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Abstract: Janus-type liquid—crystalline fullerodendrimers were synthesized via the 1,3-dipolar cycloaddtition of two mesomorphic
dendrons and Cg. By assembling poly(aryl ester) dendrons functionalized with cyanobiphenyl groups, displaying lamellar
mesomorphism, with poly(benzyl ether) dendrons carrying alkyl chains, which display columnar mesomorphism, we could tailor by
design the liquid—crystalline properties of the title compounds as a function of each dendron size. The liquid—crystalline properties
were examined by polarized optical microscopy, differential scanning calorimetry, and X-ray diffraction. Depending on the dendrimer
generations, smectic (SmC and/or SmA phases) or columnar (Col,-c2mm or Col-p2gg phases) mesomorphism was obtained. The
supramolecular organization is governed by (1) the adequacy of the cross-sectional area of the dendrons, (2) the microsegregation
of the dendrimer, (3) the deformation of the dendritic core, and (4) the dipolar interactions between the cyanobiphenyl groups.
Comparison of the mesomorphic properties of two fullerodendrimers with those of model compounds (fullerene-free analogues)
indicated that the Cgo unit does not influence the type of mesophase that is formed. Molecular properties determined in solution
(permanent dipole moment, specific dielectric polarization, molar Kerr constant) confirm that microsegregation persists in solution
and strengthen the models proposed for the structure of the mesophases.

Introduction ties is a prerequisite for the development of liquid crystal

The successful development of elegant and effective synthesestechnOIOgy by the *bottom-up” approach. Of particular interest

: . N . are functionalized liquietcrystalline materials which combine
for the precise functionalization of [60]fullerenegfl; associated o - L .
with its exceptional photophysidadnd electrochemicaproper- the self-orgamzahon character!stlcs O.f I|qg|d crystals W'th the
ties, has initiated exciting fields of research in materials science properties (redox, magnetic, optical, chiroptical) of the functional

(e.g., photoactive dyads, triads, and polyads, plastic solar cells,emity' In this respect, £ is an excellent unit for the design of

organic light emitting diodes). photo- and electroactive liquid crystals.

Organized molecular assemblies are an important class of Four approaches have been reported for the design of
supramolecular materials. Selective functionalization @ff@as fullerene-containing thermotropic liquid crystals. First, addition
enabled the design of Langmuir and LangmiBlodgett films# of liquid—crystalline addend$*''to Ceo by applying either the
vesicles® self-assembled monolayersind liquid crystalg12 Bingel reactiof® or the 1,3-dipolar cycloaddition reactitn

The search for mesomorphic materials displaying novel proper- produced mesomorphic methanofullerenes or fulleropyrrolidines,
respectively. Nematic, chiral nematic, smectic A, smectic B,
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and columnar phases were observed. The second approackithin the molecule can be varied, and each modification can
involves the formation of noncovalent complexes: reaction of be used, in principle, to control the nature of the mesoph&ses.
a liquid—crystalline cyclotriveratrylene with &g provided a By exploiting this modular construction of mesomorphic
complex that displayed nematic and cubic phdseshile a macromolecules, we envisioned that the liquadystalline
spin-coated dendritic porphyrin andd3ave a nonidentified properties of fullero(codendrimers) could be tuned by changing
columnar phas&® In the third approach, grafting of five rodlike  the generation of the dendrons located agp. This approach
aromatic units around one pentagon gf Qrovided cone-shaped represents an attractive way for the design of fullerene-
molecules that showed either columifaor lamellaP® phases. containing liquid crystals with tailor-made mesomorphic proper-
In the fourth approach, a 1:1 mixture of two honmesomorphic ties. Therefore, the assembly via 1,3-dipolar cycloaddition of
compounds (i.e., a methanofullerene derivative and a disclike poly(aryl ester) dendrons functionalized with cyanobiphenyl
molecule) showed the formation of a columnar phidse. groups with poly(benzyl ether) dendrons carrying alkyl chains
The first approach is the most versatile one, owing to the was attempted. These dendrimers were selected with the
large variety of liquid-crystalline addends that can be grafted expectation that their different structural characteristics and
onto Gy. Furthermore, the use of dendrimers for the design of properties would influence the overall liquidrystalline be-
mesomorphic materials (e.g., dendritic liqdidrystalline havior. In such structures,ggis hidden in the organic matrix,
methanofullerenéd® and dendritic liquid—crystalline fullero-  and the supramolecular organization should only depend on the
pyrrolidinesy*his appealing because specific structural features, dendrons and should not be altered by the presence of the
such as the generation, the multiplicity of the branches, the isotropic Go hard sphere. Furthermore, owing to the different
connectivity, flexibility, and polarity, can be adjusted to fine- nature of the dendrons, microsegregation should be obtained,
tune the liquid—crystalline behavior. leading to long-range organization within the liquid crystal state.
Glycine and sarcosin&fmethyl glycine) have predominantly We describe, herein, the synthesis, characterization, meso-
been used to construct liquiatrystalline fulleropyrrolidines. morphic properties, and supramolecular organization of fullero-
However, the use ofl-substituted glycines enabled the intro- (codendrimersi—6 (Charts 1 and 2) and demonstrate the key
duction of a second addend ontosgCeading to liquid— role played by the association of the selected dendrons on the
crystalline fullerene—OPV conjugatésand liquid—crystalline formation, structure, and nature of the mesophases. Two model
fullerene—ferrocene dyadd9If the second addend is a meso- compounds,MC-I and MC-Il (Chart 3), which are the
morphic dendrimer, liquietcrystalline fullero(codendrimers) or,  fullerene-free analogues &fand1, respectively, were used to
in other words, liquid-crystalline Janus-type fulleropyrrolidines  put to the fore a possible influence ofglCon the liquid-
are obtained. crystalline behavior and supramolecular organization. Finally,
There are clearly more methods available for the control of the solution properties (permanent dipole moment, specific
the liquid—crystalline properties of codendrimers than of dielectric polarization, and molar Kerr constant) of dendrons
dendrimers. For example, when two different dendrons are 13 and17 and corresponding fulleropyrrolidin@were inves-
assembled, their generation, relative proportions, and locationtigated to establish the influence of each dendron on the overall
behavior of the title compounds. All the dendrons described
(7) (a) Dardel, B.; Deschenaux, R.; Even, M.; SerranoM&acromolecules

