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Decoding the Morphological Diversity in Two Dimensional Crystalline
Porous Polymers by Core Planarity Modulation
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Abstract: Two new chemically stable triazine- and phenyl-
core-based crystalline porous polymers (CPPs) have been
synthesized using a single-step template-free solvothermal
route. Unique morphological diversities were observed for
these CPPs [2,3-DhaTta (ribbon) and 2,3-DhaTab (hollow
sphere)] by simply altering the linker planarity. A detailed
time-dependent study established a significant correlation
between the molecular level structures of building blocks
with the morphology of CPPs. Moreover, a DFT study was
done for calculating the interlayer stacking energy, which
revealed that the extent of stacking efficiency is responsible for
governing the morphological diversity in these CPPs.

Two dimensional crystalline porous polymers (CPPs), includ-
ing covalent organic frameworks (COFs)!'! and covalent
triazine frameworks (CTFs),”! are porous materials con-
structed by covalently linked light elements, such as C, N, O,
H, B, and Si. These materials have triggered substantial
research interest because of their extensive applications in
molecular storage,”) catalysis,* sensing,”! and opto-electron-
ics.®' However, the overall properties of such porous materials
do not rely only on their composition, structure, and porosity,
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but also on their nanoscale morphologies.”! Therefore, an
explicit understanding of the morphology-modulation with
respect to their constituents is required.’! To achieve such
a molecular level understanding, herein we report two CPPs
that self-assemble to ribbon and hollow spherical® morphol-
ogies upon crystallization in a single step without any
templating agents. Hollow spherical structures are considered
to be a highly important morphology in polymeric materials
owing to several potential applications. However, their
existence is extremely rare and often require the usage of
templating agents."") The intermediates responsible for pro-
ducing these above morphologies were prepared at different
time intervals to understand the mechanism for the formation
of the final morphology (at 72 h).

The CPPs reported here show high crystallinity as
revealed from their PXRD patterns (Figure 1). A high intense
peak at 2.8° (26) for 2,3-DhaTta and 2,3-DhaTab (Figure le
and 1f, respectively) appear owing to the strong reflections
from the 100 planes. 2,3-DhaTta and 2,3-DhaTab show other
minor peaks at 4.9, 5.7, 7.5, and 9.9° (20) owing to the
reflections from the 110, 200, 120, and 220 planes, respec-
tively. Peaks at 26° (2,3-DhaTta) and 25.8° (2,3-DhaTab)
correspond to their 001 plane reflections. The d-spacing
values between the 001 planes were used to calculate the m-7t
stacking distances between vertically stacked CPP layers
[3.3 A and 3.4 A in the respected CPPs]. The high crystallinity
of these CPPs is attributed to the presence of strong intra-
molecular O—H-+N hydrogen bonding"!! interactions
between the imine nitrogen and the hydroxy functionality of
the aldehyde core, which is influential in keeping the phenyl
rings in one plane and increases stacking interactions within
adjacent CPP layers. To get an overview of the hydrogen
bonding effect on the CPP backbone, we crystallized three
reference compounds, SaTta, 2,3-Dha-ani,"”? and SaTabl
(Figure 1b-d). X-ray single-crystal structure analysis
showed that the three phenyl rings connected to the central
triazine core in SaTta are almost in the same plane (torsion
angles are 174.7, 176.3, and 179.9°; Supporting Information),
whereas for SaTab, the central triphenyl cores are not in the
same plane (torsion angles are 145.5, 149.6, and 154.5°) to
avoid steric interactions among the ortho hydrogens. On the
other hand, in 2,3-Dha-ani, the central benzene ring of the
respective aldehyde counterparts are out of plane (torsion
angles are 134.5 and 135.9°). Interestingly, the structural
features of these reference compounds largely depended
upon the intramolecular O—H--N hydrogen bonding [SaTta
D=263A, d=198A, 6=141.6°; SaTab 2.61 A, 1.88A,
146.6°; and 2,3-Dha-ani 2.59 A, 1.86 A, 146.6°, respectively].
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Figure 1. a) Synthesis of 2,3-DhaTta and 2,3-DhaTab. The ORTEP diagram of the reference compounds b) SaTta, c) 2,3-Dha-ani, and d) SaTab
[carbon (black), nitrogen (blue), hydrogen (pink) and oxygen (red)] were synthesized from their respective aldehydes and amines. The
experimental PXRD patterns (blue) compared with the simulated (eclipsed; black) and Pawley refined difference (red) [e) Rp=4.6%, Rwp=2.3%
and Rwp (w/o bck) =2.2% for 2,3-DhaTta and f) Rp=7.1%, Rwp=3.6% and Rwp (w/o bck) =3.7% for 2,3-DhaTab].

