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Abstract: Bis-[60]fullerodendrimers were synthesized by as-

sembling [60]fullerene-containing type I (terminal olefin) and
type II (a,b-unsaturated carbonyl olefin) olefins through the
olefin cross-metathesis reaction. The synthetic modular ap-

proach developed in this study allowed the preparation of
mono-[60]fullerodendrimers and their [60]fullerene-free ana-

logues. First- and second-generation poly(aryl ester) den-
drons carrying cyanobiphenyl mesogens were used as

liquid-crystalline promoters. The liquid-crystalline properties

were studied by polarized optical microscopy, differential

scanning calorimetry, and small-angle X-ray scattering. In
agreement with the nature and structure of the dendrimers,
nematic, smectic, and multisegregated lamellar phases were
observed. Owing to its versatility and tolerance towards
many functional groups, olefin cross-metathesis proved to

be a reaction of choice for the elaboration of molecular ma-
terials with complex architectures.

Introduction

The design of functional materials for the elaboration of high-

performance supramolecular devices that display specific prop-
erties is both a conceptual and synthetic challenge.[1] Within
this context, [60]fullerene (C60), an exceptional photophysical[2]

and electrochemical[3] unit, generated exciting studies in me-
dicinal[4] (DNA photocleavage,[5] enzyme inhibition,[6] virus in-

hibition,[7] neuroprotection,[8] antibacterial activity[9]) and mate-
rials science (photoactive dyads,[10] triads,[11] polyads,[12] and
plastic solar cells[13]). To improve the effectiveness of [60]fuller-
ene-based devices, materials containing two,[14] three,[15] four,[16]

or more[17] C60 units were synthesized. Such compounds are
also interesting from the point of view of synthetic chemistry.
Indeed, their synthesis requires the precise control of the reac-
tivity and stereochemistry of [60]fullerene. For example, oligo-
phenylene ethynylene (OPE)/oligophenylene vinylene (OPV)

oligomers were functionalized with bis-(fullerenyl) end-capping
groups.[18] The length of the oligomeric OPE/OPV bridge be-

tween the two C60 units was varied. Substantially quenched

fluorescence of the bridge was observed, which indicated
rapid photoinduced intramolecular energy/electron transfer.

Fulleropyrrolidine end-capped molecular wires are other inter-

esting bis-[60]fullerene derivatives.[19] A short bridge was used
to connect two C60 units. The compound with a benzene

bridge behaved as a molecular wire. A light-absorbing p-conju-
gated oligomer–tetrafullerene nanoarray was synthesized and
its photophysical properties investigated.[16a] Intramolecular

energy transfer was observed. A photovoltaic device fabricated
from this compound and poly(3-hexylthiophene) showed

a high external quantum efficiency at l= 500 nm. Finally, den-
drimers containing 1, 2, 4, 8, or 16 C60 units were reported.[17a]

The [60]fullerene-based dendrimers formed clusters when solu-
tions of the dendrimers in toluene were injected into acetoni-

trile. The clusters were deposited onto SnO2-coated indium tin
oxide (ITO) electrodes. The photovoltaic efficiency increased
with the number of C60 units. On the other hand, the function-
alization of C60 with liquid-crystalline or non-liquid-crystalline
addends through addition reactions (e.g. , the Bingel reaction[20]

or the 1,3-dipolar cycloaddition reaction[21]) opened up ave-
nues for the design of innovative self-assembling materials.[22]

Based on the above-mentioned reactions, liquid-crystalline ful-

lerenes have been reported, such as alkylated [60]fullerenes,[23]

liquid-crystalline hexa-adducts of [60]fullerene,[24] liquid-crystal-

line derivative of Y3N@C80,[25] amphiphilic oligothiophene–
[60]fullerene dyads,[26] [60]fullerene-based bent-core liquid crys-

tals,[27] and liquid-crystalline [60]fullerene–oligophenyleneviny-
lene conjugates.[28] The above-mentioned fullerene derivatives
gave rise to nematic, smectic, columnar, and cubic phases.

