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Abstract: We report on the design and
synthesis of three series of segmented
amphiphilic block codendrimers, and
on their self-organizing behavior in
liquid-crystalline mesophases. Connect-
ing two prefunctionalized monoden-
drons, each differing in their chemical
constitution and generation number,
yielded these diblock supermolecules.
One wedge of the codendrimer was
made hydrophobic, and is based on a
branched poly(benzyl ether) monoden-
dron functionalized at the periphery by
lipophilic aliphatic fragments (also
known as Percec dendrons). The other
segment was made hydrophilic by the
grafting of hydroxyl-containing moiet-
ies onto the focal functions of the

former dendrons. Both types of den-
drons were prepared independently by
convergent methods and then joined in
the ultimate stage of the synthetic pro-
cedure by cross-coupling reactions. In
this way, the proportion of the dendrit-
ic blocks was varied independently to
allow control of the hydrophilic/hydro-
phobic balance (HHB), the hydrogen-
bonding ability, and consequently the
capacity to tune the mesomorphic
properties of the resulting “superam-
phiphiles” was anticipated. Essentially
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all the dendritic compounds display a
thermotropic mesomorphism directly
at or near room temperature as deter-
mined by using X-ray diffraction, po-
larized optical microscopy, and differ-
ential scanning calorimetry. The nature
and the supramolecular organization of
the mesophases, namely columnar and
cubic phases, are correlated to the size
of the respective block monodendrons
and the chemical structures of the den-
dromesogens. The molecular organiza-
tion within the cubic phases can be
geometrically described and well un-
derstood by the space-filling polyhe-
dron model.
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Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author. It contains exper-
imental techniques, representative POM pictures and DSC traces, a
phase diagram, a table (Table S1) gathering the results of XRD and
DSC investigations, a table with the thermal behavior of the precur-
sory dendrons (Table S2), a table of DSC and TGA data of the final
dendrimers (Table S3), the XRD characterization of all the samples,
snapshots of the packing of the dendrimers exhibiting a Col, phase,
figures showing details of the bond framework of clathrates and pack-
ing of polyhedrons, and the general synthetic procedures of the final
dendrimers and intermediates along with the appropriate analytical
characterization ('"H and C NMR spectroscopy; HRMS-FAB and
MALDI-TOF mass spectrometry, elemental microanalysis).
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Introduction

The dendritic pattern is one of the most pervasive, prolific,
and influential natural topologies that can be observed on
earth on all scales (from km to nm) and in both the inert
and the living worlds. This hyperbranched architecture has
reached an unrivalled level of perfection and one can specu-
late that such an evolution has provided maximum interfa-
ces for efficient contacts and interactions, as well as for opti-
mum information collection, transport, and distribution. The
main inspiration for the conception and the synthesis of
such aesthetically challenging architectures has been driven
by the need to mimic the macroscopically ordered branching
networks and to convey their functions at the molecular
level.l'! Indeed, it is now admitted that artificial dendritic su-
permolecules offer unique functionalities and performances
in various areas of science.”! Now, the study of such systems
has expanded, and has been developed at the interfaces of
chemistry, physics, biology, and mathematics. This expansion
has been motivated by the use of such complex and well-de-
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fined architectures, with a high degree of branching and
multivalency, as scaffolds in organic-based materials (pho-
tonics, nanoarrays, ceramics, and molecular electronics),[z*ﬂ
in chemistry at surfaces and interfaces,™ in nanoscaled or-
ganic—inorganic hybrids,”! and in imaging, therapeutics, and
biomimetics for specific biological functions (catalysis, mag-
netic resonance imaging (MRI), virus and proteins mimick-
ing and/or recognition, gene transfection, and drug deliv-
ery).[2,3,6]

Through the adjustment of perfectly controlled and se-
quential reiterative synthetic processes, the chemistry of
dendrimers has led to the most impressive developments
and rapidly expanding areas of current chemistry.”>” These
supermolecules can be obtained with a narrow molecular-
weight distribution, and the ultimate molecular architecture
can be accurately controlled (modulation of the molecular
size, conformation, and shape) by the intrinsic critical mo-
lecular parameters, such as the multiplicity of branching
(Ng), the length of the branches, the peripheral groups, the
connectivity of the focal core (N¢), and the geometrical
growth rate (the number of generation, Ng).’! However,
predictions by de Gennes and Hervet showed that the star-
burst growth was not infinite and that beyond a certain gen-
eration (which depends on these critical parameters), the
branching is no longer regular and perfect due to steric hin-
drance.’! This effect, known as the starburst dense packing,
yields proteus-like structures reminiscent of “unimolecular
cells” to which an apparent surface is associated.

Another interesting peculiarity of these supermolecules
resides in the generation of periodically ordered, self-organ-
ized nano-““4 and mesostructures,'” where dendrimers and
dendrons proved particularly versatile candidates for such
uses and applications. The first liquid-crystalline dendrimers
(LCDs) to be reported were obtained by simply incorporat-
ing mesogenic groups within a hyperbranched dendritic scaf-
fold by random polymerization of an appropriate difunction-
alized mesogenic monomer:"*! such hyperbranched poly-
mers,'? a name used in preference to dendrimers, are char-
acterized by randomly branched structures with a high
degree of branching and broad molecular-weight distribu-
tions.>>1% In contrast, the field of monodisperse LCDs has
expanded more rapidly as evidenced by the development of
many new structures able to self-assemble into periodic
nanoarrays, including supramolecular dendromesogens,
shape-persistent systems,™! fullerodendrimers,'® and end-
group (side-on and end-on branching topologies)!'"”! and
main-chain (willowlike!”! and octopus!'®) LCDs. These den-
drimers are thus representatives of an important class of
mesomorphic materials, showing interesting potential uses
and promise in various areas of materials science as new
functional materials. LCDs also represent an interesting
framework where mesomorphism can be easily modulated
by very subtle structural modifications.!'151")

Inspired by the beauty of such an architecture, and by the
fundamental systematic study on supramolecular dendro-
mesogens carried out by Percec et al.,™ we designed amphi-
philic diblock codendrimers (compounds 1-6). The two com-
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partments of the dendrimers have a different chemical
nature and affinity, with the hope of producing original,
large, and controlled nanosized self-assemblies. The concept
of amphiphilicity in synthetic dendrimers is quite recent and
has been successfully used, for example, to obtain unimolec-
ular micelles for drug encapsulation and transport,” to
mimic the aggregation of globular proteins,”! or in thera-
peutic applications for their recognition ability towards pro-
tein receptors or biomedical materials.!*?? Such amphiphilic
dendrimers also have potential use as catalysts and phase-
transfer agents for organic reactions in aqueous solutions.®!
Film formation was reported for surface-block dendrim-
ers,”/ but as far as we are aware, the study of such liquid-
crystalline systems as building blocks for self-ordered meso-
structures has not yet been addressed.”*

In this paper, we report on the synthesis and the self-as-
sembling behavior of a broad library of compounds compris-
ing 19 new amphiphilic codendrimers of the Janus type.?’!
Various structural parameters were selectively modified in
order to establish relationships between the molecular struc-
ture (control of the hydrophilic/hydrophobic balance (HHB)
and hydrogen-bonding ability) and the self-organization
properties for forming liquid-crystalline phases. These pa-
rameters include the generation numbers of both the hydro-
phobic (Ng=1 (G'), 2 (G?), and 3 (G®)) and hydrophilic
(Ng=1 (G") and 2 (G?) parts, which were changed inde-
pendently, and the terminal chain number and substitution
(compounds 1-6). The thermotropic mesomorphism, as well
as the nature of the self-organization of these surface-block
dendrimers, are discussed on the basis of the chemical struc-
tures and polyhedral space-filling models.””!

Results and Discussion

Synthesis: The lipophilic monodendrons were prepared by
following the convergent synthetic procedure described by
Percec.'"! The procedure involved repetitive chemical se-
quences such as the protection of the focal acid function
into an ester function, the etherification of the peripheral
hydroxy groups, and the transformation of the ester into
either the acid (hydrolysis) or the benzyl alcohol (reduction)
parent compounds (Scheme 3, discussed below). As for the
hydrophilic part, the free hydroxy functions were protected
by selective groups to avoid synthetic problems, and then
used as such for the construction of the next generation
(Scheme 1). The final block codendrimers were obtained by
the cross-coupling of the various generations of poly(benzyl
ether) acid and/or benzylic alcohol derivatives with the first
and second generations of hydrophilic building blocks, re-
spectively, immediately followed by the removal of the pro-
tecting groups, as shown in Scheme 4, below. Such a cross-
synthesis allowed for a large number of compounds to be
obtained rather rapidly, with an important reduction of ele-
mentary steps.