1999,32, 5193. (b) Dardel, B.; Guillon, D.; Heinrich, B.; Deschenaux, R. herein were syntheS|zed via a convergent appré@Ch'
J. Mater. Chem2001, 11, 2814. (c) Campidelli, S.; Deschenaux, R.; Eckert,

J.-F.; Guillon, D.; Nierengarten, J.-ehem. Commun2002, 656. (d) Results and Discussion
Campidelli, S.; Vazquez, E.; Milic, D.; Prato, M.; Barbera, J.; Guldi, D. . . . . .
M.: Marcaccio, M.; Paolucci, D.; Paolucci, F.: Deschenaux,) Rviater. Design. This study focuses on the combination of either

Chem.2004,14, 1266. (e) Allard, E.; Oswald, F.; Donnio, B.; Guillon, D; i i -
Delgado. J L. Langa. F. Deschenaux @vg. Lett 2005 7. 383, (h second {0, Scheme 1) or thlrd](S, Scheme 2) generation poly
Campidelli, S.; Lenoble, J.; Barbera, J.; Paolucci, F.; Marcaccio, M.; (benzyl ether) dendrons with firsLt§, Scheme 3), second{|

Paolucci, D.; Deschenaux, RvViacromolecules2005, 38, 7915. (g) i i

Campidelli, S.; Pérez, L.; Rodriguez-Lopez, J.; Barbera, J.; Langa, F.; Scheme 4), or thqu](& Scheme 5) generatlon poly(aryl ester)
Deschenaux, RTetrahedror2006,62, 2115. (h) Lenoble, J.; Maringa, N.; ~ dendrons. Thus, six fullero(codendrimers) were prepared and
Campidelli, S.; Donnio, B.; Guillon, D.; Deschenaux, ®g. Lett.2006, ifi ithi ; i i i

§ 1851, (i} Campidelli S Vazquez, E.: Milic, D.: Lenoble, J.. Atienza- classn‘lgd W|th|q two series according tp thelr. mesomorphic
Castellanos, C.; Sarova, G.; Guldi, D. M.; Deschenaux, R.; Pratal. M. properties, that is, compounds-3 for the first series (Chart 1,

Org. Chem.2006,71, 7603. (j) Campidelli, S.; Brandmldiller, T.; Hirsch, ;
A Saez. |. M. Goodby, J. W. Deschenaux, Ghem. Commur2006, columnar mesomorphism) and compouddss for the second

4282. (k) Gottis, S.; Kopp, C.; Allard, E.; Deschenaux, Hely. Chim. series (Chart 2, smectic mesomorphism).
Acta 2007,90, 997.() Deschenaux, R.; Donnio, B.; Guillon, Bew J. Synthesis.Preparation ofl—6 (Charts 1 and 2) requires the
(8) ;irelli,PN.;k,Ca?ullo, F20 ggbilcgfr, T.; Suter, U. W.; Diederich, J=Chem. synthesis of the dendritic-typBl-amino acid derivatived0
OcC., Perkin lrans. ) . B
(9) (a) Sawamura, M.; Kawai, K.; Matsuo, Y.; Kanie, K.; Kato, T.; Nakamura, (SCheme 1) andl5 (SCheme 2)' SyntheS|s af6—18 has
E- Na(t:tare20%2,(42%%77259(b§025f120ng,Y-—W.; Matsuo, Y.; Nakamura,JE. previously been publishefl,and compound§ and 11 were
m. em. SO , , . . . .
(10) Bushby, R. J.; Hamley, I. W.; Liu, Q.; Lozman, O. R.; Lydon, J.JE. prepared as described in the literattfe.

Mater. Chem2005,15, 4429.
(11) (a) Felder-Flesch, D.; Rupnicki, L.; Bourgogne, C.; Donnio, B.; Guillon, (15) Bury, I.; Heinrich, B.; Bourgogne, C.; Guillon, D.; Donnio, Bhem.—

D. J. Mater. Chem.2006, 16, 304. (b) Mamlouk, H.; Heinrich, B.; Eur. J.2006,12, 8396.
Bourgogne, C.; Donnio, B.; Guillon, D.; Felder-Flesch,JDMater. Chem. (16) (a) Hawker, C. J.; Fréchet, J. M.JJ.Am. Chem. S04990,112, 7638. (b)
2007,17, 2199. Grayson, S. M.; Fréchet, J. M.Ghem. Re22001,101, 3819. (c) Fréchet,
(12) (a) Felder, D.; Heinrich, B.; Guillon, D.; Nicoud, J.-F.; Nierengarten, J.-F. J. M. J.J. Polym. Sci., Part A: Polym. Cher2003,41, 3713.
Chem.—Eur. J.2000, 6, 3501. (b) Kimura, M.; Saito, Y.; Ohta, K; (17) (a) Percec, V.; Cho, W.-D.; Ungar, G.; Yeardley, D. JJPAm. Chem.
Hanabusa, K.; Shirai, H.; Kobayashi, M. Am. Chem. So002, 124, So0c.2001,123, 1302. (b) Percec, V.; Glodde, M.; Bera, T. K.; Miura, Y.;
5274. Shiyanovskaya, |.; Singer, K. D.; Balagurusamy, V. S. K.; Heiney, P. A,;
(13) (a) Bingel, C.Chem. Ber.1993, 126, 1957. (b) Nierengarten, J.-F.; Schnell, I.; Rapp, A.; Spiess, H.-W.; Hudson, S. D.; Duan\&ture2002
Herrmann, A.; Tykwinski, R. R.; Ruttimann, M.; Diederich, F.; Boudon, 419, 384. (c) Percec, V.; Mitchell, C. M.; Cho, W.-D.; Uchida, S.; Glodde,
C.; Gisselbrecht, J.-P.; Gross, Mely. Chim. Actal997, 80, 293. (c) M.; Ungar, G.; Zeng, X.; Liu, Y.; Balagurusamy, V. S. K.; Heiney, P. A.
Camps, X.; Hirsch, AJ. Chem. Soc., Perkin Trans.1B97, 1595. J. Am. Chem. So2004,126, 6078. (d) Percec, V.; Dulcey, A. E.; Peterca,
(14) (a) Prato, M.; Maggini, MAcc. Chem. Re4998 31, 519. (b) Tagmatarchis, M.; llies, M.; Sienkowska, M. J.; Heiney, P. A. Am. Chem. So2005,

N.; Prato, M.Synlett2003, 768. 127, 17902.



