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ABSTRACT: The association of the arene ruthenium metalla-cycle [Ru4(p-cymene)4(bpe)2(donq)2][DOS]4 (bpe = 1,2-bis(4-

pyridyl)ethylene, donq = 5,8-dioxydo-1,4-naphtoquinonato, DOS = dodecyl sulfate) with pyrenyl-functionalized poly(arylester) 

dendrimers bearing cyanobiphenyl end-groups is reported. The supramolecular dendritic systems display mesomorphic properties 

as revealed by polarized optical microscopy, differential scanning calorimetry and small-angle X-ray scattering investigations. The 

multi-component nature of the dendrimers and of the corresponding host-guest supramolecules (i.e. end-group mesogens, dendritic 

core, pyrene unit, aliphatic spacers and metallacycle) leads to the formation of highly segregated mesophases with a complex multi-

layered structure owing to the tendency of the various constitutive building-blocks to separate in different organized zones. The 

pyrenyl dendrimers exhibit a multilayered smectic A-like phase, thereafter referred to as LamSmA phase to emphasize this unaccus-

tomed morphology. As for the corresponding Ru4–metalla-cycle adducts, they self-organize into a multi-continuous thermotropic 

cubic phase with the Imm space group symmetry. This represents a unique example of liquid-crystalline behavior observed for 

such large and complex supramolecular host-guest assemblies. Models of their supramolecular organizations within both 

mesophases are proposed. 

 

 

INTRODUCTION 

Self-organization of metallomesogens (metal-containing liquid 

crystals) is of interest to combine the properties of both the 

metal ion (e.g., optical, electronic, magnetic, catalytic pro-

perties, coordination geometry) and the mesogenic part (e.g., 

structure-dependent organization, fluidity, stimuli-responsive 

behavior).
1
 Incorporation of metallic ions in liquid-crystalline 

(LC) materials extends further possible novel intermolecular 

interactions such as metal–metal (metallophilic) and metal–

ligand interactions which can have important consequences on 

the physical properties (e.g., amplification or emergence of 

new properties) and on the self-assembling abilities.
1
 A wide 



 

variety of metallomesogens has been generated to date using 

concepts based on coordination, organometallic and supramo-

lecular chemistry. Such a diversity of structures embraces 

from simple to very sophisticated molecular systems, includ-

ing one-metal center systems,
2
 metal dimer molecules,

3
 metal-

metal bonded molecules,
4
 metallocenes, buckyferrocenes,

5
 

metallo-helicates,
6
 metallacrowns,

7
 clustomesogens,

8
 hetero-

polymetallic metallomesogens,
9
 metallomesogenic polymers 

and two-dimensional networks.
10

 Mesogens can also be intro-

duced in metal-containing liquid crystals as counter-ions.
11

 

Incorporation of metal-containing building-blocks in liquid-

crystalline molecules results usually in substantial modifica-

tions of the initial mesomorphic properties of the ligands (e.g., 

changes of mesophase symmetry, thermodynamic stability, 

transition temperatures). When these blocks are much larger 

than the mean size of the mesogenic part, mesomorphism can 

even be suppressed. However, their incorporation into LC 

phases has been successfully achieved through the use of vo-

luminous mesomorphic dendritic systems,
12

 and beautiful ex-

amples of LC catenanes
13

 and rotaxanes
14

 among other sys-

tems
15-16

 can be found in the literature. 

Herein, we report the synthesis, properties and supramolecular 

organization of the first members of a new family of liquid-

crystalline host-guest complexes based on an organometallic 

Ru4 cage (host) and liquid-crystalline dendrimers (guests). The 

synthesis of the third-generation (P3) poly(arylester) den-

drimers containing cyanobiphenyl mesogens functionalized 

with a pyrenyl unit is reported (Supporting Information). The 

preparation of the second-generation dendrimer P2 was already 

described (Supporting Information). The synthesis of the 

tetranuclear arene ruthenium salt [Ru4(p-

cymene)4(bpe)2(donq)2][DOS]4 (bpe = 1,2-bis(4-

pyridyl)ethylene; donq = 5,8-dioxydo-1,4-naphtoquinonato; 

