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Graphitic carbon nitride (QCN) is an important heterogeneous metal-free catalytic material. Thermally
induced post-synthetic modifications, such as amorphization and/or reduction, were recently used to
enhance the photocatalytic response of these materials for certain classes of organic transformations,
with structural defects possibly playing an important role. The knowledge of how these surface
modifications modulate the photocatalytic response of gCN is therefore not only interesting from
a fundamental point of view, but also necessary for the development and/or tuning of metal-free gCN
systems with superior photo-catalytic properties. Herein, employing density functional theory
calculations and combining both the periodic and molecular approaches, in conjunction with
experimental EPR measurements, we demonstrate that different structural defects on the gCN surface
generate distinctive radical defect states localized within the electronic bandgap, with only those
correlated with amorphous and reduced gCN structures being photo-active. To this end, we (i) model
defective gCN surfaces containing radical defect states; (ii) assess the interactions of these defects with
the radical precursors involved in the photo-driven alkylation of electron-rich aromatic compounds

(namely perfluoroalkyl iodides); and (iii) describe the photo-chemical processes triggering the initial step
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Accepted 1st August 2022 of that reaction at the gCN surface. We provide a coherent structure/photo-catalytic property

relationship on defective gCN surfaces, elaborating how only specific defect types act as binding sites for
DOI: 10.1039/d25c03964h the perfluoroalkyl iodide reagent and can favor a photo-induced charge transfer from the gCN surface

rsc.li/chemical-science to the molecule, thus triggering the perfluoroalkylation reaction.

Introduction
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employed for a plethora of applications such as the
photocatalytic/photoredox sulfonylation of alkenes, ketalization
of different ketones, aerobic oxidative coupling of resveratrol,
and aerobic oxidation of benzylamines.™

Structural modifications by simple and scalable approaches
were also proposed*® to fine-tune the properties and reactivity of
2CN surfaces. For instance, protonation and doping of gCN can
be employed to fine-tune the electronic properties and also
modulate the available surface area,*'® whereas inclusion of
metallic ions via intercalation can decrease the band gap,
enhance charge carrier mobility and provide additional catalytic
sites.’”'® More recently, carbon nitride surfaces, modified to
include electron-rich phenyl moieties, were employed for the
metal-free, visible light-responsive photocatalytic synthesis of
methyl esters from benzylic alcohols, photocatalytic oxidative
esterification by the inclusion of surface acidic sites® and for
the photocatalytic aerobic oxidation of alcohols, under irradia-
tion using an extended visible-light wavelength of 620 nm .*
Some of us have recently demonstrated that the visible-light
photocatalytic activity of gCN for the perfluoroalkylation of
electron-rich organic substrates can be substantially enhanced
by diverse surface modifications.** Briefly, this strategy includes
post-synthetic modifications of melamine-derived gCN (Fig. 1a)
to introduce structural and chemical variations into pristine
gCN by adopting specific protocols for reduction (red-gCN),
oxidation (oxy-gCN) and thermal amorphization (am-gCN).
The photocatalytic response of these materials was then inves-
tigated for the grafting of perfluorinated groups on aromatic
cores, which is a reaction of major interest in medicinal
chemistry, agro-chemistry and materials science.***** The test
case that has been described in ref. 21 is the reaction between
1,3,5-trimethoxy-benzene (1a), a model electron-rich aromatic
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molecule, and perfluorobutyl iodide (2a, C,Fo-I) as the radical
precursor to give the fluorinated product 3a (Fig. 1b). It has
been proposed that the key step in the reaction between C,Fo-1
and 1,3,5-trimethoxy-benzene is a photo-induced electron
transfer from the gCN catalyst surface to the C,Fo-I molecule.

Interestingly, it was found that the photo-catalytic activity of
the reduced and amorphous gCN forms is much higher (=90%)
compared to that of the gCN surface in its pristine (20%) and
oxidized (10%) forms. However, all these post-synthetically
modified gCN structures show: (i) a similar C/N ratio, as indi-
cated by the XPS data, with the exception of am-gCN and red-
gCN forms that show a comparatively lower N-content attrib-
uted to the presence of nitrogen vacancies, consistent with
previous observations;'>**?® (ii) a similar optical bandgap, as
obtained by diffuse reflectance spectroscopy (DRS); and (iii) the
presence of native and photo-induced radical species in all
samples, as observed by electron paramagnetic resonance (EPR)
measurements.>

Therefore, despite the structural and spectroscopic data at
hand, we are still missing a detailed fundamental under-
standing of: (i) the nature of the interaction between the per-
fluoroalkyl iodide and the (modified) gCN surface(s), (ii) the
excited-state dynamics triggering the reaction and (iii) the
influence of the gCN surface composition on the photocatalytic
activity. Such an understanding is crucial to establish a solid
structure/property/activity relationship for gCN photocatalysis
and to further broaden the spectrum of the reactions that could
be catalyzed by gCN, aiding the process of rational function-
driven catalyst design for future applications.

Here, we present a detailed theoretical study of model per-
fluoroalkyl iodide/gCN systems with the aim of providing
a comprehensive understanding of the recently reported NMR,
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Fig.1 Schematic representation of (a) graphitic carbon nitride obtained by the pyrolysis of melamine and its conduction and valence bands (CB
and VB); (b) the reaction under study and its yield, highlighting the difference in the catalytic efficiency of the various types of gCN. A: electron

acceptor; D: electron donor.
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XPS and EPR spectroscopic data and photocatalytic activi-
ties.*** More specifically, we focus on the specific interaction
between different gCN surfaces and the C,Fo-I molecule, which
is considered to be the crucial first step governing the experi-
mental photo-catalytic efficiency, quantified only by the global
yield of 2-nonafluorobutyl-1,3,5-trimetoxybenzene (product 3a
in Fig. 1).** The subsequent reaction steps leading to the
formation of product 3a correspond to a classical case of
homolytic aromatic substitution.