Chart 1

H25C120

H25C120
Ha5C1,0

— 2
st

OC1ZH25

OC12Hos

H25C12Q j OCH
12H2s
OC2Hzs
o
Ha5C120Q (@

H25C120Q :i/ \\©\OC12H25

Etherification of 3,5-dihydroxybenzaldehyde witHed to 8
(Scheme 1). Reductive amination®ith glycine methyl ester
and NaBHCN gave9, which was hydrolyzed to furnish second-
generation amino acid derivatii®. The third-generation amino
acid derivativel5 was prepared from benzyl alcohol intermedi-
ate 11 (Scheme 2). Chlorination ofl1 gave 12, which was
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reacted with 3,5-dihydroxybenzaldehyde to give aldehj8e
Reductive amination oft3 with glycine methyl ester and
NaBH;CN gave 14, which was hydrolyzed to amino acid
derivative15.

Addition of 10 and 16 to Cg led to 1 (Scheme 3).
Fulleropyrrolidines2—6 were prepared analogously from the
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correspondingaldehydeand amino acid dendronsthat is, 15
+ 16— 2 (Schemel), 15+ 17 — 3 (Schem&d), 10 + 17 —
4 (Schemed), 10 + 18 — 5 (Schemeb), and15 + 18 — 6
(Schemeb).

Model compoundsMC-I and MC-Il were preparedby
esterificationof second-generatiopoly(benzyl ether)-CQH

dendroA’awith either third- or first-generation poly(aryl ester)-
OH dendror/ respectively.

The structure and purity of all compounds were confirmed
by IH NMR spectroscopy, GPC (all compounds were mono-
disperse), and elemental analysis. The-tiNé spectra ofL—6
are in agreement with the fulleropyrrolidine structtire.
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Liquid —Crystalline Properties. The mesomorphic and
thermal properties of the poly(benzyl ether) aldehy8emnd
13, N-substituted gylcine methyl este9sand 14, fulleropyrro-
lidines 1-6, and model compoundsIC-1 and MC-Il were
investigated by polarized optical microscopy (POM) and dif-
ferential scanning calorimetry (DSC). The phase transition

1-3, and smectic AJ and6) or smectic A and smectic @)
phases were observed fdr-6. The columnar (pseudo-focal
conic texture), smectic A (focal conic and homeotropic textures),
and smectic C (focal conic and Schlieren textures) phases were
identified by POM (Figures S557). As an illustrative example,
the DSC thermogram d? is shown in Figure S8.

temperatures and enthalpies are reported in Table 1. The Comparison of the isotropization temperatures emphasized

mesophases displayed ky-6, MC-1, and MC-Il were char-
acterized by X-ray diffraction (XRD). The properties of aldehyde
derivatives16—18 have previously been reported, all demon-
strating a smectic A phagéThe liquid—crystalline behavior
of 10 and 15 was not investigated as the products were only
purified by precipitation.

The aldehyde derivative8 @nd13) andN-substituted glycine
methyl ester derivatives9(and 14) formed columnar phases.
The latter were identified by POM from the formation of
pseudo-focal conic textures (Figures-s84). Compoun® gave
an additional cubic phase, identified by the formation of a
viscous, isotropic fluid. Thusg, 9, 13, and14 showed liquid—
crystalline behavior typical of poly(benzyl ether) dendrim€rs.

From the point of view of their liquid-erystalline properties,
1-6 can be classified within two families: compountis-3,
which gave rise to columnar phases, and compodnds; which
showed smectic phases. Centerezhim) (L and3) or noncen-
tered p2gg) (2) rectangular columnar phases were obtained for

the influence of the poly(aryl ester) dendrons on the thermal
stability of the liquid—crystalline phases. Compourtiand6,

with third-generation poly(aryl ester) dendron, showed the
highest isotropization temperatures (210 for 5 and 209°C

for 6); in contrast, the size of the poly(benzyl ether) dendron
(second generation fds and third generation fo6) had no
influence on the isotropization temperature. Decreasing the poly-
(aryl ester) dendron generation resulted in a decrease in clearing
point [155°C for 4, and 152°C for 3, both second-generation
poly(aryl ester) dendron], independent of the observed me-
sophase. Finally, the clearing point bfand 2 confirmed that

the poly(benzyl ether) dendron had no influence on the
isotropization temperature (10% for 1 and 109°C for 2).

The isotropic-to-isotropic liquid transition observed fowvas
detected by DSC. No change in texture was observed by POM.
Identification of this transition was made by XRD (see below).

It is possible that some interactions between molecules persist
through the first isotropic state resulting in some locally
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a (i) 3,5-Dihydroxybenzaldehyd& ,COs;, DMF/THF, 70 °C, overnight,
82%; (ii) glycine methyl ester hydrochloride,EtsN, THF/MeOH, room

temperaturg(rt), 1 h, then NaBH;CN, overnight, 70%; (iii) NaOH 4 N,

THF/MeOH, rt, 1 h, thenHCI (2 N), 98%.

organized large aggregates, which are no longer present after
the second transitiot?.

The liquid—crystalline properties df—6 are dependent on
the respective generation of each dendron. When the generation
of the poly(benzyl ether) dendron is higher than that of the poly-
(aryl ester) dendron, columnar mesomorphism is observed (i.e.,
for 1—3); conversely, when the generation of the poly(aryl ester)
dendron is higher (i.e., fob) than or the same as (i.e., fdr
and6) that of the poly(benzyl ether), smectic mesomorphism
is observed. The liquidcrystalline properties o —6 can thus
be tuned by design.

