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Hans-Jürgen Butt,† Klaus Müllen,†,* and George Floudas‡,*
†

Max-Planck Institute for Polymer Research, 55128 Mainz, Germany
Department of Physics, University of Ioannina, 45110 Ioannina, Greece

‡

S Supporting Information
*

ABSTRACT: The synthesis of a series of propeller-shaped
hexaphenylbenzenes (HPB) substituted with one (3), two (1) and
four (2) poly(ethylene glycol) (PEG) chains as well as of an orthoconnected trimer of HPBs bearing two PEG chains (4) result in
remarkable amphiphiles with supramolecular organization and suppressed dynamics. The thermodynamic state and self-assembly are
studied with DSC and X-ray diﬀraction whereas the dynamics of HPB
core and PEG segments are elucidated via heteronuclear NMR and
dielectric spectroscopy. The phase state is largely determined by the
rod−coil nature and architecture of block copolymers comprising a
HPB “mesogen’ and ﬂexible PEG chains. In addition, the molecular shape of the ortho-connected trimer of HPBs (4) promotes
π−π stacking and gives rise to a supramolecular columnar organization uncommon to most other HPBs. The emerging dynamic
picture is that of practically frozen HPB cores that are surrounded by mobile PEG segments. The implications of this
supramolecular organizationstacked/immobile HPB cores and ﬂexible/fast moving PEG segments with suppressed
crystallinityto ion transport are discussed with respect to the conductivity measurements in amphiphiles doped with
LiCF3SO3 salt at diﬀerent [EG]:[Li+] ratios. A unique feature of the doped amphiphiles is the Vogel−Fulcher−Tammann
temperature dependence of ionic conductivity with values that are comparable to the archetypal polymer electrolyte
(PEG)xLiCF3SO3.

I. INTRODUCTION
Hexaphenylbenzene derivatives (HPB) with rigid and propeller-like structure have attracted considerable attention as
precursors for graphene, for dendritic polycyclic aromatic
hydrocarbons,1−4 or as scaﬀolds for the design of proton
conducting molecular crystals.5−8 These applications are based
on the HPB scaﬀold that presents a unique opportunity for
synergistic assembly with the precise chemical grafting of
polymer chains. Amphiphilic molecular design based on πconjugated cores forming the hydrophobic part grafted with
hydrophilic chains is a way to tune self-assembly and the
properties both in solution9 and in bulk.10−14 In the bulk,
lamellar10 and even columnar11,12 packing has been reported
for HPBs with a variety of peripheral functional units. Recently,
we explored the self-assembly13 and molecular dynamics14 in
HPBs by tethering poorly miscible hydrocarbon and
ﬂuorocarbon side chains to the conformationally ﬂexible HPB
core. In these ﬂuorous biphasic HPBs the equilibrium structure
is determined not only by the propensity toward phase
separation between the hydrocarbon and ﬂuorocarbon side
chains but also by the ability to undergo diﬀerent conformational isomerizations. It was shown that, under certain
circumstances, the conformational barriers can be locked to
thermodynamically unfavorable yet kinetically trapped mixed
conformations.13
© 2014 American Chemical Society

Tethering poly(ethylene glycol) (PEG) chains at selected
positions of the HPB core may well promote further selfassembly. This expectation is born-out by the unfavorable
interactions between the HPB cores and PEG chains driving
the system into nanophase-separated domains rich in HPB
cores and PEG chains. However, it is unknown how the
propensity of PEG chains for crystallization will be aﬀected by
the organization and possible dynamics of HPB cores.
Furthermore, control of the core molecular shape is expected
to trigger the enthalpic interactions and enhance supramolecular order.15 In the quest for more eﬃcient and safe Liion batteries, PEG chains play a central role in relation to, e.g.,
ethylene carbonate or propylene carbonate.16−19 Earlier studies
demonstrated a strong connection between Li-ion conductivity
and structure of PEG chains (crystallinity, ion complexation).20,21 The highest ionic conductivity is obtained above
both the melting of PEG crystals and of the complex.21 It is
therefore desirable to control both the crystallization and
complexation behavior of PEG chains. This work aims at the
design of well-deﬁned model compounds consisting of PEG
functionalized HPBs that combine the conjugated hydrocarbon
Received: June 24, 2014
Revised: July 29, 2014
Published: August 4, 2014
5691

dx.doi.org/10.1021/ma501303k | Macromolecules 2014, 47, 5691−5702

Macromolecules

Article

Scheme 1. Molecular Structure of Molecules 1 and 2

hydrophobic HPB cores functionalized at diﬀerent positions with PEG
chains. We expect that the crystallization behavior of PEG units next to
the semirigid HPB core will be aﬀected as the hydrophilic chains
cannot achieve an optimal geometry for packing in a crystal lattice.
The syntheses of HPB with two (1) and four PEG (2) chains were
described earlier9 (Scheme 1).
The synthesis of HPB with one PEG chain (3) and the trimer of
HPB with two PEG chains (4) is displayed in Scheme 2. Further
details on the synthesis and characterization of 3 and 4 are given in the
Supporting Information.
Diﬀerential Scanning Calorimetry. The thermal behavior of the
compounds was studied by diﬀerential scanning calorimetry (DSC) on
cooling and subsequent heating at a rate of 10 K/min, with a Mettler
30 DSC. The DSC traces of compounds 1, 2, 3, and 4 from the second
heating scans are shown in Figure 1. The ﬁgure depicts some strong
phase transitions (of ﬁrst order) and a step (indicated by arrows) at
lower temperatures. The transition temperatures and associated heats
of fusion are summarized in Table 1.
Polarizing Optical Microscopy (POM). A Zeiss Axioskop 40,
equipped with a video camera and a fast frame grabber was used to