For that purpose, we apply a two-fold modelling strategy to:
(i) evaluate the ground-state interaction between the pristine,
red-gCN, oxy-gCN and am-gCN surfaces and the C4Fo-I mole-
cule to quantify the adsorption profiles and the electronic
structure of the combined gCN/C,Fo-1 systems and (ii) to
determine, with time-dependent DFT (TD-DFT) calculations on
the gCN/C,Fo-1 systems, the excited-state electronic structure,
in order to shed light on the photo-chemical response of these
gCN surfaces in the presence of the C,Fo-I molecule. A detailed
description of the model gCN structures, the computational
protocol employed, and the results pertaining to the ground-
state and excited-state gCN/C4Fo-1 interactions are presented
in the following sections. We find a clear correlation between
the nature of the defects on the gCN surface, their electronic
structure, and the viability of a photo-induced electron transfer
from gCN to the C4Fo-I molecule, which is most probably the
key step that triggers its coupling with the electron-rich
aromatic molecule.

Modelling methodology
Modelling protocol

The following modelling protocol was employed to evaluate the
ground-state and excited-state interactions between defective
2CN surfaces and the C,Fo-1 molecule:

First, starting from pristine gCN, we select model systems
including structural point defects to mimic the reduced,
amorphous and oxidized forms and we assess how these defects
perturb the gCN electronic structure.

We then compute the ground-state interaction between the
different defective gCN surfaces and the C,Fo-I molecule to: (i)
extract the electronic structure of the defective gCN surfaces
and the C,Fo-I molecule adsorbed on those gCN surfaces
(hitherto referred as gCN/C,Fo-1 for simplicity), (ii) evaluate the
adsorption energies, (iii) quantify the ground state (partial)
charge transfer between the gCN surface and the molecule, and
(iv) evaluate the bond order parameters in relation to the "°F-
NMR experimental results®*® for a qualitative assessment of
halogen bonding.

Finally, we perform Time-Dependent DFT (TD-DFT) calcu-
lations on the gCN/C,Fo-I systems to determine the excited-
state electronic structure, in order to shed light on the photo-
chemical response of different gCN surfaces in the presence
of the C,Fo-I molecule.

These steps, which form the core of the gCN/C,Fo-I inter-
action, represent the ground-state and excited-state interactions
between a given defective form of the gCN surface and the C,Fy-
I molecule. More specifically, we investigate the ground-state

© 2022 The Author(s). Published by the Royal Society of Chemistry
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electronic interactions between gCN surfaces and the C,Fo-I
molecule using both the 2D periodic approach and a molecular
approach. For the latter, we use a model triangular heptazine
trimer representing a fragment of the (defective) gCN surface
(see Fig. SI-11) that is made to interact with C4Fo-1, as this offers
computationally easy access to excited-state calculations. The
choice of using a molecular (heptazine trimer) model for
excited-state studies is mainly motivated by the fact that: (i) the
molecular representation of gCN, as often considered in
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Fig. 2 gCN surfaces in their pristine (P.0) and defective forms (L.a/b,
2.a/b, and 3.a/b) considered in this work (carbon: brown; nitrogen:
blue; oxygen: red; hydrogen: pink). am-gCN surfaces are represented
to contain nitrogen vacancies either at the centre or at the edge of
a heptazine unit, as shown in la to 1b; oxy-gCN surfaces in their
pyran-like (2.a) and carbonyl-like (2.b) forms were created by
substituting the heptazine edge nitrogen vacancy. Structural defects
with disconnected bonds between nitrogen and carbon atoms, either
at the heptazine centre or the edge (3.a and 3.b, respectively) represent
the red-gCN forms.
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previous studies,**** opens up a wide range of hybrid func-
tionals to evaluate the optical properties, which would be
computationally prohibitive within the periodic approaches,
and (ii) as the gCN systems are characterized by limited band
dispersion, the interaction of the C,Fo-I molecule with
a molecular fragment considered to represent the periodic
equivalent, turns out to be computationally appropriate, as
detailed in the subsequent sections.

Computational details

All periodic DFT calculations were performed using the VASP
code and the projector-augmented wave (PAW) basis set.****
Exchange and correlation effects are treated at the Perdew-
Burke-Ernzerhof (PBE) level with the dispersion forces treated
by using Grimme correction (PBE + D2),***¢ with a kinetic
energy cut-off of 500 eV and using a Monkhorst-Pack sampling
of 3 x 3 x 1 for the Brillouin zone (BZ) integration on all the
gCN unit cells replicated 4 x 4 x 1 times, with the vacuum
spacing set to be 30 A to avoid the interaction with periodic
images. Dipole moment correction was employed along the ‘¢’
axis (Z direction & perpendicular to the gCN surface). The
geometries of pristine and defective gCN surfaces along with
C,Fo-T adsorbed were fully optimized at the PBE/GGA level of
theory prior to the calculation of the electronic properties at the
hybrid (HSE06)*” level of theory. Bond orders and ground state
partial charge transfers were computed using the DDEC06
method.*® DFT and TD-DFT calculations of the molecular
equivalent gCN units with and without C,Fo-I adsorption were
performed using the Gaussian16 program®’ at the B3LYP/6-
311G(d,p) level of theory for molecular optimizations. The
subsequent electronic structure and UV-vis absorption spectra
calculations, along with the corresponding NTO* and
attachment-detachment density*"** analysis were performed on
the molecular systems at the hybrid level of theory (HSE1HSE),
to maintain consistency with the electronic structure obtained
with the periodic DFT calculations. Prior to TD-DFT calcula-
tions on the molecular systems, the consistency between the
periodic and molecular gCN/C,Fo-1I descriptions was ensured by
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comparing the electronic structure at the hybrid level (HSE06)
of theory.