Supramolecular Organization. Smectic Phased he X-ray
diffraction patterns ofi—6 are characterized by a series of four
to six sharp signals in the small angle region in the 1:2:3:4:5:6
ratio and a diffuse halo in the wide-angle region at about 4.5
A. These features are characteristic of smectic phases. The
observation of a large number of diffraction peaks is an
indication that the piling of the smectic layers is very well
developed and suggests an effective microsegregation (Table 2
and Figure S9).

From room temperature up to 53C, the X-ray patterns of
are typical of an amorphous phase. They exhibit small- and
wide-angle diffuse signals, indicative of a short-range order
structuring. Above this temperatureself-organizes into smectic
A and smectic C phases. The layer spacingdas almost
constant (&= 121.5 A at 75°C down to 117.4 A at 150C)
within the temperature range of the mesomorphic domain (Table
S1), despite the smectic C-to-smectic A phase transformation
observed by POM. This behavior indicates that within the
smectic A phase, there is a randomly oriented tilt of the
mesogenic groups with a tilt value similar to that found in the
smectic C phas®.

Compounds exhibits a lamellar structure from about 70
up to the isotropization temperature (27@). Interestingly, in-
creasing temperature induces a sharpening of the small-angle
diffraction peaks, indicating that the lamellar stacking extends
over larger and larger correlation distances. In addition, the
lamellar spacing decreases smoothly from 128.6 A°@5to
121.4 A (200°C) (Table S1), in agreement with the temperature
variation of lamellar spacing in a smectic A phase. Below
70°C, 5 exists in an amorphous (glassy) state characterized by
broad small- and wide-angle signals showing the existence of
a poorly developed lamellar ordering.

The X-ray diffraction patterns o6, up to 140 °C, show a
disordered structure (broad and weak equidistant diffraction
signals in the small-angle region and a diffuse halo at 4.5 A in
the wide-angle region). Such patterns correspond to amorphous
organizations with a low lamellar ordering extending only over
short distances. Above 14C, X-ray diffraction patterns show
the presence of a smectic structure. The X-ray patterns remain
unchanged up to 208C (Table S1).

From the above results, two important observations can be
made. Despite the high molecular weight of the materials (5.5

(18) (a) Goodby J. W.; Waugh, M. A;; Stein, S. M.; Chin, E.; Pindak, R.; Patel,
J. Am. Chem. S0d989,111, 8119. (b) Goodby J. W Dunmur D.
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Yamada, M.; Yano, SI. Phys. Chem. B997,101, 10666. (d) Kutsum|zu,
S.; Yamaguchi, T.; Kato, R.; Yano, %.iq. Cryst. 1999, 26, 567. (e)
Nashiyama, I.; Yamamoto, J.; Goodby, J. W.; YokoyamaJHMater.
Chem.2001,11, 2690.
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49, 143. (b) de Vries, AJ. Chem. Physl1979,71, 25.
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a (i) SOCh, 2,6-di-tert-butyl pyridine, CHCly, rt, 20 min, quantitative yield; (ii) 3,5-dihydroxybenzaldehydeCiOs;, DMF/THF, 80°C, overnight, 60%;
(iii) glycine methyl ester hydrochloride, 4, THF/MeOH, rt, 1 h, then NaB§CN, overnight, 72%; (iv) NaOH 4 N, THF/MeOH, rt, 45 min, 95%.

to 10.1 kDa) and their a priori noncylindrical molecular shape, side of the molecule. Therefore, the smectic layers are likely
the sharpness and the high number of X-ray reflections indicate stabilized by strong lateral and dipolar interactions between the
that the dendrimers produce well-developed smectic phases withcyanobiphenyl mesogenic groups, through the antiparallel
thin interfaces between the layers, that is, highly microsegregatedarrangement of the fullerodendrimers forming one central
mesostructures (in agreement with conclusions derived from thesublayer, and the poly(benzyl ether) dendrons being ejected to
solution properties described below). Such microsegregatedanother sublayer (see below for a detailed description of the
structures have been observed for liquadystalline dendrimers  supramolecular organization). Such an intramolecular segrega-
such as poly(propylene imine)s, poly(amido amine)s, and poly- tion occurs above the glass transition, giving enough flexibility
(carbosilane)s functionalized at their periphery with calamitic g the poly(benzyl ether) dendron and the aliphatic spacers of
mesogens? These dendrimers display smectic phases in which the poly(aryl ester) dendron to deform in order to favor parallel

the dendritic core (which can be strongly deformed) occupies a arrangement of the mesogenic groups, thus producing well-
central sublayer and the mesogenic units are located parallel todeveloped lamellar structures.

one another, extending up and down from the dendritic core.
CompoundsA—6 may appear different because of their more
rigid Cgp core and to the polar nature of the dendrimer, since
the mesogenic cyanobiphenyl groups are attached to only on

The second observation concerns the values of the layer
spacing, which increases only slightly with increasing molecular
eweight, and molecular areas. To understand the molecular

organization within the layers, the molecular areas were
(20) Donnio, B.; Guillon, D Adv. Polym. Sci2006,201, 45. calculated from the estimated molecular volumes and layer
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a (i) [60]Fullerene toluene,reflux, overnight;yield: for 3, 49%; for 4,
70%. For R, seeChart2.

thicknessesA bilayeredstructure(moleculesarrangedhead-
to-head)s envisagedwherethe centralslabof thelayeris made
up of the cyanobiphenylmesogenicgroups arrangedin an
antiparallelfashionandthe aliphaticchainsof the poly(benzyl
ether)dendrongpointing out at both interfacesof the layer as
assumedabove. In this model, the area available for each
aliphaticchainis, for examplefor 4, ag, = 24—27 A2 andthat
for eachcyanobiphenylmesogenicgroup ames = 37—40 A2,

Theformervalueis compatiblewith thatfoundin smectidiquid

crystalsfor disorderedaliphatic chainsoriented,on average,
normalto the smecticlayers;the latter valueis compatiblefor

mesogenianits tilted with respectio the normalof the layer.
This moleculararrangemenits directly relatedto the number
of aliphatic chains(six) and mesogeniogroups(four) within

one molecule of 4, knowing that the cross section of both
moietiesis roughly the same(about22—25 A2?). For 5, one
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a(i) [60]Fullerene, toluene, reflux, overnight; f&, 68%; for6, 50%.
For R, see Chart 2.

