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Herein, a detailed investigation of the adsorption and dynamics
of C,y and C,, fullerenes hosted in a self-assembled, two-dimen-
sional, nanoporous porphyrin network on a solid Ag surface is
presented. Time-resolved scanning tunneling microscopy (STM)
studies of these supramolecular systems at the molecular scale
reveal distinct host—guest interactions giving rise to a pro-
nounced dissimilar mobility of the two fullerenes within the por-
phyrin network. Furthermore, long-range coverage-dependent in-
teractions between the all-carbon guests, which clearly affect

1. Introduction

Recently, there has been an increasing interest in the synthesis
of rationally designed nanoporous molecular materials for a
large variety of applications, such as gas sorption, catalysis,
shape-selective recognition, and chemical sensing."® Although
thermally less stable than traditional inorganic zeolites, such
“soft” porous materials feature an enormous chemical and
structural versatility, because they are built by bottom-up link-
age of easily modifiable molecular building blocks. Today, ex-
amples of multifunctional, flexible, and dynamic organic and
metal-organic frameworks, which respond to external stimuli
such as light, electric fields, or the presence of guest molecules
by adapting their pores and corresponding physicochemical
properties reversibly, are known.”"'?

Lately, two-dimensional (2D) inorganic, organic, and metal-
organic porous analogues have been successfully formed on
solid surfaces using a similar bottom-up approach. Several
frameworks capable of hosting guest molecules have been re-
ported, and host-guest interactions have been investigated,
for example, by temperature-controlled desorption studies of
the accommodated guest molecules, or by electron spectro-
scopy.*2? For the well-established three-dimensional (3D)
zeolites, it has been recognized, however, that diffusive trans-
port of the guest molecules within the porous matrix, together
with host-guest and guest-guest interactions, play a crucial
role when the frameworks are supposed to act as catalysts or
as supports for surface chemical reactions. Consequently, diffu-
sion of the molecular guests within the host has been studied
as a function of temperature, chemical structure, and the frac-
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their mobility and are likely mediated by a complex mechanism
involving the Ag substrate and the flexible porphyrin host net-
work, are observed. At increased fullerene coverage, this unprece-
dented interplay results in the formation of large fullerene chains
and islands. By applying a lattice gas model with nearest-neigh-
bor interactions and by evaluating the fullerene-pair distribution
functions, the respective coverage-dependent guest—guest inter-
action energies are estimated.

tional loading of the zeolites, in numerous experimental and
theoretical studies.”’*' However, in surface-supported 2D
porous frameworks, to our knowledge, no data addressing lat-
eral interguest interactions or guest mobility, are available.
Herein, we present the first comprehensive study of a 2D
porous porphyrin network on an Ag surface capable of hosting
Ceo and G, fullerene guest molecules. In this unique network,
the weak physisorptive host-guest interactions allow single
fullerene molecules to displace themselves to neighboring
pores by thermal activation at 298 K. Time-lapse imaging ex-
periments conducted with a scanning tunneling microscope
(STM) allowed a systematic investigation of the mobility of the
hosted species as a function of the loading and chemical struc-
ture of the guest molecules on the molecular scale. Interpreta-
tion of these data within a quasichemical approach, which de-
scribes a 2D lattice gas with interacting particles, reveals long-
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range, complex interguest interactions that are effective over
distances much longer than van der Waals radii.

2. Results and Discussion

Deposition of 0.5-0.7 monolayers (ML) of porphyrin 1 (Fig-
ure 1a) on Ag(111) results in the self-assembly of a supramolec-
ular network featuring hexagonally arranged pores with a
pore—pore distance of 3.34+0.1 nm (Figures 1b and c).

