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We describe the synthesis of the to-date largest soluble nanographene molecule containing

132 carbons in its core and the Scanning Force Microscopy investigation on its self-organization

into supramolecular fibers. This alkylated polycyclic aromatic hydrocarbon can grow from

solution on solid substrates into fibrils with a length of several micrometers and a cross section of

about 16 nm. Making use of different solvents and deposition methods it was possible to achieve a

control over the interplay between dewetting and intermolecular p–p stacking, promoting the

formation of thermodynamically favoured regular fibrils on mica. On the other hand, under

kinetically controlled film growth the formation of ordered supramolecular arrangements at

surfaces was hampered. These fibril nanostructures may be useful in the future for the fabrication

of molecular nanowires.

Introduction

The development of molecular or supramolecular wires1 relies

on the design of fiber-like structures with an intrinsic electrical

conductivity, a notable stiffness and a length of at least some

tens of nanometers.2 Wires having a cross-section on the

nanometer scale are required to perform basic electronic

operations such as transporting an electric signal. To address

this very important issue, different kinds of nanowires have

been developed in recent years. The golden candidates are

probably carbon nanotubes,3 although they suffer from

difficult purification and separation between species with

different conductivities. Other promising alternatives are

nanowires of conventional semiconductors4 and even metals.5

A different viable approach to grow nanowires relies on

supramolecular chemistry as a route to self-organize single

molecules into architectures with pre-programmed molecular

order and physico-chemical properties.6 Such a method has

already been successfully employed to produce fiber-like

architectures from small organic molecules,7,8 (co-)poly-

mers,9,10 dendrimers11 and discotic liquid crystals,12,13 as

recently reviewed.14 Self-assembly from solution is a simple

approach which does not require complex vacuum based

methods involving catalysts, such as those needed for the

synthesis of carbon or silicon nanotubes. In general, self-

assembly at surfaces is governed by the interplay of intra-

molecular, intermolecular and interfacial interactions.15,16

A key role influencing the supramolecular organization on

a (sub)micrometer scale can be ascribed to the dewetting

phenomena during solvent evaporation, the employed deposi-

tion method and the concentration of the solution.17,18

Polycyclic aromatic hydrocarbons (PAHs) are nano-

graphenes possessing interesting electronic properties.19,20

The high structural order which can be achieved in the bulk

and at surfaces,12,21–25 along with a large functional electronic

component, the PAH core, provide exceptional one-dimen-

sional transport properties,26 which have been used so far in

the development of photovoltaic devices.27 In particular, the

fine tuning of the experimental conditions on a hexa-peri-

hexabenzocoronene (HBC) made it possible to self-assemble

at surfaces structurally defined fibers using a variety of

solvents.28 The use of a PAH larger than HBC provides access

to improved electrical properties of supramolecular arrange-

ments, although larger molecules imply also more difficult

processability, due to their lower solubility in organic solvents

and an onset of decomposition at very high temperatures

(>450 uC) required for sublimation in vacuum, and difficult

purification.26

In this work we focussed our attention on the synthesis and

self-assembly of C132-C16 (4, Scheme 1) on mica. This

molecule possesses a central aromatic core which contains

132 aromatic carbon atoms forming a nanoscopic graphene

island, and aliphatic C16 (3,7,11,15-tetramethylhexadecyl)

side-groups which provide relatively good solubility in some

organic solvents. C132-C16 forms a liquid-crystalline phase

which persists in a wide temperature range from below room

temperature to at least 300 uC. In this mesophase the discs

are stacked to form columns, with a disc–disc intermolecular

distance of 0.35 nm. This distance, which is typical for p–p

stacked conjugated discotic molecules, was confirmed by two-

dimensional wide-angle X-ray scattering (2D-WAXS).29 Our

effort has been addressed towards the formation of ordered

C132-C16 anisotropic structures, such as micrometer long

regular fibers, by maximizing the effect of intermolecular
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interactions and minimizing the role of dewetting. This was

