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Hydrogen-bonded liquid crystals derived from supramolecular
complexes of pyridylated poly(propyleneimine) dendrimers and a
cholesterol-based carboxylic acid

THEODOROS FELEKIS, DIMITRIS TSIOURVAS, LETO TZIVELEKA and CONSTANTINOS M. PALEOS*
Institute of Physical Chemistry, NCSR “Demokritos”, 153 10, Aghia Paraskevi, Attiki, Greece

(Received 26 April 2004, accepted 21 August 2004 )

Diaminobutane poly(propyleneimine) dendrimers of second to fifth generations were
functionalized by the introduction of pyridyl moieties at their primary amino groups through
their interaction with 3-pyridyl isothiocyanate. These pyridylated diaminobutane poly
(propyleneimine) dendrimers were subsequently mixed with 3-cholesteryloxycarbonyl-
propanoic acid to form the corresponding hydrogen-bonded supramolecular complexes.
The materials obtained exhibit smectic A phases over a relatively broad temperature range
from about 60°C to 140°C. Within the smectic layer the cholesteryl moieties are almost
orthogonal above and below to the dendrimeric portion of the molecule. On cooling, the
materials form liquid crystalline glasses which retain the structural characteristics of the

smectic A phase.

1. Introduction

The functionalization of the external groups of den-
drimers [1] is a facile and effective strategy [2] for the
production of a diversity of novel materials including
liquid crystals [3]. The functional groups have primarily
been attached covalently at the surface groups of
dendrimers, while, to our knowledge, non-covalent
synthesis has received limited attention for the prepara-
tion of supramolecular complexes based on dendrimers
and exhibiting liquid crystalline behaviour [4]. This is
rather surprising if one considers the extensive work on
hydrogen-bonded liquid crystals performed recently
and extensively reviewed [5], which however employed
non-dendritic building blocks. For preparing the
dendrimeric-based complexes the established strategy
of a two-level process was followed: first, the external
groups of dendrimers are rendered recognizable by
certain molecules, and second, these functional moieties
interact with molecules bearing complementary moieties
to form the supramolecular complexes.

In the present work pyridyl moieties were first
introduced at the external primary amino groups of
diaminobutane poly(propyleneimine) dendrimers of
second to fifth generation, and subsequently interacted
via hydrogen bonding with 3-cholesteryloxycarbonyl-
propanoic acid. In this manner, cholesteryl moieties

*Corresponding author. Email: paleos@chem.demokritos.gr

were non-covalently attached at the external surface of
the dendrimers. The liquid crystalline behaviour of
these supramolecular complexes will be compared with
that exhibited by the dendrimeric materials in which the
cholesteryl moieties were covalently [6] or ionically [7]
attached to the same dendrimeric scaffold. The forma-
tion of hydrogen bonds was verified by FTIR spectro-
scopy while the liquid crystalline behaviour of the
hydrogen-bonded systems (shown below) was identified
using polarizing optical microscopy (POM), differential
scanning calorimetry (DSC) and X-ray diffraction
(XRD).

‘—);NH—E—NH@“I“HOJO\/\”/ o {Q:QYVY

n=3§, 16,32, 64

2. Experimental
2.1. Materials

Amine-terminated diaminobutane poly(propylenei-
mine) dendrimers, DAB-8 to DAB-64, were purchased
from DSM Fine Chemicals and used as received, while
3-pyridyl isothiocyanate was obtained from Aldrich. 3-
Cholesteryloxycarbonylpropanoic acid was prepared as
previously described [7].
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2.2. General synthesis of pyridylated
poly(propyleneimine) dendrimers