Figure 1. a) Chemical structures of the molecules used in this study. For
comparison, the structures are drawn to scale. b) Porphyrin derivative 1061
self-assembles in an hexagonal porous host network on Ag(111), as shown
in the STM image (scan range: 9.1x8.0 nm?, sample bias voltage,

Viias = 2.9V, tunneling current, ;=25 pA, T=298 K). As previously reported,
single porphyrin 1 appeared as two bright protrusions (3,5-di(tert-butyl)-
phenyl substituents), which are separated by about 1.2 nm (double
arrow).®% ¢) According to the proposed model, each pore consists of three
concentrically arranged porphyrin molecules. All 3,5-di(tert-butyl)phenyl moi-
eties and the 3-cyanophenyl substituents are drawn perpendicular with re-
spect to the central porphyrin macrocycle for reasons of clarity. However,
the real conformation is likely to be different as deduced from the slightly
different distances and brightness of the protrusions in the STM image (b).

Upon subsequent sublimation of C, single fullerene mole-
cules adsorb into these pores as reported earlier.?” It has been
noted that the Cy, molecules show a disposition for lateral dis-
placement, due to thermal activation at 298 K. In order to in-
vestigate this movement in more detail, it has been found
meaningful to vary not only the guest molecule coverage, but
moreover to exchange the molecules hosted in the pores. For
this reason, C;, molecules were evaporated onto the same hex-
agonal porphyrin network for comparison.

2.1. Adsorption of Cg, and C;, in the Host Network

At first glance, the STM images of C;, and Cg, on the porous
porphyrin lattice seem very similar (Figures 2a and d).
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Figure 2. a—c) Series of consecutive STM images of C4, (labeled D) molecules
on the porous porphyrin network (scan range: 30x30 nm?, V,,,, =29V,
;=12 pA, T=298 K). The time lapse between two measurements is 62 s. d-
f) Series of consecutive STM images of C,, (labeled E) molecules on the
porous porphyrin network (scan range: 25x25 nm?, Vy,,,=2.0V, [,=12 pA,
T=298 K). The time lapse between two measurements is 89 s. 0: molecules
that have moved between subsequent pictures, dashed circles indicate
former positions of molecules. g) Line sections of the porphyrin network (la-
beled C) with Cg, (black) and C;, (red) from measured data along the black
lines from A to B.

Both guest molecules adsorb concentrically into the pores
of the underlying network and appear as bright protrusions
with an indistinguishable lateral diameter of 1.7 £0.3 nm (full
width at half maximum), as exemplarily shown by the line sec-
tions in Figure 2 g. Note that, owing to the finite size of the
STM tip, the lateral dimensions of single molecules are broad-
ened by the tip—surface convolution. In contrast to the work of
Katsonis etal., who found C;, molecules with an elliptical
shape at an Au(111) surface,®" the fullerenes on the porphyrin
network always appear with spherical symmetry. As well, no
submolecular structure of the C;, spheres could be observed,
as opposed to the intermixed C4/C;, monolayer on Cu(111) re-
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ported by Wang et al.*? This difference may be caused by the

relatively weak adsorption energy of the fullerenes in the pres-
ent porphyrin framework compared to the stronger metal—-full-
erene interaction in the above-mentioned reports, which
forces the C;, molecules to adsorb steadily with the long side
parallel to the surface. This indicates that the fullerenes in the
pores of the supramolecular assembly of 1 are able to vibrate
and rotate at 298 K, which is confirmed by their averaged
round appearance on the time scale of STM measurements.

However, it is expected that Cg, and C;, can be discriminated
by their different apparent heights in STM.B"3? For a meaning-
ful analysis, the apparent height measurements need to be
normalized before they can be compared, in order to account
for different STM tip geometries. It has been shown®% that
this can be achieved by normalizing the height histogram of
two different measurements with a characteristic peak, corre-
sponding to a common substructure in the two STM images.
In the present study, the apparent height of the pure porphyr-
in network provides a suitable point of reference, since it very
likely shows a constant corrugation, independent of the pres-
ence of guest molecules. Figure 3 shows histograms of appa-
rent heights of three representative STM images.
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Figure 3. a) Normalized histograms of the distribution of apparent heights
for a clean porphyrin network (black), a porphyrin network with Cg, (blue),
and one with C,, (red). The inset shows the cutoff positions of C¢, and C,,
(labeled D and E) in detail.

