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ABSTRACT: The synthesis, chemical characterization and liquid crystalline behavior of a series of seven
poly(amidoamine) (PAMAM) codendrimers are described. These compounds were obtained by grafting
two types of terminal promesogenic units, that carry either one or two decyloxy chains, in various
proportions onto the third generation of PAMAM dendrimer. The average number of promesogenic units
was determined by using an original interpretation of the NMR spectra. X-ray diffraction studies show
that these compounds exhibit lamellar and/or columnar mesophases. The type of mesophase is determined
by the number of each kind of promesogenic units present in a given codendrimer and by the temperature.
The evolution of the supramolecular organization of the different molecules is explained as a function of
the number of alkoxy chains present around the dendritic core and compared to the models developed
for the homodendrimers totally functionalized by promesogenic units with either one or two decyloxy

chains.

Introduction

One fascinating aspect of polymer chemistry is to
observe how very weak intermolecular forces can de-
termine the unique properties of these materials. Den-
drimeric compounds,! a representative subclass of poly-
mers, represent an optimum testing bench in these
types of studies. In these covalent materials, the mol-
ecules are forced to adopt very constrained and regular
structures, and consequently, the different molecular
parts tend to look for the most favorable arrangement
in order to generate the most stable structure.

In liquid crystalline dendrimers,? the interactions
between the different mesogenic units can modify to a
great extent the molecular arrangement and conse-
quently the type of mesophase observed. Moreover,
liquid crystalline dendrimers are also of academic
interest in that they combine two opposite tendencies
within the same molecule: an isotropic dendritic archi-
tecture to which anisotropic structural units are at-
tached. This particular block may behave in two oppo-
site ways depending on the balance between the dendritic
part and the anisotropic units part. Either the dendritic
branches radiate from a central core, becoming more
crowded as they extend out to the periphery (this results
in a spherical morphology (starburst shape in dendrimer
terminology) where all the branches are distributed
isotropically in space because of entropic forces) or the
mesogenic groups, showing strong anisotropic interac-
tions between each other, tend to be oriented parallel
to one another, resulting in the formation of mesophases
driven by the enthalpic gain. Therefore, this class of
materials represents a nice example of the competition
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between entropy and enthalpy within one single mol-
ecule.

The liquid crystalline properties of some poly(ami-
doamine) (PAMAM) dendrimers for which the terminal
groups are functionalized by one-chain promesogenic
calamitic units have been recently reported.® The ge-
ometry adopted by these compounds is completely
different to the starburst structure adopted by the
“naked” dendrimers i.e., dendrimers that do not contain
any mesogenic groups on their outer surface. The weak
interactions between the mesogenic units are strong
enough to force the dendritic molecules into a cylindrical
geometry, which resembles a heavy thick rodlike struc-
ture. As such, smectic and particularly SmA phases are
formed by the mutual lateral arrangement of these giant
rods.

Interestingly, hexagonal columnar phases have been
obtained in an homologous series of the same dendrim-
ers but with the promesogenic calamitic units function-
alized by two or three terminal chains.* The various
generations of dendrimers have been shown to adopt
wedgelike or disk structures capable of self-organization
into columnar supramolecular structures, by the self-
assembling of these basic molecular objects into col-
umns.

In contrast to what has been claimed of a series of
carbosilane homodendrimers,® a direct transition be-
tween these two mesophases as a function of either the
generation or the temperature has not yet been observed
within this familly of dendrimers. It was therefore of
particular interest to design new dendritic molecules
that can show a lamellar to columnar mesophase
transition within the same compound as a function of
temperature. For this purpose, codendrimers function-
alized by two different promesogenic units bearing one
or two terminal aliphatic chains respectively, have been
prepared. In this paper we present the results obtained
from a series of homologous, third generation, PAMAM
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Figure 1. Schematic representation of the codendrimers. X
is equal to the number of promesogenic units L.

codendrimers which have 32 mesogenic units function-
alized by one chain (L;) or two chain (L) promesogenic
units in various proportions Li/L, (100/0, 94/6, 87.5/12.5,
75/25, 62.5/37.5, 50/50, 25/75, 12.5/87.5 and 0/100)
(Figure 1).