Table 1. Phase Transition Temperatures? and Enthalpies of
Compounds 8, 9, 13, and 14, Fullerodendrimers 1—6, and Model
Compounds MC-I and MC-II

Ty temp AH AH (kJ-mol™Y) per
compd (°C) transition (°C) (kJsmol=Y)  cyanobiphenyl unit
8 b Col— | 90 6.0
9 b Col— Cub 58 2.4
Cub— 1 74 2.2
13 49 Col— 1 105 6.0
14 3¢ Col—I 107 8.4
1 31  Cokc2mm—1I" 109
I"—1 108 13.¢ 7.0
2 b Col-p2gg— | 109 16.4 8.2
3 b Col-c2mm— | 152 23.7 59
4 b SmC— SmA 116
SmA—| 155 21.7 54
5 b SmA—| 210 46.5 5.8
6 G— SmA 139 6.7 0.8
SmA—| 209 34.7 4.3
MC-I 31 G— SmA 141 13.0 1.6
SmA—I 209 41.4 5.2
MC-II 23 G— Col-c2mm 84 2.4 1.2
Col-c2mm— | 105 16.9 8.5

aG = amorphous solidTy = glass transition temperature, Sm€
smectic C phase, SmA smectic A phase, Cok columnar phase, Cel
c2mm= rectangular columnar phase o2mmsymmetry, Catp2gg =
rectangular columnar phase p2ggsymmetry, Cub= cubic phase, | and

I" = isotropic liquids. Temperatures are given as the onset of peaks obtained

during the second heating run (rate: @ min~1 if not stated otherwise).
Ty values are determined during the first cooling rliNot detected.
¢ Determined during the second heating réiRate: 5°C min-1. € Sum of

enthalpiesf Determined by polarized optical microscopy.

of mesogenic groups ihe same (1.5) as that fd; leading to

molecule containssix aliphatic chains and eight mesogenic
groups.Thus,the areaavailablefor eachaliphaticchainis acn
= 34—39 A2 andthatfor eachcyanobiphenymesogenianit
is ames= 26—29 A2, This impliesthatthe aliphaticchainsare,
on averagemore spreadout to compensatéor theincreasen
molecularareaandthatthe mesogenigroupsarelying normal
to the layer. For 6, the ratio of aliphaticchainsto the number

similar values for the corresponding areas available for the
chains (g = 22—23 A?) and cyanobiphenyl mesogenic groups
(ames= 33—34 A?), and thus to a similar molecular organization.
In summary, the supramolecular organization 46 is
governed by (1) the *“aliphatic terminal chains/mesogenic
groups” ratio,R, (2) effective intra- and intermolecular lateral
interactions between the cyanobiphenyl mesogenic groups, (3)



Table 2. X-ray Characterization of the Mesophases: Indexation of corresponding to a periodicity af = 24.0 A, is observed in

the Smectic Phases of Fulleropyrrolidines 4—6 and Characteristic ~ e [ S i~ At g

Parameters of the Mesophases? the X ray p.attern, yvhlch is likely |n.d|cat|ve of a short-range
correlation in the direction perpendicular to the layer normal.

compd (02) d"”‘(“};;’as) d""‘(tAhfor) rameters Such a fluctuation may arise from strong steric constraints
— — — imposed by the bulky poly(benzyl ether) dendron, which

4 100 ggg; égh‘s ggg; 2338 m — ?ég?f; periodically disrupts the ideal lateral packing and forces the
dooz = 40.2 doos=40.25  ag=25.1 A various sub-blocks to be slightly shifted along the layer normal
doos = 30.1 oos = 30.2 ames= 37.7 to form an “egg-box” structure. Such periodic blocks would

5 100 gomf ég%g gOOlf 615359-8 m = 533&;‘5 contain ca. 3 molecules. Here, it is interesting to remark that
=419 dea—4195 an—356R compoundss andMC-I present a smectic A structure with a

ames= 26.7 & similar layer spacing (& 125.8 and 111.5 A fob andMC-l,

6 150  do1=136.0  doos=1357  Vy=17819 & respectively). This indicates that the driving force to establish
gggziig:gs gggiz%:gg %igfé%& the lamellar structure is governed by a rather similar size of
dooa= 33.8 dooa= 33.9 ames= 32.8 A2 the two dendritic parts (in other words, a sm@lvalue), the
doos=27.15  doos= 27.15 Ceo unit playing no significant role in the supramolecular

doos = 22.6 doos = 22.6 organization.

adog(meas) andipg(theor) are the measured and theoretical diffraction Columnar Phases.From room temperature up to about
spacingsfho(theor) is deduced from the following mathematical expression: 60 °C, the X-ray patterns ol are characterized by diffuse
<d> = 1N, x Y (I-dooy); | is the miller indexN; is the number of reflexions, ; PP : e
00l are the indexations of the reflections corresponding to the smectic phases,SIQnal,s’ Ii’ldlcatlve of ?n amorphous state with no specific
andd is the periodicity,Ay is the molecular aread{, = 2Viy/d), andacn organization. Above this temperature, a rectangular columnar
and ames are the cross section of one chain of the dendrimer and of one phase ofc2mm symmetry emerges. This phase, which was
cyanobiphenyl group, respectively. The molecular volume was calculated . e f - -
from the equation = Veeo - Mend(d x 0.6022), wheral = Vera(To)! identified by the high number of reflections (_Table 3and I_:lgure
Vera(T), Maena is the molecular weight of the dendritic pakciz(T) = S10), remains unchanged up to @G where it transforms into
26.5616+ d\9-0292t3hT(T Irl\ °C, Tc]g = 2750"00/)&,3Ihe volume of a methylene g viscous, isotropic phase. However, the X-ray patterns recorded
group, andveo is the volume of Go ( ) in this temperature range showed no specific sharp signals,
which would have indicated the formation of a cubic phase.
This phase can be described as the isotropic ligusihtilar to
that observed by Goodby et al. in systems showing twisted grain
boundary phases or by Kutsumizu et al. in systems showing a
cubic phasé$