core with the polymer electrolyte properties of Li-ion
substituted PEG chains. This approach requires the synthesis
of a series of HPB cores with diﬀerent core shapes and PEG
functionalities. By controlling the phase behavior of the
amphiphiles one can envision nanostructured materials with
enhanced Li-ion conductivity.
Reported herein are the synthesis, solid-state self-assembly,
and ion conductivity of HPBs bearing one (3), two (1), and
four (2) PEG chains as well as of an ortho-connected trimer of
HPBs bearing two PEG chains (4) (Scheme 1 and 2). The
Scheme 2. Molecular Structure of Molecules 3 and 4

thermodynamic state and self-assembly are studied with DSC
and X-ray diﬀraction from extruded ﬁbers whereas the HPB
core and PEG dynamics via heteronuclear NMR and dielectric
spectroscopy. The phase state in these amphiphiles is largely
determined by the rod−coil nature and architecture of diblock
copolymers with rigid HPBs forming the “rod” and ﬂexible
PEG chains the “coil”. In addition, with the ortho-connected
trimer of HPBs (4) we explore the eﬀect of molecular shape on
engineering crystals with supramolecular order. We ﬁnd that
the persistent triangular shape promotes stacking of cores and
enhances self-assembly. Furthermore, we report on the relation
of the phase state to the ionic conductivity of mono-PEG (3)
and di-PEG (1) functionalized HPBs, doped with LiCF3SO3.
To this end, we compare the thermodynamic state and ionconductivity to the archetypal polymer electrolyte
(PEO)xLiCF3SO3. We ﬁnd that these amphiphiles bear some
unique features with respect to ion conduction.

Figure 1. DSC traces of: HPB with one PEG chain (3, magenta); HPB
with two PEG chains (1, blue); HPB with four PEG chains (2, black)
and the ortho-connected trimer of HPBs with two PEG chains (4,
green) obtained during heating with 10 K/min. POM images at
selected temperatures are shown, corresponding to the diﬀerent phases
(the scale is 200 μm).

II. EXPERIMENTAL SECTION
Synthesis. The self-assembly of PEG functionalized HPBs is
expected to depend on the substitution pattern of the hydrophobic
HPBs. For this purpose we designed amphiphiles consisting of
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Table 1. Transition Temperatures, Associated Heats of Fusion and Degrees of Crystallinity Obtained on Heating (DSC Rate 10
K/min)
compound

transition

T [°C]

ΔH [J g−1]

wPEO [w/w, %]

XC(PEO) [%]

4
CH3O−PEG−Br

Lc → Dis
Lc → Dis
Lc → Lam
Lam → Dis
Cr → I
Cr → I

24.5
27.8
23.2
172.0
5.8
27.4

63
59
40
12
28
138

82.0
69.5
56.1
−
47.0
90.5

39.1
43.3
36.6
−
30.5
77.8

2
1
3

patterns have been obtained by FT of 40 experiments acquired with 2u
time increment for the evolution time, probing the REPT rotor
modulation for 2 rotor periods. Known frictional heating phenomena
have been compensated by temperature calibration with lead nitrate
for the given spinning conditions.28

follow the structural changes. The samples were prepared between two
Linkam glass microscopy slides with a distance of 25 μm maintained
by Teﬂon spacers. A Linkam temperature control unit (THMS600),
equipped with a TMS94 temperature programmer, was employed for
the temperature-dependent studies. Images were recorded following
slow cooling (1 °C/min) from the isotropic state. Some representative
POM images within the diﬀerent phases are included in Figure 1.
X-ray Scattering. Wide-angle X-ray scattering (WAXS) measurements were made using Cu Kα radiation from a Rigaku MicroMax 007
X-ray generator (λ = 1.54184 nm), using Osmic Confocal Max-Flux
curved multilayer optics. Samples in the form of ﬁbers were prepared
with a mini-extruder at 0 °C. Temperature-dependent WAXS
measurements were performed by inserting the ﬁbers into glass
capillaries (1 mm diameter) at temperatures in the range from 20 to 70
°C for compound 1, −50 to 70 °C for compound 2, −20 to +180 °C
for compound 3, and from 0 to 110 °C for compound 4 in steps of 10
°C. A waiting (equilibration) time of 1800 s and a measurement time
of 3600 s was set in the temperature program. Diﬀraction patterns
were obtained by radial averaging of the data recorded by a 2Ddetector (Mar345 Image Plate).
Dielectric Spectroscopy. Dielectric spectroscopy (DS) measurements (isothermal and isochronal) were made with a Novocontrol
Alpha frequency analyzer under “isobaric” conditions. The isothermal
measurements were performed at diﬀerent temperatures in the range
from −110 to +150 °C in steps of 5 K for frequencies in the range
from 10−2 to 107 Hz. The isochronal measurements were performed at
f = 1154 Hz during cooling and heating at a rate of 2 K/min. The
complex dielectric permittivity ε* = ε′ − iε″, where ε′ is the real and
ε″ is the imaginary part, has been obtained as a function of frequency
ω, temperature T, and dc-bias, i.e., ε*(T, ω).22−24 The analysis of the
T-dependent experiments was made using the empirical equation of
Havriliak and Negami (HN):25
* (ω , T ) = ε∞(T ) +
εHN

