Open Access Article. Published on 28 October 2015. Downloaded on 2/23/2026 7:00:26 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical
Science

EDGE ARTICLE

CrossMark
& click for updates

Cite this: Chem. Sci.,, 2016, 7, 945

.

ROYAL SOCIETY
OF CHEMISTRY

View Article Online
View Journal | View Issue

s-Heptazine oligomers: promising structural
models for graphitic carbon nitridet
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Graphitic carbon nitride (g-CN) has interesting catalytic properties but is difficult to study due to its structure
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and how it is produced. In this study, linear s-heptazine oligomers were synthesized to serve as well-defined

molecular models for g-CN. Cyclic voltammetry, absorption and emission spectroscopies showed a clear
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Introduction

Carbon nitride (CN) was first synthesized by Berzelius and
Liebig' in the early 19th century, making it one of the oldest
polymers to have been studied. Its graphitic phase, g-CN, is an
organic semi-conductor with a gap of around 2.7 eV which has
recently attracted considerable attention due to its photo-
catalytic properties. In addition to being capable of water
splitting and a wide range of other important catalytic reac-
tions,> g-CN also has unique properties in numerous other
domains, both in its bulk state and as nanoscale particles.?
Although first synthesized many decades ago, g-CN is still not
well characterized. Its general structure was shown to be based
on a tri-s-triazine or heptazine core,* but its three-dimensional
structure remains elusive. Initially, g-CN was considered to be
a layered 2D material (hence its name), but more recent studies
suggest that it is more likely to be formed of linear polymeric
chains, named melon or polymeric carbon nitride (PCN) (Chart
1a).° These chains would then assemble to create layers.® Study
and use of g-CN is hampered by its poor solubility — which
prevents the use of classical characterization techniques - and
by the fact that alterations to experimental conditions during its
synthesis (precursors, temperature, etc.) yield different mate-
rials. To help understand the structure-property relationships
of this outstanding material it would be very useful to be able to
synthesize well-defined, tailored molecular models for g-CN.
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shift of properties towards those of g-CN as the number of heptazine units increased. DFT calculations
supported the characterizations, and helped refine the properties observed.

This type of strategy has previously been successfully used to
elucidate the characteristics and fine-tune other materials such
as graphene.® If a method to synthesize low molecular weight
analogues of g-CN were found it would provide access to a g-CN
(heptazine oligomers) on a range of scales, from the bulk
material down to individual molecules. Recently, the photo-
catalytic properties of melem (heptazine monomer) and
a partially characterized low-mass oligomeric heptazine ob-
tained from PCN by solvent extraction were published.” This
article has re-kindled interest in this class of molecules, and has
made the need to obtain well-defined heptazine oligomers more
pressing. In addition, to contribute to g-CN characterization,
the chemistry based on these molecules could be useful in
developing new families of ligands with novel physico-chemical
properties (fluorescence, absorption, redox, etc.).

Because the chemistry of heptazine has not yet attracted
much attention, heptazine oligomer synthesis is challenging.® A
key problem is that the most widely available and best described
precursor material (cyameluric chloride) has three equivalent,
very good, leaving groups which must be selectively exchanged
by nucleophilic substitution during synthesis. Thus, selective
substitution of only one or two chlorine atom(s) is difficult,” and
although reactions with secondary or primary amines have been
reported in the literature, they generally lack selectivity. To
overcome this hurdle, we chose diisobutylamine as the
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Chart 1 (a) proposed structure of PCN and (b) linear oligomers
synthesized for this study.
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Scheme 1 Synthesis of heptazine oligomers.

functional group for peripheral positions; in addition to
enhancing selectivity, diisobutyl substituents also result in
a final molecule which is more soluble in organic solvents.

In this paper, we present the first report of synthesis of
a soluble linear heptazine monomer 1a, dimer 2 and trimer 3
(Scheme 1 and Chart 1b); we also describe their extensive
physicochemical characterization and associated DFT analysis.