DOS = dodecyl sulfate), abbreviated as [1][DOS]4, is also 

reported. The cationic metalla-cycle [1]
4+

 was previously iso-

lated as its triflate salt,
17

 but no liquid-crystalline behavior was 

observed when P2 or P3 was included in [1][CF3SO3]4. Clearly, 

the choice of the counter-ion is crucial for the design of metal-

lomesogens.
1,18

 Therefore, in this study, we used the dodecyl 

sulfate anion (DOS), a long and flexible ionic surfactant, 

which usually contributes efficiently to the decrease of the 

melting points of the corresponding salts.
18

 

The liquid-crystalline properties and supramolecular organiza-

tion of the pyrenyl-based dendrimers Pn and their inclusion 

complexes [Pn1][DOS]4 were investigated by polarized opti-

cal microscopy (POM), differential scanning calorimetry 

(DSC) and small-angle X-ray scattering (SAXS). The den-

drimers showed a multilayered smectic A-like phase (referred 

thereafter to as LamSmA) in agreement with their multiblock 

architecture and the presence of peripheral calamitic meso-

gens. The [Pn1][DOS]4 revealed an unexpected supramolec-

ular organization into a multi-continuous cubic phase. 

 

 

RESULTS AND DISCUSSION 

Design. The assembly of 1 with Pn is based on the ability of 

the cage to interact with the planar -conjugated pyrenyl moie-

ty via hydrophobic and π - π interactions.
17

 Second- and third-

generation dendrimers were selected as liquid-crystalline pro-

moters to thwart the size of the cage. Among the tetra-, hexa- 

and octacationic arene ruthenium metalla-cycles already 

known,
19

 we selected the species with the lowest global 

charge. This choice was motivated by previous experiments in 

which anti-cancer drug candidates composed of liquid-

crystalline dendrimers included in a hexacationic arene ruthe-

nium metalla-prism, [Ru6(p-cymene)6(tpt)2(donq)3]
6+

 (tpt = 

2,4,6-tri(pyridine-4-yl)-1,3,5-triazine) were found to be non-

mesomorphic.
20 

 

Synthesis of the dendrimers. Second- and third-generation 

pyrenyl poly(arylester) dendrimers, P2 and P3, respectively 

(Figure 1), were synthesized by two successive esterification 

reactions using [N,N’-dicyclohexylcarbodiimide (DCC), 4-

(dimethylamino)pyridinium para-toluenesulfonate (DPTS)] as 

coupling Agents.
21

 The first esterification reaction between 1-

pyrenebutyric acid and 4-((10-hydroxydecyl)oxy)benzoic ac-

id
22

  resulted in the formation of a new pyrene derivative, 

which was subsequently esterified with the corresponding 

second- and third-generation phenol-based dendrons
22

 

(Scheme S1). Dendrimers P2 and P3 were characterized by 
1
H, 

13
C NMR, UV-visible and IR spectroscopies, elemental analy-

sis and ESI-mass spectrometry (Supporting Information). 

 

 

Figure 1. Structures of the second- and third-generation den-

drimers P2 and P3. 

Synthesis of the arene ruthenium metalla-cycle. The tetra-

nuclear arene ruthenium complex [Ru4(p-

cymene)4(bpe)2(donq)2][DOS]4 ([1][DOS]4) was prepared in 

methanol from the dinuclear complex [Ru2(p-

cymene)2(donq)2Cl2] and the bidentate ligand bpe in the pres-

ence of ammonium dodecyl sulfate in good yield (73%) fol-

lowing a procedure already used to obtain this cationic rectan-

gle as a triflate salt (Scheme 1).
17

 Here, the ammonium cation 

is used as a halide scavenger. 

 



 

Scheme 1. Synthesis of arene ruthenium metalla-cycle  isolated 

as its dodecyl sulfate salt, [1][DOS]4 (conditions: MeOH, 

NH4DOS, bpe, 60°C, 24h). 

 

 

The 
1
H NMR spectrum (CD2Cl2, 25 °C) of [1][DOS]4 is in 

agreement with the spectrum of its triflate analogue 

[1][triflate]4.
17

 The signals of the bpe protons are shifted up-

field as compared to those of the free bpe. The signal of the 

5,8-dioxydo-1,4-naphtoquinonato bridging ligands is shifted 

downfield as compared to the parent complex [Ru2(p-

cymene)2(donq)2Cl2], while the methyl, isopropyl and phenyl 

resonances of the p-cymene protons are almost unchanged. 

