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The synthesis and self-assembly properties of a fluorinated C3-symmetrical 3,3′-bis(acylamino)-2,2′-
bipyridine discotic (1) in the mesophase and in solution are described. First, 3,4,5-tris-
(1H,1H,2H,2H,3H,3H-perfluoroundecyl-1-oxy)benzoyl chloride was coupled to mono-t-BOC protected
2,2′-bipyridine-3,3′-diamine to afford after deprotection the corresponding fluorinated aromatic amine on
a multigram scale. Then, three-fold reaction of this amine with trimesyl chloride yielded the target
C3-symmetrical fluorinated disc. The latter displayed columnar liquid crystallinity over a temperature
range of more than 350 K in which helical rectangular and hexagonal columnar mesophases were
detected by X-ray diffraction measurements. 1H-NMR spectroscopy showed a preorganized structure due
to strong intramolecular hydrogen bonding between the amide N–H’s and bipyridine nitrogen atoms, even
in the presence of a large excess of hexafluoroisopropanol. This preorganized structure allows the
formation of helical self-assemblies in fluorinated solvents, as was established using UV-Vis
spectroscopy. The fluorinated disc and two chiral hydrocarbon analogues (a C3-symmetrical and a
desymmetrized disc) were mixed in a 1 : 10 v : v mixture of methoxynonafluorobutane (MNFB) and
1,1,2-trichloro-1,2,2-trifluoroethane (Freon 113). Importantly, the C3-symmetrical hydrocarbon disc
dissolves only in the presence of fluorinated disc in the latter solvent mixture, proving a mutual
interaction. CD spectroscopy performed on these mixtures points to a preference for alternating self-
assemblies of fluorinated and chiral hydrocarbon discotics.

Introduction

Self-assembly of discotic molecules into well-ordered systems in
solution and in the solid state is an intensively studied topic in
supramolecular chemistry.1–5 Potential applications are solar
cells,6 field-effect transistors,7,8 nanomembranes,9 supramolecu-
lar polymers10 and supramolecular scaffolds for biological
systems, such as bacteria.11,12 Since the discovery of columnar
liquid crystalline behaviour shown by discotics in 1977,13

numerous disc-shaped molecules have been synthesized and
investigated. Their design is based on a rigid core and a flexible

aliphatic periphery which together give rise to columnar liquid
crystals.14,15 Also, this design is responsible for one-dimensional
self-assemblies in solution. The control of mesophases and
assemblies in solution is an important goal on the path to
efficient devices and in attempting to mimic natural
systems.16–18

Control of self-assembly of columnar mesogenic systems may
rely on peripheral perfluorinated tails,19 which stabilize
mesophases,20–26 improve alignment behavior27 and increase
phase separation.28–31 Such improved properties have been
shown for columnar self-assembling dendrons32,33 and for
dendrimers.34–36 The self-assembly of fluorinated dendrons may
induce supramolecular columnar helical liquid crystallinity with
promising opto-electronic properties like high charge-carrier
mobilities.37 The latter was also achieved in columnar meso-
phases of partially fluorinated perylene bisimides.38 Mesophase
behaviour of hydrogen-bonded, alkylated triazines and benzoic
acids has been tuned by variation of the ratio between fluorinated
and hydrogenated tails.39,40 An advantage of these intermolecu-
larly hydrogen bonded systems is that with a limited number of
precursors a wide variety of liquid crystalline materials are acces-
sible. In solution, fluorinated porphyrin41 and phthalocyanine42

derivatives have been reported that possess potential gas or drug
carrier applications. Fluorinated phthalocyanines possessing

