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A dendrimer with three-fold symmetry and piperazinoamido moi-
eties was prepared in ~35% yield. This molecule was observed to
exhibit columnar phases on thermal treatment and have free void
space in the mesogenic and solid states based on a ?°Xe-NMR
study. The piperazinoamido moiety was indicated in a theoretical
calculation to cause the dendritic framework to become twisted
between the central core and periphery—thus resulting in the
dendrimer forming a free void space inside the framework after
having self-assembled into columnar stacks.

Dendrimers, which generally consist of peripheral functional-
ities, linking bridges, and central cores, have definite molecular
weights and predictable shapes."” They usually show three-
dimensional (3-D) conformations and are likely to be soluble in
most organic solvents, which is a critical advantage of dendri-
mers over polymers for their purification and preparation."?
Since the interstitial gap between dendritic frames can effi-
ciently adsorb metal ions or small molecules in solution,
dendrimers have been broadly studied in the areas of catalysis,
particle stabilization, and drug delivery.>™** Particularly, one or
a pair of functional groups can be incorporated in the dendritic
framework to impart special properties on the dendrimer.'>*
For example, a long alkyl chain on the periphery may enable a
dendrimer to exhibit liquid crystalline phases during thermal
processes,””” with this feature often endowing the molecule
with an ability to self-assemble into a long structure and with
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the potential for serving as a solvating candidate for opto-
electronic devices.*® %

On the other hand, porous materials such as metal organic
frameworks (MOFs), H-bonded frameworks (HOFs), and cova-
lent organic frameworks (COFs) are noteworthy because their
void spaces inside the networks are able to accept and release
guest molecules under different conditions.**° Recently, like
other porous materials, dendrimers as solids have also been
observed to have void spaces inside the framework for guest
molecules to access.**** However, these solid frameworks, even
when fabricated in 3-D networks, may deform or lose some of their
void spaces when guest molecules are removed.***** Therefore, it
is very difficult for liquid crystalline (LC) materials, which are only
constructed using 1-D or 2-D interactions, to maintain free void
spaces in mesogenic or solid states. Although several reported
works, such as long alkyl chains between columnar interstices of
LCs or suitable dopants in mesogens with incommensurate
building units, have shown the void space inside the dendrimer
from indirect observations,**™® the evidence for the existence of
free pores in LCs based on X-ray or solid-state NMR study is still
unclear.’®*® Bearing all these issues in mind, we attempted to
prepare triazine-based dendrimers, having been efficiently pre-
pared and investigated by E. Simanek, for the drug-delivering
purpose.®>* Due to the presence of free pores in the dendrimer
frameworks and due to the dendrimer arrangement being well
ordered on a long range, the dendrimers should exhibit good
sensitivity for detecting gases, metal ions or volatile organic
compounds and have valuable applications in related areas. The
three-fold symmetric dendrimer (G;N);B (Fig. 1) and the dendri-
mer (G3;N),B were thus prepared; the molecules with three-fold
symmetry were reported to self-assemble into columnar stacks and
then exhibit mesogenic phases,””® and indeed, (GsN);B, as
expected, was observed to exhibit a columnar phase on thermal
treatment. Due to (G3N);B containing a non-coplanar unit, i.e., the
amidopiperazine moiety, on its dendritic frame, it may create a
free void space in the columnar stacking, as indicated by a study
involving continuous-flow variable-temperature hyperpolarized
(CF-VT-HP) "*°Xe-NMR.**>® To the best of our knowledge, these

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Structures of (G2N)sC, (G;N)3B, and (GzN)zB.

preliminary results were the first direct evidence of a mesogenic
dendrimer containing free void spaces in the mesogenic and solid
states.

Dendrons G;-Cl, G;-NH, G,-Cl, G,-NH, G;-Cl, G;-NH and
(G,N);C were prepared according to Scheme 1, with the detailed
conditions and characterizations described in the literature.?*>’
The reaction of G,-NH with 1,3,5-benzenetricarboxylic acid
chloride in THF, in the presence of K,CO; at 170 °C for
72 hours in a sealed tube, yielded dendrimer (G,N);B at
~40% yield. Similarly, the reaction of G;-NH with 1,3,5-
benzenetricarboxylic acid chloride gave dendrimer (G;N);B at
~35% yield. The lower yield of (G;N);B than that of (G,N);B
may have been due to the greater steric hindrance of functional
groups at the periphery of dendrons of G;-NH than that of
G,-NH.

Dendrimers (G,N);B and (G3N);B were characterized using
"H-NMR spectroscopy and mass spectrometry. The molecular
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Scheme 1 Preparation of (G,N)sB, (GzN)zB, and its precursors.
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structure of (G3N);B is shown in Fig. 1. Its mass spectrum,
obtained using the MALDI-TOF technique, showed a peak at
9335.27, arising from the [M]" ion (Fig. S1, ESIY).