The signals of the aliphatic protons of the dodecyl sulfate 

counter-ion are well resolved and found at 3.76, 1.46-1.34 and 

0.72 ppm, respectively. The 
13

C NMR spectrum of the salt was 

recorded in CD2Cl2 at 25 °C and fully attributed (Supporting 

Information). Metalla-cycle [1][DOS]4 is not stable under ESI-

mass spectrometry but the fragmentation peak corresponding 

to [Ru2(p-cym)2(donq) + bpe + (DOS)]
+
 is found at 1107.27. 

This fragmentation is typical of arene ruthenium metalla-

cycles.
23

 Despite being unstable under ESI-mass spectrometry, 

such metalla-cycles have been found found to be extremely 

stable in solution and even at elevated temperature.
23

 The puri-

ty of [1][DOS]4 was confirmed by elemental analysis (Sup-

porting Information). 

 

Synthesis of the supramolecular assemblies. A solution of 

one equivalent of both Pn and [1][DOS]4 was stirred during 

two days in CH2Cl2 at ambient temperature (Scheme 2). Then, 

the solvent was removed by slow evaporation. The compounds 

were dried for several days. Elemental analysis confirmed the 

purity of the systems and the absence of residual solvent 

(Supporting Information). Note that direct grinding of one 

equivalent of [1][DOS]4 with one equivalent of P2 or P3 did 

not lead to materials displaying liquid-crystalline properties. In 

this case, heterogeneous black areas of non-melted metalla-

cycle with zones of melted dendrimer (in the mesophase) were 

observed by POM. This observation indicates that the interac-

tions in solution between the pyrenyl part and the metalla-

cycle are crucial for the formation of homogenous liquid-

crystalline systems. 

 

Scheme 2. Synthesis of the [Pn1][DOS]4 assemblies (conditions: CH2Cl2, RT, 2 days). 

 

Solution studies. The 
1
H NMR spectra of the two systems 

show differences with the spectra of previously reported [py-

rene1]
4+

 host-guest systems.
24

 Indeed, in such systems, 

broadening and important chemical shifts of the signals of the 

bpe and donq protons were observed, whilst in the systems 

described herein, all the signals remain narrow and well re-

solved (Supporting Information). However, slight chemical 

shifts of the donq and bpe proton resonances are observed, 

suggesting an in-cavity interaction between the pyrenyl part of 

the functionalized dendrimer and the metalla-cycle. Diffusion-

ordered NMR spectroscopy (DOSY) experiments were per-

formed to study the interactions between P2 or P3 and [1]
4+

 and 

confirmed that an interaction occurs but without complete 

encapsulation of the pyrene into the cavity of the metalla-cycle 

in solution (Figure 2). A decrease of logD can be observed for 



 

each part of the assembly when they are mixed together in 

solution, which indicates strong host-guest interactions.  

 

Figure 2. DOSY NMR spectra of P3 (red), [1]4+ (black) and the 

corresponding associated system (blue) in CD2Cl2 at 21°C. 

The 
13

C NMR spectrum of the two systems was recorded in 

CD2Cl2 at 25 °C and fully attributed (Supporting Information). 

The ESI-mass spectra of the two associated systems display 

the same fragmentation pattern [Ru2(p-cym)2)(donq) + bpe + 

(DOS)]
+
 at 1107.27 than the spectrum of [1][DOS]4. The 

compounds were also characterized by UV-Vis and IR spec-

troscopy (Supporting Information). 

 

Liquid-crystalline properties and supramolecular organi-

zation of dendrimers P2 and P3. The two pyrenyl-

functionalized dendrimers Pn led to the formation of a broad 

SmA-like phase above their glass transition temperatures (Tg) 

(Table 1). The mesophases were partly identified by POM 

from the formation of typical focal-fan conic textures and ho-

meotropic areas (Figure 3), indicative of un-tilted lamellae. 

The increase of the clearing temperature is concomitant with 

the increase of the dendritic generation as usually observed 

with this family of dendrimers.
16,25

 This trend confirms that the 

stability of the mesophases increases with the number of 

mesogens. 