The regular variation of the comonomer ratio was
thought to smoothly modify the density of aliphatic
chains at the outer surface of the dendrimers, forcing
the dendrimer to adopt constrained conformations. In
this way, the mesomorphic behavior of the correspond-
ing liquid crystalline codendrimers was expected to
change from smectic phases to columnar mesophases.
The different mesomorphic structures are explained in
view of the necessary molecular arrangement adopted
by the mesogenic units as a function of the total number
of aliphatic chains in one single dendritic molecule.

Results and Discussion

Synthesis. All the dendrimers were synthesized by
condensation reactions between the terminal amino
groups of third generation PAMAM dendrimer and the
aldehyde function of the peripheral units, which con-
sisted of well-defined mixtures of 4-(4'-decyloxybenzoy-
loxy)salicylaldehyde (L;) and 4-(3',4'-didecyloxybenzoy-
loxy)salicylaldehyde (L) in various proportions. As it
will be seen in the characterization section, the prome-
sogenic units L; and L, are statistically distributed
around the dendrimer core, essentially due to their
similar reactivity with the dendritic core, both in terms
of position and number as determined by the initial ratio
of Li/L,. Isolated as air-stable yellow solids, the com-
pounds are soluble in dichloromethane, chloroform,
THF, and insoluble in ethanol.

Characterization. The chemical structures of the
compounds were established on the basis of 1H, 2C
NMR, IR spectroscopy, and elemental analysis. All these
techniques gave satisfactory results.

IR, 'H NMR, and 13C NMR spectroscopic techniques
have proved very useful in confirming the structure and
the purity of these materials. In addition, the excellent
solubility of these dendrimers in CDCI; allowed us to
confirm in all cases that the expected dendrimers were
obtained. Evidence of the condensation reaction was
provided by the lack of a signal at 6 = 192 in the 2C
NMR spectra (which corresponds to the carbonyl of the
aldehyde) along with the total absence of the NH;
signals from the starting compound in 'H NMR and IR
spectra.
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proton NMR peaks in the PAMAM codendrimers series.
Experimental value of X (Xexpt) Were added.

IH NMR was used for the determination of the
average number of L; and L, present in a given
codendrimer. As a matter of fact the benzoyloxy moiety
of the promesogenic unit L; gives rise to an AA’XX' spin
system in the proton NMR spectrum with the two
resultant resonances centered at 8.12 ppm (H1) and 6.98
ppm (Figure 2). In contrast, the benzoyloxy moiety of
the promesogenic unit L, gives rise to three distinct
proton resonances at 6.94 ppm, 7.62 ppm (H2), and 7.80
ppm. Therefore, by comparing the integration of the
proton NMR signals of H1 and H2 to the theoretical
ratio of promesogenic units L; and L,, it was possible
to determine the average relative concentration of each
promesogenic unit in a given codendrimer.5 Experimen-
tal values of L; and L, determined by this method are
presented in Table 1. Furthermore, the representation
of the whole *H NMR spectrum in the benzene ring area
clearly shows the increase (respectively the decrease)
of the intensity of the resonance peak associated with
H2 (H1) in proportion of the number of promesogenic
units L, (L;) present in a given codendrimer (Figure 2).

As can be seen, good agreement between the experi-
mental and theoretical values is obtained confirming the
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Table 1. Experimental and Theoretical Number of
Promesogenic Units L; and L, Determined by 'H NMR

L1 I—2
codendrimer expt % theor expt %  theor

PAMAM(L1)30(L;)2 304 950 30 16 50 2
PAMAM(L1)28(L,)4 283 884 28 3.7 116 4
PAMAM(L1)24(L,)8 247 772 24 73 228 8
PAMAM(L1)20(L;)12 19.2 60.0 20 128 40 12
PAMAM(L)16(L;)16 16.0 50.0 16 16.0 50 16
PAMAM(L1)S(L2)24 7.9 247 8 241 753 24
PAMAM(L1)4(L2)28 2.8 88 4 292 912 28

similar reactivity of the two comonomers in the con-
densation reaction. HPLC chromatograms obtained for
each compound of the series reflect this statistical
distribution of the codendrimers by exhibiting broad
peaks containing a maximum centered on the desired
compound.

Thermal and Mesomorphic Behavior. Decomposi-
tion of these materials was found by thermogravimetric
analysis to occur at around 200°C. To avoid any decom-
position of the compounds all the thermal and thermo-
dynamic studies were performed below this tempera-
ture.

