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Abstract

Polymeric carbon nitride (PCN)-based materials have opened new research avenues in the
photocatalytic field. The understanding of parameters underlying the optical properties of
PCNs is critical to improve their performance. Herein, the optical properties of PCNs are
investigated with a combination of Time-Dependent Density Functional Theory (TD-DEFT))
calculations and laboratory characterizations, including Variable Temperature (VTI))-XRD, VT-
UV-Vis and VT-IR techniques, on samples prepared using a broad range of synthesis tempera-
tures. Upon increasing the synthesis temperature from 390 to 600°C, the optical gap Egpt(e\/)
narrows from 2.92 to 2.67, and on further increasing the synthesis temperature to 700°C, widens
to 3.03 and another absorption at ~2.2 eV is observed. The [TD-DET] calculations show that
Egpt of PCNs converges rapidly with heptazine oligomer size, indicating localized photophysics
behavior and justifying a molecular approach. Calculations exploring geometrical variations
upon increasing the temperature at which the optical properties were determined revealed that
the net effect of these variations were limited, suggesting a vibrational origin of the observed
decrease in the gap. The absorption at ~2.2 €V is tentatively attributed to fully polymerized
graphitic PCN oligomers as suggested by the excitation wavelength-dependent photolumines-
cence emission behavior. The results provide novel insights into the optical properties of PCNs,
providing directions for the development of the next generation of PCN-based photocatalysts

with optimal light harvesting abilities.
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1 Introduction

1.1 Polymeric Carbon Nitrides

Polymeric carbon nitrides (PCN))s are an
emerging class of polymeric light-absorbers for
solar hydrogen production. ") Since the first
reported application in photocatalysis in 2009,
PCN has been recognized as a very promising
photocatalyst component with encouraging effi-
ciencies. Notably, a solar-to-hydrogen efficiency
of ~2.2% with a carbon nitride/carbon dot sys-
tem™ and an apparent quantum efficiency of
~51% for the photocatalytic hydrogen evo-
lution reaction’® were demonstrated. These
efficiencies are amongst the highest reported

in combination with dispersed co-catalysts, in-
cluding those obtained with inorganic semi-
conductors.’® The molecular formula, C3Ny,
which is widely used in the literature, repre-
sents a fully polymerized graphitic carbon ni-
tride (graphitic PCN) with either tri-s-triazine
(also called heptazine, gh-C5N) or triazine (gt-
C3Ny) as repeating units. 14

Semi-crystalline are generally prepared
by thermal polymerization of precursors, such
as cyanamide, urea or melamine. The as-
prepared PCN sample often has a C/N ratio
of around 0.67, and ~1 wt% H. Therefore, the
structure of this carbon nitride is best repre-
sented by the melon model. 212 This model
has compositional formula C4gNgHg. It was first
characterized crystallographically by Lotsch et
al. 19 and the origins of its stability have been
well-described computationally.?%2L The melon
structure is composed of stacked polymer layers
of partially condensed heptazine units.

1.2 The Optical Gap of [PCN5s

Experimentally, PCNk with the melon struc-
ture are widely reported to have an optical gap
Egpt of ~ 2.7 €V, with a yellow color. Invari-
ably, for both the theoretical and experimental

treatment, we will discuss here the optical gap,



Egpt, as specified in Ref. 22| and occasionally

shortened here to “the gap.”

As can be seen from the overview recently pro-
vided by several of us (¢f. Fig. 6 in Ref. 23)),
determining Egpt for PCNE is a delicate task.
Experimentally, uncertainties exist regarding
the exact obtained molecular structure, and
whether the phase assumed to dominate is in-
deed responsible for the measured bandgap.
Furthermore, different ways of extracting the
gap from experimental data, such as UV-Vis or
Photoluminescence spectra, lead to different es-
timates.

Assuming a Wannier-Mott model in combina-
tion with hybrid Density Functional Theory
(DET) as first reported in Ref. 23 allows a
computational determination of the bandgap
while correcting for the exciton binding en-
ergy, leading to a 2.6 eV gap for melon. Such
a good agreement with the experimental esti-
mate of 2.7 eV can, however, be (partly) for-
tuitious. Indeed, Niu et al?¥ - in an effort
to underpin experimental results - provided a
similar value for melon of 2.8 €V, which is
likely due to two errors cancelling each other
out: the systematic underestimation of any
bandgap by a Generalized Gradient Approxi-
mation ([QGA)4220 functional such as used by
Niu on the one hand, and the neglect of the
(considerable) exciton binding energy on the
other. Applying the sophisticated, but compu-
tationally demanding, GW-BSE framework to
selected [PCN structures®? demonstrated that
our invocation of the Wannier-Mott model it-
self yields an underestimation of the bandgap.

