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Size-Selective Effects on Fullerene Adsorption by
Nanoporous Molecular Networks
Yong-Tao Shen, Ke Deng, Qing-Dao Zeng,™ and Chen Wang*

A new hierarchical self-assembling molecular template, which can size-
selectively immobilize fullerene molecules, is reported. The molecular
template is fabricated from 1,3,5-tris(10-carboxydecyloxy)benzene (TCDB)
and triangle-shaped macrocycles. It is observed that the two-dimensional
hydrogen-bonded achiral TCDB network affected by the 3NN-Macrocycle
becomes a chiral network. Host and guest molecules both form chiral
arrangements with hexagonal empty pores. In addition, fullerenes and other
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molecules such as coronene can be entrapped in the empty pores or on the
3NN-Macrocycle molecules. The adsorption constant (K) is estimated, from
which it is concluded that the different filling behaviors of the fullerenes are
associated with the different sizes of the guest species. This method provides
a facile approach to molecularly designed surfaces and the study of fullerene

molecular arrays on the single-molecule level.

1. Introduction

Fullerenes have attracted much attention due to their
unique physical and chemical properties and potential
applications.[]"” It has been demonstrated that fullerenes
form well-ordered adlayers on the surfaces of metals or
semiconductors in ultrahigh-vacuum conditions.*"*! Addition-
ally, fullerene molecules are highly mobile under ambient
conditions even when adsorbed on metal surfaces, and have no
preferential orientations unless cooled to low temperatures.”~)
In related topical studies, some porous networks obtained by
metal-organic coordination interaction,['”) van der Waals
interactions,'"'?! or hydrogen bonds!"*! have been successfully
used to fabricate ordered fullerene adlayers. There are only a
few reported templates that can immobilize fullerenes under
ambient conditions so far."'713! 1t is of general interest to
develop strategies to achieve highly selective templates which
can immobilize fullerene molecules and enable the study of
fullerenes at the single-molecule level.

Macrocycles are promising building blocks in fabricating
porous networks.!'*'7 They can form adlayers when adsorbed
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onto the surface due to their side groups. The side groups are
important to tuning the self-assembly process. The adlayers can
entrap guest molecules in the center of the macrocycles[lg"zl] or
the porous networks formed by their side groups.[22’23]

Herein, 1,3,5-tris(10-carboxydecyloxy)benzene (TCDB,
Figure 1a) is used as the basic building unit for the host
network and 1,2,17,18,33,34-hexaaza-[24](4.,4’)cyclophane-
1,17,33-triene/®!! (3NN-Macrocycle, Figure 1b) as the guest
molecule. We have reported that a kind of quadrangular
macrocycle (4NN-Macrocycle) can be immobilized in the
TCDB networks and forms different adlayers at different
concentrations or with UV irradiation.”> Here, the two-
component system TCDB/3NN-Macrocycle formed a network
with nearly sixfold symmetry (Ce) on a highly oriented pyrolitic
graphite (HOPG) surface with hexagonal pores. Such a
molecular network entrapped guest molecules, such as
coronene and fullerene molecules, with notable selectivity.
Asaresult, the size and geometry of the TCDB network cavities
could be modulated to appreciably enhance the adsorption
efficiency of fullerene molecules.

2. Results and Discussion

TCDB molecules can form an adlayer when deposited on
HOPG surfaces. A characteristic structural feature of TCDB
is the existence of quasi-rectangular cavities formed by
intermolecular hydrogen bonds between carboxyl functional-
ities of adjacent arms, as shown in Figure 2a. The size of the
empty poreis about 2.4 x 1.3 nm?. We have previously reported
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that copper phthalocyanine and coronene molecules can be
entrapped in the cavities formed by TCDB to obtain two-
component networks.?*?2’l The size and geometry of the
3NN-Macrocycle are different from those of the unfilled
cavities of TCDB. The edge of the triangle is measured to be
approximately 2.0 nm.

