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Abstract: The synthesis and the liquid
crystalline behavior of a novel series
of poly(amidoamine) (PAMAM)-den-
drimer derivatives is described. The
series consists of five new compounds
that contain 4, 8, 16, 32, and 64 periph-
eral mesogenic ester units attached to
the 0-, 1-, 2-, 3-, and 4-generation of
poly(amidoamine) (PAMAM), respec-
tively. These five compounds exhibit a

smectic A mesophase, for which a struc-
tural model is proposed that is valid for
several generations of dendrimers. This
model is based on a structural character-

ization which mainly consists of X-ray
diffraction studies. The molecules of
these compounds exhibit a high degree
of plasticity and tend to adopt the most
convenient shape to afford liquid crys-
talline behavior. The mesogenic units
form parallel aggregations that give rise
to the smectic structure.

Keywords: dendrimers ´ dendro-
mesogens ´ liquid crystals ´ struc-
ture elucidation ´ supramolecular
chemistry

Introduction

As a class of new materials, dendrimers have, in recent years,
generated a great deal of interest within the scientific
community.[1] One of the most attractive peculiarities of such
compounds is the generation of macrostructures which show a
regular structural growth, and such systems could exhibit new
and interesting properties for use in new applications.[2]

Another important feature is the reactivity of the terminal
groups into which we can introduce new moieties with specific
functions; this makes it possible to modulate the properties of
these dendrimer derivatives.[3] Both approaches have been
used to obtain dendrimers that show liquid crystalline
arrangements (dendromesogens in the words of G. Latter-
mann).[4] In this way Tomalia et al.[5] in 1988, Ringsdorf et al.[6]

and, in particular, Percec et al.[7] have reported several series
of hyperbranched polymers based on flexible polyfunctional-
ized mesogens that exhibit nematic liquid crystalline behav-
ior. This phenomenon arises from the ability of the molecules
to fold into an anisotropic shape. Alternatively, other
dendritic architectures that display liquid crystal properties
include rodlike[8] or disklike[9] mesogenic groups in the
periphery of the molecule which can form a liquid crystal
shell around the central nucleus.

This paper deals with the latter type of dendromesogen and
reports the synthesis and liquid crystalline properties of five
new compounds derived from poly(amidoamine) (PAMAM)

dendrimers. For this purpose we have introduced 4, 8, 16, 32,
and 64 terminal mesogenic ester units by attaching them to
the 0-, 1-, 2-, 3-, and 4-generation of PAMAM, respectively.
These changes tune the properties of the dendrimers
(Scheme 1).

Typical PAMAM dendrimeric structures tend to adopt a
globular structure in solution, especially when a large number
of terminal units are involved (the formation of intramolec-
ular H bonds could contribute to this phenomenon to a large
extent).[10] Interestingly, two driving forces compete in our
compounds: the central PAMAM (polyamidoamine) star-
burst polymer leads to a spherical arrangement, while the
mesogenic terminal units tend to interact with each other to
form parallel aggregations that give rise to the liquid crystal
state.

We have investigated the supramolecular liquid crystalline
organization observed in these molecules. These investiga-
tions allow us to draw interesting conclusions about the
molecular plasticity of this type of dendromesogen and even
to predict the mesogenicity of new generations of homologous
dendrimers or similar dendrimeric structures.

Results and Discussion

Synthesis : The dendrimers were synthesized by the conden-
sation of 4-(4'-decyloxybenzoyloxy)salicylaldehyde with the
terminal amino groups of the corresponding generation of
PAMAM (0, 1, 2, 3, and 4) (Scheme 2).

All the compounds were isolated as air-stable yellow solids
that are soluble in solvents such as dichloromethane, chloro-
form, and THF, and are insoluble in ethanol.
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Characterization : The chemical structures of these com-
pounds were established on the basis of 1H NMR, 13C NMR,
and IR spectroscopy, FAB� and MALDI-TOF mass spec-
trometry, gel permeation chromatography (GPC), and ele-
mental analysis. All these techniques gave satisfactory results.

IR, 1H NMR, and 13C NMR spectroscopy have proved very
useful in confirming the structure and the purity of these
materials. Interestingly, the spectra of these materials closely
resemble those of typical polyamides. Evidence for the
condensation reactions was provided by the lack of a signal

at d� 195 in the 13C NMR spectra (which corresponds to the
carbonyl group of the aldehyde) along with the total absence
of the NH2 signals from the starting compound in the 1H NMR
and IR spectra. In addition, the excellent solubility of these
dendrimers in CDCl3 allowed us to integrate the different
peaks in the 1H NMR spectra, confirming in all cases that the
expected polymer had been obtained.

