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Both increasing the Iso-to-Col transition and
lowering the solidifying temperatures of a
triazine-based dendrimer by introducing CN polar

groups in the dendritic coref
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Two new triazine-based dendrimers 1la and 1b, containing —NY(CH,)sNY— linkers between two Gs

dendrons (1a: Y = Bz, 1b: Y = 4-cyanoBz; Bz = benzyl), were successfully prepared in ~32 and ~34%
yields, respectively. Compared with dendrimer 1c that contains —NH(CH,)sNH- linkers between two Gz
dendrons, dendrimer 1a exhibits a similar mesogenic range to 1c, but 1b possesses a broader
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mesophase-temperature range than 1c. Surprisingly, dendrimer 1b not only increases the isotropic-
phase-to-columnar-mesophase (Iso-to-Col) transition temperature but also lowers the solidifying tem-
perature on cooling. It is believed that the CN groups in the dendritic linker of 1b increase both the

molecular interaction between dendrimers, leading to its increasing Iso-to-Col transition temperature,

rsc.li/materials-c

Introduction

Different from polymers, dendrimers with core, linker and
peripheral moieties, are tree-like molecules with a well-defined
chemical structure and a single molecular weight." Their physical
properties are thus interesting and probably predictable.'*” Parti-
cularly, multiple functions can be specifically tailored onto one
molecule for potential applications in various fields,”>” and there-
fore great attention has been focused on dendrimers recently.
Although columnar liquid crystalline (LC) dendrimers, exhibiting
uniform packing and non-grained boundaries, have been
found suitable for applications in electronic and optoelectronic
devices,*’ controlling their conformations to exhibit mesogenic
behaviors is rather difficult, because their conformations are
versatile due to the various combinations of the constructing
units and peripherals. However, liquid crystallinity may be
attained by installing mesogenic units in dendritic moieties."*™"*

Triazine-based dendrimers, studied by Takagi and Simanek,
respectively,'® have been shown to possess significant face-to-
face interactions between triazine moieties,’® and result in
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and dendritic distances within columns, leading to its decreasing solidifying temperature.

columnar mesophase formation.'® We have recently revealed
that columnar liquid crystalline dendrimers may be expected by
bridging two triazine-based dendrons by semi-rigid linkers for
limited conformational freedom.®*’ The angle of the two
dendrons, influenced by an odd or even number of the alkyl
unit in the -NY(CH,),NY- (Y = H) bridge, was found to be
crucial for inducing liquid crystallinity.'®® Steric hindrance of
the bridge can also induce liquid crystallinity by tuning the
packing of the two dendrons.'® However, the mesogenic ranges
of the dendrimers, induced by two previous approaches, were
rather narrow, all less than 34-degrees.'®*/ Combining both
strategies, we hope to prepare dendrimers with a broad
mesophase-temperature range, which is valuable for potential
application. Dendrimers 1a and 1b, containing the -NY(CH,);NY-
linker between two G; moieties (1a: Y = Bz, 1b: Y = 4-cyanoBz; Bz =
benzyl), were therefore prepared. Compared with 1c, containing
the -NH(CH,);NH- linker, the mesogenic range of 1a is not
expanded on cooling, but the mesogenic range of 1b is broader
than those of 1a and 1c (Fig. 1). The CN groups in the dendritic
linker not only increase the isotropic-phase-to-columnar-
mesophase (Iso-to-Col) transition temperature but also lower
the solidifying temperature on cooling, thus significantly
broadening the mesogenic ranges.

Discotic columnar (DC) liquid crystals have potential applications
in opto-electronic devices due to their long-range self-assembling
properties.” Particularly, colorless and soluble DC liquid crystals
are good candidates for solvating specific materials such as
carbon nanotubes.!”” It has been proved that triazine-based

This journal is © The Royal Society of Chemistry 2019
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1a: Y = benzyl, 1b: Y = 4-cyanobenzyl,1¢c: Y = H

Fig. 1 The molecular structures of dendrimers la-1c.

dendrimers exhibit good solubility in organic solvents and
columnar phases on thermal treatment.'® However, their
solidifying temperatures are rather high. By introducing a polar
CN group into the linker of triazine-based dendrimers, we have
successfully broadened the mesogenic range and lowered the
solidifying temperature on cooling, which may increase their
value in application.