 

 

 

Figure 3. Thermal-polarized optical micrographs of the focal-

conic fan textures of the SmA-like phase displayed by P2, at T = 

150 °C (top) and P3, at T = 145 °C (bottom) upon cooling the 
samples from the isotropic liquid. 

The structures of the mesophases displayed by P2 and P3 were 

studied by SAXS. The samples were measured from ambient 

temperature up to 160°C (P2) and 200°C (P3). Analysis of the 

diffractograms (Figures 4, 5 and S6) confirmed that both den-

drimers P2 and P3 display a single smectic-like phase, in 

agreement with POM observations. 

Table 1. Phase-transition temperatures of dendrimers P2 

and P3. 

Compound Tg
a Transitionb Ti

a ΔH (kJ·mol-1) 

P2 33 LamSmAI 165 9.4 

P3 60 LamSmAI 219 39.6 

aTg = glass transition temperature, Ti = isotropization tempera-
ture. bLamSmA = multilayered smectic A-like phase (see text), I = 
isotropic liquid. Temperatures (in °C) are given as the onset of the 
peak obtained during the second heating run; the Tg were deter-
mined during the first cooling cycle (rate: 10 °C·min-1). 

For P2, two sharp low-intensity reflections in a 1:2 ratio were 

detected in the small-angle range at 53.8 and 26.7 Å (Figure 4, 

reflections indexed as (001) and (002), respectively), confirm-

ing the layered structure of the mesophase with a periodicity 

of d = 53.8 Å. In addition, were also observed the classical 

wide-angle broad scattering with a maximum at ca. 4.4-4.6 Å 

originating from the overlapping distances between molten 

aliphatic chains (hch), dendritic core (hdend) and mesogens 

(hmes), respectively (Figure 4, h = hch + hmes + hdend), and anoth-

er large, small-angle diffusion with a maximum at ca. 21-22 Å 

which was attributed to some molecular correlations caused by 

specific short-range ordering of the pyrene segments (labeled 

as Drib, Figures 4 and S6) within the layers (see below). 



 

 

Figure 4. Representative SAXS patterns of P2 

Above 40-50°C, the X-ray diffraction patterns of P3 (Figure 5) 

display four sharp small-angle reflections in the 1:2:3:4 ratio 

[at 55.5, 27.5, 18.4 and 13.8 Å, indexed as (00l) reflections 

and l = 1-4], which also attest for the formation of a lamellar 

phase with a periodicity of d = 55.2 Å (d = l.d00l/Nl, where Nl 

is the number of 00l reflections). As for P2, similar broad scat-

tering signals (h = 4.4-4.6 Å and D = 25-26 Å, the latter 

slightly shifted to smaller angles) are also observed for this 

compound (Figure 5 and S6). In addition, one can also recog-

nize a broad signal at ca. 3.5 Å, hpyr, attributed to π stacking of 

pyrenyl cores (see below). 

 

Figure 5. Representative SAXS patterns of P3 

X-ray patterns thus unambiguously confirm the formation of a 

smectic-like phase for P2 and P3. As the generation is in-

creased, the presence of up to four thin reflections indicates 

good molecular segregation (sharp interfaces) of the different 

constitutive blocks of the dendrimers. Thus, the mesogenic 

groups connected at the periphery of the dendrimers act as 

classical calamitic smectogens, and therefore direct the for-

mation of a lamellar phase, similarly to other structurally relat-

ed dendrimers.
12,16

 The specific multi-block molecular archi-

tecture of Pn dendrimers further imposes the segregation be-

tween the cyanobiphenyl units and the appended pyrene with 

the dendritic core and aliphatic spacers.
12

 This is clearly evi-

denced by the abnormal intensity profile distribution of the 

low-angle reflections series, with a relatively exhausted first-

order (001) reflection and an enhanced second-order (002) 