Diaminobutane poly(propyleneimine) dendrimer of
the second to fifth generation (1 mmol dissolved in
dichloromethane), was slowly added under argon to
a stirred DMF/dichloromethane (6/1v/v) solution
kept at 0°C, containing 3-pyridyl isothiocyanate
(15% molar excess relative to the primary amino
groups of the dendrimers), as outlined in the scheme.
The reaction mixture was allowed to reach room
temperature and stirred under inert gas for about 3
days. The solvents were distilled off and the
remaining oily residue dissolved in dry DMF and
precipitated by acetonitrile. This procedure was
repeated twice. The materials obtained, DABP,
where n is the number of dendrimeric end groups,
are highly hygroscopic. They were extensively dried
under vacuum over phosphorous pentoxide, and their
structure was established by elemental analysis and
NMR. In addition, HSQC 2D-NMR experiments
were employed for the unequivocal assignment of the
peaks. The elemental analyses indicated the presence
of a number of water molecules in each dendrimeric
derivative, almost equal to the number of dendrimer
end groups. The complete functionalization of the
primary NH, groups with the introduction of
pyridine moieties was also confirmed by reacting
the resulting compounds with fluorescamine, a
reagent suitable for the detection of primary amines
in the picomole range [8]. It was found that for all
the dendrimeric derivatives, at least 99% of the
primary amino groups were reacted. 'H NMR
(500 MHz, DMSO-d¢, ppm): o6=1.33 (broad s,
NCHQCHzCHchzN), 1.45 (broad S, NCH2CH2-
CH;N), 1.64 (m, NCH,CH,CH,NHCSNH), 2.1-2.5
(broad s, NCH,CH,CH,N), 347 (broad s,
NCH,CH,CH,NHCSNH), 7.3 (m, Hs), 7.9 (m, Hg),
8.0 (broad s, CH,NHCSNH), 8.3 (m, H4), 8.5 (m,
H,) 9.6 (broad s, CH,NHCSNH). 3C NMR
(62.9 MHz, DMSO-dg, ppm): 6=180.7 (NHCSNH),
144.6 (Cy), 1444 (Cy), 136.2 (Cy), 130.2 (Cy), 123.1
(Cs), 53.3 (NCH,CH,CH,CH;N), 51.3 (NCH,CH,-
CH,N), 51.0 (NCH,CH,CH,NHCSNH), 42.7
(NCH,CH,CH,NHCSNH), 25.7 (NCH,CH,CH,N,
NCH,CH,CH,NHCSNH), 234 (NCH,CH,CH,-
CH,N). Elemental analysis: DABPg 6H,O: calc. C
53.63, H 7.16, N 21.32; found C 53.62, H 6.85,
N 21.48%. DABP¢ 14H,0: calc. C 53.44, H 7.36, N
21.00; found C 53.22, H 7.33, N 21.18%. DABP;,
32H,0O: cale. C 5346, H 7.45, N 20.89; found
C 53.33, H 7.44, N 20.98%. DABP¢, 64H,0: calc. C
53.58, H 7.48, N 20.88; found C 52.92, H 7.44, N
20.61%.

. = dendrimeric moiety, n=38, 16, 32, 64

2.3. Formation of complexes by the interaction of
pyridylated poly(propyleneimine) dendrimers with
3-cholesteryloxycarbonylpropanoic acid

To 1mmol of pyridylated poly(propyleneimine) den-
drimer, DABP,,, dissolved in dry DMF, an equimolar
quantity (relative to the pyridyl moieties) of 3-choles-
teryloxycarbonylpropanoic acid was added. The solvent
was distilled off under reduced pressure and the
remaining material extensively dried under vacuum
affording the DABP-C,, complexes. The structure of the
complexes obtained was established by NMR. "H NMR
(500 MHz, DMSO-dg, ppm): 6=0.6-2.5 (m, cholesterol
skeleton and dendritic o and B-CH,), 3.5
(t, NCH,CH,CH,NHCSNH), 4.5 (m, H;,), 5.4,
(d, Hegy), 7.3 (m, Hs), 7.9 (dd, H¢), 8.1 (broad s,
CH,NHCSNH), 8.2 (m, H,), 8.5 (m, H) 9.7 (broad s,
CH,NHCSNH). *C NMR (62.9MHz, DMSO-ds,
ppm): 6=180.7 (NHCSNH), 173.4 (COOH), 171.4
(CO0), 144.6 (Cy), 144.4 (Cy), 139.4 (Cs), 136.2 (Cy),
130.1 (Cg), 123.0 (Cs), 122.0 (Cy'), 73.2 (C31), 56.0 (C4'),
555 (Cy7), 51.3 (NCH,CH,CH,CH;N, NCH,-
CH,CH;N), 51.0 (NCH,CH,CH,NHCSNH), 49.3
(Cy), 42.6 (NCH,CH,CH,NHCSNH), 41.8 (Ci3),
37.6 (Cy), 36.4 (Cy), 36.0 (Cyp), 35.6 (Cy), 35.1
(Cy), 313 (Crg), 289 (CH,COOH), 28.7 (CH,-
CH,COOH), 27.7 (Cy), 27.3 (Css), 27.2 (Cy), 25.6
(NCH,CH,CH,N, NCH,CH,CH,NHCSNH), 23.8
(C157), 23.4 (NCH,CH,CH,CH;,N), 23.1 (Cys), 22.6
(Ca7), 22.3 (Cag), 20.5 (Chy), 18.9 (Chor), 18.5 (Car),
11.6 (Cig/).

