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The synthesis and characterization of a shape-persistent triphenylene–butadiynylene macrocycle

formed by intermolecular Glaser-coupling of two ‘‘half-rings’’ and also by intramolecular coupling of

the appropriate open dimer, respectively, are described in detail. The investigation of the photophysics

has revealed that—compared to its open dimer—the macrocycle is more conjugated in the ground state

and less so in the excited state, a result of the diacetylene bending in the macrocycle due to its

constrained topology. The macrocycle is decorated with flexible side groups that support its adsorption

on highly oriented pyrolytic graphite (HOPG) where a concentration-dependence of the 2D-structure is

observed by means of scanning tunnelling microscopy (STM). The flexible side groups also guarantee

a high compound solubility even in nonpolar solvents (cyclohexane). However, solvophobic

interactions lead to the formation of a tube-like superstructure, as revealed by dynamic light scattering,

X-ray scattering and atomic force microscopy.
Introduction

Advances in molecular electronics necessitate ever more precise

control over molecular shape to yield specific physical functions.

Such functionality is required both on the intramolecular level,

which governs electronic properties, and with regard to physical

arrangement in the ensemble. Shape-persistent macrocycles with

extended p-electron conjugation are appealing systems to study

this interplay between form and function: the size of the conju-

gated system can be scaled with respect to the overall molecular

size, while maintaining shape; and, as in dendritic systems,

solubility can be tuned independently of intramolecular elec-

tronic structure, ultimately allowing the construction of complex

covalently bonded ‘‘supramolecular’’-like structures.1 In addi-

tion, such shape-persistent structures exhibit a high degree of

isomeric purity, facilitating self-assembly to molecular super-

structures in the melt and in the solid state, in solution and on

surfaces.2 Rigid macrocycles with nanometre dimensions exhibit
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liquid crystallinity (LC) when properly decorated with flexible

alkyl chains.3,4 In solution, they can form dimers as well as

extended one-dimensional aggregates depending on the elec-

tronic nature of the substituents and, even more important, on

the solvent. Some of these macrocycle aggregates are also stable

in the solid state and have been analyzed by electron microscopy

(EM) and atomic force microscopy (AFM).5 In addition, the

precise control over photophysical properties in combination

with the generic ability of macrocycles and thus aggregates to

accommodate and recognize guest molecules makes them

attractive building blocks for optically active chemical sensors.6

Guest recognition is not limited to one-dimensional superstruc-

tures. Shape-persistent macrocycles can also build up

two-dimensional lattices7 at the air–water or the air–solid and

liquid–solid interface and these assemblates can bind specific

guest molecules.8

Recently, it has also become of interest to incorporate poly-

cyclic aromatic hydrocarbon (PAH) building blocks into the

rigid macrocycle backbone because of their interesting optical

properties and assembly behavior.9 During our own studies we

could show that macrocycles with dibenzonaphthacenes in their

rigid backbone show a higher tendency to aggregate than their

benzene-based analogs and form more stable LC phases.4b,c

However, the dibenzonaphthacenes capable of undergoing

transition metal-catalyzed coupling reactions necessary to build

up the macrocycles could only be obtained in a multi-step

synthesis which involves itself a Pd-catalyzed dehydrohalogena-

tion. Therefore, a methoxy to triflate transformation was

necessary that extended the overall reaction sequence.10 In

contrast, some (halogen) substituted PAHs, and here especially

triphenylenes, are more facile to prepare either by oxidative

coupling or by a Diels–Alder approach. Both reactions do not

interfere with the presence of bromides or iodides.11 Especially

the latter reaction offers appealing building blocks for larger

condensed-phase structures of well-defined electronically active

units.12
This journal is ª The Royal Society of Chemistry 2011

http://dx.doi.org/10.1039/c0jm02150d
http://pubs.rsc.org/en/journals/journal/JM
http://pubs.rsc.org/en/journals/journal/JM?issueid=JM021005


D
ow

nl
oa

de
d 

by
 L

os
 A

la
m

os
 N

at
io

na
l L

ab
or

at
or

y 
on

 2
9 

Fe
br

ua
ry

 2
01

2
Pu

bl
is

he
d 

on
 2

2 
Se

pt
em

be
r 

20
10

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

0J
M

02
15

0D

View Online
Here, we explore the physical and electronic structure of

a family of phenyl-substituted triphenylenes.13 We present the

synthesis and detailed photophysical, quantum chemical, and

structural investigations of macrocycle 1 in solution, at the solid–

liquid interface and in the bulk. We note that this compound is,

effectively, the phenyl-substituted triphenylene analog to Eglin-

ton’s dibenzodehydro[12]annulene 2, which was reported

50 years ago, offering an intriguing paradigm of scalability in

shape-persistent macrocycle synthesis.14–16

Results and discussion

Synthesis

The synthesis of the macrocycle building block is displayed in

Scheme 1. 9,10-Phenanthrenequinone (3) was brominated

yielding 3,6-dibromo-9,10-phenanthrenequinone (4).17 Conden-

sation of 4 with 1,3-diphenylacetone provides 3,6-dibromo-

phencyclone (5) as diene precursor of the desired triphenylene

structure.17 Diels–Alder reaction with subsequent CO-extrusion of

3,6-dibromophencyclone (5) and bis-(4-methoxyphenyl)acetylene
Scheme 1 (a) Br2, nitrobenzene, 120 �C, 22 h (70%); (b) 1,3-diphenylacetone,