The liquid crystalline properties of these codendrim-
ers were studied by polarizing optical microscopy (POM),
differential scanning calorimetry (DSC), and X-ray
diffraction (XRD). The thermal and thermodynamic data
of the PAMAM(L1)32—X(L2)X dendrimers are sum-
marized in Table 2. The phase behavior of these materi-
als is presented in Figure 3.

As previously reported, the dendrimers fully func-
tionalized with either promesogenic units L; (bearing
one terminal chain) or L, (bearing two terminal chains)
exhibit only one mesophase, namely a SmA or a Coly
phase respectively, whereas all the new codendrimers
exhibit polymorphism depending on the relative propor-
tions of L; and L,. In addition to the SmA phase, the
codendrimers exhibit a low-temperature SmC phase
(X =2, 4, 8, 12) or a Col, phase when X = 16, 24; the
codendrimer with X = 28 exhibits both Col, and Coly
phases.

These codendrimers present very simple DSC ther-
mograms during the first heating scan. They exhibit a
glass-to-mesophase transition at Ty, a mesophase-to-
mesophase transition at Tmes, and a mesophase-to-
isotropic liquid transition at T; (Figure 4). The values
of Tg and Tmes are given from the second heating scan
when the first heating scan was stopped just below the
isotropic temperature. The latter is given from the last
heating scan. For all the codendrimers, the temperature
of the mesophase—mesophase transition decreases
slightly as a function of the number of heating runs.
This behavior can be explained in terms of a rearrange-
ment of the molecular conformation that takes place at
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Figure 4. DSC curve corresponding to the fourth heating scan
of the codendrimer PAMAM(L1)28(L>)4.

high temperature, and in some extent to some degree
of polymolecularity. Indeed, the high proportion of the
soft part in these molecules (central dendritic network
and peripheral chains) allows for a high conformational
freedom that would account for a statistic redistribution
of the collection of shapes and hence the adoption of
either a pronounced globular conformation or a flattened
shape during these successive thermal treatments.
Moreover, the variation of AS as a function of the
experimental number of L, (Figure 5) deserves some
comments. A regular decrease of the entropy values is
observed at the SmC to SmA and SmA to | transitions
when the proportion of L, increases. This seems to
indicate a destabilization of the lamellar phases when
the number of aliphatic chains on the outer surface of
the codendrimer increases, pointing to a decrease in the
interactions between the dendrimeric molecules. Simi-
larly, the entropies of Col, to I and Col, to SmA
transitions decrease when the proportion of L; increases,
pointing to a destabilization of the columnar structure.
X-ray Diffraction Studies. The nature of the mes-
ophases was determined by X-ray diffraction (XRD), as
a function of temperature. For this study, the samples

Table 2. Thermal (T°¢) and Thermodynamic Data (AHY) for the PAMAM(L1)32—X(L2)X Codendrimers Series

g Coly Colp SmC SmA |

PAMAM(L1)30(L2)2 « 36.52 e 108.02 (14.0) o  1747° (16.5)
PAMAM(L1)28(L2)4 « 38.92 e 105.08 (14.4) . 180.4> (13.4)
PAMAM(L1)24(L2)8 « 31.52 . 83.72 (10.1) + 178.9° (13.0)
PAMAM(L1)20(L2)12 o 27.02 . 98.92 (7.2) o  163.7° (12.2) .
PAMAM(L1)16(L2)16  35.52 o 108.22 (11.9) o 171.0> (10.6) o
PAMAM(L1)8(L2)24 » 31.12 o 11272 (16.8) e 176.7° (8.8)
PAMAM(L1)4(L,)28 « 36.12 o 107.9% (14.4) o+ 181.4° (12.5) .

a Data correspond to the second heating scan of initial sample without reaching the isotropic temperature ° Data correspond to the
first heating scan of a different sample reaching the isotropic temperature. ¢ Temperatures (°C) of the mesophase transition and isotropic
point are taken at the maximum of the peaks. 9 Value of AH from the phase transition (in J mol~1. K1) are put in parentheses near the

corresponding temperature.
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Figure 6. Variation of the inter lamellar spacing d as a
function of temperature for the PAMAM codendrimers.

were loaded into Lindemann glass capillaries and ir-
radiated at room-temperature both in the virgin state
and after a thermal treatment consisting of heating the
sample to a temperature at which it is fluid, annealing
at this temperature for a few minutes, and then cooling.
In addition to this, high-temperature experiments were
also carried out.