σ0(T )
Δε(T )
m n +
[1 + (iωτHN (T )) ]
iεf ω

III. RESULTS AND DISCUSSION
Bulk Self-Assembly. The DSC traces of HPBs with one
(3), two (1), and four (2) PEG chains as well as of the orthoconnected trimer of HPBs (4) display some distinct phase
transitions (Figure 1 and Table 1). In 1 and 2, a pronounced
glass temperature is evident (on heating) at −50 and −56 °C,
respectively, that is followed by cold crystallization and
subsequent melting of PEG crystals. The apparent melting of
PEG crystals at 27.8 and 24.5 °C, respectively, is followed by an
isotropic phase (disordered phase). In POM images no
birefringence was observed, verifying the isotropic phase. The
thermal behavior of 3 with the single substituted PEG chain, is
drastically diﬀerent. Although a liquid-to-glass temperature is
still evident, crystallization takes place solely on cooling (no
evidence of cold crystallization during heating). This shows that
the crystallization of PEG in 1 and 2 is kinetically controlled
unlike in compound 3. In 3, PEG crystals melted at 23.2 °C.
Melting is followed by a stable mesophase with an order-todisorder transition temperature at 172 °C. As we will discuss
below this mesophase, pertinent to the HPB with one PEG
chain, originates from the block copolymer structure of
substituted HPBs. The ortho-connected trimer of HPBs (4),
on the other hand, exhibits diﬀerent phases. PEG chains have a
lower crystallinity, exhibit a reduced melting temperature (at
5.8 °C) and have a stable mesophase up to very high
temperatures (decomposition) as suggested by POM. As we
will discuss below these drastically diﬀerent thermodynamic
features of substituted HPBs are controlled by two structural
features: the block copolymer nature (1, 2, and 3) from one
side and the placement of PEG chains at distances
incommensurable to the dimensions of PEG unit cell (4).
Independent and precise information on the phase transformations can be obtained by following the dielectric
permittivity as a function of temperature under isochronal
conditions. It is well-documented in the literature29,30 that the
temperature dependence of dielectric permittivity is a very
sensitive probe of phase transformations in systems possessing
internal order such as liquid crystals and crystallizable polymers.
The result from such an experiment for compound 3 is shown
in Figure 2. The dielectric permittivity exhibits a switchable
response on cooling and subsequent heating. When the
experiment is cooled from high temperatures, the permittivity
ﬁrst increases discontinuously at ∼165 °C, i.e., on entering the
mesophase, and decreases continuously until the crystallization
of PEG chains, which is a two-step process. The ﬁrst
discontinuous change reduces the dielectric permittivity from

(1)

where ε∞(T) is the high-frequency permittivity, τHN(T) is the
characteristic relaxation time in this equation, Δε(T) = ε0(T) −
ε∞(T) is the relaxation strength, m, n (with limits 0 < m, mn ≤ 1)
describe respectively the symmetrical and asymmetrical broadening of
the distribution of relaxation times, σ0 is the dc conductivity, and εf is
the permittivity of free space. From τHN, the relaxation time at
maximum loss, τmax, is obtained analytically following
⎛ πm ⎞ 1/ m⎛ πmn ⎞
τmax = τHN sin−1/ m⎜
⎟ sin ⎜
⎟
⎝ 2(1 + n) ⎠
⎝ 2(1 + n) ⎠

(2)

In addition to the measured ε″ spectra, the derivative of ε′ (dε′/d
lnω ∼ −(2/π)ε″) has been used in the analysis of the dynamic
behavior.
Solid-State NMR Spectroscopy. Solid state NMR measurements
have been performed with a Bruker Avance III console operating at
850 MHz 1H Larmor frequency using a commercial double-resonance
MAS probe supporting zirconia rotors with 2.5 mm outer diameter
spinning up to 35 kHz MAS spinning frequency. Temperature
dependent 13C{1H} REPT-HDOR experiments26,27 have been
performed at 25 kHz MAS with 100 kHz rf nutation frequency on
both, 1H as well as 13C, frequency channels using the SPINAL64
decoupling scheme during 13C acquisition. The REPT sideband
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the WAXS intensity contour plots and selected 2D-WAXS
patterns of compounds 1 and 2 at diﬀerent temperatures. In
both cases, the 2D-WAXS images display a set of strong
equatorial reﬂections. They reveal a lamellar structure (Lam)
with a periodicity of ∼7.9 nm composed from alternating PEG
and HPB domains. In addition there is a set of meridional
reﬂections at wider angles, that correspond to the (120) and
(032) reﬂections belonging to a monoclinic unit cell of PEG
chains with interplanar spacings dhkl of the (hkl) lattice planes
given by
1
dhkl
Figure 2. Temperature dependence of the dielectric permittivity of 3
obtained under isochronal conditions at f = 1154 Hz on cooling (blue
line) and subsequent heating (red line) with 2 K/min. Dashed lines
indicate the transition temperatures on heating.

2

=

2hl cos β ⎞
k 2 sin 2 β
1 ⎛ h2
l2
+
+ 2 −
⎟
2 ⎜ 2
2
ac
sin β ⎝ a
b
c
⎠

(3)

The unit cell parameters following from eq 3 for the PEG
crystals are a = 0.81 nm, b = 1.30 nm, c = 1.95 nm, and β =
125.4°. The unit cell consists of four helical chains, each is
composed of seven monomeric units incorporated in two turns
corresponding to a 7/2 helix.31 The PEG crystals melt at ∼25
and 28 °C for compounds 2 and 1, respectively, in agreement
with the DSC results.
An unanticipated feature of PEG crystallization in compounds 1 and 2 is the growth of the spherulitic superstructures
with temperature in comparison to linear PEG chains. The
superstructure formation was studied by POM. Measurements
were made isothermally following quenching from the isotropic
phase to diﬀerent ﬁnal crystallization temperatures. Figure 4
displays the (linear) growth rates of the superstructures that are