The curves have been normalized by adjusting the position,
width, and height of the dominant peak (labeled C), represent-
ing the porphyrin layer. In the detailed view (inset of Figure 3),
one can clearly see that the normalized curves of C4, (blue)
and G,, (red) feature distinctly different cutoff positions, as in-
dicated by labels D and E, respectively. These characteristic fea-
tures—which are completely absent when no guest molecules
are present (black)—reflect the maximum height in each STM
image, and are caused by the fullerene guests. Applying this
method, the ratio of the measured height of G, [h,(C;)] to
that of Cg, [h,(Cgo)] was calculated to h,(Cy0)/h,(Ce)=1.540.1.
This result was found to be independent of the quality of the
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STM images caused by different tip geometries and the guest
molecule coverage. Scan parameters, such as bias voltage,
scan size, or scan speed also did not affect the height ratio.

The value of 1.5 for the measured height ratio deviates
significantly from the maximum ratio of ~ 1.13, which was ob-
tained by pure geometrical consideration of the van der Waals
diameter of the two fullerenes [d(Cy)~10.6 A>3 d . (Chp)
~12.0 AB”3 (see also the Experimental Section)]. A similar ob-
servation has been reported for a co-deposited Cq, and G,
monolayer on an Au(111) where the height ratio h,(C;,)/h,(Cs)
was determined as 1.4+0.2 from an analysis of STM cross-sec-
tions.®" Since topographic differences can be excluded when
both fullerenes are in direct contact with the metal substrate,
the increased height ratio can be purely attributed to different
electronic metal-fullerene coupling. For the fullerenes adsor-
bed within the porphyrin-based pores, the situation is even
more complicated. On the one hand, the different electronic
properties of C,, compared to those of Cy, (e.g. electron affini-
ty, ionization potential, or highest occupied molecular orbital-
lowest unoccupied molecular orbital, HOMO-LUMO, gap®)
are expected to result in unequal host-guest interactions. On
the other hand, the oblong shape of C,, compared to the
spherical shape of Cq, likely demands a different adsorption
geometry in the pores, either by standing upright, lying on the
long side (thus not fitting as far down the pore), or some (dy-
namic) variation of the two. Overall, the measured height ratio
is indicative of a dissimilar interaction with the pores, and
therefore the host-guest interaction energies for the two full-
erene molecules are expected to be different.

2.2. Mobility of Single Fullerene Molecules

In order to investigate the mobility of the guest molecules,
time-lapse imaging experiments were performed as shown in
Figure 2 a-f (see also Movies 1 and 2 in the Supporting Informa-
tion). In both series, individual fullerenes (C¢, and C,,) were
found to move from one pore to a neighboring one by ther-
mal activation at 298 K. On the timescale of one STM measure-
ment (from one to a few minutes), only some molecules move,
while most stay at their adsorption site. This singles out STM
as an adequate technique for examining the dynamics of these
fluctuating supramolecular structures. In order to minimize the
potential influence of the scanning on the hopping process, all
images were recorded using a large tunneling-gap resistance
of more than 100 GQ.

By analyzing the positions of a large number of molecules
over several consecutive STM images, one can determine the
respective displacements and their relative occurrence in de-
pendence of the elapsed time. Practically, the position of 200-
1000 fullerene molecules (number depending on the available
STM data) were observed and analyzed in displacement histo-
grams, as exemplarily shown for Cg, in Figure 4b.

The peaks in the histogram, which are centered around the
discrete distances of a hexagonal porous lattice as depicted in
Figure 4a, clearly show that the guest molecules move by
means of a hopping process from pore to pore. This finding is
a consequence of the fact that the guest molecules are re-
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Figure 4. a) Schematic representation of the 2D porous hexagonal network.
The numbers indicate the index j of the distance between the center and
the respective neighboring site. The colored arrows indicate the nearest
(NN, red), next nearest (v/3NN, green), and second nearest neighbor (2NN,
blue) distances. b) Example of a histogram of jump distances of C4, on the
porous porphyrin network. The position of 939 guest molecules in an STM
movie (scan range: 100 x 100 nm?, scan speed: 144 s per frame, 14 frames)
was analyzed over a total time period of 33 min. Note the distinct peaks at
1, 1.73, and 2 nearest neighbor distances. The spreading of the peaks was
caused by the inhomogeneous drift during scanning, which alters the
imaged pore-pore distances.

stricted to occupy only pore sites. Thus, a big part of the ob-
served guest molecules did not perform a jump (=80-90%).
The great majority of the molecules that did jump moved to a
nearest neighbor (NN) position (~10%, red arrow). Some
moved to the v/3NN pore (1%, green arrow), and another
~1% moved to the 2NN pore (blue arrow). However, we will
argue later that most of the long jumps (>NN-distance) may
be caused by two consecutive single jumps.

