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ABSTRACT
A library of rod-like bolapolyphiles with sticky hydrogen-bonded glycerol groups at their ends and having highly branched side
chains with a carbosilane-based four-way branching point, all based on the same oligo(phenylene ethynylene) core, has been
synthesized and investigated. For these compounds, a A15-type Frank–Kasper phase is formed upon side-chain elongation in
the steric frustration range at the transition from the triangular to the much larger square honeycombs. In contrast to the
previously known tetrahedral sphere packings the A15 phase is in this case formed by tetrahedral networks of aggregates of
parallelly organized π-conjugated rods. This allows the design of compounds with wide ranges of the A15 network down to room
temperature. However, its formation becomes strongly disfavored by core fluorination that is attributed to a changing mode of
core–core interaction that also modifies the square honeycombs by deformation of the squares into rectangular or rhombic cells,
either with or without emergence of tilt of the rods.

1 Introduction

The aggregation of π-conjugated molecules into well-defined
structures and their precise programmed arrangement in space
represents a contemporary challenge of importance for numerous
applications such as photovoltaics [1], induced and polarized
emission [2–6], and the design of light harvesting systems [7,
8]. Liquid crystals (LCs) combining rigid polyaromatic units
with flexible chains provide the possibility to organize such
π-conjugated units into ordered arrays under thermodynamic
control in a bottom-up approach [9–12]. In addition, the mobility
of the molecules in these LC phases allows easy manipulation

of the local and macroscopic structures by external stimuli,
as, for example, used in display technology [13]. Previous LCs
were found to form relatively simple structures such as nematic
phases [14], layers, and columns, mainly depending on the
shape of the aromatic core structure. More complex super-
structures—allowing more sophisticated future applications of
LCs [15]—were achieved by polyphilic molecules [16] among
them the so-called bolapolyphiles [17–19]. These bolapolyphiles
represent molecules combining a rigid polyaromatic rod with
more than just two incompatible segments, while “bola” [20]
means molecules having highly polar groups at both ends of
a less polar central unit. In our case, this unit is a rod-like
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FIGURE 1 (a) Structure and nomenclature of compounds Hm/n
and Fm/n with the side chains shown in red. The first letter H or
F indicates molecules with nonfluorinated OPE or semiperfluorinated
FOPE core, respectively, while the combinationm/n indicates the length
m of the alkylene spacer connecting the (F)OPE corewith the Si branching
points in the side chains, and n is the length of the three alkyl chains
attached to Si. (b) A schematic sketch of the considered bolapolyphiles. (c,
d) The phase structures; reticular LC can be divided into (c) honeycombs
and (d) 3D networks that can both be described within the meso-atom
concept as outlined in [87]; (c) shows a square honeycombs and (d) the
segmented FK-type tetrahedral network with Pm3̄n space group. (e) A
dendritic amphiphile known to form (f) the Pm3̄n sphere packingwithout
interconnecting junctions (blue and yellow indicate the crystallographic
different positions of the spheres).

π-conjugated system, and polar glycerol groups at both ends
provide cooperative and dynamic hydrogen bondings [21–24]
between them, giving rise to end-to-end attractions (rods with
sticky ends,[25, 26], see, e.g., Figure 1b). However, the naturally
preferred parallel alignment of the long rods is distorted by the
attached flexible side chains, giving rise to various new states
of aggregation. Typically, in these LC phases, the polyaromatic
cores aggregate into ribbons of parallelly organized rods which
are interconnected at the junctions by strings of the H-bonding
networks of the glycerols to honeycombs with their polygonal
cells filled by the flexible side chains (Figure 1c) [17, 18, 27, 28].
The shape of the honeycomb cells can be modified in a wide
range from triangular via square (Figure 1c) and pentagonal to
hexagonal, including those with nonregular shapes [29, 30] and
mixtures of different types of polygonal cells [31, 32].

For larger side chains, the number of polyaromatic rods forming
the ribbons becomes limited, leading to a splitting into rod-
bundles. These smaller aggregates of polyaromatic rod-bundles
form struts with the glycerols at the junctions interconnecting
them into 3D-networks [33–37]. Among them, the recently dis-
covered tetrahedral network with Pm3̄n space group is a unique
structure (Figure 1d) [38] due to its close relationship with Frank–
Kasper-type (FK) sphere packings [39–42], specifically, the A15
phase (Figure 1f). Huge efforts have been made to design and
investigate the A15 sphere packing in solid-state modifications
of metals, alloys and intermetallic compounds [43], in aqueous
lyotropic systems [44–47], in the soft mesophases of different
types of amphiphilic [48–50], and dendritic molecules [47–78],
as well as in block copolymer morphologies [79–83], and to

understand their formation under the aspect of minimizing the
interfaces in soft sphere packings (Figure 1g,h) [84–86]. However,
in the new type of FK phase formed by polyphiles the focus is
on the engineering of the struts interconnecting the spherical
aggregates at the junctions. In this case, the spheres at the
junctions can be considered as a kind of “superatoms” [86] or
“meso-atoms” [87–89] that are interconnected by bonds between
them (“meso-atom” bonds) [90].

Here we report about engineering of meso-atom bonding in
such reticular (net-like) [91] LCs. For this purpose, we use
bolapolyphiles with oligo(phenylene ethynylene) (OPE) [92] rods
and sticky ends having two highly branched carbosilane-based
side chainswith the silicon acting as a tetravalent branching point
in these chains [93, 94]. The side-chain effects, as well as the
effects of core fluorination [95] on the aggregation of theOPE rods
[27, 30, 38, 96–100] into different reticular LC, either into hon-
eycombs, or alternatively, into network structures (Figure 1c,d)
are investigated. In these compounds, Xm/n (Figure 1a) X =
H means a nonfluorinated OPE core and X = F indicates an
FOPE core with perfluorinated benzene rings at both peripheries,
besides the glycerol groups. The numbers m/n give the aliphatic
spacer length m and the alkyl chain length n in each branch,
respectively (Figure 1a). In a previous short communication, we
have reported the effect of spacer length m at constant chain
length on the LC phase formation for a series of compounds
with fixed n = 7 [94]. Here, we provide a much wider study
of a larger library of OPE-based bolapolyphiles depending on
the side-chain volume, side-chain length, and core-fluorination
in order to fully understand their soft self-assembly, especially
the conditions for A15 phase formation in the perspective of
polyaromatic core aggregation. It is found that the A15 FK-
type network phase represents an intermediate structure in the
frustration range at the transition between triangular and square
honeycombs (mainly determined by the side-chain length and
volume), but only if an easy longitudinal shift between the
individual polyaromatic rods can take place. Any restriction of
this shift by specific core–core interactions removes theA15 phase
that is then replaced by different types of deformed honeycombs.

