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Tuning of gallery heights in a crystalline 2D carbon
nitride networkt

Samantha Y. Chong,? James T. A. Jones,+? Yaroslav Z. Khimyak,? Andrew I. Cooper,?
Arne Thomas,© Markus Antonietti? and Michael J. Bojdys*?

Poly(triazine imide)—a 2D layered network—can be obtained as an intercalation compound with halides
from the ionothermal condensation of dicyandiamide in a eutectic salt melt. The gallery height of the
intercalated material can be tuned via the composition of the eutectic melt and by post-synthetic
modification. Here, we report the synthesis of poly(triazine imide) with intercalated bromide ions
(PTI/Br) from a lithium bromide and potassium bromide salt melt. PTI/Br has a hexagonal unit-cell
(P63cm (no. 185); a = 8.500390(68) A, c = 7.04483(17) A) that contains two layers of imide-bridged
triazine (C3N3) units stacked in an AB-fashion as corroborated by solid-state NMR, FTIR spectroscopy
and high-resolution TEM. By comparison with a recently reported material PTI/Li*Cl~, prepared from a
LiCl/KCl eutectic, the layer-stacking distance in the analogous bromide material was expanded from
338 Ato 352 A -an exceptionally large spacing for an aromatic, discotic system (cf. graphite 3.35 A).
Subsequent treatment of PTI/Br with concentrated ammonium fluoride yields poly(triazine imide) with
intercalated fluoride ions (PTI/F) (P63/m (no. 176); a = 8.4212(4) A, ¢ = 6.6381(5) A) as a statistical
phase mix with PTI/Br. Fluoride intercalation leads to a contraction of the gallery height to 3.32 A
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Introduction

The quest for carbon nitrides—and in particular their saturated,
sp>-hybridised, crystalline allotropes—has remained topical for
the last few decades because theory predicts exceptional
mechanical properties for this class of materials.*” This research
area has gained momentum in recent years from a different
direction: the layered graphitic (C, N) materials are not only
deemed to be potential precursors for the predicted high-density
sp®>-bonded phases,**® but also show interesting properties in
their own right, such as metal-free catalytic and photocatalytic
activity.>”™* Realisation of such two-dimensional, covalently
bonded molecular sheets with a periodic structure is itself an
interesting and challenging research target,'” as exemplified by
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demonstrating that the gallery height is synthetically tuneable in these materials.

the recent explosion in graphene research and the development
of 2D covalent frameworks.”***

Previous attempts at the bulk synthesis of carbon nitrides
mostly failed on account of incomplete condensation or poly-
merisation of molecular precursors yielding non-stoichiometric,
amorphous solids, as critically appraised in later years.>*** Sun-
dermeyer performed organic chemistry in molten salts in the
1960s, pointing out the good solvating properties of the eutectic
mixture of LiCl and KCl with respect to nitrides, carbides,
cyanides, cyanates and thiocyanates.>**® Inorganic salt melts
have also been utilised for the synthesis of extended, covalently
bonded, organic frameworks.*****° The use of eutectic salt melts
as both solvent and structure-directing agent in the poly-
condensation and deamination reaction of dicyandiamide leads
to the formation of a graphitic (C, N) material,®* which was
recently confirmed to be poly(triazine imide) with intercalated
lithium and chloride ions (PTI/Li'Cl”), a remarkably low
hydrogen content, and unprecedented crystallinity.? PTI/Li'Cl~
consists of extended 2D layers of covalently linked triazine (C3N3)
units with a delocalized m-electron system via imide-bridges. The
apparent structural analogy with graphite extends to the acces-
sibility of the interlayer space to guest molecules. In the case of
PTI/Li'CI~, chloride ions are found in the interstitial space
between layers while Li" ions decorate the trigonal voids spanned
by neighbouring triazine units.

Here we report that the gallery height in this layered
graphitic (C, N) material can be tuned by the choice of the
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intercalated halide. A lithium bromide and potassium bromide
eutectic was employed in an analogous fashion for the prepa-
ration of poly(triazine imide) to yield a layered intercalation
compound with full substitution of chloride by bromide.
Subsequent treatment of PTI/Br with concentrated ammonium
fluoride distorts the inter-layer ordering and causes statistical
replacement of bromide by fluoride anions. The exchange of
guest anions is accompanied by expansion or deflation of
stacking distances as a function of their ionic radii. Further-
more, swelling of PTT/halide galleries opens up a potential route
to the exfoliation of this interesting 2D material.