In order to obtain information about the hopping rates, one
has to determine the probability Py(r) that a molecule does
not move in the time interval 7 it takes to record the STM
image. Using the relation Py(t)=exp(—ht), which results from
Poisson statistics, allows the hopping rate h of the examined
system to be calculated.***¥ The number of observed mole-
cules and 7 then determine the statistical certainty of h. Be-
cause such a simplified approach does not account for multi-
ple jumps, the resulting h will be systematically underestimat-
ed.™

Using this procedure, a pronounced difference in the hop-
ping rates of Cg, [M(0=0.06)~1x1072s""] and C,, [h(6=0.01)
~9x107%s7' , where §=coverage, has been found at the
lowest measured guest molecule coverage. Since, under such
dilute conditions, the lateral interfullerene interactions are min-
imal, these values approximately reflect the different jump bar-
riers E,(6~0) for a single isolated guest molecule. A quantita-
tive estimation of the diffusion barrier close to zero coverage
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can be obtained by using Equation (1):

£0~0)

h(6 ~ 0) = v, exp (— T (1)

where v, is the attempt frequency.***** Assuming a standard
value of v,=10"s"", E,(A~0) was calculated to be 0.95+
0.18 eV and 0.82+0.18 eV for Cy, and C,,, respectively. The rel-
atively large error is due to the uncertainty in the attempt fre-
quency for which a lower limit of 10 s™' and an upper limit of
10" s~ was assumed.*? Expecting the attempt frequency for
both systems to be equal, the difference between the diffu-
sions barriers of the two fullerenes AE,(6 ~ 0) can be calculat-
ed to be approximately 0.1340.01 eV. These findings reflect
the above-discussed differences in the host-guest interactions
(manifested in the apparent heights) of the two types of fuller-
enes. Compared to C4, G, is obviously less effectively trapped
within the porous framework; and, consequently, a lower acti-
vation energy for diffusion is found.

2.3. Jump Lengths

Since the determination of the hopping rates and the jump
distances have been performed with a statistical ensemble of
indistinguishable molecules, one can calculate the expected
jump length 1 with the help of h and the mean-squared dis-
143]

placement ((Ax)*) using Equation (2):
{(4x)?) = A*ht (2)

Analysis of our data yielded values of 1=4.5+0.3 nm for Cg,
and 1=4.2+0.2 nm for C,,. These values correspond to 1.4+
0.1 and 1.3£0.1 times the pore-pore distance of 3.3 nm, re-
spectively. The jump length turned out to be independent of
the fullerene coverage, to the extent to which A could be de-
termined in these experiments. These results clearly show that
the present system is mainly ruled by single jumps, with a few
contributions from long-jumps. In contrast to the distinct dif-
ferences between the hopping rates of Cg, and G, their jump
lengths are indistinguishable.

2.4, Coverage-Dependent Hopping Rates

When increasing the fullerene coverage, the formation of short
chains and islands of guest molecules can be observed, as
shown in Figure 5.

Interestingly, for C,,, this behavior is already found at consid-
erably low coverage (6~0.1); whereas, for Cq, it has only been
observed at higher values (6 >0.5). These findings clearly indi-
cate a distinct interaction between the guest molecules that
influences their mobility. Therefore, a systematic investigation
of the hopping rates as a function of the fullerene coverage
has been performed. Figures 6a and b show the hopping rates
of the C¢,—1 and C,,—1 assemblies as a function of the fullerene
coverage.