The delicate step for the construction of the diblock co-
dendrimers was the synthesis of the hydrophilic lobes, as a
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Scheme 1. Preparation of the precursory hydrophilic building blocks.
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good compromise had to be found
between a facile and selective
method for the protection of the
hydroxyl functions of tris(hydroxy-
methyl)aminomethane (TRIS) and i)

a specific and efficient procedure OH OH  CiHyBr
for the removal of the protecting

FULL PAPER
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groups. t-Butyldimethylsilyl chlor-
ide (TBDMSCI) appeared to be
the most suitable protecting agent
in this case,® firstly because it
quantitatively reacts with TRIS
under slightly basic conditions
(Scheme 1), and secondly, because
it is easily removed with tetrabuty-
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lammonium fluoride (TBAF) at Scheme 2. Preparation of the peripheral blocks (a: R=0C,H,;, R"=H; b: R=0CH,C(CH,0C,H,s);,

the ultimate stage of the synthesis
without damaging the rest of the
molecule (Scheme 4, below).

late.

Preparation of the precursory hydrophilic lobes of the first
and second generation: As mentioned, the key step for the
preparation of the hydrophilic parts consisted of the protec-
tion of the free hydroxyl functions of TRIS, which was ach-
ieved by the use of TBDMSCI under slightly basic condi-
tions, to form the silylated derivative 7 (Scheme 1).”*! Prior
to the double condensation reaction to form 10, the iso-
phthalic acid was transformed into its acetylated derivative,
8, to avoid side reactions. This reaction was carried out in
the presence of the condensing agent diphenyl(2,3-dihydro-
2-thioxo-3-benzoxazolyl)phosphonate (9), successfully used
in amidation reaction of polyamines.”” Finally, the careful
hydrolysis of 10 led to the precursory second-generation hy-
drophilic building block 11 with the six protected hydroxy
groups (Scheme 1).

Preparation of the terminal functional groups of the hydro-
phobic monodendrons: For the surface functionality, the
number and position of terminal chains (two or three ali-
phatic chains per final group a, ¢, and d) or the nature of
the R group attached to methyl 3,5-dihydroxybenzoate
(series b) were changed in order to explore the effect of
congestion on the mesomorphic properties. Compounds 12a
and 12c¢ were obtained directly by a straightforward nucleo-
philic substitution of the reactive hydroxyl groups of the ap-
propriate methyl benzoate with dodecylbromide (step (i) in
Scheme 2), whereas 12b with the bulkier trialkoxy pentaery-
thritol moiety was obtained in two steps (steps (ii) and (iii)
in Scheme 2). The first step consisted of the alkylation of
pentaerythritol with saturated primary alkyl bromides under
a catalyzed phase-transfer procedure similar to that applied
by Nouguier and Mchich,”” followed by the grafting of the
modified pentaerythritol moiety to methyl 3,5-dihydroxy-
benzoate under Mitsunobu reaction conditions.*!! Only the
minidendrimer 12d with meta,para chain substitution was
synthesized for this study, and was prepared as 12a and 12¢
(Scheme 2, step (i)).
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R'=H; ¢: R=R'=0C,;H,;). TBAB =tetrabutylammonium bromide; DIAD =diisopropylazodicarboxy-

Preparation of hydrophobic dendritic parts of first, second,
and third generation: Depending on the nature of the final
dendrimers, that is, first (1-3) or second (4-6) hydrophilic
generation, or on the terminal function (a systems: R=
OC,H,s, R'=H; b systems: R=OCH,C(CH,OC,,H,s);,
R’'=H; ¢ systems: R=R’'=0C,H,;s), two subclasses of mon-
odendrons from the first (G') to the third (G®) generation,
based on the AB, and AB; building block (methyl 3,5-dihy-
droxybenzoate and methyl 3,4,5-trihydroxybenzoate, respec-
tively) were prepared, namely, the alcohol- (G"-CH,OH)
and acid-based (G"-CO,H) monodendrons (Scheme 3).
Thus, 13 (G'-CO,H), 14 (G'-CH,OH), 16 (G*-CO,H), 17
(G*-CH,0OH), 19 (G*-CO,H), and 20 (G*-CH,OH) were pre-
pared in cascade by using a convergent method (Scheme 3).
The active first-generation dendrons of the benzyl ether
type (14) were prepared by the reduction of the ester deriv-
atives (12) with LiAlH,. Then, the subsequent grafting of
these benzylic alcohols to methyl 3,5-dihydroxybenzoate by
Mitsunobu etherification led to the second generation den-
drons of the ester type (15a, 15b). In this case, the Mitsuno-
bu method was preferred to the Williamson etherification as
it saves the step of the conversion of the benzylic alcohol
into its corresponding benzyl halide derivative. This process
was then repeated for the next generation with the reduc-
tion of 15 into 17, followed by the grafting of 17 to methyl
3,5-dihydroxybenzoate to yield the esters 18. The ester den-
dron 15c¢ could not be prepared this way, and involved,
prior to the etherification (Williamson type), the transfor-
mation of 14¢ into its chloride derivative. The other series
of active dendrons, that is, those with an acid group at the
focal point (13, 16, 19), were prepared by hydrolysis of the
corresponding esters (12, 15, 18).

Preparation of the block codendrimers: The dendrimers of
the first series (1-3) with three hydroxyl groups were pre-
pared from the precursory dendritic acids (13, 16, 19). The
protected TRIS derivative 7 was prepared by an amide con-
densation reaction activated by 9, followed by the removal
of the protecting groups of the hydroxyl functions by using
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Scheme 3. Preparation of the hydrophobic monodendrons (a: R=0C,H,5, R*=H; b: R=0CH,C(CH,0C,H,s);, R"=H; ¢: R=R’'=0C,H,s).

TBAF (Scheme 4). The second series of block codendrimers
(4-6, except 4¢) was synthesized by means of the direct Mit-
sunobu etherification of the isophthalic derivative 11 with
the appropriate benzyl ether dendrimers (14, 17, 20), fol-
lowed by the deprotection of the six hydroxyl groups
(Scheme 4). Compound 4¢ was prepared by direct etherifi-
cation between the chloride derivative 14¢’ and the alcohol
11 by using standard Williamson procedures (Scheme 4).
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Structural characterization: The purity and characterization
of the precursor dendritic derivatives and of all intermediary
compounds were determined by using a combination of
thin-layer chromatography (TLC) and 'H and “C NMR
spectroscopy, in addition to elemental analysis and matrix-
assisted laser desorption/ionization time-of-flight mass spec-
troscopy (MALDI-TOF MS) for the final dendrimers (see
the Supporting Information). The results were, in all cases,
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in good agreement with the proposed structures. The abso-
lute molecular weights were given by MALDI-TOF MS,
which showed the correct molecular peaks with additional
lower-mass fragments, which did not correspond to inter-
mediate compounds, in small amounts.

Mesomorphic behavior: The thermal behavior of the precur-
sory monodendrons and of the dendrimers was investigated
by four complementary techniques: polarized optical micros-
copy (POM), thermogravimetric analysis (TGA), differen-
tial scanning calorimetry (DSC), and small-angle X-ray dif-
fraction (XRD).