gCN structural models

For the periodic approach, we started from a monolayer of
pristine gCN surface (P.0 in Fig. 2), and incorporated a large
variety of structural defects on the gCN surface, classified based
on the post-synthetic experimental treatment,* chemical intu-
ition and literature data, and we calculated their electronic
structure and stability. The most representative gCN systems in
their pristine (gCN), red-gCN, oxy-gCN and red-gCN forms are
shown in Fig. 2. To simulate the formation of amorphous gCN
(am-gCN), for which some nitrogen loss has been observed
experimentally,®*® defects were created by removing one
nitrogen atom from the surface of the gCN unit cell. The
nitrogen atom is removed from either the core of a heptazine
unit or from the edge of a heptazine unit (Fig. 2(1.a and 1.b),
respectively). Both these forms of nitrogen vacancies are ther-
modynamically stable. Here we find that the defect formation
energy is 4.71 eV (108.6 kcal mol™') and 4.80 eV
(110.7 kecal mol™") respectively, consistent with previous
results.*

To represent gCN treated under oxidative conditions,
oxygenated gCN models (oxy-gCN), considered with respect to
recent investigations,®* were obtained by substituting the
nitrogen atoms at the edge of a heptazine unit, to obtain either
a pyran-like unit (see Fig. 2(2.a)) or a carbonyl-containing gCN
form (see Fig. 2(2.b)).

Since the reductive treatment is carried out in the presence
of H,, we hypothesize that structural defects appearing upon
bond cleavage during reductive treatment are likely to be at
least partly saturated by hydrogen atoms. To model the situa-
tion of reduced gCN forms (red-gCN), two disconnected gCN
forms were considered wherein the bonds between the nitrogen
atom and the surrounding carbon atoms were cleaved, either at
the center of the heptazine unit (see Fig. 2(3.a)) or at the edge of
the heptazine unit (see Fig. 2(3.b)) and were partly saturated
with hydrogen atoms.

Table 1 Descriptive nomenclature of the various gCN defective forms used in this work along with their reference numbers. The reference
numbers correspond to the respective gCN structures from Fig. 2 and SI-1 and are hitherto used to indicate the specific gCN surface. The nature

of the defect type present on the gCN surface is also shown for clarity

Ref. Type Description of the gCN surface
P.0 Pristine gCN-pristine
l.a am-gCN gCN-N vacancy at the center of a heptazine unit
Nature of the defect: radical with one unpaired electron
1.b gCN-N vacancy at the edge of a heptazine unit
Nature of the defect: radical with one unpaired electron
2.a oxy-gCN Oxygen substitution at the edge of a heptazine unit: pyran-like form
Nature of the defect: radical with one unpaired electron
2.b Oxygen substitution at the edge of a heptazine unit: carbonyl form
Nature of the defect: radical with one unpaired electron
3.a red-gCN Disconnected gCN network, with N-C bonds cleaved at the center of a heptazine unit
Nature of the defect: radical with two unpaired electrons (bi-radical form)
3.b Disconnected gCN network, with N-C cleaved at the edge of a melamine unit

Nature of the defect: radical with one unpaired electron

9930 | Chem. Sci., 2022, 13, 9927-9939
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It must be noted that all these structures, as shown in
Fig. 2(1.a/b-2.3.a/b), are open-shell systems with at least one
unpaired electron per unit cell, consistent with the experi-
mental EPR results that indicate the presence of radicals on all
the gCN surfaces, irrespective of their treatment (oxidation,
reduction, and amorphization). The defect formation energies
of the oxy-gCN forms were found to be in the 0.6 eV to 1.0 eV
range (1.08 eV and 0.66 eV for structures 2.a and 2.b, respec-
tively) whereas that of red-gCN (structure 3.a) is =4.1 eV. See
ESI, Fig. SI-3,7 for the defect formation energies of these
defective gCN forms, along with the corresponding schematics
of the reaction mechanism considered.

The molecular equivalents to the periodic structures for
pristine and defective gCN forms were built by suitably modi-
fying the pristine heptazine trimer; those model defective
molecules are shown in Fig. SI-2.T The specific nomenclature of
the different gCN structures pertaining to periodic and molec-
ular gCN forms (related to Fig. 2 and SI-2,} respectively) along
with their reference numbers are listed in Table 1. Hitherto, to
ease the description, the reference number from Table 1 is used
to refer to any given gCN surface/form that is discussed in this
work.

Results and discussion
Electronic structure of the defective gCN forms

The electronic structure of the different gCN derivatives from
Fig. 2, obtained at the HSEO6 level of theory, is shown in Fig. 3.
While pristine gCN shows an electronic band gap of =2.8 eV,
the radical gCN forms show additional defect levels within the
electronic band gap. More specifically, for the radical am-gCN
form with a nitrogen vacancy at the center of the heptazine
unit (see structure 1.a and Fig. 3(1.a)), a localized occupied
defect level (viz. the radical state with one unpaired ‘o’ electron)
appears at around mid-gap, i.e. =1.2 eV from the conduction
band (CB) edge and its corresponding unoccupied electronic
level (viz. the ‘B’ state pertaining to the occupied ‘e’ state at
~1.2 eV) merges with the CB edge. When the nitrogen vacancy
is present at the edge of the heptazine unit in am-gCN (see
structure 1.b and Fig. 3(1.b)), an occupied defect level (‘o state)
is positioned at =1.8 eV from the CB edge, while a new, cor-
responding unoccupied (empty ‘B’ state) electronic level, is
positioned within the band gap at =0.6 eV from the CB edge.

For the oxygenated gCN surface with a pyran-like defect (see
structure 2.a and Fig. 3(2.a)), the occupied radical defect level is
positioned within the bandgap at =0.9 eV from the CB edge.
For the carbonyl-containing oxy-gCN form (see structure 2.b and
Fig. 3(2.b)), the occupied radical defect level basically merges
with the top of the valence band (VB) edge while its corre-
sponding empty level is positioned within the band gap at
=~0.5 eV from the CB edge.