†This article is part of the Organic & Biomolecular Chemistry 10th
Anniversary issue.
‡Electronic supplementary information (ESI) available: TGA analysis,
DSC thermogram and wide and small angle X-ray diffraction pattern of
disc 1. 1D and 2D gCOSY 1H spectra of disc 1; temperature-dependent
UV-Vis absorption spectra of disc 1 in MNFB and C9F20 and HFIP titra-
tion results for disc 1 in MNFB; concentration-dependent UV-Vis
absorption spectra on mixtures of disc 1–disc 3 (1 : 9 mol : mol) in
F1 : 10; full results of Sergeant and Soldier mixing experiments on dis-
cotics 1 and 3 in F1 : 10. See DOI: 10.1039/c2ob25385b
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catalytic activity allow recovery of the catalysts by fluorous
solvent extraction.43 Enhanced properties by introducing a fluori-
nated periphery may rely on the reduced miscibility of these
fluorinated moieties with other parts in the molecule, the so-
called fluorophobic effect.44–46 The latter is caused by the
increased rigidity, linearity and low surface energy of the per-
fluorinated alkyl chain compared to a hydrocarbon alkyl chain.
Also, perfluorinated alkyl chains are bulkier than hydrocarbon
chains, with cross sections in the 27–30 Å2 range for the former
and 18–21 Å2 range for the latter, the exact value depending on
the packing situation.45 Fluorination of aromatic units can
enhance their interaction with non-fluorinated analogues because
of attractive interactions between molecules having large quadru-
ple moments of similar magnitude but of opposite sign; this can
lead to alternating assemblies.47–51 This has been observed in
the columnar mesophase for blends of triphenylene-functiona-
lized polymers with perfluoro-triphenylenes52 and for helical
columnar aggregates.53 Co-assemblies were observed in colum-
nar mesophases for hexabenzocoronene–perylenebisimide mix-
tures,54 symmetrical triphenylene derivatives55,56 and mixtures
of pyrene-based hydrogen bonded discotics with trinitrofluore-
none as well.57 Alternating perfluoroarene–arene interactions are
also known in the organo-gel state.58–60 As in the mesophase,
co-assembly of different species in solution is usually based on
donor–acceptor systems such as oligo(phenylene vinylene)s
(OPVs),61 phthalocyanines62 and porphyrin-pyrene complexes.63

Our aim has been to take advantage of the fluorophobic effect
to alter the self-assembly process of discotics based on the 3,3′-
bis(acylamino)-2,2′-bipyridine unit. These discotics (like 2,
Fig. 1) are equipped with three trialkoxyphenyl peripheral units
and are preorganized by strong intramolecular hydrogen bonding
between bipyridine N atoms and amide N–H functionalities as
was deduced from 1H-NMR data in solution.64 Self-assembly
occurs mainly due to aromatic interactions and phase separation
by which the discotics adopt a propeller conformation.65 The
latter results in a 3-fold axis of symmetry (C3 symmetry) for dis-
cotics possessing three equivalent peripheral groups (discotic 2,
Fig. 1), thus these propeller discotics have point group C3.

65

The propeller conformation gives rise to helical assemblies in
the columnar (lyotropic) mesophase,64–67 and in solution.68

When decorated with polar ethylene oxide tails, helical self-
assembly in polar solvents and in water is possible.69,70 Since
the helix is a chiral object, chiral information in the periphery of
the discotic may be transferred to the helical stack causing
a bias of the overall helical sense.71–79 Phase separation
between the rigid core and the disordered periphery of
bipyridine discs depends on sufficiently long apolar hydrocarbon
or polar oligo(ethylene oxide) tails and may be further enhanced
by the incorporation of fluorinated tails. The latter is expected to
stabilize the columnar mesophase. Accordingly, we introduce
novel bipyridine discotic 1 (Fig. 1) possessing a perfluorinated
periphery. The study of mixtures of discotics possessing a fluoro-
carbon and a hydrocarbon periphery may enable to detect
novel, helical co-assemblies. Following precedent,80–82 we
sought to confirm the presence of such highly ordered, reversible
helical structures in solution by the ‘Sergeant and Soldiers’
effect83 in which a small amount of chiral discs is able to bias
the helical sense of a platoon of achiral discs, the fluorinated
discs in this case.

The mesophase properties of discotic 1 have been investigated
using differential scanning calometry (DSC), polarizing optical
microscopy (POM) and X-ray diffraction (XRD). Self-assem-
blies of fluorinated disc 1 and co-assemblies with chiral, hydro-
carbon discotic 2 (Fig. 1) have been studied in solution using
optical spectroscopy in fluorinated solvents. Also co-assemblies
of fluorinated disc 1 and desymmetrized, chiral disc 3 (Fig. 1),
possessing a C1 point group when present in a propeller confor-
mation, have been studied in solution since miscibility between
discs 1 and 3 could be achieved in all ratios.

Results and discussion

Synthesis of fluorinated discotic 1

The synthesis of chiral discotics 2 and 3 was reported pre-
viously64,68,84 and is based on a convergent approach. The syn-
thesis of fluorinated disc 1 is based on the same considerations
as those adopted in the synthesis of disc 2. Key factors in the
amide bond formation are the use of acid chlorides as electrophi-
lic partners to compensate for the limited nucleophilicity of the
aromatic amines involved, and the presence of long alkoxy tails
ensuring solubility throughout synthesis and purification. The
synthesis of fluorinated disc 1 is summarized in Scheme 1. First,
methyl gallate (4) was reacted with commercially available
fluorinated iodide 5 to obtain fluorinated gallic ester 6 in 85%
yield by adopting a combination of literature procedures.85–87 A
hydrocarbon spacer length of at least three carbons between the
aryl-oxygen and the fluorinated part is required for the

Fig. 1 Discotics presented in this study: C3-symmetrical discs 1 and 2
equipped with nine achiral perfluoro-alkoxy and nine chiral, apolar,
dihydrocitronellyloxy tails, respectively. Desymmetrized disc 3 is
equipped with six dihydrocitronellyloxy tails. Intramolecular hydrogen
bonding is represented with dashed bonds.