Results and discussion
Synthesis and characterisation

Monomer 1a was synthesized from cyameluric chloride simply
by adding a large excess of diisobutylamine at room tempera-
ture. Dimer 2 and trimer 3 were synthesized in two steps. Firstly,
the primary and secondary amines were selectively substituted
at low temperature to obtain dissymmetric heptazines 1b, 1c
and 1d (Scheme 1). Compounds 1c and 1b were then deproto-
nated with butyl lithium to generate a lithium amide which can
substitute for the remaining chlorine atom on 1b. To produce 3,
two successive coupling reactions were necessary, which is
possibly why the yield for this compound (17%) was lower than
the yield for 2 (85%). All these compounds, unlike melem and
cyameluric chloride, were relatively soluble in a large variety of
organic solvents (including acetonitrile, tetrahydrofuran, chlo-
roform, and hexane). This feature facilitates their character-
ization (see ESIt). The expected structures of both the heptazine
core and the alkyl moieties were fully compatible with IR, 'H
and "*C liquid NMR spectra (Fig. $1-520%).3%*1° XPS spectra of
the as synthesized 1a, 2 and 3 oligomers were recorded
(Fig. S58-S607t) and are in good agreement with data reported in
literature for g-CN.”

X-ray diffraction was performed on single crystals obtained
by slow evaporation of a hexane/dichloromethane solution for
1a, and of a nitrobenzene solution for 2 (CCDC numbers
1051347 and 1051348, respectively) (see Table S1 for detailst).
The structure of 1a is shown in Fig. S26.7As previously reported
for melem and its derivatives, the atoms of the heptazine system
were found to be coplanar.®* The three bonds around the
peripheral nitrogen (bearing the di-isobutyl substituent) were
coplanar with the heptazine core, indicating an sp, hybridiza-
tion and a strong delocalization of the lone nitrogen electron
pair onto the heptazine (mean deviation around the mean plane
of the heptazine and nearby nitrogen: 0.043 A). An n-7
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interaction, with a distance of 3.45 A, was observed between
a peripheral nitrogen and the heptazine core of a nearby
molecule. This distance is slightly larger than the interlayer
distance measured by powder XRD for g-CN (3.2 A).®

The mercury drawing for 2 indicates that the three bonds
around the bridging nitrogen are coplanar (plane Nb) (Fig. 1).
One of the key features of this structure is the wide angle (66.7°)
between the two heptazine planes (H1 and H2). Plane Nb is
located between H1 and H2, and the respective angles are
NbH1: 50.26° and NbH2: 22.67°. (Molecular) DFT calculations
were performed on dimer 2 in an isolated state (i.e., without
crystal packing). This analysis found the angle between the two
heptazine units (calculated value 41.7°) to be the result of
antagonistic behaviors: mutual repulsion between the lone-pair
electrons of the core nitrogen atoms located close to the
bridging bond and the m-delocalization through the bridging
nitrogen. Further analysis indicated a low rotational barrier
around this dihedral angle (12.5 k] mol ") (Table S117). In stark
contrast, the experimental structure for 1a and 2 showed lone
pairs for all peripheral nitrogen atoms perpendicular to their
respective heptazine planes. This result once again agreed
closely with DFT which calculated a high rotational barrier (107
k] mol !, Table S61). To determine experimental values for
these rotational barriers, "H and "*C NMR experiments were
performed for oligomers 2 and 3 in toluene at temperatures
ranging from 223 K to 353 K (Fig. S23-S25t). For the isobutyl
groups, only two distinct sets of 'H signals were detected at low
temperatures. These signals became equivalent for 2 at high
temperatures, but the coalescence temperature was not reached
for 3 in our experiments. Eyring analysis'* of 2 indicated an
estimated rotational barrier of 78 k] mol ™" (see ESI for calcu-
lation detailst), which is consistent with values published for
ethyl groups in a dissymmetric monomeric melem derivative
(90 k] mol")° and with our DFT calculations for 1a and dimer 2
(see above and ESIT). These results suggest that the rotational
barriers determined based on NMR data were those of the
peripheral nitrogen groups. Almost free rotation around the
bridging nitrogen produces symmetrical NMR spectra, leaving
only two sets of distinct isobutyl groups.