Experimental section
Sample characterization by POM

In the first thermal process, dendrimer 1a was rapidly heated to
its isotropic temperature, and then cooled to 30 °C at a rate of
20 °C min~". 1a was then heated at 5 °C min~" rate and cooled
at 0.5 °C min~ " rate in the second thermal cycle. The treatment
for dendrimer 1b was similar.

Sample characterization by DSC

Dendrimer 1a was heated to 170 °C and then allowed to cool to
room temperature at a rate of 10 °C min " in the first thermal
cycle. The heating and cooling rates were maintained at a rate
of 5 °C min~" in the second thermal cycle. The transition
temperature and the corresponding enthalpies were recorded
in the second thermal cycle. A similar process was applied to
dendrimer 1b accordingly.

The procedure for preparing dendrimer 1a

G3-Cl (0.9 g, 0.3 mmol) and N,N-dibenzylamino-propane
(0.08 g, 0.3 mmol) were added to dry THF (25 mL). The solution
was heated at 70 °C for 24 hour. G3-Cl (0.9 g, 0.3 mmol) and
potassium carbonate (0.21 g, 1.5 mmol) were then added. The
mixture was then heated at 170 °C for 72 hour in a sealed tube
for another 24 hour. The solvent was removed at reduced
pressure and water (50 mL) was then added. The resulting
solution was extracted with CH,Cl, (30 mL X 2). The combined
extracts were washed with water (25 mL), dried over MgSO,, and
then evaporated at reduced pressure, and the residue was
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purified by chromatography to give a crude solid, which was
further recrystallized by using CH,Cl,~CH30H (20:1) to give
dendrimer 1a in 34.2% yield (0.64 g). "H NMR (300 MHz, CDCl,,
25 °C, TMS): & 0.88 (s br., 96H, 32 x CHj,), 1.28 (s br., 320H,
160 x CH,), 1.56 (s br., 64H, 32 x CH,), 3.46 (s, 68H, 34 x CH,),
3.80 (s, 100H, 50 x CH,), and 7.23 (s br., 10H, Ar-H). *C NMR
(75 MHz, CDCl3, 25 °C, TMS): 6 14.3, 22.8, 27.3, 28.3, 29.5, 29.6,
29.8,32.6,43.3,47.4,165.2, and 165.6. MS cacld for Cz63Hg60Ns4
[M + K]™: 6239.8; found 6239.9. Elemental analysis caled for
Cie3HeooNga: C 70.30; H 10.73; and N 18.97; found C 69.88;
H 10.84; and N 18.89.

Dendrimer 1b was obtained in a similar manner (0.61 g,
32.6%). 'H NMR (300 MHz, CDCl;, 25 °C, TMS): 6 0.86 (s br.,
96H, 32 x CHj), 1.27 (s br., 320H, 160 x CH,), 1.58 (s br., 66H,
33 x CH,), 3.45 (s, 68H, 34 x CH,), 3.79 (s br., 96H, 48 x CH,),
4.78 (s, 4H, 2 x CH,), 7.29 (d, J = 7.8Hz, 4H, Ar-H), and 7.53
(d,J = 7.8Hz, 4H, Ar-H). ">C NMR (75 MHz, CDCl;, 25 °C, TMS):
5 14.3, 22.8, 27.3, 27.5, 28.3, 29.6, 29.8, 30.5, 32.1, 43.3, 47.1,
47.4, 165.3, and 165.6. MS cacld for Cze5HessNgs [M]: 6251.7;
found 6251.8. Elemental analysis calcd for Csg5HessNgs: C 70.13;
H 10.61; and N 19.27; found C 69.82; H 10.62; and N 19.12.