From room temperature up to 7&, 2 is amorphous. Above

effective segregation of the dendrons, and (4) the deformation
of the dendritic parts to favor parallel arrangement of the
cyanobiphenyl mesogenic groups. In the center of the layer,
the mesogenic groups are either tilted or normal to the smectic
plane, depending dR. In these layers, theggunits are confined

within well-defined sublayers, located on both sides of the | ¢
central layer formed by the cyanobiphenyl groups; the poly- this temperature, a structure emerges evidenced by the presence

(benzyl ether) dendritic portion is confined within external ©f two diffuse signals at 100 and 41 A. At yet higher
sublayers. The absence of X-ray signals corresponding to thetemperatures, the number of sharp diffraction signals increases

Ceo Units suggests the absence of long-range organization angsignificantly, which allows the identification of the mesophase
a random disposition within the sublayers. This arrangement &S & noncentered rectangular columnar phap@gy symmetry

was confirmed by molecular dynamics calculations. A periodic (Table 3 and Figure S10).

molecular model was created #from the experimental X-ray The X-ray patterns o8 revealed two transitions, a first one
data consisting of a quadratic cell (250 24.6 x 24.6 A9) at about 70°C, which corresponds to a transition from an
containing eight molecules arranged in a head-to-head orienta-amorphous solid to a mesophase, and the second one at about
tion. This structure was first minimized, and then a molecular 150°C, which corresponds to the transition from the mesophase
dynamics study was performed at 373 K for 80 ps. The result to the isotropic liquid. However, it should be noted that the
of the calculations evidenced a good filling of the available mesophase formation kinetics are very slow; at 100 the
volume, and the enhancement of the microsegregation wasX-ray signals are wide, and it is only at 12C that the
observed over the entire simulation experiment time, contribut- mesophase becomes well organized and identified by a large
ing to the stabilization of the smectic phases. The supramolecularnumber of sharp diffraction peaks as a rectangular columnar
organization ot within the smectic A phase is shown in Figure phase ofcZmmsymmetry (Table 3 and Figure S10).

1. As for the first series (i.e., compounds-6), the supramo-
Let us consider now the case of model compodh@d-I, lecular organizations ofl—3 extend over long distances as
which is the fullerene-free analogue®fAbove 141°C, MC-I evidenced by the presence of the large number of sharp, intense

gave rise to a smectic A phase, which was identified by POM small-angle X-ray diffraction peaks. This long-range columnar
(focal conic and hometropic textures). Small-angle XRD experi- ordering occurs despite the high molecular weight of the
ments carried out at 160 and 18GC displayed three fine and  compounds (4.37.7 kDa) and in the absence of any molecular
sharp reflections in the 1:2:3 ratio indicative of a layered shape specificity that could lead to the formation of quasi-discs.
structure, with a periodicity off = 111.5 A (Table S2). Inthe  In addition, it develops only above certain temperatures in such
wide-angle part, a broad and intense halo corresponding to thea way that the conformation of the aliphatic spacers and the
molten chains was also detected. The mesophase can thus bdendritic moieties can adapt to the most stable condensed phase.
assigned as a classical smectic A phase, which results from theAnother feature of interest within this series is the value of the
segregation of the two dendritic parts similarly to the organiza- ratio R, which is 3 forl and3, and 6 for2. These values are
tion of 4—6. In addition, a mid-angle diffraction signal, larger than those o#—6 (0.75-1.5), which exhibit smectic
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Figure 1. Postulated supramolecular organizatioMasbtained by molecular dynamics. Compoursdand 6 gave similar results.

Table 3. X-ray Characterization of the Mesophases: Indexation of

the Columnar Phases of Fulleropyrrolidines 1—3 and

Characteristic Parameters of the Mesophases at Representative

Temperatures?@
T he(meas) Chy(theor)
compd  (°C) A A parameters

1 75 dy=107.6 dyo= 107.6 Co}-c2mm
di; = 81.75 di; = 81.75 a=2152A
dso=53.7 di=153.8 S=9506 &
dop = 44.1 doo = 44.2 Vi = 6825 &
d51 =38.7 d51 =38.7 N=14
d50= 35.75 d50= 35.9
d42 =34.0 d42 =34.15

2 90 dyp=0di;=98.6 dao= dy; = 98.6 Col-p2gg
dyy = 74.0 dyy =745 a=197.2A
d31: d()z: 56.5 d31: d(]z: 56.9 b= 11385A
dpp=49.1 dro=49.3 S=11226 R
ds = 45.6 dsy = 45.25 Vi = 10665 &
d3x=42.9 ds2=43.0 N=10
Osy = dso=0d13=37.1 dsy=0so=0i3=37.3
d33 =334 d33 =329

3 120 dy=120.1 do=120.1 Co}-c2mm
di; = 104.25 di; = 104.25 a=240.2 A
ds1 = 65.4 ds; = 65.8 b=115.7A
dao=59.75 dso=60.0 S=13896 & Figure 2. Postulated supramolecular organizatioriLafithin the rectan-
Os1 = 44.2 Os, = 44.4 Vi = 13074 B gular columnar phase a2mmsymmetry. Compound2 (Col-p2gg) and
diz=40.8 diz=41.6 N=10 3 (Col-c2mm) gave a similar organization. For the symmetry of the-Col

p2ggphase, see Figure S11.

adn(meas) andy(theor) are the measured and theoretical diffraction
spacingsdh(theor) is deduced from the following mathematical expression:

1dh = 4/ (h%/a>+I2/b%); hk are the indexations of the reflections corre-
sponding to the rectangular symmetry, @mhdb are the lattice parameters
of the Co} phase,Sis the columnar cross sectio € 1/2-a x b). The
molecular volume was calculated from the equati®y = Vceo + Mdend