Experimental
Synthesis of PTI/Br

Lithium bromide and potassium bromide eutectic (LiBr/KBr,
52 : 48 wt%, m.p. 348 °C) was prepared according to literature.*
Dicyandiamide (2 g, 23.79 mmol) was thoroughly ground with
10 g of LiBr/KBr. The reaction mixture was heated at 40 K min "
under inert atmosphere and kept at the reaction temperature of
600 °C for 48 h. After natural cooling, excess salt was removed in
boiling distilled water. The product was dried thoroughly at
200 °C under vacuum to yield PTI/Br (1.16 g, 6.29 mmol, 79%
yield) as a yellow-brown powder.

Synthesis of PTI/F

Poly(triazine imide) with intercalated bromide ions (PTI/Br)
(200 mg, 1.08 mmol) was stirred and heated at 60 °C for 48 h in
aqueous ammonium fluoride solution (100 mL, 8 M). The solid
was filtered off and washed repeatedly with distilled water. The
yellow-brown powder was dried thoroughly at 200 °C under
vacuum to yield a statistical mix of PTI/F and PTI/Br (42 mg,
0.67 mmol, 62% yield).

Results and discussion

Elemental microanalysis and ICP of PTI/Br gave the following
values: C, 32.6; N, 56.4; H, 0.97; O, 4.7; Br, 3.82; and Li, 1.51 wt%.
An  approximate composition of the material is
C1,oN;y5 gH, 3Brg 5Li; o, With less bromide, lithium and nitrogen in
comparison with PTI/Li"Cl™ and C¢NgH;-HCL3%** This is due
in part to inhomogeneous distribution of halides and introduc-
tion of vacancies in the interstitial space brought about by the
washing procedure.

ATR-FTIR spectroscopy of the material shows fairly broad
features characteristic of a network (Fig. 1). The region from
1200 to 1600 cm ™' can be assigned to stretching modes of (C, N)
heterocycles, and the sharp feature at 805 cm™" is classically
attributed to the out-of-plane breathing mode of triazine (C3N3)
units. Peaks at 3300 and 3180 cm ™' indicative of secondary and
primary amines (and their intermolecular H-bonding) can be
discerned, which is in agreement with the results from
elemental analysis.

Quantitative solid-state *C{"H} magic-angle-spinning (MAS)
NMR spectra of PTI/Br show three peaks at 167.9, 162.6 and
157.8 ppm which are in broad agreement with the carbon
environments found for PTI/Li'Cl~ (Fig. 2A).3! The resonance at
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Fig.1 ATR-FTIR spectrum of PTI/Br showing characteristic N-H stretches at 3300
and 3180 cm™' as well as the breathing-mode of the triazine (C3N3) unit at
805 cm~".

167.9 ppm displays very slow CP kinetics and shows no evidence
of relaxation in the rotating frame, which is typical for a carbon
environment with very few protons in its proximity (cf. Table S2,
ESIT). Hence, this signal can be assigned to the carbons in the
triazine ring. The two resonances at 162.6 and 157.8 ppm show
CP kinetics typical of protonated aromatic environments, which
can be attributed to the bridging imide-bonds, unreacted end-
groups or phase impurities (Fig. 2B).

'H-">N CP/MAS NMR data shows three to four resonances
similar to those reported for PTI/Li"Cl™.*! The broad feature
with principal maxima at 194.8 and 180.2 ppm is in the region
of ternary nitrogen environments. The broad resonance at
129.3 ppm represents an NH-environment as confirmed by
dipolar dephasing experiments conducted by Schnick et al.>* A
weak shoulder at 138.0 ppm is assigned to a split of the NH-
signal by Li'/H" disorder in the structure, but it can be assumed
that most imide-bridges in PTI/Br have no lithium ions in their
environment in agreement with the deficiency of lithium in the
elemental composition (Fig. 2C).

Transmission electron microscopy (TEM) and selected area
electron diffraction (SAED) confirm hexagonal symmetry of PTI/
Br on molecular level with a lattice constant of 8.50 A in the /k0
plane (Fig. 3B-D). The broad diffraction spots running diago-
nally across Fig. 3B correspond to real space distances of 3.52 A
for the inner spot and 1.76 A for the outer spot and can be
assigned to expected peaks (0 0 2) and (0 0 4), respectively, for a
principal lattice constant ¢ = 7.04 A. Sharp peaks in the hko
plane and diffuse diffraction along the 00! direction suggest a
high degree of in-plane order, but a level of disorder in the
stacking arrangement of individual layers. This is confirmed in
the micro-scale make-up of PTI/Br from SEM images (Fig. 3E
and F). Although sheets of the material are discernible, they do
not seem to form ordered stacks as might be expected.

