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Abstract: Time-resolved EPR (TR-EPR) demonstrates
the formation of well-defined spin triplet excitons in
carbon nitride. This permits to experimentally probe the
extent of the triplet wavefunction which delocalizes over
several tri-s-triazine units. Analysis of the temperature
dependence of the TR-EPR signal reveals the mobility
of the triplet excitons. By employing monochromatic
light excitation in the range 430–600 nm, the energy of
the spin triplet is estimated to be �0.2 eV above the
conduction band edge, proving that the triplet exciton
lies above the corresponding singlet. Comparison be-
tween amorphous and graphitic forms establishes the
singlet-triplet inversion as a general feature of carbon
nitride materials.

In this communication, the properties of spin triplet
excitons in carbon nitride are directly probed by means of
time-resolved electron paramagnetic resonance (TR-EPR)
spectroscopy. These properties include extent of wave-
function delocalization, energy and mobility. We focus on
the catalytically relevant amorphous form and compare to
the conventionally prepared graphitic one to demonstrate

that the energy of the photoexcited singlet exciton lies below
that of the corresponding triplet.

Carbon nitride (CN) is a polymeric semiconductor with
graphite-like structure, in which the alternating sp2 carbon
and nitrogen atoms of tri-s-triazine (C6N7H3) form a highly
π-conjugated electronic system. Adjacent tri-s-triazine units
are connected at their corners by nitrogen atoms to yield the
extended bi-dimensional structure. CN is sought after for its
ability to catalyze a wide scope of chemical reactions by
harnessing visible light.[1,2,3,4] Because of its cost-effective
preparation and flexibility to be structurally tuned towards a
range of photocatalytic reactions, CN has attracted wide-
spread attention in recent years, becoming undoubtedly one
of the most rapidly emerging new semiconductors in photo-
catalysis.

CN is characterized by a narrow band gap of 2.5–2.7 eV
depending on the preparation and post-synthetic treatments,
therefore electron-hole pairs can be easily formed by light
with wavelength <460 nm. In most semiconductors these
photogenerated charge carriers can be considered as
independent, however, the low dielectric constant of CN
makes the Coulombic interaction between charges strong
enough to lead to the formation of bound electron-hole
pairs, also known as excitons.[5] Because they are strongly
correlated, such excitons may exist either in a singlet or a
triplet state configuration. Spin triplet states are central in
defining the photochemistry of a material as they usually
possess a relatively long lifetime (due to spin-forbidden
recombination) that supports reactivity on the timescale of
diffusion. Species whose lifetime spans the ns-ms timescale
are highly relevant, in particular for photocatalysis, as they:
(i) are compatible with chemical reactions occurring at the
surface (Figure 1a), (ii) are more likely to evolve to free
charge carriers, able to prompt redox reactions[6,7,8] or (iii) to
localize at defect sites to form other reactive species.[9,10] All
these properties justify the intense interest for maximising
triplet harvesting, for instance by singlet fission in organic
photovoltaics solar cells[11] or singlet-triplet and triplet-triplet
annihilation in OLEDs.[12] A desirable feature on the way to
increase the yield of triplet formation is a small singlet-
triplet exchange energy, which promotes efficient conversion
between singlet and triplet excitons. Such a small exchange
energy is readily achievable when the highest occupied
(HOMO) and lowest unoccupied molecular orbitals
(LUMO) are spatially nonoverlapping, yielding a charge-
transfer excited state.[13,14] This results in a peculiar energy
arrangement of the excited singlet and triplet states, with
the former being at lower energy, an exception to Hund’s
rule. This singlet-triplet energy inversion was recently
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demonstrated for substituted tri-s-triazine,[15] the basic unit
of carbon nitride.

To understand whether singlet-triplet inversion occurs
also in polymerized bulk CN, we employed EPR spectro-
scopy in its time-resolved form. TR-EPR is a highly sensitive
spectroscopic technique that provides clear-cut evidence for
the presence of metastable and polarized high-spin
states.[16,17] The characteristic signal shows components in
enhanced absorption (a) and/or emission (e). In defining the
photophysics of complex inorganic semiconductors, the key
advantage of TR-EPR is its selectivity for paramagnetic
states and the ability to unambiguously assign the spin
multiplicity of transient species, thus outperforming optical
spectroscopy in this task.[17] Moreover, since TR-EPR
detects the formation of transient species through their
magnetic and not optical properties, this technique is not
affected by the limitation of optical spectroscopy (e.g., light
scattering) and can be performed on bulk samples, avoiding
the need of bespoke CN samples that differ from those used
in catalysis.[4]

It must be pointed out that the generic name of carbon
nitride includes a rather broad family of materials, varying
in terms of structure and composition. Such variations may
heavily impact the photophysics of the material and,
ultimately, its photochemistry.[4,18] Recent findings revealed
that a less crystalline CN derivative (amorphous CN, am-
CN) exhibits a superior photocatalytic activity in a class of
organic reactions based on C� C couplings with perfluoroalk-
yl derivatives (Figure S1).[19,20] Herein, we therefore focus on
the singlet-triplet inversion in am-CN in order to understand

how this can potentially impact other classes of reactions
featuring similar mechanistic steps.