accomplished by changing the solvent type, the concentration

and the solvent evaporation rate. The film morphologies

were characterized by Tapping Mode Scanning Force

Microscopy (SFM).30

Experimental

Details of the experimental procedures undertaken during the

synthesis of the compounds as well as the results on the mass

spectrometry characterization are given in the ESI.{ The

C132-C16 was dissolved in reagent grade 1,2-dichlorobenzene

(DCB) and 1,2,4-trichlorobenzene (TCB). The molecule was

processed on freshly cleaved muscovite mica surfaces (Ted

Pella Inc.) by either immersion or drop casting. In the former,

the whole sample was dipped for 4 min into the solution heated

at 160 uC, and then left to dry in air. In the latter, a y20 ml

drop of solution at 160 uC was applied to the mica surface and

left to dry in air. Usually the complete solvent evaporation

required 1–2 days. The evaporation rate was in some cases

decreased by cooling the substrate below room temperature or

increased by either exposing the surface to a gentle flow of N2

or by thermal treatment of the film at 80 uC for 10 min.

After complete solvent evaporation, the morphologies of

the dry thin films were explored by means of tapping mode

SFM using a Nanoscope IIIa instrument (Veeco, Santa

Barbara, CA) operating at room temperature in an air

environment. Height and phase images were recorded with

microfabricated silicon tips (length 125 mm and width 30 mm)

having a spring constant between 17 and 64 N m21,

using scan rates of 1–3 lines s21 and a resolution of

512 6 512 pixels. The measured fiber width w was corrected

for tip convolution, using the model proposed in ref. 10:

wreal~wmeasured{2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

h 2R{hð Þ
p

, where h is the measured height

and R is the tip radius, estimated to be y13 nm.

Results and discussion

Synthesis

In order to push the limits of solubilized PAHs to larger size,

a 132 carbon core31 represented a suitable but challenging

candidate. With increasing size, the number of positions where

alkyl substituents can be attached to the core does not increase

in the same way, so the ratio of carbons in the solubilizing

group to those in the rigid core becomes more unfavorable.

Whereas smaller PAHs32 can already be solubilized with

dodecyl chains it is therefore necessary in this case to use

longer and branched side chains to compensate for this effect

and thus make the large molecule soluble and processable.

The synthetic route to the C132-C16 compound is depicted

in Scheme 1. The tetraphenylcyclopentadienone 2 was reacted

with the tetraethynyl biphenyl core 1 under Diels–Alder

conditions in boiling ortho-xylene to the C132-oligophenylene

precursor 3. The workup of this first generation dendrimer

proceeded by evaporation of the solvent, followed by column

chromatography to afford a highly viscous, colorless oil in

76% yield.

The cyclodehydrogenation to the C132-C16 PAH required

the removal of 56 hydrogens or 28 aryl–aryl bond formations

in a single reaction step. With increasing size of the desired

PAH, the demands for the efficiency of the cyclodehydrogena-

tion reagent rise drastically. The planarization was attempted

under oxidative conditions using iron(III) chloride and

adapting the time and reagent stoichiometry to the optimum

requirements for this specific molecule.32 It turned out that six

equivalents of iron(III) chloride per hydrogen to be removed

and four hours reaction time resulted in the best outcome.

Upon quenching of the reaction solution, the octaalkyl

C132-C16 precipitated as a soft, dark purple solid which was

collected by filtration and washed thoroughly with methanol

Scheme 1 Synthesis of the octaalkyl C132 PAH 4.
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and dilute HCl to remove iron salts. Isotopically resolved mass

spectrometry showed the formation of C132-C16 as a mono-

disperse and highly pure compound (see ESI{).

In spite of its solubility, NMR spectroscopy showed no

resolved signals of C132-C16 in the aromatic region. This

meant that the burden of structure proof for this giant PAH

lay mainly on mass spectrometry which is (so far) generally not

regarded as an adequate method on its own. It has to be

pointed out however that the possibility of isotopic resolution

of such a high molecular weight compound enables the exact

comparison of the measured spectrum with the calculated

isotopic distribution for C292H354, which stretches already

over nine mass units. There is no other structure than the

proposed one for C132-C16 thinkable which would fit exactly

to the calculated spectrum. Furthermore it was shown

previously that partially cyclized and dendritic precursor

structures are exaggerated due to their lower desorption

energy if they are present.33,34 Therefore the mass spectrum

can be regarded as proof not only of the structure of the to

date largest alkyl substituted and soluble PAH C132-C16 but

also of its high purity.

Scanning force microscopy (SFM)

C132-C16 exhibits low solubility in several organic solvents,

which is caused by the large size of its conjugated core and

its consequent tendency to form clusters in solution. Among

the different solvents conventionally used for polyaromatic

compounds, 1,2-dichlorobenzene (DCB) was first chosen

because it could relatively well dissolve C132-C16 (4).