This journal is © The Royal Society of Chemistry 2012 Org. Biomol. Chem., 2012, 10, 5898–5908 | 5899

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

C
al

if
or

ni
a 

- 
Sa

n 
D

ie
go

 o
n 

01
 S

ep
te

m
be

r 
20

12
Pu

bl
is

he
d 

on
 1

7 
M

ay
 2

01
2 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
2O

B
25

38
5B

View Online

http://dx.doi.org/10.1039/c2ob25385b


nucleophilic displacement of iodide: using a –CH2– spacer, aro-
matic ether formation could not be accomplished which has been
rationalized by the repulsive character of the nearby –CF2–
group88 and employing a –C2H4– spacer, elimination occurred
under typical Williamson ether synthesis conditions.89,90 Fluori-
nated ester 6 was saponified to give carboxylic acid 7 after neu-
tralization and this was converted into acid chloride 8.69

Amidation of the latter with mono-t-BOC protected diamine 9
afforded wedge 10 in 90% yield.64,84,91 The solubility of the
fluorinated components during reaction was ensured by employ-
ing methoxynonafluorobutane (MNFB) as a co-solvent.92–96

Removal of the t-BOC group of 10 afforded mono-amine 11
after neutralization in a 88% yield. Importantly, considering mul-
tigram-scale synthesis, no column chromatographic separation
was needed to purify fluorinated compounds 6, 7, 10 and 11.

In the final reaction step three molar equivalents of fluorinated
amine 11 were reacted with trimesyl chloride to afford target disc
1. Purification was achieved by precipitation from mixtures of
chloroform and fluorinated solvents followed by column

chromatography over silica gel using a mixture of chloroform
and fluorinated solvents as eluent. Hexafluoroisopropanol97

proved to be a convenient polar component during chromato-
graphic separation: HFIP is a good solvent for this system and
HFIP suppresses aggregation of discotic 1 on the column. The
purity of disc 1 was established by a combination of TLC,
1H-NMR, MALDI-TOF MS and elemental analysis. The
1H-NMR spectrum was assigned with the aid of gCOSY 1H-1H
2D NMR.98

Liquid crystalline properties

The mesophase properties of discotic 1 were investigated follow-
ing the protocols described for hydrocarbon64,65 and oligo(ethyl-
ene oxide) analogues.99 Fluorinated disc 1 is a sticky compound
at room temperature. The thermal stability was investigated using
thermal gravimetric analysis (TGA). No loss of mass below
350 °C occurred under a nitrogen atmosphere.100 Therefore,
DSC and POM were also conducted under a nitrogen atmos-
phere. With DSC, a glass transition at −6 °C was observed for
fluorinated disc 1, which was confirmed by modulated DSC
analysis.101,102 The high order of the discotics in the columnar
mesophase usually favours a transition to a crystal on cooling
instead of a simple glass formation of the disordered side-
tails.103 Probably, the stiffness of the perfluorinated tails of dis-
cotic 1 prevents their organization into an ordered crystal.103

Besides the glass transition, no other transitions were observed
in DSC. Hence, disc 1 is liquid crystalline over a temperature
window of more than 350 °C. The absence of a reachable isotro-
pisation temperature for 1 unfortunately prevented the growth of
typical textures by slow cooling. These textures are considered
to be a strong proof for liquid crystallinity and provide infor-
mation on the type of mesophase.104 However, the liquid crystal-
line nature of discotic 1 was proven by shear alignment of a
sample on a glass slide at elevated temperatures (Fig. 2). Under
cross-polarizers at 200 °C, a highly birefringent sample was
observed which was sensitive to pressure changes (Fig. 2a).
When the sample was rotated over an angle of 45° in the cross
polarizer, almost no birefringence was visible indicating align-
ment of the sample (Fig. 2b). The obtained textures after rubbing
the sample between two glass slides (Fig. 2c) suggest the pres-
ence of a columnar mesophase.105

The structure of disc 1 in the mesophase was also studied by
means of wide (WAXD) and small angle X-ray diffraction
(SAXD). WAXD was used to study interdisc parameters and
SAXD to study intercolumn parameters. Considering its molecu-
lar structure and C3-symmetry we expected similar columnar
mesophase to be present as for their hydrocarbon-tail analogues
to which a helical columnar rectangular lattice was assigned.65