1.3 Refining the Methodology

The localized character of the excitons sug-
gested by our calculations provoked the ques-
tion whether a molecular approach could be
pursued to (1) determine Egpt accurately and
(2) explain how its value is affected by struc-
tural variations. The notion that [PCNk’ opti-
cal properties are largely local is supported in
the literature. Recently, Merschjann et al.2®
advanced experimental evidence for this no-
tion, and Butchosa et al.2? contributed in-
sights from theory. Disagreement exists as to

what extent the optical nature of PCNk can be
described in terms of a classical semiconduc-
tor’s, and to what extent it should be consid-
ered as an oligomeric aromatic moiety embed-
ded in a molecular solid. It was recently re-
ported that melon derivatives such as dimelem
and trimelem, are capable of visible light ab-
sorption.“" This result contrasts with a subse-
quent study, which claimed that dimelem and
trimelem are unable to absorb visible light.=!
Additionally, a reduced optical gap of PCN at
1.90 ¢V was reported for an amorphous PCN .92
In order to be suitable for practical applica-
tions, it has been predicted that Egpt has to
lie between 1.8 and 2.1 eV to meet the targeted
~10 % solar to hydrogen efficiency.?3 Hence,
to further exploit the photocatalytic efficiency
of PCNs, an understanding of the underlying
parameters affecting the optical properties of
PCNs is highly desirable. Herein, we report a
systematic investigation of the optical proper-
ties of PCNs with a combination of experimen-
tal and theoretical techniques. In particular,
adding to the existing body of knowledge=432
of the field, variations in synthesis and analysis
(UV-Vis, Fourier-Transform Infrared (ETIRI),
X-Ray Diffraction (XRDI)) temperature are ex-
ploited to attain a better understanding of these
compounds’ optical gaps. Using recent theoret-
ical insights into the local nature of the pho-
toexcitation process in these compounds to per-
form [DET calculations, we demonstrate how
the optical gaps of [PCNk are determined by a
competition between several parameters, such
as the number of condensed monomers, the in-
terlayer distance, the slip between stacked lay-
ers and hydrogen bonding between chains.

2 Materials and Methods

2.1 Experimental

2.1.1 Instrumentation

[PCNl polycondensations used a tube furnace
(Carbolite, GHA 12/300). Diffuse reflectance
UV-Vis spectra were collected on a Varian Cary
5 UV/Vis spectrophotometer equipped with a
Praying Mantis chamber. The Variable Tem-



perature (V) UV-Vis spectra were collected
with a CHC reaction chamber (supplied by
Harrick). The optical gaps were determined
from the diffuse reflectance spectrum using
Tauc plots. Surface area and porosity mea-
surements were carried out on a Micromerit-
ics Accelerated Surface Area and Porosimetry
System 2020 instrument. Each sample was de-
gassed at 120 °C, and N, adsorption /desorption
isotherms were collected at -196 °C. The BET
surface areas were calculated from the adsorp-
tion branch of the isotherms by using the Mi-
cromeritics software. Elemental microanaly-
sis was performed on an Elemental Analyzer,
Model PE2400 CHNS/O (PerkinElmer, Shel-
ton, CT, USA) with a PC based data sys-
tem, PE Datamanager 2400 for Windows™
and a PerkinElmer AD-6 Ultra Micro Bal-
ance. Powder patterns were collected
using a PANalytical X’Pert PRO MPD X-ray
diffractometer using Cu Ka (A = 1.5419 A)
radiation. The VT was performed on
a Panalytical Empyrean with an Anton Paar
XRK900 high temperature attachment. Mea-
surements were conducted under N, with a flow
rate of 10 mL/min (Conditions: 45 kV and
40 mA, divergent slit 0.5° and anti-scattering
slit 1.0°). Infrared spectra were collected on
a Bruker Vertex 80V operating in attenuated
total reflectance mode. X-Ray Photoelectron
Spectroscopy (XPS) was performed on an ES-
CALAB250Xi (Thermo Scientific, UK) with
source of mono-chromated Al Ko (1486.68 €V).
The background vacuum is better than 2 - 1079
mbar. [VTHR spectra were collected on a
Bruker Hyperion 3000 spectrometer in trans-
mission mode. The sample, suspended in a
KBr disc, is placed on Linkam Stage FTIR600
(Linkam Scientific, Surrey, United Kingdom,
Zinc Selenide windows (1.0 mm thick)). Spec-
tra were acquired under flowing Ny with a flow
rate of 300 mL/min. The steady-state flu-
orescence spectra were measured using a Le-
ica SP5 II confocal and multiphoton micro-
scope. The multiphoton excitation wavelength
is varied over the range of 690-1060 nm. Sam-
ples were ground and placed on a ground
steel plate before measurement on a MALDI-
TOF mass spectrometer (Bruker autoflex Speed