2.4. Characterization

Liquid crystal textures were observed using a Leitz—
Wetzlar polarizing microscope equipped with a Linkam
hot stage. Thermotropic polymorphism was investi-
gated by DSC employing a DSC-10 calorimeter (TA
Instruments) operating under nitrogen at heating and
cooling rates of 10°Cmin~'. Glass transition tempera-
tures were determined during the second heating run,
after heating the samples to 120°C. The thermal
stability of the functionalized dendrimers was assessed
by thermogravimetry employing a TGA-2050 instrument
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(TA Instruments) with heating rates of 5°Cmin .

Liquid crystalline phases were investigated by XRD
using CukK, radiation from a Rigaku rotating anode
X-ray generator (operating at 50kV, 100mA) and an
R-AXIS IV image plate. Powder samples were sealed
in Lindemann capillaries and heated with an INSTEC
hot stage. FTIR studies were performed using a

Nicolet Magna spectrometer at a resolution of 4cm™".

3. Results and discussion

Pyridylated dendrimeric compounds were easily pre-
pared in an one-step reaction under mild experimental
conditions. The complete functionalization of the
dendrimeric end groups was achieved employing an
appropriate mixture of solvents, in which the product
remains soluble throughout the reaction. In this
manner, the precipitation of partially functionalized
derivatives is prevented. The resulting pyridylated
dendrimers were obtained in the form of pastes which
did not show mesomorphism. Thiourea bond formation
was confirmed by the appearance in the 'H NMR
spectra of the characteristic peak at 3.5ppm corre-
sponding to the a-methylene protons adjacent to the
thiourea groups, and of two broad peaks at 8.0 and
9.6 ppm attributed to the two NH protons of the
thiourea group. This was further established by the
disappearance in the '*C NMR spectra of the signals
due to the a- and B-methylene carbons relative to the
terminal NH, groups at 40.05 and 30.83 ppm, respec-
tively, and the concomitant appearance of the signals at
42.7 and 25.64 ppm of the o- and B-methylene carbons
relative to the thiourea groups. In addition, the thiourea
carbon appeared at 180.7 ppm.

Hydrogen-bonded complexes were obtained by the
interaction of cholesteryloxycarbonylpropanoic acid
and the pyridylated dendrimers, through slow evapora-
tion of DMF solutions. The formation of hydrogen-
bonded complexes was established by infrared
spectroscopy. The bands of the acid at 2555 and
2655cm ™! attributed to OH Fermi resonances, due to
the presence of the parent acid in the dimeric form, are
replaced in the spectra of DABP-C,, by two new bands
at 2500 and 2100cm™' attributed to intermolecular
hydrogen bonding between the nitrogen of the pyridine
ring and the hydroxyl group of the carboxylic acid [9].
In addition, the carbonyl stretching band of the dimeric
acid at 1710cm ™! is replaced in the spectra of the
complexes by a new band at 1720cm™ ', partially
overlapping the band of the ester carbonyl group at
1732cm ™! (figure 1), due to complexation between the
unionized carboxylic acid and the pyridine ring [10].

60 A
Pure acid

1 Complex

40 1

OO TV e+~ —3F 33— —

20 A

T T T T T T
1750 1700
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Figure 1. Infrared spectra of the hydrogen-bonded complex
DABP-C3; and of 3-cholesteryloxycarbonylpropanoic acid at
room temperature.

As well as hydrogen bond formation between the
pyridylated dendrimer and the cholesteric acid deriva-
tive, ionic bonds can, in principle, also be formed due to
the protonation of the dendrimer’s tertiary amino
groups. To investigate this possibility, titration of
triethylamine with 3-cholesteryloxycarbonylpropanoic
acid was initially performed in DMSO-d¢ and studied
by NMR. During the titration, a downfield shift of the
a-methylene protons, relative to the tertiary amino
groups, was observed at 2.53ppm, compared with
2.41 ppm for the non-protonated groups. No significant
changes were observed for the methylene protons
relative to the carboxyl group of the acid. Thus, if
protonation was occurring, a downfield shift of the o-
methylene protons relative to the tertiary amino groups
of the dendrimers would be seen, along with an upfield
shift of the respective methylene carbons of the
dendrimers and a downfield shift of the respective
carbons of the interacting acid in the '*C NMR
spectrum, as found in our previous work [7].
However, upon complexation of the pyridylated den-
drimers with 3-cholesteryloxycarbonylpropanoic acid,
the only difference observed in their "H NMR spectra
compared with the pyridylated dendrimers, was a
downfield shift of ¢. 0.1 ppm for the thiourea N-H
protons. Nevertheless, it was found that by diluting the
pyridylated sample, a similar shift was observed,
suggesting that this difference results from a concentra-
tion effect, possibly due to interaction of DMSO with
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the thiourea groups. Therefore, due to the preferential
hydrogen bond formation between the acid and the
easily accessible pyridyl moieties, no ionic bonds were
formed between the interacting molecules.