Fig. 1a-c shows the SFM images of films of C132-C16 prepared

by immersion of mica in C132-C16 solutions in DCB at various

concentrations. The film grown from a concentrated solution,

i.e. 1025 mol l21, reveals a layer architecture exposing circular

holes (Fig. 1a). The height of the layer, as determined from

topographical profiles, is y3 nm. Such a size is similar to the

molecular diameter, which amounts to about 2.2 nm if one

considers just the rigid aromatic core. Upon dilution of the

solution (1026 mol l21) the holes in the layer expanded and

coalesced, leading to the formation of a discontinuous network

(Fig. 1b). Fig. 1c displays a film prepared with a lower

concentration (1027 mol l21); it exhibits a surface covered

with globular isolated aggregates, some of them having an

anisotropic shape. Films prepared from even more diluted

solutions produce rounded droplets (image not shown). It is

therefore important to point out that we were not able to form

fibers from C132-C16 solutions in DCB. The trend in the

morphologies as a function of the concentration shown in

Fig. 1a–c needs to be compared with a model proposed

recently to describe drying-mediated self-assembly of nano-

particles solutions.18 According to this model, the solvent

evaporation proceeds through the formation of circular

solution-free areas on the substrate which enlarge and

eventually coalesce. The obtained nanoparticle arrangement

depends on the solvent evaporation rate and nanoparticle

diffusion into the solution. If evaporation is uniform, a

continuous layer is produced. On the other hand, less uniform

evaporation leads to the formation of circular holes in the

layer which are similar to those shown in Fig. 1a. If these holes

have the possibility to enlarge further and coalesce, a broken

network similar to Fig. 1b is obtained (see for comparison

Fig. 4b of ref. 18). The stability of a molecular domain at

surfaces depends on its interfacial energy, therefore it is

proportional to its area/circumference ratio.35,36 Such a ratio,

which corresponds to the aspect ratio, for the network of

Fig. 1b is very small since it has a very long perimeter. The

interaction of the molecules at domain boundaries with the

solvent can induce a molecular rearrangement that emerges as

a disruption of the network, and consequent formation of

irregular branched clusters such as those shown in Fig. 1c. In

an infinite time the process yields isolated rounded droplets.

The good agreement between the Rabani model and the results

shown in Fig. 1a–c suggests that the surface morphology of

C132-C16 is strongly influenced by dewetting, due to solvent

evaporation.18

A reduction of the dewetting contribution to the self-

organization of the molecules at surfaces can be achieved by

decreasing the rate of solvent evaporation.28,37 This can be

accomplished either using a low volatility solvent or preparing

the film in a sealed atmosphere saturated by the vapours of the

solvent. We have therefore extended the studies to films

prepared using a different solvent such TCB which is similar

to DCB but possesses both lower volatility, due to a boiling

temperature of 213 uC vs. 180 uC for DCB, and different

polarity, due to the presence of one additional chlorine atom.38

Fig. 2a shows the morphology of a film prepared from

immersion in a 5 6 1027 mol l21 solution in TCB. The SFM

image reveals some isolated fibers and irregular isotropic-

shaped agglomerates coexisting on the mica surface. The fiber

exhibits a height of y4.5 nm, a width of y40 nm and a length

of more than 10 mm. The isotropic-shaped agglomerates have a

lateral size ranging from 100 to 500 nm and heights of some

Fig. 1 SFM topographical images of C132-C16 deposited on mica by immersion in DCB solutions at concentrations of (a) 1025 mol l21,

(b) 1026 mol l21, (c) 1027 mol l21. Z-scales are (a) 5.5 nm, (b) 9 nm and (c) 6.5 nm.
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nanometers. The difference in film morphology obtained using

DCB and TCB indicates that both the lower polarity and

volatility play important roles in the self-organization at

surfaces. An important contribution can be ascribed also to

the different viscosity of the solvent.