These observations clearly indicate that 2,3-DhaTta should
exhibit a more planar structure compared to 2,3-DhaTab. The
experimental PXRD patterns match well with the simulated
slipped-AA stacking model for these two CPPs (Figures S4
and S5). The model structure matches well with the space
group triclinic P1 in both of the CPPs. To elucidate the unit
cell parameters, Pawley refinement was performed, which
indicated good agreement between the simulated and exper-
imental PXRD patterns. The unit cell parameters for the
CPPs 2,3-DhaTta and 2,3-DhaTab appeared as a=37.1, b=
37.1, c=3.5 and a=37.3, b=37.3, ¢ =3.5 respectively (Sup-
porting Information).

FT-IR analysis for the CPPs reported here showed the
complete disappearance of the primary —N—H stretching
band (3200-3460 cm ') of the parent amines as well as the —
C=O0 stretching frequency of around 1660 cm™" for aldehydes
used in the synthesis (Supporting Information). Moderate and
strong bands, respectively for triazine- and phenyl-core-based
CPPs, appeared around 1616 cm ™', and reflect the formation
of —C=N linkages similar to those found in the reference
compounds (SaTta and SaTab). The solid-state “C NMR
spectra of 23-DhaTta exhibited a strong signal at
~166.5 ppm originating from the triazine core carbon atoms
only, as this peak is completely absent in 2,3-DhaTab. The
signal at around ~157.6 ppm was assigned to the imine
linkage carbon atoms present in both CPPs (Figure S12). The
CPPs followed the type IV reversible N, adsorption isotherm,
which reflects their mesoporous nature (Supporting Informa-
tion). The Brunauer—-Emmett-Teller (BET) surface areas of
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2,3-DhaTta and 2,3-DhaTab were found to be 1700 and
413 m*g ™! respectively. The high surface area of 2,3-DhaTta
compared to 2,3-DhaTab could be due to its high crystallinity
and exposed pore structure, which may originate from strong
n-1 stacking interactions between the layers (that is, a more
planar structure). Planarity and stacking interactions between
the vertically stacked layers decreases, which is reflected in
the lower surface area in 2,3-DhaTab. The experimental pore
widths of 2,3-DhaTta and 2,3-DhaTab were calculated to be
3.5 nm (Figure S14). The TGA profile shows that the CPPs
are thermally stable up to 350°C (Figure S12). The CPP
samples were treated with water, 3m HCI, and 3m NaOH to
ensure their chemical stability. After 3 days treatment in
water and acid, retention of the PXRD pattern along with no
changes in the FTIR spectra (Supporting Information)
indicated their stability in water and in 3m HCL The N,
adsorption isotherm showed that these CPPs are still porous
after prolonged water treatment. The CPPs were found to be
unstable in 3m NaOH after 3 days.

In 2,3-DhaTta, ribbon-shaped crystallites (length around
200 nm) have been found from TEM (Figure 2e, 12h;
Supporting Information, Figure S22). On the other hand,
SEM and TEM images show that 2,3-DhaTab forms hollow
spheres that are interconnected through their mesoporous
walls (Figure 2k,l; Supporting Information, Figures S19 and
S21). The spherical nature of 2,3-DhaTab (diameter around
400 nm) was confirmed by AFM analysis (Figure S23). We
tried to establish a correlation between the crystallite
morphology and its molecular level structure based on

Angew. Chem. 2016, 128, 7937-7941
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Figure 2. The mechanism of the formation of ribbon (a) and hollow sphere (c) for CPP 2,3-DhaTta, and 2,3-DhaTab, respectively. TEM images of

CPPs recorded at different time intervals and SEM images (bottom; 72 h, time shown in red) for a and c. (b and d) Expected growth mechanism

of respective CPP crystallites at 12 h, the stacking model along with stacking energy value (from DFT) mentioned for two adjacent hexagonal CPP
layers; PXRD pattern (of 12 h sample) along with intensity ratio of 100 to 001 planes shown for each CPP.

microscopy images. The structure of 2,3-DhaTta could be
defragmented into two reference compounds SaTta and 2,3-
Dha-ani. The reference compound SaTta showed three nearly
planar phenyl rings with respect to the triazine core, whereas