Before the detailed analysis of the different types of
mesophases obtained is given, let us remark that the
mesomorphic organizations (lamellar or columnar) were
retained at room temperature in the glassy state for all
the dendrimers. The existence of smectic mesophases
was easily confirmed by the presence of a set of (at least)
two equally spaced maxima (reciprocal spacings in the
ratio 1:2) in the low-angle region of the X-ray patterns.
In contrast to the general behavior observed in classical
low-molecular-weight liquid crystals in which the layer
spacing is larger in the SmA than in the SmC me-
sophase, the opposite behavior was found in this series
(as in other series of dendrimers previously reported“c)
(see Figure 6). The hexagonal columnar mesophase was
identified by the presence of a set of three sharp
reflections in the ratio 1:4/3:4/4 in the low-angle region
of the X-ray patterns. As for the rectangular columnar
mesophase, a more complex pattern was systematically
obtained including two small-angle fundamental reflec-
tions as well as some additional higher order reflections
that were indexed according to a two-dimensional
rectangular lattice. In addition, all the X-ray patterns
of the smectic and of the columnar mesophases contain
in the wide-angle region a broad, diffuse halo charac-
teristic of the conformationally disordered aliphatic
chains. The types of mesophases determined for each
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Figure 7. Schematic representation of the transition from
the columnar rectangular mesophase to the lamellar smectic
A mesophase exhibited by codendrimers containing intermedi-
ate numbers of L, units (X = 16, 24, 28).

compound by the combination of texture observations
and X-ray diffraction are represented in Figure 3, and
the deduced structural parameters are given in Table
3.

It is worth noting that in all cases the layer spacing
(d paramenter in Table 3) is significantly smaller than
the moleculer length estimated from its most stretched
conformation. This is not unexpected, and the same
phenomenon is generally observed in classical calamitic
liquid crystals as a consequence of the disorder of the
hydrocarbon chains. In the case of dendrimers this
behavior is even more marked, because not only the
terminal hydrocarbon chains but also the central den-
drimer cores are highly disordered. As far as the
rectangular columnar mesophases are concerned, the
a lattice parameter is in the three cases much larger
than the b parameter (Table 3). Furthermore, for the
two compounds that show both smectic A and rectan-
gular columnar mesophases, the value of the rectangu-
lar lattice parameter a is about twice the value of the
smectic spacing d. To account for this behavior, we must
assume that the molecules are packed in the columnar
mesophase with the mesogenic units and the terminal
hydrocarbon chains elongated mainly along the a axis.
The molecules located at the center and at the corners
of the unit cell, are arranged in such a way that the
chains of two molecules (one at the center and another
one at a corner) are not interdigitated but are only in
contact via their terminal methyl groups. Thus, each
molecule occupies a length of a/2 (see Figure 7). Such a
rectangular columnar mesophase corresponds to a two-
dimensional arrangement of parallel columns where the
terminal hydrocarbon chains segregate in layers. At the
transition to the smectic A mesophase the correlation
along the columnar axis is lost, leading to the disruption
of the two-dimensional positional ordering so that the
columnar order is destroyed generating a lamellar
system. This description of the columnar-to-smectic
mesophase transition is consistent with what has been
observed in other liquid crystalline systems with com-
plex morphologies.”

It is worth mentioning, that for each compound and
for a particular mesophase the structural parameters
depend not only on the temperature (see Figure 6) but
also on the thermal history. Indeed, when several X-ray
patterns are taken at a constant temperature, a de-
crease in the layer spacing is clearly observed, particu-
larly in the SmA phase. For example, d in the smectic
A phase of PAMAM(L1)16(L)16 is initially 57 A at
125°C, but decreases down to 54 A when the sample is
maintained at this temperature for 2 h, and is found to
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Table 3. X-ray Results for the Mesophases of Compounds in the Series PAMAM(L1)32—X(L2)X¢