Measurements were performed at 50 °C and 250 °C only, in
view of the absence of any transitions in DSC above room temp-
erature. An aligned sample provides valuable information on the
helical self-assembly of the bipyridine discotics as has been
shown for other helical systems.65,67,106–114 Indeed, alignment
was observed in the WAXD region.115 Reflections belonging to a
regular organization of disc 1 in its axial direction together with
a diffuse diffraction belonging to disordered side-tails are a clear
evidence for liquid crystalline behaviour. The results extracted

Scheme 1 Synthesis of fluorinated disc 1. During the amidation of
acid chloride 8 with amine 9 and in the subsequent reactions the use of
fluorinated solvent MNFB was necessary to ensure solubility. TBAB =
tetrabutylammonium bromide, MIBK = methylisobutylketone, TFA =
trifluoroacetic acid, TEA = triethylamine, MNFB =
methoxynonafluorobutane.

5900 | Org. Biomol. Chem., 2012, 10, 5898–5908 This journal is © The Royal Society of Chemistry 2012
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from the WAXD and SAXD measurements are collected in
Table 1. In WAXD at 50 °C, a halo representing a distance of
0.54 nm points to the distance between molten fluorinated alkyl
tails, a distance larger than between molten hydrophobic alkyl
tails (0.40–0.47 nm).30,64,116 The difference arises from the
larger rigidity of the perfluorinated tails of disc 1, the larger C–F
bond length compared to the C–H bond length and the slightly

larger size of the fluor atoms compared to the hydrogen atoms
with concomitant larger Van der Waals radius (1.47 Å for F and
1.20 Å for H).45 Two reflections at 0.35 nm and 0.33 nm were
observed (Table 1). The distance of 0.33 nm can be attributed to
the distance between the central phenyl moieties, while the dis-
tance of 0.35 nm presumably belongs to the distance between
the bipyridine centroids.65,67 This is in correspondence with a
rotation of approximately 15° of the bis(acylamino)bipyridine
unit around the central phenyl moiety which is responsible for
the propeller shape of disc 1 in a helical aggregate.65,67 When
the sample is heated to 250 °C, a single reflection at 0.35 nm
and the halo belonging to the fluorinated alkyl tails were
observed in WAXD (Table 1).117 Apparently, at these high temp-
eratures a columnar structure is still present but the presence of
only one reflection belonging to the interdisc distance suggests
that the discs adopt an on average flat conformation instead of
the propeller conformation and are thus devoid of helicity.

SAXD gives information about the two-dimensional organiz-
ation of disc 1 in the columnar mesophase. At 50 °C a rectangu-
lar lattice could be assigned with p2gg symmetry118 according to
the extinction rules (Table 1).4 This implies that the column
which is located in the centre of the rectangular unit cell differs
from the others, probably due to a vertical shift between the
columns.65,67 Although no alignment was observed in the
SAXD pattern,119 a helical pitch of 76.5 Å containing 23 mol-
ecules was determined which implied a rotation of 16° between
superimposed discs. This is in line with the assignment per-
formed on its hydrocarbon analogue and desymmetrized ana-
logues.65,84 Probably, the larger steric demands of the
perfluorinated tails cause the helical pitch of disc 1 to be smaller
than that of its hydrocarbon analogue possessing nine dodecy-
loxy tails (pitch: 95.4 Å), but similar to that of chiral disc 2

Fig. 2 POM micrographs of disc 1. (a) Discotic 1 sheared on a glass
plate at 200 °C. (b) The same sample, but rotated over 45°. (c) Textures
obtained after vigorous rubbing at 160 °C.

Table 1 XRD results for the mesophases of fluorinated disc 1 at 50 and 250 °C

T [°C] Phasea h k l dobs [Å] dcalcd [Å] Lattice constants [Å]

50 Colro 1 1 0 37.0 37.0 a = 75.6
p2gg 0 2 0 21.3 21.3 b = 42.5

2 1 1 18.5 18.6 p = 25.5
3 1 1 16.4 16.3 h = 3.3
2 3 0 13.1 13.3 2 molecules per unit cell
2 3 1 11.6 11.7 ρcalc = 1.66 g cm−3

2 4 0 10.2 10.2
Perfluoroalkyl 5.4
π–π 3.5
π–π 3.3

250 Colho 1 0 0 38.5 38.5 a = 44.5
p6mm 1 1 0 22.3 22.2 h = 3.5

2 0 0 19.3 19.3 1 molecule per unit cell
2 1 0 14.6 14.6 ρcalc. = 1.47 g cm−3

3 0 0 11.9 12.8
2 2 0 11.3 11.1
3 1 0 10.6 10.7
Perfluoroalkyl 5.8 (br.)b

π–π 3.5

aColro = ordered columnar rectangular phase. Colho = ordered columnar hexagonal phase. b br. = broad maximum. h = interdisc distance from WAXD.
p = distance along one column for a 120°-turn of the helix. ρcalc(Colro) = (10 × Z × Mw)/(a × b × h × 6.02), where Mw is the molecular weight and Z
the number of discs per unit cell. ρcalc(Colho) = (20 × Mw)/(a

2 × h × √3 × 6.02).