The molecular masses of the higher molecular weight
dendrimers (PAMAM-2.0-L16, PAMAM-3.0-L32, and PA-
MAM-4.0-L64) could not be measured by either FAB� or
MALDI-TOF techniques. In contrast, the lower molecular
weight dendrimers (PAMAM-0.0-L4 and PAMAM-1.0-L8)
exhibit good FAB� and MALDI-TOF spectra that contain
peaks for the [M�] and [M��Na] ions. GPC measurements
(mobile phase: THF; calibration standard: polystyrene)
confirmed the presence of practically monodisperse polymers
in all cases. However, as is often the case with dendrimers, a
marked deviation from the calculated molecular weight was
found in the experimental data, even for the low molecular
weight compounds.[11]

Mesogenic behavior: The liquid crystalline properties of these
compounds were studied by polarizing optical microscopy,
differential scanning calorimetry (DSC), and X-ray diffrac-
tion. The thermal and thermodynamic data are summarized in
Table 1.

All the dendrimers exhibit liquid crystalline behavior. With
the exception of compound PAMAM-1.0-L8, the compounds

Abstract in Spanish: Se describe la síntesis y el comporta-
miento como cristal líquido de una nueva serie de dendrímeros
derivados de PAMAM. La serie consta de cinco nuevos
compuestos que contienen 4, 8, 16, 32 y 64 unidades Øster
mesoÂgenas perifØricas enlazadas a la generacioÂn 0, 1, 2, 3 y 4 de
poli(amidoamina) (PAMAM), respectivamente. Los cinco
compuestos investigados presentan una mesofase esmØctica
A, para la que se propone un modelo estructural vaÂlido para
varias generaciones de dendrímeros. Este modelo se basa en
una caracterizacioÂn estructural que consiste principalmente en
estudios de rayos X. Las molØculas de estos compuestos
muestran un alto grado de plasticidad y tienden a adoptar la
forma maÂs conveniente para proporcionar comportamiento de
cristal líquido. Las unidades mesoÂgenas forman agregados
paralelos que dan lugar a la estructura esmØctica.

Scheme 1. Structures of the PAMAM dendrimers.
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are obtained in an amorphous state and melt into a fluid
mesophase at relatively low temperatures. The first heating
scan did not afford easily identifiable textures. However, on
cooling the isotropic liquid, small baÃ tonnets appeared which
changed to give a homeotropic texture under mechanical
stress. This behavior suggests a lamellar orthogonal meso-
phase; this was confirmed by X-ray measurements and
identified as a smetic A mesophase (SmA).

These dendrimers behave as typical polymers and, in
general, the DSC curves appear complex for the first heating
scan. However, in the second scan after an annealing process,
very simple thermograms were obtained and only the glass
transition (Tg) and the isotropization transition (Ti) could be
observed (see Table 1 and Figure 1top).[12] The only exception
is compound PAMAM-1.0-L8, which shows a melting tran-
sition (Tm) in both the first and the second heating scans in
addition to the aforementioned transitions (Figure 1 bottom).
The mesophases freeze at low temperature and it is not
possible to observe the crystallization, even at ÿ40 8C.

Figure 1. DSC curves corresponding to the second heating scan (after an
annealing process) of the compounds PAMAM-2.0-L16 (top) and PAMAM-
1.0-L8 (bottom).

Table 1. Thermal and thermodynamic data of the phase transitions of the
LC dendrimers.

LC dendrimer Transition temperatures [oC] and
DH in parentheses [J gÿ1)]

PAMAM-0.0-L4 g 62 SmA 135.6 (8.6) I
PAMAM-1.0-L8 g 64 C 112.9 (1.0) SmA 137.5 (2.4) I
PAMAM-2.0-L16 g 66 SmA 170.6 (1.6) I
PAMAM-3.0-L32 g 65 SmA 184.8 (1.2) I
PAMAM-4.0-L64 g 67 SmA 181.7 (0.5) I
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X-ray diffraction : The X-ray patterns are
qualitatively similar in all cases.[13] The pat-
terns contain a set of two or three equally
spaced sharp rings in the small-angle region,
and a diffuse, broad halo in the wide-angle
region (Figure 2a). The presence of the
equally spaced maxima [reciprocal spacings
in the ratio 1:2(:3)] is characteristic of a well-
developed layer structure. The maxima cor-
respond respectively to the first-, second-,
and third-order reflections on the smectic
planes, whereas the wide-angle halo indicates
the existence of only short-range order (liq-
uid-like order) within the layers. This kind of
pattern is consistent with a smectic A meso-
phase. The measured distances are given in
Table 2.