Optical properties

The optical properties of 1a, 2 and 3 in acetonitrile were studied
by absorption and emission spectroscopies at room tempera-
ture (Fig. 2 and S27-S321). The UV absorption spectra show

Fig. 1 (a) Front and (b) side mercury representations of 2 with 50%
probability ellipsoids, based on single-crystal X-ray analysis (nitro-
benzene molecules and hydrogen removed).

This journal is © The Royal Society of Chemistry 2016
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a characteristic shape: a high absorbance zone and a medium-
range absorbance tail in the near-UV range. Molar extinction
coefficients were 89 400 M~ " cm ™" for 1a (273 nm), 90 200 M~ "
em™" for 2 (276 nm) and 111 300 M~' em™" for 3 (272 nm).
The lowest energy transitions were found at 315 nm (¢ =
2000 M~ ' ecm™ ") for 1a, 368 nm (2400 M~ ' ecm ') for 2 and
370 nm (4900 M~ ' em™ ") for 3, indicating a significant batho-
chromic shift between 1a and 2 (+53 nm), and a very small one
between 2 and 3 (+2 nm). A similar bathochromic shift between
1a and 2 (+48 nm) was found by DFT, but between compounds 2
and 3, the shift calculated (+30 nm) was larger.

Like UV/Vis spectra, emission spectra (Fig. S43t) showed
a bathochromic shift of the peak maximum between 1a (382
nm), 2 (417 nm) and 3 (443 nm). Emission spectra were not
altered by changing the excitation wavelength, suggesting that
the molecules always relax to the same excited state, and that
the transition occurs between this excited state and the ground
state. In support of this hypothesis, a significant Stokes shift,
similar to that found for PCN materials, was observed. Fluo-
rescence quantum yields were then measured for the same
excitation wavelengths above 300 nm (instrumental limit).
Results of this analysis were, for 1a: 315 nm (yield: 0.4%); for 2:
304 nm (0.5%), 353 nm (3.4%), 367 nm (2.5%); for 3: 313 nm
(2.7%), 356 nm (14.7%), 372 nm (20.4%). Whatever the
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Fig. 2 UV/Vis absorption spectra. Top: Solid state spectra (absor-
bance) of g-CN (solid line) and melem (dashed line). Bottom: 1a (solid
line), 2 (dotted line) and 3 (dashed line) in acetonitrile, at room
temperature.
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excitation wavelength, the quantum yield increased for 3
compared to 1a. The values obtained for 3 were similar to those
reported for PCN nanosheets (19.6%) and higher than those
found for bulk PCN (4.8%) under UV illumination.'®*> Both UV/
visible spectra and emission spectra were very similar to those
published for colloidal single-layer carbon nitride.?

Isobutyl substituents have a rather low effect on the optical
properties of 1a compare to melem. For example, the maximum
of the emission spectra of melem is given at 366 nm, which is
only 16 nm shifted toward higher energy compare to 1a.'* A
small shift of 10 nm is also observed in absorption spectroscopy
(Amax = 263 nm for melem and A;,,x = 273 nm for 1a).

The absorption wavelengths of the experimental UV-visible
spectra were well reproduced by TD-DFT calculations (see ESI:
Fig. $33-S427). The main orbitals involved in the lowest energy
transition (hereafter referred to as the tail transition) were
found to be from external nitrogen and core carbon atoms for
monomer 1a (see orbitals in Fig. S46-S571). For compounds 2
and 3, these orbitals were derived from a combination of
external and bridging nitrogen/carbon atoms and core carbon
atoms (see ESI for detailst). Further calculations were therefore
performed to better assess how both the nature of peripheral
groups and their dihedral angle w.r.t. the core influenced the
absorption spectra.

