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ABSTRACT: Heterogeneous carbon nitrides have numerous advantages as photocatalysts, including strong light absorption, tunable band

edges, and scalability, but their performance and continued development are limited by fast charge recombination and an under-developed

mechanistic understanding of photodriven interfacial electron transfer. These shortcomings are a result of complex photophysics leading to

rate asynchrony between oxidation and reduction, as well as redox processes driven out of electronic trap states rather than excited states. We

show that a well-defined triplet excited state in cyanamide-modified carbon nitride is realized with appropriately sized particles. The utility of

this long-lived excited state is demonstrated by its ability to drive a hydroamidation photoredox cycle. By tuning the particle size of CN,, the

oxidation-reduction photochemistry of carbon nitride may be balanced to achieve a redox-neutral closed photocatalytic cycle. These results

uncover a triplet excited state chemistry for appropriately sized CNx particles that preludes a rich energy and electron transfer photochemistry

for these materials.

INTRODUCTION

Long-lived triplet states enable a rich photochemistry by
affording a well-defined excited state energy and a long enough
lifetime to enable reactivity on the timescale of diffusion. Whereas
triplet excited states are customary for molecular species, such
excited states for heterogeneous photoreagents are less common,
especially for semiconductors where the excited state dynamics may
be dominated by trap states. Such is the case for carbon nitride
(CNx)," which is capable of promoting a variety of light-driven redox
processes such as hydrogen evolution,** alcohol oxidation,** as well
as many organic transformations.®® CN; photoreagents have
numerous advantages, including ease of product separation,
scalability,'’ and the ability to tune band gap energies."' However,
the efficiency of CN. photoprocesses, and especially those that are
redox-based, is widely acknowledged to be very low,*'* limited by
charge recombination via nonradiative pathways as well as prompt

fluorescence on a ~10 ns timescale'>'*
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and redox processes driven
out of electronic trap states rather than from the conduction
band. These two limitations have largely prohibited the use of CNx
in photocatalytic cycles requiring diffusive exciton quenching, as
well as prevented a well-defined mechanistic analysis of photoredox
cycles.

Efforts to circumvent the inefficiency arising from trap states in
heterogeneous CNix materials include methods to incorporate
double-bonded heteroatoms as terminating groups. Heteroatom
incorporation can remove trap states on the surface as well as result
in longer-lived triplet excitons in melon ("">CNj, Figure 1, top) by

).""* However, the

accelerating intersystem crossing (ISC
population of the excited state triplet remains restricted by the slow
rate of ISC relative to fluorescence relaxation, and, quizzically, direct

quenching of a triplet excited state in CNx has not been observed. In

the absence of emissive quenching, together with the insensitivity of
CN; singlet fluorescence to charge transfer processes,'>* CNx
photoreactivity has largely been ascribed to lower-energy trap-
states.'* Redox processes driven out of trap states make CNx
materials competent photocatalysts for reactions that can tolerate
disparate initial rates of oxidation versus reduction. This rate
asynchrony as well as the fast charge recombination results in a
frequent requirement for a sacrificial reagent to trap either the hole
or electron equivalent, depending on the nature of the desired
substrate conversion, to drive turnover within the photocycle.
Excess trapped electrons resulting from faster initial hole quenching
are reflected by a blue hue of cyanamide-modified NYCN, under
irradiation in the presence of sacrificial reductants. This buildup of
trapped electrons has been shown to accelerate charge
recombination to ~10 ps," which further decreases the efficiency of
photocatalytic processes such as hydrogen evolution, as well as
precludes any possibility of diffusive excited state quenching. To
overcome these inefficiencies of fast fluorescence charge
recombination and redox processes driven out of trap states, the
tuning of CNx to achieve more efficient triplet formation will
increase the scope and applicability of CN. as a photoreagent.