The isotropic-shaped agglomerates at surfaces coexisting

with fibers in the C132-C16 film shown in Fig. 2a are similar to

those obtained with DCB (Fig. 1c). This provides evidence for

the important role still played by dewetting. The fibers are

usually bent and entangled, forming in some cases complex

knots and laces (shown as an example in Fig. 2b). In

particular, although the resolution attained does not allow

the fine structure of these fibers to be resolved, it appears that

they possess a periodic contrast along their contour, with a

periodicity ranging from 50 to 90 nm (see inset). This effect

might be ascribed to fiber supercoiling leading to a helical

superstructure. Despite the known tendency of C132-C16 to

arrange into columnar structures in the mesophase,26 the low

density of the observed fibers demonstrates that the dewetting

still partially hinders the formation of ordered structures

at surfaces.

In order to cast light onto the role of the deposition method

on the self-assembly at surfaces we prepared a new set of

samples changing the sample preparation method, namely

using drop-casting instead of immersion. In drop-casting a

single drop of liquid is applied to the surface; the solvent

evaporation tends to proceed from the drop edges towards the

center leading to an inhomogeneous coating of the substrate.

Also here a low density of fibers was obtained, having an

average length of several micrometers, a width of y52 nm and

a height of y4 nm. These fibers are adsorbed on a thin

discontinuous layer possessing a thickness of y1 nm and

which is itself partially covered by rounded clusters with a

height of y3 nm (Fig. 2c). The smaller thickness of the layer of

Fig. 2c when compared to the one shown in Fig. 1a might be

explained in view of a different orientation of the molecule on

the substrate. This confirms the important role played by the

solvent in the molecular arrangement on surfaces.

In both methods employed for the film preparation, namely

immersion and drop-casting, the dynamics of solvent evapora-

tion from the surface is a complex process. In particular for

drop-cast films the degree of coverage in the central area of

the sample is usually higher due to the receding drop during

solvent evaporation. For the fibers obtained by drop-

casting, most of the sample surface was quite irregular, due

to the inherent heterogeneity of the deposition method.

Unfortunately, we have not been able to grow well-ordered

molecular aggregates with a fast deposition method such as

spin-coating, even using low spinning rates. This can also be

ascribed probably to both the absence of a nucleation

occurring from a supernatant solution and to the scarce

amount of material left on the surface as a consequence of the

centrifugal force.

Aiming at increasing the yield of fibers formed on the

surface, attempts were made to further slow down the

evaporation speed and reduce in this way the effect of

dewetting. Samples were kept at low temperatures (4 uC) for

very long times, i.e. 4–8 days. Unfortunately this method was

not successful, as very few fibers were formed on the surface.

Moreover it was found to be impractical because of the long

time needed to remove the solvent.

In order to accelerate the drying process, the sample was

prepared on a substrate at 4 uC and right after the solution

deposition it was heated slowly to room temperature, for

about 5 hours. The SFM image of the film obtained following

such procedure from a 1026 mol l21 solution in TCB is shown

Fig. 2 SFM topographical images of a film of (a) C132-C16 molecules arranged in supramolecular fibers, obtained by immersion in a TCB

solution at 5 6 1027 mol l21; (b) zoom-in on a fiber forming a lace. In the inset, a detail of the fiber has been gradient-filtered, to show the

periodical pattern; (c) single fiber lying on a C132-C16 layer, obtained by drop casting a 1028 mol l21 solution in TCB. Z-scales are (a) 6 nm,

(b) 17 nm and (c) 4.5 nm.

Fig. 3 SFM topographical images of the C132-C16 fibers obtained by

drop casting a solution in TCB, on a cold mica surface (see text for

details): (a) from a 1026 mol l21 solution, (b) from a 5 6 1027 mol l21

solution. In (b) the solvent evaporation has been accelerated by fluxing

a gentle flow of N2 after 3 hours from the drop deposition. Z-scales are

(a) 10 nm and (b) 9 nm.
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in Fig. 3a. The image exhibits a surface homogeneously

covered by bundles of fibers with lengths >10 mm, width

y21 nm, and height y5.3 nm. In order to understand if

the final molecular arrangement is mainly governed by the

self-assembly occurring in the first few hours after the

solution deposition, another set of samples were dried with a

gentle flow of N2 three hours after the drop deposition.

The typical morphology of this type of film is shown in

Fig. 3b. It shows shape persistent fibers with lengths >10 mm,

width 16 nm and height 12 nm. In Fig. 3a, the fibers exhibit

a surface that seems to be covered by small grains not

periodically distanced, packed head-to-tail forming the fibers.