Figure 1b reports the 2D experimental TR-EPR contour
plot for am-CN acquired after a 355 nm laser pulse (7 ns,
2 mJ) at T=50 K. From this surface the characteristic spin-
polarized triplet spectrum can be extracted (Figure 1c),
demonstrating the formation of a well-defined triplet
exciton. The spectrum is relatively narrow with a field span
of �5 mT (from 345 to 350 mT) and can be satisfactorily
simulated as a single spin triplet (S=1) with characteristic
zero-field splitting parameters D=30 MHz and E=3 MHz,
and zero-field populations PX :PY :PZ=1 :0.6 :0 (Figure S2).

In the framework of the point-dipole approximation, the
value of D is proportional to (r� 3), where r is the average
distance between the two unpaired electrons, and then can
be exploited to estimate the extent of the spin
delocalization,[17] see Supporting Information Section S1.
The measured D value of 30 MHz would correspond to an
average distance of �1.2 nm which, albeit a rough estimate
and a lower-bound limit due to the extensive
delocalization,[17,21,22] is consistent with the size of three tri-s-
triazine units, Figure 2a.[23] This is at variance with the
singlet exciton which appears to be localized over a single
tri-s-triazine unit.[24,25] It is to note that localization of the
triplet exciton on a single tri-s-triazine unit (0.68 nm) would
lead to a D of 165 MHz (Supporting Information Section
S1), that is more than five times larger than the experimen-
tal value.

Comparing the TR-EPR spectra recorded in the interval
between 20 K and room temperature allows the estimation
of the temperature dependence, due either to dynamic[17] or
delocalization effects,[26] of the triplet wavefunction (Fig-
ure 2b). The width of the spectrum is constant in the range
20–50 K, while it decreases at room temperature by a factor
of two (D=13 MHz, E=3 MHz, Table 1 and Table S1),
providing a robust and specific indication that triplet
excitons are essential features of the photophysics of CN
and are substantially delocalized at room temperature (Fig-
ure S3).

Figure 1. a) Timescales of physical and chemical processes character-
istic of semiconducting photocatalysts. The region shaded in purple
represent the timescale accessible through TR-EPR. b) TR-EPR surface
recorded on am-CN under 355 nm laser irradiation at 50 K, c) triplet
state EPR spectrum extracted from b by integrating from 1.0 to 1.3 μs.
a=enhanced absorption, e=emission.

Figure 2. a) Pictorial representation of the spin triplet exciton delocali-
zation over a single sheet of CN. b) TR-EPR spectra recorded on am-
CN at 20 K, 50 K and 298 K and 460 nm irradiation, obtained by
integration from 1.0 to 1.3 μs. The vertical lines are a guide to the eye
to showcase the reduction of the spectral width. a=enhanced
absorption, e=emission. The simulation parameters are reported in
Table 1 and Table S1.
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To gain insights into the processes leading to the
formation of the triplet exciton, we combined steady-state
optical spectroscopy with photoluminescence spectroscopy
and wavelength-dependent TR-EPR.

Figure 3 reports the diffuse reflectance UV/Vis (DR-
UV/Vis) spectrum for am-CN, which displays the usual
strong absorption below 450 nm and a composite tail
between 450 and 600 nm (Figure S4). From the Tauc plot
analysis (Figure S5) a band gap of 2.5 eV (=495 nm) can be
estimated. To ascertain the origin of the metastable triplet
exciton and whether it involves the band edges or intragap
states we explored monochromatic wavelength excitations in
the region spanning 430 to 600 nm around the band gap. All
TR-EPR spectra, although varying in intensity, display a
virtually identical shape regardless of the wavelength
employed (Figure S6) and can be satisfactorily simulated
with the same set of parameters used for the excitation at
355 nm, suggesting that only one main triplet exciton is
formed. However, given the structural complexity of am-
CN, it cannot be ruled out that minor differences that do not
exceed the signal-to-noise may be present or that the
observed triplet is the lowest in energy within the triplet

manifold.[27] Magnetic interaction between two or more spin
triplet cannot be excluded, however we do not have any
evidence for the formation of higher spin states (S>1)
under the experimental conditions adopted.