compound T (°C) M hkla dobsd (A) dearca (A) lattice constants (A)2
PAMAM(L1)25(L2)a 25 SmcC 001 59.6 60.0 d=60
002 30.2 30.0
4.4b
55 SmC 001 59.6 59.5 d=595
002 29.6 29.75
4.4b
125 SmA 001 54.8 55.0 d=055
002 27.9 27.5
4.6°
PAMAM(L1)24(L2)s 25 SmcC 001 60.4 60.0 d=60
002 30.2 30.0
4.3b
60 SmC 001 59.6 60.0 d=60
002 30.1 30.0
4.4b
115 SmA 001 57.8 58.0 d =158
002 29.4 29.0
4.6°
PAMAM(L1)20(L2)12 25 smcC 001 61.0 61.0 d=61
002 30.8 30.5
43P
80 SmC 001 60.0 60.5 d=60.5
002 30.8 30.25
4.4b
92 SmA 001 59.2 59.5 d=1595
002 29.8 29.75
4.5b
105 SmA 001 54.0 54.0 d=54
002 27.1 27.1
4.6°
PAMAM(Ll)le(Lz)le 80 COlrec 20 59.9 59.9 a =119.8
11 49.6 49.6 b =545
31 31.9 32.2
40 29.5 29.95
4.4b
125 SmA 001 56.9 57.0 d=57
002 28.5 28.5
4.6°
PAMAM(L1)s(L2)24 100 Colre 20 57.5 57.5 a =115
11 42.6 42.6 b =46
31 30.0 29.4
40 28.75 28.75
430
135 SmA 001 53.5 54.0 d=54
002 27.5 27.0
4.6°
PAMAM(L1)4(L2)2s 75 Colres 20 52.1 52.1 a =104.2
11 45.1 45.1 b =50
31 28.1 28.5
40 255 26.0
4.4
125 Colhex 10 53.6 53.7 a=62.3
11 31.6 31.0
20 26.8 26.8
4.5P
140 Colhex 10 46.8 46.8 a=>54

ad, layer spacing; a, b, rectangular or hexagonal lattice constants; h, k, I, Miller indices. P Broad, diffuse maximum. ¢ In each column
of the table are listed, respectively, the compound code, the temperature of the experiment, the type of mesophase, the proposed indexation,

the observed and calculated spacings, and the lattice constants.

be 52 A after 4 h at the same temperature. Indeed, the
data represented in Figure 6 were obtained from a study
performed on increasing temperature with an exposure
time of about 1 h for each temperature. For example,
the layer thickness of PAMAM(L;)16(L,)16 represented
in Figure 6 is 53.5 A at 125 °C, whereas it is 57 A when
the sample was heated directly to that temperature.
This phenomenon is probably connected with the above-
mentioned variation of the transition temperatures as
a function of the number of DSC scans. A tentative
explanation would be a change of the central dendritic
conformation when the materials are heated in the
highest temperature range of the mesophases conse-
quent to a redistribution of the terminal branches in
space. This would result in a more flattened shape of
the central dendrimer core due to an enhanced confor-
mational disorder. In the same way, this could explain

the smaller layer thickness of the SmA compared to the
SmC mesophase, an argument that together with the
orientational fluctuations of the mesogenic units was
used to account for the same phenomenon in a previous
series of DAB dendrimers.*

For useful comparisons, only the initial data (obtained
from short-exposure-time patterns) are presented in
Table 3. For the same reason, for the low-temperarature
mesophases, in which the effect of the temperature and
of the time is not significant, the data obtained at room
temperature are given in some cases. In fact, in the SmC
and in the Col, mesophases, the spacings measured at
room temperature do not change after the thermal
treatment mentioned at the begining of this section, and
they do not change significantly with increasing tem-
perature until the mesophase—mesophase transition
(see the SmC spacing of compounds PAMAM(L1)28(L>)4,
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PAMAM(L1)24(L,)8 and PAMAM(L1)20(L2)12 in Table
3).