reflection revealing the periodic alternation of several high-

electronic density sub-layers associated to the mesogenic end-

groups and the dendritic scaffold, respectively, with low-

electronic density sub-layers associated to the molten aliphatic 

spacers (Figures 4, 5 and S6). The observation of the charac-

teristic optical texture of the SmA confirms this organization 

for the mesogens, and the disordered liquid-like state of the 

dendritic cores within the median sublayer. Apart from the 

formation of the lamellae, a further segregation process occurs 

inside the mesogen sublayers between the cyanobiphenyl 

mesogens and the pyrene groups, as revealed by the appear-

ance of the additional small-angle scattering signal (labeled 

Drib and D, for P2 and P3, respectively). The long spacer be-

tween the pyrene moiety and the dendron allows the former to 

reach the sub-layer formed by the mesogenic groups. The rela-

tive high intensity of this signal arises from the insertion of a 

fraction of the spacer segments in the mesogenic sublayer, due 

to the different end-group lengths (ca. 18 and 8 Å for mesogen 

and pyrene, respectively). However, the patterning of the layer 

perforation remains short-range, as deduced from the broad 

signal shape (correlation lengths from Scherrer formula are 

about 25 and 50 Å for P2 and P3). The peak location Drib  21 

Å for the lower generation is compatible with the segregation 

of pyrene and spacer segments in continuous ribbons alternat-

ing with strips formed by the 4 times more abundant cyanobi-

phenyl mesogens fraction (Figure 6). The continuity of the 

ribbons can however not be maintained in the higher genera-

tion compound because of the further dilution of the pyrene 

moieties, as confirmed by the maximum shift to D  26 Å in 

P3: pyrene and spacer segments then segregate into islands 

positioned at the nodes of a loose pseudo-hexagonal lattice. 

The average aggregation number of associated pyrene groups 

can be estimated from D by using an approach detailed else-

where,
26

 giving 3-4 units per island (Figure 6). The patterning 

of the layer optimizes the separation in space of incompatible 

mesogens and incorporated spacer segments, but still inter-

feres with the parallel alignment of the mesogens and with the 

cohesion of the layer. The reduced hindrance with the smaller 

islands indeed constitutes one feature explaining the higher 

isotropization temperature and the larger isotropization en-

thalpy per mesogen of P3. 

For a more detailed understanding of the mesophase structure, 

the lamellar packing can be further characterized by the mo-

lecular area, Amol, ratio of the molecular volume, Vmol, and 

layer spacing, d. For P2 and P3, the molecular volumes are 

estimated to be around ca. 4970 and 9240 Å
3
 respectively 

(considering a density close to 0.95 at 80°C) and the molecu-

lar areas ca. 92 and 167 Å
2
, respectively, quasi doubling from 

P2 to P3 in consistency with the doubling of the number of 

peripheral cyanobiphenyl units (4  8) and generation (2  

3). These values and the quasi-invariance of the lamellar peri-

odicities (d = 53.8 Å versus d = 55.2 Å) whilst the volume is 

roughly doubled as the generation increases traduce the mo-

lecular expansion within the layers and a similar packing mode 

for both systems, which evidently is imposed by the unfolded 

dendritic core. These Amol values are nevertheless significantly 

smaller than the overall cross section of the mesogen end-

groups (estimated to be 115 and 205 Å
2
 from reference volu-

metric data).
27

 Such a discrepancy is commonly encountered 

for mesogens with one end devoid of terminal chain, as meso-

gens attached to segments from neighboring sublayers can 

either associate tip-to-tip into dimers or interdigitate over their 

whole length.
27

 Depending upon the statistical proportion of 

dimers, the mesogens can either form monolayer, bilayer, or 

partial-bilayer arrangements (Figure S7).
28

 This dimer propor-



 

tion lays here at 35%, as typically found for cyanobiphenyl 

compounds. 

On the basis of these calculations and the relative intensities 

of the reflections, the structure of the lamellar phase consists 

of a central sub-layer containing the expanded, disordered 

dendritic cores, separated from the perforated mesogenic lay-

ers (from the pyrenes and intercalated chain fractions) by the 

aliphatic continuum (made from all the spacers) (Figure 6). In 

both cases, the dendrimers logically adopt an elongated pseu-

do "cylindrical" conformation with the peripheral mesogens 

and pyrenes distributed homogeneously on either side of the 

dendritic scaffold, and separated by the aliphatic spacers. Such 

a highly segregated molecular conformation is in agreement 

with the fundamental lamellar periodicities. Since this struc-

ture differs substantially from a classical SmA phase, this 

phase was preferentially labeled as LamSmA to highlight its 

particular multilayer structure. Such lamellar mesophases with 

sublayers patterned by ribbons (P2) or islands (P3) thus best 

accommodate the multisegregated architecture. Despite of 

being rarely reported, they have nevertheless been previously 

observed in block copolymers and small molecules with rod-

like mesogens bearing side-on substituents.
29

 

 

Figure 6. Postulated schematic supramolecular organization of P2 and P3 within the LamSmA phase; the side view (left) shows the alter-
nation of the different sublayers, while the top view (right) reveals the local perforations of the mesogenic outerlayers. Profiles (far left): 
electronic density modulations in the direction perpendicular to the layers (d) and within the layers (Drib/D). 