This journal is © The Royal Society of Chemistry 2012 Org. Biomol. Chem., 2012, 10, 5898–5908 | 5901
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possessing nine branched alkoxy tails (pitch: 76.5 Å).65 The cal-
culated density is in agreement with that of other reported fluori-
nated discotics (Table 1).28 The mesophase at 250 °C is clearly
hexagonal.118 The structural difference between the Colro and
Colho mesophases is small regarding the ratio between lattice
a and b parameters of the Colro lattice which amounts to 1.78
(∼√3) and the angle α which amounts to 60.6°
(Table 1).28,120–122 This small difference may explain the
absence of a detectable transition in DSC between the Colro and
Colho mesophases. Overall, disc 1 displays very stable columnar
mesophases with a mesophase window greater than 350 K and
intracolumnar order still present at elevated temperatures.

Self-assembly in solution

Self-assembly studies of highly fluorinated compounds in sol-
ution are rare due to their limited solubility in common organic
solvents. One example is concentration-dependent self-assembly
of hexabenzocoronenes equipped with six perfluorinated tails in
trifluorotoluene.29 Disc 1 is soluble in mixtures of methoxyno-
nafluorobutane (MNFB), chloroform and hexafluoroisopropanol
(HFIP) as well in pure MNFB, perfluorononane, trifluoroacetic
acid and hexafluorobenzene. 1H-NMR spectroscopy is a con-
venient tool to show the presence of intramolecular hydrogen
bonding and preorganization in bipyridine discotics which is
responsible for the appealing self-assembly properties.64,84 Dis-
cotic 1 was dissolved in a mixture of 20 vol% HFIP in CDCl3

123

and a 1 : 1 v : v mixture of HFIP–HFIP-D2 was used to ensure
the visibility of the exchangeable amide N–H hydrogens
(Fig. 3a). The downfield shifted hydrogens a and b point to
strong intramolecular hydrogen bonding of the amide N–H with
the bipyridine nitrogens which is remarkable in the presence of
HFIP, being a strong hydrogen bond breaking solvent. Hydro-
gens a and b are split while their integral value is approx. 50%
of the integral value for the other hydrogens, indicating that
partial H–D exchange has taken place (Fig. 3b). The weaker

acidity of an amide N–D compared to an amide N–H will result
in a weaker intramolecular hydrogen bond of the former which
affects the other amide N–H and induces a little upfield shift.126

Bipyridine hydrogens c and e are positioned downfield (9.2 and
9.0 ppm, respectively) as a result of anisotropic deshielding by
the nearby amide carbonyls indicating the in-plane conformation
of the amide and bipyridine moieties. Bipyridine hydrogen f is
shifted significantly more downfield than similar hydrogen g
(8.6 ppm versus 8.4 ppm) due to a deshielding influence of the
amide carbonyl of the neighbouring wedge. This indicates an on
average planar conformation of the whole compound, which is
important to enable columnar stacking.

Self-assembly of discotic 1 in perfluorononane127 (Fig. 4a)
and MNFB (Fig. 4b) has been studied by UV-Vis
spectroscopy.68–70,128,129

Four distinct absorption maxima were observed of which the
typical splitting pattern with maxima at 362 nm and 381 nm and
the shoulder at 346 nm originate from the diamino bipyridine
chromophore (Fig. 4).68,131 This typical splitting pattern was
attributed to the presence of well-organized helical assemblies of
discotic 1 in perfluorononane or MNFB.68 When the temperature
was increased from 15 °C to 115 °C and 55 °C, respectively,132

almost no changes in the UV-Vis spectra were observed,
suggesting that the assemblies of disc 1 are stable in these sol-
vents even at a concentration of 5 μM. This contrasts with sol-
utions of hydrocarbon-tail discs like disc 2 in dodecane in which
a blue shift together with a hyperchromic shift indicate melting
of the helical assemblies upon heating to 110 °C.68 The molecu-
larly dissolved state of disc 1 was reached, however, by addition
of a highly competitive solvent for stacking like HFIP or TFA
(Fig. 5a).