Dendrimers (G3N);B and (G,N);B were further characterized
by performing a microanalysis, and the errors for calculated
and experimental percentages for C, H and N were within 0.3%.
Dendrimer (G3N);B showed high thermal stability, specifically
with a high decomposition temperature (T4, 5% weight loss) of
ca. 400 °C (Fig. S2, ESIT). (G,N);B exhibited similar stability. For
both dendrimers, minor weight loss was detected at ca. 180 °C
on thermogravimetric analysis (TGA), and may have come from
solvent evaporation as discussed below. The liquid crystalline
properties of (G3N);B and (G,N);B are summarized in Table 1.
For both compounds, no thermal decomposition was observed
during the heating (up to 180 °C) and cooling processes.
Surprisingly, (G,N);B exhibited a more pronounced super-
cooling behaviour than did (G;N);B, despite the lower molecu-
lar weight of (G,N);B. Dendrimer (G,N);B did not show any
liquid crystalline phase on thermal treatment and only exhib-
ited a melting point at 112 °C on heating and a solidifying point
at 61 °C on cooling.

However, the dendrimer (G3;N);B exhibited a rectangular
columnar phase during the thermal process, as evidenced by
its mosaic texture under a polarizing optical microscope (POM)
(Fig. 2). The corresponding range was found to be ca. 30
degrees in the heating process and ca. 89 degrees in the cooling
process. The identity of the rectangular columnar phase of
(GsN);B was further studied using powder X-ray diffraction
(Fig. 2). Two sharp peaks, at 33.88 and 28.77 A, and indexed
as d11 and d20, respectively, were observed in the small-angle
region. Weak mid-angle signals were observed at 20.87, 16.96,
14.27, and 13.49 A, which were indexed as d02, d22, d40, and
d13, respectively. The lattice constants were calculated to be
a = 57.54 and b = 41.92 A. A wide-angle signal was observed at
4.66 A, attributable to the liquid-like correlation of the molten
chains. The previously reported dendrimer (G,N),C,* also with a
three-fold symmetric structure (see Fig. 1), exhibited a columnar
mesogenic phase from 141 to 173 °C on heating and from 168 to

Table 1 Phase transition temperatures and corresponding enthalpies
(J/g), in parentheses, of dendrimers (G2N)zC, (G2N)sB and (GzN)sB

140.5 (48.3) 172.5 (18.8)
(G2N)sC Cryst S Cof mg——————>> Iso
(MW = 4423) 35.6 (-38.2) 68.2 (-18.1)
111.8 (42.6) -
(G2N)z:B Cryst =% Iso
(MW = 4504) 61.2 (-42.5)
142.6 (35.5) 172.5 (2.5)
(G3N):B Cryst ﬁ Col; = Iso
(MW = 9335) 8.9 (-23.7) 167.7 (-2.3)

Cryst., Col, and Iso denote the crystalline, rectangular columnar, and
isotropic phases, respectively. The transition temperatures and corres-
ponding enthalpies were recorded for the second cycles between the
isotropic phases and room temperature.

J. Mater. Chem. C, 2023, 11, 3710-3714 | 3711
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Fig. 2 POM image showing the texture and XRD pattern of (GsN)sB at
160 °C, on cooling.

136 °C on cooling (Table 1), quite different from the thermal
behaviors of (G,N);B. Perhaps the piperazinoamido moiety in
(G,N)3B led the G,N moiety to be non-coplanar with the benzene
unit, causing difficulties for the packing of (G,N);B on cooling. To
understand the packing differences between (G,N);C and (G,N);B,
the conformations of the corresponding central core moieties 1
and 2, as shown in Fig. 3, were optimized at the Gaussian 09 at the
B3LYP/6-31G** level, and the C1-N2-C3-N4(or C4) dihedral angles
of 1 and 2 in the gas phase were calculated to be 5.5° and 25.0°,
respectively. The calculation details are provided in ESIt (Scheme
S1). The simulation results suggested all three G,N moieties in
(GaN);C to likely be co-planar with the triazine unit (Fig. 4), thus
resulting in better stacking and favoring the formation of the
columnar phase on cooling. On the other hand, the three piper-
azino groups being twisted by 25° relative to the central benzene
ring in (G,N);B led the three G,N units and 1,3,5-tricarbobenzene
to be not coplanar as shown in Fig. 4, providing an explanation for
the supercooling behavior observed on cooling (G,N);B. Interest-
ingly, including instead the larger G;N peripheral moiety seemed
to reduce the influence of the C1-N2-C3-C4 dihedral angle in
dendrimer (G3N);B, and a columnar phase was observed for
(GsN);B on thermal treatment.