Optical and thermal studies by using POM, DSC, and TGA:
The homologous monodendrons with the same arborescent-
like architecture, but with the terminal chains substitution in
the 3,4-1*1 (compounds of type 1, 2, and 3 of series d) and
3,4,5-Mpositions (1, 2, and 3 of series ¢), displayed meso-
morphic properties from the second generation for the
former type, or from the third generation onwards for the
latter systems (see Table S2 in the Supporting Information).
However, none of the precursory hydrophobic monoden-
drons of the first, second, and third generations with substi-
tution in the 3,5-positions, bearing an ester (12, 15, 18), an
alcohol (14, 17, 20), or an acid (13, 16, 19) focal function,
were found to be mesomorphic. These compounds melted
directly into an isotropic liquid or were liquids at or near
room temperature. The absence of mesomorphism is likely
associated with the chain-substitution pattern (3,5 here) of
the terminal benzene rings, at least for the first series with a

Chem. Eur. J. 2006, 12, 83968413
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linear dodecyloxy chain (series a). This substitution pattern
disfavors the induction of mesomorphism, as already ob-
served in other mesogenic systems such as polycatenars® or
dendrimers." As for the intermediate OH-capped coden-
drimers, most of them were also deprived of mesomorphism
(obtained as viscous oils or as sticky glues), and were not
analyzed further. In contrast, liquid-crystalline behavior was
induced in essentially all of the amphiphilic codendrimers,
as deduced from observation of the textures under cross
polars in a polarized-light microscope. In some cases, homo-
geneous, characteristic birefringent and fluid optical textures
(see the Supporting Information) that coalesced on increas-
ing the temperature were observed. In other cases, no tex-
ture could be observed; just the formation of large, black
(optically isotropic) viscous areas. However, applying some
pressure with a spatula on the cover slip induced lumines-
cent flashes, which immediately disappeared when the pres-
sure was released. This feature, along with the careful obser-
vation of a preparation without a cover slip, which showed
the faceting of air bubbles™ (polygonal forms) trapped
within the viscous phase, suggested the existence of a cubic
structure. However, no precise mesophase assignment could
be deduced from this technique only.

Partly confirming the results of the microscopic observa-
tions, several transitions were also detected by using DSC
through a change in enthalpy at the temperatures close to
those determined by using POM. The thermal stability was
also checked by thermogravimetric analysis and indicated
that extensive decomposition (>5wt%) occurred at or in
the vicinity of the clearing temperature. Thus, in order to
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avoid decomposition and to obtain utilizable DSC traces,
the experiments were carried out according to a specific
protocol (see the Supporting Information).

Structural investigation of the mesophases by using small-
angle X-ray diffraction: Identification and unequivocal mes-
ophases assignment was eventually achieved by using small-
angle X-ray diffraction on powder samples. The liquid-crys-
talline nature of the materials was confirmed by the pres-
ence of several sharp and intense reflections in the small-
angle region, which allowed, in all cases, the determination
of the mesophase symmetry, and of a broad scattering halo
located at around 4.5 A, characteristic of the liquidlike
order of the molten aliphatic chains. A good agreement be-
tween the transition temperatures determined by using
XRD, POM, and DSC analyses was generally found. The re-
sults of these investigations and the unit-cell parameters of
all the mesophases for all the compounds are gathered in
Table 1 (see also Table S1 in the Supporting Information).

Triols: Among the dendritic compounds 1a, 2a, and 3a,
bearing two terminal linear chains in the 3- and 5-positions
of the benzyl end groups and three hydroxyl groups, only
those of the second and third generation were directly meso-
morphic at room temperature. They exhibit either a hexago-
nal columnar phase (2a: Col, 85 I) or a cubic phase (3a:
Cub 69 I), with the lowest generation member of the series
present in a crystalline state before melting into an isotropic
liquid (1a: Cr 93 I). The transition temperature to the iso-
tropic liquid was found to decrease along with the increasing
generation number from 93 to 85 to 69°C for 1a, 2a, and 3a
respectively, emphasizing the strong destabilizing effect of

Table 1. Thermal behavior of the amphiphilic block codendrimers.

the molten chains and the role of the hydrophobic/hydro-
philic balance (HHB). The hexagonal two-dimensional lat-
tice of the mesophase of 2a was deduced from the three
sharp, small-angle reflections, for which the reciprocal spac-
ings were in the ratio 1, V3, and V4, and indexed in a hex-
agonal plane lattice as (hk)=(10), (11), and (20), respective-
ly (Figure 1a).

The cubic structure of 3a was deduced from a set of six
sharp small-angle reflections for which the reciprocal spac-
ings were in the ratios V4, v/5, v6, V8, V14, and v16.
These reflections were indexed as (200), (210), (211), (220),
(321), and (400) in a primitive cubic cell on the basis of the
following analysis (Figure 1b, Table 1). For a body-centered
cubic lattice (I type), the considered sequence in this case
would have been: V8, V10, V12, v/16, v/28, and /32 (the
general condition for the (hkl) reflections is h+k+1=2n).
Because the ratio v/28 is forbidden, the I-type Bravais lat-
tice is therefore excluded. Among the allowed face-centered
cubic lattices (F type), most are very unlikely because too
many small-angle reflections are missing, and these absences
are not explained by the reflection conditions; only two
face-centered groups may be retained, namely F43c and
Fm3c. As far as the 15 primitive cubic space groups (P type)
are concerned, several could be immediately disregarded
due to the presence of forbidden reflections such as the
(210) reflex, excluding the Pn3, Pn3n, and Pn3m space
groups, and the (200) reflex, eliminating the P4;32 and
P4,32 space groups. Amongst the ten remaining primitive
and retained face-centered groups, the most probable
groups are Pm3n, P43n, and Pa3 (the least probable ones
being P2,3, P4,32, F43c, Fm3c, P23, Pm3, P432, P43 m, and
Pm3m). None of the space groups retained in this list have

Compd Transition temperatures [°C]" Mesophase parameters (at T [°C])["!

1a Cr931 -

2a G —28 Col,-p6mm 85 1 D=393 A, §=1340 A (T'=50)

3a G 14 Cub-Pm3n 69 T a=815A, V=541 345 A’ (T=50)

4a Cr 80 LamCr 115 Col,-p6mm 173 1 d=320A, Ay=462 A> (T=90) D=45.7 A, §=1 810 A> (T=130)
5a Cr 52 LamCr 92 Col,-p6mm 163 1 d=484 A, Ay=50.0 A> (T=50) D=49.8 A, §=2 150 A* (T=100)
6a G 28 Cub-Im3m 143 decomp a=633 A, V,, =253 060 A* (T=100)

1b liquid oil -

2b liquid oil -

3b liquid oil -

4b Cr —28 Cub-Im3m 172 1 a=>54.7 A, V4, =163 670 A> (T=100)

5b Cr —21 Cub-Im3m 129 1 a=59.05 A, V,, =205 900 A’ (T=50)

6b Cr —15 Cub-Im3m 42 1 -

1c Cr 62 Col,-p6mm 74 1 D=40.1A, §=1395 A> (T=50)

2¢ Cr, —7 Cr, 20 Col,-pbmm 125 decomp D=445A, 5=1715 A> (T=40)

3¢ Cr, —43 Cr, 50 Cub-Pm3n 109 decomp a=82.9 A, V4, =569 663 A> (T=80)

4c Cr, -2 Cr, 108 Col,-p6mm 179 decomp D=5035A, §=2195 A? (T=140)

Sc Cr, 15 Cr, 32 Col,-p6mm 167 decomp D=5415A, §=2 540 A? (T=100)

6c G —15 Cub-Im3m 153 decomp a=662 A, V,, =290 064 A* (T=100)

1d Cr 113 Col,-p6mm 130 I D=471A,5=1925 A> (T=60)

[a] Cr, Cr,, Cr,=crystalline phases; G=amorphous or partially crystallized solid phase; I=isotropic liquid; LamCr=lamellar crystalline phase; Col,=
hexagonal columnar phase; Cub=cubic phase; decomp: decomposition temperature. [b] d =lamellar periodicity; Ay =molecular area; D =lattice param-
eter of the Col, phase; S=lattice area; a=lattice cubic phase parameter; V,,=a’ (volume of the cubic cell).
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Figure 1. X-ray diffractograms of a)the Col, phase of 2a (p6mm) and
b) the cubic phase of 3a (Pm3n).

yet been found for a liquid-crystalline cubic phase, except
the Pm3n cubic space group (no. 223), though, none of them
can be totally discarded.