 

Liquid-crystalline properties and supramolecular organi-

zation of the [P21][DOS]4 and [P31][DOS]4 host-guest 

complexes. In their molten state, none of the complexes ap-

peared birefringent when observed by POM, but only the for-

mation of highly viscous, large dark, texture-less areas were 

detected when pressure was applied on the glass slide. Above 

100°C, degradation was observed resulting likelihood from the 

irreversible dissociation of the supramolecular species, a situa-

tion often encountered in liquid-crystalline inclusion complex-

es.
30

 The structure of their mesophases below 100°C was 

eventually deduced by SAXS, namely a thermotropic cubic 

phase (with the Imm space group symmetry), from ambient-

temperature up to ca. 100°C for [P21][DOS]4, and between 

50°C and ca. 100°C for [P31][DOS]4 (below 50°C, an amor-

phous state is observed). No practical information was with-

drawn from DSC since dissociation/decomposition of the 

samples occurs before the clearing point was reached. 

Both systems exhibit similar X-ray patterns (Figures 7 and 8) 

with several small-angle reflections and two large diffuse scat-

terings, one at wide-angle evidencing the molten state of the 

chains, dendritic cores and mesogens (h = 4.4-4.5 Å), and 

another one in the small-angle range (at ca. 32-33 Å), which is 

attributed to short-range correlated structures emerging from 

the distribution of different zones. Indeed, this periodicity, D, 

is related to the ionic lattice and arises from the electron-rich 

metalla-cycle, and from the segregation patterning with the 

cyanobiphenyl end-groups, (presumed to be similar to the 

perforations in the LamSmA phases for the Pn guests). 

The SAXS pattern of [P31][DOS]4 reveals 16 sharp, small-

angle reflections (Figure 7, Table S1) with reciprocal d-

spacings in ratios theoretically compatible with both primitive 

(P) and body-centered (I) space groups, whilst it totally ex-

cludes a face-centered cfc network (F). The SAXS pattern of 

[P21][DOS]4 recorded at 80°C (Figure 8, Table S2) is simi-

lar, but exhibits fewer reflections, with a series of 8 defined 

peaks, and a massif of unresolved wide-angle signals. The 

lower number of reflections a priori precludes a definitive 

phase assignment for [P21][DOS]4, but the similarity be-

tween the SAXS patterns of both host-guest complexes sug-

gests that they both self-organize in the same type of cubic 

phase. 



 

 

Figure 7. Representative SAXS patterns of [P31][DOS]4 

 

Figure 8. Representative SAXS patterns of [P21][DOS]4 

 

Although the diffraction patterns were theoretically compati-

ble with a primitive lattice (P), the allowed groups (Pm, Pn, 

Pmm, Pmn, Pnn and Pnm) leave the absence of too many 

reflections unexplained and can be safely excluded. Just two 

centered space groups can be considered, Im and Imm, since 

the groups reflection conditions are satisfied.
31

 Aggregation 

into the highest symmetry is generally admitted, and, accord-

ingly, the Imm space group (N° 229) was retained.
31

 There-

fore, the symmetry of the cubic phases of the [Pn1][DOS]4 

host-guest systems is characterized by a body-centered cubic 

network (I), with lattice parameters a = 85.4 and 86.8 Å for 

[P21][DOS]4 and [P31][DOS]4, respectively (Tables S1 and 

S2). Based on the partial volume of [1][DOS]4 estimated to 

3600 Å
3
, and thus considering approximated molecular vol-

umes, Vmol, of 8600 and 12800 Å
3
 (density,  ≈ 1.05 g.cm

-3
 at 

80°C) for both complexes, each cubic unit cell contains ca. 