2 Experimental

2.1 Materials

All compounds were synthesized as shown in Figure 2 by Sono-
gashira coupling [101] of the 2,5-dialkylated 1,4-diiodobenzenes
4/m/n with the acetylene terminated building blocks 5H or 5F
[27, 99, 100]. For compounds with spacer lengths m = 4–12, the
carbosilane chains were attached by alkylation of diiodohydro-
quinonewith the bromosubstituted carbosilanes 2/m/n, while for
compounds withm= 3, 1,4-diallyloxybenzene was hydrosilylated
[102] with the H-carbosilanes 1/n [103] and then iodinated with
a hypervalent iodination reagent [104] to yield the diiodohydro-
quinone ethers 4/3/n. The bromosubstituted carbosilanes 2/m/n
were prepared by hydrosilylation of ω-bromoalkenes with 1/n
and in the final step the glycerol groups of the bisacetonides of
Hm/n and Fm/n (Hm/nA andHm/nA), they were deprotected
under mild acidolytic conditions using pyridinium p-toluene
sulfonate (PPTS) [105] to give the final compounds that were
purified by repeated column chromatography. The experimental
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FIGURE 2 Synthesis of compoundsHm/n and Fm/n. Reagents and conditions: (i) THF, LiCl, 20◦C, 24 h; (ii) CH2Cl2, Karstedts cat., 20◦C, 1 day;
(iii) K2CO3, Bu4NI, DMF, 80◦C, 3 days; (iv) Pd(PPh3)4, CuI, Et3N, 80◦C, 1 day; (v) PPTS, MeOH/THF, 50◦C; (vi) PhI(OCOCF3)2, I2, DCM, 60◦C, 1 day.

details and the analytical data and details of the synthesis of the
ethynyltolanes 5H and 5F are provided in the Synthesis Section
of Supporting Information.

3 Methods

Investigation of the compounds was performed by differen-
tial scanning calorimetry (DSC), polarizing optical microscopy
(POM), small- andwide-angle X-ray scattering (SAXS andWAXS)
and UV-Vis and fluorescence measurements in thin films under
the conditions and with the equipment described in the methods
section in the Supporting Information.

4 Results and Discussion

4.1 Series of Nonfluorinated Compounds Hm/n

Three different reticular LC phases, namely, Colhex/p6mm,
Cubnet/Pm3̄n, and Colsqu/p4mm, were identified (Table 1). Two of

them form birefringent spherulite- and fan-like textures between
crossed polarizers (Figure 3a–f) as typical for columnar LC phases
(Col). POM Investigation with an additional λ-retarder plate
(Figure 3d) show negative birefringence by the blue shift of
the fans along the slow indicatrix axis, meaning that the major
conjugation pathway of the π-conjugated rods lays perpendicular
to the column long axis, as typical for honeycomb LC phases. In
contrast, the cubic phase (Cubnet) is optically isotropic and can be
distinguished from the isotropic liquid only by the significantly
higher viscosity and the presence of sharp scatterings in the SAXS
patterns. In addition, the Cub–Iso transition is associated with a
small DSC peak (0.3–1.8 kJ mol−1, see Table 1 and Figure 3g).

The WAXS patterns of the columnar and cubic mesophases of
compounds Hm/n are diffuse with a single maximum around
0.45–0.46 nm (Figure 3h), indicating the absence of positional
order between individual molecules and thus confirming the
LC state. The SAXS patterns of the birefringent colmnar phases
can be indexed either to a hexagonal p6mm lattice (ratio of
reciprocal d-spacing is 1:

√
3:2:

√
7. . . ; see Figure 4a) or to a square
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TABLE 1 LC phases, transition temperatures, transition enthalpies, and lattice parameters of compoundsHm/n.a

Compound m n T/◦C [ΔH/kJ mol−1] a/nm@T/◦C VC LC

H3/6 3 6 Cr 93 [24.1] p6mm 163 [5.0] Iso 4.27@130 44 10
H3/7b 3 7 Cr 70 [13.6] p6mm 147 [3.5] Pm3̄n 160 [1.5] Iso 4.39@101

8.62@151
50 11

H6/6 6 6 Cr 59 [31.3] p6mm 108 [2.8] Pm3̄n 155 [1.6] Iso 4.38@69
9.09@119

13

H4/7b 4 7 Cr 91 [41.5] Pm3̄n 159 [1.3] Iso 8.89@119 52 12
H8/6 8 6 Cr 67 [23.4] M 109 [2.2] Pm3̄n 139 [0.5] Iso 9.13@119 54 15
H3/8 3 8 Cr 75 [14.6] p6mm 120 [4.4] Pm3̄n 162 [1.8] Iso 4.45@69

4.29@110
8.84@120

56 12

H6/7b 6 7 Cr 54 [16.3] M 85 [1.1] Pm3̄n 146 [0.5] Iso 9.19@92 14
H9/6 9 6 Cr 87 [18.3] p4mm 118 [3.3] Iso 4.14@96 16
H4/8 4 8 Cr 74 [29.5] Pm3̄n 157 [1.8] Iso 8.85@110 58 13
H5/8 5 8 Cr 74 [24.0] M 104 [4.5] Pm3̄n 157 [1.6] Iso 9.06@119 60 14
H8/7b 8 7 Cr 45 [1.5] p4mm 105 [3.0] Pm3̄n 128 [0.4] Iso 4.12@64