With the exception of a bis-[60]fullerene–porphyrin material,
for which a triclinic unit cell was obtained,[29] all [60]fullerene-

containing liquid crystals reported so far contain only one C60

unit. This is because the incorporation of two (or more) C60

units within mesomorphic architectures is a difficult synthetic
task that requires perfect control of the molecular design for
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mesomorphism to develop.[28] This challenge motivated us to
develop synthetic pathways that would lead to liquid-crystal-

line bis-[60]fullerene derivatives.
Recently, we applied the olefin cross-metathesis reaction[30]

to synthesize Janus liquid crystals[31] and liquid-crystalline gold
nanoparticles (AuNPs).[32] In the former study, mesomorphic or
non-mesomorphic type I (terminal olefin) and type II (a,b-unsa-
turated carbonyl olefin) olefins were linked together; in the
latter study, mesomorphic type II olefins were grafted onto

AuNPs functionalized with type I olefins. In both cases, the
olefin cross-metathesis reaction was carried out under standard

conditions with control of the stereochemistry of the carbon–
carbon double-bond formed in the cross-metathesis products
(E configuration). The observed liquid-crystalline properties
were in agreement with the structure and nature of the olefin-

ic precursors (smectic A, nematic, and chiral nematic phases).
Based on those studies, we anticipated that olefin cross-meta-
thesis would be an ideal reaction to link two liquid-crystalline
building blocks, each of which containing a C60 unit.

We report herein the synthesis, characterization, mesomor-

phic properties, and supramolecular organization of first- (1;
Figure 1) and second-generation (5 ; Figure 2) bis-[60]fullero-

dendrimers, and their [60]fullerene-free and mono-[60]fullerene

analogues, obtained by olefin cross-metathesis reactions be-
tween type I (terminal olefins) and type II (a,b-unsaturated car-

bonyl olefins) olefinic molecular modules. A comparison of
their liquid-crystalline properties allowed us to understand the

role played by the C60 units on the formation, structure, and
stability of the mesophases.

Results and Discussion

The design of the title compounds is based on the functionali-

zation of C60 with first- and second-generation poly(arylester)
dendrons carrying cyanobiphenyl (CB) groups as liquid-crystal-

line promoters. Such dendromesogens were selected to gener-
ate layered mesophases. [60]Fullerene is added to olefinic mal-

onate derivatives through the Bingel reaction.[20] Finally, the
olefinic frameworks were assembled by applying the olefin

cross-metathesis reaction in the presence of second-generation

Grubbs catalysts.[30]

The preparation of bis-[60]fullerodendrimers 1 (Figure 1) and

5 (Figure 2) first required the synthesis of olefinic precursors.
The preparation of first-generation olefins is shown in

Scheme 1. The reaction of alcohol 7[33] with Meldrum acid (2,2-
dimethyl-1,3-dioxane-4,6-dione) gave carboxylic acid 8. Esterifi-

Figure 1. Structures of first-generation bis-[60]fullerodendrimer 1 and related materials.
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cation of the latter with either 4-penten-1-ol or 2-hydroxyethyl

acrylate in the presence of DCC and DPTS in dry CH2Cl2 gave
malonates 9 and 10, respectively. Cyclopropanation of C60 with

malonate 9 or 10 under modified Bingel conditions[20] gave

mono-[60]fullerene derivatives 11 and 12, respectively. Second-
generation olefinic malonates 15 and 16, and mono-[60]ful-

lerenes 17 and 18 were synthesized by analogy to the first-
generation dendrons, as shown in Scheme 2.

Target materials 1–6 were synthesized by an olefin cross-
metathesis reaction between olefins of type I (9, 11, 15, and

17) and type II (10, 12, 16, and 18). In a typical procedure

(Scheme 3), a mixture of type I (1 equiv) and type II (1.1–
1.5 equiv) olefins in dry CH2Cl2 was stirred at 40 8C for 16 h in
the presence of second-generation Grubbs catalyst (0.1 equiv)
and CuI[34] (0.06 equiv). Compounds containing one or two C60

units, 1–3 and 5, were purified by gel permeation chromatog-
raphy (Biobeads SX-1, toluene) and column chromatography

(silica gel, CH2Cl2/EtOAc, 100:0 to 100:5). Bis-malonates 4 and 6
were purified by column chromatography (silica gel, CH2Cl2/
EtOAc, 100:0 to 100:6). All compounds were precipitated in

MeOH. The yields of the olefin cross-metathesis compounds
after purification ranged from 44 to 53 % for the first-genera-

tion dendrimers, and from 26 to 38 % for the second-genera-
tion dendrimers.

