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Previous investigations of complementary polytopic interaction (CPI) columnar mesophases,
in which the columns are built up of alternating hexaalkoxytriphenylene (HAT) and
hexaphenyltriphenylene (PTP) molecules, concentrated mainly on the effect of variations in
the structure of the HAT component. This investigation is concerned with the effect of
variations in the structure of the PTP component and, in particular, variations in the position
of an alkoxy side chain in the phenyl ring. Stable columnar mesophases are obtained when a
hexyloxy substituent is placed in the meta- or para-position but not in the ortho-position. In
the case of the meta- and para-substituted systems, the two-component CPI columnar phases
are stable over a considerably larger temperature range than the one-component HAT
systems. The evidence suggests that unfavourable PTP/PTP stacking is as much a driving
force for the formation of these mixed stacks as is favourable PTP/HAT stacking, but both
need to be explained in terms of the sum of atomically dispersed van der Waals and
coulombic interactions. On cooling from the isotropic into the Col;, phase, the columnar
phase based on a 1:1 mixture of hexakis(hexyloxy)tripenylene and the meta-hexyloxy-
substituted PTP gives an unusual texture consisting of ‘viking-axe’-shaped structures.

1. Introduction the HAT and PTP components are the same, whereas

The stability of the Col, phase of 2,3,6,7,10,11- in others they are °p ppsite. SO. far, our bGSt un.d e
hexakis(hexyloxy)triphenylene 1a (HAT 6),i; ,su’bs 'Ean- standing as to the origin of their stability is provided
tially enhanced by adding one mole of 2.3.6,7,10.11- by extended electron distribution (XED) force field
hexakis(4'-nonylphenyl)triphenylene 2a (PTP9) (scheme 1) f/zlﬁu(liaet?o\;sags]'tzlr;cse ctaﬁzielaf:clip 1;2/ fiﬁ;ﬁﬁa.ra?orﬁ
[1]. The columns in the resultant Col,, phase are built Y

up from alternating HAT6 and PTP9 molecules as basis, e have .co’med the term. complg mer}tary
shown schematically in figure 1. The columns are polytopic interaction’ (CPI) to describe the situation.

highly ordered, and consequently charge-carrier mobi- We have previously tested the predictive power of the

lities along the column are high [2]. The origin of the XED programme to explain the effect of varying the
high stability of this and related mixed columnar structure of the HAT component. It was found that the

S formation of stable CPI HAT/PTP mixtures is not
structures is intriguing. It does not appear to be the . o .
result of a charge-transfer interaction since the IR and particularly sen51t1ye to changes in th? length and natur.e
UV spectra of the mixture are essentially the sum of of the' HAT perlpheral alkyl chain, bu.t that . their
N s formation can be disrupted by bulky substituents in the
those of the individual components, indicating that the #-position of the triphenylene nucleus [4]. This paper is
electronic structures of the individual components are P . pheny’el ‘ Pap
not perturbed [1]. Neither can a net molecular concerned with variations in the structure of the PTP
quadrupole interaction be invoked since, in some of component and, in particular, the difference in CPI-

the stabilized systems, the net quadrupole moments of forming prop .ertles of molecules with p erlphe.r 2.11 hex-
yloxy groups in the ortho-, meta- and para-positions of

the phenyl ring (scheme 2). The XED program predicts
*Corresponding author. Email: R.J.Bushby@leeds.ac.uk that the mera- and para-systems should form stable CPI
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1a.R= C,H,, HAT6
1b.R=CH, HAT1

2a.R= CyH,q
20.R=CH, PTP1 R

Scheme 1. Formulae of HAT 1a and PTP 2a compounds that form CPI columnar mesophases and the equivalent structures used

for the molecular modelling, 1b and 2b.

systems but the ortho-isomer should not. Once again,
these predictions proved to be correct.

The study also provides further general insights into
the reasons for formation of CPI columnar phases over
such extended temperature ranges. It suggests that the
instability of single component PTP-PTP stacks is as
much a driving force as is the stability of mixed PTP-
HAT stacks.

2. Results and discussion
2.1. Synthesis

The synthesis of the ortho- meta- and para-isomers of
2,3,6,7,10,11-hexakis(hexyloxyphenyl)triphenylene 6a—c
followed the route shown in scheme 2. As in previous
work, the Suzuki coupling reaction conditions had to be
modified to avoid contamination with small amounts of
penta-aryltriphenylenes, which otherwise arise from a
side reaction in which there is reduction of the aryl

i

TV T YT T

(W

HAT6 Col, + PTPOG6I -

Figure 1. Schematic representation of the intercalation of
PTP9 into columns of HAT6. The HAT molecules fit into the
‘hollow’ in the face of the PTP.

bromide [5]. Under ‘standard’ Suzuki coupling condi-
tions this only occurs at 1-2% per site, but since there
are six sites of substitution per molecule substantial
contamination with the penta-aryl product can occur
and the byproduct is all but impossible to remove. The
bromophenols 3a—¢ were alkylated to give 2-, 3- and 4-
hexyloxybromobenzene 4a—c. These were treated with
butyl lithium at —78°C, quenched with triisopropyl
borate at —78°C and the reaction mixture stirred over
night. HCI work-up yielded the boronic acids which
were converted to the more stable pinacol esters 5a—c by
heating under reflux with pinacol and 3 A molecular
sieves in THF. The pinacol esters of the boronic acids
were coupled with hexabromotriphenylene in the
presence of barium hydroxide, water and tetrakistri-
phenylphosphinepalladium(0) in 1,2-dimethoxyethane
(DME) to give the ortho-, meta- and para-isomers of
2,3,6,7,10,11-hexakis(hexyloxyphenyl)triphenylene  (o-
PTPO6 6a, m-PTPO6 6b and p-PTP06 6¢).