All the patterns are characteristic of un-
oriented (powder) samples, as revealed by
the presence of diffraction rings as opposed to arc or crescent-
shaped spots. Aligned samples were obtained by stretching
the samples against the capillary wall with a glass or metal rod
at a temperature slightly lower than the clearing point.

Figure 2. X-ray diffraction photographs of the frozen SmA mesophase of
PAMAM-2.0-L16 at room temperature: a) unoriented pattern and
b) aligned pattern. The alignment direction is horizontal.

Oriented patterns were obtained when the samples submitted
to this treatment were irradiated at room temperature. In the
resulting patterns the small-angle maxima appear as a set of
spots aligned along the direction perpendicular to the align-
ment direction, whereas the diffuse halo remains as an almost
isotropic ring (Figure 2 b). These features indicate that the
smectic layers become oriented along the stretching direction
(i. e. the stretching direction is contained in the smectic
planes); however, the orientational order within the layers is
poor.

Supramolecular organization in the mesophase : As can be
seen from the results presented in Table 1, all the compounds
show a SmA phase. However, as we explained above, a
globular structure should be expected, at least for the
materials of the highest generations which bear a large
number of terminal units.[10] Since a SmA phase is typical of
elongated molecules, two questions arise: what is the pre-
ferred molecular conformation and what is the nature of the
molecular packing in the mesophase?

As regards the first question, in principle two conforma-
tions could be possible in a general sense: a radial conforma-
tion or a parallel conformation (Figure 3). In the first case the
mesogenic units are radially arranged around a central moiety
to which they are linked by a variable number of amidoamine
units that extend from that point (the molecules�s center of
mass). In the parallel model the flexible poly(amidoamine)
chains would adopt the appropriate conformation to allow the
mesogenic units to be parallel to each other, probably
extending up and down from the molecule center.

In order to gain an insight into this point, some calculations
can be made based on density estimations and the measured
values of the layer thickness. The molecular volume can be
estimated from the molecular mass and the density. The
molecular area in �2 can then be expressed as area�V/d,
where V is the molecular volume in �3 and d is the layer
thickness in �. Table 2 lists the calculated molecular areas,
assuming that the density of these compounds must be close to
1 g cmÿ3. Interestingly, the values obtained are directly
proportional to the number of mesogenic units. This is

Table 2. X-ray data of the compounds.

Compound Measured
distances [�]

hkl Layer
thickness d [�]

Molecular
area [(�)2]

Area per
mesogenic unit [(�)2]

PAMAM-0.0-L4 51.9 0 0 1 52.0 65 32.5
26.1 0 0 2

4.5(broad)
PAMAM-1.0-L8 57.2 0 0 1 57.3 130 32.5

28.7 0 0 2
4.4(broad)

PAMAM-2.0-L16 59.3 0 0 1 59.5 261 32.6
29.9 0 0 2

4.5(broad)
PAMAM-3.0-L32 60.5 0 0 1 60.3 525 32.8

30.2 0 0 2
20.0 0 0 3

4.5(broad)
PAMAM-4.0-L64 61.1 0 0 1 61.0 1050 32.8

30.5 0 0 2
20.3 0 0 3
4.5(broad)
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consistent with the parallel model. Table 2 also lists the area
per mesogenic unit, with the assumption of an ideal structure
in which half of the mesogenic units extend upwards and half
of the mesogenic units extend downwards from the molecular
center. An almost constant value of 32.5 ± 32.8 �2 was
calculated in all cases. The proposed structural model is
represented schematically in Figure 4. The poly(amidoamine)
spacers are conformationally disordered and occupy the
central slab of the smectic layers; the mesogenic units extend
to both sides. The conformational disorder of the poly(amido-
amine) groups (and of the peripheral decyloxy chains)
explains the nearly isotropic character of the wide-angle halo,
associated with the intralayer order, found in the aligned
X-ray patterns.

Additional support for the proposed model comes from a
graphical view of the evolution of the measured layer
thickness, that should correspond to the molecular length, as
the generation number increases (Figure 5). Although we
assume a cylindrical model as the most simple structure,
this simple molecular model will be deformed in the
mesophase in order to fill the space between the neighboring
molecules. The increase observed in the layer thickness from
PAMAM-0.0-L4 to PAMAM-1.0-L8 is associated with a
preferentially extended conformation of the amidoamine
group. The increase in the molecular length is smaller from
PAMAM-1.0-L8 to PAMAM-2.0-L16, and finally the increase
is very small for the highest generation derivatives. For the
latter, the poly(amidoamine) groups tend to fill all the space
in the central part of the molecule, which means that they
must adopt a very curled arrangement, and therefore

Figure 4. Schematic drawing of the proposed molecular packing of the
PAMAM dendromesogens in the mesophase. a corresponds to the region
occupied by the poly(amidoamine) spacers and d is the layer thickness.