Fig. 3 (a) 1H-NMR spectrum of discotic 1 in HFIP–HFIP-D2–CDCl3
(20 vol% HFIP–HFIP-D2 (1 : 1) in CDCl3, 3.8 mM).124 Only the aro-
matic and hydrogen bonding regions are shown.125 R = OC3H6C8F17.
(b) The three possible deuterated states of a 3,3′-(bisacylamino)-2,2′-
bipyridyl wedge.

Fig. 4 UV-Vis absorption spectra of discotic 1 in (a) C9F20 (5.5 μM),
(b) MNFB (5.7 μM) at three temperatures. Spectra are normalized to the
absorption maximum at 292 nm.130

5902 | Org. Biomol. Chem., 2012, 10, 5898–5908 This journal is © The Royal Society of Chemistry 2012
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A large hyperchromic effect and fading of the typical splitting
pattern in the bipyridine chromophore region was observed at
increased HFIP fraction (Fig. 5a). Surprisingly, even at 0.5 vol%
of HFIP rupture of the helical self-assembly of disc 1 was
observed as is illustrated by the large difference of the curves
corresponding to 0 vol% and 0.5 vol% HFIP. The latter curve
resembles the absorption spectrum of hydrocarbon discotics in
the molecularly dissolved state.68 With increased HFIP fraction,
these absorptions merge into a broad shoulder around 330 nm.
The change in absorption levels off after addition of 20 vol% of
HFIP (Fig. 5b) indicating that only the molecularly dissolved
state is present above 20 vol% HFIP. The addition of a small
amount of TFA erases the absorption bands belonging to the
intramolecular hydrogen-bonded bipyridine moiety due to pyri-
dine-N protonation (Fig. 5a, black, dashed line) thus erasing the
preorganized structure of disc 1. Summarizing, disc 1 forms
helical self-assemblies with equal amounts of left and right
handed helices in fluorinated alkane solvents which can be dis-
rupted by the addition of highly competitive solvents like HFIP.

Amplification of chirality and co-assembly of fluorinated and
non-fluorinated discotics in solution

To gain mixed assemblies, fluorinated achiral disc 1 was mixed
with chiral hydrocarbon discs 2 or 3 in a solvent in which both
discs are soluble and helically aggregated. This solvent appeared
to be a 1 : 10 v : v mixture of methoxynonafluorobutane and

1,1,2-trichloro-1,2,2-trifluoroethane (Freon 113), abbreviated as
F1 : 10. The maximal concentration of fluorinated disc 1 and
desymmetrized disc 3 in F1 : 10 is 0.25 mM and 0.75 mM,
respectively. Changing the 1 : 10 v : v ratio of the solvent
mixture rendered either disc 1 or disc 3 insoluble. Surprisingly,
C3-symmetrical chiral disc 2 was insoluble in this solvent
mixture, even at micromolar concentrations. However, disc 2 can
be dissolved upon addition of at least 10 mol% of fluorinated
disc 1 until a concentration of about 0.4 mM, which provides
strong evidence for the presence of both fluorinated disc 1 and
apolar disc 2 in the same aggregate. Concentration dependent
UV-Vis spectroscopic measurements have been performed to
investigate the stability of self-assemblies in F1 : 10 (Fig. 6).

Discs 1, 2, and 3 are helically aggregated in F1 : 10, as indi-
cated by the split absorption pattern around 350 nm (Fig. 6).68

The extinction coefficients of disc 1 are independent of the con-
centration; implying that fluorinated disc 1 is probably comple-
tely aggregated at all measured concentrations (Fig. 6a). Disc 3,
however, displays a little concentration dependency; indicating
incomplete aggregation at lower concentrations (Fig. 6b). The
1 : 9 molar mixture of C3-symmetrical discs 1 and 2 barely
display concentration dependence.136

Mixtures of fluorinated disc 1 and chiral disc 3 were made by
mixing equimolar solutions of the pure components in F1 : 10
and subsequent annealing by fast heating to 45 °C followed by
cooling.137,138 Mixing experiments were performed at several
compositions with a total disc concentration of 15 μM, for which
the CD and UV-Vis spectra are shown in Fig. 7.