The 'H NMR spectrum of o-PTPO6 6a contains
more resonances than expected. Hence, as shown in
figure 2, the signal for the ~-OCH,CH,- methylene
protons showed at least four distinct multiplets rather
than the expected triplet. This occurs because rotation
about the triphenylene-phenyl bond is slow on the
NMR timescale so that each rotomer gives a discrete
spectrum. As shown in figure 2, on increasing the
temperature to 100°C, the signals broaden but rotation
does not become sufficiently rapid for the signals to
coalesce. That there really is an equilibrium between
various rotomers, was established by the saturation
transfer (transfer of non-equilibrium spin) experiment
shown in figure 3 [6]. In this, the sample is irradiated at
the resonant frequency of a proton which undergoes
exchange. The resultant difference spectrum shows a
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Br Br B

3a 4aR=CH,,

Br Br B
(i) (ih)

OH OR

3b 4b R=C.H,,

Br Br
0. .0
(i) (i) B
—_— —_—
OH OR
OR
3c 4c R=C,H,, 5¢c R=C4H,;

5a R=C4H,,

5b R=C,H,,

6a R=C,H,;, 0o-PTPO6
7a R=CH,, o-PTPO1

RO
(iii)
—_—
RO
6b R=C,H,,, m-PTPO6
OR  7b R=CH,, m-PTPO1
OR
RO
OR
(iii)
—_—
OR
RO

6c R=C¢H,,, p-PTPO6
7¢ R=CH,, p-PTPO1

Scheme?2. Synthesis of 0-PTP06 6a, m-PTP06 6b and p-PTP06 6c¢. (i) CsH;3Br/K,COs/EtOH/reflux. (ii) 1. BuLi/THF/—78°C; 2.
B(O'Pr)y/THF/—78°C; 3. IM HCI; 4. Pinacol/THF/3 A molecular sieve. (iii) Hexabromotriphenylene (1/7 eq.)/Pd(PPhs); (3 mol %

per site)/Ba(OH),/H,O/DME. a=ortho, b=meta, c=para.

large peak for the irradiated proton, along with smaller
peaks for the protons that are thermally exchangeable
with the irradiated proton (in-phase, direct transfer of
non-equilibrium spin) and nOe coupled (out of phase).
Sequential irradiation of the ~OCH>CH,— methylene
protons (1-3) shows that they are all able to exchange
with one other, confirming that all arise from rotomers,
rather than distinct chemical entities.

2.2. Molecular modelling

The formation/non-formation of HAT/PTP pairs has
previously been rationalized using the XED model [7],
which so far this has proved to be the only reliable

predictive tool [3]. In this model the =n-stacking
interaction is expressed as a sum of atom-centred van
der Waals and coulombic (pole+dipole+quadrupole)
terms. As in previous studies, the short chain analogues
(PTPO1 7a—c and HATI 1b, schemes 1 and 2) of the
synthesized compounds were used to reduce computa-
tion time. The geometries of the molecules of interest
were first optimized at the PM3 level and partial atomic
charges were assigned. The addition of the extended
electron distribution was followed by an exhaustive
conformational search to find the ‘true’ global mini-
mum geometry for each of the structures. From these
optimized geometries a series of molecular docking
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Figure2. Changes in the 'H NMR signal for the —
OCH,CH,— methylene protons of 0-PTP06 6a as a function
of temperature in (CCL,D5).

experiments were performed, where one molecule (the
bullet) is docked to a spatially fixed second molecule
(the target). Within the programme, the ‘bullet’ is “fired’
starting from a total of two hundred and fifty points
around the surface of a sphere centred on the ‘target’. In
cases where there is a strongly preferred structure the
same result is obtained many times but in any case the
most stable pair can be found. Values for the overall
energy of the docked pairs, as well as the coulombic and
the van der Waals contributions to the interaction
energies, are obtained. The total energies Uaa for
forming the homo-dimers 1b+1b, 7a+7a, 7b+7b and
7c+7c¢ are compared with the energies Uap for the
hetero-dimers 1b+7a, 1b+7b and 1b+7c, The mixed
dimers should be preferred if AE is negative in the
equation:

AE = UAB—(UAA+ UBB)/Z.