9.13@105
16

H11/6 11 6 Cr 85 [17.2] p4mm 142 [5.2] Iso 4.54@120 18
H3/9 3 9 Cr 67 [19.8] p6mm 101 [4.3] Pm3̄n 157 [1.8] Iso 4.44@74

8.89@110
62 13

H6/8 6 8 Cr 68 [13.1] Pm3̄n 147 [0.8] Iso 9.15@101 15
H9/7b 9 7 Cr 80 [11.1] p4mm 127 [4.0] Iso 4.16@101

3.93@121
17

H4/9 4 9 Cr 50 [23.7] Pm3̄n 155 [2.1] Iso 8.86@119 64 14
H10/7b 10 7 Cr 83 [11.1] p4mm 134 [5.4] Iso 4.18@110 18
H11/7b 11 7 Cr 78 [11.8] p4mm 142 [5.4] Iso 4.25@92 66 19
H3/10 3 10 Cr 88 [53.4] Pm3̄n 156 [2.2] Iso 8.81@128 68 14
H6/9 6 9 Cr 59 [28.5] p4mm 64 [-] Pm3̄n 128 [0.3] Iso 3.99@54

9.01@101
16

H4/10 4 10 Cr 55 [14.7] Pm3̄n 146 [1.7] Iso 8.98@101 70 15

Note: Ordered according to growing VC values and for identical VC with growing spacer lengthm.
Abbreviations: Cr, crystalline solid (in the case of different crystalline modifications only the highest melting one is given here); Iso, isotropic liquid; LC, number of
C and Si atoms along each side-chain between ether oxygen andmost distant end, LC,m+ n+ 1; M, unknown birefringent mesophases; p4mm, square honeycomb
(Colsqu/p4mm); p6mm, triangular honeycomb (Colhex/p6mm); Pm3̄n, cubic network phase with Pm3̄n space group (Cubnet/Pm3̄n, for model see Figure 1d); VC,
total number of C and Si atoms in both side chains, VC, 2(m + 3n + 1); for data on cooling, see Figure 5 and Table S1; for DSC traces, see Figure S1; additional
structural data can be found in Tables S31-S33.
aPeak temperatures as determined by DSC (10 K min−1) on cooling.
bSee [94].
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FIGURE 3 (a–c) Textures of the Colhex/p6mm phase of H3/6 as
observed between crossed polarizers (arrows in (a)) on cooling at the
given temperatures; the changing color of the fan-like domains shows
the decreasing Δn. (d–f) Textures of the Colsqu/p4mm phase ofH11/6, (d)
shows the texture with λ-retarder plate, indicating negative Δn (blue shift
along the indicatrix slow axis indicated by the arrow); dark areas in (a–c)
and (e, f) are homeotropic aligned areas with the columns perpendicular
to the substrates. (g) DSC traces and (h) WAXS scans ofH3/8.

p4mm lattice (ratio of reciprocal d-spacing is 1:
√
2:2, . . . , see

Figure 4e). The triangular and square honeycomb structures
of the LC phases are confirmed by the reconstructed electron
density (ED)maps (see Figure 4b,f), where the red areas represent
the low-ED centers of the columns, formed by the alkyl side
chains filling the polygonal prismatic cells (triangular or square,
respectively). These are enclosed by the OPE cores as sides and
the high-ED polar glycerol groups (blue/purple) as junctions of
the honeycomb cells. The light blue high-ED dots in the middle
of the honeycomb walls are due to the two electron-rich ether
oxygens connecting the side chains to the middle benzene rings.
The lattice parameter in the Colhex phases is ahex = 4.2–4.5 nm
(Table S31) that is close to the maximum value of the molecular
length (Lmol) asmeasured between the ends of the glycerol groups
(Lmol = 4.0–4.4 nm) and typical for triangular honeycombs [27].
Likewise, the lattice parameters of the square phase (asqu = 3.9–
4.5 nm; Table S33) are in line with a square honeycomb, though
there is a wider variation of asqu depending on side-chain volume.
There is also a temperature dependence of the lattice parameter
in both phases which is, however, small (<0.1 nm in the phase
ranges, see Figure S9). The number of molecules organized side-
by-side in the lateral cross-section of the honeycomb walls (nwall)
is around 0.9–1.1 (“single molecule walls”) in the triangular and a
bit larger, around 1.2–1.7 (shifted toward “doublemoleculewalls”)
in the square honeycombs (these are no integer numbers due to
molecular staggering and molecular dynamics in the LC state;
see Tables S31 and S33). This difference is due to the different
valence (ν) of the junctions connecting the cylinder walls, being

FIGURE 4 SAXS patterns of compounds Hm/n with a nonfluo-
rinated OPE core: (a, c, e) SAXS patterns, (b, d, f) the corresponding
ED maps, (a, b) in the Colhex/p6mm phase of H6/6 at 69◦C (triangular
honeycomb), (c, d) in theCubnet/Pm3̄n phase of compoundH6/9 at 101◦C
(A15 phase), (e, f) in the Colsqu/p4mm phase of H6/9 at 54◦C (square
honeycomb); in (b, f) the positions of the OPE rods in one unit cells are
shown as black lines, for amodel of (d), see Figure 1d; for additional SAXS
patterns and ED maps, see Figures S6 and S8; the origin of the enhanced
intensity of the (20) reflection in the columnar phases is explained in
Figure S8b.