∼30 to 10 and the second from 10 to about 3. At lower
temperatures, it remains ﬁxed to this value suggesting the
complete freezing of dipoles upon crystallization of PEG chains.
The two step crystallization/melting process explains the broad
DSC peak in Figure 1. On heating, there is pronounced
hysteresis that is expected for all ﬁrst order transitions.
Wide-angle X-ray scattering from extruded ﬁbers was
employed to investigate the underlying structures. WAXS
scans of compounds 1 and 2 gave similar results. Figure 3 gives

Figure 3. WAXS intensity contour plots (left) corresponding to the Lc phase of 2 (top) and 1 (bottom). Intensity proﬁles are shown at two
temperatures, at 0 °C (2, top) and at −50 °C (1, bottom). The main meridional reﬂections are indicated in parentheses. (Right) 2D-WAXS pattern
obtained during cooling at 0 °C, corresponding to the Lc phases of 2 (top). The main equatorial and meridional ((120PEO) and (032PEO)) reﬂections
are indicated. The ﬁber axis and scattering geometry are also indicated in the lower right.
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ature dependence that, in the vicinity of the melting
temperature, is dominated by the nucleation term. This is
indeed the case for CH3O−PEG−Br. However, for HPBs with
two (1) and four (2) PEG chains crystal growth is kinetically
frustrated as suggested by the growth rates being nearly
independent of temperature. This led us to propose the
schematic self-assembly for compounds 1 and 2 that is depicted
in Figure 5. The ﬁgure depicts nanophase separated domains
composed of HPB cores and PEG chains, the latter comprising
both amorphous and crystalline parts. In this case growth of
PEG crystals perpendicular to the lamellar, i.e., along the a and
b axes is restricted by the presence of additional HPB cores.
The self-assembly in 3 comprising the HPB core with a single
PEG chain is substantially diﬀerent. The 2D-WAXS patterns
from an oriented ﬁber are shown in Figure 6. The structure
consists of a crystalline lamellar, i.e., a lamellar phase consisting
of nanophase separated PEG and HPB domains, where in
addition, PEG chains are crystalline (Lc). Upon heating the
PEG crystals melt and the mesophase comprises a lamellar
(Lam) structure composed from alternating HPB cores and
amorphous PEG chains possessing long-range order. The selfassembly of compound 3, pertinent to low temperatures, is
discussed with respect to the schematic structures of Figure 7.
In both cases, a crystalline lamellar structure is shown,
consisting of HPB layers interrupted by PEG domains with
semicrystalline chains. Two possible arrangements of the HPB
cores within the HPB domains are shown. In the ﬁrst case, the
core-layers with a thickness of 1.8 nm are composed of HPB
molecules having the countercurrent orientation within a
monoclinic unit cell with the following parameters: a = 0.838
nm, b = 0.6 nm, c = 7.33 nm, and γ = 79.3°. In the second case,
the HPB molecules have the countercurrent “tail-to-tail”
orientation within the same monoclinic unit cell.
The existence of a lamellar mesophase above the melting
temperature of PEG chains in 3, which is distinctly diﬀerent
from compounds 1 and 2, can be understood by considering
substituted HPBs as diblock copolymers. In this picture, the
amphiphile consists of an HPB mesogen forming a short rodlike block and ﬂexible PEG chain forming the second block (the

Figure 4. (Left) Spherulitic growth rates as a function of crystallization
temperature for 1 (blue symbols), 2 (black symbols) and CH3O−
PEG−Br (red symbols). (Right) Representative POM images obtained
under isothermal conditions at −4 °C at t = 5880 s for 1 (top) and 2
(bottom).

associated with PEO crystals of compounds 1 and 2 in
comparison to the CH3O−PEG−Br. The ﬁgure shows that the
spherulites in HPBs with two (1) and four (2) PEG chains do
not grow by lowering the temperature in sharp contrast to the
CH3O−PEG−Br case. According to the Lauritzen−Hoﬀman
theory32 or to a recent modiﬁcation proposed by Strobl,33 the
growth rate of a superstructure contains two terms with
opposite temperature dependence:
⎛
⎞
⎛
Kg
B ⎞
⎟
G = G0⎜ −
⎟ exp⎜⎜ −
⎟
⎝ T − T0 ⎠
⎝ (Tzg − T )T ⎠

(4)

The ﬁrst term refers to the segmental mobility that reﬂects
the dynamics of amorphous PEO segments. The second term
reﬂects the free energy of activation for the placement of a
secondary nucleus on the growth face. Tzg is the zero-growth
temperature, i.e., the temperature above which the superstructures cannot grow. Equation 4 predicts a strong temper-

Figure 5. Schematic illustration of the self-assembly in compounds 1 and 2 applicable to temperatures below 0 °C where PEG chains are
semicrystalline. Notice that the PEG domains are surrounded by disordered HPB molecules. PEG domains are composed from amorphous and
crystalline parts as indicated.
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Figure 6. WAXS intensity contour plots (left) and 2D-WAXS patterns (right) corresponding to the high temperature Lam phase (top) and low
temperature crystalline lamellar phase (Lc) (bottom) of 3. Characteristic intensity proﬁles are shown at 160 °C (top) and 0 °C (bottom) and the
main reﬂections are indicated in parentheses.