Supramolecular Organization in the Mesophase.
Thus, from a general point of view, a change of me-
sophase structure was achieved by a simple molecular
approach (Figure 3), and such an evolution was found
to occur in a multiple-step process upon increasing the
content of the two-chained component, i.e., a dependence
on the relative proportions of promesogenic units L; and
L, and therefore on the number of alkoxy chains present
around the dendritic core. As could have been expected,
columnar mesophases, whatever their 2D symmetry
(hexagonal or rectangular), are observed for L,-rich
dendrimers, i.e., when at least half of the branches are
substituted with L, (X = 16). On the other hand, smectic
mesophases (SmA and SmC) are stable over a broad
concentration range, and are still observed for dendrim-
ers containing a relatively high content of L, units (0 <
X = 24). Both lamellar and columnar structures coexist
for intermediate numbers of L, units (16 < X < 24) as
a function of temperature. These changes are clearly
related to the increase in the average number of
peripheral chains around the dendrimer, i.e., the modi-
fication of the aliphatic/aromatic interfacial curvature;
hence, such a behavior is reminiscent of lyotropic
systems where one of the chemical constituents of an
amphiphile increases its area in contact with a solvent
having a similar polarity. In this case, the chains can
be considered as the solvent but directly linked to the
molecule, and thus the situation differs quite substan-
tially from purely lyotropic materials. In other words,
the so-called solvent acts more as a diluent or as a
swelling agent and is not a prerequisite condition for
mesophase formation. However, this is another original
illustration of the concept of internal solvent.

As it was shown previously,dendrimers functionalized
with promesogenic units containing only one decyloxy
chain form thick rods or cylinders which are further
organized into a lamellar SmA mesophase. This behav-
ior was described by a model based on the spatial
segregation of the various constitutive parts: the prome-
sogenic units are aligned more or less parallel to each
other and extended up and down from the dendritic core,
with a good segregation between the aliphatic and
aromatic parts. Incorporation of small amounts of the
promesogenic unit L, (X < 16) in the dendrimers
stabilized the SmC phase at low temperature and the
SmA phase at high temperature. The presence of
additional chains will slightly disturb this subtle equi-
librium, and in order to accommodate these extra
chains, the anisometric rigid cores will tilt so that the
cross sectional area of the cylinder is increased. Hence,
the SmC phase is formed, contrary to the case of the
homodendrimers with a single-chain mesogenic unit
where it is not observed. At higher temperature a SmA
mesophase appears due to the increasing molecular
disorder within the layer planes, and to the higher
conformation freedom of the alkoxy chains and den-
drimer core (the molecular area is indeed increased).
This phenomenon is likely accompanied by a random
tilt of the aromatic segments of the molecule with
respect to the normal of the layer plane which occur
with local fluctuation of the tilt angle and orientation
(i.e. there is no long-range correlation of the tilt angle
and the tilt plane). Presumably, this behavior could be
correlated to the breaking of the H-bonding of the
dendritic core.
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Figure 8. Lamellar to columnar evolution as a function of
the number of promesogenic units L; and L.

When the number of promesogenic units L, is equal
to or higher than L; (X = 16), all the compounds exhibit
a columnar mesophase which is rectangular or hexago-
nal depending on both the number of promesogenic
units L, and the temperature. Of particular interest
here is the Col, phase that exists either below the SmA
phase (X = 16, 24) or below the Col, phase (X = 28).
This mesophase clearly plays a pivotal role in the
transition between the lamellar and columnar regimes.
To try to explain the occurrence of these two meso-
phases, let us consider the space occupied around the
dendrimer core by the alkoxy chains. Usually, in such
types of liquid crystal dendrimers,*® a high density of
aliphatic chains imposes a curved interface between the
promesogenic units and the paraffinic chains. This
forces the dendritic core to change its spatial conforma-
tion from oblate to prolate; i.e. the thick rod conforma-
tion evolves toward a more flattened conformation and
hence from a lamellar to a columnar structure. These
deformations could be followed almost stepwise due to
the incremental increase of the chain density around
the dendrimer.

For PAMAM(L;)4(L2)28, the Col, to Coly, transition is
explained by a temperature effect, which provides an
higher degree of freedom to the alkoxy chains, and by
the number of chains, which is less than the homoden-
drimer fully substituted by L, mesogenic units. The
large number of chains is sufficient to force the den-
drimer to squeeze or flatten (Figure 8), and to generate
columnar self-assembling as explained previously.*
However, due to the slight deficit of chains compared
to the pure homodendrimer containing only L, units,
the chains are not distributed homogeneously around
the dendritic core but are distributed along preferred
directions as the temperature was lowered. This semi-
radial molecular conformation leads also to a self-
assembling process into columns, but with a noncircular
columnar cross section, and thus to the preferential
formation of a Col, mesophase. Reducing the number
of L, units at the expense of L; units (X = 16, 24) first
is sufficient to totally suppress the Col}, phase but not
the columnar mesomorphism, confirming the above
assumptions. It is also sufficient to allow stabilization
of the SmA phase as the temperature is increased.
Though one cannot give a clear explanation of this
columnar to smectic transition process, it is clear that
a subtle change of chain density has a strong influence
on the molecular conformation and the consequent
packing and organization within a mesophase. The Col,
phase plays an essential role as an intermediate phase
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that can accommodate such molecular distortions into
a perfectly stable arrangement.