A large-scale STM image of the TCDB/3NN-Macrocycle
adlayer is shown in Figure 2b. The appearance of the adlayer is
different from that of the pure TCDB in Figure 2a. The STM
images of two chiral molecular patterns are shown in Figure 2¢
and d, and the details of the entrapped 3NN-Macrocycle
molecules are clearly visible. Each hollow bright triangle
corresponds to an entrapped triangular macrocycle, indicated
as a white triangle in Figure 2b. In Figure 2c and d, three small
bright spots can also be observed at the three vertexes of each
triangle, which correspond to the benzene cores of three TCDB
molecules. Note that the alkyl groups of the three TCDB
molecules embrace the 3NN-Macrocycle (Figure 2g and Figure
S2, Supporting Information). Two alkyl groups of each TCDB
molecule surround a 3NN-Macrocycle molecule, that is to say,
six alkyl groups from three TCDB molecules, through three
pairs of hydrogen bonds, form a triangular cavity which can
entrap a triangular 3NN-Macrocycle. Another alkyl group of
the TCDB molecule should be parallel to the adjacent alkyl
group and extend to the benzene core of the neighboring TCDB
molecule in the empty pore, as shown in Figure S2 (Supporting
Information). There are six benzene cores of TCDB in the
empty pores.

On the basis of symmetry observations and intermolecular
distance, a unit cell is superimposed on the image in
Figure 2b and Figure S8 (Supporting Information) with
a=d =b=b'"=63+0.2nm and e=c¢' =60.3 £2.0°. From the
molecular model (Figure 2e and f) for the 3NN-Macrocycle
molecules entrapped in TCDB networks, it is important to note
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Figure 1. Chemical structures of a) TCDB, b) 3NN-Macrocycle, and c) coronene.
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that each TCDB molecule forms two pairs of
hydrogen bonds with two neighboring
TCDB molecules and another carboxylic
group extends to the benzene core of
another adjacent TCDB molecule, because
of the C—H:--O hydrogen bonds and the van
der Waals interaction between the alkyl
groups (explained in Figure S9, Supporting
Information). Two molecular patterns can
be assigned according to the geometrical
arrangement of the two-component network
from high-resolution STM images, which are
designated as R and S, respectively, in
Figure 2b-d. A method to distinguish the
chiral porous networks is to identify the
adjacent 3ANN-Macrocycle molecules in a unit,
as shown Figure 2e and f. The left-hand 3NN-
Macrocycle molecule directs upward and the
right-hand one directs downward (marked by
the red arrows in Figure 2¢), which belongs to
type R. Contrarily, another arrangement
shown by the red arrows in Figure 2f belongs
to type S. From Figure 2e and f, it can be
concluded that types R and S cannot be
superimposed by rotation and translation
operations within the surface plane. This observation indicates
that the two-component network of the R and S species possesses
chiral characteristics in the adsorption geometry on HOPG.

Itisknown that generally, the alkyl groupsin the empty pore
cannot be resolved unambiguously due to conformational
fluctuation or co-adsorbed solvent molecules within the pore
regions. In order to observe their assembling configuration
clearly, we adopted both experimental and theoretical methods
to clarify the assembly characteristics (Figure S9, Supporting
Information). By introducing coronene molecules into the
empty pores, the stability of the alkyl groups was significantly
improved. Figure 2g and Figure S3 (Supporting Information)
present the inclusion of coronene molecules in the networks.
The empty pores of the TCDB/3NN-Macrocycle network are
filled by bright circles, which correspond to the coronene
molecules. Itis observed that there are two parallel alkyl groups
between the coronene and the 3NN-Macrocycle molecules. It
can be clearly seen that three TCDB molecules embrace one
3NN-Macrocycle, which is consistent with the molecular
models in Figure 2e. The six alkyl groups of six TCDB
molecules level off the coronenes in the empty pore. The three-
component networks also show chirality on the HOPG surface,
as shown in Figure S3 (Supporting Information).

The two-component network of the TCDB/3NN-Macro-
cycle serves as a two-dimensional molecular template that can
entrap the fullerenes. When the solution including the
fullerenes was dropped onto the two-component network, it
was observed that fullerenes were immobilized in the network.
Figure 3 and Figures S4-S6 (Supporting Information) exhibit
STM images of Cgy, C79, and Cg (D,) immobilized in the two-
component network, respectively. Each bright spot in the empty
pores can be associated with an individual molecule of fullerene.
From Figures 3a—c, the number of fullerene molecules in the
empty pores could be estimated. It is therefore plausible to
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Figure 2. a) STM image (28 x 28 nm?, /=299 pA, V=649 mV) of the
TCDB adlayers on a HOPG surface. b) Large-scale STM image

