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Unusually Stable Triazine-based Organic Superstructures
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Abstract: Solid-state reactions have been rapidly gaining
popularity in organic chemistry owing to their simplicity,
efficiency, and selectivity compared to liquid-phase reactions.
Herein, we describe the formation of superstructures through
the solid-state reaction of an organic single-crystal. The
superstructure of 5,5,5"-(1,3,5-triazine-2,4,6-triyl)triisophtha-
lonitrile (TIPN) can be formed by cyclotrimerization of 1,3,5-
tricyanobenzene (TCB) single crystals. The TIPN superstruc-
ture was confirmed by single crystal X-ray diffraction and
visualized by transmission electron microscopy. The super-
structure has hexagonally packed 1-dimensional (1D) channels
along the crystal axis. Furthermore, the superstructure arises
from interdigitated nitrile interactions in the crystal lattice, and
thus has electron-beam tolerance and very high thermal
stability.

M errifield introduced the chemical synthesis of polypep-
tides by solid-phase reaction in 1963.11 After his contribution,
solid-phase (reactions between solid-liquid or solid—gas phase
reactants) and solid-state (the reaction between two solid-
phase reactants) organic chemical reactions have rapidly
developed, along with improvements in crystal engineering
techniques.””! Solid-state reactions are simple, efficient, and
highly selective compared to liquid-phase reactions because
the molecules are tightly and regularly orientated in a crystal
lattice.”! The solid-state reactions in modern chemistry
involve photochemical reactions,**! thermal reactions,
microwave methods,”) and mechanochemical reactions such
as grinding.®! In addition, Toda introduced host-guest
chemistry in solid-state organic reactions towards high
selectivity products.’! Thus, understanding the crystal struc-
ture of reactants using X-ray crystallography is a fundamental
step for predicting the reactivity of reactants and the
structural information of products. This is because the
properties of organic solids depend not only on configuration,
but also on conformation. The molecular arrangements in
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organic single crystals can provide clues to how molecules are
packed, and allow understanding of the chemical and physical
nature of the molecules. Most of the molecular ordering in
organic compounds is not driven by chemical reactions, but in
response to thermodynamic and statistical parameters crucial
for molecular packing in a crystal lattice. Generally, the
crystals of organic molecules assemble in response to non-
covalent intermolecular interactions such as metal coordina-
tion,”) van der Waals forces,'*"? m—n interactions,” and
hydrogen bonding."**! Furthermore, the study of super-
imposed crystalline structures has been vigorously pursued,
with subject areas including ordered supramolecules,™®
metal-organic frameworks (MOFs),"”*¥ coordination com-
plexes with particles and polymers,*” and covalent organic
frameworks (COFs).?"*! However, following the principle of
close packing, porous single-crystals resulting from non-
covalent interactions are rare because most of the molecules
in the solid pack efficiently in ways that minimize the crystal
volume. Even so, a few examples have been revealed by X-
ray diffraction (XRD), such as the crystal structures of
columnar pore channels®?! and cage pores.*>?*!

In this work, our strategy was aimed at achieving a solid-
state chemical reaction that would yield a well-defined
interlocked superstructure. Moreover, this process had to be
simple, convenient, and eco-friendly, without the use of
organic solvents during synthesis. The new organic com-
pound, 2,4,6-triphenyl-s-triazine has C; symmetry and six
nitrile groups at its periphery. It was realized by a solid-state
reaction of 1,3,5-tricyanobenzene single crystals in the
presence of hydrochloric acid as a gaseous catalyst. The
compound, 5,5'.5"-(1,3,5-triazine-2,4,6-triyl )triisophthalo-
nitrile (TIPN), has not yet been synthesized by conventional
synthetic methodology, but for the first time, was created by
stagnant cyclotrimerization. The TIPN-formed superstructure
was resolved by single-crystal XRD patterns, and its cylin-
drical channels in the crystal architecture were visualized by
transmission electron microscopy (TEM). The TIPN super-
structure displayed unusually high thermal stability, owing to
six TIPN molecules interlocked to form a hexagonal struc-
ture, superimposed by m—r interactions.