aligned liquid crystals and to the coil to rod length ratio.38 The
expectation born out from the rod−coil copolymer phase
diagrams is that lamellar phases are dominant across the
majority of the phase diagram. Therefore, the lamellar
mesophase in 3 is melting at the order-to-disorder transition
temperature (TODT) at 172 °C, with an associated heat at TODT
of ∼12 J/g.
The ortho-connected trimer of HPBs (4) with the large
triangular shape constitutes a separate class in studying selfassembly. This is for two reasons. First, the rigid triangular
shape with dimensions of 3.1 nm × 3.1 nm × 2.3 nm at a ﬁxed
angle of 60°. Second the placement of PEG-chains at a distance
of 2.3 nm is incommensurable to the distance of PEG chains in
their monoclinic unit cell. WAXS from an oriented ﬁber
revealed a well-ordered structure (Figure 8). A pertinent feature
of the 2D WAXS ﬁber pattern is the presence of a meridional
peak at wide angles reﬂecting the π−π stacking of phenyl
groups in a supramolecular columnar arrangement. To our
knowledge, it is the ﬁrst time that a HPB molecule is reported
to adopt a columnar supramolecular structure. In the majority
of HPBs (including compounds 1, 2) the conformational
freedom of phenyl rings with a propeller structure results in the
absence of π−π stacking or to very weak stacking (compound
3). However, the persistent triangular shape of 4 is promoting
the π−π stacking of HPB cores and gives rise to a
supramolecular columnar arrangement. The columnar repeat
c-axis is formed by stacking four molecules at ∼0.35 nm spacing
as indicated by the (001) meridional reﬂection. This eﬀect is

four consecutive phenyl group in 1, 2, and 3 are envisioned as
forming the rod-like block). The nanophase behavior of diblock
copolymers is controlled by the product χN (here χ is the
Flory−Huggins interaction parameter and N is the total degree
of polymerization), the volume fraction, the block conformational asymmetry and the molecular architecture.34,35 Then, the
existence of a Lam mesophase in 3 is a consequence of its more
symmetric composition (wPEO = 0.56) in comparison to the
more asymmetric compounds 1 (wPEO = 0.69) and 2 (wPEO =
0.82). Compounds 1 and 2 can be envisioned as AB2 and AB4
copolymers that are known to have a broader disordered phase
(i.e., is more diﬃcult to phase separate) as compared to AB
diblocks.36 In addition, the amphiphiles are conformationally
asymmetric. The latter eﬀect is to shift the phase boundaries
toward compositions richer in the segments with the higher
asymmetry.37 This asymmetry has been attributed to diﬀerences in monomer volume and backbone ﬂexibilities of the
blocks leading to an overall conformational asymmetry. Rod−
coil diblock copolymers are an extreme example of conformational asymmetry pertinent to the present case.38 Here the
conjugated backbone of HPB (i.e., the mesogen) is considered
as forming the rod-like block whereas amorphous PEG chains
give the coil. It is known that the interplay between liquid
crystalline ordering of the rod blocks and the propensity for
nanophase separation between the rods and coils gives rise to
additional phases not common to pure diblock copolymers.38
The phase state is now dictated not only by the product χN, but
in addition by the Maier−Saupe interactions, μN, pertinent to
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Figure 7. Schematic illustration of two possible supramolecular arrangements in 3. (a) Lamellar structure where within the core-layers the molecules
have the countercurrent orientation in a monoclinic unit cell. (b) Within the core-layers the molecules have the countercurrent “tail to tail”
orientation in monoclinic unit cell. The unit cell parameters are a = 0.838 nm, b = 0.6 nm, c =7.33 nm, and γ = 79.3°.

Dynamics. Here we explore the molecular dynamics within
the supramolecular structures by probing 1H−13C dipole−
dipole couplings and the weak electric dipole moment of PEG
chains by heteronuclear NMR and DS, respectively. To draw
quantitative conclusions on the dynamics of the HPB core, we
have recorded a series of site-speciﬁc heteronuclear rotorencoded dipolar sideband patterns, using the rotor-encoded
polarization transfer (REPT-HDOR) technique. In this experiment, the local molecular motion is monitored through the
eﬀective 1H−13C dipole−dipole coupling (DCH), corresponding
to the time averaged magnitude of the heteronuclear dipolar
Hamiltonian, whose spatial part is described by a second-order
Legendre polynomial. The measured dipole−dipole couplings
can thus be related to an eﬀective order parameter using the
dipole−dipole coupling constant for a static 1H−13C spin pair
of 22.0 kHz, using the relation:

very remarkable as this distance is reminiscent of discotic liquid
crystals, consisting of rigid disk-shaped aromatic cores and
disordered alkyl substituents that tend to organize into
columnar supramolecular structures.39,40 For HPBs instead, a
distance in the range between 0.6 and 0.7 nm is reported,7,8 i.e.,
much larger than the one due to π−π stacking. This indicates
that additional forces act on the phenyl rings resulting to
planarization. Figure 8 gives a possible arrangement of the HPB
columns with unit cell parameters of a = b = 6.94 nm and c =
1.137 nm. Within the columns, the ortho-connected HPB
trimers adopt a helical arrangement with planar inner cores and
tilted outer phenyl rings. This self-assembly best minimizes the
enthalpic interactions and optimizes packing. Another feature
pertinent to compound 4, is the suppressed crystallinity of PEG
chains. The two PEG chains are attached at a distance that is
incommensurable with the dimensions of PEG unit cell (with a
= 0.91 nm and b = 1.3 nm). As a consequence, several ethylene
oxide repeats are “consumed” in the amorphous part bringing
the chains from a grafted distance of 2.3 nm to the required
distance for PEG crystallization.