(55 x 55 nm?, /=293 pA, V=700 mV) of the TCDB networks modulated
by 3NN-Macrocycle on a HOPG surface. c) High-resolution STM image of
the type R TCDB/3NN-Macrocycle adlayer (14 x 14 nm?, /=335 pA,
V=553 mV). d) High-resolution STM image of the type S TCDB/3NN-
Macrocycle adlayer (18 x 18 nm?, /=467 pA, V=—700mV). e) R-type
molecular model for the two-component network. f) S-type molecular
model for the two-component network. g) High-resolution image of the
R-type TCDB/3NN-Macrocycle/coronene networks. A bright circular
molecule is observed in the pore, which corresponds to the coronene
(13 x13nm?,/=1016 pA, V=591 mV).
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Figure 3. a—c) Large-scale STM images of Cg0, C70, and Cgo entrapped in
the empty pores on the HOPG surface, respectively. The molecules are
entrapped in the two-component network: a) 65 x 65 nm?, /=269 pA,
V=1191mV;b) 47 x 47 nm?, /=214 pA, V=1188mV; ¢) 52 x 52 nm?,
I=214pA, V=1172mV. Green arrow in (c): fullerene molecules on
top of 3NN-Macrocycle molecules. d) Molecular model of the Cgo
molecules entrapped in empty pores of the two-component network.
e) STM image of Cgo molecules entrapped in empty pores and on the
3NN-Macrocycle (31 x 31 nm?, /=284 pA, V= 1206 mV). f) Cross-
sectional profile of the dotted line indicated in (e). The three peaks
correspond to the three Cgo molecules marked in (e).

suggest that the different filling behaviors of the fullerenes are
associated with the different sizes of the guest species.

To demonstrate the different filling behavior we performed
experiments in which the concentration of Cgg, C79, and Cgo was
controlled at about 8.3 x 10~%mol mL . Figure 4 presents the
adsorption densities of the fullerenes (determined by the ratio
of the number of entrapped fullerenes to the number of all pores
including the filled and unfilled pores in the STM images). It
shows that the adsorption density of Cg is appreciably higher
than that of C¢p and Cy. We estimated the typical area of HOPG in
our study to be 3 x 3mm? and the area of a unit as about 34.3 nm®.
So the number of empty pores is about 2.6 x 10'%. A droplet of
approximately 0.8 L solution (about 83 x 10 %mol mL™%)
deposited on the surface contains about 4.0 x 10'* fullerene
molecules. We conclude that the crude estimation of the ratio
between the molecular number on the surface and the
molecular number in solution is about 1.6 x 10~* (Cgg, Cro)
and 1.6 x 107 (Cgy). By carefully observing the images
we found that a few fullerene molecules are on top of the
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Figure 4. Statistical graph of the fullerene/empty pores showing the
different filling ratios of the entrapped fullerene molecules versus all the
empty pores (including filled and unfilled pores).

3NN-Macrocycle molecules, as indicated by the green arrow in
Figure 3c. Figure 3e is an STM image that contains three
adjacent Cgo molecules. Figure 3f is a cross-sectional profile of
the indicated line in Figure 3e. The profile shows that the height
of the fullerene on the macrocycles is higher than that in the
empty pores. It can be concluded that two molecules (marked
B) are sitting on top of a 3NN-Macrocycle.

Careful examination of Figure 3a enables the observation that
empty pores could contain some unidentified species in the
experiments. Such an effect may be due to the co-adsorption of
solvent molecules, as illustrated in a number of previous
studies.’*?! We consider that the size of fullerenes is a key to
the immobilization process. This study demonstrates that different
fullerenes can be size-selectively immobilized in the co-assembled
molecular network. We conclude that the adsorption behavior of
fullerenes in the empty pores is dependent on the total interaction
energy, which is consistent with the experimental results.

The selectivity of the immobilization process was supported
by the difference in total energy of the adsorbed molecules.
According to theoretical calculations, the average interaction
energy for the Cgp—empty pore—graphite system (Eempty pore) i
—112.11 kI mol !, which is less than that of C7o (—96.73kJ mol 1)
and Cgy (—89.33kJ mol ') entrapped in the empty pores, as
shown in the first row of Table 1. This result indicates a strong
interaction in the Cgy—pore—graphite system. Thus, Cg
molecules have higher stability in empty pores than the other
two fullerenes. Additionally, the absolute value of the energy of
fullerenes on top of the 3NN-Macrocycle (E3nN-macrocycle) 1
less than that in the empty pores (Eempiy pore; Table 1), which
indicates that the fullerenes are predominantly adsorbed in the
empty pores of the TCDB/3NN-Macrocycle network. So the
number of fullerene molecules entrapped in the empty pores is
more than that on the macrocycles.