ν = 6 in Colhex and only ν = 4 in Colsqu. Due to the larger valence
of the junctions, the cross-section of the polar glycerol columns
would be larger in the triangular honeycombs. However, this
difference is compensated by the tendency of the polar columns
to retain their diameter in a narrow range and this requires
an increase of nwall in the square honeycomb. Thus, in both
honeycomb phases, the diameter of the polar columns remains
in the range between 4.8 and 6.6 glycerols in the cross-section.
These limits appear to be the result of two competing forces. On
one hand, the columns are stabilized by increasing the number
of cooperative (polarization enhanced) and dynamic H-bonding
interactions between the glycerols [21–24], providing a tendency
for lattice-expansion, while on the other hand, the limited size of
the polar glycerol units restricts the possible column expansion
without distorting nano-segregation by significant overlapping
of lipophilic OPE cores and polar glycerols upon shifting the
molecules with respect to each other. Outside this range, the
honeycombs become instable and are replaced by other modes
of self-assembly.
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The absence of a temperature dependence of the birefringence
(see Figure 3e,f), and a larger variation of nwall in the square
honeycombs indicates that adjustment of the cell volume to the
space actually required by the side-chain volume (depending
on m, n, and T) is in this case mainly achieved by lattice
shrinkage/expansion due to variation of nwall. In contrast, in the
triangular honeycombs, the variation in nwall is much smaller and
a decrease of birefringence with rising temperature is observed
(color change from green, via reddish green to red see textures
of H3/6 in Figure 3a–c). This means that in this case, the main
contribution to the adjustment of cell volume and chain volume
is provided by a changing orientational-order parameter of the
rods in the walls (random tilt of the rods in the walls), that is,
due to a changing of the effective molecular length. It seems
that the relatively long spacer units in the molecules forming the
square honeycombs allows an easy adjustment of nwall, which
is more difficult for the triangular honeycombs, mainly formed
by molecules having shorter spacers, where the bulky ─SiR3
groups close to the core reduce their capability of forming double
molecular walls. Hence, long spacers allow an easy compensation
of differences between prismatic cell volume and effective chain
volume by changing nwall. However, this becomes more difficult
as the spacer length is reduced, and in this case a change
of the orientational-order parameter or tilting of the rods is
required to adjust the cell size. It is noted that the change of
the orientational-order parameter and tilt are also affected by the
core–core interactions as discussed further below for compounds
Fm/n.

Most investigated compounds Hm/n form a cubic mesophase
above one of the honeycombphases or even as the only observable
mesophase. The SAXS patterns show three strong reflections
that can be indexed to (200), (210), and (211) reflections of a
lattice with Pm3̄n space group (Figure 4c). All the remaining
weaker reflections can be indexed to this space group, too. The
ED map indicates a packing of high-ED spheres at the corners,
in the center and as pairs of spheres on the faces of the unit
cell of the cubic lattice, as typical for the A15 phase (Figure 4d).
Moreover, the high-ED glycerol spheroids are interconnected by
a tetrahedral network of medium-ED bonds, indicating struts
formed by bundles of parallel OPE rods (see also Figure 1d).
The low-ED alkyl chains, filling the continuum around them,
are omitted for clarity. In these segmented networks there are
two different types of spheroids with different valence (12 + 14),
size, and shape, requiring that also the bond lengths are different
and assume the values 0.5acub, 0.56acub, and 0.61acub [38]. The
lattice parameters are acub = 8.6–9.2 nm from which the length
of the bonds can be calculated to be Lbond = 4.3–5.5 nm. This
length exceeds that of the individual molecules Hm/n and this
is attributed to the significant size of the glycerol spheroids
interconnecting 12- and 14 rod-bundles, respectively. The number
of molecules per unit cell is between 240 and 320 (ncell,LC, see
Table S32) which are distributed among the 54 bonds intercon-
necting the spheroids, meaning that there are on average 4.4–5.9
molecules organized side-by-side in the bundles of parallelly
aligned OPEs. This number decreases with growing n and tends
to increase with elongation of m (Table S32). A number of about
53–71 glycerols is organized in the smaller spheroids with ν = 12
(Vsph = 6.5–8.7 nm3, as estimated using Immirzi’s crystal volume
increments [106]) in the center and at the corners, whereas the
larger spheroids with ν = 14 on the faces of the unit cell are

each formed by 62–83 glycerols (Vsph = 7.6–10.1 nm3). Assuming
a spherical shape, their diameters would be 2.3–2.6 and 2.4–
2.7 nm, respectively. Considering LOPE-core = 3.1 nm, the distance
between the centers of the spheres should be 5.4–5.8 nm, being
just around the upper limit of the bond length of 5.5 nm. This
indicates some intercalation of OPE cores and glycerols requiring
some longitudinal shift between the OPE cores (see discussion of
Fm/n further below).

The overall sequence of phases is affected by the side-chain
volume VC, calculated from the total number of C and Si
atoms in both side chains as VC = 2(m + 3n + 1). This leads
to the sequence Colhex/p6mm (VC = 44–50) → Cubnet/Pm3̄n
(VC = 50–70)→ Colsqu/p4mm (VC = 60–70). However, as obvious
from Table 1, this sequence is not strict, there are several
cases for which the observed phases do not follow this rule,
as for example, the Colhex phases of H3/8 with VC = 56 and
H3/9 with VC = 62 occur for much larger side-chain volumes,
while the Colsqu phase of H9/6 with VC = 56 is found for
a smaller volume than expected. If one compares the three
compounds with constant chain volume VC = 56, the sequence
Colsqu/p6mm → Cubnet/Pm3̄n → Colhex/p4mm is observed for
growing spacer lenght from H3/8 via H6/7 to H9/6. The same
sequence is found for the series of compounds H3/9, H6/8,
and H9/7 with VC = 62. This means that at identical VC long
spacers prefer the square honeycomb and short spacers the
triangular honeycombs, and the cubic Pm3̄n phase is found
as the intermediate structure at the transition between them.
Both series occur upon increasing the spacer length (m) while
simultaneously decreasing the length of the three alkyl branches
(n) to keep the total chain volume VC constant. This means
that it is not sufficient that the chain volume fits with the cell
volume, but the chainsmust also be sufficiently long to efficiently
fill the most distant spaces in the selected structure. Increasing
the spacer length m contributes more to an increase of the
total LC = m + n + 1, while increasing the length of the three
branches (n) contributes mostly to VC and less to LC. Ordering
the compounds Hm/n according to the side-chain length LC,
and for identical side-chain length according to growing spacer
length m, as shown in the bar diagram in Figure 5, provides
a much clearer picture showing a transition Colsqu/p6mm →

Cubnet/Pm3̄n→Colsqu/p4mmwith growing side-chain length LC.
In the series Hm/n, the Pm3̄n phase becomes the dominating
phase for compounds with relatively short spacers (m ∼ 3–8) and
medium length of the branches (n ∼ 8–9), overall having a total
side-chain length range from LC = 11 to 16, corresponding to Lchain
= 1.5 to 2.1 nm.