Results and discussion

Dendron G;-Cl was synthesized by our previously reported
method.'® Dendrimer 1a was prepared from the reaction of
G;-Cl with N,N-dibenzylaminopropane'® in ~34% yield after
purification (Scheme 1). Dendrimer 1b was obtained in ~33%
yield in a similar manner. Dendrimers 1a and 1b were studied
by 'H and ">C NMR spectroscopy, and then characterized by
elemental analysis as well as MALDI-TOF mass spectrometry.
The mass spectrum of 1a, represented as an example, is shown
in Fig. 2; a peak of m/z at 6240.0 from the [M + K]" ion is clearly
observed in the spectrum for characterization.

Similar to 1c,'® dendrimers 1a and 1b were investigated by
polarizing optical microscopy (POM), showing a columnar meso-
phase (Fig. 3). Detailed thermal behaviors of these dendrimers,
studied by differential scanning calorimetry (DSC) (Fig. S4, ESIT),
are summarized in Scheme 2. Dendrimer 1a enters the columnar
mesophase at ~114.9 °C and solidifies at ~82.2 °C on cooling.

1a (34%)

Y = CHy-CeHi
G3-Cl Y. Cs_ N THF K>C03,G3-Cl 27eTs
+ u N —_— —_— or
0O
709G, 24hr. 170 OC, 72hr. 1b (33%)
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Scheme 1 Preparation of dendrimers 1a and 1b.
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Fig. 2 The MALDI-TOF mass spectrum of la.

Fig. 3 The POM textures of 1a (a) and 1b (b), which were taken at 110 °C
and 130 °C, respectively, on cooling at a rate of 0.5 °C min~*in the second
thermal process.

However, dendrimer 1c becomes mesogenic at ~114.5 °C and
then solidifies at ~80.9 °C. The mesophase-temperature range of
la is ~33-degrees on cooling, which is similar to that of 1c
(Scheme 2). Dendrimer 1b enters the mesophase at ~138.4 °C
prior to solidifying at ~68.0 °C on cooling to lead to a ~70-degree
mesogenic range, wider than those of 1a and 1c.

The columnar phases of 1a and 1b were further studied by
powder X-ray diffraction (XRD). As shown in Fig. 4a, a sharp
peak at 36.29 A, in the small-angle region of powder XRD of 1a,
arises from the d,, reflection. Two additional weak signals at
20.18 and 17.34 A in the corresponding regions result from d,,
and d,, reflections, respectively. The signal at 13.28 A can be
assigned to d,;; however, the line-shape (broadness or line-
width) of this signal is very different from that of d,, to exclude
the possibility. The signal assignment to the intra-columnar
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Scheme 2 The corresponding enthalpies (kJ mol™), in parentheses, at
phase transition temperatures of dendrimers 1a, 1b and 1c. Cr and Cry,
Col,, and Iso represent the crystalline, hexagonal columnar and isotropic
phases, respectively.
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Fig. 4 (a) The powder-XRD patterns 1a (a) and 1b (b), which were taken at
110 °C and 130 °C, respectively, on cooling at a rate of 1 °C min™t.

disc correlation shall be verified by XRD of the aligned samples.
However, attempts to obtain the aligned samples are not
successful. The broadness of the signal at 13.28 A is a char-
acteristic of a weak correlation and is therefore assigned to the
thickness of a fluffy disc, i.e. intracolumnar correlation. Similar
to 1c, compounds 1a and 1b do not show n-m correlations,
typically at ca. 3.5 A. The signal due to -7 interactions may be
too weak to be revealed by XRD or to be hidden in the wide-angle
halo at 4.73 A, typically from the liquid-like correlations of alkyl
chains. The XRD reflection pattern indicates that 1a possesses a
hexagonal columnar phase with the calculated lattice constant a
of 41.9 A. Dendrimer 1b has a similar XRD pattern to 1a,
indicating that their mesophases are the same. The corres-
ponding lattice constant a of 1b was calculated to be 38.4 A.