For the reduced gCN system with a disconnection in the C-N
bonding at the center of the heptazine unit (see structure 3.a
and Fig. 3(3.a)), the occupied radical defect level is positioned
within the bandgap at =1.7 eV from the CB edge. This gCN
form (structure 3.a) is a bi-radical, as confirmed by the ground-
state broken symmetry calculations, with an energy difference

© 2022 The Author(s). Published by the Royal Society of Chemistry
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of =0.5 eV between the partly occupied o and B defect states
(see the ESIt for details). For the red-gCN form with a C-N
disconnection at the heptazine edge (see structure 3.b and
Fig. 3(3.b)), the occupied defect level is positioned within the
band gap but very close (0.2 eV) to the VB edge.

The electronic structure of the pristine and defective
molecular gCN models, obtained with pristine and modified
heptazine units, shows a very good quantitative agreement with
the periodic gCN forms in terms of the electronic structure,
energy gap and orbital symmetry of the respective gCN forms, as
shown in the ESI (Fig. SI-4 and SI-5), implying the trans-
ferability between the periodic and the molecular approaches.
In addition, all the intra-gap levels in the radical gCN forms are
localized in the vicinity of the defect for both periodic and
molecular equivalents, as can be seen in the crystalline/
molecular orbitals shown in the ESI (Fig. SI-5%). Indeed, it is
the nature of the localized radical defect states present on the
gCN surface that generate a significant and specific interaction
with the perfluoroalkyl iodide reagent, which subsequently
modulate the photo-induced charge transfer from the gCN
surface to the C4Fo-I molecule (vide infra).

It is to be noted that gCN samples prepared by direct thermo-
condensation of precursors could form a melon-based struc-
ture, as reported previously.** A melon-based carbon nitride
principally represents a one-dimensional (1D) class wherein
some of the heptazine sub-units form 1D polymer strands and
the other heptazine sub-units align in a zigzag manner due to
a hydrogen bonding network with the nitrogen atoms in the 1D
strands, resulting in an interconnected network of heptazine
units over a flat basal plane. The periodic and the molecular
models considered in this work represent the two limit struc-
tures of a CN surface, namely, the periodic monolayer repre-
sents the result of the complete crosslinking of a melon model
into a two-dimensional (2D) structure whereas the molecular
model is the zero-dimensional (0D) representation of indepen-
dent heptazine units, which are also present in the melon-like
1D structure. As both the defective periodic (2D) and molec-
ular (0D) models show a similar electronic structure (see Fig. SI-
4 and SI-51 for details), we believe that the conclusions drawn
from this work could be extended to other gCN forms, in
particular the melon-based 1D carbon nitride structures.

It is also of interest to analyze the computed spin-density
distributions on various defective gCN forms. These systemat-
ically show larger spin densities on carbon atoms, along with
smaller contributions on the nitrogen atoms (see the case of the
am-gCN models in Fig. 4(1.a/b)). This result concurs with EPR
experiments shown in Fig. 4c, which indicate that all the gCN
structures (including pristine gCN) contain radical carbon
species, with the radical concentration being the largest in the
am-gCN form (4.5 x10"° spins/g vs. 2.5 x10'® in pristine gCN).
Importantly, "*N 2D-EPR experiments (see ESI, section S1t)
performed on am-gCN (Fig. 4d) provide evidence for a minute
"N hyperfine coupling (Amax = 1 MHz), consistent with the
delocalization of the unpaired electron wave function over
a number of nitrogen atoms, which further confirms the rele-
vance of the model systems chosen to represent the actual
surface-active sites.
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Fig. 3 Electronic structure of the gCN surfaces in their pristine (P.0) and defective forms considered in this study (with am-gCN represented by
l.a/b, oxy-gCN represented by 2.a/b and red-gCN represented by 3.a-b). The positive (red) and negative (blue) density-of-states curves
correspond to the o and B electron densities, respectively. The zero of the energy scale, i.e., the Fermi level, corresponds to the highest-occupied
electronic state. Electronic energy levels corresponding to the localized occupied defect states at the Fermi level are indicated by an asterisk.

In addition, the H, evolution reaction by photo-reformation
of ethanol in aqueous solution was performed using all four
¢CN derivatives, employing Pt as a co-catalyst to decrease the
recombination rates of the photo-generated electrons and
holes. Both red-CN and ox-CN forms achieve higher maximum
H, formation rates when compared to the g-CN or am-CN
forms, confirming that specific tuning of the CN structure is
instrumental for the specific catalytic application (see ESI,
section S21 for details). Furthermore, electrochemical imped-
ance spectroscopy (EIS) measurements were performed on the

9932 | Chem. Sci., 2022, 13, 9927-9939

pristine and am-gCN forms, both in the dark and with a light
source, to investigate the effect on the charge transfer mecha-
nism at the electrode-electrolyte interface (see ESI, section S3+
for details). According to the data summarized in Table SI-1,T
a decrease in the charge transfer resistance (R.) in the presence
of a light source was found with respect to the dark condition
for both am-CN and g-CN materials. The differences in the
absolute R.. values can be attributed to differences in the
homogeneity of the catalyst deposition on the GC support for
the different materials. Nevertheless, the evolution of the R,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Atomic spin density distribution in the models for amorphous
gCN (structures 1.a and 1.b), extracted using the DDEC6 methodology,
and bottom: left (c) continuous wave X-band EPR spectra of the four
gCN forms considered in this work recorded in the dark at 77 K;
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insights, we calculated the adsorption energies between the
model gCN surfaces and the C,Fo-I molecule, along with esti-
mations of the bond order (focusing on the iodine atom and the
neighboring fluorine atoms) and the ground-state partial
charge transfer between the partners, as shown in Table 2.
Herein, we describe only the lowest-energy conformation of the
C4Fo-1 molecule adsorbed on pristine/defective gCN surfaces,
which corresponds to the long axis of the molecule being
parallel to the basal plane of the gCN surface, as presented in
Fig. 5 and SI-7.1 The alternate conformation, wherein the long
axis of the molecule is perpendicular to the gCN surface, is
~2 kecal mol " higher in energy, irrespective of the gCN form.