A well-defined photochemistry arising from a long-lived triplet
state in a heterogeneous photocatalyst is exceptionally useful for
organic photoredox. Photoredox methods comprise a powerful

strategy to access unique reactive intermediates,* >
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enabling novel

Cross couplings, as well as asymmetric and C-H activation
transformations.” *” Organic photoredox cycles have largely relied
on homogeneous Ru(II) or Ir(IIl) photocatalysts that are ideally
suited for supporting radical-initiated pathways derived from one-
electron quenching of long-lived triplet excited states.’** More
recently, heterogeneous photocatalysts such as CNx have been

explored as attractive replacements for molecular photocatalysts®”'!
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Figure 1. Cyanamide-modified N*NCN; is synthesized via thermal
KSCN treatment of M2CNj, which is accessible from the thermal
decomposition of melamine.

because the materials can be separated and recycled, thereby
avoiding contamination of products with heavy metals. Further,
light absorption and redox properties may be easily tuned by
choosing a semiconductor photocatalyst with a desired band gap.*
* However, for numerous closed, net redox-neutral photocycles, a
long-lived triplet excited state is optimal to allow for diffusive
excited-state quenching and avoid rate asynchrony between redox
processes.

Here we report along-lived triplet CNy excited state accessed with
size-controlled and surface-modified materials. Stable suspensions
of these CNy systems exhibit a rapidly decaying singlet excited state
(Tauer ~ 9 ns) that is accompanied by a long-lived triplet emissive
state (Tphos ~ 1.77 ps), and accordingly is efficiently quenched by
oxygen. We demonstrate the direct utility of this triplet excited state
in CNy to drive photoredox chemistry, exemplified here by a closed,
redox-neutral hydroamidation photocycle.

RESULTS

CN; Variants. Melon ("*2CN;) was the synthon for CNx variants
and prepared according to Figure 1 (top). ¥2CN;x was modified by
annealing in the presence of KSCN,’ to form N“VCN. (Figure 1,
bottom) with an observable cyanamide stretch by infrared
absorption spectroscopy (IR) at ~2200 cm™ (Figure S1). “*CNx
was synthesized by acid-treatment of “"NCN,," resulting in changes
to the N-H stretching region in IR spectroscopy, as well as a blue-
shifted band edge in diffuse reflectance UV-visible (DRUV-vis)
spectroscopy, indicating an increased band gap energy of
approximately 0.2 eV (Figures S1, S2, and S3B). Thermal treatment
of YM2CNy in a KCI/LiCl eutectic*’ formed *“'CNj, which, by IR and
X-ray photoelectron spectroscopy (XPS) was similar to N“NCNj,
exhibiting an identical cyanamide IR stretch at ~2200 cm™ as well as
a potassium signal in XPS (Figures S1 and SS), but exhibited a red-
shifted DRUV-vis band edge (Figure S3B). Mesoporous carbon
nitride ™*CNy was synthesized using a hard silica template by
thermal treatment of melamine, followed by NH4F etching, as
previously reported.**

Photophysics. Time-resolved emission quenching and lifetime
decay kinetics provide valuable handles for probing CN;
photocatalysis. For these measurements, suspending CNx
derivatives in organic solvents proved challenging. We therefore
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Figure 2. (A) Particle size distributions, as measured by DLS, for as-
synthesized NNCN,**’ (black) and two fractions after ball-milling (red
and blue) with their corresponding Z-average diameters. (B)
Normalized DRUV-vis absorptance (1 - reflectance) for NNCN,*’
(black), NNCN* (red) and NNCN,'*® (blue) ball-milled fractions.