The results of the docking simulations for HAT1 1b
and the PTPOI isomers 7a—c are shown in tables 1 and
2. The formation of stable hetero-dimers and hence of
CPI ‘compounds’ is predicted to be favoured for the
mixtures 1b+7b and 1b+7c¢, but not for 1b+7a.
Coulombic attraction is the main force stabilizing the
CPI pair formed with the meta-isomer, whereas the van
der Waals term makes the greatest contribution to
stabilizing the CPI pair formed with the para-isomer.
The geometries of the heterodimers are shown in
figure 4. It is clear that there is a strong preference for
the formation of linear AB stacks in the cases of

m-PTPO1 7b and p-PTPO1 7¢ with HAT1 1b. It is
equally evident that the packing in the o-PTPO1 7a
mixture with HATI 1b is very different. In this case the
steric congestion around the phenyl-triphenylene ring
prevents the two aromatic nuclei from achieving such a
close approach and this destabilizes the mixed dimer.

2.3. Phase behaviour

DSC data for the materials studied is summarized in
table 3. None of the products 6a—c are themselves
mesogenic, but m-PTPO6 6b and p-PTPO6 6c¢ both
form stable liquid crystalline CPI ‘compounds’ with
HATG6 1a, giving Col,, phases in the ranges 25-111°C
and 25-196°C respectively (table 1). 0o-PTPO6 2a does
not form a homogeneous mixture with HAT6 1a.

The temperature/composition phase diagram for the
HATO6/p-PTPOG system seems to be similar to that for
the HAT6/PTP9 system which we have previously
studied in more detail [8, 9]. Hence, based on more
limited experimental data, a phase diagram for the
HATGO6/p-PTPOG is sketched in figure 5. The experi-
mental points (obtained from both optical microsocopy
and DSC) are indicated and phase boundaries have
been drawn using the same principles as for HAT6/
PTPY9. The more speculative features are indicated by
broken lines. As for HAT6/PTP9, the maximum in the
clearing curve indicates ‘compound’ formation (in the
phase diagram sense of the word) and, as expected for
an alternating A/B structure, the CPI ‘compound’ is
formed at an exact 1:1 molar ratio. It gives a columnar
discotic phase from below room temperature up to its
clearing point of 196°C. As found in the study of HAT6/
PTP9, this phase is remarkably limited in its ability to
accept an excess of either the PTP or the HAT
component and the region of the phase diagram which
it occupies is a narrow vertical band. We have found it
difficult to identify the precise positions of the vertical
boundaries of this band but we judge that they can be
no more than 1% to the right and left of the central 50%
line. This lack of misciblity means that the phase
diagram is dominated by large, symmetrically disposed,
two-phase regions. The curve drawn for the liquidus
was calculated on the assumption of ideal behaviour of
the two components [8, 9] but it fits reasonably well to
the experimental points. This seems to imply that,
within the isotropic liquid, the associated columnar
structure does not persist and that it disintegrates when
the CPI Col;, phase disappears. Hence, there is a
synergism whereby the order within the mesophase also
contributes to the stability of the structure. We visualize
this synergism as breaking down catastrophically at the
clearing point when the columns fall apart and the
mesophase melts to give the isotropic liquid.
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Figure3. The top line shows the aromatic and Tp-OCH, methylene protons (labelled in order 1-4) from the 'H NMR spectrum of
0-PTP06 6a in CDCl; at room temperature. The lines below show the results of the saturation transfer experiments in which
protons 1, 2 and 3 are irradiated ( | ). In-phase saturation transfer, indicating chemical exchange, occurs to the protons labelled | .
Out of phase nOe is observed between the saturated proton resonance and those labelled 1.

Table 4 lists the powder X-ray diffraction results
obtained for the columnar mesophases of the CPI
‘compounds’ HAT6+m-PTP and HAT 6+p-PTP. In the
Col, phase, HAT 6 gives a strong, moderately sharp
3.5A reflection (corresponding to the stacking repeat
along the columns), two reflections in a ratio of 1:1/,3
characteristic of the hexagonal lattice, and a diffuse 4 A
peak, arising from the disordered alkyl chains. The CPI
columnar phases give many more reflections than HAT
but the reflections can still be indexed in terms of a two-
dimensional hexagonal cell (table 4). The patterns are
indexable in terms of 2k0 and 001 reflections, and
other than a possible but ambiguous assignment of
‘101? (which may be indicative of a plastic columnar

phase [10]) there is no need to invoke reflections of the
general /1 k[ type. The increased number of reflections in
the CPI ‘compounds’ could arise from the differences in
the ‘molecular’ transform of the columns (with the
structure having more ‘contrast’ for X-rays and hence
larger structure factors), but a more likely explanation is
that there is an increase in the range of the lateral
ordering. In the proposed (AB), stacking of the
molecules the repeat distance along the column axis
has doubled so there should be an axial reflection at 7 A
(together with its second order at 3.5A). This is
observed in the o-PTP but not the m-PTP system.
However, this does not necessarily imply any difference
in structure of the two CPI phases. The central cores of
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Table 1. XED molecular docking energies for homo-dimers Ux s and heterodimers Uy, including coulombic and van der Waals

contributions. All energies are in kcalmol .