BBr3,�78 �C to rt (100%); (e) 9, K2CO3, DMF, 65 �C, 96 h (81%); (f) [(3-cyan

THF/piperidine, 65 �C, 24 h (72%); and (g) THF, 5% water, TBAF, 0 �C to

This journal is ª The Royal Society of Chemistry 2011
(6) gives 7,10-dibromo-2,3-bis-(4-methoxy-phenyl)-1,4-diphenyl-

triphenylene (7). In order to obtain sufficient product solubility,

7 was demethylated and the resulting bis-phenol 8 alkylated with

9 to form the triphenylene 10. Pd-catalyzed twofold Sonoga-

shira–Hagihara coupling reaction with [(3-cyanopropyl)diiso-

propylsilyl]acetylene (CPDIPSA)18 gave 11. The CPDIPS

protecting group exhibits a comparable stability to the triiso-

propylsilyl (TIPS) protecting group. However, the cyanopropyl

substituent enhances the polarity in such a way that the

separation of 11 from the educt 10 and from only partly

reacted side products can be performed rather easily. In

addition to that the high polarity of the CPDIPS group opens

the door for the stepwise synthesis of the desired macrocycle 1.

Complete deprotection of the acetylene groups was achieved by

treating 11 with tetrabutylammonium fluoride (TBAF) to give

12.

Compound 12 was oxidatively coupled utilizing Glaser–

Eglinton conditions (CuCl, CuCl2, and pyridine) under pseudo

high-dilution conditions (statistical approach) (Scheme 2a).19

This was performed in such a way that a solution of the bisace-

tylene 12 in pyridine was slowly (96 h) added to a suspension of

the copper catalyst/oxidant in the same solvent. The analysis of

the crude reaction mixture was performed by analytical gel

permeation chromatography (GPC) indicating that the (cyclic)

dimer was the main product of the coupling reaction. It is

interesting to see that here also the cyclodimer is the main

product of the reaction, as it is in the case of the 1,2-diethy-

nylbenzene coupling.14 According to GPC analysis (Fig. 1)

a small amount of the trimer was also formed along with some

oligomeric and polymeric by-products. The removal of the

polymeric fraction can be achieved by column chromatography

on silica gel. However, a separation of cyclodimer and cyclo-

trimer was not possible by this procedure but required separation

by preparative recycling GPC (recGPC, see ESI†).
MeOH/KOH, reflux, 30 min (80%); (c) 6, diphenyl ether, 245 �C (55%); (d)

opropyl)diisopropylsilyl]acetylene (CPDIPSA), CuI, PPh3, PdCl2(PPh3)2,

rt, overnight (52% of 13).

J. Mater. Chem., 2011, 21, 1404–1415 | 1405
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Scheme 2 (a): (a) CuCl/CuCl2, pyridine, 35 �C, 120 h (53%); (b): (a) CuCl, TMEDA, O2, CH2Cl2, rt, 24 h (91%); (b) TBAF, THF, rt, 1 h (95%); and (c)

CuCl/CuCl2, pyridine, rt, 120 h (79%).

Fig. 1 Molecular weight distribution (MWD) plots of the crude prod-

ucts from the statistical and stepwise cyclization reactions received from

GPC-measurements (vs. polystyrene).
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Alternatively, we investigated the stepwise formation of mac-

rocycle 1 (Scheme 2b).14,15 When 11 is treated with equimolar

amounts of TBAF in wet THF (containing 5% water) the reac-

tion rate of the deprotection considerably slows down. Thus, it

was possible to control the deprotection in such a way that the

main product is the mono-deprotected compound 13. By-prod-

ucts are completely deprotected bisacetylene 12 and educt 11.

Due to the great differences in polarity of the compounds con-

taining none, one or two CPDIPS groups, the reaction progress

can be easily monitored by thin layer chromatography (TLC)

and product separation can be easily achieved by simple column
1406 | J. Mater. Chem., 2011, 21, 1404–1415
chromatography on silica gel. Acetylene dimerization of two

(mono-protected) half-ring components occurred under stan-

dard Glaser–Hay conditions (CuCl, TMEDA, and air) formed

the dimeric compound 14 and subsequent deprotection of 14

yielded the bisacetylene 15. Cu-catalyzed acetylene coupling

under the same conditions as applied for the dimerization of 12

(CuCl, CuCl2, pyridine, pseudo high-dilution conditions) gave

macrocycle 1 in considerably higher yield than in the statistical

reaction described above (Fig. 1). In this case, the MWD of the

stepwise cyclization shows almost only the desired product peak

and here, isolation of the product can be easily achieved by

simple column chromatography on silica gel. In both cases, 1 was

obtained as a faint yellow solid.20
Self-assembly at the liquid–solid interface

As shortly described in the introduction, the two-dimensional

organization of shape-persistent macrocycles at solid interfaces is

an attractive route towards complex nanostructures by the

bottom-up approach. Several reports on macrocycles on the

HOPG surface have been made,7,8 and also multi-component

structures that include rigid macrocycles and different guest

molecules were published during the past several years.8 In order

to evaluate if 1 is also able to form ordered two-dimensional

structures, we probed the self-assembly of 1 at the 1-phenyl-

octane–HOPG interface by scanning tunnelling microscopy

(STM). Interestingly, the self-assembly behavior of the

compound varies with concentration. At high concentration (2�
10�4 M), molecules are arranged into close-packed lamella in