In Fig. 3b the fiber cross-section appears more uniform,

their density slightly smaller and their dimension larger

compared to Fig. 3a.

The complex bundled structures observed in Fig. 2a and b

together with the well known tendency of C132-C16 to

aggregate in solution and form columnar structures in the

mesophase suggest that at least small fibers segments start

forming in solutions. This is in particular confirmed by the

three-dimensional character of the fiber-lace in Fig. 2b. Upon

deposition at surface they can pack head-to-tail leading to

micrometer long fibers. When the liquid layer reaches a

critical thickness dewetting occurs according to the process

described previously,18,39 causing the pulling of the fibers

along the receding lines of the drop. The ratio between the

thermodynamically favoured fibers and the kinetically driven

irregular agglomerates due to the dewetting process can be

modulated by varying the experimental conditions. If the

temperature is too high or the solvent too volatile, dewetting

shear forces are predominant, and a disordered pattern is

obtained. However, if one chooses a suitable solvent, deposi-

tion method and temperature, the dewetting contribution to

self-organization is minimized, favouring the formation of

fibers. The critical time frame for fiber formation seems to be

in the first hours after deposition, which is very likely to be

characterized by a higher molecular dynamics allowing

reorganization due to the solvent layer still present on the

surface. The result shown in Fig. 3b unambiguously reveals

that three hours after the deposition the fibers are formed at

surfaces. Their stability is pretty high since they could not be

disrupted even under the effect of N2 flux or high temperature

treatments. If instead N2 fluxing or heating were performed

just after the application of the drop to the surface, a

disordered pattern was obtained.

Although under the conditions used to prepare the film of

Fig. 3b the dewetting does not hamper the fiber generation, in

some cases it can drive the supercoiling of fibers in given

locations, leading to the formation of star-shaped bundles

(white arrow in Fig. 3b). This clustering of fibers has already

been observed for similar systems, and is further evidence of

the shear forces due to dewetting, which ‘‘pull’’ the fibers

concentrating them in the areas where the solvent lasts longer

during evaporation.37 Suppression of the contribution of

dewetting governing the formation of the patterns shown in

Fig. 1a–c was attained by tuning the self-assembly kinetics,

which required a proper choice of the solvent and processing

temperature. Under these conditions the molecules are

prone to self-assemble in the thermodynamically favoured

arrangement. The kinetics of the self-organization was found

to be a key factor governing the formation of ordered dry

supramolecular architectures from conjugated (macro)mole-

cules at surfaces.40,41 The thicknesses of the supramolecular

architectures observed in this work suggest a molecular

packing characterized by p–p stacks with the molecular

discs preferentially arranged ‘‘edge-on’’ on the basal plane of

the surface eventually forming long fibers. This is in good

agreement with the well-known tendency of conjugated

molecules bearing aliphatic side-groups to pack ‘‘edge-on’’

on the basal plane of the insulating mica surface, also because

of the different hydrophobic and hydrophilic characters of the

admolecule and of the substrate, respectively.10

Conclusions

We have shown the successful synthesis of the C132-C16 PAH

as a soluble and thereby processable material with the ability

to form ordered supramolecular structures. By varying

systematically different experimental conditions it is possible

to drive the self-assembly of C132-C16 at surfaces towards well

organised supramolecular fibrils. We have focussed on the

competition between the dewetting process taking place during

the solvent evaporation and the intermolecular interactions, in

particular p–p stacking. While the former was found to hinder

the formation of ordered architectures, the latter turned out to

promote the self-assembly towards very long fibrils with a

constant cross section. The maximization of the degree of

order within the film was achieved making use of a solvent

possessing a high boiling point and a relatively low polarity.

The minimization of the role of dewetting and maximization of

the contribution of intermolecular interaction was accom-

plished by varying the solvent evaporation rate during the film

preparation, favouring the self-organization into fibers.

Although the complete removal of the solvent required a few

days due to their high boiling points, the key time frame for

the fiber formation was found to be the first hours after the

application of the drop to the substrate. The great importance

of using a slow rate of solvent evaporation favouring therefore

the crystallization process indicates that the growth of these

nanostructures is a kinetically governed phenomenon. The

fiber supramolecular assemblies might be good candidates to

be used in the future as molecular nanowires in molecular scale

electronic devices.
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K. Müllen, J. L. Brédas and R. Lazzaroni, Adv. Mater., 2000, 12,
1042.
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