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Abstract: A new series of liquid crys-
talline poly(amidoamine) (PAMAM)
dendrimers is described. These dendrim-
ers are made by attaching to the 0-, 1-,
2-, 3-, and 4-generation of PAMAM-
terminal promesogenic units that carry
two decyloxy chains in the 3- and
4-positions of their peripheral aromatic
ring. X-ray diffraction studies show that

all the compounds display a hexagonal
columnar mesophase. A high density of
aliphatic chains imposes a curved inter-
face with the promesogenic units that

forces the molecules to adopt a radial
conformation, and therefore, the colum-
nar structure. A model for the supra-
molecular organization of the different
generations within the columnar meso-
phase is proposed based on the variation
of some of the structural parameters.
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Introduction

One of the most interesting aspects of polymer chemistry is
the observation of how very weak intermolecular forces,
mainly van der Waals forces or in some cases intermolecular
hydrogen bonds, can determine the unique properties of these
materials.[1] Dendrimeric compounds represent an optimum
testing bench in these types of studies. In these covalent
materials, the molecules are forced to adopt very constrained
and regular structures, and consequently, the different mo-
lecular parts tend to look for the most favorable positions in
order to obtain the most stable structure. In this way, it is
possible to observe in dendrimeric materials a wide variety of
different macromolecular structures that produce original
supramolecular organizations in some cases and/or new and
interesting properties in others.[2]

Among the different types of dendrimeric materials, the
liquid crystal dendrimers or dendromesogens prove to be of

special relevance for structure ± activity relationship studies.
In these compounds, the interaction between the different
mesogenic units could modify to a great extent the molecular
arrangement and consequently the type of mesophase ob-
served.[3±17]

Liquid crystalline dendrimers are also of academic interest
in that they combine two opposite tendencies: the structural
anisotropic units and the isotropic dendritic architecture.
Indeed, the branches radiate from a central core and become
more crowded as they extend out to the periphery; this results
in a spherical morphology (starburst shape in dendrimer
terminology), that is, all branches tend to be isotropically
distributed in space because of entropic forces. However,
mesogenic groups show strong anisotropic interactions be-
tween them, which result in the formation of mesophases
caused by the enthalpic gain. Therefore, this class of materials
represents a nice example of the competition between entropy
and enthalpy within one molecule.

We have recently reported the liquid crystalline properties
of some poly(amidoamine) (PAMAM) dendrimers function-
alized in their terminal groups by one-chain promesogenic
calamitic units.[15] In these compounds, and in contrast to
the starburst structure promoted by the PAMAM-only
dendrimers, the weak interactions between the mesogenic
units make the molecules adopt a cylindrical geometry, which
resembles a heavy thick rodlike structure that induces smectic
phases.

In this paper, we present the results obtained for a series of
homologous PAMAM dendrimers that carry in the terminal
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promesogenic units two decyl-
oxy chains in the 3- and 4-posi-
tions of the peripheral aromatic
ring (Scheme 1). This change
modifies the relationship be-
tween the hard part of the
dendrimer and the soft part,
corresponding to the PAMAM
central structure and the al-
koxy-terminal chains, respec-
tively. As a consequence of this
additional terminal chain, the
molecular interactions are
modified, the formation of the
aforementioned lamellar struc-
ture is then hindered, and the
molecules adopt another con-
formation that induces colum-
nar mesomorphism (Figure 1).

Results and Discussion

Synthesis and characterization :
The dendrimers were synthe-
sized by the condensation of 4-(3',4'-didecyloxybenzoyloxy)-
salicylaldehyde with the terminal amino groups of the
corresponding generation of PAMAM (0, 1, 2, 3, and 4).[15]

All the compounds were isolated as air-stable yellow solids,

which are soluble in solvents such as dichloromethane,
chloroform, and THF, and insoluble in ethanol.

The chemical structures of these compounds have been
established by using 1H, 13C NMR, and IR spectroscopy,
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Scheme 1. Structure of the five generation dendrimers.