UV-Vis spectra calculated for 1a were compared to those
calculated for melem (alkyl chain replaced by hydrogen). In
these calculations, 1a showed a pronounced bathochromic shift
with increasing dihedral angle of the N(iBu), groups, modu-
lated by the orbitals involved in the transition: when only hep-
tazine core orbitals were involved, the red-shift was much less
pronounced (from 256 nm at 0° to 294 nm at 90°; see Table S5,
Fig. S35 and 367) than when peripheral groups were involved
(tail transition from 322 nm at a dihedral angle of 0° to 750 nm
at 90°). For melem, the same effect was observed on a smaller
scale (from 264 nm at 0° to 418 nm at 75° the transition
probability at 90° was 0, see Table S7, Fig. S37 and 387). Thus,
the presence of the electron donating iBu alkyl chains leads to
a larger red-shift upon increasing the tilt. For dimer 2 (Table S10
and Fig. S40t) and dimelem (Table S12 and Fig. S417), similar
effects (offset and rotation-induced red-shifts) were observed for
a 30° rotation of all peripheral ligands, resulting in similar red-
shifts to those computed for 1a at the same angle.

Because of the almost free rotation around the bridging
nitrogen atoms, in our calculations we also varied the relative
angle between the two heptazine units (between 0° and 90°),
while maintaining the external nitrogen groups coplanar with
their respective heptazine cores (see Fig. S40 and 417). This
variation in the relative angle had almost no effect on UV-visible
spectra for 2 and dimelem, confirming the relevance of our
oligomers: the UV-visible properties of PCN were thus repro-
duced despite different angles between the heptazine units in
the different molecules.

Electrochemistry

The electrochemical properties of 1a, 2 and 3 in acetonitrile
were investigated by cyclic voltammetry (Table 1, Fig. 3 and

Chem. Sci,, 2016, 7, 945-950 | 947
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Table 1 Electronic properties of oligomers. All potentials are referred
to NHE*

Eper Ep
EfLY (V) AER (mV) EP°(V) Eber(V) (V) —Ef, EQP(ev)
1a —2.171% 71° +2.111 —2.46  1.89 4.282 3.65
2 —1.596 73 +2.119 -1.57 171 3.715 3.24
3 -1.296 61 +2.113 -1.32 170 3.409 3.16

“ Quasi-reversible first half-wave reduction potential. © Measured in
DMSO. ° First irreversible oxidation wave. ¢ EgP values were estimated
from the start of the absorption spectra.

S447). Oxidation causes completely irreversible electron trans-
fers in all three compounds, at 2.111, 2.119 and 2.113 V per
NHE, respectively, for the first wave. This first electron transfer
was accompanied by decomposition of the corresponding
radical cation as, after a first sweep in potential, we observed
electrode passivation. Upon reduction, no wave was observed
for 1a in acetonitrile as its reduction potential was beyond the
electrolyte's electrochemical window (in DMSO, 1la exhibits
a quasi-reversible electron transfer at —2.171 V per NHE). In
acetonitrile, 2 and 3 underwent a first quasi-reversible electron
transfer (—1.632 and —1.326 V per NHE, respectively) followed
by a second irreversible reduction reaction, probably associated
with a reversible chemical rearrangement. The similar oxida-
tion potentials for 1a, 2 and 3 were notable, in contrast the first
reduction potential increased significantly with the number of
conjugated heptazines. This behaviour, already predicted in
linear heptazine models, was rationalized by DFT calculations.*
In 1a, 2 and 3, several quasi-degenerate orbitals were found to
be close to the HOMO level (Fig. S457). Peripheral nitrogen

la
=

N

24 T

==

E (V/NHE)