The dV/dr curves in Figure 6 support the observed phase
sequence. For each curve, the intersection with the x-axis refers
to the furthest distance required to fill the lattice, and the area
occupied by the curves represents the volume requirement for
each molecule. The shape of the curves provides information
about the development of the chain volume depending on the
distance from the core (r). The Pm3̄n phase (blue) requires short
side-chain length (r), large side-chain volume (given as areas V/r
in Figure 6), and a strong volume increase (dV/dr) close to the
OPE core that is provided by the compounds Hm/n with short
spacers m and longer n, while the formation of the triangular
honeycomb (red) is favored for molecules with limited side-chain
volume and a smaller increase of dV/dr. However, as shown in
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FIGURE 5 Bar diagram of series Hm/n ordered according to
increasing LC = m + n + 1 and for identical LC with growing number of
CH2 units (m) in the spacer. The temperatures were recorded on cooling
with 10 K min−1.

FIGURE 6 dV/dr curve of the LC phases formed by Hm/n and
Fm/n. The aromatic core length is taken as 0.5 to normalize all phases.
The given area values are the areas under the curves as a measure of
the total chain volume. The calculation of the curves is described in the
Supporting Information.

FIGURE 7 Bar diagram of series Fm/n ordered according to
increasing side-chain length LC and growing m, and showing the LC
phases and their transitions as observed on cooling with 10 K min−1; at
the right the differences between the LC → Iso transition temperatures:
ΔTLC→Iso = TLC→Iso (Fm/n)—TLC→Iso (Hm/n) based on the data on
heating (Tables S1 and S2) with 10 Kmin−1; for abbreviations, see Tables 1
and 2.

Figure 6, the curves of p6mm and Pm3̄n cross each other and the
areas occupied are close, thus both structures can compete with
each other and themajority of the Pm3̄n phase occurs close to the
p6mm phase (Figure 5). There is a transition p6mm-Pm3̄n-p4mm
with growing spacer length m, and for any m, larger n favors
Pm3̄n due to larger chain volume and more possibilities of chain
folding. On top of this, there appears to be an odd–even effect. A
bent-shaped odd-numberedm + 1 (1 stands for the ether oxygen)
contributes to a steeper dV/dr growth, favoring Pm3̄nmore than
a related linear even numbered. In all cases with p6mm-Pm3̄n
dimorphism, higher chain flexibility supports chain folding and
thus additionally favors Pm3̄n at high temperature above p6mm.
Moreover, the increased possibilities of chain orientations and
conformations makes the Pm3̄n phase also entropically more
favorable. Further increasing m favors p4mm (green line in
Figure 6; the other yellowish green lines are explained further
below).

4.2 Honeycomb vs. Network Competition in the
Series of Fluorinated Compounds Fm/n

In a next step, a series of related core-fluorinated compounds
Fm/n with almost the same chain volume range (VC = 44–68)
was investigated (Table 2; Figure 7), where clear trends can also
be identified. First of all, the probability of finding the Pm3̄n
phase is dramatically reduced by core fluorination. The existence
range of the p6mm phase is significantly expanded and among the
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TABLE 2 LC phases, transition temperatures transition enthalpies, and lattice parameters of compounds Fm/n.a

Fm/n m n T/◦C [ΔH/kJ mol−1]
a,b/nm
@T/◦C VC LC

F3/6 3 6 Cr 41 [3.3] p6mm 173 [11.1] Iso 4.48@83 44 10
F3/7b 3 7 Cr 44 [2.8] p6mm 160 [6.3] Iso 4.43@120 50 11
F6/6 6 6 Cr < 20 p6mm 156 [5.3] Iso 4.51@151 13
F4/7b 4 7 Cr 50 [9.2] p6mm 134 [2.8] Iso 4.29@64 52 12
F3/8 3 8 Cr 39 [5.9] p6mm 156 [8.9] Iso 4.35@115 56 12
F6/7b 6 7 Cr < 20 M 131 [0.3] p6mm 146 [5.4] Iso 4.30@92 14
F4/8 4 8 Cr 30 [6.9] p6mm 135 [4.9] Iso 4.33@83 58 13
F11/6 11 6 Cr 74 [8.4] c2mm 115 [-] p4mm 164 [11.1] Iso a = 5.14; b = 6.82@78

4.24@124
60 18

F3/9 3 9 Cr 37 [7.8] M 105 [0.9] p6mm 143 [4.5] Iso 4.43@55 62 13
F9/7b 9 7 Cr 59 [8.2] c2mm 115 [-] p4mm 148 [8.8] Iso a = 4.92; b = 6.92@60

4.14@119
17

F4/9 4 9 Cr 64 [1.8] p6mm 103 [2.6] Pm3̄n 122 [0.5] Iso 4.30@74
8.98@101

64 14

F10/7b 10 7 Cr 94 [22.0] p4mm 150 [4.8] Iso 4.14@74 18
F11/7b 11 7 Cr 67 [10.2] c2mm 80 [-] p4mm 158 [9.1] Iso a = 5.25; b = 6.64 @46

4.26@119
66 19

F3/10 3 10 Cr 105 [3.3] M1 118 [0.8] M2 129 [6.8] Pm3̄n 139 [1.1] Iso 8.70@136 68 14
F6/9 6 9 Cr < 20 p2mm 108 [1.5] p4mm 124 [6.6] Iso a = 4.16; b = 3.64@92

4.00@105
16

F12/7b 12 7 Cr 94 [18.5] p4mm 159 [10.8] Iso 4.23@137 20

Note: For data on cooling, see Figure 5 and Table S1; for DSC traces, see Figure S2; additional structural data can be found in Tables S31–S33.
Abbreviations: c2mm, rhombic honeycomb (Colrec/c2mm); p2mm, rectangular honeycomb (Colrec/p2mm); M1, M2, different unknown birefringent mesophases;
for all other abbreviations, see Table 1.
aOrdered according to growing VC values and for identical VC with growing spacer lengthm. Peak temperatures as determined by DSC (10 K min−1) on heating.
bSee [94].