Figure 1. Giant rods versus giant discs. Soft parts of the dendrimer (white areas): 1) terminal alkyl chains,
2) central PAMAM groups; hard parts of the dendrimer (gray areas): 3) promesogenic units.
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FAB� mass spectrometry, gel permeation chromatography
(GPC), and elemental analysis. All the above techniques gave
satisfactory results. These results are comparable to those
obtained for the one-terminal chain calamitic homologues
previously described.[15]

IR, 1H, and 13C NMR spectroscopy have proved very useful
in confirming the structure and the purity of these materials.
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 of the aldehyde) along with the
total absence of the NH2 signals from the starting compound
in 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, and
this confirms in all cases that the expected polymers were
obtained.

The molecular masses of the higher molecular weight
dendrimers (PAMAM-2.0-L16, PAMAM-3.0-L32, and PAMAM-
4.0-L64) could not be measured by the FAB� technique. In
contrast, the lower molecular weight dendrimers (PAMAM-
0.0-L4 and PAMAM-1.0-L8) exhibit a FAB� spectrum that
contains peaks for [M�1]� and [M�Na]� ions. GPC measure-
ments (mobile phase: THF, calibration standard: polystyrene)
confirmed in all cases, the presence of practically monodis-
perse polymers. However, as this is often the case with
dendrimers, a deviation from the calculated molecular weight
was found in the experimental data, even for the low
molecular weight compounds.[18]

Mesomorphic properties : The liquid crystalline properties
and the thermal stability of these compounds have been
studied by polarizing optical microscopy, differential scanning
calorimetry (DSC), thermogravimetry, and X-ray diffraction
(XRD). The thermal and thermodynamic data are summa-
rized in Table 1.

All the dendrimers prepared show liquid crystalline behav-
ior. Under the optical microscope a mesophase appears in all
cases. The texture of the mesophase displayed by these
compounds does not show any characteristic features, al-
though in some cases a pseudo-focal-conic texture was
identified.

Thermogravimetric analysis shows that all dendrimers
remain without any loss of weight below the clearing temper-

ature (Ti), as can be seen in the data of Table 1. As for the
related homologous compounds previously described, these
dendrimers behave as normal polymers, and, in general, the
DSC curves for the first heating scan show the Tm (melting
transition) and the Ti clearly. However, very simple thermo-
grams were obtained, and the glass transition temperature
(Tg) could be observed in the second heating scan after an
annealing process. The Ti temperature could not be clearly
detected (see Table 1), except for the PAMAM-3.0-L32 (in the
second heating scan). The mesophases freeze at low temper-
ature, and it is not possible to observe the crystallization peak,
even at ÿ20 8C.

For the first three generations of dendrimers, two peaks were
detected. These peaks probably correspond to two different
crystalline phase transitions. Surprisingly, the temperature
range of the crystalline form that appears at higher temper-
atures increases with the dendrimer size.

The enthalpies of the crystal-to-mesophase and mesophase-
to-isotropic liquid transitions show very similar values when
the data are normalized to the number of promesogenic units
of each dendrimer. These values are around 21 kJ at Tm and
0.4 kJ at Ti , and this indicates that all the dendrimers show an
identical thermal behavior.

X-ray diffraction studies : Temperature-dependent X-ray
diffraction experiments were carried out for the whole series
of compounds in order to characterize the mesophase
observed by polarizing optical microscopy and by DSC. The
X-ray patterns, obtained in the temperature range given in
Table 1, are qualitatively similar in all cases and are typical of
the hexagonal columnar mesophase, ColH. A diffuse scatter-
ing halo in the wide-angle region centered at around 4.5 �,
corresponding to the liquidlike disorder of the molten chains,
confirmed the liquid crystalline nature of the mesophase. Up
to three and sometimes four sharp small-angle reflections,
corresponding to the reciprocal spacings in the ratios 1,

���
3
p

,���
4
p

, and
���
7
p

, and to the indexation (hk)� (10), (11), (20), and
(21), were observed in the patterns, indicative of a two-
dimensional hexagonal packing of the columns. In Table 2,
some of the main structural parameters of the mesophase are

Table 1. Thermal and thermodynamic data for dendrimers.