Conclusions

In this paper we have shown that it is possible to
synthesize liquid crystal codendrimers which contain a
very well-defined ratio of two different kinds of prome-
sogenic unit. The characterization of these molecules
with high molecular weight was undertaken by a
combination of different techniques such as, elemental
analysis, infrared spectroscopy, and proton and carbon
NMR. NMR appeared to be very useful to determine the
average number of each kind of promesogenic units per
dendrimer. X-ray diffraction studies have permitted to
follow the mesomorphic behavior of these compounds
as a function of temperature and composition, from non
tilted lamellar mesophase to hexagonal columnar me-
sophase passing through tilted smectic and rectangular
columnar mesophases. This study has enabled us to
confirm that the mesomorphic behavior of such block
molecules could be modulated and controlled by a simple
modification of the ratio of two promesogenic units
present around the dendrimer core. According to these
results we have shown that it is possible to synthesize
codendrimers molecules “a la carte” exhibiting a pre-
dictable liquid crystalline behavior.

Experimental Section

Techniques. Microanalyses were performed with a Perkin-
Elmer 240B microanalyzer. Infrared spectra were obtained
with a Perkin-Elmer 1600 (FTIR) spectrophotometer in the
range ¥ = 400—4000 cm™* spectral range. *H and *C NMR
spectra were recorded on a Varian Unity 300 MHz spectrom-
eter in CDClj; solutions. The optical textures of the mesophases
were studied with a Nikon polarizing microscope equipped
with a Mettler FP8 hot-stage and an FP80 central processor.
The transition temperatures and enthalpies were measured
by differential scanning calorimetry with a Perkin-Elmer
DSC-7 instrument operated at a scanning rate of 10 °C min~!
on heating and cooling. The apparatus was calibrated with
indium (156.6 °C; 28.4 J g71) as the standard. Thermogravi-
metric experiments were performed using a TA instruments
SDT 2960 simultaneous DTA-TGA (heating rate 10 °C/min;
air stream). The XRD patterns were obtained with two
different experimental setups. In the first set, XRD measure-
ments were performed with a pinhole camera (Anton-Paar)
operating with a point-focused Ni-filtered Cu Ko beam. The
sample was held in Lindemann glass capillaries (1 mm
diameter) and heated, when necessary, with a variable-
temperature oven. The patterns were collected on flat photo-
graphic films. The capillary axis and the film are perpendicular
to the X-ray beam. Spacings were obtained via Bragg’s law.
In the second set the XRD patterns were obtained with a
Debye—Scherrer camera equipped with a bent quartz mono-
chromator, and a homemade oven. The crude powder was filled
in Lindemann capillaries of 1 mm diameter. The diffraction
patterns were recorded with a curved Inel CPS 120 counter
gas-filled detector linked to a data acquisition computer;
periodicities up to 60 A can be measured and the sample
temperature controlled to within +0.05 °C.

General Procedure for the Synthesis of Liquid Crys-
talline Codendrimers. Neutral activated grade | alumina
(0.6 g) and the third generation poly(amidoamine) dendrimer
was added, under argon, to a stirred solution of 4-(4'-decy-
loxybenzoyloxy)salicylaldehyde and 4-(3',4'-didecyloxybenzoy-
loxy)salicylaldehyde (in desired ratio L;:L) in CH,Cl, (75 mL).
After one night, the alumina was filtered off and the solvent
evaporated from the filtrate under vacuum. The yellow product
was dissolved in hexane and purified by column chromatog-
raphy (CH,Cly/Hexane 1:2). Yields: 70—85%.

Characterization. These materials exhibit similar *H and
13C NMR spectra. The data of the PAMAM (L;)16(L.)16
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codendrimer only are reported as a representative example.
Moreover, due to the complexity of the 'H NMR spectrum of
this codendrimer (broad picks), it was not possible to describe
it totally both in term of integration and peaks coupling. For
this reason, the chemical shift of each peak of the spectrum is
given. The data obtained from other techniques have been
reported for all the compounds of the series.