R. J. Bushby et al.

Molecule 1 Molecule 2 Eoral Ecoutomb Egw

HAT 1 1b HAT 1 1b —39.8 —-2.5 -37.3

0-PTPOI 7a 0-PTPO1 7a —51.6 —4.8 —46.8

m-PTPO1 7b m-PTPO1 7b —42.5 +3.3 —45.8

p-PTPO1 7¢ p-PTPO1 7e¢ —45.0 -7.8 —37.2

PTP201 8b PTP201 8b —41.0% +2.1% —43.1%
xPTP201 9b x PTP201 9b —91.2% -7.3% —83.9%
HATI 1b 0-PTPO1 7a —-33.9 +1.3 —35.2

HATI 1b m-PTPO1 7b —49.7 -6.0 —43.6

HATI1 1b p-PTPO1 7c —-50.5 —-6.5 —44.1

HATI 1b PTP201 8b -32.6* —4.6* —28.0%
HATI 1b x PTP201 9b —34.5% +0.4% —34.9*
“Ref. [3].

Table2. Values of AE=Uxg— "2 (Uaa+Ugg). A CPI ‘compound’ is predicted to form if the mixed dimer is more stable than the
two isolated dimers, i.e. if AE is negative. All energies are in kcalmol .

System AE a1 AE ouiomb AE, 4w CPI predicted CPI observed
0-PTPO1 +11.8 +5.0 +6.9 No No
m-PTPO1 -8.5 —6.4 -2.1 Yes Yes
p-PTPO1 —8.1 —-14 —-6.9 Yes Yes
PTP201 +7.8% —4.4 +11.2 No No
xPTP201 +31.0% +5.3 +25.7 No No
“Ref. [3].

HAT and PTP are similar and the peripheral groups are
fairly mobile. Hence, the whole column may well appear
to be a stack of near-identical molecules. If (for
example) these were arranged in a ~2; screw axis there
would be a systematic absence for the 001, 7A
reflection and the first axial reflection would be the
002 at 3.5A.

The optical texture of p-PTPO6+HAT6 viewed
through crossed polarizers is typical of that seen for
many other Col;, systems. However, the optical texture
for the Col;, phase of m-PTPO6+HATG is unusual. It
shows curved dendritic growths which often start as
symmetrical ‘viking axe’ structures as shown in figure 6.
Whilst we have not peviously encountered this in
mesogenic materials we are grateful to Prof. G. Ungar
[11] who has pointed out that this morphology is not
uncommon in a range of other soft materials but
particularly in polymers [12]. It is associated with
branching/dendritic growth [13].

3. Conclusions

Once again [3, 14, 15] we have found that the XED force
field is remarkably successful in predicting whether or
not stable CPI columnar phases will be formed and
hence that the basic approach of treating the n-stacking
interaction, in terms of the sum of many dispersed van

der Waals and coulombic terms, is probably correct. As
shown in figure 4 and in previous work [3], the
programme predicts that, within the stack, the HAT
molecule fits neatly into the ‘hollow’ in the surface of
the PTP molecule created by the canting of the
peripheral phenyl rings. In figures 1 and 7 we have
tried to represent the relationship between the two
molecules schematically by showing the PTP as a disk
with a HAT-sized ‘hollow’ in each face. This schematic
representation clarifies both of the two main driving
forces behind the formation of CPI columnar systems:
the good fit between HAT and PTP, and the poor fit of
the PTP to itself.

The first significant factor is the good fit of the HAT
into the hollow in the face of the PTP. In this paper we
show that this can be disrupted by bulky ortho-
substituents on the phenyl rings of the PTP nucleus
and we have previously shown that it can also be
disrupted by bulky w«-substituents on the triphenylene
nucleus of the HAT [3]. In this respect, note the
predicted non-parallel stacking of HAT1 and o-PTP1 as
compared with the parallel stacking HAT1 and m-PTP1
or HAT1 and p-PTP1 in figure 4. Note also in table 1
the resultant lower attractive interaction, particularly
the lower van der Waals interaction, between HAT1
and o-PTP1 as compared with HAT1 and m-PTPI1 or
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Side View

m-PTPOI : _..- ‘L\ =X

+ HAT1 N\
b { \ t

Top View

~ o-PTPOI I N5
€ +HATI | TN

Figure4. Side and top views of the XED minimum energy geometries for hetero-dimers of HAT1 with isomers of PTPO1. In each
case the central PTP was the ‘stationary target’ and the HAT molecule the ‘mobile bullet’. Two equivalent minimum energy
positions were detected for the HAT1 : one above and one below the PTP. Both are shown.

HAT]1 and p-PTP1. Further, it seems that complemen-
tary stacking of HAT and PTP is a specific feature of
the columnar structure. Hence, in the phase diagram
(figure 5), there is a wide two-phase region, but the
clearing point curve is almost flat over the central
composition range. Whereas the columnar phase is
stable over only a very small composition range (its
stability is linked to an exact alternating structure), the
isotropic liquid shows almost ideal behaviour in which
the two molecular components behave essentially
independently over a wide composition range.