which the p-conjugated backbones are packed side by side in

a plane parallel to the graphite substrate. Only half of the alkyl
This journal is ª The Royal Society of Chemistry 2011
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Fig. 2 Large-scale (left) and small-scale (right) STM image of a mono-

layer of 1 at the 1-phenyloctane–HOPG interface (2 � 10�4 M, Iset ¼ 8

pA, and Vbias ¼ 1 V). A unit cell and molecular models are superimposed

on the STM image (a ¼ 1.3 � 0.1 nm and b ¼ 7.3 � 0.1 nm).
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chains of the molecule are absorbed on the substrate (Type I).

Yet at low concentrations (below 7 � 10�6 M), a two-dimen-

sional porous network forms and molecules are arranged into

a loose-packed lattice structure resulting in voids. Four out of six

alkyl chains on each side of the molecule are absorbed (Type II).

This has a pronounced effect on the molecular density: 0.100 �
0.004 molecule per nm2 for Type I and 0.050 � 0.002 molecule

per nm2 for Type II. The interpretation of the concentration

dependent polymorphism is discussed below.

A typical STM image of a monolayer formed upon drop-

casting a 2 � 10�4 M solution of 1 in 1-phenyloctane is shown in

Fig. 2. The higher tunnelling efficiency through p-electron-rich

parts makes them appear higher (brighter) than the alkyl chains

which are not well resolved and are located in the dark areas. A

lamellar structure is formed. The distance between two adjacent

molecules along the long lamella axis, a, is 1.3 � 0.1 nm; the

mean width, b, of a lamella is 7.3 � 0.1 nm. Molecular modelling

(HyperChem) shows that the p-electron-rich parts can adsorb in

a plane parallel to the substrate. Those alkyl chains which can be

identified adsorb parallel to one of the main symmetry directions

of graphite, highlighting the important role of the substrate in

templating the monolayer growth. As the distance between two

alkyl chains absorbed on graphite is approximately 0.40–0.45

nm,21 only three out of six alkyl chains on each side of the

molecule are absorbed on the substrate, as illustrated in the

schematic model which is superimposed on the STM image in

Fig. 2. The other alkyl chains are most likely directed toward the

solution phase and cannot be observed by STM. The molecular

density measures 0.100 � 0.004 molecule per nm2 (Table 1). The

unit cell contains one molecule: the plane group is p2. The main

driving forces for the observed molecular arrangement are the

van der Waals interactions between the alkyl side chains and

between the alkyl chains and the substrate.22

Upon decreasing the concentration, a new pattern is identified.

For instance, at a concentration of 7 � 10�6 M, a loose-packed

lattice structure is the dominant polymorph (Fig. 3 (left)). The

densely packed lamellar structure is the minority phase. Fig. 3

(right) is a typical high-resolution STM image of the open lattice

structure, recorded at even lower concentration (7 � 10�8 M).

The unit cell vectors a and b are 3.8 � 0.1 and 5.8 � 0.1 nm,

respectively. The angle between a and b, a, measures 62� 2�. The

increased distance between two molecules allows four alkyl

chains at each side to be adsorbed in all trans-conformation on

graphite, which is confirmed by STM imaging (Fig. 3 (right)). In

this STM image, the alkyl chains are clearly identified. These
Table 1 Unit cell parameters and molecular density of monolayers of 1
determined by STM at the liquid–solid interface at various concentra-
tions

Compound 1 in
phenyloctane,
concentration/�10�6 M a/nm b/nm a/�

Molecular
density/nm�2

200 1.3 � 0.1 7.3 � 0.1 90 � 2 0.100 � 0.004
7a 3.8 � 0.1 5.7 � 0.1 62 � 2 0.050 � 0.002
0.07 3.8 � 0.1 5.8 � 0.1 65 � 2 0.050 � 0.002

a Unit cell parameters refer to open lattice structure.

This journal is ª The Royal Society of Chemistry 2011
alkyl chains aligned along one of the main symmetry axes of

graphite and those in adjacent rows interdigitated. The other

alkyl chains, which are not visible, may possibly be adsorbed in

the cavities between the molecules, or otherwise desorbed. A few

molecular models illustrating the anticipated ordering of the

molecules are superimposed on the STM image. The molecular

density measures only 0.050 � 0.002 molecule per nm2 (Table 1).

The unit cell contains one molecule and the plane group is p2.

Upon decreasing the concentration, such low-density networks

are observed exclusively. Typically, the voids can host solvent

molecules, which are too mobile to be resolved.