The E configuration of the newly formed carbon–carbon

double bond in compounds 1–6 was established by 1H NMR
spectroscopy. An example is illustrated in Figure 3. The 1H NMR

spectrum of bis-malonate 4 showed two doublets of triplets at
d= 6.96 and 5.86 ppm, corresponding to the olefinic protons

Hb and Ha, respectively. From the signal at d= 5.86 ppm, the
3Jtrans coupling constant between the two olefinic protons Ha

and Hb was obtained. The value of 15.7 Hz confirmed the E

configuration of the carbon–carbon double bond.
Type II olefin was added in excess because the cross-meta-

thesis reaction was in competition with the dimerization of

type I olefins. Despite this precaution, homodimerization prod-
ucts were obtained in some reactions. For example, during the

synthesis of compound 1, the homodimer of 11 was identified
by mass spectrometry and 1H NMR spectroscopy (with a signal

at d= 5.55 ppm). In all cases, the homodimers were eliminated
during purification.

The structures and purities of all compounds were con-

firmed by NMR spectroscopy, mass spectrometry, and elemen-
tal analysis. The UV/Vis spectra of 1 and 3 are shown as repre-
sentative examples in Figure 4. Three absorption bands, which
are characteristic for mono-adducts of C60,[35] were observed at

l&425, 485, and 685 nm for both compounds. Finally, the C60

derivatives retained the solubility properties of the correspond-

ing malonates and were soluble in common organic solvents.

Liquid-crystalline behavior

The liquid-crystalline and thermal properties of the cross-meta-
thesis compounds 1–6 and olefin precursors 9, 11, 15, and 17
were investigated by polarized optical microscopy (POM), dif-

ferential scanning calorimetry (DSC), and small-angle X-ray
scattering (SAXS). The phase-transition temperatures and en-

thalpy changes are reported in Table 1. The thermal behavior
of type II olefins (compounds 10, 12, 16, and 18) was not in-

vestigated because such acrylate derivatives readily polymerize
when heated.[31]

Figure 2. Structures of second-generation bis-[60]fullerodendrimer 5 and bis-malonate 6.
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As revealed by POM, all of the compounds displayed meso-
morphic behavior. Textures typical of tilted (schlieren texture)

and orthogonal (focal-conic fan texture and homeotropic
areas) smectic phases were observed. Type I olefins 9 and 15
and bis-malonate derivatives 4 and 6 also gave rise to nematic
(N) phases. It is noteworthy that bis-[60]fullerodendrimers
1 and 5 showed only the formation of one mesophase. Illustra-

tive examples of optical textures are presented in Figures 5–8.
The emergence of lamellar phases is in agreement with the

structure and nature of the molecules that carry CB mesogens.
Indeed, such calamitic mesogens tend to align parallel one to

each other to form layers and lead to the formation of layered

organizations. Moreover, the multiblock molecular architecture
encountered for C60 derivatives (compounds 11, 17, 1–3, and

5) implies segregation of the various molecular constituents
(i.e. , CB units, appended [60]fullerenes, dendritic arborescence,

and aliphatic spacers) into multisegregated lamellar architec-
tures.[33, 36, 37]

A comparison of the liquid-crystalline properties of mono-
[60]fullerodendrimers, bis-[60]fullerodendrimers, and malonate

derivatives gives clues to understand the effect of C60 on the
stability of the mesophases.

On one hand, the clearing points of mono-[60]fulleroden-
drimers 2 (156 8C) and 3 (156 8C) are lower than that of their
malonate precursor 4 (175 8C). This behavior is in agreement
with results obtained for other mono-[60]fullerene deriva-
tives[37] and is an indication that insertion of one C60 unit per

mesomorphic molecule tends to lower the stability of the mes-
ophases, most likely, because of strong perturbations in the

layered structure. On the other hand, the clearing point of bis-

[60]fullerodendrimers 1 (168 8C) and 5 (175 8C) are close to
those of the corresponding malonates 4 (175 8C) and 6
(180 8C), respectively. This behavior can be attributed, at least
in part, to C60–C60 interactions, and reveals a beneficial effect of

the C60 content (more than one C60 unit per mesomorphic mol-
ecule) on the stability of the mesophases.