investigated compounds, there are only two compounds with LC
= 14 (F3/10 and F4/9) with a small Pm3̄n range of about 10–20 K.
However, even in this case, the Cub–Iso transition temperature
is reduced strongly by 17 and 33 K in comparison with the
nonfluorinated compoundsH3/10 andH4/9, respectively. Thus,
the molecular structural space for Pm3̄n phase formation is
much narrower and the stability of this phase is considerably
reduced by core fluorination. In contrast, there appears to be
a general stabilizing core-fluorination effect for the honeycomb
phases (Figure 7) that overcompensates the steric distortion of
core packing provided by fluorination [95, 107, 108]. This effect,
giving rise to a mesophase stabilization by about 10–20 K upon
core-fluorination is only observed for compounds with optimal

space filling in the prismatic cells (LC < 11 for p6mm and LC
> 16 for p4mm, see Figure 7). All compounds between these
limits, experience some steric frustration leading in most cases
to a decrease of the LC→ Iso transition temperature by up to 33 K
upon fluorination (see frustration range in Figure 7).

The SAXS patterns of the p6mm, p4mm, and Pm3̄n phases of
compounds Fm/n indicate lattice parameters in the ranges of
ahex = 4.2–4.5 nm, asqu = 4.0–4.3 nm, and acub = 8.7–9.0 nm,
being almost identical with those of compoundsHm/n (compare
Figures 4a,c,e and 8a,c,e). Hence, their phase structures are
almost identical and there is no recognizable effect of core
fluorination on these parameters (for a discussion of the textures,
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FIGURE 8 SAXS patterns (left) and ED maps (right) of representa-
tive compounds Fm/n in their mesophases. The black lines indicate the
unit cells, which coincide with the honeycomb cells, except for (b) and
(h) where the honeycomb cells are indicated by the white dotted lines; for
additional SAXS patterns and ED maps, see Figures S7 and S8a.

see Figure S3). Slight differences in the ED maps are caused
by differences in the intensity distribution of the reflections
compared toHm/n due to the enhanced ED of the perfluorinated
ends of the FOPE cores (see Figure 8b,d,f).

A major difference between the series Hm/n and Fm/n is
found in the WAXS patterns (Figure 9). For most core fluori-
nated compounds there is an additional weak shoulder around
d= 0.36–0.38 nmbesides themain diffuse scattering, being absent
for the nonfluorinated compounds (Figure 3h). We attribute
it to a contribution of closer face-to-face stacking interactions
between neighboring FOPE cores, while for the electron-rich
OPE compounds Hm/n, the larger core–core distance around
0.45 nm (in the WAXS overlapping with the mean alkyl chain
distances, see Figure 3h) allows an almost free rotation around
the rod long axes. Thus, the OPE cores can assume different
stacking modes, including face-to-face [109] and edge-to-face
arrangements [110]. In the series of compounds Fm/n, the
contribution of the shoulder around 0.36–0.38 nm increases with
growing spacer lengthm (Figure 9), because longer spacers allow
a closer packing of the FOPE cores, while short spacers lead
to a significant disturbance of face-to-face core packing by the
bulky R3Si units in closer proximity. For the p6mm phases of
the compounds with short spacers, this steric suppression of
π-stacking is especially pronounced (Figure 9a,b). The relative
intensity of the shoulder increases with lowering temperature
(Figure 9a,c,d), indicating an improved packing, in line with
the growing-order parameter (Figure S3a,b). The very diffuse
character of this shoulder indicates only a short coherence
length of this stacking over only a few molecules, in line with
the significant molecular dynamics in the LC phases. It is not
visible in the Pm3̄n phase range of F4/9 and F3/10 (Figures 9b
and S5d) because of the limited length of π-stacking in the
rod-bundles.

UV-Vis absorption and emission spectra were recorded for
representative compounds in the p6mm and Pm3̄n phases of
compounds H3/9 and F4/9, as shown in Figure 10. For the
absorption spectra of H3/9 (Figure 10a), two main absorptions
centered around 338 and 388 nm at low temperature can be
assigned as the HOMO2 to LUMO and HOMO to LUMO tran-
sitions of the OPE core (Figure S12) [111]. Upon heating, a minor
red shift of 10–15 nm can be found for the two main absorptions,
which is attributed to an increasing intramolecular twist along
the OPE core. However, only a minor difference between H3/9
and F4/9 can be found in the absorption spectra. Compound
F4/9 mainly exhibits a blue shift of ∼15 nm compared with
H3/9 that is attributed to the effects of fluorination on the
frontier orbitals energy. A striking feature of the H3/9 emission
spectra (Figure 10c) is that it emits around 480 nm and a
minor blue shift (∼10 nm) can be found upon heating up to the
cubic phase. F4/9 gives a very different feature with emission
around 510 nm and a stronger blue shift (∼20 nm) upon heating
(Figure 10d). Such difference can be attributed to the effect of
aggregation. For OPEs, there are two types of planarization due
to aggregation. One is from loose packing (aggregation-induced
coplanarization) and another one is from ordered packing (co-
facial planar aggregation) (Figure S13) [112]. The more ordered
packing induces red shift of the emission as well as extension
of stokes shift due to stronger intermolecular π–π interaction.
This further supports the improved planarization and denser
packing of the FOPEs compared with the OPEs. Overall, the OPE
cores assume a loose aggregation in the LC range, whose planar
conformation gradually turns into more twisted conformation
upon heating. FOPEwith stronger intermolecular interaction has
reduced twist and stacks into more ordered packing.
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FIGURE 9 WAXS patterns of compounds Fm/n depending on the VC and LC values, in the different LC phases and depending on spacer length.
The dash line indicates the peak position of π–π stacking around 0.37 nm; for more WAXS patterns, see Figures S4 and S5.