72±2 and 50±2 supramolecules, respectively. These large ag-

gregation numbers combined with the shape of the SAXS 

patterns accord with a highly segregated, multi-continuous 

structure (see below). This is moreover unusual that the ob-

servable reflections are so numerous and propagate so far in 

the mid-angle range for thermotropic cubic phases (Tables S1 

and S2). This feature proves the high degree of nano-

segregation between incompatible segments, as they are con-

fined in domains separated by sharp interfaces. The insertion 

of the metalla-cycle DOS salt certainly preserves the differen-

tiation of dendritic and mesogen moieties inherited from P2 

and P3 pyrenyl dendrimers (see below), but concomitantly 

imposes intricate and sterically constrained arrangements of 

the corresponding segregated domains. Nearly the same intri-

cate multi-continuous structure is obtained for both host-guest 

systems, with even an extension of the reflection series to 

larger Miller indices for the higher-generation dendrimer, fol-

lowing the trend observed in the lamellar phase of the pyrenyl 

dendrimers. 

Molecular organizations proposed for previous thermotropic 

multi-continuous cubic phases are based on minimal surfaces 

of type P and G, in accordance with the observed Imm and 

Iad symmetries.
32,33

 As seen above, the Iad symmetry, and 

therefore the G minimal surfaces, are here clearly excluded 

[presence of the (310), (222), (330) / (441) reflections being 

incompatible with this group], and the Imm symmetry con-

firmed. Remarkably, some authorized reflections are missing 

in the series, as the ones at lowest angles [i.e. (110), (200), 

(211)]. Although the overlapping with the intense small-angle 

scattering may partially hinders the detection of these reflec-

tions, their absence (or weakness) follows an intensity modu-

lation that goes through a maximum for reflections (310) and 

(222) in the generation 3, and for reflection (220) in the gener-

ation 2. As a regular decrease is commonly observed for bi-

continuous phases,
33

 this modulation is a further proof for a 

more complex multi-continuous structure.
34,35

 

The emergence of the three-dimensional structure evidently 

follows the expansion of the mesogen and aliphatic sublayers 

by the metalla-cycle DOS salt, what creates discrepancies with 

the molecular area of the dendritic-containing sublayer. Such a 

distortion of the layering is compensated by the curvature at 

both interfaces (i.e. mesogenic/aliphatic and dendritic/aliphatic 

interfaces) and results in the fusion of the lamellae into intri-

cate, intermingled three-dimensional networks (interwoven 

“labyrinths” in Figure 9). Tentatively, a more comprehensive 

description of the organization is proposed through the adapta-

tion of a multi-continuous structural model, already validated 

for some thermotropic Imm systems.
33

 This model is based 

on the foliation of the lattice space by the various interfaces on 

either sides of the P-type infinite, periodic minimal surface 

(IPMS) of zero mean average curvature (materialized by the 

green isosurface in Figure 9). The cyanobiphenyl-containing 

layers swollen by ionic metalla-cycles wrap this minimal sur-

face. Simultaneously, the dendritic moieties are rejected either 

along the edges and intersections at the corners, or along lines 

going through the centers of the faces and of the cube, and 

clustered into interwoven labyrinth-like domains. The inho-

mogeneities of the latter zones (e.g. shrinkage on edges and 

dilation on vertices) are modulated by the great flexibility and 

deformability of the dendritic cores. The fluid aliphatic con-

tinuums are intercalated between both these two types of dis-

jointed domains, and delimited respectively by the interfaces 

with the mesogenic parts (blue isosurfaces in Figure 9) and by 

the somewhat shrunken interfaces with the dendritic core (red 

interfaces in Figure 9). This multicontinuous model is there-

fore highly reminiscent of the lamellar structure of the Pn 

guests, which shows the same sequence of strata from the 

minimal surface toward edges and vertices. A geometric link 

between both structures is found with the half-face diagonals, 

which in the model is normal to the successive segment strata 

(see below), and those lengths (~ 61 Å) are close to the layer 

spacing. A perfect coincidence was indeed not expected, due 

to several concomitant effects, among which the contribution 

of the metalla-cycles, the curvature of the interfaces and the 



 

related shrinking of the strata with the distance to the minimal 

surface. 