Scheme 1. Reagents and conditions: i) Meldrum acid, toluene, 65 8C, 24 h, 98 %; ii) 4-penten-1-ol, N,N’-dicyclohexylcarbodiimide (DCC), 4-dimethylaminopyridi-
nium p-toluenesulfonate (DPTS), dry CH2Cl2, RT 20 h, 86 %; iii) 2-hydroxyethyl acrylate, DCC, DPTS, dry CH2Cl2, RT 20 h, 71 %; iv) C60, I2, 1,8-diazabicyclo[5.4.0]
undec-7-ene (DBU), toluene, RT 4 h, 59 (11) and 62 % (12).
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SAXS investigations

SAXS experiments were carried out at various temperatures
(Figure 9, Table 2, and Figures S31–37 in the Supporting Infor-

mation). In the pristine state, the self-organization structures

were not well developed and the corresponding SAXS patterns
consisted solely of small- and large-angle diffuse scatterings.

However, upon heating the samples, the SAXS patterns
evolved and now contained one or two sharp reflections in

the small-angle region, and even up to three peaks for isomer-
ic mono-[60]fullerodendrimers 2 and 3, in the 1:2(:3) ratio; this

unambiguously confirmed the formation of lamellar structures
(Figure 9).

In addition, the patterns displayed several diffuse halos that
occurred from liquid-like lateral interactions within the various

sublayers. The strong halo in the wide-angle region, with
a maximum at 4.4–4.6 a, was readily assigned to the overlap-
ping scattering signals from distances between molten aliphat-
ic chains (hch) and mesogens (hmes). For the C60 derivatives, an
additional weak scattering was visible at about 10 a (hful),

which was thought to arise from loosely intercalated neighbor-
ing [60]fullerenes within the sublayers. Another broad signal

Scheme 2. Reagents and conditions: i) Meldrum acid, toluene, 65 8C, 24 h, 98 %; ii) 4-penten-1-ol, DCC, DPTS, dry CH2Cl2, RT 20 h, 77 %; iii) 2-hydroxyethyl acry-
late, DCC, DPTS, dry CH2Cl2, RT 20 h, 66 %; iv) C60, I2, DBU, toluene, RT 4 h, 24 (17) and 31 % (18).

5

http://www.chemeurj.org


(D) in the small-angle region, superimposed on or close to the

sharp higher-order reflections of the lamellae, was observed
for the second-generation compounds, and was assigned to

loose distances between the protean dendritic skeletons. Final-
ly, inversion of the distribution of the peak intensities was ob-

served between the malonate and C60 derivatives and was in

agreement with the intercalation of an electron-rich median
strata within the mesophases (arising from C60 moieties hang-

ing in the middle of the molecule). Thus, on the basis of SAXS
and POM experiments, it can be concluded that dendritic ad-

dends 4 and 6 (and their precursors 9 and 15) form “classical”
SmA/C phases, consisting of the regular alternation of meso-

genic and liquid-like sublayers (i.e. , made of undifferentiated
molten alkyl spacers and arylester parts). As for the corre-

sponding C60 adducts, they generate multisegregated lamellar
phases with the intercalation of a median [60]fullerene-rich

Scheme 3. Olefin cross-metathesis reaction and the structure of the second-generation Grubbs catalyst. Reagents and conditions: i) second-generation
Grubbs catalyst (0.1 equiv), CuI (0.06 equiv), dry CH2Cl2, 40 8C, 16 h.

Figure 3. 1H NMR spectrum (400 MHz, CD2Cl2) of bis-malonate 4.

Figure 4. UV/Vis spectra of bis-[60]fullerodendrimer 1 (red) and mono-
[60]fullerodendrimer 3 (black) in CH2Cl2.

Figure 5. Thermal polarized optical micrograph of the focal-conic fan texture
displayed by 11 in the mesophase at 147 8C.
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sublayer between mesogenic and mixed liquid-like sublayers
(Figure 10). Notably, the tilted phase could not be differentiat-

ed by SAXS and the narrow temperature-range of the N phase
did not permit investigations.

Table 1. Phase-transition temperatures and enthalpies of the studied
compounds.[a]

Tg

[8C]
Transition T

[8C]
DH
[kJ mol@1]

9 18 SmC!SmA 90[b] –
SmA!N 153
N!I 163 5.4[c]

11 47 SmA!I 149 11.6
15 24 SmA!N 168

N!I 172 8.8[c]

17 45 SmA!I 158 11.1
4 28 SmC!SmA 86[b] –

SmA!N 171
N!I 175 11.4[c]

2 42 SmC!SmA 90[b] –
SmA!I 156 18.3

3 42 SmC!SmA 90[b] –
SmA!I 156 17.8

1 44 SmA!I 168 25.3
6 38 SmA!N 171

N!I 180 16.3[c]

5 39 SmA!I 175 27.4

[a] Tg : glass transition temperature, SmA: smectic A phase, SmC: smec-
tic C phase, N: nematic phase, I : isotropic liquid. [b] Observed by POM.
[c] Overall enthalpy (broad transitions).