One can clearly see that the two curves follow distinctly dif-
ferent trends that deviate considerably from the simple linear
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Figure 5. STM images of a) C,, (scan range: 100x 100 nm?, V,,,,=3.0V,

;=9 pA, T=298 K, 6=0.4) and b) C,, (scan range: 100x 100 nm?,
Viias=1.9V, I;=24 pA, T=298 K, #=0.2) on the porous porphyrin network at
increased coverages. Note the pronounced formation of one-dimensional
(1D) chains and 2D islands for both systems.

relation described below. The hopping rate of Cq4, increases be-
tween a coverage of zero and 0.3, followed by a strong de-
crease in the rate at higher values. In contrast, the hopping
rate of C,, starts decreasing strongly right away, and rapidly
reaches a value that is about two orders of magnitude lower. It
should additionally be noted that annealing the samples to
400 K with subsequent cooling to 298 K did not significantly
affect the guest molecule distributions or hopping rates. These
findings clearly indicate that the investigated host—-guest sys-
tems are in thermal equilibrium.

A semiquantitative interpretation of the coverage depend-
ence can be done within the lattice gas or Bethe-Peierls ap-
proximation.”® Adparticles (fullerenes in this case) are restrict-
ed to occupy only predefined sites (porphyrin pores here) on a
rigid host lattice, and each of these adsorption sites is capable
of hosting exactly one guest particle. Driven by thermal activa-
tion, particles are allowed to perform random jumps to neigh-
boring positions of the lattice only if the target site is empty.
This so-called site-blocking mechanism prevents the adsorp-
tion sites from double occupancy. The coverage dependence
of the hopping rate within this approximation accordingly
leads to h(6) =hy(1—6), when further neglecting any interparti-
cle interactions (h, denotes the rate of a single particle in an
infinitely diluted environment). The ——— in Figures 6a and b
indicates this simplest model for the coverage dependence of
the hopping rate. Obviously, the present systems are some-
what more complicated, since the formation of guest molecule
chains and islands can be observed upon increasing the fuller-
ene coverage (Figure 5). Such systems of interacting particles
in a lattice gas have been addressed within the quasichemical
approach.?>*¢*"1 |n this approximation, the coverage-depend-
ent hopping rate h(f) can be analytically expressed by Equa-
tion (3):

(1+e)*!

with [Egs. (4)-(6)]:

C(B—1+20)f
€= 300 @
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Figure 6. a) Coverage-dependent hopping rate of C,,. m: data points as de-
termined from the analysis of the STM data, with the uncertainty indicated
by the error bars. The red line represents the best fit to the quasichemical
approach. ———: linear dependence of the hopping rate as predicted by the
lattice gas model with pure site blocking. The hatched area indicates cover-
ages where the networks break down. b) Coverage-dependent hopping rate
of the C,, molecules. c) Interaction energies of C¢, and C;, as a function of
coverage according to Equation (7) using the values given in Table 1.

p=1/1-4601-6)(1-)) (5)
f:exp(%) (6)

where z, which is six in the case of an hexagonal lattice, is the
coordination number. Furthermore, adparticles on the rigid lat-
tice are supposed to interact with each other only through
nearest-neighbor forces, characterized by the interaction
energy E;, [Eq. (6)]. Each additional nearest-neighbor particle
increases/reduces the binding energy of an adparticle by E;,,
and therefore affects its jump probability. The parameter f in
Equation (6) indicates the nature of the interaction: either at-
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tracting for f< 1 (which reduces the hopping rate) or repelling
for f>1 (resulting in an increase of the adparticle mobility).
However, this approach with constant interaction energy E;,
does not necessarily match the behavior of real systems. In
zeolites, for example, Krishna et al.*® applied a linearly cover-
age-dependent interaction energy which accounts for the ad-
particle-induced modification of the lattice sites or cooperative
guest effects, as described by Equation (7):

Eint(e) =E, + E'9 (7)

Here, E, is the interaction energy at zero coverage and E is
the slope of E;.(6) as a function of coverage. Consequently, the
experimentally derived hopping rates of the fullerene guest
molecules on the porous porphyrin network have been fitted
with Equations (3) and (7). The data point h(6=1)=0, which
always exists in a lattice gas, has been enclosed in the data set
in order to improve the quality of the fit. Nevertheless, it
should be noted that around a coverage 6 > 0.8, the complete
porphyrin network collapses irreversibly for both fullerene
structures. The solid lines in Figures 6a and b represent the fits
to the experimental data; the values listed in Table 1 were ob-
tained for the fitting parameters h,, E,, and E'. Figure 6 c shows
the trend of the interaction energy E,, explicitly as a function
of coverage as calculated by Equation (7).