Figure 3. Schematic view of the two possible molecular conformations of the PAMAM dendromesogens. Left) Radial arrangement of the mesogenic units.
Right) Parallel arrangement of the mesogenic units.
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they contribute mainly to the molecular width rather than to
the molecular length.

The formation of H bonds between the amido groups
contributes to the maintenance of a stable aggregation of the
central structure, which plays a special role in the behavior of
the PAMAM central group. The existence of these hydrogen
bonds has been proved by means of spectroscopic methods,
mainly by IR and 1H NMR spectroscopy.[14]

On the basis of the parallel model, it could be possible to
predict the molecular parameters of the hypothetical cylinder
corresponding to further generations. A clear trend is
observed for both the molecular length and the molecular
width (measured as the diameter of the cylinder). Thus, for
the sixth generation, the molecular diameter is expected to
exceed the molecular length (Figure 6). However, if we
consider the most extended structure of the PAMAM central
core, corresponding to the all-trans conformation of the
branches extended in the plane perpendicular to the molec-
ular axis, it is possible to maintain the molecular model. For
example, for the sixth generation the molecular diameter
calculated by extrapolating the corresponding curve in Fig-

ure 6 is �73 �, whereas the all-
trans PAMAM central structure
could extend up to �100 �.

In addition to this, and taking
into account that the liquid
crystalline behavior depends
mainly on the mesogenic cores,
we can extend this type of
calculation to other central
dendrimeric structures that
bear the same peripheral meso-
genic units. Thus, preliminary
studies with the poly(propylene
imine) dendrimers (DAB-
dendr)[15] yield comparable re-
sults.[16]

Another interesting possibility for these materials is the
introduction of metals into two different parts of the
molecule: into the coordination position of the imine-hydroxy
groups of the mesogenic core in a similar manner to
the classical salicylidenamine metallomesogenic complexes,[17]

or into the PAMAM central structure.[18] Complexation
with metals would be expected to modify the dendrimeric
structure and consequently the liquid crystalline proper-
ties.

Experimental Section

Techniques : Microanalyses were performed with a Perkin-Elmer240B
microanalyzer. Infrared spectra were obtained with a Perkin-Elmer 1600
(FTIR) spectrophotometer in the range n� 400 ± 4000 cmÿ1. 1H and
13C NMR spectra were recorded on a Varian Unity 300 MHz spectrometer
in CDCl3 solutions. Mass spectra were obtained with a VGAutospec
spectrometer with positive-ion FAB (FAB�) (3-nitrobenzyl alcohol
(NBA)). MALDI-TOF (matrix-assisted laser desorption/time-of-flight)
mass spectra were obtained with a Kratos Analytical Kompact Maldi 2 K-
Probe operating in a positive mode, and were analyzed by the associated

software on a Sun AparcStation4.
Samples were applied to the sample
slides by first depositing the matrix
dissolved in THF (10 mg mLÿ1,
0.5 mL), followed by the sample dis-
solved in CH2Cl2 (�1 mg mLÿ1,
0.5 mL), and the slides were then air-
dried. Gel permeation chromatogra-
phy (GPC) was carried out in a Waters
liquid chromatography system equip-
ped with a 600E multisolvent delivery
system and 996 photodiode array de-
tector. Two Ultrastyrage columns
(Waters; pore size: 500 and 104 �)
were connected in series. THF was
used as the mobile phase with a flow
rate of 0.8 mL minÿ1. Calibration was
performed with polystyrene standards.
The optical textures of the mesophases
were studied with a Meiji polarizing
microscope equipped with a Met-
tler FP8 hot-stage and an FP80 central
processor. The transition tempera-
tures and enthalpies were measured
by differential scanning calorimetry
with a Perkin ± Elmer DSC-7 instru-
ment which was operated at a scanning
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Figure 5. Evolution of the molecule size versus the generation number in PAMAM dendromesogens. The
molecules are assumed to adopt an ideal cylindrical shape.

Figure 6. Graphical representation of the molecule length d and the molecule diameter F versus the generation
number in PAMAM dendromesogens.F was estimated from the molecular areas in Table 2 and Figure 5 assuming
an ideal circular section.
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rate of 10 8Cminÿ1 on heating. The apparatus was calibrated with indium
(156.6 8C; 28.4 J gÿ1) as the standard. X-ray diffraction experiments were
carried out on powder samples in a pinhole camera (Anton ± Paar)
operating with a Ni-filtered CuKa beam. The samples were held in
Lindemann glass capillaries (1 mm diameter), and the X-ray patterns were
collected on a flat photographic film.