Fig. 3 Cyclovoltamograms for 1a, 2 and 3. Two curves are shown for
reduction of 2 and 3, top: scanning only the first reduction wave;
bottom: scanning the second reduction wave. Conditions: room
temperature, 1 mM compound, vitreous carbon electrode (dia = 3
mm); electrolyte: nBuyPFg (0.1 M)/acetonitrile; platinum counter-
electrode; scan rate: 100 mV s~*. Arrow indicates initial potential and
scanning direction.
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substituents and low delocalization on the heptazine units
significantly contributed to the occupied orbitals closest to the
HOMO. Consequently, their energies did not vary significantly
between 1a and 3, and the corresponding oxidation potentials
were similar. DFT analysis also showed that the LUMO level for
the heptazine oligomers was composed of one energetically
isolated orbital to which all heptazine cores contributed
(through delocalization). The reducing electron would therefore
be delocalized over all the heptazine units, facilitating the
reduction process when greater numbers of heptazine units are
linked. This orbital ladder structure is strongly reminiscent of
the band structure reported for g-CN, and is also found in other
oligomers composed of several linked delocalized units.>

Analysis of properties

The properties of oligomers are often investigated as a function
of their size by plotting their physico-chemical characteristics as
a function of 1/N, N being the number of core unit(s).** In this
representation (N — inf, 1/N — 0), even if some “saturation”
effects are omitted, the intercept values resulting from linear
interpolations can be reliably used to estimate properties such
as band gap, UV-visible transitions, etc. for an equivalent ideal
infinite polymer. This method has already been used to evaluate

®F,°-E, /" EXp:
Eno @ Optical
ODFT

H,0 > 0.50, +H,

ol G [

0 0.2 0.4 0.6 0.8

&)

1

1/N

Fig. 4 Energy diagram plotting reduction and oxidation potentials
(top) as well as optical gaps (bottom) for 1a, 2, 3 as a function of the
inverse of the number of heptazine units (N). CB and VB for g-CN were
positioned based on ref. 15. O, and H; redox potentials were calcu-
lated at pH =7.
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band gap of heptazine model by DFT calculation.”” We used this
method to compare the properties of the heptazine oligomers
studied in this work to those of PCN materials (Fig. 4). A caveat
of this comparison is that the chemical structure of an infinite
polymer based on our oligomers would be expected to be quite
different from that of PCN, and the presence of iBu/nBu groups
rather than H on peripheral nitrogen groups could also modify
some physical and chemical properties.

The oxidation potential for compounds 1a, 2 and 3 extrap-
olated to 2.12 V, and the reduction potential extrapolated to
—0.91V, ie., a (electrochemical) gap of 3.03 eV for the putative
infinite polymer. This extrapolated value was only slightly
greater than the optical gap extrapolated based on the UV-
visible spectrum (2.89 eV, 430 nm). Extrapolated DFT values
provided comparable, but slightly smaller values (electro-
chemical gap: 2.31 eV and optical gap: 2.49 eV, 498 nm). The
extrapolated properties for the putative infinite polymer were
surprisingly similar to the gap calculated for bulk PCN (2.6 eV)*
and its optical gap (2.67 eV, 464 nm)."* These results strongly
suggest a heptazine structure for PCN rather than a triazine
structure."'® It will be interesting to perform the same kind of
physico-chemical studies on the triazine oligomers already
described in literature.*

Conclusions

This article reports the synthesis of soluble heptazine oligomers
for the first time. These oligomers are surprisingly good
molecular models of PCN, and the addition of peripheral
groups does not appear to significantly change the properties of
the heptazine cores. These perfectly characterised molecules
display interesting features, such as strong fluorescence and
high absorbance in the UV region with a significant red-shift as
the number of linked heptazines increases. Our spectroscopic
results are consistent with the oligomers studied being
described as “loosely interacting” monomer units, in line with
the conclusions of a recent photophysical study of bulk PCN.**
Our data and their subsequent extrapolation suggest that size-
able optical absorption in the visible range is unlikely to appear
for pure linear heptazine oligomers until a high molecular mass
has been reached, in agreement with theoretical studies of
linear heptazine structures.”® The recently reported visible
absorption data for di- and trimelem fractions could therefore
be attributed either to additional “impurities” (such as alter-
native peripheral groups) or to solid effects.” Finally, our olig-
omers are readily derivatized, opening up new possibilities for
heptazine chemistry, making it possible to incorporate g-CN-
like properties at will in organic molecules or in coordination
complexes.
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