Table 1. Estimated energies present in the porphyrin—fullerene host-
guest systems and the parameters for the quasichemical approach (QCA).
The QCA parameters were obtained from Equations (3)-(7). The diffusion
barriers and jump length were calculated using Equations (1) and (2), re-
spectively.

c60 C70
diffusion barrier E, [eV] 0.95+0.18 0.82+0.18
QCA parameters ho [s7] 7.9407x107* 1.34£02x107"
Ey [meV] +31+10 —58+20
E' [meV] —71+18 ~0
jump length A [nm] 45403 42402

In order to compare the actual hopping rates with existing
diffusion data, the self-diffusivity of the fullerenes may be esti-
mated using Equation (8):2¢4748

Dself(e) = lh(@)lz (8)

7
For a given lattice, like in this case, this procedure is basically a
multiplication with a constant, and therefore the qualitative
trend of the hopping rates and self-diffusivity can be com-
pared directly.

According to the quasichemical approximation, the pro-
nounced decrease in the hopping rate of C,, is caused by the
presence of a distinct attractive interaction between the near-
est-neighbor molecules. This can be deduced from the nega-
tive value of E,,,=—58+20 meV (Figure 6c). Within calculated
error, the interaction energy has been found to be constant
(i.e. E' =~ 0) over the whole fullerene coverage range. It is
worth noting that the value of E,, is comparable with that of
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Xe atoms on a Pt(111) surface at T=80 K, where a coverage-in-
dependent nearest-neighbor interaction energy E;,.~—10 meV
between the diffusing rare gas atoms was found using the
same lattice gas model.*!

In contrast, the situation with Cy, is remarkably different. At
low coverage, a repulsive nearest-neighbor interaction
(E;re > 0) is effective. E;,, then decreases with increasing cover-
age and becomes attractive (E;,, < 0) above 6~ 0.45, as shown
in Figure 6c. Unlike in the case of G, it is not possible to fit
the experimental data with a constant interaction parameter.
Similar trends have also been reported in theoretical calcula-
tions of self-diffusivities in zeolites: as shown by Krishna
etal.,”™ CH,, Ar, or Ne in ITE-type zeolites at 298 K can be in-
terpreted within the quasichemical approach using a linearly
decreasing interaction energy [Eq. (7)]. These systems change
their character from repulsive at low coverage to attractive in
the high-loading regime, analogously to the system described
here.

2.5. Pair Distribution

However, one should keep in mind that so far all results have
been derived from a semi-empirical lattice gas model that is
based on several severe simplifications. It is therefore worth
double-checking the results obtained by this dynamic analysis
with another independent method. This can be performed by
analyzing the 2D pair distribution of the guest molecules on
the porous network from static STM images. In contrast to the
dynamic examination in Section 2.4, the pair distribution func-
tion reflects deviations of the observed guest molecule ar-
rangement compared to a random particle distribution. Trost
et al. explicitly derived the pair-distribution function g(j) for
particles adsorbed on discrete lattice sites, as expressed by
Equation (9):

I RCORD ST ©

where nyj) is the number of particles around a particle i occu-
pying the jth nearest-neighbor site.*” The denominator m(j)
accounts for the totally available adsorption positions at the
jth nearest-neighbor distance (Figure 4a). Normalization of the
distribution is achieved by dividing by the coverage 6. Practi-
cally, deviations from g=1 indicate a divergence from the sto-
chastic distribution, and thus imply the presence of an attrac-
tive or repulsive interparticle force for g>1 or g<1, respec-
tively. The pair-distribution functions g(j) for C¢, (m) and C;, (a),
as shown in Figure 7, were derived from a positional analysis
of several hundred fullerene molecules in different uniform
STM images in the low coverage regime.