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 The possible conformations of the dendrimers with —YN(CH)4NY—
and —YN(CH_)sNY— (Y = H) bridges.

As indicated previously,'® the morphology of dendrimers

with -NY(CH,),NY- (Y = H; n = 2 and 4) linkers is different from
that with -NY(CH,),NY- (Y = H; n = 3 and 5) linkers. The
dendrimers with the even-carbon linker prefer the arrangement
of the two G; moieties in the anti-position for decreasing the
repulsion between the linker and Gs;. The dendrimers with the
odd-carbon linker favor the two G; moieties in the syn-position,
thus leading to overlap of the two dendrons. For example, two
skeletons of the dendrimers (Y = H; n = 4 and 3) are shown in
Fig. 5. When two G; moieties are overlapped in the syn-position,
one G; moiety may be under or above the other G;. Therefore,
dendrimer 1c possesses two isomers, ie. I-C; or I-C,, and was
observed to exhibit LC phases on thermal treatment due to the
isomeric effect. However, the dendrimer with the -NY(CH,),NY-
linker (Y = H) does not show any LC phase because this dendrimer
has only one isomer, i.e. II, in the condensed-phase stacking.®
In the continuing study, dendrimer 1a with the -NY(CH,);NY-
linker (Y = Bz) was prepared to examine the mesogenic properties
from the steric and odd-even effect of the linker. When two N-H
moieties were replaced by two N-benzyl groups, the repulsion
between H (at C2) atoms and benzyls (Bz) increases; this will
result in dendrimer 1a having two skeletons, ie. 1A-1 and 1A-2
(Fig. 6)."°*/ Because the repulsion between the linker and Bz in
the 1A-1 skeleton is less than that between the linker and G; in the
1A-2 skeleton, more 1a molecules have the 1A-1 skeleton with two
G; moieties in the syn-position and less 1a molecules possess the
1A-2 skeleton with two G; moieties in the anti-position, as
previously discussed.'® Therefore, 1a possesses three isomers,
i.e I-al, I-a2 and II-a in the condensed-phase stacking but 1c has
only two isomers ie. I-C; and I-C,. As expected, the first phase-
transition (~101.5 °C) and the clearing (~118.0 °C) temperatures
of 1a on heating are thus lower than those of 1c¢ (~107.6 and
~144.0 °C), respectively.'®*/ Although the steric effect in the
-YN(CH,),NY- linker between G; moieties successfully converted
the non-LC dendrimer to the LC dendrimer,'? this approach in
the -YN(CH,);NY- bridge does not effectively expand the meso-
genic range; the mesogenic range of 1a, ~ 33-degrees on cooling,
is similar to that of 1c (Scheme 2). Dendrimer 1b with the

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 The possible conformations of dendrimer 1a.

-NY(CH,);NY- linker (Y = 4-cyanoBz) was thus further prepared
to affect the stacking morphology, aiming to improve the meso-
genic properties. Surprisingly, the Iso-to-Col transition tempera-
ture (~138.4 °C) of 1b on cooling is higher than that of 1c, and the
solidifying temperature (~68.0 °C) of 1b is lower than that of 1c,
resulting in significant expansion of the mesophase-temperature
range of 1b when compared with those of 1a and 1c.

To have an understanding of the CN effect upon expanding
the mesogenic range of the dendrimers, an attempt to optimize
the conformation of the dendrimers 1a and 1b was undertaken.
Because most 1a molecules have the 1A-1 skeleton, as pre-
viously discussed, it was thus used as a model for simulation.
For simplicity, the disk framework of 1a (without peripheral
amino moieties) was simulated by the MM3 method in the
Cache program in the air phase. Based on our previous
method, '/ the disk framework of 1a was optimized first,
and two benzyl groups were incorporated onto the optimized
1a framework. After optimization, two morphologies of frame-
work 1a were obtained; one had two benzyl groups in the
cis-position and the other had two benzyl groups in the trans-
position when viewed along the disc plane (Fig. 7).