The cubic mesophase occurs in a phase sequence Col,—
Cub on increasing the generation number while keeping the
size of the polar lobe constant. Therefore, from packing con-
siderations and in agreement with the molecular shape, the
polar/apolar interface curvature becomes increasingly nega-
tivel™! along this sequence, suggesting that the three-dimen-
sional cubic lattice of compound 3a probably consists of dis-
crete micellar aggregates with the polar parts forming the
nucleus of the micelle, surrounded by the nonpolar chains
(inverted micellar cubic phase) rather than the bicontinuous
structure consisting of infinite interwoven networks. For lyo-
tropic micellar cubic phases made of discrete aggregates (I;,
L,), the group Pm3n"! is the most commonly encountered
cubic space group along with the Im3m, Fm3m, and Fd3m
groups. Recently, some of their thermotropic liquid-crystal-
line counterparts have been discovered, and only Pm3n and
Im3m space groups have yet been found.**¥! With this in
mind, and by analogy with those studies, the Pm3n cubic
space group will be considered as the most probable for the
symmetry of the cubic phase shown by this compound.

This trend was confirmed for the other closely related
dendrimers of series ¢ (aliphatic chains in the positions 3, 4
and 5 of the benzyl end groups) in that the same sequence
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was observed, except for the first homologue, which is meso-
morphic. Thus, 1¢P® and 2¢ exhibit a Col, phase (1e: Cr 62
Col,, 74 1; 2¢: Cr 20 Col, 125 decomp), whereas 3¢, as 3a,
self-assembles into a cubic phase (3¢: Cr 50 Cub 109
decomp). Despite the limited number of reflections present
in the X-ray pattern of 3¢ compared with that of 3a, it was
nevertheless possible to also assign the Pm3n symmetry to
this cubic phase due to the strong similarity between the
two diffractograms (the intensity distribution of the first re-
flections is exactly the same in both cases, indicating the
same distribution of the electronic density, and thus the
same symmetry; see the Supporting Information). Only one
member of series d (aliphatic chains in the positions 3 and 4
of the benzyl end groups) was prepared, namely, the mini-
dendrimer of the first-generation compound 1d, which is
also mesomorphic, and also shows a Col,, phase (1d: Cr 113
Col,, 130 1).

Such a trend in the phase sequence from columnar to mi-
cellar cubic phases observed with the generation growth was
expected and is consistent with the results of Tschier-
skel7*4383 or Percec.™¥ Indeed, the increase of the hy-
drophobic part with respect to the hydrophilic block forces
the molecules to change their overall shape from a two- to
three-dimensional shape in order to optimize the interfacial
curvature between the two parts, and to express the bipolar
nature of these species. Consequently, due to microsegrega-
tion effects and geometric constraints, these dendrimers self-
assemble into supramolecular dendrimers with well-defined
shapes: infinite cylindrical micelles and/or discrete micellar
aggregates, leading to the formation of the Col, phase (self-
organization of the columnar supramolecular dendrimers
into a two-dimensional hexagonal lattice) and the cubic
phase (self-organization of the supramolecular dendrimers
into cubic lattices), respectively. The details of these organi-
zations will be discussed in the next section.

Increasing the density of terminal aliphatic chains even
more by the grafting of the bulkier tridodecyloxy pentaery-
thritol moieties in place of the dodecyloxy chains (com-
pounds 1b, 2b, 3b) led to the complete destruction of the
mesomorphism; the three compounds were obtained as
room-temperature isotropic oils. DSC investigations per-
formed between 20 and —120°C did not reveal any transi-
tion either. Such a pure liquidlike behavior was not expect-
ed, though the absence of mesomorphism is not fully sur-
prising. The amphiphilic character is totally lost with such a
large number of aliphatic chains because the tripodal polar
part becomes meaningless compared with the volume of the
aliphatic chains. The shapeless nature of the dendrimers
probably inhibits the tendency of a periodic aggregation
into any mesophase.

Hexols: All the members of the other series of dendrimers
with the second dendritic generation hydrophilic lobe (six
hydroxyl groups, compounds 4, 5, and 6), were mesomor-
phic, exhibiting columnar hexagonal Col, (4a, 5a, 4¢, 5¢)
and cubic phases (6a, 6¢) (Table 1). In addition, 4a and 5a
exhibited a lower temperature semicrystalline phase with a
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lamellar morphology, described as LamCr. In general, the
mesomorphic temperature range was extended considerably
when compared with that of the homologous dendrimers
with three hydroxyl units, likely because it was connected to
a more extended hydrogen-bonding network (stronger
HHB). However, almost all the compounds started to de-
compose before reaching the isotropic liquid state. As for
the compounds described above, the Col, phase was de-
duced from the analysis of the X-ray diffractograms (see the
Supporting Information), which showed three (5a) or four
(4a) sharp small-angle reflections indexed to a two-dimen-
sional hexagonal plane, accompanied by a broad diffuse
scattering at 4.6 A. Similar X-ray patterns were observed for
4c and Sc.

As for the cubic phase exhibited by 6a, a set of twelve
small-angle reflections (see Supporting Information), for
which the reciprocal spacings were in the ratios 1, v2, v/3,
VA4, V5, V6, VT, V9, V12, V13, V15, and V16, was ob-
served. The presence of the reflections corresponding to the
ratio v/7 and V15 allows the immediate elimination of any
primitive (P-Bravais type) and face-centered (F-Bravais
type) space groups. Thus, for a body-centered cubic lattice
(I type), the considered sequence in this case must be v/2,
V4, V6, V8, V10, V12, V14, V18, v24, V26, v/30, and V32,
and the reflections were indexed as (110), (200), (211),
(220), (310), (222), (321), (411/330), (422), (431/510), (521),
and (440). Amongst the ten centered groups, four can be
eliminated due to the presence of forbidden reflections not
allowed by the general conditions, that is, the groups la3,
14,32, 143d, and Ia3d. We are left with six groups with simi-
lar probabilities (they all have the same general conditions
of extinction), which are 123, 12,3, Im3, 1432, 143m, and
Im3m. As above, by analogy with all known cubic space
groups discovered, and particularly those found for thermo-
tropic micellar cubic phases,”” the one we will consider to
be the most likely is the Im3m space group (no. 229). Here
too, despite the limited number of reflections present in the
X-ray pattern of 6c relative to that of 6a, it was nevertheless
possible to assign the Im3m symmetry to this cubic phase
due to the strong similarity between the two diffractograms
(same intensity distribution of the first reflections).

Again, the cubic phase occurs in a phase sequence
LamCr—Col,—Cub as a function of the increasing genera-
tion of hydrophobic substituents. At first sight, this gradual
change from a columnar to a micellar cubic structure was
expected and in agreement with the results described by
Percec."! However, due to the molecular structure of the
first two members of the series a and ¢, and particularly that
of 4a and 4c, the formation of a “classical” Col,, phase was
quite surprising and unexpected. Indeed, for these samples,
the cross section of the polar head is larger (4a, 4¢) or simi-
lar (5a, 5c¢) relative to that of the lipophilic part (“reverse”
flat, tapered conformation), a structural requirement a
priori incompatible with the formation of inverted columnar
phases.* By means of molecular modeling and molecular
dynamics, an explanation of the structure of the Col, phase
is given and will be discussed below. In contrast, the cubic
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phase for 6a and 6c¢ was totally expected. Interestingly, the
space group for the cubic phase is different and changed
upon the huge volume increase of the polar part from Pm3n
to Im3m, when compared with the analogous compounds of
the 3 type.

Finally, the last three compounds (4b, 5b, 6b) bearing the
bulky trifurcated chains all showed a cubic phase, from
room temperature up to the clearing point, which decreased
rapidly from 172 to 129 to 42°C with increasing generation.
For these compounds, the volume of the chains is already
important right from the first generation (6, 12, and 24
chains for 4b, 5b, and 6b, respectively) so that the confor-
mational criteria required for self-assembly into micelles is
reached even for the smallest member of the series. The
cubic phase was deduced from the X-ray patterns for which
three (4b) and four (5b) small-angle reflections were ob-
served in the ratio 1, v2, V3, v4, and V5 (Figure 2). Un-
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Figure 2. X-ray diffractogram of the cubic phase of 5b (Im3m).

fortunately, 6b could not be analyzed by means of X-ray dif-
fraction because of some experimental difficulties such as its
high viscosity and sticky character at room temperature.
However, the existence of the cubic phase was proven by
POM observations (see above). By analogy with 6a, and the
similarity of the diffractograms, the structure of these cubic
phases is regarded as isomorphous, and thus, the reflections
were indexed in the body-centered Im3m space group as
(110), (200), (211), (220), and (310). These results were ex-
pected on the basis of the behavior of the preceding series.
Here, though, the dendrimers likely adopt a conical shape
right from the first generation due to the strong interfacial
curvature, and have a strong amphiphilic character as the
polar parts are important. These dendrimers then self-as-
semble into pseudospherical supramolecular micelles, which
are located at the eight corners and in the center of the
cubic lattice. The model of this organization will be dis-
cussed in the next section. The mesomorphic properties are
summarized in Table 1 and in the phase diagram shown in
the Supporting Information.
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Supramolecular organization and modeling

Columnar hexagonal phase (Col,-pé6mm): All the triol com-
pounds of the first (1¢, 1d, except 1a) and second genera-
tion (2a, 2¢) as well as four hexols of the first and second
generation (4a, 4¢, 5a, and 5c¢) were found to exhibit a
Col,-pbmm phase. All differ by their polar/apolar ratio, that
is, by the size of their respective constitutive lobes. Taking
these structural differences into account within these series
of mesogens, it was expected that their molecular organiza-
tions into the mesophase might slightly differ, and as such
the specific molecular packing of each compound into the
mesophase will be discussed separately hereafter.