Using the synthetic procedure described in Figure 1a,
a trifunctional monomer (M3) of 1,3,5-tricyanobenzene
(TCB, structure 1; Figure 1a) was annealed in a sealed glass
ampoule at 250°C in the presence of hydrochloric acid as
a gaseous catalyst for the solid-state reaction. Typically, TCB
polymerizes into a poly(s-triazine) network (CTF-0, structure
3; Figure 1a) through spontaneous cyclization of three nitrile
(—C=N) groups.”>! However, the reaction stagnates after
a single cyclotrimerization, producing the TCB trimer, 5,5',5"-
(1,3,5-triazine-2,4,6-triyl)triisophthalonitrile (TIPN, structure
2; Figure 1a).
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Figure 1. a) Representation of TIPN formation after a single cyclotrimerization of TCB single-crystals.

b) Digital photographs of TCB at different temperatures and times showing the progress of the solid-
state reaction. The color change of the sample, from white to light brown, suggested that the solid-state
reaction occurred at 250°C (below TCB melting temperature) in the presence of dry gaseous HCl. After
further heat-treatment at 500°C, the color of the sample changed to dark brown. The scale bars indicate
1 cm. The inset images are the final products on weighing paper after work-up.

For the above solid-state reaction, TCB was recrystallized
from ethanol to grow rod-shaped monoclinic crystals by rich
n—m interactions (Supporting Information, Figure Sla), and
its structure was revealed by single-crystal XRD (Figures S2,
S3 and Table S1). On the basis of crystallographic informa-
tion, we recognized that nitrile groups in TCB crystals
interacted with three adjacent molecules having average
distance of 3.88 A (each distance between carbon and nitro-
gen: 3.56 A; 3.28 A; 4.31 A; Figure S2b). The distance among
nitrile groups is within the range of cyclotrimerization.
However, high energy (high pressure and temperature
above melting) was required to drive the formation of s-
triazine rings.””! On the other hand, the solid-state reaction
must occur below the melting temperature of the reactants.
Differential scanning calorimetry (DSC) indicated that the
melting temperature of TCB is 260°C (Figure S4), but the
temperature of cyclotrimerization of nitrile groups is typically
above 300°C. Acid catalysts may play an important role for
the formation of s-triazine from three nitrile groups of TCB
under much milder conditions (Figure S5).1%%%! Still, the acid-
catalyzed cyclotrimerization of TCB required a liquid-phase
reaction in solution and/or a molten state.

For the solid-state reaction, we chose dry gaseous hydro-
gen chloride (HCI) as a catalyst for the following reasons:
1) to efficiently remove catalyst during work-up procedures;
2) to avoid use of solvents for green chemistry; and 3) to
minimize the formation of by-products, such as conversion of
nitrile into carboxylic acid in the presence of acid and
moisture. To identify the role of HCI, control reactions were
carried out with and without the presence of HCI at 250°C
(samples denoted as TCB-250HCI and TCB-250, respec-
tively). In the case of TCB-250, no reaction occurred, as
evidenced by Fourier transform infrared spectroscopy (FT-
IR; Figure S6). The negligible peak intensities of s-triazine
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from TCB-250 were observed at
both 1531 and 1360 cm'. They

Q(Nﬁ/Q are almost identical to those of
| N the starting TCB. On the other
hand, TCB-250HCl showed
strong s-triazine peaks, suggest-
ing that only thermal annealing
TCB at 250°C in the presence of
HCI can induce the formation of
s-triazine in solid-state (Fig-
ure S6 and S7). However, the
yield of TCB-250HCI was low
(~6%). We speculated that the
yield was low because only the
exposed surface of the TCB
single crystals had contact with
the HCI catalyst and cyclized to
form s-triazine. As described in
the detailed illustrations of the
single crystal structure of TCB
(Figure S2), TCB molecules at
the surface have more freedom
of motion before melting. The
mechanism for cyclotrimeriza-
tion causes the TCB molecules
to first form a-halogenated alkyl cyanides with HCI, and then
to cyclize into s-triazine rings in solid-state.’” Therefore,
preformed triazine frameworks were stable enough for
further heat-treatment at 500°C, which greatly increased
yield (21.3 %, sample denoted as TCB-500HCI; Figure 1b).
After incrementally increasing the reaction temperature to
500°C, the crystal morphology still remained (Figure Slc),
indicating the stability of the products.