As can be seen from Figure 7, the pair-distribution functions
of the two fullerenes clearly exhibit different trends. Whereas
for G, g(1)=1.5 indicates an attractive interaction, g(1)=0.7
for C¢, shows the presence of repulsive forces between near-
est-neighbor fullerenes. In the case of C,, the distribution
function stays slightly above unity at j=2, and then runs
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pair distribution function g(j)
o
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neighbor site j

Figure 7. Pair distribution g(j) as a function of neighbor site j for Cy, (m) and
C,, (A) according to Equation (9) as obtained from several STM images
(6=0.1 for C4y and 6=0.2 for C,,). A definition for j is given in Figure 4a.
Note, in particular, the pronounced difference between the two fullerenes at
j=1, which qualitatively reflects the result obtained within the quasichemi-
cal approach.

toward the average occupation probability for j>2 (for Cg, g(j)
~1 already for j>1). As a result, both systems are predomi-
nately ruled by nearest-neighbor interactions, which show
that, from this point of view, the quasichemical approach ap-
plied in Section 2.4 is appropriate.

From Boltzmann statistics, it is in principle possible to calcu-
late the interparticle interaction energy from Equation (10):

g(/) — e Ver()/kT

(10)

The interaction energy V() is the so-called potential of mean
force, which describes the interaction of a particle within an
ensemble of other particles. Only in the limit of 6—0 does this
quantity equal the pair potential E,,, used in Equation (6). At
higher 6, contributions, for example, from entropic forces,
have to be taken into account.”® Therefore, the potential of
mean force has been calculated only for low fullerene coverag-
es, where a comparison with the pair potential is roughly ac-
ceptable. It follows from Equation (10) that V(1)=+10+
3 meV for Cq (at 6=0.1) and V4(1)=—10£3 meV for C;, (at
6=0.2). These values are comparable to the pair-interaction
energies obtained from the quasichemical approach (Fig-
ure 6¢), although they are lower by at least a factor of two to
three. In particular, the opposite sign of the interfullerene inter-
action (attractive for C,, and repulsive for Cg, at low coverage)
predicted by the quasichemical approach is nicely reflected in
the pair-distribution functions. The change of sign for the in-
teraction energy of Cg, at higher coverage (6>0.45) reflects
the formation of large fullerene islands, which are typically ob-
served under such conditions as exemplarily shown in
Figure 5a.

On the other hand, however, it should be noted that both
the evaluation of the pair-distribution functions and the lattice
gas analysis feature as an inherent disadvantage the fact that
many-body interactions are completely ignored.®" Therefore,
the presented interguest interaction energies should be re-
garded as a first-order approximation.
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2.6. Long-Range Interactions

From a mechanistic point of view, the observed long-range in-
terguest interactions can only be mediated by either 1) the un-
derlying silver substrate or 2) the porphyrin network. Direct
through-space interactions can be ruled out because of the
large fullerene-fullerene distance (&3.3 nm), which excludes
any significant van der Waals contributions, as recently report-
ed.B”

Long-range interactions that are mediated via electronic ad-
sorbate-substrate coupling (case 1) have been observed for
other molecular and atomic systems on surfaces.”*>” Specifi-
cally, the local density of states (LDOS) at the Fermi energy has
been found to spatially oscillate in the vicinity of adsorbates,
resulting in the formation of standing electron waves with half
the Fermi wavelength. For Ag(111), the periodicity of such
standing waves around a perfectly scattering adsorbate would
be 3.8 nm. For real adsorbates, for example, Ce atoms on Ag-
(111), this value reduces to 3.2 nm because of the imperfect
scattering properties of the adsorbed metal atom.*® These pe-
riodicities are close to the experimentally observed lateral
pore-pore distance in the present porphyrin network. Further-
more, the small vertical distances, of only a few Angstroms of
the fullerenes to the metal substrate, likely result in substrate-
molecule charge transfer which has been reported on purely
metallic substrates.”® A contribution of the Ag substrate to the
observed long-range interfullerene interaction is therefore pos-
sible, although no experimental evidence is available. This is
due to the highly packed porphyrin layer, which completely
decorates the Ag(111) surface and prevents the observation of
standing wave oscillations in such a system.