explored methods to reduce the CNx particle size to achieve more
stable suspensions. Previous attempts to gain bottom-up control of
the degree of CN: polymerization® resulted in materials that
exclusively absorb UV light, thus limiting the utility of this method
for photoredox applications. By contrast, top-down ball-milling of
melon (M2CNj) resulted in much smaller (~20 nm) absorption
blue-shifts as CN particle size is reduced,* with the band edge
remaining in the visible region. Cyanamide modification of ¥>CNx
via thermal KSCN treatment was previously shown to increase the
efficiency of photocatalytic processes as well as slightly red-shift light
absorption.* We therefore examined the effects of particle size on
cyanamide-modified carbon nitride (N“YCNx). The particle size of
as-synthesized CNx material was reduced via liquid-assisted grinding
in a planetary ball-mill. After fractional size separation by
centrifugation, CNx materials with Z-average particle sizes, as
measured by dynamic light scattering (DLS), of 304 nm (Y“VCN*)
and 148 nm (N“VCN,!**) were obtained, as compared to the 607 nm
as-synthesized, parent material (YVCN,*7) (Figure 2A). As
previously observed for ™2CN,, decreasing the particle size of
NENCN,” by ball-milling marginally affected the position of the
band edge, resulting in a blue shift in the DRUV-vis of approximately
10 nm for both 304 nm and 148 nm fractions. Based on this change
in absorption, the direct optical band gap shifts by only 0.06 eV, as
determined from a Tauc plot™ (Figure S3A). Notably, the
absorption shoulder near 550 nm in Y*NCN,*” is absent after ball-
milling (Figure 2B). This shoulder was previously attributed to
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Figure 3. (A) Normalized emission spectral evolution from S0 ns to
4.65 ps for VNCN,'* excited at 355 nm. (B) Emission decay at 468
nm while exciting at 355 nm; red line shows the biexponential fit
with corresponding lifetimes.

charge transfer excitation from heptazine to terminal cyanamide
groups.” Although the shoulder disappears, the NCN modification
is preserved as indicated by the similarity of the IR (the cyanamide
stretch at 2200 cm™ is retained) (Figure S1). Additionally, no
significant changes are apparent by powder X-ray diffraction
(PXRD) (Figure S7), nor in steady-state emission measurements
(Figure S8), though a slight increase in the O1s signal is observed by
XPS (Figure S4).

Reducing the particle size of "“"NCNy allowed for the formation of
stable suspensions in organic solvent, enabling investigation of the
photophysics via time-resolved emission spectroscopy. A long-lived
emissive state was substantially more prominent for Y"NCN;'* than
for NNCN,*7 (Figure S9). Because NNCN* particles settle
resulting in a greater inhomogeneity of the suspension, the data
quality is not sufficient to achieve a high-quality fit for the long-lived
emissive state. Interrogating the ns-resolved emission of NNCN,'**
in suspension under a nitrogen atmosphere revealed a biphasic
decay on distinct timescales. A fast process with a lifetime of Tauor =9
ns was responsible for the majority of the emission intensity,
consistent with previous lifetime measurements of CN, in aqueous
solution or in the solid state."****' However, a slightly red-shifted
(Figure 3A) long-lived emissive state with Tphes =1.77 ps was also
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1, studied herein using carbon nitride (CNx) photocatalysts.
(bottom) Hydroamidation percent yield to product for 1 as a
function of reaction time and particle size. Error bars represent
standard error over 3 separate reactions.

observed (Figure 3B). Exposing the solution to air resulted in
quenching of this long-lived emission, consistent with a
phosphorescent triplet state; as expected, the prompt fluorescence
was largely unperturbed in air (Figure 3B, blue). Additionally,
cooling the suspension of NNCN,'* resulted in increased emission
intensity on a long timescale of 4.8 ps (Figure $10), data which is
inconsistent with a thermally activated emissive process, but
expected for a phosphorescent triplet state.

Hydroamidation Reactivity. The observation of a long-lived
luminescence that is quenched by O: is indicative of a triplet excited
state, which we posited could be utilized to drive redox-neutral
photocatalytic processes. To assess this contention, we examined a
variety of CNi variants as photocatalysts for the hydroamidation of
olefins.