As far as 2a and 2c¢ are concerned, the structural require-
ment necessary to induce an inverted columnar phase (nega-
tive curvature of the interface, that is, when the apolar
chains radiate out of the columnar spines) is satisfied.
Indeed, the four or six side chains cover the periphery of
the dendron from the wide end, whereas the narrow end is
constituted of polar hydroxy groups. When the chains are
molten, the mismatch at the polar/apolar interface is further
enhanced, favoring the microsegregation of these tapered
molecules into cylindrical structures (the number of chains
being too small to drive the organization into micellar cubic
structures). Thus, it is very likely that the dendrimers self-as-
semble in such a way that the polar apices segregate to form
the polar columnar core of the cylindrical micelle, further
stabilized by a dense and interlocked hydrogen-bonding net-
work. The hydrophobic branches surround the wall of the
inner columnar core (hydroxyl-dendritic interface), with the
aliphatic chains radiating laterally.

The dimensions of these molecules in a flat conformation
are fully compatible with the hexagonal lattice parameter,
with the radius of the tapered molecule (equal in a first ap-
proximation to the height of the triangular mesogen) being
close to half the intercolumnar distance, D. Knowing the
molecular volume of 2a, which can be estimated to be ap-
proximately 1990 A® (at T=50°C), it is found that three
molecules (or molecular equivalents) completely fill a slice
of column 4.5-4.6 A thick. In order to pave (or fill) the hex-
agonal lattice efficiently, the molecules, which are radially
oriented, are packed side-by-side to form a thick disclike
slice as in a pizza.'"¥! As for 2¢, a slight expansion of the hex-
agonal lattice was observed
when compared with that of

FULL PAPER

into the Col;, phase is the same as that proposed by Percec
for his dendromesogens, and is driven by the steric conges-
tion, the amphiphilic character of the molecules (molecular
recognition), and the formation of a dense hydrogen-bond-
ing network.'" This dense packing model of the dendrimers
into columns was supported by molecular dynamics. A peri-
odic molecular model for these two compounds was built
from experimental X-ray data, though it was convenient to
consider a slice thickness of 9.2 and 9.0 A for 2a and 2¢, re-
spectively, and thus six molecules per defined slice
(Table 2). The result of these calculations showed a good
space filling of the available volume, as well as the enhance-
ment of the microsegregation over the entire simulation ex-
periment time, contributing to the cohesion of the structure.
Snapshots of these experiments showing the excellent mo-
lecular packing of 2a and 2¢ in the Col,, phase are shown in
the Supporting Information.

Similarly, the two minidendritic triols 1¢ and 1d and the
dendritic hexol compounds, 4a, 4¢, Sa, and Sc also form a
Col,, phase, despite the fact that some of them do not pos-
sess a priori structural requirements to self-assemble into
such phases (i.e., with an inverted structure). Indeed, the
greater size of their polar parts with respect to their apolar
parts should in principle favor the formation of normal
phases (i.e., with a positive interfacial curvature). Therefore,
self-organization into a columnar phase resembling the H;
phase observed in lyotropic™” and in some amphotropic*!!
systems could not be immediately excluded. Recall that in
such a normal phase, the polar heads of the molecules are
directed outwards from the core to form a hydrophilic
outer-wall interface, whereas the lipophilic fragments fill the
internal core. In the case of the lyotropic systems, such an
arrangement is even facilitated more as it occurs in the pres-
ence of a polar solvent like water. Under these conditions,
the solvent contributes to the swelling of the polar part, to
the dilution of the hydrogen-bonding network, to the
smoothing of the interface by counterbalancing the geomet-
ric constraints, and to the fluidity of the system by filling the
empty cavities. However, this normal arrangement seems
very unfavorable in anhydrous materials and up to now only
two examples of normal phases (Col, and cubic phases)
have been reported in thermotropic systems.”? Indeed, if
such an organization into normal columns was true here, the

Table 2. Parameters®! of the Col,, phase of the dendrimers 1, 2, 4, and 5.

2a, consistent with the extra

VOlume required fOr the ac- Compd D [A] h [A] (MD) N h [A] (NVmol/S) P (MD) ) [Az] (r [A]) Aen [AZ]
commodation of two additional 1€ 40.1 9.375 10 9437 1.007 13109 (138.9) 44
. 1d 471 9.42 18 9.449 1.003 1541.7 (163.2) 43
chains per dendron (Viq=2 5, 393 92 8.923 0.970 1214.7 (136.1) 51
590 A* at T=40°C). Using the 2. 445 9.0 6 9.059 1.006 1396.4 (15415) 39
same calculation, it is found 4a 457 6.75 8 6.719 0.995 1063.7 (158.3) 66
that three molecules self-as-  4¢ 50.35 8.47 10 8473 1.000 1477.8 (174.4) 49
semble info a supramolecular  5* 498 9.0 8 9326 1.036 1 608.8 (172.5) 50
5¢ 54.15 9.76 8 9.922 1.017 1 861.3 (187.6) 39

disc 4.6 A thick with a cross

section compatible with that of
the hexagonal unit. In this re-
spect, the packing of 2a and 2¢
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[a] D, h, N, p, X, and I are the intercolumnar distance, thickness of a columnar slice (repeating periodicity),
number of molecules per such slice, density estimated by MD, interface of the hexagonal cell A-thick (X=h.T)
area and perimeter (I'=6/=2+/3D) of these cells. a,, =cross-sectional area of the terminal aliphatic chains cal-
culated on the Wigner-Seitz cell walls.
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honeycomb structure, which would be extended in the third
direction and solidified by a dense hydrogen-bonding net-
work, would not be compatible with the high fluidity of the
mesophases observed by using POM. Consequently, the clas-
sical inverted model has thus been considered for the de-
scription of the molecular arrangement of these amphi-
philes. It was therefore necessary to support this hypothesis
by molecular dynamics (MD) in order to understand such a
molecular organization within the Col,, phase.

Using the geometrical approach described above, it was
found that a hexagonal cell, 4.5 A thick, contains 5.35 mole-
cules of 4a (D=45.7A, V,,=1520 A> at T=130°C). Con-
sidering the hypothesis of a mesophase based on supramo-
lecular columns with a polar interior core, there is no effec-
tive possibility to arrange 5.35 of these mesogens in such a
cell that respects both a perfect paving of the hexagonal
two-dimensional lattice (with 4a possessing only two ali-
phatic chains) and a good agreement between molecular
and mesostructural dimensions. Indeed, the bulky polar
fragment occupies a large volume not easily compensated
for by the reduced number of aliphatic chains per molecule.
A solution to this problem was given by computer modeling.
The optimization of the geometry by molecular dynamics at
130°C, the temperature at which the X-ray experiment was
performed, led to a hexagonal lattice (with D =45.7 A fixed
before calculation) with a thickness of 13.5 A and containing
16 molecules in the cell (these quantities correspond to the
same ratio of 5.35 molecules per 4.5 A-thick stratum, and
thus to the same packing density). Comparing the molecular
dimensions and the lattice size, the best compromise was
found when the 16 molecules are placed into two strata of
6.75 A thick, each stratum containing eight molecules ar-
ranged in such a way that they form a cylinder and occupy
the available space homogeneously (Figure 3). In this simu-
lation, the relative arrangement of the molecules is not
random, adapting their shape in order for the polar seg-
ments to be localized in the central part of the discs, that is,
in the interior of the column (Figure 3), to allow strong hy-
drogen-bonding interactions. The density ratio calculated at
130°C, estimated from MD and XRD analyses (Table 2),
was found to be very close to unity (0.995), and therefore

Figure 3. Snapshot showing the organization of 4a in the Col, phase
(black =polar central core). Only one layer (6.75 A) is represented. The
apparent empty zones are actually filled by neighboring layers.
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supports this arrangement. The relative size of the region
occupied by the polar parts is also rather large with respect
to that filled by the aliphatic and aromatic parts, therefore
suggesting here that the dominant driving force for meso-
phase formation is clearly the hydrogen-bonding interac-
tions between the hydroxy groups. These interactions are
necessary to stabilize the columnar polar spine, the chains
forming the infinite continuum.