FIGURE 10 UV-Vis absorption and emission spectra of (a, b)H3/9; (c, d) F4/9. Color code: red: p6mm; purple: Pm3̄n; the thick lines indicate the
phase transition temperatures; for additional examples, see Figure S10.
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FIGURE 11 (a–d) Schematics of the rod-packing, and (e, f) sketches of their tentative energy profiles depending on longitudinal shift (a–d) views
on the packing of the rods in the honeycombs (a, c) view along a short axis (only the two outer rings at one end of themolecules are shown) and (b, d) side-
views along the long axes of the rod-like (F)OPE cores, and (e, f) the effects of stacking interactions and glycerol-(F)OPE segregation on the energy profiles
of the longitudinal shift between neighboringmolecules; (a, b, e) there is an easy longitudinal sliding of the rotationally less ordered nonfluorinated OPE
cores due to larger core–core distances (only edge-to-face packing is shown although also face-to-face and other arrangements contribute) and twisted
conformations must be considered, while (c, d, f) for the FOPEs the reduced twist allows a denser packing with distinct preferred longitudinal shifts for
the distinct face-to-face stacking motifs. Gly = glycerol end groups.

This explains the stabilization of the triangular (+10 K) and
especially the square honeycomb (+20 K) by core fluorina-
tion, observed as long as the side-chain volume fits with the
prismatic cell volume and these chains have the appropriate
length to reach the centers of the cells (Figure 7). The non-
shifted side-by-side packing of the electron-deficit perfluorinated
rings in these honeycombs (Figure 11c(A)) requires some lat-
eral offset of the interacting rings (tangential shift), leading
to some out-of-plane twist of the benzene rings to optimize
the face-to-face interaction (Figure 11d) [113–116]. As the coher-
ence length of the twist direction is only short the scattering
corresponding to the π-stacking distance is broad and weak
(Figure 9).

In the region with intermediate side-chain length LC (Figure 7),
there is a frustration between the spaces and distances provided
by the honeycomb framework with fixed side lengths and the
volumes and lengths of the side chains, which leads to a reduced
stability of the triangular and square honeycombs, thus allowing
alternative modes of self-assembly to take place. For most of
them, the honeycombs are retained albeit with reduced LC-Iso
transition temperature (frustration range in Figure 7). Thismeans
that due to the stronger core–core interactions the spitting of the
honeycombs into a network of rod-bundles becomes disfavored.
Nevertheless, if compared with compounds Hm/n, the limited
phase range and phase stability of the Pm3̄n phase in the series
Fm/n is surprising.We attribute the easier formation of the Pm3̄n
network in the case of the series Hm/n to the larger lateral
stacking distance of theOPE cores of compoundsHm/n, allowing
an easy and nonrestricted longitudinal shift of adjacent OPE

cores (Figure 11a,e). In contrast, the shorter stacking distance and
a preference for face-to-face stacking of the Fm/n compounds
provides more pronounced energetic minima and maxima for
the longitudinal shift (Figure 11c,f) [117]. There is a minimum
for the side-by-side packing of the electron-deficit perfluori-
nated benzenes without longitudinal shift as noted above, and
a second minimum for the significant shift required for the
donor–acceptor packing of the fluorinated benzenes besides the
π-electron–rich acetylene [118, 119] or benzene units of adjacent
molecules (Figure 11c(B)) [120–126]. In the Pm3̄n network, there
are different lengths for the strut bonds connecting the polar
glycerol spheroids, requiring a length ratio 1:1.12:1.22 that is
achieved by deformation of the spheres to spheroids and by
some longitudinal shifting of the polyaromatic rod in the bundles
to modify the bond length. In the case of compounds Hm/n
with wider lateral distances between the OPEs, a slight shift of
neighboring OPEs with respect to one another is easily possible,
and thus, the length of the rod-bundles can be precisely adjusted
to the required distances. However, for the FOPE cores with a
significant contribution of closer face-to-face stacking, there are
distinct preferred values of the shift which do not fit with the
required values, and this provides an energetic penalty for Pm3̄n
formation. Due to this mismatch and the small correlation length
of the rods in the bundles of the A15 phase (nbundle = 4.1 for F3/10
and 4.8 for F4/9, Table S32), face-to-face stacking is difficult to
develop and therefore cannot contribute to network stabilization,
in line with the absence of a shoulder in the WAXS patterns
(Figures 9b and S5d). Hence, Pm3̄n phase stability is reduced by
core-fluorination, and in most cases, the competing honeycomb
phases are preserved.
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4.3 Honeycomb Deformation in the Series of
Fluorinated Compounds Fm/n

Finally, we focus on the deformed square honeycomb phases
(p2mm and c2mm) induced by core fluorination (Table 2;
Figure 7). One possible mode of deformation is the angular defor-
mation of the square to a rhombic honeycomb as observed for the
low temperature Colrec/c2mm phase of compounds F11/6, F9/7
and F11/7 with side lengths corresponding to the full molecular
length and inner angle of 71◦–81◦ (for SAXS patterns and ED
maps, see Figure 8g,h). It is found for compounds with long odd-
numbered m (m = 9, 11), that is, overall even-numbered spacers
(m + 1) considering the ether oxygen. Under the polarizing
microscope, the transition from p4mm to c2mm is detected by
the emergence of biaxiality in the homeotropically aligned areas
and a slight increase of Δn of the spherulitic domains (Figure
S3e,f), the first confirms the onset of phase biaxiality and the
latter indicating some improvement of the orientational-order
parameter of the rods in the honeycomb walls during the square
to rhomb transition. The rhombic honeycomb is removed for
compounds with even number m (i.e., odd-numbered m + 1;
F10/7, F12/7) [94] and its stability is reduced as the side-chain
length n is increased. The latter is due to the improved space
filling in the square cells of long chain compounds, thus reducing
the driving force of cell deformation. Hence, there is a preference
of rhombic cells for molecules with a linear even-numbered
spacer m + 1, while for bent odd-numbered m + 1, formation of
square cells is supported. It is assumed that the spacer linearity
allows a denser parallel chain packing in the rhombic cells,
while more disordered chains prefer the square cells with higher
symmetry.