LRF with Smartbeam II laser) in linear mode
with 7,7,8,8-tetracyanoquinodimethane as ma-
trix. The laser power was optimized for each
sample.

2.1.2 Syntheses of [PCNk

All chemicals used were reagent grade and were
used as received. The precursor, melamine, was
loaded on a lidded alumina boat and heated to
different temperatures from room temperature
with a ramp rate of 2.2 °C/min in a quartz
tube (2.5 cm in diameter) with flowing N, gas
at a flow rate of 100 mL/min and then held at
the desired temperature for 4 h. Essentially,
this method using melamine as the precursor
compound is inspired by the original synthe-
sis of crystalline melon by Lotsch’™® and sub-
sequent syntheses of other crystalline forms of
melon® and melon derivatives that have partic-
ularly interesting optical features.®Y Each sam-
ple is labeled as CNX, where X indicates the
synthesis temperature. For example, CN500 is
the sample produced from melamine by heat-
ing at 500 °C for 4 h. For CN390, the mate-
rial was kept at 390 °C for 24 h and the re-
sultant white solid (~5 g) was boiled in 100
ml water with 10 vol% acetic acid. After thor-
oughly washing with copious amounts of wa-
ter, the white solid CN390 was dried in an
oven at 110 °C overnight. The powder colors
ranged from white (CN390), through light yel-
low (CN450), yellow (CN500, CN550, CN600)
to orange (CN650, CN700). Carbon nitride
nanosheets (CNNS) were prepared by calcina-
tion of CN550 in static air to 550 °C with a
ramp rate of 5 °C/min from room temperature
and held at 550 °C for 2 h.* The CNNS sample
is white with a very light yellow hue.

2.2 Computational Methods

All studied structures were optimized follow-
ing the protocol used in refs. 23 and R27.
Time-Dependent Density Functional Theory
(TD-DFET)=" calculations invoking the Tamm-
Dancoff Approximation®’ were subsequently
performed at the B2PLYP®® level of theory,
with the cc-pVDZP? basis set employing the



ORCA package version 4.0.1.2.2 “Double hy-
brid” functionals such as the B2PLYP func-
tional used here include second-order Mgller-
Plesset correlation terms and hence are more
computationnally more demanding, than nor-
mal hybrid functionals such as B3LYP and sim-
pler functionals such as PBE.#! Such
functionals have been shown to be quite ro-
bust and accurate for the calculations of ex-
citation spectra of organic and highly conju-
gated molecules. 374243 Fyrthermore, our pre-
vious study has shown that this level of the-
ory is in good agreement with reliable EOM-
CCSD computations for closely related com-
pounds.?? Unless specified otherwise, the first
optical transition is provided. The Supporting
Information (SI)) details the numerical settings,

§52.2 as well as some additional calculations us-
ing B3LYP and PBE for comparison, §52.4.

3 Results and Discussion

3.1 Experimental Results
3.1.1 Structural Features

In this study, PCNl samples were typically pre-
pared using a high temperature polymerization
strategy with melamine as precursor. Synthe-
sis temperatures were varied from 390 to 700
°C, a range which covers the whole synthetic
temperature range reported for PCN syntheses
in the literature. Fig. contains the
patterns of samples prepared at temperatures
from 500 to 700 °C. These samples show char-
acteristic patterns of melon. 122518 Tywo main
reflections at ~ 13° and ~ 27.5° are assigned
to intralayer periodicity (210) and interlayer
periodicity (001), respectively.