The formation and structure of self-assembled monolayers at

the liquid–solid interface depend on the mutual interplay

between molecule–molecule interactions, molecule–solvent

interactions and molecule–substrate interactions.23 The reported

concentration dependency of 1 is in line with recent studies on

concentration dependent ‘‘polymorphism’’ for physisorbed

monolayers at the liquid–solid interface. The densest polymorph

is formed at the higher concentrations and self-assembly at the

lower concentrations results in a porous network.24 The

adsorption–desorption equilibrium at the liquid–solid interface

determines the surface coverage ratio between the dense and the

open network. The concentration dependency of the self-

assembling can be understood to arise from the different stability

and molecular density of the two polymorphs.
Fig. 3 STM image of a monolayer of 1 at the 1-phenyloctane–HOPG

interface. Left: 7 � 10�6 M, Iset ¼ 8 pA, and Vbias ¼ 1 V. Right: 7 � 10�8

M, Iset ¼ 6 pA, and Vbias ¼ 1 V. A unit cell and molecular models are

superimposed on the STM image.

J. Mater. Chem., 2011, 21, 1404–1415 | 1407
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Steady-state and time-resolved photoluminescence

The open dimer 15 and the macrocycle 1 offer an interesting

ground to explore elementary aspects of delocalization in large

p-electron systems.16 For example, does twisting or bending have

a greater impact on the energetics of the p-system? This question

is crucial to understanding the microscopic nature of excited

states in materials for organic electronics, such as conjugated

polymers. Subtle single-molecule spectroscopic techniques have

been able to identify a vast diversity of both intramolecular

bending and twisting occurring within the conjugated chain.25,26

It is not immediately obvious which of the two model

compounds, the open dimer 15 or the macrocycle 1, supports

greater delocalization. In order to address these questions, we

combined optical and quantum chemical investigations of the

macrocycle 1 vis-�a-vis its open dimer 15 to allow us to charac-

terize the extent of p-electron delocalization. The difference

between 1 and 15 is principally due to the increased p-delocal-

ization in the macrocycle in the ground state. This increase is

reversed in the excited state due to strong structural relaxation.

Fig. 4 shows the UV-Vis absorption and steady state photo-

luminescence (PL) spectra of the monomer 12 and the two

dimers, 15 and 1, in solution. For the discussion of the effect of

dimerization and cyclization on the optical spectra we bear in

mind that the absorption wavelength relates to the ground state

electronic conformation whereas emission occurs following

structural relaxation in the excited state. The lowest energy

transition of 12 appears at 4.0 eV. Upon dimerization, it shifts to

lower energies. However, the shift is slightly greater in the case of

the macrocycle 1, suggesting that the degree of p-delocalization

is higher in 1 in the ground state. Though significantly strained,

the pair of arylene bridges in 1 enforces a higher degree of

coplanarity between the two triphenylene units, and thus

potentially facilitates efficient delocalization throughout the

molecule. In addition to the spectral shifts, important informa-

tion about the excited state behavior can also be obtained from

the spectral shapes. We find that the PL spectrum of 1 is a mirror
Fig. 4 Absorption (solid) and photoluminescence (dotted) spectra of the

monomer 12 (black), open dimer 15 (red) and the macrocycle 1 (blue) in

chloroform solution.

1408 | J. Mater. Chem., 2011, 21, 1404–1415
image of its absorption spectrum; however, the same is not true

for 15. Such exceptions to the mirror image rule are known to

result from either a structural rearrangement in the excited state

or formation of lower energy excimers involving different tri-

phenylene units.27 In the absence of any red-shifted emission

feature in the PL spectra of 15, excimer formation can be safely

ruled out.28 A departure from the mirror image rule therefore

might be a consequence of a structural rearrangement in the

excited state. We speculate that owing to the molecular rigidity, 1

is far less likely to undergo any appreciable structural reorgani-

zation in the excited state, and therefore the mirror image rule

holds good in its case.

To test this hypothesis we applied first principles Hartree Fock

calculations to determine the ground state molecular configura-

tions, and then used configuration interaction singles (CIS) to

relax the excited state geometry. Vertical transition energies were

determined with the ZINDO Hamiltonian and all calculations

were performed using the Gaussian program package.29 We

found that indeed the ground state of the open dimer 15 is

twisted, with a dihedral angle of 41�, whereas the macrocycle 1

ensured the coplanarity of the triphenylene moieties (Fig. 5). The

energy difference between the twisted and planar configurations

is, however, marginal (0.0008 eV), and so the twisted confor-

mation may not be exclusive in the ground state. For the ground

state configurations we determine bright states at 3.54 eV and

3.82 eV for the open dimer which we compare to the absorption

peaks at 3.37 eV and 3.79 eV respectively, and for the macrocycle

we find a bright state at 3.55 eV which we associate with the peak

at 3.37 eV. The lower energy transition for the open bridge is

HOMO–LUMO dominated, and the transition for the macro-

cycle has contributions from the HOMO � 1 and LUMO + 1 as

well as the HOMO and LUMO. Fig. 5 shows the computed

conformations and frontier orbital plots of 1 and 15. By exam-

ining the spatial extent of the HOMO and LUMO, we find that

the orbitals reach over the ring formed by the two diacetylene

bridges in 1, thus increasing the degree of p-delocalization.