Similarly, we also resorted to molecular dynamics to un-
derstand the packing of 5a in the Col, phase. In this case,
the cross section of the polar part is comparable to that of
the aliphatic part, and thus a lamellar structure was expect-
ed instead of the Col, phase (and indeed, a transient lamel-
lar crystalline phase was formed at lower temperatures
before the Col, phase). It appeared that for the lattice pa-
rameter D=49.8 A, V,,=2 505 A® at T=100°C, a slice
4.5 A thick would contain four molecules. This arrangement
did not yield an efficient paving of the lattice (discrepancy
between molecular dimensions and columnar cross section).
However, the result of the molecular-dynamics calculation
suggested that it was preferable to consider a stratum with a
thickness of 9.0 A containing eight molecules to obtain good
filling of the available volume. Here, the relative positions
of the hydroxy groups are able, through efficient hydrogen-
bonding interactions, to ensure the stability of the polar
column (see the Supporting Information). The density ratio
estimated from MD and XRD analyses for this packing at
100°C (1.036) shows good agreement with the model
(Table 2).

The main driving force for the Col, formation of 5a is the
importance of the hydrogen-bonding interactions that stabi-
lize the overall architecture, as proven by the modeling. For
both 4a and 5a, good agreement was observed between the
results obtained by using XRD and those found from MD
analyses (Table 2). Despite the a priori incompatible molec-
ular conformation, that is, either an inverted triangular
shape (4a) or quasicylindrical shape (5a, quasiequivalence
of the two lobes, with a near zero-interfacial curvature), a
good segregation in columns was nevertheless achieved be-
tween the polar hydroxy parts and the aliphatic parts. For
all the compounds, the columns are stabilized by hydrogen-
bonding interactions and van der Waals interactions, with
the latter then self-organizing into a hexagonal honeycomb
packing, that is, a Col, phase.

Conducting this analysis on 4¢ (D=50.35 A, vV, =1
860 A* at T=140°C) and 5¢ (D=54.15, V,u=3 150 A® at
T=100°C) led to similar idealized representations. Ten mol-
ecules are needed over a thickness of 8.5 A in the case of
4¢, while for 5¢, eight molecules are necessary to fill a cylin-
der 9.8 A thick. MD calculations show a good agreement be-
tween molecular and mesophase dimensions, with an almost
perfect paving of the two-dimensional lattice. As it can be
seen from the MD snapshots (Figure 4 and the Supporting
Information), the filling of the available space is more effi-
cient for the two ¢ systems, each bearing three and six termi-
nal aliphatic chains, respectively, than for the a-system ho-
mologues (2 and 4 aliphatic chains), as expected.

Chem. Eur. J. 2006, 12, 8396—8413
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Figure 4. Snapshot of the packing of 4¢ after MD in the hexagonal two-
dimensional lattice of the Col;, phase (polar column in black).

As for 1c¢ and 1d, good packing models in the hexagonal
cells were obtained. For 1¢ (D=40.1A, V,,=1 315 A% at
T=50°C), ten molecules can be arranged radially over a
thickness of 9.4 A. For 1d, with a much larger lattice, 18
molecules over 9.4 A were necessary (D=47.1A, V, =1
010 A® at T=60°C) to achieve efficient packing. As can be
seen from the modeling, the molecules completely occupy
the available space (see the Supporting Information).

All the data given above for each compound are summar-
ized in Table 2. It is important to keep in mind that all these
molecular models are static and local representations only
of a more dynamic and macroscopic reality, however, they
are significantly descriptive and useful to explain the supra-
molecular organization of all these dendrimers within the
hexagonal columnar phases. This is why, for instance, the
polar cores, in black, do not appear circular but rather dis-
torted in shape instead. Averaging these local arrangements
over larger assemblies with random (not correlated) main
orientation effectively leads, on the timescale of the experi-
ment, to columns with circular polar cross sections that are
compatible with the symmetry of the mesophase.

To access other structural parameters, such as chain area,
a convenient way to describe these hexagonal densely
packed infinite columns is to locally visualize the distance
between columnar hard cores or intercolumnar interfaces by
a virtual hexagonal array (honeycomb), embedded within
the polar cylindrical-like core (Figure 5). With such a geo-
metrical model (i.e., to consider the column as a hexagonal
prism), it is possible to determine the area occupied by one

Figure 5. Wigner-Seitz representation of the hexagonal phase (honey-
comb array). D is the intercolumnar distance and S, /, and I are the sur-
face area, edge, and perimeter of these cells.

Chem. Eur. J. 2006, 12, 83968413
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terminal chain on the walls of the Wigner-Seitz cell, and
thus to estimate the average conformation of the chains and
their degree of squeezing in this arrangement. Indeed, the
edge of the hexagonal prism, /, is directly linked to the pa-
rameters of the mesophase deduced by using XRD by the
relationship /=D/+/3, and thus the estimation of a specific
interfacial area is straightforward. The result of these calcu-
lations show acceptable values for the chain area of the den-
drimers approaching a tapered shape (i.e., compounds 1e,
1d, 2¢, and 5c¢) that is, about 40-45 A2 (Table 2); in these
cases, the chains radiate almost perpendicularly to the inter-
face, and adopt a fanlike conformation and fold as the dis-
tance to the interface increases. Discrepancies were found
for the chain-deficient compounds such as 4a, and to a
lesser extent for compounds 2a, 5a, and 4¢, with chain
areas greater than 50 A% To cover the honeycomb interface,
the chains, which are not as radially stretched in the plane
as for the above compounds, are forced to be tilted in and
out of the plane symmetry; this leads to a lesser occupation
of the available space, in good agreement with the modeling
calculations.

Cubic phases, Cub-Im3m and Cub-Pm3n—space- filling pol-
yhedral model: Cubic mesophases are ordered three-dimen-
sional supramolecular edifices that appear optically isotropic
when observed between crossed polarizers. Although such
phases are routinely observed in lyotropic systems,*! rela-
tively few thermotropic compounds exhibit cubic pha-
ses.1417:37¢L41 Among the dendrimers studied, seven of them
were found to self-organize into cubic structures, namely the
four compounds of the third generation (3a, 3¢, 6a, and 6¢)
bearing linear chains, and the three members of the hexol
series of dendrimers bearing peripheral trifurcated chains
(4b, 5b, and 6b). X-ray diffraction analyses enabled us to
identify the space groups of the cubic phases, namely, Im3m
for 6a, 6¢, 4b, and 5b and Pm3n for 3a, and 3¢, the phase
symmetry appearing to depend on the size of the polar part.

However, there is no direct evidence whether the phases
are bicontinuous or micellar. As discussed previously, their
occurrence in the phase sequence along with their molecular
structures strongly supports the latter. Indeed, all these den-
dritic molecules have a very large volume fraction of ali-
phatic chains in common, and thus a strong interfacial cur-
vature. This forces the dendrimers to deviate from the
wedgelike flat shape to adopt a conical conformation with
the polar part located at the apex of the conelike structure,
despite the important associated entropic cost (conforma-
tional limitations). Consequently, based on these molecular
conformations and packing considerations, the micellar
model appears to be more probable than the bicontinuous
one. The former will be considered hereafter as the basis of
the molecular organization of these dendrimers, as in the
case of the classical dendromesogens!"!! and other thermo-
tropic systems showing such phases. Recall that for micellar
thermotropic cubic phases, the micelles are necessarily in-
verted, that is, the polar nucleus of the micelles is embedded
in an apolar aliphatic shell.?”
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As for lyotropic micellar cubic phases, their structure re-
sults from the ordered three-dimensional packing of micellar
aggregates into various cubic symmetries, although, in ther-
motropic systems, there is no continuous film of solvent sep-
arating the micelles.?**! Self-organization into such a cubic
phase is similar to that described above for the Col, phase
except that in the present case, three-dimensional-like ob-
jects are now considered instead of flat, tapered ones. First,
the mesogens self-assemble into spheroidlike supramolecu-
lar clusters, with this process driven by the amphipathic
character of the molecules, as well as steric and energetic
constraints. The minimization of the energy cost is achieved
by the antiparallel arrangement of the dendrimers to yield a
nonpolar micelle. Then, these supramolecular objects subse-
quently pack into three-dimensional lattices, the stability of
the arrangements being controlled by van der Waals interac-
tions and surface-energy minimization (Figure 6). In these
molecular edifices, the number of molecules per micelle de-
pends on both the generation and number of terminal

chains.