The energy for the cis-morphology, 53.06 kcal mol %, is quite
similar to that for the trans-morphology, 54.30 kcal mol .
Similarly, two molecular morphologies of 1b were accordingly
obtained and the energies for the cis- and trans-morphologies
are 53.67 and 54.89 kecal mol ', respectively. The energy differences
between cis- and trans-morphologies for both dendrimers are not
significant, and therefore both morphologies may appear in their
condensed-phase stackings. Interestingly, the morphology of 1a for
each molecule in the air phase, either in cis or trans conformation,
is very similar to that of 1b, respectively; therefore, both dendrimers
1a and 1b not only exhibit a similar stacking in the condensed-
phase, confirmed by the powder-XRD study, but also have the
columnar hexagonal arrangement as in 1c. Additionally, both Bz
and 4-cynaoBz moieties are definitely not parallel to the disc frame
of the dendrimers. The congestion between benzyl or cyanobenzyl
groups, to some extent, leads to the columnar slice of 1a (13.28 A)

J. Mater. Chem. C, 2019, 7, 14232-14238 | 14235
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Fig. 7 The possible conformations (side views) of dendrimers 1a, (a) cis-
and (b) trans-isomers, and 1b, (c) cis- and (d) trans-isomers. N and C atoms
are demonstrated by purple and gray colours, respectively, and Hs are
omitted.

becoming slightly larger than that of 1c (13.14 A) at the same
temperature of 110 °C. Columnar slices of 1c at 94, 105, 110, and
114 °C remain similar, ie. temperature independent (Fig. S8/
Table S1, ESIT). The columnar slice of 1b, 13.68 A, at 130 °C is
larger than those of 1a and 1c at 110 °C. If the temperature
independence of the columnar slice of 1c also applies to 1b with a
similar dendrimer chemical framework, the larger columnar slice
of 1b than those of 1a and 1c can be realized by the strong
repulsion of CN polarity. Although the CN polarity may also result
in intermolecular dipole-dipole interaction, this mutual attrac-
tion should be less significant due to the CN- - -NC arrangement
between the dendrimers; as shown in Fig. 7, because of the
limited space between the two G; dendrons, the influence of the
CN moiety more effects in the axial direction. Interestingly, at
the same temperature of 110 °C, the dy,, 36.29 A, of 1a is
considerably larger than that of 1c, 32.98 A. The d,, values of 1c
upon cooling at 104, 110, 105, and 94 °C increase but to a small
extent between 32.86 and 32.98 A. The d,, value (32.85 A) of 1b at
130 °C is only slightly less than that of 1c at 110 °C. Considering
the temperature dependence of d,, of 1c, the difference in d;,
between 1c and 1b is negligible. Because dendrimers 1a-1c all
have the same dendrons and similar powder-XRD patterns, it is
reasonably assumed that la-1c possess the same number of
molecules in each column slice. Under such an assumption, the
steric hindrance effect from the benzyl group in 1a significantly
leads to mutual gliding of molecules within columns but slightly
increase the disc-to-disc distance between molecules in compar-
ison with 1c. The strong polarity of the 4-CN benzyl group in 1b
obviously enlarges the corresponding disc-to-disc distance for
balancing the polar repulsion between molecules within columns
and therefore its gliding effect is not significant.

14236 | J. Mater. Chem. C, 2019, 7, 14232-14238
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Table 1 Calculated data of compounds la—1c?
Cpd  Phase M, T(°C) V(&%) Veet A% Vin/Veen
la Coly, 6202 110 10981.1 13686.3 0.80
1b Coly, 6252 130 11225.9 11510.1 0.98
1c Coly, 6022 110 10662.4 11230.3 0.95

@ M, is the molecular weight. V;,, and V¢ are the molecular and cell
volumes respectively.