As-synthesized modified carbon nitride materials “~CN, *“'CN,,
and ™SCNy were marginally effective as photocatalysts for the
intramolecular  hydroamidation =~ of  2-cyclo-hexen-1-yl(4-
bromophenyl)carbamate (1) in the presence of 1 equiv phenyl
disulfide (PhSSPh) and 0.2 equiv tributylmethylammonium
dibutylphosphate (P{*2), and illuminated by a single blue LED light
(Figure 4, top). YNCN, *“'CN,, and ™%CN, each gave improved
yields when compared to acid-treated “**CN,, and substantially
improved over unmodified 2CN (Figure S6A). A blue coloration
was observed during the reaction when using “¥CN, and *“'CN,,
consistent with previous reports of trapped, long-lived mid-gap
electrons during the reaction.>'

Ball-milling treatment and reduction of the particle size of “*NCN,
substantially accelerated the reaction rate for hydroamidation. After
24 h, intramolecular hydroamidation of 1 proceeded in 70.8%
product yield, or 80.5% yield based on recovered starting material
(BRSM), for MNCN,* in the presence of 1 equiv bis(2,4,6-
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Figure S. Emission decay of “"NCN,'*, measured at 468 nm with 0,
0.2,0.4,and 0.6 mM of 1 and 1 mM P#2. The data were truncated
before 1000 ns to focus on the long-lived emission. Fits to the data
are presented in the Supporting Information. (Inset) Stern-Volmer
analysis of lifetime decays (o = 1.55 ps) yields Ko = 599 M and kq
=3.87x10* M s\,

trimethylphenyl) disulfide (MesSSMes), 0.2 equiv P2, and
illuminated by two blue LED lights. In the absence of base, using
NENCN,'*® over 24 hours resulted in 31% yield (BRSM), and in the
absence of light, 0% yield. The hydroamidation conversion yield
obtained from YVCN,'* and NNCN/** are significantly improved
compared with as-synthesized “NCN,*”” (Figures 4 and S6B). We
note the yields based on recovered starting material (BRSM, Figure
S6B) are slightly higher (~5-10% for NNCN,'** and NNCN,** and
~2% for NNCN,*’) than those determined with an internal standard
(Figure 4). This discrepancy in remaining starting material between
the smaller particle sized “¥CN; (i.e., higher surface area) suggests
that a minor component of starting material is lost either by
adsorption to the surface or by intermediate radicals in the
photocycle of Figure 6 reacting with the surface of "*NCN..

We note that excitation of a dichloromethane solution of
MesSSMes, in the absence of any photocatalyst, at 430 nm using a
ns-resolved transient absorption laser spectroscopy setup revealed
the formation of MesS., as evidenced by a long-lived absorbance at
490 nm (Figure S15). Examination of the UV-vis spectrum of
MesSSMes reveals an absorbance in the UV, with a tail extending to
approximately 440 nm (Figure S15, inset). Based on these results, it
is likely that under reaction conditions of blue LED light, MesSe can
be formed from direct photocleavage of MesSSMes.

Hydroamidation Kinetics We initially examined the emission
quenching of YNNCN; by hydroamidation reaction components
using a fluorometer, which measures the steady-state emission
intensity without time resolution. We observed no quenching of the
NCNCN, emission intensity when substrate 1 was added in
combination with phosphate base (Figure S11).

To delve deeper into the mechanism of hydroamidation in the
absence of steady-state emissive quenching, we examined the
emission using ns-resolved laser spectroscopy. Titration of a
NENCNL'* suspension with carbamate substrate 1 in the absence of
base resulted in no change to the emission lifetime (Figure S$12).
However, in the presence of 1 mM P2, the emission lifetime of the
long-lived state decayed upon addition of carbamate substrate with

an apparent Ko = 599 M. In combination with the 1.55 ps
phosphorescence lifetime measured for this suspension, the rate of
quenching for the substrate is kq = 3.87 x 10° M~ s~ (Figures S and
S$13). This rate is marginally slower than that previously measured
for the homogeneous Ir(IlI) catalyzed system of 5.2 x 10° M~ s7".
Previously measured energetics of the carbon nitride excited state
indicate that it is slightly less oxidizing (~1.57 V) than the excited
state of [Ir(dF(CFs)ppy)a(bpy)]PFs (~1.67 V) dF(CFs)ppy = 2-
(2,4-difluorophenyl)-S-(trifluoromethyl)-pyridinyl, bpy = 2,2'-
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bipyridine),*"** which should result in a slightly slower electron
transfer rate with equivalent mechanisms. In contrast to quenching
in homogeneous systems, the long-lived emissive species in
NNCN,'*® cannot be fully quenched. Quenching of the emissive
lifetime reaches a maximum after addition of only 2.4 mM substrate,
at which point the lifetime of the long-lived state is less than two
times shorter than the original lifetime (Figure S14). Further,
exposing the Y™CN,'** suspension to air resulted in a slightly higher
quenching fraction, though the triplet state timescale remains
distinct from that of the singlet (Figure 3B).