PAMAM(L1)4(L2)28. IR (Nujol): # = 3387, 3290 (CON—
H), 1728 (OC=0), 1658 (sh HN—C=0), 1638 cm~* (CH=N).
Anal. Calcd for 01348H2050N1220215 (234315) C, 6910, H, 886,
N, 7.29. Found: C, 68.47; H, 9.10; N, 7.10.

PAMAM(L1)8(L2)24. IR (Nujol): #» = 3375, 3300 (CON—
H), 1727 (OC=0), 1656 cm~* (sh HN—C=0), 1634 cm™* (CH=
N) Anal. Calcd for C1310H1984N1220212 (2283516) C, 6890, H,
8.76; N, 7.48. Found: C, 68.86; H, 8.74; N, 7.42.

PAMAM(L1)16(L,)16. *H NMR (300 MHz, CDCly): ¢ =
13.8, 8.21, 8.02, 7.99, 7.84, 7.71, 7.68, 7.56, 7.14, 7.12, 6.88,
6.86, 6.63, 6.57, 6.54, 3.98, 3.62, 3.45, 3.19, 2.67, 2.47, 2.29,
1.78, 1.76, 1.41, 1.23, 0.85, 0.84.

13C NMR (300 MHz, CDClg): ¢ = 173.08, 172.61, 165.77,
164.57, 163.99, 163.65, 154.57, 153.96, 148.68, 132.71, 132.29,
124.49, 121.74,121.09, 116.24, 114.59, 114.31, 112.09, 111.93,
110.67, 69.33, 69.03, 68.32, 57.36, 52.33, 50.15, 40.00, 33.99,
31.87, 29.54, 29.39, 29.32, 29.21, 29.08, 26.02, 25.96, 22.64,
14.06. IR (Nujol): ¥ = 3402, 3287 (CON—H), 1728 (OC=0),
1658 (sh HN—C=0), 1637 cm™! (CH=N). Anal. Calcd for
C1230H1824N1220204 (215843) C, 6844, H, 852, N, 7.92.
Found: C, 67.99; H, 8.43; N, 7.57.

PAMAM(L1)20(L2)12. IR (Nujol): 7 = 3364, 3284 (CON—
H), 1729 (OC=0), 1662 (sh HN—-C=0), 1638 cm~* (CH=N).
Anal. Calcd for Ci189H1744N1220200 (20947.27): C, 68.17; H, 8.39;
N, 8.16. Found: C, 67.93; H, 8.59; N, 7.83.

PAMAM(L1)24(L2)8. IR (Nujol): # = 3403, 3306 (CON—
H), 1726 (OC=0), 1657 (sh HN—C=0), 1634 cm~! (CH=N).
Anal. Calcd for C1150H1654N1220195 (2033484) C, 6793, H, 825,
N, 8.40. Found: C, 67.65; H, 8.81; N, 8.30.

PAMAM(L1)28(L2)4. IR (Nujol): ¥ = 3396, 3275 (CON—
H), 1729 (OC=0), 1655 (sh HN—C=0), 1639 cm~! (CH=N).
Anal. Calcd for C1110H1534N1220192 (1970916) C, 6764, H, 810,
N, 8.67. Found: C, 67.36; H, 8.55; N, 8.49.

PAMAM(L1)30(L2)2. IR (Nujol): # = 3405, 3282 (CON—
H), 1729 (OC=0), 1658 (sh HN—C=0), 1637 cm~! (CH=N).
Anal. Calcd for CiegH1564N1220191 (19540.89): C, 67.50; H, 8.07;
N, 8.74. Found: C, 66.96; H, 8.42; N, 8.53.
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Determination of the average number of promesogenic unit
L, by 'H NMR. The average number of promesogenic unit
L, was determined through the relation between the experi-
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mental ratio p of the two integrals H1 and H2

peakHl
pP=—— 1)
H2
peak

and the theoretical ratio of the percentage of L, and L,

%L _
1_ 32— X @)
%L, X

where X is the number of L, and 32 — X the number of L,
with % L or % L, equal to:

%LF%X 100 @3)
%L2=3—X2>< 100 )

From (1) and (2), the following relation is deduced

%L,

1
%L, 2" ©)

which leads to the final relationship

32
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