S=
5697

1
(3 cos2 θCH(t ) − 1)
2

=

⟨DCH (t )⟩t
DCH , static

(5)
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Figure 8. (Top) WAXS intensity contour plot (left) and 2D-image (right) corresponding to the Cr phases of 4. The total integrated and meridional
intensity proﬁles are also shown at 110 °C. Fiber axis, diﬀraction peaks and π−π stacking features are indicated. (Bottom, Left) Schematic
representation of a possible supramolecular organization corresponding to temperatures above the PEG melting point (The unit cell parameters are
a = b = 6.94 nm and c = 1.137 nm). (Bottom, Right) 3D representation of the organization within a single column.

molecular processes and a process at lower frequencies/higher
temperatures due to the ionic conductivity, the latter due to
impurities. All molecular processes originate from the weak
dipole of the PEG unit (∼1.04 D).43 The analysis of the
dynamics is made using a summation of HN functions for the
slower (α-) and faster (β-) processes. Typical shape parameters
for the α-process were: m=n = 0.8 for compound 1, m = 0.5, n
= 0.6 for compound 2 and m=n = 0.78 for compound 4. The βprocess was substantially broader with n=m = 0.3. The
dynamics are summarized in the usual Arrhenius representation
of Figure 11. The ﬁgure depicts the two processes (α- and βprocesses) common in all compounds but with distinctly
diﬀerent T-dependencies. The α-process conforms to the
Vogel−Fulcher−Tammann (VFT) equation:44

The results from these measurements are shown in Figure 9
at three temperatures as indicated.
At all temperatures, the measured eﬀective order parameters
for the C−H bonds located at the periphery of the orthoconnected trimer of HPBs (4) have SC−H ∼ 1.0. This indicates
that all phenyl rings except those chemically bound to the PEG
side chains are practically frozen on the time scale of NMR
experiment. This freezing of molecular dynamics is expected to
have consequences on the dynamics as probed by dielectric
spectroscopy (see below). In contrast to the rigid HPB cores,
the C−H bonds of the PEG chains are highly mobile showing
an unimodal behavior at 80 °C (with SC−H ≤ 0.16) and a
bimodal behavior at −30 °C and ambient conditions (SC−H ∼
0.6 and SC−H <0.25). The bimodal nature results from PEG
segments located in the crystal and amorphous PEG phases. In
should be pointed out that the given order parameters for the
PEG chains are averaged over all positions along the polymer
chains as well as crystalline and noncrystalline regions, due to a
lack of spectral resolution of the diﬀerent sites along the PEG
chains. Nevertheless, the site-speciﬁc NMR measurements
revealed distinct C−H mobilities; an immobile HPB core and
very mobile PEG chains.
Precise information on the time scale of molecular motions
as a function of temperature can be obtained from DS. This
technique combined with site-speciﬁc NMR have been very
successful in identifying “fast” and “slow” dynamics in dipolesubstituted HBCs.41,42 An example of the diﬀerent dielectrically
active processes is shown in Figure 10. The ﬁgure depicts both

⎛ B ⎞
τ = το exp⎜
⎟
⎝ T − To ⎠

(6)

where το (=10−10 s) is the relaxation time in the limit of very
high temperatures, B (=1750 K) is the activation parameter and
T0 (=157 K) is the “ideal” glass temperature. The conventional
glass temperature is obtained from the above equation when
the α-relaxation time amounts to 100 s. The β-process
conforms to an Arrhenius equation, τ = το exp(E/RT), with
τo = 2.2 × 10−15 s and an activation energy, E, of 37.1 kJ/mol.
These processes are in agreement with the expectation from
linear PEG chains.
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Figure 10. Derivative representation of the dielectric loss spectra of 4
(left) and 1 and 2 (right) at some selected temperatures together. The
spectra of 4 refer to −25 (squares) and −105 °C (rhombi). The
spectra of 1 and 2 refer to 10 °C. Representative ﬁts to the α- and βprocesses together with the conductivity contribution are shown with
solid and dashed lines, respectively for 4. For 1 and 2, only, the αprocess is shown.
Figure 9. (a) Chemical structure of the ortho-connected trimer of
HPBs (4). Colors indicate the spectral assignment of carbon sites to
the 13C CP-MAS spectrum recorded at ambient conditions given in
part b. The site speciﬁc order parameters values shown in part a have
been determined from REPT-HDOR sideband patterns. The temperature dependence of the REPT-HDOR sideband pattern for directly
bonded 13C−1H spin pairs of the HPB core is shown in part c.

Notice the absence of any slower molecular processes in
good agreement with NMR that indicated the suppression of
any dynamics of the HPB cores in compound 4. This situation
is distinctly diﬀerent from the molecular dynamics in HBCs.
There the discotic cores undergo fast in- and out-of plane
motions together with slower dynamics reﬂecting a collective
reorganization of disks within the columns.41,42 The suppressed
core dynamics in HPBs may reﬂect the stronger tendency for
phase separation between the HPB core and PEG chains.
The emerging picture is that of a nanophase separated HPBs
composed of HPB cores and PEG chains forming lamellar (3)
or columnar (4) mesophases. The nanodomains comprise π−π
stacked and immobilized cores as well as highly mobile PEG
chains with suppressed crystallinity. Control over the molecular
shape, as with the ortho-connected trimer of HPBs (4),
enhances π−π stacking and further suppresses the crystallinity
of PEG chains. This self-assembly provides an ideal framework
for studying electronic and ionic transport through the stacked
cores and PEG domains, respectively.
Ion Conductivity. (PEG)xLiCF3SO3 forms the archetypal
polymer electrolyte where ion conduction is coupled to the
underlying structural changes.21 In general, ion conduction
proceeds by two mechanisms. The ﬁrstand minor contributionis through the intramolecularly coordinated Li+ and

Figure 11. Dependence of the relaxation times of the α-process
(squares) and β-process (rhombi) on inverse temperature of 2 (black
symbols), 1 (blue symbols), 3 (magenta symbols), and 4 (green
symbols). Solid and dashed lines are ﬁts to the VFT and Arrhenius
equations, respectively. The red dashed line corresponds to the
CH3O−PEG−Br case. Also shown the corresponding glass temperatures (open cycles) obtained from DSC.