Transmission Electron Microscopy (TEM]) im-
ages show that CN700 has a plate-like morphol-
ogy (Fig. [Ip) and suggest that micro-domains
form where the number of condensed monomers
typically lies in the order range of 101 to 104,
suggesting that whereas edge effects probably
matter for their photophysical behavior, poly-
mer length itself would not.

All samples have similar C/N ratios of ~0.67
and ~1 wt% H content from elemental analysis

(Fig. [2land Table S1). The C/N ratio is consis-
tent with the theoretical one found for melon,
but the hydrogen content is below the theoret-
ical value of 1.53% for synthesis temperatures
higher than 450°. This deviation is probably
due to the incomplete combustion during el-
emental analysis. The BET surface areas of
CN5H00, CN550, CN600, CN650 and CN700 are
10, 15, 26, 31 and 33 m?/g, respectively. The
surface areas gradually increase with increased
synthesis temperature (Fig. [2), with smaller
[PCNl particles being created at higher temper-
atures. and Raman spectra of all samples
show similar spectra, containing the character-
istic vibration absorption spectra of [PCNI (Fig.
S1).44 Lower synthesis temperatures of 450
and 390 °C result in two crystalline materials
(Fig. S2), mainly composed of melem and its
oligomers, such as dimelem and trimelem, as
suggested by elemental analysis (Table S1) and
Matrix-Assisted Laser Desorption/Ionization -
Time of Flight (MALDI-TOE) (Fig. S3 m/z
420, 621). The theoretical C/N ratios of melem
(CgNygHg), melon (CgNgHs), and C3N, are
0.6, 0.67 and 0.75, respectively. The CN390
and CN450 samples have C/N atomic ratios
of 0.60 and 0.62, respectively, close to that of
molecular melem. The XRD patterns of PCNk
from variable synthesis temperatures show a
clear shift of the (001) reflection from 27.50° to
27.95° with increasing synthesis temperature
(inset of Fig. [lh). This indicates a decrease
of the interlayer distance from 3.24 to 3.19
A with the increase of synthesis temperature.
Conversely, over the same range of synthesis
temperatures, the reflection at ~13° shifts to
12.8° indicating the increase of the repeat dis-
tance along the hkl-plane (210), i.e., within the
layers. Additionally, the Full Width at Half
Maximum (EWHM]) of the (001) reflection de-
creases with increased synthesis temperature
from 1.21° to 0.58°, suggesting an increased
crystallinity domain along the (001) direction.
The sharpening of the (210) reflection observed
in the XRD patterns of samples prepared over
the synthesis range from 500 to 700 °C.
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Figure 1: [XRD patterns of [PCN| synthesized at different temperatures (a) and [TEM images of

CN700 sample (b).

3.1.2 General UV-Vis Results

Fig. illustrates the solid UV-Vis diffuse
reflectance spectra of the samples. For
those samples prepared with synthesis temper-
atures in the range from 390 to 550 °C, the
main absorption shifts to long wavelength as
the synthesis temperature is increased. With
a further increase of synthesis temperature,
a blue-shift of the main absorption band is
observed. The optical gaps of (Fig.
and Table S1) are calculated from the diffuse
reflectance spectra using the Tauc plots. The
gaps follow a decreasing trend from 2.92 to 2.67
eV, then increase to 3.03 eV as the synthesis
temperature increases.

The literature indicates that samples with
a melon structure have optical gaps of ~2.7 eV.
This is consistent with our observation that
CN500, CN550 and CN600 have optical gaps of
~2.7 eV. However, the gap increases from ~2.7
eV to ~3.0 eV for CN650 and CN700 samples,
which is unexpected. The elemental analysis
and IR results suggest similar compositions to
those synthesized at lower temperatures. The
variable gaps of PCN samples are probably due
to microstructural variations, as detailed in the
following.