Angew. Chem. 2016, 128, 7937-7941

the phenyl rings from the aldehyde part (between two cis
imine linkages) in 2,3-Dha-ani were slightly out of plane
(Figure 1b and c). Moreover, the m-m stacking energy per
hexagon was calculated to determine the stacking efficiency
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among the vertically stacked CPP layers, and it was found to
be —1634.2 kJmole™' in 2,3-DhaTta (Figure S24). Interest-
ingly, the PXRD intensity ratio between the 100 to the 001
plane of the sample retrieved after 12 h of reaction was 46.2
(Figure 2b). This high value directly indicated that each
individual layer utilizes the strong m-7 stacking interaction to
interact with other layers to extend along the Z direction
compared to X and Y directions (Figure S26). Thus, the
growth continues to form ribbons (Figure 2¢). These crystal-
lites self-aggregate into larger ribbon-shaped crystallites after
36 h (length ca. 515 nm, width ca. 90 nm; Figure 2 f). Finally,
this ribbon-like morphology is prominently visible at 72 h by
SEM and TEM (Figure 2 g,h; Supporting Information, Figur-
es S18 and S20). As observed by SEM and TEM, 2,3-DhaTab
has a hollow spherical morphology after 72 h (Figure 2Kk,I;
Supporting Information, Figures S19 and S21). TEM images
clearly showed that at the beginning of the reaction, mostly
small bent fibers (length ca. 25-55 nm) were formed (Fig-
ure 21; Supporting Information, Figure S22). We tried to gain
a greater understanding from their molecular level structure
and PXRD (Figure 2d). The central four phenyl rings (one
core phenyl and three outer phenyls from the amine counter-
part) are completely out of plane with respect to each other
(SaTab; Figure 1d) and the benzene core, connected between
two cis imine bonds, were not in the same plane (2,3-Dha-ani;
Figure 1c), which means that the mt-r stacking interaction in
this case is imperfect as the layers are extremely non-planar
(ca. m-m stacking energy —1578.7 kImole™' from DFT; Fig-
ure S25). This imperfect stacking hinders the growth of CPP
fibers along the Z axis. PXRD intensity ratio between 100 to
001 planes is 5 (Figure 2d), which is 9-times smaller compared
to the PXRD intensity ratio between 100 to 001 planes in 2,3-
DhaTta. This indicates that the growth along the Z direction
is absolutely minimal. From the TEM images, it was seen that
the fibers were bent, which could be due to improper stacking
between the layers and further self-aggregates to give a dense
spherical morphology as time progresses (Figure 2i). How-
ever, with time, the crystallites gradually diffuse from the
center of the dense sphere to its wall, making a hollow interior
inside between 3648 h (Figure 2j; Supporting Information,
Figure S27). At 72h, an entirely dark wall with a bright
contrast inside of the sphere (wall thickness ca. 25-50 nm and
diameter ca. 100-500 nm) was found to form, as revealed by
TEM, which reflects a hollow spherical nature (Figure 2k ;
Supporting Information, Figure S21). It is noteworthy that
higher curvature is associated with a higher surface free
energy.""! The formation of a hollow sphere in this case is
influenced by mass diffusion from the interior, where the
particles are less compact and experience higher surface free
energy, to the exterior, in order to reduce their surface free
energy. Based on the above observations, we believe that the
overall morphological evolution in 2,3-DhaTab is governed by
the Ostwald ripening process (Figure S27).I""!

In summary, we have designed and successfully synthe-
sized two new imine-linked chemically stable, crystalline,
porous, morphologically diverse polymers. The presence of
strong intramolecular H-bonding forces a stiff and planar
CPP structure, which is the basis of the high surface area and
crystallinity. These CPPs display different morphologies, such
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as ribbons and spheres, as observed from SEM and TEM
imaging. In the case of triazine-based CPP (2,3-DhaTta) the
crystallite self-assembles to ribbons. However, in the phenyl-
core-based CPP (2,3-DhaTab) the morphology dramatically
reshapes to hollow spheres through an inside-out Ostwald
ripening mechanism. A thorough DFT study was carried out
to validate the experimental results. From that, it was
confirmed that the extent of m-m stacking efficiency among
the 2D CPP layers is accountable for their morphological
diversity along with a dramatic change of surface area. We
believe that a detailed investigation of diversity in the self-
assembly process, along with valuable morphologies, will
open up a new domain of exciting research area in CPPs.
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