(d x 0.6022), whered = Vcux(To)/VeraAT), Mdendis the molecular weight

parameters and the estimated molecular volumes (Table 3). A
columnar slice of 10 A thickness (corresponding roughly to the
diameter of () contains 14 molecules df and 10 molecules
of the larger dendrimer® and3. The postulated model of the
molecular organization (Figure 2) is derived from that of the
of the dendritic partVcuy(T) = 26.5616+ 0.02023T(T in °C, To = 25 lamellar organization o#—6. Since the number of aliphatic
°C), the volume of a methylene group, avigko is the volume of G (700 . . . .
A3). N is the number of molecular equivalents per slice of column 10 A chains in1-3 is larger than the number of cyanobiphenyl
thick. mesogenic groups, the transverse molecular areas of both
) . . . molecular moieties are significantly different, and therefore a
phases, and are consistent with an induced curvature in thegiapie |amellar structure cannot be obtained. Increastng
structure, leading to columnar phases, as, for example, with yegtapilizes the layering by breaking the layers into ribbons as
polycatenar liquid crystafs. previously observed for the lamellar-to-columnar phase transi-

To understand the supramolecular organizatiob-e8 in the tion exhibited by biforked liquid crystaR®, carbosilane den-
columnar phases, the number of molecules per unit length alongyimers of fifth generatiof? and statistical liquie-crystalline
the columnar axis was calculated from the rectangular lattice

(22) Guillon, D.; Heinrich, B.; Ribeiro, A. C.; Cruz, C.; Nguyen, H. Mol.

(21) Nguyen, H. T.; Destrade, C.; Malthéte, J. Adv. Mater. 1997, 9, 375. Cryst. Lig. Cryst.1998,317, 51.
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codendrimerg?# Intrinsically, each columnar core is made up dendrong® In the latter case, the presence @f &d to spherical
of mesogenic groups interacting through the cyanobiphenyl structures, which did not display mesomorphism. The beneficial
groups and is surrounded by the poly(benzyl ether) dendronseffect of codendritic architectures to generate mesomorphism

including the G units. for fullerodendrimers is therefore clearly demonstrated by
Thus, as for compoundé—6, the supramolecular organiza- 1—6.
tions of 1—3 are also governed by the rati®, the microseg- Solution Properties. To estimate the effect of each dendron

regation, the core deformation, and the specific interactions on the molecular properties of the fullerodendrimers, the solution
between the cyanobiphenyl groups. A competition occurs properties o83, 13, andl7 (Table 4) were examined in benzene.
between the tendency of the cyanobiphenyl subunits to form The permanent dipole momentg) (of 3, 13, and17 were
layers via a head-to-head arrangement and the bulky dendronsneasured by the Guggenheit8mith method?® This method
forcing a columnar arrangement. This competition is dominated is derived from the experimental determination of the dielectric
by the bulky dendrons evidenced by the presence of strong layerpermittivity increment£ — eo)/c, where (e— ) is the difference
undulations with large amplitudes which result in the destruction between the dielectric permittivity of the solution and solvent,
of the layers into ribbons. FAR = 3, the average columnar and on the determination of the squared refractive index
cross section resembles that of a bow tie, and the optimalincrement §? — ny?)/c, wheren andn, are the refractive indices

organization is a centered lattice (i.e., foand3). However, of the solution and solvent, respectively, ands the solute
asRincreases, the cross section becomes more circular (largeconcentration. The dipole moments (vere calculated accord-
dendrons), generating a noncentered lattice (i.e.2for ing to eq 127

Within the supramolecular organizations, molecular ag-
gregates are formed and arranged into columns. Strong micro-ﬂle =
segregation between incompatible regions results in each 27KT[(e— €)lc — (n*— nOZ)/C]/[4ﬂNA(602 +2)3 (1)
constitutive part being confined to a specific region: the
cyanobiphenyl subunits form the columnar center and the | inear concentration dependenciesof{ <) (Figure S12) and
dendrons form the surrounding crown. TheoQnits are (" — ne?) (Figure S13) were observed. The increments—(
localized at the interface along thedirection (the shortestone). ¢ )/c and (7 — n?)/c were determined from the gradients and
The absence of X-ray signal corresponding i §uggests a  are reported in Table 4.
loose disposition of the latter.

This arrangement was confirmed by molecular dynamics Table 4. Molecular Weight (M), Hydrodynamic Diameter (dh),
calculations ori.. A periodic molecular model was created from B?g{:grr'iec”;gﬁ(i’t't?vi%"mgrgng’é)ﬁt'\["(S'a_' S’/rg] F;ﬁitggﬂgfé@’
the XRD data and consisted of a nearly quadratic cell (210  Refractive Index Increment [(m2 — ne2)/c] of 3, 13, and 17
200 x 10 A3), where 10 A correspond to the thickness of one M d u K, 10° (e-elo  (P-n2)c
virtual slice and the g diameter: 14 molecules were placed compd (©a)  (A) D) (em®(300V)2mol-Y)  (emig )  (cmPgY)
in a head-to-head fashion, and the structure was first minimized. 3 7679 45+5 19.2+0.8 5.5+ 0.3 6.2+ 0.2 0.13+0.01
A molecular dynamics study was then performed at 348 K for 13 4228 33+5 6.4+05 0.4+£0.1 1.3£0.1 0.09+0.01
80 ps. The result of the calculations evidenced good filling of 17 2733 34:4 14.2£09 4.5+£03 9.4+0.3 0.10+001
the available volume, and enhancement of the microsegregation

was observed over the entire simulation time, contributing to  Electrooptical molar Kerr constant&y) of 3, 13, and17

the stabilization of the columnar phases. were obtained according to ecf2.
It is of interest to consider now model compoultL-Il,
which is the fullerene-free analogue bfMC-Il gave rise to a 6n,M An— Ang
rectangular columnar phasea@@mmsymmetry between 84 and Kn="> 2 2 2 (2)
(ny”+ 2)(eg + 2) Ec [0