3.1.3 Variable Temperature Analysis

VTIXRD (VIFXRD) and UV-Vis (VTFUV-Vis)
were performed on the CN500 and CN650 sam-
ples (Fig. M. The (001) reflections and the
UV-Vis absorptions of CN500 and CN650 are
found to be temperature-dependent. With the
increase of [VTFXRD temperature from 25 to
300 °C, continuous shifts of the (001) reflections
to low angle are observed on both CN650 and
CN550 samples (Fig. [, b). This indicates an
increased interlayer distance when increasing
[VTFXRD temperature. In contrast to the shift
in the (001) reflection, negligible changes to
other reflections are observed. In VTIUV-Vis
experiments, the main absorption continuously
shifts to long wavelength with increasing tem-
perature (Fig. [4k, d). Combining[VTFXRD and
[VTFUV-Vis data, correlations between inter-
layer distance and Egpt of CN650 and CN500
are established such that they increase with
the decrease of interlayer distance (Fig. [, f).
This appears consistent with the widening of
Egpt observed for CN650, and CN700 samples,
which have shorter interlayer distances com-
pared to samples prepared at lower synthesis
temperatures. However, several issues ensue
from this explanation: first, the gaps of CN500
and CN650 do not cross over when the inter-
layer distances of CN500 and CN650 cross over
in the several [VT] temperatures (Fig. [e,f).



35 3.25
E,\ 3t§ L 2 ® 3.24
= Q—§ ........ 8 ..... .X ..... b
5t #
T >% 25F ¢ {323
c
S 38
X £ % =
s 0 8 2+ S 1322 <
S e
5 3
8 [ ] [ Q'z
£ o3 15 [ 321 o
229
- 2 ®
m oo 1 ] 132
m S Z2
ﬁ °
» 05 - 4 3.19
| | | | | 318

Q QO O O O O O
WS FSE A
Synthesis Temperature (°C)

Figure 2: Summary of Table S1. The pri-
mary properties of the materials are reported
as a function of synthesis temperature. The
BET surface area® is a measure of the density
of photocatalytically active material. The Tauc
and secondary gaps are the most important op-
tical qualities of the material. The elemental
analysis is provided directly from experiment in
terms of the N/C ratio and H content (wt%).
Dy refers to the interlayer distance. Theoret-
ical values for melon marked with colored lines
(in particular Egpt, H content, Dy, and N/C
ratio (the latter two superimposed) are marked

1.0 !
3
w
0.8 2
— N
14 s
o E
0.6- S
o 4
[J]
.! 400 450 500 550 600
® 0.4+ CN650 Wavelength (nm)
E —— CN600
2 ——CN550
024 ——CN500
—— CN450
00 ——CN390
T T T T T T T T T
300 350 400 450 500 550
Wavelength (nm)
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flectance spectra of PCN samples synthesized
at different temperatures.

Second, with the variable temperature XRD
and UV-Vis experiments on the CN650 sample,
a continuous decrease of Egpt over an interlayer
distance range from 3.28 to 3.21 A is observed.
However, for the [PCN| samples synthesized at
variable temperature their optical gaps follow
the trend of decreasing then increasing from
~2.9 to ~2.7 then to ~3.0 €V as the interlayer
distance varies over a similar distance. Third,
a smaller gap change (~0.1 eV per 0.07 A)
of CN650 and CN500 in [VT] experiments is
observed compared to the ~0.3 eV difference,
over a similar variation in interlayer distance,
observed on PCN samples synthesized at other
temperatures. The combination of these obser-
vations strongly suggests that there are other
microstructural parameters affecting the gap of
PCN samples.

Another UV-Vis absorption feature is the ap-
pearance of a more noticeable shoulder at ~570
nm in the spectra of samples synthesized at
temperatures in excess of 600 °C (inset of Fig.
3). In the spectra of samples synthesized at
temperatures of 600, 650 and 700 °C, second,
narrower gap features can be calculated at 2.13,
2.10 and 1.89 ¢V (Table S1), respectively.
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3.1.4 Photoluminescence

Fig. [p| illustrates the photoluminescence (PL)

spectra of samples.

PL spectra show a main

emission centered at ~459 nm, and a sec-
ond emission at ~505 nm with tails to 650

nm. The emission at ~459 nm is assigned
to conduction-valence band relaxation. Inter-
estingly, excitation-dependent PL studies show
that the 505 nm emissions depend on the syn-
thesis temperature (Fig. S4). The 505 nm emis-
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Figure 5: Photoluminescence of PCN samples
with two photon excitation at 720 nm. Normal-
ized spectra are shown in the inset.

sions of PCN samples synthesized between 390
and 550 °C are not excitation-dependent. By
contrast, this emission is found to be excitation-
dependent on CN600, CN650 and CN700 sam-
ples. This indicates that the processes behind
the 505 nm emissions are different for those
samples.