For compoundF6/9, themoleculewith the shortest spacer length
m and smallest LC among the p4mm phase forming compounds,
being located at the transition to the smaller triangular honey-
comb, another mode of prismatic cell deformation is observed
(Figure 8i,j). In this case, retaining the 90◦ angles but modifying
the length of two opposite sides of the square honeycomb leads
to a p4mm→ p2mm transition on cooling. The parameter arec =
4.15 is in the range of Lmol, while brec = 3.64 nm (at T = 92◦C) is
significantly shorter. There are two different possible types of this
kind of transition. The first is based on the elliptical deformation
of the glycerol columns without tilting, giving rise to a lattice
shrinkage in one and a similar expansion in the orthogonal
direction, as previously observed for molecules with relatively
short core units (e.g., p-terphenyl) [127, 128]. The second type is
caused by the emergence of a tilt in two opposite sides of the
square cells [129]. In the case of F6/9, the length of two opposite
sides is almost retained,while only the two sides in the orthogonal
direction shrink significantly. The transition p4mm-p2mm is
associated with a decrease of birefringence as indicated by the
color change in the spherulitc domains (Figure S3h–j). Together
with the large decrease of one lattice parameter fromasqu = 4.0 nm
to brec = 3.64 nm, it is concluded that the cell size shrinkage
takes place by tilting the OPE cores out of the crystallographic
plane. According to β = cos−1(brec/Lmol) and assuming Lmol =
4.4 nm, a tilt angle β = 36◦ can be estimated. This strong tilt
which is required for assuming an alternating donor–acceptor
core packing reduces the space available in the rectangular cells
too much and requires a simultaneous lattice expansion in the
orthogonal direction. This leads to a slight elongation of arec from

4.0 to 4.15 nm in order to adjust the prismatic cell volume to
the chain volume by an increasing orientational-order parameter
of the rods. Because a smaller tilt than 36◦ is disfavored by
the specific core–core interaction between the FOPEs [129], a
simultaneous shrinkage of all honeycomb walls by retaining the
square lattice (as found for H9/6; Figure S9g) and assuming a
smaller tilt (= longitudinal shift) [97] is obviously not possible.
Thus, retaining a nontilted organization in half of the walls and
the emergence of a significant tilt in the other half is in line with
the proposed restrictions of the intermolecular shift between the
FOPE cores (Figure 10c,f)

It can be concluded that the rhomb tiling (c2mm) is replaced by
a rectangular tiling (p2mm) if the spacer length m falls below a
certain limit. Such result is also supported by the dV/dr curves in
Figure 6, where p2mm exhibits a shorter tailing than c2mm. For
longer spacers, a difference in space filling is easily compensated
by modification of nwall or angular deformation. However, this
angular deformation is associated with the tightening of two of
the four vertices, which is unfavorable for the packing of the
bulky ─SiR3 groups, especially if relatively short spacers restrict
their possible arrangements. For these compounds, the transition
to rectangular cells, retaining the 90◦ angles and reducing the
space in the prismatic cells by tilting some molecules, becomes
favorable.

4.4 M-Phases

In both series,Hm/n and Fm/n there are additional birefringent
mesophases withmosaic-like textures (M) all having yet unsolved
complex SAXS patterns and occurring in small temperature
ranges or as metastable phases within the steric frustration range
associated with the triangle–square transition. At this cross-over,
several periodic mixed triangle–square tilings and quasicrys-
talline dodecagonal tiling patterns are expected to occur [31, 130].
The discovery of an A15 tetrahedral rod-sphere packing at the
triangle–square cross-over raises the question if there could be
a cross-over between the dodecagonal quasicrystals representing
sphere packings [131] and those derived from tessellations by
polygonal prismatic cells [132–135], obviously competing with
each other in the triangle–square frustration range. Whether
these unknown intermediate phases represent alternative modes
of Frank–Kasper-type networks combining spheres and rods,
or complex honeycombs with super-tiling patterns combining
different cell shapes, is the subject of ongoing work.

5 Conclusion

Segmented network phases, recently predicted for block
copolymers [136] and experimentally observed for rod-like
bolapolyphiles having bulky side-chains [33–36], represent a new
mode of soft self-assembly combining features of bicontinuous
and micellar assemblies in a single structure, that is, they
represent sphere (mesoatom) packings interconnected by struts
forming the bonds between them. Among them, a Frank–
Kasper-type segmented network phase consisting of tetrahedral
rod-packing combined with spheres on a Pm3̄n lattice was found
for rod-like bolapolyphiles with properly designed flexible side-
chains (Figure 2c,e) [38, 94]. It occurs upon increasing side-chain
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FIGURE 12 2D-plots of the phase ranges in the two seriesHm/n and Fm/n depending on side-chain volume (VC) and side-chain length (LC).

length and volume as intermediate structure in the sequence
Colhex/p6mm → Cubnet/Pm3̄n → Colsqu/p4mm at the transition
from triangular to square honeycombs (Figures 5, 7, and 12). It
turned out that the side-chain length LC and especially the length
of the oligomethylene spacer m separating the bulky ─SiR3
units from the core, that is, the capability of distant space filling
without entropically unfavorable chain stretching, represent the
main parameters selecting the phase structure.

Broad ranges of the network-type A15 phase were found for
compounds with a nonfluorinated OPE core, while for the core-
fluorinated compounds, there is only a smallmolecular structural
window for A15 phase formation (Figure 12). This is attributed
to a destabilization by the mismatch between the required and
available length of the bonds interconnecting the meso-atoms.
While OPEs allows a continuous adjustment of the bond length
by longitudinal shift of the polyaromatic rods with respect to
each other (Figure 10, left side), for the FOPE cores, there
are distinct energetic minima restricting the possible degrees of
shift (Figure 10, right side), thus destabilizing the meso-atom
bonds in the A15 phase and reducing its range of existence. This
restriction in longitudinal shift also affects the organization of the
core fluorinated molecules in the honeycomb walls and thus is
responsible for the formation of either rhombic or rectangular
honeycombs replacing the square honeycombs of some FOPE
compounds at lower temperature.

Overall, the work highlights the effects of aggregation of π-
conjugated rods on self-assembly in reticular LCs. It also provides
clues for the rational design of related soft- and solid-state mate-
rials toward new and more complex architectures, eventually
leading to still illusive quasiperiodic networks [137].
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