 

Figure 9. Schematic representation of the multi-continuous cubic 
structure (surface foliation model, references 33, 36, 37) for the 

host-guest complex [P21][DOS]4: Representation of the differ-

ent intermediate interfaces  (red for the aliphatic/dendritic inter-

faces, || = 1.89; blue for the mesogen/aliphatic interfaces, || = 

1.44) on both sides of the isosurface of zero-mean curvature ( = 
0, green). 

 

The portion of the stratum covered by a single segment block, 

i.e. the area per segment, compensates to a certain extent the 

wedge shape of the entire encapsulated molecule. These areas 

become then closer to the natural cross-sections and reduce 

the interfaces between the various incompatible segments for 

an overall improved packing. The efficiency of the process can 

be quantified using surface foliations of the lattice volume,
36,37

 

whereby the isosurfaces sharing the lattice in accordance with 

the segment volume fractions are assimilated into interfaces. 

For both molecules, this geometric modeling yields areas per 

segment
38

 that decrease from ca. 235-240 and 345-350 Å
2
, 

respectively, on the minimal surface, to 190-195 and 295-300 

Å
2
, at the interface with the aliphatic strata and finally to 120-

125 Å
2
 and 215-220 Å

2
 at the interface with the dendritic part. 

The latter areas are in agreement with the expected overall 

cross-section of the dendritic branches (roughly 110 and 200 

Å
2
) while the larger areas close to the minimal surface are 

compatible with the contribution of inserted ionic moieties. 

Remarkably, even the cross-sections of aliphatic segments are 

approached at both interfaces, when taken into account the 

intermingling DOS chain ends. 

The surface foliation model accounts for an almost ideal com-

pensation of the cross section discrepancies and is so far con-

sistent with all experimental data, unlike a few other reported 

systems, though of completely different nature.
35

 For a clearer 

insight of the distribution of segregated zones in the cubic cell, 

sectional simulated sketches within most important crystallo-

graphic planes are represented for both complexes (Figure 10). 

The families of planes {100} and {200} contain the two laby-

rinths’ directions and cut the third orthogonally. The strata 

crossed by the half-face diagonals remind the lamellae of the 

pyrenyl-dendrimers (see above). The {111} plane cuts all three 

labyrinths’ directions with the same angle. This plane might 

evolve toward a columnar lattice plane at higher swelling de-

grees, when edges resorb and superposed vertices merge to 

stratified columns. Instead of swelling mesogens, the shrink-

ing of the dendritic part might yield a further original "mixed 

micellar-bicontinuous" mesophase, when edges stay wrapped 

by the aliphatic strata, while the dendritic fractions aggregate 

on the vertices. 

 

 

Figure 10. Simulated distribution of segregated zones in the cubic 

cell for complexes [P21][DOS]4, (left), and [P31][DOS]4 
(right), within most important crystallographic families of planes 
(blue: mesogens+metalla-cycles sublayers; white: aliphatic strata; 
black: dendritic cores labyrinths; red frame: cubic lattice; green 
lines: edges to vertices from next plane). 

 

The general design of these materials offers a wide range of 

possibilities to modulate the mesophases’ structures. Further 

deepening of these structures would require additional exper-

imental information, such as more accurate volumes and 

shapes of segments, probably in combination with systematic 

variations of spacer and mesogen lengths. Such future devel-

opments would also be desirable due to the original molecular 

architecture, different from mesogens connected to unequal 

aliphatic tails as previously described in the literature. 

 

CONCLUSION 

The syntheses of pyrenyl-functionalized poly(arylester) den-

drimers with cyanobiphenyl end-groups and of a tetranuclear 

arene ruthenium metalla-cycle [Ru4(p-

cymene)4(bpe)2(donq)2]
4+

 isolated as a dodecyl sulfate salt are 

reported. The assembly of these two entities leads to supramo-

lecular organometallic compounds. The dendrimers show a 

liquid-crystalline behavior, which is identified as a multi-



 

layered smectic (LamSmA) phase, whereas the supramolecular 

assemblies either do not display mesomorphic properties or 

self-organize into an intricate, multicontinuous Imm cubic 

phase, when isolated as triflate and dodecylsulfate salts, re-

spectively. The wedge shape of the dodecylsulfate assemblies 

seems to be a key condition for the appearance of this 

mesophase, for which a structural model was proposed. 
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