TG [8C][a] Mesophase Tg [8C][b] Tm [8C][c] DHTm [KJ molÿ1] DHTm [JP.u.][d] Ti [8C] DHTi [KJmolÿ1] DHTi [JP.u.]

PAMAM-0.0-L4 175 ColH 32 61.9 83.5 o86:4 20.9 o21:3 138.9 1.6 0.4
80.1 2.9 0.4

PAMAM-1.0-L8 200 ColH 45 64.2 160.1 o188:7 20.0 o23:6 162.2 2.3 0.3
117.8 28.6 3.6

PAMAM-2.0-L16 210 ColH 47 58.3 71.0 o339:5 4.4 o21:2 188.2 7.1 0.4
121.1 268.5 16.8

PAMAM-3.0-L32
[e] 200 ColH 29 63.8 727.6 22.7 188.9 13.9 0.4

210[e] 13.8[e] 0.4[e]

PAMAM-4.0-L64 210 ColH 30 52.5 1367.7 21.4 199.0 29.1 0.4

[a] Starting temperature of the loss of weight (onset). [b] The glass transition temperature has been measured in the second heating process. [c] First heating
scan for compounds PAMAM-0.0-L4, PAMAM-1.0-L8, and PAMAM-2.0-L16; the two C-M transitions have been detected. [d] Transition enthalpy
normalized to one promesogenic unit. [e] Data corresponding to the second heating scan. Only for compound PAMAM-3.0-L32 has a Ti been detected in the
second heating scan.
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collected as a function of generation number and temper-
ature.

Supramolecular organization in the mesophase : As it can be
seen from the results presented in Tables 1 and 2, all the
compounds show a ColH phase. However, as explained above,
in the case of the homologous dendrimers with only one
terminal chain in the promesogenic unit, only a SmA
(smectic A) phase was observed.

The grafting of two terminal chains avoids the parallel
disposition of the promesogenic units to produce a smectic
phase and instead forces the molecule to adopt a radial
conformation. In this 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 the
molecule center (Figure 1). The columnar mesophase results
from the stacking of the molecules in their radial conforma-
tion as sketched in Figure 2; the formation of such layer ±

Figure 2. Location of the different partial volumes associated with the
different parts of the molecules, which are packed in columns in the
hexagonal mode. Visualization of the different structural parameters
discussed in the text: s, S, G, hhi, and d10.

block dendrimeric structures is driven by microphase separa-
tion between the incompatible segments of the molecule
(the curly arrangement of the amidoamine units, the con-
centric rigid aromatic belt, and the peripheral soft
crown).[19]

Packing study : In order to understand the molecular arrange-
ment of the different generations within the columnar
mesophase, the variation of some structural parameters was
analyzed as a function of both the temperature and the
generation number, namely the cross-sectional area of the

column, s, and the volumes of the different segments of the
dendrimers. Our methodology consisted of determining the
number of aliphatic chains that radiate out from a slice of
column, and thus to calculate the number of molecules within
this slice. The thickness of the columnar slice, hhi, corresponds
to the repeating unit distance along the columnar axis. In
order to achieve this objective, we based our analysis on a
simple additivity rule for the calculation of the specific
volumes (which has been proved correct in many cases to
date[20]). We also needed to define the cross-sectional area of
the inner rigid part of the column, s0 , and the thickness of a
columnar slice, hhi. These parameters are obtained exper-
imentally (dilatometry and XRD). hhi is determined in the
wide-angle area of the diffraction pattern; however due to a
poor experimental resolution (diffuse halo), it has to be
determined analytically (see also Figure 2 for the visualiza-
tion of these parameters).