General procedure for the condensation of 4-(4''-decyloxybenzoyloxy)sa-
licylaldehyde with PAMAM dendrimers : To a stirred solution of 4-(4'-
decyloxybenzoyloxy)salicylaldehyde in CH2Cl2 (15 mL) was added neutral
activated grade I alumina (0.5 g) and then the corresponding poly(amido-
amine). The mixture was refluxed under nitrogen until the aldehyde had
completely reacted (usually 8 ± 10 h). The alumina was filtered off and the
solvent from the filtrate evaporated under vacuum. The resulting solid was
dissolved in hexane and precipitated from ethanol. Yields: 70 ± 85%.

Characterization : Because of the similarity of the 1H and 13C NMR spectra
of these materials, we only quote the data for the PAMAM-2.0-L16

dendrimer as a representative example. The data obtained from other
techniques have been quoted for all compounds.

PAMAM-0.0-L4 : IR (Nujol): nÄ � 3295, 3068(CON-H), 1727(OC�O), 1656
(sh, OC-NH), 1637.3 cmÿ1 (CH�N); elemental analysis calcd for
C118H160N10O20 (%): C 69.54, H 7.85, N 6.87; found: C 69.9, H 7.3, N 6.6;
FAB-MS (NBA matrix): m/z : 2061 [M�Na]� ; MALDI-TOF: m/z : 2038.7
[M�].

PAMAM-1.0-L8 : IR (Nujol): nÄ � 3277, 3083 (CON-H), 1732 (OC�O), 1656
(sh, OC-NH), 1635 cmÿ1 (CH�N); elemental analysis calcd for
C254H352N26O44(%): C 68.21, H 7.87, N 8.14; found: C 68.0, H 7.8, N 8.0;
FAB-MS (NBA matrix): m/z : 4475 [M�1]� ; MALDI-TOF: m/z : 4497.4
[M�Na]� .

PAMAM-2.0-L16 : 1H NMR (300 MHz, CDCl3) d� 13.7 (s, 4H), 8.20 (s,
4H), 8.03(d, J� 9 Hz, 8H), 7.82 (br s, 4H), 7.13 (d, J� 8 Hz, 4H), 6.89 (d,
J� 9 Hz, 8H), 6.64 (d, J� 2 Hz, 7H), 6.56 (dd, J� 8 Hz, J� 2 Hz, 4H), 3.97
(t, 8 H), 3.70 ± 3.55 (m, 7H), 3.55 ± 3.40 (m, 8H), 3.25 ± 3.10 (m, 8 H), 2.75 ±
2.55 (m, 14H), 2.55 ± 2.40 (m, 6 H), 2.40 ± 2.20 (m, 14 H), 1.85 ± 1.70 (t, 8H),
1.50 ± 1.20 (m,�56 H), 0.85 (t, J� 7 Hz, 12H); 13C NMR (300 MHz, CDCl3)
d� 173.16, 172.73, 165.78, 164.52, 164.25, 163.66, 154.61, 132.75,
132.31,131.53, 121.06, 116.19, 114.32, 112.07, 110.74, 68.33, 57.20, 50.0,
39.97, 33.94, 31.87, 29.54, 29.37, 29.30, 29.08, 25.96, 22.65, 14.10; IR (Nujol):
nÄ � 3306, 3069 (CON-H), 1730 (OC�O), 1659 (sh, OC-NH), 1639 cmÿ1

(CH�N); elemental analysis calcd for C526H736N58O92 (%): C 67.63, H 7.88,
N 8.70; found: C 67.3, H 7.5, N 8.7.

PAMAM-3.0-L32 : IR (Nujol): nÄ � 3314, 3100 (CON-H), 1730 (OC�O),
1658 (sh, OC-NH), 1637 cmÿ1 (CH�N); elemental analysis calcd for
C1070H1504N122O188 (%): C 67.37, H 7.88, N 8.96; found: C 67.4, H 8.1, N 8.9.

PAMAM-4.0-L64 : IR (Nujol): nÄ � 3306, 3069 (CON-H), 1730 (OC�O),
1656 (sh, OC-NH), 1637 cmÿ1 (CH�N); elemental analysis calcd for
C2158H3040N250O380 (%): C 67.23, H 7.89, N 9.08; found: C 66.9, H 7.8, N 9.0.
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