Figure 6. Thermal polarized optical micrographs of the schlieren texture (top
left), the focal-conic and myelinic textures and homeotropic areas (top
right), and the schlieren texture (bottom) displayed by 4 in the mesophases
at 173, 150, and 79 8C, respectively.

Figure 7. Thermal polarized optical micrograph of the focal-conic texture
displayed by 1 in the mesophase at 150 8C.

Figure 8. Thermal polarized optical micrograph of the focal-conic texture
displayed by 5 in the mesophase at 170 8C.

Table 2. Main characteristics of the mesophases displayed by cross-meta-
thesis compounds and olefinic type I precursors.[a]

T
[8C]

Phase Vmol [a3]
(1 [g cm@3])

d
[a]

Amol

[a2]
ames

[a2]
t

1 100 SmA 6143 (1.21) 91.5:1.5 67 33.5 0.56
20 SmA 5795 (1.28) 89.4:1.5 65 32.5 0.53

2 100 SmA 5395 (1.16) 97.6:1.0 55 27.5 0.81
20 SmA 5090 (1.23) 85.4:0.8 60 30 0.65

3 100 SmA 5395 (1.16) 95.9:1.0 56 28 0.79
20 SmA 5090 (1.23) 82.7:0.8 61 30.5 0.60

4 100 SmA 4648 (1.09) 93.8:1.0 50 25 0.94
20 Cr – – – – –

5 100 SmA 9863 (1.17) 86.0:0.6 115 28.75 0.77
20 SmA 9305 (1.24) 83.7:0.8 111 27.75 0.74

6 100 SmA 8369 (1.09) 52.3:1.0 160 40 0.28
20 amorphous – – – – –

9 130 SmA 2424 (1.04) 80.7:2.0 30 30 0.74
100 SmA 2374 (1.06) 84.3:2.0 28 28 0.79

20 Cr – – – – –
11 100 SmA 3122 (1.19) 93.1:1.0 34 34 0.56

20 SmA 2945 (1.26) 85.4:0.8 35 35 0.43
15 100 SmA 4235 (1.08) 53.2:0.4 80 40 0.29

20 amorphous – – – – –
17 100 SmA 4982 (1.16) 83.4:0.6 60 30 0.72

20 SmA 4700 (1.23) 82.4:0.6 57 28.5 0.71

[a] SmA: smectic A phase, Cr: crystalline phase. Vmol : calculated molecular
volume; 1: density; d : lamellar periodicity; Amol : molecular area (Amol =

Vmol/d) ; t : bilayer ratio calculated from the mesogenic area, ames =

2 nmLAmol/nmes (in which nmL is the number of molecular layers per lamellar
period; thus, nmL = 1 for the cross-metathesis compounds and nmL = 2 for
the olefinic precursors, and nmes is the number of mesogens per molecule
for the cross-metathesis compounds or the total number of mesogens
per dimer for the olefinic precursors),[38] and from the natural cross-sec-
tional area of mesogens, smes&23.3 a2 at 100 8C (22 a2 at 20 8C), accord-
ing to the equation t= 2@(ames/smes) (assuming untilted end mesogens in
the sublayers). The volume of C60 was deduced from its crystalline struc-
ture (face-centered cubic (fcc) crystalline system with a = 14.15 a, 1 =

1.70 g cm@3, Z = 4);[39] volume of C60 = 705 a3.
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Supramolecular organization

Two types of self-association mechanisms are usually consid-
ered in the case of systems containing polar mesogens, such
as the CB ones: the mesogens can either self-organize head-
to-head, leading to bilayered structures, or head-to-tail, giving

rise to monolayers. The corresponding smectic organizations
are actually intermediate between these two limit cases, with

molecular areas per end-on mesogen, ames, ranging between
one (bilayer) and two (monolayer) times the natural cross-sec-
tion of the mesogen, smes. A bilayer ratio parameter t, which

varies between zero (for monolayers) and one (for bilayers),
can then be defined from the ames/smes areas ratio (Table 2).[40]