If we consider the molecule in its radial conformation (see
above), its different segments were identified on the basis of
their amphipatic character,[19] and the following parts were
differentiated as follows: a branching part, that is, the central
dendrimeric network, a hard-core part, that is, the concentric
central rigid part formed by the aromatic cores of the
promesogenic units, and finally, a chain part, that is, the
terminal alkoxy chains. These three different parts are
characterized by three volumes, Vbr (branching part volume),
Var (hard-core part volume), and Vch (aliphatic chain part
volume), which are calculated separately as a function of
temperature. The molecular volume, Vm, can thus be written
as a sum of elementary volumes [Eq. (1)].

Vm�Vbr�Var�Vch (1)

In Equation (1), Vbr, Var, and Vch are obtained from density
measurements of the elementary constitutive units Vbr� (Mbr/
MCH2)vCH2, Var� (Mar/mar)var, and Vch� (Mch/MCH2)vCH2. Mbr,
Mar, and Mch are the molecular weights of the different parts
of the molecule, respectively, mar is the molecular weight of
one mesogenic unit�s rigid part (mar� 270.22 g molÿ1) and var is
its volume (var� 340 �3 from dilatometry experiments),
MCH2� 14.01 g molÿ1, and vCH2 is the volume of one methylene
group (vCH2� 26.56� 0.02T, with T in 8C, obtained from
dilatometric measurements on liquid paraffin).[21] Note that
the density of the central dendritic network was taken to be
equal to the density of a paraffinic chain.

The volume fraction of the central core of the column, c, is
thus equal to the volume fraction of the dendritic and
aromatic constitutive parts of the molecule and is expressed
in Equation (2).

c�Vbr � Var

Vm

(2)

It is now possible to calculate s0 (Figure 2), which corre-
sponds to a percentage of s (equal to the dimension of the
elementary cell of the hexagonal lattice, Figure 2) [Eq. (3)].

s0� sc� 2���
3
p cd2

10 (3)

Table 2. Structural parameters of the ColH mesophase as a function of
generation number (GN) and temperature (T): d10 is first-order spacing and
s is columnar cross section.

GN T� 80 8C T� 100 8C T� 120 8C
d10 [�] s [�2) d10 [�] s [�2] d10 [�] s [�2]

G0 49.2 2794 46.8 2527 ± ±
G1 56.7 3711 52.5 3178 52.0 3126
G2 53.6 3320 51.5 3065 53.1 3258
G3 60.9 4280 58.2 3912 55.2 3519
G4 56.0 3620 54.9 3483 53.2 3275
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One can now calculate the corresponding perimeter of s0 , G.
From the relationships between circle area and circle perim-
eter, the following expression is obtained [Eq. (4)].

G� 2
��������
pcs
p

(4)

From geometric constraints, the minimum average distance
between aliphatic chains occurs when they are fully stretched
and projected radially from the interface. Thus, hhi can be
estimated on the assumption that the cross-sectional area of
one fully stretched, aliphatic chain, s, is associated to a
domain of influence known as the Wigner ± Seitz cell (Fig-
ure 6),[22, 23] that is, a domain of a particular lattice point that
consists of all points in space, which are closer to this lattice
point than to any other lattice point. The value s is the volume
of one methylene group divided by the length of this group in
the crystallized chain [s� (vCH2/1.27)]. The mean average
distance, or thickness of a slice is hhi� g

���
s
p

(see Appendix),
and the area of a interface of thickness hhi (the radial area of
the slice), S (which is cylindrical because of the symmetry of
the ColH mesophase), is expressed in Equation (5).

S�Ghhi� 2
��������
pcs
p

g
���
s
p � 2g

����������
pcss
p

(5)

The number of chains, Nch , as well as the number of
molecules, Nmol, which can be accommodated within a
columnar slice of the corresponding thickness hhi can thus
be estimated according to the following equations [Eqs. (6a)
and (6b)].

Nch�
S

s
� 2g

��������
pcs

s

r
(6a)

Nmol�
Nch

2NG�3
(6b)

In Equation (6 b), NG is the generation number (NG� 0 ± 4).
The results of these calculations are reported in Table 3. It
appears that, for the molecules G1 to G4, between 30 and
36 chains per columnar slice (4.6 � thick) radiate from the
cores; the exception is G0 where this number is smaller (26 ±
27 chains). In this case, the lateral extension of the dendritic
network is limited by the length of the branches and not by the
bulkiness of the terminal aliphatic chains as in the higher
generations. In the plot in Figure 3, the number of molecules per
slice of column (repeat unit) is shown at different temper-
atures and compared with a theoretical curve fitted with a
fixed value of Nch� 32 chains for every generation (corre-
sponding to one G2 molecule) per repeat unit (dotted line).