>@

Polar part

Increasing generation

Dendritic hydrophobic part

Figure 6. Schematic idealized representation of the self-assembling proc-
ess of amphiphilic dendrimers into supramolecular clusters. Depending
on the aliphatic volume fraction, the size, and thus the number of mole-
cules per micelle, is changed. The height of the dendrimer corresponds
approximately to the radius of the micelle.

In the case of the body-centered micellar cubic phase with
the Im3m space group, the phase consists of the three-di-
mensional packing of a single type of spherical micelle locat-
ed at the corners and at the center of the cubic cell. Still
under debate,™ the structure of the Pm3n micellar cubic
phase is thought to be made of two types of micelles: two
quasispherical ones are located at the corners and center of
the cubic lattice, and six with a more flattened shape are
positioned in the middle of the faces.* This latter structure
was proposed after the so-called A15"" structure known in
metal alloys (MM’;) and metal oxides (MOs). In this case,
the atoms M generate a cubic body-centered substructure
(i.e., Im3m symmetry), and each of the cubic faces contains
a pair of the M’ or O atoms located on two of the four tetra-
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hedral sites, leading to breaking up of the symmetry.*

However, a crystallographic description based on the pack-
ing of nondeformable hard spheres seems improper here, as
it generates interstices particularly in such noncompact
structures. As far as the lyotropic cubic phases are con-
cerned (normal and inverted), these lacunas can be filled by
water (normal phase) or hydrocarbon solvents (inverted
phase). The overall dynamics of the system allow such a
local instantaneous description. In contrast, such a hard-
sphere model cannot be applied to cubic thermotropic
phases for several reasons. Firstly, because of the excluded
volume, which cannot be compensated for in (single compo-
nent) pure systems made of hard spherical objects, particu-
larly with these two loose-packed cubic lattices. Secondly,
unlike metallic ions that interact by means of directional d
orbitals to form specific three-dimensional edifices, there
are no such preferential bonding directions between spheri-
cal micelles, and thus no particular tendency to self-organize
according to specific three-dimensional arrangements. Final-
ly, such micelles are not hard like metals or inorganic ions,
but have a rather soft shell, and their shape may easily un-
dergo some low-energy elastic deformation favoring area-
minimizing structures (surface minimization). All these facts
led us to adopt the space-filling polyhedron geometrical
model,?*! similar to that used in dry soap froths.”*>! In
this description, instead of considering hard and spherical
micelles, we looked at the mean distances between the mi-
cellar nuclei, which is represented by polyhedral Wigner-
Seitz (or Voronoi) cells,?? the nature and type of which are
clearly related to the symmetry of the cubic phase. In these
idealized structures, the interior of the polyhedrons is filled
by a defined number of dendrimers, the center of gravity
being occupied by the polar core (the nucleus), and the end
chains lying on the corresponding geometrical surfaces and
describing the micellar interface (i.e., films of solvent in lyo-
tropic phasest).

Thus, for the Im3m phase, the symmetry and the complete
filling of the space is achieved if the Wigner-Seitz cell of the
body-centered cubic structure, the truncated octahedron (a
semiregular Archimedean tetrakaidecahedron formed by
eight hexagonal and six square l-edge faces), is considered:
it is located at the nodes of the cubic lattice (Np.=(8x1/
8)+(1x1)=2) (Figure 7a).

Figure 7. Space-filling polyhedra model. Packing of regular truncated oc-
tahedra in the micellar /m3m cubic structure (left), and packing of do-
decahedra and Goldberg tetradecahedra in the micellar Pm3n cubic
structure (right).
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Table 3. Structural parameters!? of the cubic phases formed by 6a, 6¢, 4b, and 5b (Im3m space group) and by

group, two polyhedrons must

be considered to fill the entire ~ Compd Vi [A’] a[A] I[A] S(S)[A7] V(V)[A] N (N) New N'aw)  ae (de) [AY]
volume and keep the symme-  4b 3090 547 19.34 10018 81 834 26.5 160.7 62.3
try,’" namely the regular Pla-  5b 5505 59.05 20.88 11674 102 951 18.7 2244 52.0

. 6a 4550 633 2238 13415 126 818 27.9 2232 60.15
tonic dodecahedron (12 pen-

P fed l( . P 4 o 5835 662 2340 14673 145 059 249 2983 492

tagonal faces of edge /) locate 3a 3960 81.5 1873 7247 (9071) 50395 (73426) 12.7 (18.55) 101.8 (148.3) 71.2 (61.15)
at the center and corners of 3¢ 5315 829 19.05 7498 (9385) 53037 (77275) 10.0 (14.55) 120 (174.6)  62.6 (53.8)

the cubic cell ((8x1/8)+(1x
1)=2), and the Goldberg tet-
rakaidecahedron (a semiregu-
lar 14-faced polyhedron with
two hexagonal faces and 12
pentagonal [-edge faces),” oc-
cupying two of the four tetra-
hedral sites of each face of the
cubic lattice (6x2x(1/2)=6)
(Npic=38) (Figure 7b). From the bond frame formed by mon-
onuclear Siy, Gey, and Sny clathrates of type I (AlS),
which also crystallize in the same Pm3n space group, this ar-
rangement of polyhedrons can be recognized (see the Sup-
porting Information). In this non-close-packed lattice, the
atoms are arranged in such a way that they form a compli-
cated three-dimensional skeleton through Si—Si bonds by
generating an arrangement of two types of polyhedrons,
namely, the regular dodecahedron located at the center and
corners of the cubic cell and two tetrakaidecahedron on the
middle of each face, confirming the appropriate choice of
the two polyhedrons.

This concept is of particular interest,”” as the judicious
choice of the elementary polyhedron (each point of its sur-
face represents the mean distance between adjacent micellar
nuclei and by extrapolation can be seen as the micellar in-
terface) in the corresponding cubic structure, or other three-
dimensional structures,””*! will allow for the complete fill-
ing of the volume. It can thus be adapted to the description
of the pure, inverted thermotropic micellar cubic phases
under study. This geometrical analogy also offers easier
access to molecular and micellar characteristics as a function
of the cubic mesophase lattice parameter, because the
volume and surface area of the polyhedrons are determined
mathematically, and the lattice parameter (a) and the edge
of the polyhedron (/) are geometrically linked (see below).
Note that for the Pm3n case, despite the fact that these two
polyhedrons are only slightly distorted, the relationships be-
tween a and ! still remain valid.’”! The knowledge of [ will
give access to the interface and the chain cross-sectional
area, and should permit a better understanding between mo-
lecular structure and cubic space group.