The second important factor in the formation of these
CPI columnar systems is the poor fit of the PTP to

itself. The canted peripheral phenyl rings make it
impossible to bring the whole of the two =m-systems
together. In table 1, the self-stacking of a non-planar
PTP, PTP201 8b (figure 7), is compared with the self-
stacking of the equivalent, almost planar molecule
xPTP201. The difference in geometry results in a
dramatic difference between the homo-dimerization
energies and particularly the van der Waals component
of the homo-dimerization energies. Indeed, as compared
with xPTP201, all of the PTP systems listed in table 1
can be see to have low homo-dimerization energies. The
shape of PTP makes it impossible to bring large areas of
the surface together in the manner that would lead to a
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Table3. DSC data; all values are from the second heating
cycle, except where stated.

Material Phase behaviour/°C (Jg ")
HATG 1a Cr 70 (48) Col;, 100 (6) I
0-PTPOG6 6a Cr; 28.0 (1.3) Cr, 81.4 (17.7)* 1
0-PTPO6 6a+HAT6 Cr 68.0 (14.9)° I

la

m-PTPOG6 6b Crl14(1.71°
m-PTPO6 Col, 111.0 (26.1) I
6b+HAT6 1a

p-PTPOG 6¢ Glass 103.0 (—52.0)

Cr; 143.0 (4.0) Cr, 156.0 (52.0) I
p-PTPO6 6¢+HAT6 Col,, 196.0°C (28.6)

la

Cr, was detected only during the first heating cycle. ®Values
for first heating cycle; did not recrystallize from the melt.
“Melting of partially crystallized material.

large van der Waals component in the attractive force.
In this respect, PTP is analogous to the tryptycene
systems of Swagger ef al. [16, 17] and the spiro-fused
indane polymers of McKeown ez al. [18, 19]. As with
PTP, it is the intrinsically poor self-stacking of
tryptycene and of spirobisindane that facilitates the
formation of stable structures in which smaller mole-
cular species can fill the gaps.

Hence, the present study has also gone some way to
clarifying the general reasons for the formation of the
CPI Coly, phase between HAT and PTP. The formation
of the CPI columnar system is seen as the result both of

[HATE + PTPOG] 1

T'emperature (°C)
2000 5
IR0 4
160

140 4

the good fit of HAT to PTP and of the poor fit of PTP
to itself. As in other z-stacked systems, the molecular
interactions at small separations are best represented as
a sum of atom-centred van der Waals and coulombic
terms [3, 14, 15]. In the specific case of HAT and PTP
the marked stabilization of the columnar structure
results in improved handling properties, mesophase
ranges and charge-carrier mobilities and it is these
factors that have the potential to lead to novel
applications [20].

4. Experimental
4.1. General procedures and instrumentation

All chemicals and solvents were obtained from Sigma-
Aldrich and were used without further purification.
Routine nuclear magnetic resonance spectra were
recorded on a Bruker DPX300 spectrometer. Chemical
shifts are expressed in parts per million (ppm), relative
to TMS. Mass spectra were recorded on a VG autospec
spectrometer. FTIR spectra were recorded using a
Perkin—Elmer 1760X FTIR spectrometer. DSC was
performed on a Perkin—Elmer 7 thermal analysis system
in closed aluminium pans at heating and cooling rates
of 10°Cmin~'. Optical polarizing microscopy was
performed on an Olympus BH-2 microscope with a
Linkam hot stage. Microanalyses were carried out at
Leeds University Microanalytical Laboratory. X-ray
diffraction experiments were performed using nickel
filtered Cu K, radiation (41=0.154nm). Column chro-

CPI Cal,

1+CPI Col,
o
1307 L PTPOG Cr,
i) CPI Col, + PTPO6 €
|HAT6 Coly, — i b ) oly 36 Cry |
80 Caoly, + CPI Col,
3
HATGCr ] HAT6 Cr+ CPI Col, P - PTPOG Cr,
T 20 CPI Coly + PTPO6 Cr;
Li] T T T T : .E T T T T
1] n 20 30 40 50 i) T0 R’ a0 100
HATG Male % PTPO& PTPOG‘

Figure 5.

Phase diagram for the HAT6/p-PTPO6 system. The experimental clearing temperatures A are fitted to the equation

Indxa(1—x2)=QAH 45/ R)(1/Ty,—1/T) which assumes ideal behaviour in the liquid [8, 9]. Below the clearing point, phase separation
occurs. The width of the CPI Col;, phase region is unknown but small. Below about 125°C the CPI Col,, phase becomes glassy and

samples can no longer be sheared
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Table4. Indexing of d-spacings (A), determined by X-ray powder diffraction for the CPI ‘compound’ of m-PTPO6 6b and HAT6
1a and of p-PTPO6 6¢ and HATG6 1a (calculated values for a hexagonal unit cell with a=24.4 and ¢=3.6 A).

m-PTPOG6 6b and HAT6 1a

p-PTPOG6 6¢ and HATG 1a

Calculated for

hkl 30°C 100°C 30°C 130°C a=244A, c=3.6A
100* 20.5 21.2 20.2 21.2 21.1
110 — — 12.4 12.4 12.7
200 10.9 10.1 10.7 — 10.5
210 — — 8.0 8.2 8.0
00% — — 7.1 7.2 7.0
220 6.3 — 6.3 6.5 6.1
400 5.3 — 54 5.4 53
Chain 4.1° 4.0° 4.1° 4.1° ~4°
001 3.6 — 3.6 3.7 3.6
101? 3.5 3.5 3.5 3.6 3.5
21010 indexed using the /1 k i/ convention for a hexagonal lattice. *Diffuse.

matography was performed on Merck silica gel, thin
layer chromatography on pre-coated aluminium-backed
silica plates. Petroleum ether refers to the petroleum
distillate fraction boiling at 40-60°C.