Figure 3. Number of molecules versus generation number.

Model : As can be deduced from the data of Tables 2 and 3,
and from Figure 3, more than three molecules of the
dendrimer of the generation 0 (G0) are needed to fill one
columnar slice. In the case of the G1, two molecules are
necessary to carry out this function. In Figure 4, two

Figure 4. Packing mode of the dendrimeric molecules for every
generation.

theoretical models of molecular arrangements are represent-
ed for each of these generations. Models 1 and 2 are two of the
many possibilities for arrangements of the molecules in G0 or
G1, and although they are not the only ones, they should
contribute to some degree. Evidently, this is not a static
system, and diffusion from one slice to another may also
occur; this gives many other intermediate possibilities. In the
G2, a unique molecule is able to fill the ªdiscº, and in G3 and

Table 3. Characteristics of the ColH mesophase as a function of generation number (GN) and temperature (T): N*mol is the theoretical number of molecules
per columnar slice (4.6 � thick), c the volume fraction, Nch the number of chains, and Nmol the number of molecules per columnar slice (4.6 � thick).

GN Calcd T� 80 8C T� 100 8C T� 120 8C
N*mol c Nch Nmol c Nch Nmol c Nch Nmol

G0 4 0.50 27.5 3.4 0.50 26 3.2 ± ± ±
G1 2 0.54 33 2.05 0.54 30 1.9 0.54 30 1.9
G2 1 0.56 32 1.0 0.56 30 1.0 0.54 30 0.9
G3 0.5 0.57 36 0.55 0.56 34 0.5 0.056 32 0.5
G4 0.25 0.57 33 0.25 0.57 32 0.25 0.57 31 0.25
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G4 the molecular size is so enormous that more than one slice
is needed in order to accommodate these molecules in the
columns. Thus, two and four ªdiscsº are necessary for the
molecules of the G3 and G4 generation, respectively.

The general model that could explain the columnar
mesophase is represented in Figure 5. The molecules of the
five generations are arranged in cylindrical columns, in which

Figure 5. Supramolecular organization of the dendrimers within the
columnar mesophase.

the molecules can have several conformations. These columns
interact to form a columnar hexagonal phase similar to the
lyotropic middle phases formed by micelle aggregations.[24]

The formation of intra- and intermolecular hydrogen bonds
between the amido groups helps to maintain a stable aggre-
gation of the central structure, which plays a crucial role in the
behavior of the PAMAM central group. The existence of
these hydrogen bonds has been proved by means of spectro-
scopic methods, like IR and 1H NMR spectroscopy.[14]

The most important trend of these systems is the very small
variation of the intercolumnar spacings, d10, as a function of
the generation number (Table 2). It is worth pointing out that
despite the exponential increase of the dendrimers� molecular
weights, the columnar spacing variations are in between 6 and
8 �, and only 3 � at 120 8C. This clearly means that the
volume expansion of the dendrimers occurs mainly in one
direction, which is the direction parallel to the columnar axis.
The other secondary variation of d10 as a function of temper-
ature may be related to the variation of the tilt angle of the
mesogenic subunits with respect to the columnar axis and/or
to the plane of the hexagonal lattice in order to satisfy both
molecular conformation and geometric constraints; this is in
comparison with the purely radiative arrangement as shown in
Figures 1 and 4.