Free void spaces resulting from the twisting between the
phenyl unit and piperazinoamido moiety were assumed to be
maintained in the solid or mesogenic stacking of (G3N);B. To

Fig. 3 Optimized conformations of 1 and 2.
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Fig. 4 Possible conformations of (GaN)sC and (G,N)zB.

verify this assumption, dendrimer (G;N);B was investigated by
performing CF-VT-HP "**Xe-NMR spectroscopy according to the
literature procedure.’*”>

A sample of (G3N);B was first cooled to —100 °C (173 K) and
then gradually warmed during the spectroscopic study. Up to
—40 °C (233 K), only one HP-'*’Xe signal, at 0 ppm, was
observed; this signal was attributed to xenon (Xe) atoms in
the gas phase. That is, below this temperature, no signal
corresponding to HP Xe in the void spaces of (G3;N);B was
observed, perhaps due to either dendritic shrinkage at low
temperatures hindering Xe absorption or slow diffusion of Xe
within the void space causing relaxation of HP-'*°Xe to a
thermally polarized, (nearly) undetectable state. The presence
of available void spaces inside the dendritic framework of
(G3N);B was indicated by the appearance of a new peak above
—40 °C (233 K), suggesting that Xe atoms were starting to freely
flow through narrow void spaces within the dendrimers (Fig. 5).
Chemical shifts corresponding to adsorbed Xe in the void
spaces of (GsN);B were observed in the range 174-192 ppm.
These values in general fall in the range characteristic of
relatively “tight” void spaces, and are commonly observed for
Xe dissolved in solid organic polymers or compounds with long
hydrocarbon chains.>*™® Thus, the observed signal reflected
accessible pores adapted to the Xe van der Waals diameter of
~5 A and can be taken as characteristic of Xe snugly fitting the
flexible void space. The adsorption behaviour of Xe inside the
(G3N);B framework at about room temperature (20-40 °C (293-
313 K)) corresponded to the range of the solid state of the
dendrimer. On further gradual warming from 293 to 313 K, a
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Fig. 5 2°Xe-NMR spectra of (GsN)sB on heating.
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Fig. 6 !2°Xe-NMR spectra of (GzN)3B on cooling.

sudden change of the chemical shift was observed, from 183 to
175 ppm, which may have resulted from a conformational
change of the dendrimer (Fig. 5). In the cooling experiment,
(G3N)3B was first heated to the isotropic temperature and then
gradually cooled during the Xe spectroscopic study (Fig. 6). The
results clearly showed that in the temperature range of 85-5 °C
(358278 K), two different kinds of void spaces existed
inside the (G3N);B framework. Apparently, the two pores were
distinct at lower temperatures but in a state of fast exchange at
T > 85 °C (358 K), which in general is the temperature range at
which (G3N);B is in the mesogenic state. Below —5 °C (268 K),
one of the signals disappeared, probably because Xe was no
longer able to enter the void spaces or due to restricted
diffusion of Xe within available cavities. This result further
suggested the formation of different conformations of (G;N);B
at different temperatures as shown in the heating process; and
this conformational variability may have arisen from the vibra-
tion of the piperazinoamido moiety in the (G;N);B framework.
Based on the results of Xe adsorption in the heating and
cooling processes, it may be concluded that different void
spaces formed due to the formation of different conformations
of (G3N);B at different temperatures. In other words, free pores
were clearly indicated to exist within the (G3;N);B framework in
both solid and mesogenic states. As indicated earlier, some
weight loss was observed in the TGA study of both dendrimers,
a result that can be reasonably attributed to void spaces having
existed inside the dendritic framework because these void
spaces would have been expected to capture solvent molecules
during the recrystallization.

Conclusions

In summary, two new dendrimers with three-fold symmetry
and piperazinoamido moieties were successfully prepared. The
dendrimer (G3N);B not only exhibited a columnar LC phase
during the thermal process but also appeared to have free
pores, based on the CF-VT-HP "*?Xe-NMR spectroscopy results.
To the best of our knowledge, this was the first time that

This journal is © The Royal Society of Chemistry 2023
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mesogenic dendrimers were observed to show such an inter-
esting property. Dendritic columnar mesogens with rigid cores,
rigid linkages, and flexible peripheral chains can be regarded as
unconventional and may contain interstitial gaps between
dendritic frames because their morphology is controlled by
restricted conformational freedom. By properly choosing the
linking functionality, free void spaces may be obtained in the
corresponding mesogenic or solid states, as demonstrated
here. This approach may be applied to other types of dendri-
mers in further research on porous mesogenic dendrimers.
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