The adsorption energy of C4Fo-1 is =6 kcal mol " on the
pristine gCN surface (structure P.0) but it has significantly
higher values when radical defects are present. More specifi-
cally, for the am-gCN forms (structures l.a and 1.b), the
adsorption energy of C,Fo-I ranges from =11 kcal mol ' to
~17 keal mol ™", the highest value being found when a nitrogen
vacancy is present in the middle of a heptazine unit (structure
1.a). In contrast, when oxygenated defects (pyran/carbonyl-like)
are present on the gCN surface, the adsorption energies are
reduced to =8 kcal mol . The adsorption energies of C;Fo-I on

bottom: right (d) Q-band **N HYSCORE spectrum of the amorphous
gCN system (black experiment, red simulation). The spectrum was
recorded at 110 K. Experimental details are shown in the ESI (Section
S1t), along with the simulation parameters.

the molecular gCN models are in good quantitative agreement
with the periodic models (see Table SI-2f). This decrease in
adsorption energy for oxygenated defects, despite the radical
nature of these defects, could be attributed to the electrostatic
repulsion between the oxygen and iodine atoms. In addition,
the strong adsorption of C4Fy-I on most red/am-gCN surfaces
(structures 1.a/b and 3.a) is also associated with a: (i) non-
negligible ground-state partial charge transfer from the gCN
surface to the C,Fo-1 molecule (=0.1q) and (ii) a small elonga-
tion of the carbon-iodine (C-I) bond of the C4Fo-I molecule, of
~0.06 A.

Interestingly, the adsorption energies also reflect a variation
in the net bond order of the iodine atom: the highest bond
order on iodine is observed when the C,Fo-I molecule is
adsorbed on gCN surfaces containing nitrogen vacancies at the

values clearly shows that the charge transfer at the electrode-
electrolyte interface, already occurring under the dark condi-
tion, has been further improved in the presence of light, clearly
confirming the photo-induced nature of the processes taking
place at the CN-solution interface.

gCN/C,Fo-1 systems: adsorption energy and bond order
analysis

To better quantify the interaction between pristine/defective
gCN surfaces and the C4Fo-I molecule and to get further

Table 2 Adsorption energies (in kcal mol™) of the C4Fo—I molecule adsorbed on the gCN surface in its pristine and defective forms, along with
the respective DDEC bond order and partial charge transfer analysis. The bond order for iodine corresponds to the total bond order on the iodine
atom of the molecule adsorbed on the pristine/defective gCN surface. AF corresponds to the relative change in the bond order on the fluorine
atoms in the vicinity of the iodine atom with respect to its value when the C4Fg—1 molecule is adsorbed on the pristine gCN surface. Ad
corresponds to the relative change in the bond length between the iodine atom and the connected carbon atom of the C4Fg—1 molecule with
respect to its value when the C4Fg—I molecule is adsorbed on the pristine gCN surface. A negative value of partial charge surface area (dg/A)
corresponds to a charge transfer from the gCN surface to the C4Fg—I molecule, while a positive value represents the charge transfer from the
C4F9—1 molecule to the gCN surface

Ref. Bond order
Bond length Partial charge
System Engs (keal mol™) I (ad, A) Carbon-Iodine transfer (dq/A)
P.0 6.1 1.28 -na- -na- +0.03
l.a 17.4 1.57 0.20 0.061 —0.10
1.b 11.2 1.38 0.05 0.051 —0.07
2.a 8.1 1.35 0.04 0.006 —0.01
2.b 7.0 1.21 0.01 0.004 —-0.01
3.a 12.5 1.51 0.15 0.051 —0.10
3.b 11.4 1.35 0.05 0.008 —0.03
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Fig. 5 C4F9-1 adsorbed on pristine (P.0) and defective gCN surfaces
(am-gCN: 1.a, oxy-gCN: 2.a and red-gCN: 3.a), in their lowest-energy
conformations wherein the long axis of the molecule is parallel to the
basal plane of the given gCN surface (carbon: brown; nitrogen: blue;
oxygen: red; hydrogen: pink, fluorine: navy and iodine: magenta).
Wavefunction plots at the fermi level (highest-occupied electronic
state) for gCN/C4F9 -1 systems are also reported for gCN surfaces in its
(P.0) pristine and (L.a, 2.a and 3.a) defective forms. The wavefunction is
found to be partially localized on the C4F9—| molecule for structures
l.a and 3.a. Corresponding data for gCN structures 1.b, 2.b and 3.b are
shown in Fig. SI-6.t

center of the heptazine unit (structures 1a and 3a, and Table 2).
This is an indication of the stronger interaction of the iodine
atom with the surface defects in these systems. In addition,
a variation of net bond order is also observed on the two fluo-
rine atoms that are in proximity to the iodine atom. The relative
change in the bond order of these fluorine atoms for different
defect types compared to pristine gCN is also the highest for the
¢CN surfaces containing a nitrogen vacancy at the center of the
heptazine unit (see Table 2).