The thermogravimetric analyses of the DABP-C,
complexes show a gradual weight loss starting at
temperatures above 140°C, thus confirming the thermal
stability of the complexes. No significant changes were
observed between the various generation derivatives.
However, at temperatures exceeding 160°C, the
materials degrade rapidly as also observed by optical
microscopy.

The complexes are birefringent glasses at room
temperature when viewed under the polarizing micro-
scope. At temperatures exceeding about 60°C the
compounds become birefringent viscous fluids with ill
developed oily-streak textures, and remain anisotropic
even after their thermal decomposition. It was not
possible therefore to obtain well developed textures. On
cooling the samples from temperatures below the onset
of decomposition, glassy birefringent phases were
observed.

DSC studies show that the dendrimeric complexes
exhibit glass transitions at about 55°C with the
exception of the lowest generation derivative DAB
PC,, which, as expected, shows this transition at a lower
temperature (see table 1). No other phase transitions
were observed up to the onset of decomposition.

The XRD patterns of the dendrimeric complexes in
the glassy phase contain four equidistant peaks in the
low angle region, indicating a lamellar ordering; also
two diffuse partially overlapping peaks in the wide angle
region centred at 5.45 and 4.45A arising from the
lateral distance of the cholesteryl moieties and the
dendrimeric alkyl repeating units, respectively, in a
disordered conformation. In the glassy state, the
lamellar periodicity increases slightly with temperature
as a result of the thermal expansion of the compounds.
At temperatures above T, the XRD patterns are
essentially unchanged, consisting of three equidistant
peaks in the low angle region and two diffuse peaks at
5.5 and 4.6 A (figure 2). The lamellar spacings decrease

Table 1. Glass transition temperatures of hydrogen-bonded
poly(propyleneimine) dendrimeric complexes of second to fifth
generations.

Dendrimeric complex T,/°C
DABP-Cg 48.9
DABP-Cy¢ 56.4
DABP-C;, 55.8
DABP-Cgy 55.3

slightly but unequivocally with temperature due to the
lateral expansion of the cholesteryl and alkyl repeating
units, suggesting the presence of a SmA phase. The
lamellar spacings obtained (figure 3) are greater than
those reported for the dendrimeric derivatives in which
the cholesteryl moieties are attached either through
ionic forces [7] or covalently [6] by about 8 A. This is
attributed to the presence of the pyridyl moiety. It may

Intensity (a. u.)
S
oy}
o
O
B

DABP-C,,
0 5 10 15 20 25 30

26 (deg)

Figure2. X-ray diffraction patterns of the fourth and fifth
generation hydrogen-bonded dendrimeric derivatives in the
SmA phase.

56 o

d (&)

55

oe

s4f. O

8 16 24 32 40 48 56 o4
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Figure3. Smectic periodicities of the DABP-C,, compounds
in the smectic A phase (100°C, closed circles) and in the glassy
smectic A phase obtained on cooling (20°C, open circles) as a
function of the number of cholesteryl groups.
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be suggested, therefore, by analogy with the SmA
structure proposed for the poly(propyleneimine)
dendrimers covalently functionalized with cholesteryl
groups [6], that within each layer the pyridyl-cholesteryl
hydrogen-bonded moieties are orthogonal with respect
to the dendrimeric scaffold, and occupy the space
between them. For space-filling reasons the flexible
poly(propyleneimine) moieties [l11] are flattened to
satisfy the preferentially lamellar ordering of the
mesogenic moieties.

Finally, from the X-ray data it may also be concluded
that the glassy phase obtained at room temperature has
a similar structure to the high temperature SmA phase.
The lamellar d-spacings at room temperature differ by
less than 0.3A, while the diffraction patterns are
essentially identical to those at 100°C, implying the
formation of liquid crystalline glasses.

In summary, the functionalization of the surface end
groups of poly(propyleneimine) dendrimers with pyridyl
moieties leads to dendrimeric derivatives capable of
forming supramolecular hydrogen-bonded complexes
by their interaction with 3-cholesteryloxycarbonylpro-
panoic acid. As a result, liquid crystalline glasses at low
temperatures and smectic A phases at temperatures
above T, were obtained. Within each layer the
cholesteryl-pyridyl moieties are located above and
below the dendrimeric scaffold.
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