In fact, the adsorbed amount of fullerene Q.
(e =entrapped) would be increased toward a line as the con-
centration C, of the fullerene solution was increased according
to the Langmuir equation Q.=KC,. for extremely dilute
solution concentrations, where K is the adsorption constant.
The plot of C, versus Q. is shown in Figure 5, where the slope is
the adsorption constant K. The resulting K values are listed in
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Table 1. Total interaction energies for fullerene depositing on the 3NN-
Macrocycle (third row) and in the empty pore (first row). The difference
of the interaction energies for the fullerene based on Cg in pores is
shown in the second row. The total energy (Eempty pore) includes the
interaction energy of fullerene—empty pore and fullerene—graphite
(k) mol™). K is the adsorption constant, which is obtained from
Figure 5 (dm® mol™?).

CSO C70 C60
Eempty pore -112.11 -96.73 —89.33
ESO or 70_560 (empty pore) —22.78 —7.4 -
Eon top of 3NN-Macrocycle —86.44 —56.67 54.49
K 1059100 612800 550400
= csn
3.0 o Cm
254 A Csn
2.0
ES
g 1.5
1.0+
0.5
0.0+

0 10 20 30 40

Cel 10" mol/ml

Figure 5. Adsorption isotherms of fullerenes in heptanoic acid.

Table 1. Note that the value of Kg, is much higher than that of
K79 and Kg. The Kiyjierenes are all more than 1, which indicates
that the process of adsorption is a spontaneous process.

3. Conclusions

Compared with the packing pattern of pure TCDB,
significantly different characteristics were observed using
STM under ambient conditions for the co-assembly structure
of TCDB/3NN-Macrocycle. The pristine TCDB networks and
the macrocycle molecules are achiral molecules. The adlayer of
TCDB affected by 3NN-Macrocycle becomes a two-compo-
nent chiral network, which canimmobilize coronene molecules.
Additionally, the presented results illustrate that the co-
assembled supramolecular network effectively immobilized
fullerene molecules with appreciable size selectivity. The
observed different filling behaviors for the fullerenes are
associated with the different sizes of the guest species, which
are reflected by the adsorption constant K and the theoretical
calculations as shown in Table 1. The method provides a facile
approach to surface modification and the fabrication of novel
hierarchical molecular structures.

4. Experimental Section

Sample preparation: TCDB and 3NN-Macrocycle were synthe-
sized by the method reported previously.?42¢! The Cg, (D,) was
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synthesized and separated by following previously reported
methods.?”! C¢, was purchased from Alfa Co. and used as
received. Coronene (97%) and C,o (96%) were purchased from
Aldrich Co. and used as received. The solvent used in the STM
experiments was heptanoic acid (HPLC grade, Acros Co.). The
concentrations of the solutions of TCDB and 3NN-Macrocycle were
about 1.0 x 107" mol mL™*. The molar ratio of TCDB to 3NN-
Macrocycle was approximately 3:1. The concentration of the
coronene solution was about 1.0 x 107" mol mL™*. The concen-
tration of the Cgo, C70, and Cgo wWas about 8.3 x 10~ ¥mol mL™?,
and was used to obtain Figure 4. Figure 5 was obtained from
solutions with the following concentrations: Cgo: about
1.04 x 107°, 2.08 x 1072, and 4.1 x 10" mol mL™%; C,0: about
8.9x107° 1.8x107% and 3.6 x10 " mol mL™%; and Cgo:
about 6.5x 107 %%, 1.3 x 107, and 2.6 x 10 " mol mL ™.

STM: Heptanoic acid is electrically nonconductive and its
vapor pressure at room temperature is low enough to allow stable
tunneling experiments over extended times after deposition on a
graphite surface. The samples were prepared in two steps. First, a
droplet of solution containing TCDB and the 3NN-Macrocycle
compounds (3:1) was deposited on freshly cleaved HOPG
surfaces. The HOPG was placed on a temperature controller (Lake
Shore 321). Then the sample was annealed at 60 °C and kept for
about 20 min until the two-component network was fabricated on
the HOPG surface. Second, a droplet of the solution of coronene in
heptanoic acid was added to the prepared two-component
network. TCDB/3NN-Macrocycle/coronene three-component net-
works were fabricated on the HOPG surface. The fabrication process
of the TCDB/3NN-Macrocycle/fullerenes (Cgo, C70, Cg0) Was similar.
STM measurements were performed at room temperature with a
Nanoscope IlIA system (Veeco Metrology, USA). All STM images
were recorded in the constant-current mode. The specific tunneling
conditions are given in the figure captions. All the experiments were
performed at the heptanoic acid/HOPG interface.
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