3.2 Computational Results
3.2.1 Chromophore Variations

The synthesis is best understood as a
series of cyclizations of triazine rings and poly-
merizations.“Y Several key systems relevant to
this process were studied individually to un-
derstand how a melem-based system would
compare, generally speaking, to other systems
(Fig. [6)).

Cyclization, i.e., going from a triazine to a hep-
tazine core, lowers Egpt significantly more than
condensing two melamines to melam. Melem-
based [PCNk do not only have lower gaps than
melamine based ones, but is also justified by
previous spectroscopic information and by ear-
lier calculations performed by several of us?!
that demonstrate the particular stability of
melem-based PCNk. 2!
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Figure 6: Egpt calculated with [TD-DET] for
a selection of systems.

3.2.2 Effect of System Size
Fig. [Tl and Fig. [7b show that the gap of melem

oligomers converges rapidly with oligomer size.
A control calculation stacking two trimers in a
parallel-displaced configuration demonstrates a
small lowering of the bandgap of 0.06 eV, essen-
tially confirming the result obtained by stack-
ing two monomers, which yields a similar lower-
ing of 0.04 V. This convergence at a small sys-
tem size yields the important insight that the
photoexcitation process in [PCNk is a localized
process, essentially involving the nearest neigh-
bOIS.7’21’23’28’29

This is consistent with the high exciton bind-
ing energies, characteristic of localized excitons,
reported previously. 23

3.2.3 Macromolecular Variations and
Temperature

It is known“® ™48 that Egpt is temperature-
dependent, decreasing with increasing inter-
atomic spacing and thermal motion. For this
reason, in Fig. the H-bond distance is
increased stepwise for a a stacked pair of
H-bonded melem dimers and the gap com-
puted, showing such a decrease. Replacing —H



with —-NH, will typically cause a bathochromic
shift, % because the N lone pair is included in
the extended m-aromatic network. However, in
some instances it will cause a hypsochromic
shift.”) Indeed, Fig. @ shows that this is the
case here, both, when triazine is substituted to
melamine and when going from heptazine to
melem the gap increases by roughly 1 eV. A
further small increase in gap (0.1 eV) is noticed
upon H-bonding between two melem dimers
(melem dimer in Fig. [6). Upon decreasing the
polarization induced by H-bonding by separat-
ing the stacked monomers from each other (Fig.

, Egpt decreases to 3.3 eV, also obtained for
a stacked dimer in Fig. [8b.

In Fig. Bb, the qualitative effects of both ro-
tation and interlayer spacing were explored.
These effects are best understood invoking an
exciton coupling model: depending on the or-
bital overlap between the two aromatic systems,
the coupling is large ("bonding" overlap) or
zero ("non-bonding" overlap). At large inter-
layer distances, no coupling is observed and the
relative rotation does not influence Egpt. Sim-
ilarly, at a relative rotation of 30°, the HOMO
orbital happens to be non-bonding with respect
to the two monomers, minimizing the coupling
and hence the distance dependence of Egpt. At
relative rotations of 0° and, to a lesser extent,
of 60°, the coupling is "bonding" and the gap
is lower for smaller interlayer spacings. Hence,
increasing the interlayer distance in itself in-
creases Egpt. Finally, Fig. shows that slid-
ing the monomers away from the hypothetical
sandwich-stacking configuration increases the
gap due to a decrease in overlap between the
aromatic systems. This also implies that the
nearest neighbors of the light-absorbing dimer
do not have a significant impact on the gap,
similar to the situation for the polymerization
degree within one chain (Fig. . Equivalent
conclusions to those based on results displayed
in Fig. can be reached from fully optimiz-
ing dimers while varying only the strength of
the dispersion interaction between two stacked
dimers (see SI § S2.1). Finally, a compari-
son of B2PLYP’s performance with that of the
two functionals typically used in the literature,
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Figure 7: Convergence of Egpt calculated us-
ing [TD-DFT] with system size. A linear fit of
Egpt against the inverse of the number of mo-
nomers yields a good estimate of the conver-
gence values. Invariably, R=NH,. (a) Conver-
gence upon increasing the number of condensed
Convergence value estimated at
3.20 eV. (b) Convergence upon increasing the
number of vertical, parallelly-displaced stacked
monomers. Convergence value estimated at
3.76 eV. Tabulation of values provided in [SI]
§52.3

monoIiners.