For further confirming our study, the molecular volumes
(Vin), cell volumes (Veen), and Vi,/Veen of dendrimers 1a-1c were
calculated according to our previous report.’®®/ The related
results are demonstrated in Table S1 (ESIT). It should be noted
that the XRD data of 1a and 1c were recorded at the same
temperature of 110 °C and those of 1b were recorded at 130 °C.
Nevertheless, the temperature dependence of Vi,/Veey, from
0.95 at 114 °C to 0.93 upon cooling to 94 °C, was demonstrated
from the variable-temperature XRD studies of 1c. As similar
numbers of molecules per cell for 1a-1c are obtained, these
dendrimers are supposed to have one molecule in a columnar
slice. According to the literature,'® the Vy/Veey value of 1a, 1b
and 1c is calculated to be ~0.80, ~0.98 and ~0.95, respec-
tively (Table 1).

Definitely, at 110 °C, the V,,,/V.e of 1a is smaller than that of
1c¢, which indicates that the dendritic molecules of 1a are more
closely stacked than those of 1c, as discussed in our previous
report. Although the Bz group slightly increases the disc-to-disc
distance between molecules, the Bz group also increasingly
occupies the extra space between molecules. As a result, the
first phase-transition and solidifying temperatures of both 1a
and 1c on cooling are similar to each other, and their meso-
genic ranges are thus comparable. The V,,,/V..; of 1b at a higher
temperature of 130 °C is greater than that of 1c, indicating that
the dendritic molecules of 1b are less closely stacked than those
of 1c (Fig. 8), and thus a lower solidifying temperature was
observed on cooling. However, the increased V,,/V.e; with the
increasing temperature observed for 1c¢ may also apply to 1b
whose XRD was measured at a higher temperature. In addition,
the CN groups may also increase the molecular interaction; this
balances the less packing effect, and therefore the clearing

dygy:1c =1b<1la Ao 16 =1la<1b

(slice)*

Fig. 8 The various arrangements of molecules 1a (110 °C), 1b (130 °C),
and 1c (110 °C) within hexagonal columns.
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temperatures of 1b and 1c on heating are comparable. If
dendrimers 1a and 1b are compared with each other, the polar
effect can be more significantly observed; the clearing tempera-
ture of 1b (~144.4 °C) is higher than that of 1a (~118.0 °C) and
the solidifying temperature of 1b (~68.0 °C) is lower than that
of 1a (~82.3 °C). Thus, the strong CN polar group significantly
broadens the mesogenic range of 1b (~ 70-degrees). The reason
that the CN moieties result in the increasing disc-to-disc
distances is probably that the void space between G; moieties
may not balance the polar repulsion and enlarging the dendri-
tic disc-to-disc distance is thus necessary. The corresponding
effect in small disc molecules to broaden the mesogenic phases
has been investigated by Williams®° and is in agreement with
our study result.

Conclusions

In summary, dendrimers 1a and 1b were successfully prepared
and observed to exhibit columnar mesophases on thermal
treatment. Compared with 1c, 1a has a lower clearing tempera-
ture on heating due to the isomeric effect but a comparable
mesogenic range on cooling because of its closer stacking.
Dendrimer 1b enters the columnar mesophase at a significantly
lower temperature and becomes isotropic at a similar tempera-
ture on heating to 1c due to the CN polarity. The Iso-to-Coly
transition temperature of 1b is considerably higher than those
of 1a and 1c on cooling, and the subsequent solidifying
temperature of 1b is lower than those of 1a and 1c. Therefore,
the polar CN groups in dendrimers, significantly reducing the
stacking efficiency, lowering the solidifying temperature and
expanding considerably the mesogenic range, are interesting
and have not been reported so far. This should be applicable to
other types of dendrimers with semi-rigid linkers for preparing
dendrimers with valuable applications.
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