105°C, with lattice parameters = 237.8 A andb = 77.75 A
(Table S4). Moreover, an additional short-range periodicity was
measured in thec-direction, indicative of some columnar
fluctuations or undulations. This periodicity of about 26.5 A
would correspond to the length of a columnar bundle (about
40 moIecu!e_s) of a periodically pinched column. 'Thmand_ dispersed liquids) was observed. Similar results were obtained
MC-II exhibit the same columnar structure with similar lattice for 3 and 13

parameters. This indicates that the supramolecular organization From the variation of &n — Ang/EZc) as a function of

5 nce more, sy e et e e SN concanation (Fiure S19). it~ ArVE) vl et
y ' ' obtained at = 0 for 3, 13, andl17 and used for the calculation

presence or not of theggunit. .
. of Ky according to eq 2.
In summary, the model compounds and their fullerene

analogues gave rise to similar mesomorphism (nature of (25) Scanu,D.; Yeviampieva,N. P.; DeschenauxR. Macromolecules2007,
i i i indi i 40, 1133.
mesophases and clearing pomts). This result indicates that, In(26) OehmeF. DielektrischeMessmethodenur quantitatven Analyseund fur
1-6, the Go unit does not dictate the overall molecular shape Chemischétrukturbestimmungenerlag Chemie: Weinheim,Germany,
7 1962.
as for homodendrimers also based on poly(benzyl ether) (27) Na, Avogadro’snumber;M, molecularmassof the solute;k, Boltzmann
constant;T, temperaturen Kelvin.

The variation of optical birefringence\f) as a function of?
was determined for different concentrationsl@f(Figure S14).
No deviation from Kerr law (according to which, optical
birefringence An) increases linearly witiE2 in molecular

(23) Richardson, R. M.; Ponomarenko, S. A.; Boiko, N. I.; Shibaev, \Li®. (28) An — An,, differencebetweenthe optical birefringenceof the solution
Cryst.1999,26, 101. (solute of concentrationc) and solvent, respectively;E, strengthof the
(24) Rueff, J.-M.; Barbera, J.; Donnio, B.; Guillon, D.; Marcos, M.; Serrano, electricfield. The value (An — Any/E%C).—, is determinedfor an infinite

J.-L. Macromolecule2003,36, 8368. dilution.
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The hydrodynamic molecular diameteds (Table 4) were (subunitl3) andamorepolarpart(subunitl?) of similar sizes.
calculated using the molecular translation diffusion coefficients Such a structural specificity should be responsiblefor the
D measured in benzene at 25.2° These calculations are based molecularpackingand microsegregationliscussedbove.
on the spherical model of molecules according to the Stokes

Conclusion
Einstein eq 3°

We have demonstratedhat the 1,3-dipolaraddition is an

d, = kT/3mn,D 3) efficientreactionfor the synthesiof fullero(codendrimers)rhis

reaction permits the designof a great variety of functional

The data reported in Table 4 indicate that the permanent dipolemacromoleculesvith sophisticatedstructuresin this study, a

moment (x) and Kerr constank(j) values of13 (carrying poly(benzyl ether) dendron,which displays columnarmeso-
aliphatic chains) and7 (carrying cyanobiphenyl groups) are  morphism,was linked to a poly(aryl ester) dendron,which
in agreement with their structure and polarity. showssmectiomesomorphisnDependingpn therespectivesize

Knowing that molar Kerr constantKf) are additive in of each dendron, either smectic or columnar phaseswere
solution, when the elecrooptical properties of specific fragments obtained Therefore tuning of themesomorphisnfor fullerene-
of a molecule are known, it is possible to verify the degree of containingliquid crystalsis successfullyeachedy design XRD
freedom of those fragments within the molecti@heKy value investigationsmoleculamodeling andsolutionstudiesevealed
for 3 can be calculated from eq 4 using the molar Kerr constant that the supramoleculaorganizatiorof the title compoundss
values of13 and 17 and their Corresponding Welght fractions governed by (l) the “a"phatic terminal Chains/mesogenic

w; = 0.55 andw, = 0.36 in3. groups’ratio, (2) the effectivelateralinteractionsbetweerthe
Ko =Ko + Koo @) cyanobiphenymesogeniagroups,(3) the effective microseg-

M MLTEL T M2 regationof thedendronsand(4) the deformatiorof thedendritic

According to eq 4, the calculatéty value for3is 1.9 x 10°8 core. It is noteworthy that the supramolecularorganization

cn? (300 V)2 mol-, which is significantly smaller than the within the mesophasesxtendsoverlong distan_cesevidenced
experimental value (Table 4). This result reveals that the PY thepresenceof alargenumberof sharpandintensesmall-
rotational freedom of the two dendritic fragments is limited by @ngleXRD peaksMoreover typical texturesfor themesophases
the rigidity of the fulleropyrrolidine unit. The fact that the dipole ~ Wereobservedoy POM, texturesusually found for low molar
moment value of8 is approximately equal to the sum of the mas§I|qU|d crys.tals.Therefore,both. XRD and POM results
dipole moment values of both dendrons (Table 4) provides cqnflrmed the high .de.greeof organizationof the fulleroden-
further evidence of the structural rigidity 8f This situationis ~ drimers within the mesophases.
reached because in compoutidendronsl3 and17 are rigidly
linked and rotate synchronically in the external electric field. Acknowledgment. R.D. thanksthe SwissNational Founda-
The hydrodynamic dimensiongqf of 13and17are identical,  tion (GrantNo. 200020-111681for financial support\We thank
within experimental error (Table 4), indicating tHe8is more  Dr. C. Bourgognefor moleculardynamicsstudiesand Dr. I.
folded thanl7. Considering the differences in molecular weight = Zaitsevafor the determinatiorof the diffusion coefficient.B.D.
and permanent dipole moments of each dendron, the propertiesand D.G. thank CNRS and ULP for financial support.
of 3 would indicate a nonequivalent distribution of mass and

polarity, whereby the molecule is made up of a heavier part Supporting Information Available: Techniquesinstruments,

syntheticproceduresandanalyticaldataof all newcompounds.
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