The matching between the increased adsorption energy of
the C4Fo-1 molecule on defective surfaces representing the
amorphous and reduced gCN and the relative variation in the
bond orders of iodine and fluorine atoms correlates well with
the variation in the experimental *>’F-NMR T,/T, ratios,"*® with
the highest T,/T, ratios observed for the amorphous/reduced
g¢CN forms. More specifically, these earlier studies,*"*® using
perfluorohexyl iodide as a probe molecule, reported higher *°F-
NMR T,/T, ratios for am-gCN and red-gCN forms compared to
pristine-/oxy-gCN forms, pointing to stronger molecule/surface
interactions in the former systems. These strong interactions
between the defective/modified gCN surface and the per-
fluorohexyl iodide molecule, were hypothetically ascribed to the

9934 | Chem. Sci, 2022, 13, 9927-9939
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formation of halogen bonding (N---I) between the freely acces-
sible nitrogen (N) atoms from the defective amorphized gCN
surfaces and the iodine(I) atom of the probe molecule.

To validate this hypothesis, we considered C,Fo-1, C4F;, and
C4H,, as probe molecules and computed their interactions on
the pristine gCN surface (structure P.0) and on the am-gCN
surface containing a nitrogen vacancy at the center of the hep-
tazine unit (structure 1.a), as shown in the ESI (Fig. SI-81). On
the pristine gCN surface, all the three probe molecules show
a similar adsorption energy in the order of =4.5 to 6 kcal mol ™,
but on the am-gCN surface, their adsorption energies are larger,
ranging from =~11.5 kcal mol ' to ~17.5 kcal mol . Of the
three probe molecules adsorbed on the am-gCN surface, C,Fo-1
has the largest adsorption energy (17.4 kcal mol™") while both
C4F;p and C4H;, molecules show comparatively smaller
adsorption energies of 12.7 and 11.4 kcal mol *, respectively. In
addition, both C4F;, and C4H;, molecules adsorbed on am-gCN
surfaces are characterized by a negligible partial charge transfer
between the surface and molecule (=0.01 dq/A) and no varia-
tions are observed: (i) in the bond orders of fluorine or hydrogen
atoms; (ii) in the C-F/C-H bond lengths. In contrast, C4Fo-I
adsorbed on the am-gCN surface shows larger variations in
terms of partial ground-state charge transfer (dg/A), a relative
change in the bond order of fluorine atoms (AF) and a relative
change in the C-I bond length (Ad), as shown in Table 2, and
consequently shows the highest adsorption energy, which is
indicative of the strong interaction between the C,Fo-I molecule
and the defective gCN surface.

It therefore follows that the increased interaction between
the defective gCN surface and C,Fo-1 does not appear to be
related to a conventional halogen bonding between the freely
available nitrogen atoms from the defective gCN surface and the
iodine atom of the molecule, as hypothesized previously based
on the increased experimental ’F-NMR T,/T, ratios. Instead,
the calculations indicate that it results from a more complex
interaction mechanism involving a reorganization of the elec-
tronic density on the terminal iodine, which is characterized by:
(i) a partial ground state charge transfer from the defective gCN
surface to the molecule; (ii) an increase in the ground state C-I
bond length; and (iii) a consequential increase (decrease) in the
bond order (length) between carbon and fluorine atoms
neighboring the iodine atom. These specific interactions
between the C,Fo-I molecule and the defects present on the
gCN surface could indeed be manifested into an increase in *°F-
NMR T,/T), ratios, observed experimentally.

Electronic structure of the gCN/C,Fo-1 systems

The ground-state electronic structure of the gCN/C Fo-I systems
is analyzed here with a specific focus on the energy separation
between the highest-occupied crystalline states of gCN surfaces
and the lowest unoccupied molecular states of C4Fo-I, to get
insights into the possibility of electron transfer between the
partners upon photoexcitation. The electronic structure shown
in Fig. 6 is extracted from the partial density of states (pDOS)
obtained at the HSEO06 level of theory, as shown in the ESI
(Fig. SI-6 and SI-71).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Summarized electronic structure of the gCN/C4F9-1 systems.
The occupied (unoccupied) localized mid-gap defect states within the
electronic band gap are indicated with green (red) bars while the
iodine-centered electronic energy levels of the C4F9—-I molecule
within the conduction band are indicated with a magenta bar. Green
(black) arrows correspond to the energy difference between the
occupied localized mid-gap state (valence band edge) and the iodine-
centered electronic level.

On the pristine gCN surface (P.0), the iodine-localized elec-
tronic level of the C,Fo-I molecule lies deep in the conduction
band of the system, at =3.9 eV from the VB edge (see Fig. 6).
However, when radical defects are present on the gCN surface,
gCN/C4Fy-1 systems show localized defect levels within the
electronic band gap, similar to the description in Fig. 3. In the
model systems for the amorphous gCN, structure 1.a, two mid-
gap levels are positioned at =1.5 eV from the CB edge. The
iodine centered C,Fo-1 electronic energy level within the
conduction band is positioned at =2.1 eV (=2.3 eV) from the
singly (doubly) occupied defect state and at =3.7 eV from the
VB edge. For structure 1.b, the singly occupied mid-gap level is
positioned at =1.9 eV from the CB edge, while the iodine-
centered C,4Fo-1 electronic energy level within the conduction
band is positioned at =2.7 eV from this defect state and
~3.8 eV from the VB edge.

For defective surfaces modeling oxidized gCN, the pyran-like
structure (2.a) shows a singly occupied defect level at =0.9 eV
from the CB edge, which is =1.9 eV from the iodine-centered
C,Fo-1 electronic energy level within the conduction band. In
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contrast, when a carbonyl-like defect (2.b) is present on the gCN
surface, the singly occupied defect level is very close to the VB
edge positioned at =4.2 eV from the iodine-centered C,Fo-I
electronic energy level. For both the oxy-gCN structures (2.a/b)
the iodine centered C,Fo-1 electronic energy level within the
conduction band is positioned at =4.3 eV from the VB edge. In
the model systems representing reduced gCN, the localized
defect state is =1.8 eV from the CB edge and is positioned at
~2.8 eV from the iodine-centered electronic energy level in
system 3a, whereas the corresponding values are =3.0 eV and
~3.9 eV in system 3b.