Conclusion

We have shown in this paper that we have been able to
produce columnar mesophases with dendrimers of high
molecular weight. This has been achieved through proper

chemical design, combined with the role of different types of
intermolecular interactions. Hydrogen bonds between the
amido groups contribute to a rather rigid internal core, which
is always necessary for the formation of columnar mesophas-
es.[25] The interactions between the polarizable promesogenic
units combined with microsegregation effects contribute also
to the stabilization of the columnar core. Finally, a high
density of aliphatic chains imposes a curved interface with the
promesogenic units, and therefore, the columnar structure.
These disordered chains ensure at the same time the gliding of
the columns, one with respect to the other, and thus the
fluidity and the liquid crystalline nature of the phase.

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 spectral range nÄ � 400 ± 4000 cmÿ1. 1H
and 13C NMR spectra were recorded on a Varian Unity spectrometer
(300 MHz) in solutions in CDCl3. Mass spectra were obtained with a
VGAutospec spectrometer with positive ion FAB (FAB�). Gel permeation
chromatography (GPC) was carried out in a Waters liquid chromatography
system equipped with a 600E multisolvent delivery system and 996 photo-
diode array detector. Two Ultrastyragel columns (Waters; pore size 500 ±
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
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 8Cminÿ1 on heating. The
apparatus was calibrated with indium (156.6 8C; 28.4 Jgÿ1) as the standard.
The XRD patterns were obtained with two different experimental setups;
in all cases, the crude powder was filled in Lindemann capillaries
(diameter: 1 mm). For the characterization of the wide-angle region, a
linear monochromatic CuKa1 beam obtained with a sealed-tube generator
(900 W) and a bent quartz monochromator was used. The diffraction
patterns were registered with a curved counter Inel CPS 120. Periodicities
up to 60 � could be measured, and the sample temperature was controlled
within �0.05 8C. The measurements of the periodicities were performed by
using a linear monochromatic CuKa1 beam obtained with a sealed-tube
generator (900 W) and a bent quartz monochromator. The diffraction
patterns were registered on films; the cell parameters were calculated from
the position of the reflection at the smallest Bragg angle, which was in all
cases the most intense. Periodicities up to 90 � could be measured, and the
sample temperature was controlled within �0.3 8C. In each case, exposure
times were varied from 1 to 24 h; the time depended on the compound
under observation and upon the specific reflections that were sought
(weaker reflections clearly have longer exposure times).

General procedure for the condensation of 4-(3',4'-decyloxybenzoyloxy)-
salicylaldehyde with PAMAM dendrimers : Neutral activated grade I
alumina (0.5 g) and then the corresponding poly(amidoamine) were added
to a stirred solution of 4-(3',4'-decyloxybenzoyloxy)salicylaldehyde in
dichloromethane (15 mL). The mixture was refluxed under nitrogen until
the aldehyde had completely reacted (usually after eight to ten hours). The
alumina was filtered off, and the solvent from the filtrate evaporated under
vacuum. The resulting solid was dissolved in hexane and precipitated in
ethanol. Yields were 70 ± 85%.

Characterization : Due to the similarity of the 1H and 13C NMR spectra of
these materials, we only quoted these 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 � 3289, 3075 (CONÿH), 1727 (OC�O),
1656 (sh, OCÿNH), 1637 cmÿ1 (CH�N); elemental analysis calcd (%) for
C158H240N10O24: C 71.28, H 9.02, N 5.56; found C 71.6, H 8.6, N 5.3; FAB-MS
(NBA matrix): m/z (%): 2684 [M�Na]� .
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PAMAM-1.0-L8 : IR (Nujol): nÄ � 3280, 3076 (CONÿH), 1728 (OC�O), 1656
(sh, OCÿNH), 1635 cmÿ1 (CH�N); elemental analysis calcd (%) for
C334H512N26O52: C 70.11, H 8.97, N 6.36; found C 70.0, H 8.5, N 6.5; FAB-MS
(NBA matrix): m/z (%): 5717 [M�1]� .