Both types of self-association compete in CB-based mesogens
and lead to a wide-range variation of t in the smectic phases,

following small drifts in interactions between mesogens and

chains. In multisegregated lamellar phases, the variation of t

provides an easy mechanism to adapt the natural cross-section

of end groups to the compromise molecular area, Amol, of the
whole sequence of sublayers.[38] Accordingly, for first-genera-

tion malonates (4 and 9), which contain two CB end groups
per linear segment of similar cross-section, a high degree of bi-

layering is promoted (t= 0.7–1.0). Expectedly, both linear seg-

ment lengths and mono- or bis-dendritic architectures lead to
similar t values, since these features barely influence the cross-

section ratios. Regarding the dendritic units, the cross-sections
of the first-generation compounds come down to a single

phenyl ring with areas comparable to those of the linear seg-
ments, which therefore do not modify the balance with the

terminal branches, and thus, limit the lateral expansion of the

mesogenic bilayers. On the contrary, the dendritic units of
higher generation acquire a wedge shape that facilitates

a higher lateral expansion of the layers. This may be the
reason for the observed drop of t to 0.25–0.3 for the second-

generation compounds (15 and 6), the relative lower influence
of the linear segment, which also acts to reduce the propor-

tion of bilayers. Finally, the connection of the CB mesogens to

the higher generation dendritic units perturbs the formation of
regular sublayers with sharp interfaces, as shown by the small-

er number and lower intensity of the lamellar reflections.
These perturbations persist with the rigidification of the

sample upon cooling, leaving an amorphous room-tempera-
ture state with local-range nanosegregation. Patterns then

Figure 9. Representative SAXS patterns of the lamellar phases displayed by cross-metathesis compounds 1–6 (additional SAXS patterns are given in the Sup-
porting Information).
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only preserve the scattering signals around 4.5 and 20 a from
distances between alkyl chains, mesogens, and dendritic units.

The addition of C60 onto the malonate sites modifies the mo-
lecular packing in a different way for each generation of den-

drimers. For the first-generation systems, the size of the C60

units (sful&86 a2) expands far beyond the overall cross-section

of the end groups (2smes&46 a2) and the insertion of the
[60]fullerene-containing strata inevitably causes a lateral ex-
pansion of the lamellae (Table 2 and Figure 10). The effect de-

pends on the C60 content. The addition of only one of the two
possible sites in this series of dendrimers increases the molecu-

lar area, Amol, by only about 10 % (from 50 a2 for 4 to ca. 55–
56 a2 for 2 and 3). This modest swelling implies that the addi-

tional substituent volume distributes between linear segments

over a large portion of the sublayer, which is moreover con-
firmed by the absence of a long-range correlation signal be-

tween the C60 groups in the SAXS patterns (Figure 9). Despite
its apparent looseness, the C60 strata retain the various constit-

utive molecular parts of the bis-malonate 4 in specific sublay-
ers and add intermediate high-electron-density layers, which

explains the increased number of lamellar reflections and
weakened first-order reflections. The subsequent addition of

C60 onto the second malonate site causes more substantial lat-
eral expansions (nAmol = 65–70 a2 for 1 (n = 1) and tail-to-tail
“dimer” 11 (n = 2)), which stay, however, far below the total
area requirement of the linear segment and [60]fullerene (sful +

slin&108 a2). Neighboring [60]fullerenes are therefore still
loosely intercalated, although the appearance of a broad scat-
tering maximum, hful&10 a, reveals the onset of positional cor-

relations between them.
For the second-generation dendrimers, the molecular area

of bis-malonate 6 (Amol&160 a2) far exceeds the overall cross-
section of the substituted linear segment (see above). Contrary

to the lower-generation adducts, for which insertion of C60

causes lateral expansion, the formation of a compact strata of
aggregated [60]fullerenes in the second-generation materials

therefore requires a reduction of the molecular area with re-
spect to bis-malonate 6. Shrinkage toward molecular areas

close to sful + slin is indeed observed for the three adducts
(Amol(dimer: 2 Amol) = 110–120 a2 for 5 and 17), which means

Figure 10. Schematic representation of the supramolecular lamellar organizations of compounds 1–4 (top) and 5–6 (bottom). Black balls : [60]fullerenes; blue
cylinders : CB mesogens; gray cylinders : first-generation rigid connectors ; gray Y shapes: second-generation rigid connectors; darker cylinders: mesogens
from the back row; spacing between fullerene rows (hful&10 a) is about twice that of mesogen rows (hmes&4.6 a). The molten aliphatic spacers, which fill the
white spaces, are omitted for clarity.
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that the constraints at the origin of the expansion in 5 and 17
have been overcome. In other words, the compactness of

packing now appears to be ruled by the space requirements
of the C60 strata, whereas the dendritic moieties adapt and the