DISCUSSION

A triplet photochemistry emerges prominently in YVCN, with
decreasing particle size. Along-lived and discrete triplet excited state
allows for diffusive excited state quenching to occur and circumvents
previous challenges in CNx photochemistry arising from the
asynchronicity of redox events driven out of trap states. We
considered the possibility that the long-lived emissive state was the
result of a thermally activated fluorescence process, which could
return the exciton from a shallow trap or triplet dark state to an
emissive singlet state. Whereas a delayed fluorescence would be
expected to decrease in intensity as temperature is lowered, we
observe an increase in emission intensity with decreasing
temperature (Figure $10), indicating that the long-lived emission is
not thermally activated. We therefore propose that the long-lived
emission, with maximum intensity at ~475 nm, is phosphorescent in
origin.

Heretofore, an outstanding challenge in elucidating CNx
photoactivity has been the absence of emission quenching upon the
addition of substrates.''*'> In the absence of emission quenching,
mechanistic studies have emphasized the importance of kinetics
associated with trap states, which have been used as a proxy for the
reaction kinetics of the excited state of “NCN.."” These long-lived
trapped electrons can be competent for reactions requiring modest
reducing potential, such as hydrogen evolution.'® However, hole
quenching kinetics are challenging to infer from an electronic trap
state, and the accumulation of electrons in trap states results in faster
charge recombination kinetics, further reducing the efficiency of
photocatalytic processes using YCN." Additionally, driving
photocatalysis out of trap states results in a thermodynamic penalty;
the long-lived trap states in CNy are considerably less reducing, with
potentials estimated at —455 mV or deeper,""”
conduction band (~-1120 mV) of “NCN,*' resulting in a significant
energetic efficiency loss which may preclude use of CNx materials for

than the emissive

reactions requiring a substantial reduction potential.*

In line with previous studies monitoring the emission of CNx
materials on short timescales, which frequently report an absence of
emissive quenching even when photocatalytic reactions driven by
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CNx are occurring, our initial experiments measuring steady-

state photoluminescence also revealed no quenching using a
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Figure 6. Mechanism of intramolecular hydroamidation catalyzed
by CN,, Pi®2 base (B), and bis(2,4,6-trimethylphenyl) disulfide
(MesSSMes). Back reaction pathways are omitted.

combination of amide substrate and P2, This result (Figure S11)
was in stark contrast to the strong emissive quenching caused by
substrate and base for hydroamidation catalyzed by a homogeneous
Ir(II1) chromophore.** The observed absence of emissive
quenching in steady-state measurements of "“NCN, is due to the
continued dominance of singlet fluorescence, which is too fast to be
quenched by a process requiring diffusion of low concentration
substrates. Time-resolved emission lifetime measurements allow us
to separate the signals of the fast singlet fluorescence from the slower
triplet emission. For the long-lived triplet, we observe emission
lifetime quenching with the combination of amide substrate and
phosphate base, resulting in the ability to derive electron transfer
rates via standard mechanistic analyses. Thus, as a direct probe of the
kinetics of the high energy excited state, triplet state emission
quenching, rather than trap state quenching, provides a valuable
mechanistic handle for photocatalysis using “VCN..

For many homogeneous photocatalysts, the addition of excess
quencher results in complete emission quenching, resulting from a
substantially faster rate of quenching than the rate of radiative
relaxation. By contrast, with YYCN; we observe a plateau in the
quenching fraction using amide and base. Further, even when using
oxygen as a quencher the triplet emission remains on a distinct
timescale from the singlet (Figure S14 and 3B). These results are
consistent with an internal, non-solution accessible portion the
long-lived excitons; they may be immobile within the "VCN,
particle and are unable to be quenched at the solution interface. A
population of internal excitons is also consistent with the observed
increased reaction efficiency driven by smaller CN; particles, which
have a smaller fraction of excitons far from the surface.