4.2. Synthesis of hexyloxybromobenzenes (4)

One equivalent of the desired bromophenol 3a—c, 1.5
equiv of l-bromohexane and 1.5 equiv of potassium
carbonate were heated under reflux in dry ethanol under
nitrogen. The reaction end was indicated by thin layer
chromatography (DCM petroleum ether 1/1). The
reaction mixture was filtered through celite, and the
solvent removed in vacuo, giving an orange oil which

Figure6. The ‘viking axe’ texture observed as the Col, phase
of m-PTPO6 6b+HAT6 1a grows from the isotopic liquid just
below 111°C.

was distilled at reduced pressure (0.1 mbar), yielding 4
as a colourless oil.

4.2.1. 2-Hexyloxybromobenzene (4a). Yield 92%, b.p.
118-120°C at ¢.0.1 mbar. '"H NMR (CDCl;) 7.54-7.51
(m, 1H, H6), 7.27-7.21 (m, 1H, H4), 6.89-6.78 (m, 2H,
H3 and H5), 4.01 (t, J=6.5Hz, 2H, ArOCH,), 1.83
(quintet, J=6.5Hz, 2H, ArOCH,CH>), 1.55-1.45 (m,
2H, ArOCH,CH,CH,), 1.42-1.32 (m, 4H,
ArO(CH,);CH,CH,), 091 (t, J=7.0Hz, 3H,
ArO(CH,)sCH3). MS (El, m/z) 257 (M*, 10%), 173
(100%), 94.(10%), 63 (14%), 43 (78%). IR (liquid film,
cm ') 2931 (C-H), 1587 (C=C, aromatic), 1467 (C=C,
aromatic). Elemental analysis: found, C 55.8, H 6.4, Br
30.9; calc. for C{,H{7BrO, C 56.1, H 6.7, Br 31.1%.

4.2.2. 3-Hexyloxybromobenzene (4b). Yield 92%, b.p.
114°C at ¢.0.1 mbar. '"H NMR (CDCls) 7.15-7.04 (m,
3H, H2,HS5, and H6), 6.83-6.79 (m, 1H, 4H), 3.91 (t,
J=6.5Hz, 2H, ArOCH,), 1.76 (quintet, J=6.5Hz, 2H,
ArOCH,CH,), 1.49-1.39 (m, 2H, ArOCH,CH,CH,),
1.38-1.28 (m, 4H, ArO(CH,);CH,CH,), 0.90 (t,
J=6.8Hz, 3H, ArO(CH,)sCH;). MS (FAB, ml/z) 256
(M*, 100%). IR (liquid film, cm™") 2931 (C-H), 1590
(C=C, aromatic). Elemental analysis: found, C 55.8, H
6.3%; calc. for C;,H;BrO, C 56.1, H 6.7%.

4.2.3. 4-Hexyloxybromobenzene (4c). Yield 72%, b.p.
120-122°C at ¢ 0.1 mbar. '"H NMR (CDCls) 7.38-7.32 (m,
2H, H2 and H6), 6.79-6.74 (m, 2H, H3 and HY5), 3.90 (t,
J=6.6Hz, 2H, ArOCH,), 1.76 (quintet, J=6.6 Hz, 2H,
ArOCH,CH>), 1.49-1.39 (m, 2H, ArOCH,CH,CH>), 1.38-
1.28 (m, 4H, ArO(CH,);CH,CH>), 0.90 (t, J=6.8 Hz, 3H,
ArO(CH,)sCH3). MS (EIL m/z) 258 (M*, 14%), 172 (100%),
143 (26%), 93 (12%), 63 (44%). IR (liquid film, cm ") 2931
(C-H), 1591 (C=C, aromatic), 1489 (C=C, aromatic).
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8a, (i) FeCl; (i) MeOH

8a. R= CgHy3 PTP206
8b.R=CH; PTP201

8a. R= CgHy3 PTP206x
8b.R=CH; PTP201x

Figure7. Formulae and schematic representations of PTP20 and xPTP20 systems 8 and 9. The non-planar nature of the PTP
leads to a much weaker van der Waals attractive interaction when two molecules are stacked one above the other.

4.3. Synthesis of pinacol esters of the hexyloxybenzene
boronic acids (5)

One equivalent of the required hexyloxybromobenzene
4 in 150ml dry THF was cooled to —78°C under
nitrogen. One equivalent of butyl lithium (2.5M in
hexanes) was added dropwise at —78°C. Strirring was
maintained for 3 h. The reaction was quenched through
the dropwise addition of 1.1 equivalents of triisopropyl
borate in 25 ml dry THF. The reaction mixture was then
allowed to warm from —78°C to room temperature
overnight prior to workup with 120ml HCI (2M
aqueous solution). After 1h of stirring, the organic
phase was separated and the aqueous phase extracted
with diethyl ether (2 x 100 ml). The combined organic
layers were, washed with water (2 x 100 ml), separated,
dried with magnesium sulphate, filtered and stripped of
solvent in vacuo without heating. The crude ortho-
isomer was obtained as an orange liquid and purified by

column chromatography on flash silica, with DCM/
petroleum ether (8/2) eluant, yielding colourless crystals.
For the meta- and para-isomers the crude boronic acids
were obtained as slightly yellow crystals upon isolation
from solvent and were used in the next step without
further purification.