CB groups simply disentangle, passing from being mainly
monolayer-like (t&0.3) to mainly bilayer-like (t&0.7–0.75). Pre-

sumably, lateral shrinking (and related longitudinal expansion)
of the dendritic moieties is facilitated by their wedge shape,

which results in more compact packing through a simple lon-

gitudinal shift between neighboring molecules; the free space
between wedges is filled with molten aliphatic spacers. Geo-

metrically, this shift is comparable to partial bilayering and can
be appreciated by using the same approach as that for the CB

arrangement through the introduction of a further bilayering
ratio parameter, that is, tden = 2[1@(Amol/sden)] , in which sden

&160 a2 represents the full extension of the wedges in com-

pound 6. Consistently, this description results in tden ratios
lying between 0.5 and 0.6 for compounds 5 and 17 (tden for

second-generation fullerene derivatives = 0), which highlights
the deleterious effect on the formation of regular sublayers

with sharp interfaces and explains the weakness of lamellar re-
flections in the mesophase and amorphous room-temperature

state. Finally, as observed by POM, only the [60]fullerene-free

compounds exhibit a nematic phase, which forms at a higher
temperature than the clearing transition temperatures of the

[60]fullerene adducts. This result agrees well with the strong
interactions that prevail in the sublayers between the C60 moi-

eties, which permit the strong cohesion of the lamellar phase
of the adducts, but which also coexist with strong perturba-

tions of the layers caused by the bulky C60 units. When these

interactions weaken as the temperature increases, the systems
directly melt into the isotropic phase because lateral associa-

tions are sterically hindered, whereas, in the case of the
[60]fullerene-free materials, some interactions may be pre-

served to give rise to a nematic organization.
In summary, the lamellar packing seems to be mainly con-

trolled by the dendritic moiety in the bis-malonates 4 and 6. In

the multisegregated lamellae, the self-organization of the
[60]fullerene becomes predominant. The stability of the meso-

phases and structural parameters depend on a subtle interplay
of attractive interactions between neighboring fullerenes and
steric hindrance (bulkiness of C60 and dendritic parts) that can
be modulated by molecular design of the bis-malonate ad-

dends (e.g. , generation of the dendron, spacer, malonate sites).
In the case of multiblock compounds, such as the above-de-
scribed bis-[60]fullerodendrimers or other complicated struc-
tures,[33, 36, 37] the mesophases may not be strictly referred to as
the smectic phases found in classical thermotropic mesogens

because of the median intermediary strata of C60. To highlight
this difference (i.e. , the multilayered character combined with

the mesogenic layers), we propose to label such mesophases

multilayered SmA/C phases.

Conclusions

The olefin cross-metathesis reaction was successfully applied
for the efficient construction of bis-[60]fullerodendrimers. First-

and second-generation poly(aryl ester) dendrons carrying CB
mesogens were used as liquid-crystalline promoters. Connec-
tion of type I (terminal olefin) and type II (a,b-unsaturated car-
bonyl olefin) olefinic precursors under standard conditions and
in the presence of second-generation Grubbs catalysts gave
the desired cross-metathesis compounds, for which the E con-

figuration in the newly formed carbon–carbon double bond
was established by 1H NMR spectroscopy. The modular syn-
thetic approach developed herein also allowed the synthesis

of mono-[60]fullerodendrimers and their [60]fullerene-free ana-
logues.

All compounds gave rise to the formation of SmA/C ([60]full-
erene-free materials) or multilayered SmA (C60 derivatives)

phases. The emergence of these mesophases is in agreement
with the presence of terminal CB mesogens that tend to ar-

range into layers, whereas the multiblock architecture of the

[60]fullerodendrimers further implies the segregation of vari-
ous molecular constituents into multisegregated lamellar

phases. The supramolecular organization is controlled by the
subtle interplay of the main constitutive molecular parts; the

CB mesogens adapt their space requirements towards the
bulky ones (e.g. , dendritic moieties, C60) by varying the propor-

tion of mono- and bilayer arrangements in the multisegregat-

ed lamellae.
Finally, the synthetic approach reported herein represents

a general concept that can be easily applied to the design of
complex supramolecular materials based on many different

functional units.
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