Further details of the ground state geometries are given in the

ESI†; it is found that the triphenylene moiety in 15 is slightly bent

around a central axis, whereas a subtle asymmetric twisting

occurs in 1.

On determination of the excited state configurations (lower

panel in Fig. 5) we indeed find that 15 planarizes to a dihedral

angle of 8� and we find that the planar structure is 1.58 eV more

stable than the twisted configuration in the excited state. Inter-

estingly, compound 1 also relaxes with a loss of symmetry of the

bridges. We determined transition energies of 2.65 eV for the

open dimer and 2.55 eV for the macrocycle which we compare to

the lowest energy peaks of the emission spectra at 2.80 eV and

2.64 eV, respectively. In our calculations it therefore appears that

we can reproduce the configurational changes which give rise to

the reversal of peak order on going from absorption to emission

of 15 and 1, respectively. Our calculations support the assump-

tion that the significant difference between the absorption and

emission spectrum of the open dimer is indeed due to a more

dramatic change in the excited state configuration when

compared to 1. We note, however, that interpretation of the

excited state transition energies requires a precise analysis of the

relative oscillator strengths of the individual transitions, which

we leave to a future detailed analysis. Suffice to say that our
This journal is ª The Royal Society of Chemistry 2011
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Fig. 5 Configurations and frontier orbital plots for the open dimer 15 and macrocycle 1. The upper panel shows the ground state configuration in which

15 is twisted about the diacetylene bridge, and the frontier orbitals are delocalized over both bridges in 1. The lower panel shows the configuration after

excitation in which 15 planarizes, and the bridges in 1 are no longer symmetrical resulting in a reduction in the strength of conjugation over the longer

bridge.
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present results lead us to speculate that bending of the p-electron

system may promote overlap between px and py orbitals, leading

to an internal conversion to the lowest energy (dark) state thus

promoting non-radiative decay and lowering quantum yield.

This internal conversion following Kasha’s rule could be reduced

in the open dimer, impeding non-radiative decay (see ESI†).

A better understanding of the excited state geometry of these

compounds can be developed from PL lifetime (s) measurements.

Fig. 6 presents the time resolved PL decay of the three

compounds. All three exhibit a single-exponential decay. There

does not appear to be any systematic correlation between s and

the degree of delocalization in the ground state. The monomer 12

shows the longest-lived PL, with a lifetime of�8.2 ns. Among the

dimers, the less delocalized 15 exhibits a faster PL decay than the

more delocalized 1. However, we observe a direct correlation

between the PL decay rates and the corresponding PL quantum
This journal is ª The Royal Society of Chemistry 2011
efficiencies (F). s and F are related to the radiative (kr) and non-

radiative (knr) decay rate constants by s�1 ¼ kr + knr and F¼ s �
kr. The values of kr and knr calculated from the experimentally

determined s and F values are given in Table 2. It is interesting to

note that the introduction of a second diacetylene bridge in 1

influences the radiative and non-radiative decay channels in an

opposite manner. As we move from the flexible open dimer 15 to

the more rigid macrocycle 1, kr decreases 2.7-fold. On the other

hand, knr increases by a factor of 2. This trend may initially

appear surprising, for one could intuitively expect the more

planar macrocyclic structure to have greater oscillator strength

and thus larger kr. We note that a similar dependence of the non-

radiative decay rate on the dihedral angle was recently reported

for p-quaterphenyl derivatives which were assigned to systematic

changes in electron–vibrational coupling due to shifting of

ground and excited state potential surfaces.30 It was shown that
J. Mater. Chem., 2011, 21, 1404–1415 | 1409
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Fig. 6 Photoluminescence intensity decay of the monomer 12, open

dimer (15) and macrocycle (1).
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an increased delocalization in the ground state (smaller dihedral

angles) led to a faster non-radiative decay of the excited singlet

state, and vice versa. The ratio, kr/knr, can be related to the

conjugation length (Ap*) in the excited singlet state by the

expression, Ap* ¼ ln (kr/knr) + 4.6 (Å).31 Using this expression,

we calculate the excited state conjugation length for 1 and 15 as

given in Table 2. Following optical excitation, the open dimer 15

undergoes significant structural reorganization in the excited

state to become coplanar. The structurally rigid macrocycle 1, on

the other hand, does not undergo much structural change upon

excitation. Therefore, in the excited state, where the two triphe-

nylene units are coplanar in both 1 and 15, a difference in the

extent of delocalization is possibly governed by the strain in

the diacetylene bridges (bending), rather than twisting of the

p-system. From the quantum chemistry calculations we deter-

mine that in the excited state the bridges in 1 are not exactly the

same length with a slight difference of 0.03 Å between them,

resulting in the reduction of the strength of conjugation over the

longer bridge as seen in Fig. 5. The shorter bridge in the mac-

rocycle 1 has the same absolute length of 6.66 Å as that in 15, but

whereas in 15 the bridge is linear, in 1 the distance between tri-

phenylene moieties is 0.30 Å less. As a consequence of this

compression, the bridges in 1 are bent. We therefore conclude

that strain in the bridge reduces the effective conjugation, thus

increasing non-radiative decay. Increased p-conjugation in the

excited state leads to a faster radiative decay, and consequently

a higher quantum efficiency for 15. To summarize, bending of the

arylene bridges has a greater impact on conjugation in the excited

state than in the ground state where torsion dominates; the

macrocycle 1 is more conjugated in the ground state than the

open dimer 15, but less so in the excited state.
Fig. 7 Solution NMR-spectra of macrocycle 1 in dichloromethane (6.7

