations provide synthetic chemists and
materials scientists with new insight into photochemical
reaction pathways that are germane to engineering new
materials for solar fuel generation. Experimental efforts are
underway in our lab to accelerate photoinduced PCET
reactions without the need of additional energy from push
pulses. To do this we are installing electron-withdrawing
groups onto the heptazine core. It is predicted by theory that
such substituents have a strong impact on the energy of the
reactive CT state and therefore should mimic the effect of
strong electron-donating substituents on PhOH demonstrated
herein. This installation will shift the absorbing state of the
hydrogen-bonded state closer to the reactive CT state, possibly
allowing a barrierless transition, which would increase the
efficiency of the photoinitiated one-electron oxidation of the
solvent (preferably water).
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