B3LYP and PBE, is provided in SI § 2.4.

3.3 Discussion

The above results suggest that the parameters
governing Egpt of the samples are dis-
tinct from typical semiconductor photophysics.
The variations, mainly in microstructure, such
as the number of condensed monomers, inter-
layer distances, relative sliding of planes and
H-bonds, should be considered for a deep un-
derstanding of the overall optical properties of
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Figure 8: Egpt calculated using [TD-DET]
Invariably, R=NH,. (a) Variation of Egpt with
different N- - - H H-bonding distances: sandwich
stacking configuration, 3.12 A vertical spacing
(equilibrium configuration in the crystal), 2.07
A N...H spacing at equilibrium (distances ex-
pressed with respect to deviation from that dis-
tance). (b) Sandwich-stacked melem dimers (c)
Parallel displaced melem dimers, with vertical
spacing fixed to 3.12 A and parallel displace-
ment at equilibrium (S.C. = 1) equal to 2.85 A.
Tabulated values in [SI], section S2.3
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[PCN]

The calculations demonstrate that
the optical gaps of melem-chains decrease no-
ticeably with increasing numbers of condensed
monomers up to 3. This could explain the de-
creasing optical gap of PCNs synthesized at
temperatures from 390 to 450 °C, as elemen-
tal analysis suggests an increased oligomer size.
However, the oligomer size effect could not ex-
plain the optical properties of PCNs synthe-
sized between 500 and 600 °C, as[TD-DET] cal-
culations reveal that the gap converges rapidly
after 3 monomers, and more importantly, the
experimentally measured C/N atomic ratios of
~0.67 suggest an infinite polymer chain size ac-
cording to the melon model. Thus, the narrow-
ing of the gap is mainly attributed to the de-
creased interlayer distance, coherent with our
calculations that predict a considerable narrow-
ing of the gap upon decreasing the interlayer
distance alone.

The optical gaps of these PCNE widen from 2.67
to 3.03 eV as the synthesis temperature fur-
ther increases from 600 °C to 700 °C, with the
major microstructural change observed being
the decrease in the interlayer distance. How-
ever, as discussed above this widening cannot
be explained by the decreased interlayer dis-
tance, because that would be inconsistent with
the results from VTFXRD and VTIUV-Vis ex-
periments In addition, the relationship between
interlayer distance and Egpt revealed by the
calculations is further evidence against this ex-
planation.

The TD-DFT study on the geometrical slide ef-
fects on the [PCN| bandgaps sheds light on the
underlying photophysics. A 0.5 eV increase of
the gap is predicted when stacked dimers slide
past each other from the arbitrarily set “slide co-
ordinates” 0 (sandwich stacked) to 1 (optimized
geometry, parallel displaced configuration).

It has been suggested that distortions in those
PCN samples with the melon structure, such as
the different stackings, the shrinking or buck-
ling of the layers, are introduced into the sam-
ples by high temperature treatment. 1071844
These distortions try to minimize the electron
cloud repulsion of tri-s-triazine rings induced by
reduced interlayer distances. Structurally, the



distortions cause the sliding of layers as mod-
eled in our calculations. Although the relative
sliding is not easily quantifiable using XRD|
the change in intensity between the (001) and
(210) reflections, and the shift of the (210) as
a function of synthetic temperature could be
the indications of sliding at high synthetic tem-
peratures. 118 Therefore, the widening gap of
CN650 and CN750 observed in this study is
attributed to the geometrical slide effect be-
tween the layers, which counteracts the inter-
layer distance effect, on the gap of PCN. In the
VT-UV-Vis experiments, the observed temper-
ature dependence of the gaps is attributed to
the increase in interatomic spacing due to the
elongation of chemical bonds, particularly the
H-bonds in [PCN| with increased measurement
temperature. The disappearance/broadening
of absorptions at 3000 to 3400 cm™! in the
[VTHR experiments supports the interpretation
of a weakening of the H-bonds of PCNs with
increased measurement temperature (Fig. .
This is also in agreement with the calculation
on the effect of the H-bonds distance on the gap.
All of the foregoing discussion strongly suggests