One equivalent of the desired hexyloxyben-
zene boronic acid and one equivalent of pinacol were
heated under reflux overnight in dry THF containing
3A molecular sieves. The end point of the reaction
was determined by thin layer chromatography (DCM/
petroleum ether, 1/1 on silica). Upon cooling, the
mixture was filtered through celite. Removal of
the solvent in vacuo gave the crude product as a yellow
oil. This was partially purified by column chromato-
graphy on flash silica, eluting with DCM/petroleum
ether (1/4). The esters were isolated as colourless oils in
quantitative yields and were used without further
purification.
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4.3.1. Pinacol ester of 2-hexyloxybenzene boronic acid
(5a). "H NMR (CDCls) 7.63-7.61 (m, 1H, ArH), 7.4-
7.3 (m, 1H, ArH), 6.95-6.91 (m, 1H, ArH), 6.84-6.81
(m, 1H, ArH), 3.96 (t, J=6.2Hz, 2H, ArOCH,), 1.79
(quintet, J=6.5Hz, 2H, ArOCH,CH,), 1.6-1.5 (m, 2H,
ArOCH,CH,CH,), 1.37-1.33 (m, 16H,
ArO(CH,);CH,CH, and 4 x pinacol-CH3), 091 (t,
J=6.8Hz, 3H, ArO(CH,)sCH3). MS (EI, m/z) 304
(M, 20%), 163 (100%), 120 (19%), 83 (7%). IR (liquid
film, cm~ ') 2930 (C-H), 1600 (C=C). Elemental
analysis: found, C 70.6, H 9.7; calc. for C;gH,903B, C
71.0, H 9.7%.

4.3.2. Pinacol ester of 3-hexyloxybenzene boronic acid
(5b). '"H NMR (CDCl3) 7.39-7.26 (m, 3H, 3 x ArH),
7.02-6.98 (m, 1H, ArH), 3.98 (t, J=6.5Hz, 2H,
ArOCH,), 1.77 (quintet, J=6.7 Hz, 2H, ArOCH,CH,),
1.5-1.4 (m, 2H, ArOCH,CH,CH,), 1.34-1.25 (m, 16H,
ArO(CH,);CH,CH, and 4 x pinacol-CH3), 0.90 (t,
J=6.8Hz, 3H, ArO(CH,)sCH;). MS (FAB, m/z) 304
(M™, 100%), 161 (6%), 134 (29%), 101 (48%). IR (liquid
film, cm ™) 2931 (C-H).

4.3.3. Pinacol ester of 4-hexyloxybenzene boronic acid
(5¢). '"H NMR 7.95-7.72 (m, 2H, 2 x ArH), 6.90-6.87
(m, 2H, 2 x ArH), 3.97 (t, J/=6.6 Hz, 2H, ArOCH,), 1.78
(quintet, J=6.9 Hz, 2H, ArOCH,CH,), 1.47-1.40 (m,
2H, ArOCH,CH,CH,), 1.35-1.33 (m, 16H,
ArO(CH,);CH,CH, and 4 x pinacol-CH;3), 0.90 (t,
J=6.7Hz, 3H, ArO(CH,)sCHs). MS (FAB, m/z) 304
(M*, 100%), 121 (8%), 101 (25%); IR (liquid film, cm ")
2932 (C-H), 1605 (C=C) Elemental analysis: found, C
70.9, H 9.7; calc. for C;gH,903B, 71.0, H, 9.7%.

4.4. Spynthesis of 2,3,6,7,10,11-
hexakis(hexyloxyphenyl)triphenylenes PTPO6 (6)

Seven equivalents of the required pinacol ester of
hexyloxybenzene boronic acid 5, 1 equivalent of
hexabromotriphenylene and 2 ml of water in dimethox-
yethane (DME) were degassed with argon for 0.5h.
Seven equivalents of barium hydroxide monohydrate
and tetrakistriphenylphosphinepalladium(0) (2.9 mol %
per reaction site) were added under a stream of argon.
The mixture was heated at 80°C under argon for seven
days with stirring. The progress of the reaction was
monitored by thin layer chromatography. Upon cooling
to room temperature 2 ml of 30% H,O, was added and
the mixture stirred for 1h. The mixture was filtered
through celite, washed with water (5x 100ml) and
stripped of solvent in vacuo. Crude products were
obtained as yellow solids and purified by column
chromatography on flash silica gel eluting with DCM/
hexane (1/2) followed by recrystallization from ethanol.

The ortho- and para-isomers were isolated as fine white
crystals, the meta-isomer as a viscous, sticky oil, which
gradually crystallized at room temperature.