Interestingly, in the amorphous and reduced systems
showing mid-gap states (structures 1.a and 3.a), the wave-
function at the mid-gap defect level is partially localized on
C4Fo-1, as shown in Fig. 5. This indicates strong hybridization
between the molecule and the defective surface (as also sug-
gested by the ground-state partial electron transfer in Table 2),
which is expected to ease a photoinduced electron transfer
reaction from the substrate to the molecule. It is also to be
noted that the adsorption energies of the C,Fo-1 molecule atop
am-gCN (1.a) and red-gCN (3.a) surfaces, as well as the elec-
tronic structures of the gCN/C,Fo-1 systems at the localized mid-
gap defect state, remain unaltered irrespective of the size of the
replicated gCN surface unit cell (see ESI Fig. SI-9t for details).
This further indicates that it is the localized radical nature of
the defects on the gCN surface, rather than the density of
defects or the closeness of the molecules, that governs the
interaction of the gCN surface with the C,Fo-1 molecule.

Photo-physical properties of the gCN/C,Fo-I systems

The excited-state electronic structure of the gCN/C,Fy-I systems
is analyzed by considering the representative heptazine trimers
(see Fig. SI-2t). The theoretical UV-vis absorption spectra for the
gCN/C,Fo-1 systems involving the pristine, am-gCN, and oxy-
gCN model surfaces are shown in Fig. 7, while those involving
the red-gCN models are shown in Fig. SI-14.1 The calculated
absorption profile of the pristine gCN/C,Fo-1 system shows
a very intense peak with a maximum at =300 nm and a second
band centered at =360 nm, along with a very weak tail
extending into the visible domain. This second band can be
related to the broad absorption peak in the 350-400 nm region

Wavelength (nm)

Wavelength (nm)

— — P.0 P N — P.0

° 1 T 7\

] 9 v 1.8 & g% == 2.8

3 . === 1b s ' — 2b

e £ E i 3

[} o 5] i

o < c i '

5 It e A

2 [v] o i H |

5 c c 2V, v

B g g I' ke \\

< S 5 g H
2 2 i \ e
< - < // N Yogo©

350 400 450 500 550 600 650 700 200 300 400 500 600 700 800 750 1000 1250 1500

Wavelength (nm)

Fig. 7 Experimental (left panel) and theoretical absorption spectra (normalized) of gCN/C4F5—I systems for the gCN surface in its pristine (black
curves) and defective forms; with (middle panel) C4F5—1 on top of the 1.a (full red line) and 1.b (dashed red line) gCN forms and (right) C4Fg—1 on

top of the 2.a (dashed green line) and 2.b (full green line) gCN forms.
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in the experimental spectrum of pristine gCN (see Fig. 7, left
panel).

A major change in the calculated optical properties occurs
upon the formation of defects in amorphous gCN (structures 1.a
and 1.b; Fig. 7, middle panel). Namely, new absorption features
appear in the visible domain (an absorption band peak at
~500 nm, with additional transitions at higher wavelengths).
These changes in the optical absorption predicted by the
modelling are in line with the appearance of a shoulder near
500 nm in the experimental absorption spectrum of amorphous
gCN. However, it is to be noted that a direct comparison
between the calculated and measured intensities should be
considered with care, as the defect density considered in the
calculations could be different from those present
experimentally.

The optical absorption spectra of the oxygen-containing
defects are quite contrasting (Fig. 7, right panel): on one
hand, the presence of pyran-like oxygenated defects (structure
2.a) on the gCN surface is expected to red-shift the absorption
very strongly, up to =1000 nm. On the other hand, the
absorption of carbonyl-like oxygenated defects (structure 2.b)
shows a peak centered at =350 nm and only a weak response in
the visible domain, around 500 nm. The fact that the experi-
mental spectrum of the oxidized gCN shows no intensity at low
energy clearly indicates that pyran-like defects are not likely to
be present in real samples.Also, the carbonyl-like oxygenated
gCN structure is lower in energy by = 0.6 eV, indicating that the
carbonyl-like form is more stable in comparison. Probably, the
low concentration of carbonyl defects and their low expected
absorption explain the absence of any new features in the
experimental spectrum of oxidized gCN.

To get further insight into the nature of the excited states, we
performed the attachment-detachment density (ADD) anal-
ysis*** on all the pristine/defective gCN/C,Fo-1 systems,
wherein the detachment density corresponds to the electron
density associated with single electronic levels vacated in an
electronic transition and the attachment density corresponds to
the electron density associated with the single electron levels
occupied in the transition. The difference between these
densities is called the difference density matrix; it is shown in
Fig. 8, wherein the cyan color represents the electronic density
of the vacated transition electronic level (detachment density)
and the yellow color represents the electronic density of the
occupied transition electronic level (attachment density). We
also performed the complementary natural transition orbital
(NTO) analysis on all the pristine/defective gCN/C,Fo-1 systems
and the representative lowest unoccupied transition orbitals
(LUTOs) are shown in the ESI (see Fig. SI-12 to SI-141 for
details).

In the case of pristine gCN, the ADD difference corre-
sponding to low-energy excitations (=350 nm) is confined on
the semiconductor with both the attachment (in yellow) and
detachment (in cyan) transition densities observed only on the
surface. Only with excitation at high energy (=300 nm) the
transition density partly spreads over the C,Fo-I molecule (see
Fig. SI-131). Interestingly, for the models representing the
amorphous gCN surface (structures 1.a/b), the ADD difference
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Fig. 8 Top (center) and side (right) views of the attachment-detach-
ment density (ADD) differences of gCN/C4F9—I systems for the gCN
surface in its pristine (P.0) and amorphous forms (1.a/b) and pyran-like
and carbonyl-like oxygenated forms (2.a/b). lodine and fluorine atoms
of the C4F5—1 molecule adsorbed on pristine/defective gCN units are
represented with magenta and blue colors, for clarity. The attachment
density is represented in yellow and the detachment density in cyan.