� 10�4 M) and cyclohexane (6.7 � 10�4 M).
Aggregation

The aggregation of shape-persistent phenylene ethynylene mac-

rocycles has been extensively investigated during the past

decade.5 It is generally accepted that electron accepting groups

enhance the self-association while electron donating or bulky

substituents disfavor the aggregation. Apart from approaches

that use an alternating arrangement of electron-rich and elec-

tron-deficient aromatics, or aromatics and perfluoro aromatics,

solvent effects play a highly important role in the aggregation

process. The concentration dependence of the pattern formation

of 1 on HOPG motivated us to investigate if an assembly of the

molecules could also be observed in solution.

Fig. 7 shows the proton NMR data of 1 in dichloromethane

and cyclohexane solution, respectively. In the good solvent

dichloromethane, macrocycle 1 shows sharp proton signals in the

aromatic and the aliphatic region as well. In cyclohexane, which

is assumed to be a poor solvent for the polycyclic aromatic, the

proton signals in the aromatic region flattens considerably,
Table 2 Overview of photophysical parameters of the open dimer 15
and macrocyle 1 (see text for definitions)

Sample labs/nm s/ns F kr/ns�1 knr/ns�1 kr/knr Ap*/Å

Compound15 395 1.7 0.86 0.5 0.08 6.3 6.4
Compound 1 403 2.9 0.54 0.19 0.16 1.2 4.8

1410 | J. Mater. Chem., 2011, 21, 1404–1415
representing a first indication of the self-association of 1.

However, a determination of the aggregation constant by

concentration dependent NMR-chemical shift variations was not

possible.

Therefore, dynamic light scattering (DLS) experiments were

performed with 1 in cyclohexane and dichloromethane solutions

to further investigate the aggregation behavior in different

solvents (Fig. 8).5d,32 The CONTIN analysis33 of the autocorre-

lation function at a scattering angle of 90� in dichloromethane

solution showed one process corresponding to a hydrodynamic

radius (Rh) of approximately 1.7 nm. From the cyclohexane

solution, analysis of the autocorrelation function provides

a hydrodynamic radius about 3.6 nm, confirming the first indi-

cation of self-association received from the corresponding

proton NMR-spectra. However, the aggregate size is not suffi-

ciently large that extended tubular superstructures can be

proposed. This result is coincident with the fact that the cyclo-

hexane solutions do not exhibit a high viscosity, nor do they
This journal is ª The Royal Society of Chemistry 2011
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Fig. 9 Small-angle X-ray scattering curve of 1 measured in cyclohexane

at a concentration of 2.2 � 10�3 M. The solid line is a fit to the data using

a model of a core/shell-cylinder consisting of a high electron density

aromatic core and a low electron density alkyl shell.
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show any birefringence. At present, we attribute this behavior to

the phenyl rings in the 1- and 4-position which disfavor a strong

aggregation of the macrocycles even if the compounds are

twisted by 90� within a column due to the strong entropy loss.34

In order to obtain more information on the self-assembly of 1 in

cyclohexane, we performed small-angle X-ray scattering experi-

ments. The solutions were investigated at a concentration of 10 g

L�1. The measured scattering curve is shown in Fig. 9. The scat-

tering curve can best be described by a core/shell-cylinder with

a high electron density aromatic core and a low electron density

alkyl shell. The solid line in Fig. 9 is a fit to the data using the form

factor of a core/shell-cylinder with a homogeneous core and an

inhomogeneous shell with a brush-like density profile of the form

r�b. The form factor P(q) for such a core/shell-cylinder is given by:

P(q) ¼ hF2
k(q)ihF2

t(q)i (1)

where Fk(q) is the longitudinal scattering amplitude parallel to

the cylinder axis. Ft(q) is the contribution from the cross-section

of the cylinder given by:

FtðqÞ ¼�
1

2
Fð0;Rc; qÞ �

r

ð2� bÞFðb;Rc; qÞ þ
rpb�2

ð2� bÞFðb;Rm; qÞ
�

�
1

2
� r

ð2� bÞ þ
rpb�2

ð2� bÞ

�

with Fðb;R; qÞ ¼ 1F2

�
2� b

2
; 1;

4� b

2
; �q2R2

4

�
being the

hypergeometric function where r is the core/shell electron density

ratio and p¼Rc/Rm the ratio of core-radius to outer radius of the

cylinder. The longitudinal scattering amplitude is given by

FjjðqÞ ¼
2

qL
Si
�
qL
�
�
�

sinðqL=2Þ
qL=2

�2

with Si[z] being the sine-

integral. The averages h.i are calculated over a Schulz–Zimm-

type distribution of radii. The details of the calculations have

been described previously.35

The form factor P(q) (eqn (1)) was fitted to the measured

scattering curve using a Simplex-algorithm. As a result we obtain
Fig. 8 CONTIN-fit of DLS-derived relaxation time distribution of 1 in

dichloromethane (3.1 � 10�4 M) and cyclohexane (3.1 � 10�4 M).