The CNi triplet state may be used to efficiently drive photoredox
reactions, as demonstrated here for C-N bond formation from

amides. Hydroamidation, and related hydroamination, driven by
redox-neutral photocatalysis are powerful methods to forge C-N
bonds,****** with implications for a multitude of highly sought-after

3656 and  selective

transformations, such as C-H activation
deracemization.”” Figure 6 shows the essential cycle for photo-
hydroamidation. Initial oxidation by proton-coupled electron
transfer (PCET) to generate an amidyl radical must be followed
promptly by radical addition to an olefin. In order to complete the
redox-neutral hydroamidation cycle and generate product, an H-
atom must be returned to the cyclized substrate radical prior to
competing back reactions.”* Previous work in the homogeneously-
catalyzed hydroamidation system has elucidated a dual role for the
hydrogen atom transfer (HAT) catalysts 2,4,6-trimethylphenyl
thiophenol (MesSH) or bis(2,4,6-trimethylphenyl) disulfide
(MesSSMes) to both donate an H-atom to the substrate and to
stabilize the intermediate radical reversibly by forming a transient
thioamide to inhibit back electron transfer to the photocatalyst after
initial substrate oxidation.** In the case here, MesSSMes plays a
crucial role beyond circumventing the back electron transfer
between CNixe~and the photogenerated amidyl radical (not shown
in Figure 6). As indicated by the red cycle in Figure 6, MesSSMes
provides a source of MesSe, which enters the catalytic HAT cycle,
and in doing so supports the primary PCET chemistry of the CNx
photoredox cycle. However, the reduced CNx+™ photocatalyst is not
thermodynamically competent to reduce MesSSMes.*>** The direct
photocleavage of MesSSMes to MesS. using 430 nm light (Figure
S15) clarifies this mechanistic detail and thus allows for HAT to be
established with MesS., which accepts an electron from CNye™ and
aproton from BH". To close the net redox-neutral cycle, the MesSH
returns an H-atom to the cyclized substrate radical to form the
hydroamidation product. Addition of MesSSMes rather than
MesSH allows for an increased concentration of MesSe, which may
be important for rapid electron extraction from CNie~ to avoid the
buildup of trapped electrons which are known to accelerate charge
recombination and impede efficient photocatalysis."

The ability to tune the redox equivalency with CN, particle size
engenders superior photocatalytic activity. The overall efficiency of
photo-hydroamidation ~ reactions  relying on  molecular
photocatalysts  (e.g, [Ir(dF(CFs)ppy):(bpy)]* is strongly
dependent on the balance of forward and reverse rates for each
step.** In contrast to homogeneous Ir(III) photocatalysts, for which
each electron transfer event at the photocatalyst must be
immediately and locally followed by an opposite redox event, CNx

15,16 we

can build up multiple electrons. In line with previous reports,
observed a blue coloration of N“CN. during initial photo-
hydroamidation screening reactions. This blue coloration indicates
an imbalance in the rates of substrate oxidation versus thiyl radical
reduction, thus allowing multiple substrate reductions to occur in
series without corresponding thiyl radical reduction. By reducing
the particle size, fewer electrons accumulate, leading to a balance in
the rates of oxidation and reduction, promoting product formation
rather than back reactions, thereby facilitating a closed redox

photocycle.
CONCLUSIONS

Size reduction of YNCN; results in a prominent long-lived,
emissive triplet excited state, which can enable photocatalytic
processes requiring diffusive quenching. By directly utilizing the
long-lived and high energy triplet excited state, redox-neutral, closed



photocycles may be achieved, as demonstrated herein for
hydroamidation, resulting in substantially improved product yields.
These results position CN. materials favorably for further
implementation as replacements for molecular photoredox
catalysts. Beyond organic photoredox transformations, this work
suggests that appropriately sized CNx materials yield a triplet excited
state that preludes a rich energy and electron transfer
photochemistry.
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