2.b/350 nm

calculated at 500 nm now shows major contributions from both
the gCN surface and the C,Fo-I molecule. While the detachment
density is on the am-gCN surface, the attachment density is
delocalized on the C,Fo-I molecule, in particular on the iodine
atom (with a d,-like character). Such transitions are prompted
by the molecule-gCN hybridization described above and involve
a direct electron excitation from the localized defect state of
gCN to the C,Fo-I molecule.

In contrast, the oxygenated gCN forms do not show any
electronic transition involving the unoccupied C,Fo-I molecular
orbital as landing levels (Fig. 8, structures 2.a/b) but feature
electron transitions occurring exclusively within the gCN
surface even for the high-energy excitations (=350 nm), irre-
spective of the pyran-like or carbonyl-like oxygenated system. In
comparison, for models representing the reduced gCN surface
(structures 3.a and 3.b), a small delocalization of transition
density is observed on the C4Fo-I molecule adsorbed on struc-
ture 3.a at the lowest energy excitation wavelength of =500 nm,
whereas for structure 3.b, the transition density is fully localized
only on the gCN surface (see Fig. SI-147 for details).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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These results convey the following message: (i) band-edge
optical absorption in pristine gCN is not expected to induce
an electron transfer to the C,Fo-I molecule; (ii) oxygenated
defects on gCN surfaces tend to suppress any photo-induced
electron transfer from the gCN surface to C,Fo-I; and (iii)
optical absorption in the visible domain for amorphous and
reduced gCN forms promotes a photo-induced electron transfer
reaction from the semiconductor to the C,Fo-I molecule, thus
likely prompting the initial reaction step in the addition of
perfluoroalkyl groups to aromatic compounds.

To further corroborate the possibility of electron transfer
from the pristine and defective gCN surfaces to the C,Fo-I
molecule, we calculated the reaction enthalpies (AH) consid-
ering a schematic ground-state electron transfer from the
pristine/defective gCN surface to the C,Fo-I molecule: C,Fo-1 +
gCN — C,Fo-1~ + gCN' (see Fig. SI-157 for details). Electron
transfer to the molecule from the amorphous and reduced gCN
forms (structures 1.a and 3.a) is associated with a much lower
AH value of =25 kcal mol™", compared to that of the pristine
gCN form (AH of =90 kcal mol ™", ESI Table SI-37 for details).
Implicitly, it follows that a photo-induced electron transfer from
the am-/red-gCN surface to the C,Fo-I molecule is favorable on
excitations in the visible domain, consistent with the electronic
and excited energy levels shown in Fig. 6 and 8, whereas the
electron transfer would happen at much higher energies when
the pristine gCN surface is considered.

Very interestingly, upon electron transfer from the gCN
surface, the C,Fo-I1 molecule undergoes an elongation of the C-I
bond length by =1 A, with =80% of the charge localized on the
iodine atom, while the unpaired electron is strongly localized
(=65%) on the neighboring carbon atom (see Fig. SI-16). This
is fully consistent with the mechanism proposed for gCN-
assisted  perfluoroalkylation of electron-rich aromatic
compounds, in which the photoexcitation is thought to
generate a perfluoroalkyl radical along with the release of
iodide."” Importantly, the modelling results suggest that the
photo-induced electron transfer and C-I bond breaking reac-
tions occur in a concerted way. We further note that the
amorphous gCN forms considered in this work show an atomic
spin density that is centered on the carbon atoms along with
some delocalization on nitrogen atoms, consistent with the EPR
results shown in Fig. 4.

These computational results, when compared to the experi-
mental observations in terms of the enhanced photo-catalytic
response of am-gCN and red-gCN surfaces, combined with
their lower nitrogen contents recorded from the XPS data and
higher radical densities observed from the EPR measurements,
consistently and strongly imply that specific amorphous/
reductive treatments of gCN promotes the formation of more
nitrogen vacancies on the gCN surface. These nitrogen vacan-
cies not only favor the adsorption of the C,Fo-I molecule at the
defective sites but also promote the photo-induced electron
transfer from the radical defect states present on the defective
gCN surfaces to the C4Fy-I molecule, which happens at lower
excitation energies (at =500 nm), and consequently fully
rationalize the superior photo-catalytic response of amorphous
and reduced gCN surfaces.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Conclusions

In conclusion, we employ comprehensive density functional
theory (DFT) calculations, using both periodic and molecular
approaches, to investigate the nature of radical defects present
on the gCN surfaces, in order to provide a detailed structure/
photo-physical property relationship between the nature of
these defects, their electronic structures, their interactions with
a perfluoroalkyl iodide compound in the ground- and excited
states and the resulting photo-catalytic efficiencies of the cor-
responding materials measured experimentally for the per-
fluoroalkylation of electron-rich organic substrates. It was
found that, when radical defect states are created on gCN
samples, either by amorphization or reductive or oxidative
treatments, electronic defect states appear within the electronic
band gap. But only amorphous/reduced gCN forms containing
nitrogen vacancies act as strong binding sites for the per-
fluoroalkyl iodide molecule, via partial ground-state charge
transfer from these defect states to the substrate molecule and
the associated change in bond orders. These defect states are
also photo-active in the visible domain: upon photo-excitation
electron transfer occurs from these defect states to the C,Fqo-1
molecule, which is the crucial, initial step in the addition of
perfluoroalkyl groups to aromatic compounds. The presence of
photo-active defect states within the electronic band gap can
therefore directly enhance the resulting photo-catalytic effi-
ciencies of defective gCN samples. This study, therefore, shows
the potential of determining the nature and properties of elec-
tronic defects in gCN materials for the rational design of gCN-
based photocatalysts for other organic substrates.
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