The structure of the resultant TCB-500HCI] was deter-
mined by single-crystal XRD (Figures 2, S8, S9 and Table S2).
TCB-500HCI turned out to be TIPN, which has monoclinic
crystal structure with space group C12/cl. The crystal packing
structure shows that the TIPN molecules are aligned along the
crystallographic b-axis with a 26° tilt from the crystallographic
ac-plane (Figure 2a), and are interdigitated to form a one-
dimensional (1D) zigzag ribbon structure (Figures 2, S8c¢ and
S8d). The molecules aligned along the crystallographic b-axis
are m—7 stacked to form a 1D column (Figures 2a and S8e).
The combination of interdigitation and m—x stacking leads to
corrugated 2D sheets, which form a series of 1D solvent
channels of 6.5 A diameter along the crystallographic b-axis
in a crystallographic two-fold symmetry (Figure 2a). The
crystal channel maintained itself without guest solvent,
however, a trace of moisture (0.17 mol %) was contained in
the vacant channels of TIPN (Figure S8b and Table S2).
Additionally, the powder XRD pattern supported proof of
uniformity in the bulk of TIPN (Figure S9). Regarding the
poly(s-triazine) network, CFT-0, which is synthesized by
ionothermal reaction from TCB in the presence of zinc
chloride (ZnCl,) as a catalyst,” there were no clear XRD
patterns observed like those of TIPN crystal in this study.
Thus, the powder XRD patterns shown in Figure S9 are
a unique feature of TIPN single crystals. This result, in turn,
implies that stagnant cyclotrimerization of TCB had occurred

500 °C, 9
(TCB-500HCI)
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Figure 2. a) Diagram of TIPN viewed along the crystallographic b-axis.
The yellow ball and stick represent traces of water at partial occupancy
sites in the solvent channels (color codes: grey =carbon; blue = nitro-
gen; white =hydrogen). b) Ball-and-stick packing diagram of TIPN
crystal and red lines indicate interdigitation between two TIPNs by
dipole—dipole interactions with each distance; a: 2.75 A; b: 2.76 A, and
c: 27T A

rather than subsequent exten-
sion into a CTF-0 network
polymer in solid-state.

Density functional theory
(DFT) calculations were per-
formed to wunderstand how
tightly TIPN molecules are
packed in the crystal lattice,
and why subsequent polymeri-
zation of TCB ceased after
formation of a single s-triazine
into TIPN. The formation
energy of a single s-triazine
ring from three TCBs was com-
puted to be —2.84 eV, and that
of a triazine-based network
polymer (CTF-0) was com-
puted to be —2.86 eV, for the
sequential formation of s-tria-
zine rings (Figure S10). The
thermodynamic energy
requirement is similar for for-
mation of a single s-triazine
ring from TIPN and CTF-0.
However, the TIPN molecules
forming in the crystal lattice
are thermodynamically much
more stable than individual
TIPN molecules (Figure S11a)
because they are interlocked by
strong dipole—dipole interac-
tions (—C—H-N=C-) of
—1.49 eV between two TIPN  e) 200 nm; g) 5 nm; h) 2 nm.
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molecules. They are stacked tightly by van der Waals force of
—1.41 eV (Figure S11a), which is a much more stable and
favorable state than that of TCB (Figure S11b). Because the
TIPN molecules are tightly bound in the stable crystal
structure (Figure 2b), they cannot extend the structure as
a network polymer, CTF-0, even after annealing at 500°C.

The morphology and crystal facets (Figure 3a) of TIPN
were studied using scanning electron (SEM) and transmission
electron (TEM) microscopy, respectively. Figures 3b and S12
show that TIPN crystals are long 1D wires with a width of
approximately 1-2 pm. Significantly longer wires (> 100 pum)
were also observed (Figure S12c). SEM energy-dispersive
spectroscopy (EDS) indicated that TIPN consisted of carbon
and nitrogen with little physically absorbed oxygen (Fig-
ure S13). The selected-area electron diffraction (SAED)
pattern from the TIPN 1D wire (Figure 3c), which was
mounted on a carbon-coated copper grid, displayed a single-
crystal diffraction with high crystallinity. The growth direction
was parallel to [010] (crystallographic b-axis of unit cell). A
magnified SEM image (inset, Figure 3b) showed that the
surface of a TIPN crystal was multi-faceted. To clearly
investigate the cross-sectional shape of TIPN crystals, we
fabricated a cross-sectioned TEM sample using a focused ion
beam (FIB; Figure S14). The bright-field (BF) TEM image of
the cross-section of the TIPN crystal indicated a hexagonal
type (Figures 3e and S15a), while others of octagonal shape

Zone axis [010]

Figure 3. a) Diagram of TIPN crystal facets revealed by TEM; b) SEM images of TIPN crystal: Inset is the
magnified image from red square. c) TEM images of TIPN. d) Selected area electron diffraction (SAED)
pattern from (c) region. The crystal (001) facet is parallel to the grid. e) Cross-sectional TEM image of
TIPN crystal prepared by FIB. f) SAED pattern from (e) region depicting zone axis of [010]. The main
crystal growth direction is perpendicular to the image plane, the crystallographic b-axis. g) Atomic-
resolution TEM image of the magnified region in (e), which shows a well-ordered crystal lattice.