4.4.1. 0-PTPOG (6a). Yield 57%, m.p. 81°C. '"H NMR
(CDCl;) (figure 2) 8.5-8.7 (m, 6H, triphenyleneH),
7.24-7.12 (m, 12H, ArH), 6.87-6.71 (m, 12H, ArH),
3.5-3.7 (four t, J=6.2Hz, 12H, 6 x ArOCH>), 1.55 (m,
12H, ArOCH, CH,), 1.4-1.1 (m,  36H,
ArOCH,CH,CH,CH,CH,), 0.73 (m, 18H,
ArO(CH,)sCH;). '*C NMR (CDCly) 156.0 (C,
phenyl), 138.3 (C, phenyl), 137.5 (C, triphenylene),
132.4 (C, phenyl), 128.4 (C, phenyl), 1279 (C,
triphenylene), 125.8 (C, triphenylene), 120.0 (C,
phenyl), 111.8 (C, phenyl), 67.9 (CH,, sp°), 31.5 (CH,,
spY), 28.9 (CH,, sp?), 25.5 (CH,, sp°), 22.4 (CH,, sp°),
13.9 (CH3, sp). MS (FAB, mlz) 1284 (M™, 100%), 1186
(13%), 1108 (14%), 1024 (6%), 865 (7%), 781 (29%), 688
(12%). IR (powder, cm~ ') 2915 (C-H), 1579 (C=C).
Elemental analysis: found, C 83.8, H 8.7; calc. for
CooH 0306, C 84.1, H 8.5%.

4.4.2. m-PTPO6 (6b). Yield 66%, m.p. ~room
temperature. 'H NMR (CDCl;) 8.71 (s, 6H,
triphenyleneH), 7.24-7.19 (m, 6H, HS5,), 6.95-6.93 (m,
6H, H6), 6.84-6.81 (m, 12H, H2 and H4), 3.79 (t,
J=6.6Hz, 12H, ArOCH,), 1.69 (quintet, J=6.6 Hz,
12H, ArOCH,CH,), 1.45-1.20 (m, 36H,
ArOCH,CH,CH,CH,CH,), 0.90 (t, J=6.7Hz, 18H,
ArO(CH,)sCH3). *C NMR (CDCl;) 159.1 (C, phenyl),
143.1 (C, triphenylene), 140.3 (C, phenyl), 129.4 (C,
triphenylene), 129.3 (C, triphenylene), 125.7 (C,
phenyl), 122.7 (C, phenyl), 116.3 (C, phenyl), 114.0
(C, phenyl), 68.3 (CH,, sp*), 31.9 (CH,, sp?), 29.5 (CH,,
sp”), 26.1 (CHa,, sp°), 23.05 (CH., sp°), 14.49 (CHj;, sp°).
IR (film, cm™") 2930 (C-H), 1599 (C=C).

4.4.3. p-PTPO6 (6¢). Yield 53%, m.p. 156°C. 'H
NMR (CDCl;) 8.63 (s, 6H, triphenyleneH), 7.26-7.22
(m, 12H, H2 and H6), 6.85-6.82 (m, 12H, H3 and HY),
396 (t, J=6.5Hz, 12H, ArOCH,), 1.79 (quintet,
J=6.8Hz, 12H, ArOCH,CH,), 1.49-1.40 (m, 12H,
ArOCH,CH,CH,), 1.40-1.30 (m, 24 H,
ArO(CH,);CH,CH,), 092 (t, J=6.8Hz, 18H,
ArO(CH,)s CH;). ')C NMR (CDCly) 158.0 (C,
phenyl), 139.3 (C, triphenylene), 133.8 (C, phenyl),
131.1 (C, phenyl), 128.6 (C, triphenylene), 125.3 (C,
triphenylene), 114.0 (C, phenyl), 67.9 (CH,, sp°), 31.6
(CH,, sp®), 29.2 (CHa, sp?), 25.7 (CH,, sp°), 22.6 (CH,,
sp?), 14.0 (CH3, sp>). IR (powder, cm ') vyay 2924 (C—
H), 1607 (C=C). Elemental analysis: found, C 83.9, H
8.7; calc. for CooH 0306, C 84.1, H 8.5%.
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4.5. Preparation of CPI ‘compounds’

The compounds of 6a, 6b and 6¢ with 1a were prepared
from solution. The solids were accurately weighed in a
I:1 molar ratio, within a tolerance of +0.001 g, and
dissolved in DCM. After solvent evaporation, the
mixture was dried for three days in vacuo.

4.6. Spin-transfer NMR experiments

Saturation transfer experiments were recorded for 6a, in
CDCl; solution and at 300 K, using a Bruker DRX 500
spectrometer. Prior to the exchange experiments long-
itudinal relaxation times were measured via an inversion
recovery experiment, to ensure that an adequate
relaxation delay was used. A saturation power of
70dB was employed for 10s; 64 scans were acquired
at each irradiation frequency and stored in 32k of data
points. The fid’s were Fourier-transformed following
the application of an exponential window function
using an Ib=0.5Hz. Spectra were subtracted using
standard spectrometer software procedures.
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