Fig. 5 (a) UV data from addition of a 17 μM solution of disc 1 in
HFIP to a 17 μM solution of disc 1 in MNFB. Amounts of HFIP and
TFA refer to volume-%.133 (b) Course of the extinction coefficients cor-
responding to the absorption maxima displayed by disc 1 in pure
MNFB.134

Fig. 6 Concentration-dependent UV-Vis absorption spectra of (a) disc
1 between 0.30 and 0.0056 mM and (b) disc 3 between 0.50 and
0.0010 mM. The arrows indicate the change upon lowering the concen-
tration. Spectra obtained in MNFB : Freon113 1 : 10 v : v (F1 : 10).135
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Both the mixtures of disc 1 with disc 2 and disc 1 with disc 3
demonstrate Cotton effects in CD spectroscopy, indicating
helices of biased sense (Fig. 7). As expected, an increase of the
CD effect with increasing amount of chiral disc was observed.
Surprisingly, after addition of 50 mol% chiral disc, the Cotton
effect did not increase further but slightly diminished, which can
be rationalized by a more efficient packing of achiral discs 1
compared to that of chiral discs 3 possessing branched side tails.
Apparently, the bias of helical sense of the assemblies of discs 1
and 2 or 3 is maximal after addition of 50 mol% chiral disc. The
absolute value of the Cotton effect (app. −45 M−1 cm−1 at
387 nm) corresponds to values observed for pure chiral discs in
apolar solution;65,68,84 probably all helices are biased at this
point. The absorption spectra depicted in Fig. 7 point to the pres-
ence of a similar type of helices during the mixing experiments,
although a small decrease of the extinction coefficient was
observed, especially in Fig. 7b, together with a red shift.139 In
Fig. 8 and 9 the dimensionless g-factors as function of the
amount of chiral disc present at 15 μM and 100 μM or 150 μM
total disc concentration are shown.

The non-linear relationship between the observed CD effect
and the amount of chiral disc 3 in the solutions shown in Fig. 8a

and b are a clear evidence for transfer of chirality from chiral
discs 3 to achiral discs 1 in one type of aggregate.68 The
maximal Cotton effect reached at about 50 molar% chiral disc 3
is in agreement with an amplification of chirality (i.e. the
g-value) by a factor two. This, together with an almost linear
increase of the CD effect depicted in the first half of the mixing
curve and the subsequent rather sharp transition, can be inter-
preted as a preference for alternating assembly of chiral disc 3
and fluor disc 1. Such preference for alternating self-assembly
was observed for mesogenic alkyl 4-[2-(perfluoroalkyl)ethoxy]-
benzoates which show a favourable interaction between hydro-
carbon and fluorocarbon tails depending on the length of the
alkyl tail.142,143 The results from the mixing of chiral disc 2 with
fluorinated disc 1 (Fig. 9) are similar to the results displayed in
Fig. 8 although the transition at 40–60 molar% chiral disc is less
pronounced. The measuring point of 100 mol% chiral disc 2
cannot be reached due to the insolubility of disc 2 in F1 : 10 in
the absence of fluorinated disc 1. Evidence of increased stack
stability for mixed solutions of discotics 1 with 3 and 1 with 2,
respectively, was gained from fluorescence spectra (Fig. 10).

Discotics 1, 2, and 3 and their previously reported analogues
are known to luminesce around 513 nm after excitation when
they are present in the self-assembled helical state. The fluor-
escence is strongly quenched upon melting of the helical aggre-
gates and this coincides with a blue shift in UV-Vis.131,144

From Fig. 10, it can be deduced that the solutions of disc 1
(black dashed line) and the 50 : 50 mixtures of discs 1 and 2
(black line) or 3 (light-grey line) display higher fluorescence

Fig. 7 CD and UV-Vis spectra deduced from the mixing experiments.
(a) Mixing of a solution of chiral disc 2 containing 10 mol% disc 1 with
a solution of fluorinated disc 1. (b) Mixing of a solution of chiral disc 3
with a solution of fluorinated disc 1. Total concentration = 15 μM,
solvent: F1 : 10.

Fig. 8 Mixing experiments with equimolar solutions of discs 1 and 3.
(a) Total concentration = 15 μM and (b) Total concentration = 100 μM.
Measurements performed a 1 cm and 1 mm quartz cuvette, respectively.
Solvent: F1 : 10. g-Values displayed as function of the amount of chiral
disc 3 present at two representative wavelengths corresponding to two
maxima in the CD spectra.140
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intensities compared to solutions of chiral discs 3 (dark-grey
dashed line) and 2 (in the presence of 10 mol% disc 1) (large-
dashed black line). This is in agreement with the concentration-
dependent UV-Vis absorption results from Fig. 6: discs 2 and 3

are probably less aggregated compared to fluorinated disc 1 and
the 1 : 1 mixtures. This implies that the mixed aggregate is more
stable compared to chiral discs 2 and 3 alone and that the for-
mation of the former is preferred over phase separation into
aggregates composed of only disc 1 and only of discs 3 or 2.145