The relationship linking @ and [ allows the volumes (and
the surfaces) of the various polyhedral micelles to be deter-
mined (Table 3) and compared: those forming the Pm3n lat-
tice are approximately 35-60 % smaller than those forming
the Im3m lattice (for identical dendritic arborescence, the
difference is the size of the polar head) and consequently a
smaller number of dendrimers self-assemble in the former
than in the latter. It also permits access to the chain-area
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[a] Vino=molecular volume at 7, the temperature of the X-ray experiment; a =lattice parameter of the cubic
phase; V=volume of the regular polyhedron (the truncated octahedron for the Im3m cubic phase or the do-
decahedron for the Pm3n cubic phase); V' =volume of the Goldberg tetrakaidecahedron (Pm3n cubic phase);
S=surface of the regular polyhedron; §’=surface of the semiregular tetrakaidecahedron; /=edge of the poly-
hedron. Geometrical parameters: a=2+/2/, S=(12\/3+6)P, V=8,/2F for the Im3m, and a="/(2/3+3+/5)l,
S=3/(25+10/5)F, V="/,(15+7/5)F for the Pm3n cubic phase, §'=S+3,/3F V'='/(a>-2V). N(N')=
number of aggregation in the regular (irregular) polyhedron (N(N')=V (V')/Vyq). Neop (N'¢,) =number of
chains per micelle. agy/a’c, = chain area acy/a’ ¢, = S(S")/N(N').

values at the interface of the polyhedrons. Indeed, as for the
hexagonal phases described above, it is also possible to eval-
uate the surface area of the aliphatic chains and thus their
degree of order (orientation, squeezing) at the micellar in-
terface (with the number of chains per micelle and the sur-
face area of the micelles known). It is immediately apparent,
and expected, that the chain area is greater in the cubic
phases (Table 3) than in the Col, phase (Table 2). The great-
er area is a consequence of the molecular shape change
from flat and tapered to conelike and therefore, in the cubic
phase, the chains radiate isotropically with respect to the
spheroid micellar nucleus.

For similar dendritic topologies (3a and 6a, and 3¢ and
6¢, respectively), the chain area is, on average, smaller for
compounds of type 6 than for those of type 3. This can be
understood as the two hexols (6a and 6¢) have a larger
polar lobe than the corresponding triols (3a and 3¢), and
thus preferably adopt an overall conformation close to that
of a truncated cone rather than a true conical one. This re-
sults in the supramolecular aggregation of the hexols into
larger micelles, with a smaller interfacial curvature than
those of the triols. In this case, the chain area is minimized
(ca. 50-60 A?), and so is the interfacial area between neigh-
boring micelles (minimization of the surface free energy).
Consequently, the smaller the chain area is (denser chain
packing), the smaller the interfacial curvature is, and the
larger the micelle is. Moreover, adding chains but maintain-
ing the dendritic and polar parts constant (a—c) also leads
to a denser packing of the chains, which confirms the above
assumption, and leads to a lowering of the free energy of
the system. The dendrimers bearing trifurcated chains (4b
and 5b) also have a truncated cone shape and a similar
chain-area value, and behave like 6. The interfacial area de-
creases with the generation or with the number of peripher-
al chains (a—c) (Table 3).

This is in contrast with the two triols of the third genera-
tion (3a and 3c¢), which self-assemble into the Pm3n cubic
phase. Here, the polar head is small compared with that of
6a and 6¢ and the overall molecular conformation is as-
sumed in a first approximation to be close to a cone shape.
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Therefore, the tendency to self-assemble into smaller mi-
celles is enhanced (Table 3). However, considering the two-
micelle model, these small micelles should possess a larger
free energy than those formed by 6. This is a direct conse-
quence of the rather large chain area calculated at the mi-
cellar “interface” (Table 3, 6070 A%; 10 A2 more than in the
Im3m case), implying more disordered chains (note that the
chain area is smaller for the larger micelles of the primitive
cubic cell than for the smaller ones). This unfavorable gain
of entropy (with respect to 6) would lead to an increase of
the free energy of the small micelles. A way to compensate
for this entropy excess would consist of the self-assembling
process of two different types of micelles in equilibrium,
that is, two small and nearly spherical ones and six larger
and flattened ones as in the Pm3n structure, in agreement
with the breaking of symmetry. Thus, a more satisfactory
model may be needed (the larger micelles should absorb the
smaller ones!), as this Pm33n structure still remains a ther-
modynamically stable mesophase. A more stable and suita-
ble model would be that proposed by Kamien,® which con-
siders columns in the cubic lattice formed by the face-to-
face fusion of consecutive Goldberg tetrakaidecahedrons
through their hexagonal faces. Indeed, the Pm33n cell can
be described differently: the unit cell includes eight sites,
which can be subdivided into three pairs of columnar sites
evenly spaced along the bisectors of the cubic cell faces and
two interstitial sites at the center and corners of the cubic
lattice (Figure 8), occupying approximately 80 and 20% of

Figure 8. Schematic representation of the three-dimensional interlocking
pinched columns model lattice. The arrows indicate the growth direction
of the evenly pinched columns.

the volume, respectively. The columns resulting from the
fusion of the tetrakaidecahedron form a set of mutually per-
pendicular and interlocking columns (Figure 8), in a way
similar to the representation of the cubic blue phase
BPII;® though here the columns are not double-twisted,
but evenly pinched. The interstitial space left at the junc-
tions between three columns corresponds to a regular do-
decahedron and can be entirely or partially filled. In the
case of empty interstices, the excluded volume represents
18.6 % of the entire cell corresponding to approximately 26
and 20 molecular volume equivalents (for the two intersti-
ces) out of 137 (3a) and 107 (3¢) molecules, respectively. In
this case, the new calculated chain-surface areas amount to
39.75 and 35.0 A% for 3a and 3¢, respectively, in the most
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extreme (improbable) empty interstices situation, whereas
larger values are obtained when they are totally filled (48.85
and 42.95 A? for 3a and 3c, respectively). These new values
of the chain areas, close to those found in the Col, phases,
are indicative of a denser packing and thus of more stable
systems. Due to the energy cost involved, the case of an un-
filled interstice is highly improbable, and thus diffusion of
molecules from the pinched columns into the interstice
likely occurs instead, resulting in some local distortions or
undulations of the columns. This led us to wonder whether
the conical shape of the dendrimers is a necessary require-
ment for them to self-assemble into the Pm3n cubic phase,
the restriction of molecular conformations contributing to
an increase of the entropy of the system. On the basis of the
present results, such a molecular conformation is truly not
an essential condition for the formation of evenly pinched
columns, 3 x 3 interlocked into a three-dimensional network.

As for the hexagonal systems, the static and local descrip-
tion given here does not reflect the entire reality of these
mesophases, but gives us a fairly good account of the molec-
ular packing of these dendrimers at the local scale. For the
same reasons, and for the Im3m cubic phase, it is easy to
conceive that due to thermal motion all the truncated octa-
hedrons are close to perfect spheres that fully fill the availa-
ble space. The situation is slightly more delicate as far as the
interlocking, evenly pinched column model for the Pm33n
cubic phase is concerned. It is very likely that the pinched
columns are not frozen, and move along the three directions
of space (parallel to their main columnar axis), in such a
way that a time-average filling of the space is apparent, that
is, diffusion of molecules likely occurs, which corresponds to
the filling of the interstices.

Conclusion

A detailed systematic study on Janus amphiphilic block co-
dendrimers was carried out. The generation of both dendrit-
ic lobes and the number of peripheral aliphatic chains were
modified independently, allowing for insight into some struc-
ture—property relationships. Increasing the generation and/
or the number of chains leads to a stepwise increase of the
dendritic—aliphatic interface, and to the formation of colum-
nar and cubic phases accordingly. The control of the hydro-
gen-bonding ability by tuning the polar lobe size was reflect-
ed by the strong stabilization, and in some cases modifica-
tion, of the mesophases. For example, decomposition was
reached before clearing into the isotropic liquid phases in
some cases. Models of these supramolecularly organized
constructions were proposed. The packing of these new co-
dendrimers into hexagonal columnar phases was understood
with the help of molecular dynamics. Important structural
parameters could be extracted and this allowed a direct cor-
relation between both the molecular and mesostructural di-
mensions. As for the cubic phases, the geometrical space-fill-
ing polyhedron model was successfully applied here. The
use of the single elementary Wigner-Seitz cell of the bcc lat-
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tice was sufficient to explain the molecular organization
within the Im3m cubic phase. It was demonstrated, on the
contrary, that the most satisfactory explanation of the mo-
lecular organization of the dendrimers with the Pm3n lattice
consists of the formation of an infinite three-dimensional in-
terlocking network of evenly pinched columns. This study
also showed that the formation of columnar and cubic
phases is not restricted to flat, tapered, conical molecular
conformations, but that new structural criteria may be ap-
plied for the design of liquid-crystalline dendrimers.

The amphiphilic nature of the dendrimers resembles sur-
factant properties, and indeed preliminary investigations
showed that they all exhibited a strong tendency to form
films at the air/water interface. These results will be report-
ed in due course.
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