CF3SO3− ions within the crystalline complex having a
stoichiometric composition (i.e., [EG]:[Li+] = 3:1). The
secondand more eﬀective mechanismis through the
amorphous phase where ions are continuously incorporated
following melting of the complex. At lower temperatures, PEG
crystallization suppresses ion conduction. For applications in
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formation for all three compositions. In addition, the glass
temperature increases from −50 °C in the bulk HPB with two
PEG chains (1) to about −26 °C in HPB((PEG)12LiCF3SO3)2
and HPB((PEG)8LiCF3SO3)2 and to −5 °C in HPB((PEG)3LiCF3SO3)2. This suggests some weak coordination
of Li-ions to the PEG backbone that restricts backbone
mobility, however, in absence of a crystalline complex. These
dramatic structural changes are expected to have consequences
on the ion conductivity.
The ionic conductivity of (CH3O−PEG−Br)xLiCF3SO3 with
x = 3, 8, and 12 as well as of the doped HPB bearing two PEG
chains (1) has been determined (as described in Figure S2) and
presented in Figure 13 (the results for the doped HPB bearing

solid-state batteries, it is of interest to explore ion conduction in
more rigid solid-polymer electrolytes with suppressed PEG
crystallinity and possibly with only weak ion complexation.
Herein, Li-ion conductivities of mono-PEG (3) and di-PEG
functionalized HPBs (1), doped with LiCF3SO3, have been
studied as a function of temperature in comparison to CH3O−
PEG−Br doped also with LiCF3SO3. These amphiphiles
eﬀectively combine the rigid HPB cores, that stabilize the
overall structures, with the mobile PEG matrix that supports
ion transport. Before we comment on the conductivities we ﬁrst
describe the thermodynamic state of compounds. Figure 12

Figure 12. (Left) DSC traces of PEG homopolymer (CH3O−PEG−
Br) and of the same PEG homopolymer doped with LiCF3SO3 salt at
diﬀerent [EO]:[Li+] ratios. (Right) DSC traces of HPB bearing two
PEG chains (1) doped with diﬀerent [EO]:[Li+] ratios. The glass
temperatures are indicated with vertical arrows.

Figure 13. Dc-conductivities of PEG homopolymer (CH3O−PEG−
Br) doped with LiCF3SO3 salt at diﬀerent [EO]:[Li+] ratios (open
symbols) and of HPB bearing two PEG chains (1) with diﬀerent
[EO]:[Li+] ratios (ﬁlled symbols). The symbols correspond to three
ratios [EO]:[Li+], 3:1 (blue squares), 8:1 (green circles), and 12:1
(red triangles). The curves are ﬁts to the conductivity data of doped
HPB with two PEG chains (1) using the VFT T-dependence. The
inset shows the normalized conductivities of functionallized HPB with
respect to the corresponding, lithium containing, PEG homopolymer
for two [EO]:[Li+] ratios; 8:1 (ﬁlled circles) 12:1 (red triangles).

gives the DSC traces of CH3O−PEG−Br before and after
LiCF3SO3 addition. Pure CH3O−PEG−Br is semicrystalline
with a degree of crystallinity of ∼78% and a melting
temperature at 27.4 °C (Table 1). When doped with LiCF3SO3
signiﬁcant diﬀerences in the DSC traces can be seen that reﬂect
the thermodynamic/structural changes. In (CH3O−PEG−
Br)12LiCF3SO3 and (CH3O−PEG−Br)8LiCF3SO3, i.e., with
[EO]:[Li+] ratios of 12:1 and 8:1, the glass temperature is at
−54 °C and −49 °C, respectively, followed by cold
crystallization and subsequent melting of PEO crystals. The
apparent melting temperature of PEO crystals is at 23.9 and
25.0 °C, and the degree of crystallinity is reduced to 43% and to
14%, respectively. At both compositions, a second broader
endotherm is observed at higher temperatures, with a peak
around 65 and 83 °C for (CH3O−PEG−Br)12LiCF3SO3 and
(CH3O−PEG−Br)8LiCF3SO3, respectively. This broad feature
reﬂects the continuous melting of crystalline complex that is
formed by coordination of Li-ions with the PEG ether oxygens.
This is the typical behavior when PEG is doped with
LiCF 3 SO 3 . 21 On the other hand, in (CH 3 O−PEG−
Br)3LiCF3SO3, PEG crystallization is completely suppressed.
At this composition (stoichiometric), Li-ions are complexed
with all oxygen atoms of the PEG backbone giving rise to a
more stable complex that is now melting at 126.7 °C.
In the HPBs bearing one (3) and two PEG chains (1) doped
with LiCF3SO3, the phase state is drastically diﬀerent. Figure 12
compares the DSC traces of pure HPB bearing two PEG chains
(1) with the doped compound with [EO]:[Li+] ratios of 12:1,
8:1, and 3:1. Remarkably, in the mixtures there is complete
suppression of both PEG crystallization and complex crystal