Fitting the TR-EPR intensity as a function of the
excitation wavelength with a Gaussian yields a profile with
maximum intensity at 460 nm (see Supporting Information),
that encompasses the absorption shoulders visible in the
DR-UV/Vis spectrum (Figure S4). Experimentally the inten-
sity of a metastable triplet spectrum mainly depends on the
triplet quantum yield (which can be taken to be constant)
and the molar extinction coefficient at the excitation
wavelength.[17] Therefore, the profile of the TR-EPR triplet
signal intensity as a function of excitation wavelength should
follow that of the DR-UV/Vis spectrum. In this instance, the
TR-EPR spectrum collected at 430 nm has lower intensity
than the corresponding spectrum collected at 460 nm,
although the absorbance is significantly different (Figure 3).
To understand this behavior, we have taken a complemen-
tary approach and considered the photoluminescence ex-
citation spectrum of am-CN. This provides information on
the singlet energy transfer pathways within the material, as
this measurement reports on the conversion efficiency of the
excitation energy into emission energy. Figure 3 (purple
line) shows the excitation spectrum collected at the
maximum of the photoluminescence emission (550 nm, Fig-
ure S7) while scanning the range 240 to 535 nm. The
excitation spectrum does not closely follow the profile of the
DR-UV/Vis but rather shows distinctive features: i) the
region below 380 nm is not the most intense; and ii) the
region between 380 and 480 nm presents a minimum in
photoluminescence yield which corresponds (anti-correlate)
to the maximum of the TR-EPR triplet intensity profile.
Taken together these observations suggest that after
excitation above the band gap, several deactivation path-
ways are available (photoluminescence, singlet-triplet con-
version, non-radiative recombination, etc.) and that radia-
tive recombination is not the preferred outcome, whereas
excitation close to and below the band gap allows to directly
access the metastable spin triplet.

Computational studies and optical spectroscopy data
have suggested that tri-s-triazines present a peculiar singlet-
triplet inversion (ETriplet>ESinglet) which dominates its photo-
physical response.[15,28,29,30] Further computations indicate
that this energy inversion may also occur for CN, i.e.
polymerized tri-s-triazine.[15] The TR-EPR data presented
here support this prediction and place the triplet excitation
energy at �2.7 eV above the valence band,[31] which is larger
than the 2.5 eV estimated for the optical band gap (Fig-
ure 4). Moreover, the triplet absorption band, as recon-
structed from TR-EPR measurements, suggests an energy
spread for the triplet exciton of �0.6 eV (full width half
maximum), whereas, as previously described,[32] photolumi-
nescence measurements permit to estimate the spread of the
emissive singlet states which extend from the conduction
band to 0.3 eV beneath, Figure S8. This is schematically
shown in Figure 4 which reports the analogue of a Jablonski
diagram for this solid-state semiconductor (Figure 4a) and
the experimental data employed to construct it (Figure 4b).

Table 1: Simulation parameters for the TR-EPR spectra reported in
Figure 2b.[a]

[a] Temperature is reported in Kelvin (K) and the zero-field splitting
parameters (D, E) in MHz. g was assumed isotropic and equal to ge

(2.0032). The full set of parameters and relative errors is reported in
Table S1.

Figure 3. DR-UV/Vis spectrum of am-CN (black), photoluminescence
excitation profile (purple), wavelength-dependent triplet exciton inten-
sity (symbols) and the corresponding Gaussian fitting (green). The
grey bar represents the band gap of am-CN (2.5 eV).
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These findings make singlet and triple excitons almost
isoenergetic, which likely favours the singlet-triplet conver-
sion in this semiconductor.

Finally, it is worth noting that the formation of photo-
excited triplet excitons in CN is not related to the specific
morphology of the material, as a similar TR-EPR spectrum,
is observed also for the graphitic material (g-CN, Figure S9).
Moreover, analysis of the triplet excitons in g-CN suggests
that singlet and triplet excitons are inverted regardless of
the morphology (Supporting Information Figures S10 and
S11). It appears therefore than the formation of photo-
excited triplet excitons is an intrinsic feature of CN, whereas
the photocatalytic activity depends on the energy landscape
related to the specific morphological and defective structure
of the material.[10,19]

In conclusion, we have demonstrated the capability of
TR-EPR in elucidating central details in the photochemistry
of polycrystalline inorganic solids. Specifically, photoexcita-
tion of am-CN in the range 355–600 nm results in the
formation of a well-defined but delocalised spin triplet
exciton whose energy lies above the band gap. Together
with steady state optical spectroscopy, these observations
demonstrate that singlet and triplet excitons are inverted by
�0.2 eV. Since the triplet exciton is higher in energy than

the singlet it cannot constitute an energy loss mechanism
and all the absorbed photon energy is preserved and can
efficiently drive photo-reactivity. Moreover, the easy inter-
conversion between triplet-singlet spin configurations may
explain the long photoluminescence lifetimes observed for
CN materials.

Supporting Information
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Supporting Information.[33,45]
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A. Actis, M. Melchionna, G. Filippini,
P. Fornasiero, M. Prato, M. Chiesa,
E. Salvadori* e202313540

Singlet-Triplet Energy Inversion in Carbon
Nitride Photocatalysts

The use of carbon nitride as a photo-
catalyst requires to understand its re-
sponse to light and the nature of all the
photoexcited species formed. Here we
devise an original approach based on
time-resolved magnetic resonance to
provide the spin state, the energy and
wavefunction delocalisation of carbon
nitride photoexcited states. We directly
measure the energy of the triplet state
and demonstrate that it is higher than
the corresponding singlet.
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