h) Inverse fast-Fourier transform (IFFT) image. The image is matched with a TIPN crystallographic model
determined by XRD (color codes: grey = carbon; blue =nitrogen). Scale bars: b) 5 um; c) 500 nm;
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were observed (Figure S15¢). The major cross-section was the
hexagonal type (~78.5% ), which may be related to surface
energy minimization (Figure S16). For assigning crystal facets,
it was also noted that the SAED pattern (Figure 3 f) from the
cross-section samples was well matched with the simulated
electron diffraction (ED) pattern (Figure S17b) of the above-
mentioned monoclinic crystal structure, which was viewed
along the [010] direction. The hexagonal surface facets were
mainly composed of (—202), (002), and (200) planes (Fig-
ure 3a). It is challenging to observe high-resolution TEM
(HR-TEM) images of the pores of organic materials because
they are easily damaged by strong electron beam irradiation
or require special conditions, such as cryogenic temper-
ature.’”) However, the TIPN crystals were robust enough to
endure an electron beam operated at 80 kV. As a result, we
were able to obtain the HR-TEM cross-section images shown
in Figures3g and S18a, which show well-ordered quasi-
molecular frameworks. Furthermore, the inverse fast-Fourier
transform (IFFT) image (Figure 3h) clearly visualized the
channel, which was described by a crystallographic atomic
TIPN model (Figure 2). This result is in good agreement with
a simulated HR-TEM image confirming the existence of
columnar channels (Figure S17c). The bond nature and the
qualitative analysis by electron energy loss spectroscopy
(EELS) suggest that TIPN consists of carbon and nitrogen
atoms (Figure S19).

Spectroscopic analyses were also carried out to provide
additional information about the structure of TIPN. The
ionized molecular mass of TIPN by electron ionization mass
spectroscopy (EI-MS) precisely matched with the calculated
values (Figure S20). In addition, the bond nature of TIPN was
further determined using Fourier transform infra-red (FT-IR)
spectroscopy, indicating that s-triazine rings show strong
peaks at both 1545 and 1372cm™' (Figure S21a).P1 As
expected from the crystal lattice information (Figure 2) and
DFT calculations (Figure S11a), TIPN crystals have high
stability. Indeed, TIPN crystals showed unusually high
thermal stability (Figure S21b) owing to their planar struc-
ture, and each nitrile group tightly interlocked with other
nitrile groups in the crystal lattice. The maximum decom-
position temperature was as high as 605°C in nitrogen gas,
which was more stable than TCB (326 °C, Figure S21b). After
heating to 1000°C, the char yield was 5.8% (inset, Fig-
ure S21b).

To determine details of the 1D inner channel of TIPN
crystals, gas absorption/desorption were carried out using
Brunauer-Emmett-Teller (BET) measurements. The cavity
volume was 15.3% in TIPN crystals, which was calculated
using PLATON software (the accessible volume by a 1.2 A
probe and the cell volume). Thus, we could confirm the
presence of a cavity in TIPN, which adsorbed nitrogen gas (up
t017.26 cm’®g ") at 77 K and carbon dioxide to 12.73 cm*g ' at
196 K and 0.96 bar, showing typical micropore isotherms
(Figure S21c¢). In the cylindrical channel, TIPN adsorbed CO,
better at <0.9 bar than N,. This is because CO, is slightly
thinner than N,, even if they are both linear molecules, and
because there are electrostatic interactions between a surface
with abundant wt-electrons and the CO, molecule.®” The BET

surface area calculated from CO, adsorption was 41.50 m*g™"
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at 196 K with a pore volume of 7.15cm®g !, Although the
calculated BET surface area and gas adsorption amount are
relatively low owing to the narrow channel diameter
(~6.5 A), we confirmed a channel cavity.

In summary, the superstructure of TIPN was, for the first
time, realized using stagnate cyclotrimerization of TCB single
crystals in solid-state. The formation of TIPN superstructure
was confirmed by single-crystal XRD and visualized by TEM,
confirming that hexagonally packed TIPN molecules with C;
symmetry and six nitrile groups interlocked into a 1-dimen-
sional rod with concentric hollow channels. The TIPN super-
structure displayed unusually high thermal stability and
electron-beam tolerance owing to interdigitated TIPN mol-
ecules forming a quasi-molecular framework. The formation
of TIPN-based robust superstructure may open up a new class
of stable organic frameworks. Thus, this class of stable
molecular frameworks will be useful for many applications,
ranging from wet chemistry to specific devices.
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