The latter is confirmed by calculating the fluorescence of the cor-
responding 50 : 50 mixture (dark-grey line) from data of the pure
solutions, which suggests being smaller than observed in reality
(Fig. 10). Finally, the preference for alternating assembly
between the fluoro- and hydrocarbon discs is represented sche-
matically in Fig. 11. In real time, there will be a dynamic equili-
brium between these alternating and pure assemblies. When an
excess of fluorinated disc 1 was applied (i.e. less than 50 mol%
chiral disc), alternating aggregates (assembly A, Fig. 11) and
pure achiral, fluorinated columns (assembly B, Fig. 11) may be
present, the latter consisting of an equal amount of left- and
right-handed helices. An excess of chiral discs 2 or 3 may result
in the presence of only alternating and pure chiral, hydrocarbon
columns (assembly A, Fig. 11). Thus, in the two latter cases in
Fig. 11, only helices of one handedness are present rationalizing
the more or less horizontal course of the curves above 50 molar
% chiral disc in Fig. 8 and 9.

Conclusions

Novel C3-symmetrical 3,3′-bis(acylamino)-2,2′-bipyridine disco-
tic 1 possessing three peripheral fluorinated 3,4,5-trialkoxy-
phenyl wedges demonstrated to afford stable self-assemblies in
the mesophase and in solution and allows the formation of
mixed helical self-assemblies with hydrocarbon discotics in
fluorinated solvents. These appealing properties are caused by
the presence of nine peripheral heptadecafluoroundecanyloxy
tails which allows the ‘fluorophobic effect’, i.e. strong phase sep-
aration between the disc’s aromatic core and the fluorinated ali-
phatic periphery to occur. A fluorinated wedge was synthesized
on a multigram scale in good yield and was converted into the
desired fluorinated disc 1 but may also serve as a building block
for desymmetrized discotics possessing a single fluorinated
wedge with intriguing phase separation behaviour. Fluorinated
disc 1 displays very stable columnar mesophase behaviour.
X-ray diffraction revealed a low temperature helical rectangular
columnar and a high temperature hexagonal columnar

Fig. 9 Mixing experiments with a solution of disc 1 with a solution of
C3-symmetrical disc 2 containing 10 mol% disc 1. (a) Total concen-
tration = 15 μM and (b) Total concentration = 150 μM. Measurements
performed in a 1 cm and a 1 mm quartz cuvette, respectively. Solvent:
F1 : 10. g-Values displayed at two representative wavelengths corre-
sponding to two maxima in the CD spectra.141

Fig. 10 Fluorescence spectra of discs 1, 2 (in the presence of 10 mol%
disc 1) and 3 and their 1 : 1 mixtures in F1 : 10. Measurements per-
formed in a 1 cm quartz cuvette, conc. = 1 μM, excitation at 365 nm.
Graphs were normalized to the absorption of the mixtures at 365 nm
(absorption data obtained from Fig. 6 and 7). The dark-grey line
(0.5*disc 1 + 0.5*disc 3) is obtained by addition of the graphs belonging
to pure discs 1 and 3 (i.e. the black and grey dashed graphs) and division
by two.

Fig. 11 Simplified representation of the types of helical assemblies of
discs 1 and 2 or 3 present in the mixtures in F1 : 10. Dark discufluor
disc 1, light discuchiral disc 2 or 3. A = helices of biased sense, B =
non-biased helices.

This journal is © The Royal Society of Chemistry 2012 Org. Biomol. Chem., 2012, 10, 5898–5908 | 5905
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mesophase for disc 1. However, DSC revealed only a glass tran-
sition at −6 °C, suggesting that the transition between the two
columnar mesophases is gradual and of small energy difference.
Helical organization originates from the self-assembly of propel-
ler-shaped discotics, enabled by a six-fold strong intramolecular
hydrogen bonding within the aromatic amide core. Temperature-
stable helical self-assemblies of disc 1 were detected in fluori-
nated solvents which could be disrupted by the addition of
competitive solvents. Fluorinated disc 1 and chiral hydrocarbon
discs 2 or 3 are miscible in a mixture of methoxynonafluoro-
butane and 1,1,2-trichloro-1,2,2-trifluoroethane. Surprisingly,
C3-symmetrical disc 2 dissolved only in the presence of fluori-
nated disc 1 suggesting a mutual interaction between these discs
in solution. Further mixing experiments of fluorinated disc 1
with chiral discs 2 and 3 revealed amplification of chirality via
the ‘Sergeant and Soldiers effect’ by a factor of two. The rather
linear increase of the Cotton effect up to 50 mol% chiral disc
indicates the preference for alternating chiral and fluorinated
discs. This is an unprecedented phenomenon in supramolecular
interactions between discotics with fluorocarbon and hydro-
carbon tails, respectively.
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