Rietveld refinement of the powder X-ray diffraction (PXRD)
pattern of PTI/Br gave an atomic structure analogous to
PTI/Li"Cl~ and C¢NoH;-HCI based on a 2D, planar arrangement
of imide-linked triazine (C3N3) units (Fig. 4). The trigonal voids
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Fig.2 Solid-state NMR investigation of PTI/Br showing ">C{"H} MAS and '3C CP/
MAS NMR spectra (A), '>C CP/MAS NMR kinetics curves (B), and a "H-'"N CP/MAS
NMR spectrum (r = 5 ms) (C). Spinning side-bands are denoted with asterisks.

spanned by neighbouring triazine units are superimposed on
top of each other, forming 1D pore channels that are decorated
by the intercalated halides (Fig. 4B and C). Layers of the mate-
rial are stacked in a graphitic, AB-fashion with the bromide
anions situated in the interstitial space (Fig. 4D). This leads to
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Fig. 3 Representative TEM image of PTI/Br showing sharp breaking edges with
characteristic 120° and 60° angles (A), and corresponding SAED pattern (B). The
hexagonal pattern in the hkO plane corresponds to a lattice constant of a = 8.50 A
and the broad peaks along the 00/ direction correspond to ¢ = 7.04 A. HRTEM
image (C), and corresponding Fourier transform image (D); the red circle indicates
a distance of 8.50 A in real space. Representative SEM images showing disordered
platelets of PTI/Br (E, and F).

an expanded gallery height of 3.52 A. The expansion of the
stacking distance as compared to PTI/Li"Cl~ can be rationalised
by considering the radii of the intercalated halide anions.
Chlorine has a crystal radius of 1.67 A and an ionic radius of
1.81 A, while for bromine the respective values are 1.82 A and
1.96 A.*> Replacing Cl for Br in a layered PTI-structure would
hence give an increase of the radius of the guest of 0.15 A
regardless of whether the electronic environment of the halide
is more lattice crystalline or more ionic. This correlates closely
with the actual increase of the gallery height of 0.14 A, which
corroborates that the halide anions must be (at least partially)
situated in the interstitial space between layers.

Since the gallery height of PTI can be expanded with larger
halide anions, decrease of stacking distance should be achiev-
able with smaller anions. However, the use of a fluorine-based
reaction medium or eutectic analogous to LiCl/KCl and LiBr/
KBr for the direct synthesis of a PTI with intercalated fluoride
ions is impractical and potentially dangerous due to the likely
formation of reactive fluoride-containing intermediates during

This journal is © The Royal Society of Chemistry 2013
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Fig. 4 Rietveld refinement performed on the PXRD pattern of PTI/Br (Ryp =
2.20%, Ry = 1.74% x* = 3.72) with the observed pattern in black, refined profile
in red, difference plot in blue, and Bragg peak positions in green (A). Projection
along the c-axis of one layer (B) and two consecutive layers (C) of PTI/Br with
carbon, nitrogen, lithium and bromide atoms represented as grey, blue, purple
and red spheres, respectively. Projection along the b-axis showing Br-anions in the
interlayer space (D). The parameters of the hexagonal unit cell (P63cm, no. 185)
are a = 8.500390(68) A, ¢ = 7.04483(17) A.
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Fig. 5 Representative TEM (A), and SEM image (B) of a PTI/F and PTI/Br phase-
mix showing disordered platelets.

the ionothermal condensation and the corrosive properties of
fluorides towards glass in general. Partial intercalation of fluo-
ride anions into PTI can be achieved however via post-synthetic
treatment of PTI/Br with concentrated ammonium fluoride
(NH,4F). Elemental microanalysis and ICP of the product gives a
composition of C1,N16.4He »2Brg 00F1.73Lig 50 (C, 32.25 N, 51.4; H,
1.39; O, 5.2; Br, 1.77; F, 7.32; and Li, 0.78 wt%), which hints at
incomplete substitution. The micro-scale morphology of the
product is not affected by the post-synthetic modification, and
disordered platelets are visible in TEM and SEM (Fig. 5).