This journal is ª The Royal Society of Chemistry 2011
a cylinder core radius Rc ¼ 2.7 nm, an outer radius of Rm ¼ 3.9

nm, an electron density ratio of r ¼ �0.56 and an exponent for

the radial density profile of b ¼ 0.93. The negative value of the

density ratio indicates that the aromatic core has a higher and the

alkyl shell a lower electron density compared to the solvent

cyclohexane. The value of b is close to the value of b¼ 1 expected

for stiff elongated alkyl chains extending from a cylindrical core.

The core/shell-structure is schematically shown in Fig. 10. Many

other models such as spheres and disks with core/shell-structure

were also investigated, but the core/shell-cylindrical model gave

by far the best agreement with the experimental data.

The small-angle X-ray scattering data therefore suggest that in

cyclohexane 1 self-assembles by stacking into short cylinders (as

suggested by the DLS measurements). The value of the core

radius and outer radius is in good agreement with the dimensions

of a cylindrical aggregate with the aromatic groups forming the

core and the alkyl chains forming the shell. It is also in good

agreement with the structures observed in the STM measure-

ments and the AFM investigations (see below).

If 1 assembles into cylindrical structures in dilute solution, it

could be expected that the cylinders assemble into a hexagonal

arrangement upon evaporation of the solvent. For such a bulk

sample we obtained the SAXS-curve as shown in Fig. 11.

We observe three rather broad maxima at q ¼ 1.25 nm�1,

q¼ 2.4 nm�1, and q¼ 3.3 nm�1 together with a weak reflection at

q ¼ 3.7 nm�1. This is an unusual set of reflections, indicating

lower dimensional, i.e. one- or two-dimensional packing of

objects. A scattering curve that captures the main features of the

experimental curve is shown by the solid line in Fig. 11. It is

calculated for the model given in Fig. 10b, where homogeneous

cylinders are packed in a hexagonal array. The positions of the

corresponding reflections are indicated. The solid line is

calculated as:

I(q) ¼ I0P(q)S(q) (2)

S(q) ¼1 + b(q)(Z0(q) � 1)G(q)
J. Mater. Chem., 2011, 21, 1404–1415 | 1411
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Fig. 10 (a) Density profile of the core/shell-cylinders observed in dilute

solution in cyclohexane. The core radius is Rc ¼ 2.7 nm and the outer

radius is Rm ¼ 3.9 nm. The density profile in the shell decays as r�0.92 (b)

hexagonal arrangement of cylinders observed in the dry state. The

cylinder radius Rhex ¼ 2.4 nm and the distance between two cylinders is

dhex ¼ 5.8 nm.

Fig. 12 Tapping-mode topography AFM image and 2D-FFT graph

(inset) of 1 deposited from chloroform on HOPG. The center-to-center

distance between adjacent fibers is about 13.8 nm (top). Tapping-mode

topography AFM image and 2D-FFT graph (inset) of 1 deposited from
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where I0 is a proportionality factor related to primary beam

intensity, scattering contrast and number density, P(q) is the

form factor of a cylinder, S(q) is the structure factor given by

a set of reflections related to the lattice factor Z0(q), the Debye–

Waller factor G(q), and a fluctuation term b(q). Details of the

calculation are given elsewhere.36

We observe the first five reflections (10), (11), (20), (21), and

(30) of a hexagonal lattice, where the (11) and (20) reflections

appear to be merged into one broad peak. The cylinder radius is

Rhex ¼ 2.4 nm and the distance between two cylinders is dhex ¼
5.8 nm with the expected size reduction, i.e. Rhex < Rc and dhex <

2Rm when going from the solvent swollen state to the dry state.

This suggests that the cylindrical aggregates are sufficiently

stable to assemble into a regular hexagonal lattice in the bulk

state.

The self-assembly of 1 into tubular aggregates was additionally

investigated by means of atomic force microscopy (AFM). As
Fig. 11 Scattering curve of the sample in the dry state. The scattering

curve can be described by a hexagonal array of cylinders with relatively

small ordered domain sizes leading to the observed considerable peak

broadening, as illustrated by the calculated curve (solid line).

cyclohexane on HOPG. The center-to-center distance between adjacent

rows is about 8.7 nm (bottom).