——CN650_25°C ——CN500_25°C
——CN650_100 °C ——CN500_100 °C
——CN650_200°C ——CN500_200 °C
——CN650_300 °C ——CN500_300 °C
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o
]
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®
c
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£
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3000 3200 3400 3000 3200
Wavenumber (cm™ ')
Figure 9: VT-IR spectra of CN650 and
CN500.

that the optical properties of the PCN samples
result from a combination of (sometimes com-
peting) effects, including the number of con-
densed monomers, interlayer distances, geomet-

1
3400

12

rical sliding of layers and changes in the H-bond
distances. Microstructure variations, induced
by the synthesis temperature, are the domi-
nant factor in the observed increase of Egpt for
CN650 and CN700 samples compared to those
of samples synthesized at lower temperatures.
The origin of the absorption shoulder at ~570
nm is inferred here to be the formation of sec-
ondary absorption sites, possibly patches of
fully polymerized carbon nitride (gh-C3N,), at
high temperatures.“? Our previous calculations
evidence that the optical gap of narrows as
further polymerization yields C3N 4.23 Another
possible reason for the existence of this shoulder
could be the mere loss of -NH, end groups at
high temperature:®!' our calculations show that
-NH, end groups increase the gap and their loss
at high temperatures could narrow it (Fig. @
The authors underline that the notion of cer-
tain defects in the carbon nitride structure en-
hancing the photocatalytic activity - which a
redshift of the bandgap would certainly do - is
well described in the literature.®”2 This conclu-
sion is supported by the results of a white-color
[PCNl with nanosheet morphology (Carbon ni-
tride nanosheets (CNNS)),1 which shows sim-
ilar composition and structure to those of other
samples (Fig. S1, S5-6 and Table S1).
The 3.0 eV gap of (Fig. S7) can be
explained similarly to the CN700 sample. In
the sample, the species responsible for
the adsorption shoulder were apparently ox-
idatively removed during formation, ex-
plaining the absence of the absorption shoulder
compared to the spectrum of CN700.

The excitation-dependent photoluminescence
(PL) is probably due to the presence of different
sizes of oligomers with polyheptazine imide®? or
gh-C3N, units, which forms multiple states in
the gap of PCNk.2# These states are absent in
(Fig. [} Fig. S4).

4 Conclusions

Relying on a combination of experimental and
theoretical characterizations we show that the
optical properties of polymeric carbon nitrides

are determined by a cumulative effect



of many parameters, including the number of
condensed monomers, the exact configuration
of the H-bonding network, interlayer distances
and relative sliding between layers. The over-
all optical gap Egpt of PCNl is, thus, a result
of the competition between these parameters.
This explains the changes in Egpt for different
synthesis temperatures. Our studies indicate
that to develop PCN melon samples with en-
hanced light harvesting ability, an A-A stacking
PCN with decreased interlayer distance is a de-
sirable target.

Density Functional Theory computations were
used to discern the individual effect that each
experimental parameter has on the gap, ar-
guably the crucial property of these materials
for the stated purpose.

Qualitatively, we confirm earlier reports that
the heptazine motif gives rise to narrow gaps
compared to other species in the same family.
A rapid convergence of Egpt with oligomer size
suggests that the [PCNl photoabsorption pro-
cess is highly localized, and that the increased
degree of polymerization associated to higher
synthesis temperatures has a limited effect in-
dividually on Egpt. However, at synthesis tem-
peratures above 600°C a secondary gap is ob-
served, while the primary Tauc gap increases
compared to the lower synthesis temperatures.
Hence, at high temperatures, a qualitatively
different chemistry, such as structural degra-
dation, or the formation of patches of fully
polymerized gh-C3N, is probably responsible
for the emerging gap of around 2 eV.

A clear, positive correlation between measure-
ment temperature and interlayer spacing was
found, whereas the correlation between mea-
surement temperature and Egpt was found to
be negative. Increasing the interlayer spacing
computationally increases the gap, due to a
reduced exciton coupling. Hence, the observed
decrease in Egpt upon heating a given sam-
ple must be due to excited vibrational modes
and the observed correlation with the interlayer
spacing is fortuitous, simply because both are
directly correlated to the measurement temper-
ature. The insight into the optical properties of
[PCNk gained from this study are of potential
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use to develop tailored synthesis protocols for
specific applications and thus to increase the
scale at which these polymers are currently de-
ployed in photocatalytic cells.
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