PAMAM-2.0-L16 : 1H NMR (300 MHz, RT, CDCl3): d� 13.7 (s, 1H), 8.22 (s,
1H), 7.89 (br s, 1 H), 7.70 (d, J� 9 Hz, 1H), 7.57 (s, 1 H), 7.13 (d, J� 9 Hz,
1H), 6.85 (d, J� 9 Hz, 1H), 6.65 (s, 1H), 6.57 (d, J� 9 Hz, 1 H), 4.00 (t,
4H), 3.64 (br s, 2 H), 3.47 (br s, 2H), 3.20 (br s, 2 H), 2.68 (br s, 2 H), 2.48 (br s,
2H), 2.30 (br s, 2 H), 1.80 (m, 4 H), 1.44 (m, 4H), 1.24 (s, 32H), 0.84 (t, 6H);
13C NMR (300 MHz, RT, CDCl3): d� 173.16, 172.67, 165.83, 164.65, 164.19,
154.69, 154.05, 148.74, 132.79, 124.54, 121.19, 116.27, 114.65, 112.12, 111.98,
110.77, 77.49, 77.07, 76.65, 69.39, 69.07, 57.29, 52.37, 50.12, 40.04, 37.38, 34.04,
31.91, 29.61, 29.58, 29.44, 29.42, 29.35, 29.23, 29.09, 26.05, 25.99, 22.67, 14.09;
IR (Nujol): nÄ � 3286, 3076 (CONÿH), 1728 (OC�O), 1659 (sh, OCÿNH),
1633 cmÿ1 (CH�N); elemental analysis calcd (%) for C686H1056N58O108: C
69.60, H 9.52, N 6.86; found C 69.3, H 8.5, N 6.9.

PAMAM-3.0-L32 : IR (Nujol): nÄ � 3285, 3076 (CONÿH), 1728 (OC�O),
1658 (sh, OCÿNH), 1639 cmÿ1 (CH�N); elemental analysis calcd (%) for
C1390H2144N122O220: C 71.98, H 9.25, N 7.31; found C 72.0, H 9.1, N 7.3.

PAMAM-4.0-L64 : IR (Nujol): nÄ � 3276, 3078 (CONÿH), 1726 (OC�O),
1656 (sh, OCÿNH), 1635 cmÿ1 (CH�N); elemental analysis calcd (%) for
C2798H4320N250O444: C 69.22, H 8.90, N 7.21; found C 69.0, H 8.8, N 7.2.

Appendix

Calculation of hhi and g[26]: In order to estimate hhi, the mean average
distance between two closest adjacent chains, which also represents the
thickness of the repeating columnar slices along the columnar axis, we
considered an aliphatic/aromatic interface. The chains radiate normally
from this interface (at least in its vicinity), and they are densely packed
according to a hexagonal mode (maximum packing). Therefore, at the
interface, by using the cell of a hexagonal Wigner ± Seitz lattice, it is
possible to calculate hhi, which varies between hmin and hmax; hmin is the
shortest distance between two chains, and hmax is the largest distance
(Figure 6). From Figure 6, the following expression can be obtained
[Eq. (7)].

hmax

hmin

� 1

cos30
� 2���

3
p (7)

Thus Equation (8) can be obtained, in which q is the angle between h and
hmin.

h

hmin

� 1

cosq
(8)

Therefore the mean average ratio, h(h/hmini, is given by the following
integration [Eq. (9)].

h

hmin

� �
� 1

q2 ÿ q1

Zq2

q1

dq

cosq
(9)

For symmetry reasons, the average ratio can be integrated between q1 (08)
and q2 (308), and thus Equation (10) is obtained.

h

hmin

� �
� 3

p
log3 (10)

The area of the hexagonal Wigner ± Seitz lattice, s, is defined by:

s� hmin� hmax�
2���
3
p h2

min (11 a)

and hmin is deduced directly

hmin�
����������
s
���
3
p

2

s
(11 b)

Thus Equation (12 a) is obtained by replacing (11 b) in (10).

hhi� ���
s
p 3

5
4

p
���
2
p Log3� g

���
s
p

(12 a)

and

hhi� 0.9763
���
s
p

(12 b)

Figure 6. Representation of the hexagonal cell of the Wigner ± Seitz lattice
(dotted lines), located on the interface S. Black circles: anchoring points of
the aliphatic chains.
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