1412 | J. Mater. Chem., 2011, 21, 1404–1415
shown before, STM at a liquid–solid interface only reveals

monolayer structures or in some exceptional cases, multilayer

formation. However, to detect and identify self-assembled

objects formed upon drop-casting and solvent evaporation,

AFM is a better tool. It turns out that 1 forms fiber-like features

on HOPG when deposited from chloroform and cyclohexane

following solvent evaporation, as shown in Fig. 12. The initial

concentration of both solutions was 3.3 � 10�5 M. The ‘‘fibers’’

are longer when deposited from chloroform than from cyclo-

hexane, which could be due to the influence of the solvent.37 For

instance, the surface tensile force (or contact angle), the solvent

evaporation rate, and the specific molecule–solvent interactions

can affect the assembling process.

The spots in the two-dimensional-fast Fourier transform

(2D-FFT) graphs of AFM images recorded on samples prepared

from chloroform show a roughly hexagonal order (Fig. 12).

However, the spots are broad which suggests a distribution of

orientations around 60�. The spots in the 2D-FFT graphs from

AFM images recorded on samples prepared from cyclohexane
This journal is ª The Royal Society of Chemistry 2011
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are more distinct, and 12 spots can be recognized in the 2D-FFT

graphs of the lower panel in Fig. 12. Basically, these 2D-FFT

graphs show two sets of hexagonal patterns, rotated with respect

to each other by about 22 � 1�.

In both cases, the 2D-FFT graphs clearly indicate the impor-

tance of substrate–molecule interactions in affecting the growth

direction of the fibers. This also suggests that the fibers are not

merely deposited from solution but that they are formed at the

liquid–solid interface. The two subsets in the 2D-FFT graphs for

AFM images of samples deposited from cyclohexane are a clear

signature that the fibers are not aligned along one of the

symmetry directions of graphite. Most likely, the fiber’s long axis

runs at an angle of 11 � 1� with respect to a symmetry direction

of graphite.

The center-to-center distance between adjacent fibers is quite

different: about 13.8 nm from a chloroform solution and 8.7 nm

from a cyclohexane solution, respectively. The molecular

dimensions of 1 are displayed in Fig. 13. The calculated size

corresponds well with the results from the STM investigations

and with the observed fiber size in solution.38

In cyclohexane, we suggest that the fibers are formed from

parallel organization of the tubular 1D stacks. Surprisingly, also

a coincidence with the results from the light scattering and from

the X-ray scattering in terms of the restricted cylinder length is

found. On the other hand, the structures formed from chloro-

form are much harder to interpret and at present it is not clear if

dimers of the tubular aggregates or even trimers of those

aggregates are observed under the conditions we applied for the

AFM measurements. Dimers and trimers of aggregates have

previously been also observed on similar systems.39
Fig. 13 Calculated molecular dimensions of 1 (HyperChem).

Fig. 14 Tapping-mode topography AFM image of 1 deposited from

1-phenyloctane on HOPG. The width of the fiber in the right image is

31.6 � 3.3 nm.

This journal is ª The Royal Society of Chemistry 2011
Nevertheless, to approach the conditions used for the scanning

tunneling microscopy experiments, upon drop casting a 1 � 10�4

M solution of 1 in phenyloctane on the basal plane of graphite,

and after evaporation of the solvent over 22 hours, the film

formation was investigated. In certain areas fiber-like features

were observed, which often appeared to be part of dense

networks as shown in the right image of Fig. 14. The width of

a fiber is 31.6 � 3.3 nm which is much larger than that formed in

chloroform and cyclohexane, indicating a more complicated

stacking mode. In addition, 1 tends to grow structures devel-

oping into the third dimension (3D) in some domains as pointed

out by the green arrows in the left image of Fig. 14. Samples

prepared at a lower concentration show patches or islands

forming (not shown). The height of such films was measured to

be 1.0 � 0.2 nm, which indicates that in those regions 1 is

oriented with its macrocycle unit perpendicular to the substrate.

Clearly, the self-assembly of these macrocycles is not only

concentration dependent, but shows in addition to a solvent

dependency, also interface dependent phenomena. The fact that

the STM and AFM experiments reveal different kinds of nano-

structures might be surprising initially despite the fact that

samples were prepared in a similar way (concentration, substrate,

and solvent). Note though that the AFM samples were investi-

gated at the air/solid interface upon evaporation of the solvent,

while the STM experiments were carried out at the liquid/solid

interface. So, there is an important concentration effect on the

final nanostructures. In addition, one should take into account

the difference in the way STM and AFM are probing the

surfaces. In STM, objects larger than a few Angstrom in height

will be pushed away by the tip while such objects can be easily

revealed by AFM.
Conclusion

In summary, we have synthesized a shape-persistent tripheny-

lene–butadiynylene macrocycle by two different routes using the

well-known Glaser-coupling as cyclization reaction. The mac-

rocycle adsorbs on HOPG to form well-ordered 2D-structures,

however, the density of the packing depends on the concentra-

tion of the supernatant phenyloctane solution. The photo-

physical investigation of the macrocycle and its open precursor

has revealed that the macrocycle is more conjugated in the

ground state and less so in the excited state, a result of the

diacetylene bending in the macrocycle due to its constrained

topology. The flexible side groups also guarantee a high

compound solubility even in nonpolar solvents (cyclohexane).

However, solvophobic interactions lead to the formation of tube-

like superstructures that were identified by scattering methods as

well as by AFM.
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