one PEG chain (3) is shown in the Supporting Information
section). In (CH3O−PEG−Br)xLiCF3SO3 with x = 8 and 12,
conductivity increases signiﬁcantly above the melting temperature of PEG crystals, in agreement with earlier studies.21 For
the stoichiometric composition (x = 3), and at temperatures
below the melting of the crystalline complex, ionic conductivity
is low but nonzero and increases abruptly above the melting of
complex at 127 °C. Because of successive structural changes on
heating, ion conductivity has a complex temperature dependence that is neither Arrhenius nor VFT. In addition, the system
bearing the highest conductivity is the one with the lowest salt
concentration, i.e., the (CH3O−PEG−Br)12LiCF3SO3.
These results for the (CH3O−PEG−Br)xLiCF3SO3 were
anticipated based on earlier studies.21 However, the behavior of
conductivity in the doped HPBs is unique and reﬂects the
underlying structural changes. For all three salt concentrations a
smooth temperature dependence of ion conductivity is
obtained that follows the VFT temperature dependence as
⎛
B ⎞
σ = σ0 exp⎜ −
⎟
⎝ T − T0 ⎠
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• The exact position of the grafted PEG-chains on the
HPB core controls the degree of crystallinity and melting
temperature of PEG-chains.
• The emerging dynamic picture from the combined
heteronuclear NMR and dielectric spectroscopy investigations of the amphiphiles is that of practically frozen
HPB cores surrounded by a sea of mobile PEG segments.
• LiCF3SO3 salt in the same amphiphiles completely
suppresses both PEG crystallization and complex crystal
formation. The electrolyte now exhibits weak coordination with the polymer backbone that results in an
increase of the glass temperature. A unique feature of the
doped amphiphiles is the smooth dependence of ion
conductivity on temperature with values that are
comparable to the archetypal polymer electrolyte that,
however, does not have the required rigidity. The ionic
conductivity in the doped HPB bearing two PEG chains
(1) is comparable to the known polymer electrolyte
system.
These ﬁndings demonstrate that substituting PEG chains to
semirigid cores can yield promising materials for Li-ion
transport. Self-assembly in these amphiphiles is driven by the
enthalpic interactions giving rise to nanophase separated
domains. The hydrophobic cores form stacks that stabilize
the overall structure. These aggregates are embedded in a PEG
matrix that supports ionic conductivity. In the present system,
ionic conductivity values where comparable to the archetypal
polyelectrolyte system. In general, systems composed from
hydrophobic cores with enhanced π-stacking and hydrophilic
and mobile chains are suitable candidates for studying both
electronic and ionic transport through the stacked cores and
mobile PEG segments, respectively. In this respect, molecules
comprising perfectly ﬂat cores, as in HBCs, substituted with
mobile PEG chains could be alternative systems to the present
case. An investigation along these lines is currently in progress.

which is the equivalent expression of ion mobility to the
temperature dependence of relaxation times (eq 6). In eq 7, σ0
is the limiting conductivity value at very high temperatures and
B is the activation parameter for ion transport (T0 is again the
“ideal” glass temperature). Table 2 summarizes the VFT
Table 2. Vogel−Fulcher−Tammann (VFT) Fitting
Parameters of Conductivity
compound

σ0 [S/cm]

B [K]

T0 [K]

HPB((PEG)3LiCF3SO3)2
HPB((PEG)8LiCF3SO3)2
HPB((PEG)12LiCF3SO3)2

0.5129
0.0570
0.0518

1520
1080
1050

240.4
199.8
197.5

parameters for the diﬀerent compositions. The electrolyte
mixture with the lowest salt concentration, HPB((PEG)12LiCF3SO3)2, presents the highest conductivity as
with the (CH3O−PEG−Br)12LiCF3SO3. The inset to Figure 13
shows the normalized conductivity, σn = ((σHPB((PEG)xLiCF3SO3)2)/
(fσ(CH3O−PEG−Br)xLiCF3SO3)), of HPB((PEG)xLiCF3SO3)2 with
respect to the corresponding (CH3O−PEG−Br)xLiCF3SO3
taking into account the volume fraction, f, of the lithium
containing PEG phase. The normalized conductivity approaches a value of 0.3 at about 60 °C. Thus, unlike the
known polymer electrolyte (PEG)xLiCF3SO3, the propeller-like
HPB cores in the amphiphiles impart suﬃcient rigidity to the
overall structures, whereas at the same time, the mobile PEG
chains provide an ideal matrix for ion conduction. Unique
features are the suppressed PEG crystallization and the weaker
Li-ion complexation that results in the smooth (VFT-like)
temperature dependence of conductivity with comparable
values to the archetypal polymer electrolyte. This ﬁnding
demonstrates that substituting PEG chains to semirigid HPB
cores can yield promising materials for Li-ion batteries.
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IV. CONCLUSION
The synthesis of amphiphilic hexaphenylbenzene propellers
with one (3), two (1), and four (2) PEG chains provides
rational control over supramolecular organization through
enhanced enthalpic interactions. In addition, the synthesis of
the ortho-connected trimer of HPBs (4) allowed investigating
the eﬀect of molecular shape and persistency on the
supramolecular organization. The main results of this synthetic
strategy on self-assembly and ion dynamics are as follows.
• The phase state of the amphiphiles is largely determined
by the enthalpic interactions between the HPB cores and
PEG chains. In the HPBs substituted with one PEG
chain the rod−coil block copolymer structure leads to a
broad lamellar mesophase. This lamellar mesophase is
absent in the compounds with two and four PEG chains
resembling AB2 and AB4 copolymers, respectively, due to
the block architecture.
• The ortho-connected trimer of HPBs (4) with the
distinct triangular shape promotes π−π stacking of cores
and gives rise to a helical arrangement of the HPB
trimers with a supramolecular columnar organization. It
further suggests a possibility toward engineering
molecular crystals with predetermined supramolecular
order and with the possibility of enhancing electronic
charge transport along the columns.

Materials and methods, synthesis of HPB with one PEG chain
and of the ortho-connected trimer of HPBs with two PEG
chains, and dielectric spectroscopy. This material is available
free of charge via the Internet at http://pubs.acs.org.
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(4) Wu, J.; Watson, M. D.; Müllen, K. Angew. Chem., Int. Ed. 2003,
42, 5329−5333.
(5) Takase, M.; Ismael, R.; Murakami, R.; Ikeda, M.; Kim, D.;
Shinmari, H.; Furuta, H.; Osuka, A. Tetrahedron Lett. 2002, 43, 5157−
5159.
(6) Maly, K. E.; Gagnon, E.; Maris, T.; Wuest, J. D. J. Am. Chem. Soc.
2007, 129, 4306−4322.
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