The PXRD pattern of the recovered product is shown in
Fig. 6A. All peaks attributed to #k0 peaks for PTI/Br are present
with essentially identical FWHM values, indicating that in-
plane order has been retained. Peaks with an [ component,
however, show a significant broadening. Furthermore, new,
broad features appear at 17.9, 26.9, 29.5, and 50.0° (26, Cu Ka).
These peaks can be rationalised assuming not only a different
gallery height, but also a different stacking arrangement. The
broadness of peaks with / components renders direct methods
of structure solution from PXRD unfeasible. However, the
proposed phase, PTI/F, can be constructed in structural analogy
to C¢NoH;-HCI, as it does not show the halide-containing 1D
channels of PTI/Li'Cl™ and PTI/Br. The layers of PTI/F stack in
an AB-fashion. Voids of layer A, however, lie on top of voids of
the subsequent layer, B (Fig. 6C). The gallery height of PTI/F has
been decreased to 3.32 A — a value smaller than that of graphite
which has a stacking distance of 3.35 A. It is unclear from PXRD
to what extent the substitution of bromide by fluoride anions
has proceeded, because the principle peak-positions in the
observed PXRD pattern in Fig. 6A can be rationalised either as a
phase-pure PTI/F with pronounced turbostratic disorder or as a
mixture of PTI/F and PTI/Br (¢f: Bragg peak positions in Fig. 6A).
In light of the results from elemental microanalysis, it is more
probable to assume a mix of phases and a statistical substitu-
tion of guests in the PTI structure. Undoubtedly though, the
interlayer distance of the PTI material has been substantially
decreased from 3.52 to 3.32 A, at least for part of the sample.
This difference can be attributed to the size of the intercalated
halides (F; crystal radius of 1.145 and ionic radius of 1.285 A, Br;
crystal radius of 1.82 and ionic radius of 1.96 A, respectively). A
fluoride anion is sufficiently small to find space within the
trigonal cavities in the C, N plane (Fig. 6B and D). It does not
protrude significantly into the inter-layer space and hence van
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Fig. 6 LeBail fit modelled as a two-phase mixture of PTI/F and PTI/Br with the
observed pattern in black, fitted profile in red, and difference plot in blue (Rwp =
3.89%, R, = 3.05% x? = 1.42). Bragg peak positions are shown as dashes in black
for PTI/F, in green for PTI/Br and in red for the Al-sample holder, respectively (A).
Projection along the c-axis of one layer (B) and two consecutive layers (C) of PTI/F
with carbon, nitrogen, and fluoride atoms represented as grey, blue, purple and
teal spheres, respectively. Projection along the b-axis. F-anions are situated within
the void-space (D). The parameters of the hexagonal unit cell (P63/m, no. 176) are
a=84212(4) A, c = 6.6381(5) A
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der Waals interactions between the C, N planes determine the
gallery height of PTI/F rather than steric repulsion exerted by
the guest.

Conclusions

The 2D, layered graphitic carbon nitride network—poly(triazine
imide) (PTI)—has been obtained as an intercalation compound
with the halides bromide (PTI/Br) and fluoride (PTI/F). The
yellow-brownish materials both have hexagonal space groups
(PTI/Br; P63cm, no. 185 and PTI/F; P63/m, no. 176) with param-
eters of a = 8.500390(68) A, ¢ = 7.04483(17) A for PTI/Br and a =
8.4212(4) A, ¢ = 6.6381(5) A for PTI/F, respectively, as estab-
lished by Rietveld refinement, LeBail extraction and HRTEM
studies, and are structurally related to PTI/Li"Cl~, C¢NoH; - HCI
and other hypothetical graphitic phases of C;N,. On the basis of
3C and >N NMR spectra it is confirmed that the unit-cell of
intercalated PTI contains two layers of imide-bridged triazine
(C3N3) units stacked in an AB-fashion. Intriguingly, the gallery
height of the layered PTI materials varies with the diameter of
the intercalated host. In the series of crystal and ionic radii of
halogens X = F < Cl < Br the PTI/X intercalation materials follow
the same trend with stacking distances of 3.32, 3.38, and 3.52 A
for PTI/F, PTI/Cl and PTI/Br, respectively. PTI/F shows a gallery
height that is smaller than that of graphite (3.35 A), suggesting
that the fluoride guest anion is situated in the large voids in the
C, N plane, while chloride and bromide anions protrude into
the interstitial space between the C, N planes and hence expand
the gallery height according to their radii.

Most significantly, this work shows the relative ease with
which tuning of the gallery height of hypothetically infinite,
two-dimensional, covalently bonded molecular sheets can be
achieved through intercalation of guests. The direct analogy of
these C, N materials to the carbon-only layered system—
graphite—is striking, and investigations into a potential
pathway for the exfoliation of this interesting 2D material will
be presented independently.
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