Interactions mediated by the porous organic layer (case 2)
have been identified in earlier investigations to be of impor-
tance by observations of conformational changes of the adsor-
bed porphyrins.B%*¥ This type of interguest coupling is attrib-
uted to conformational and electronic modification (e.g.
charge-transfer processes) of the porphyrin molecules upon
adsorption of a fullerene guest. Local distortions in the por-
phyrin layer induced by a guest molecule are thus assumed to
propagate through the porphyrin network, modifying the affin-
ity of neighboring lattice sites to other adsorbates.

In the case of the adsorption of C,, within the present
porous porphyrin network, the above-described mechanisms
result in a decrease in the adsorption potential at the nearest-
neighbor lattice sites around an initially filled pore, and thus in
the stabilization of individual ad-C,,. According to the analysis
within the quasichemical approach, each additional occupied
neighboring pore reduces the interaction potential by a con-
stant value. Overall, this results in a constant and negative
pair-interaction energy E;, over the whole coverage range, as
shown in Figure 6 c. Consequently, the hopping rate of the G,
guest molecules decreases rapidly with increasing fullerene
coverage, as expected for an ideal rigid host lattice.l**®

On the other hand, the situation is much more complicated
for C4 guest molecules, since the interaction energy is de-
pendent on the coverage, changing its sign from positive to
negative with increasing coverage. These findings indicate that
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the Cg guests strongly interact with the porphyrin host, and
that this interaction is modified with increasing coverage. Such
guest-induced modifications of porous networks are well-
known from 2D and 3D porous networks, which can even be
structurally transformed upon introduction or removal of guest
molecules.” > Thereby, physicochemical properties are sig-
nificantly altered. Owing to the high flexibility of the porphyrin
molecules in the present network, a similar mechanism is likely
to be effective. This idea is further supported by the observa-
tion of bright-dim fluctuations of single porphyrin molecules
that are propagating through the porous network, indicating
conformational motion of the 3,5-di(tert-butyl)phenyl moieties
(see Movie 1 in the Supporting Information).B” Furthermore,
the collapse of the porous porphyrin structure upon evapora-
tion of additional guest molecules above the threshold of 6=
0.8 is a clear sign of pronounced guest-induced host modifica-
tions.

From the experiments, however, it is not currently possible
to identify the microscopic mechanisms behind the long-range
interactions of both C¢, and C,,. Most likely, a combination of
the two proposed mechanisms is responsible for the observed
behavior, with different contributions depending on the physi-
cal and chemical nature of the guest molecule.

3. Conclusions

The adsorption and the coverage-dependent mobility of Cg,
and C,, guest molecules in a nanoporous porphyrin host net-
work have been investigated by means of STM. Single guest
molecules were found to adsorb solely in the center of the
porphyrin network pores. Time-lapse STM imaging series per-
formed at 298 K further showed a distinct mobility of the full-
erene guests, which displace from pore to pore, predominately
via a single jump hopping mechanism. A detailed analysis of
the coverage-dependent hopping rates within the quasichemi-
cal approach and the evaluation of pair-distribution functions
additionally revealed pronounced differences in the long-range
interguest interactions for the two investigated fullerenes. Be-
sides metal substrate mediated coupling, the conformational
flexibility of the porphyrin network likely plays a key role in
this unique interaction between the fullerene guest molecules.

In general, such kinds of nanoscale host-guest systems are
of special interest for future nanotechnological applications in
catalysis, gas sorption, or in surface-supported chemistry, since
the host networks selectively respond to different guest mole-
cules and allow for the diffusion of the reacting species. A fun-
damental understanding of the mechanisms involved in trans-
port and adsorption is therefore indispensable, and will con-
tribute to a rational and effective engineering of future func-
tional supramolecular nanoscale host-guest systems.

Experimental Section

All experiments were performed in a multichamber ultrahigh
vacuum (UHV) system providing separate chambers for sample
preparation and STM measurements. The base pressure in all
chambers was approximately 2x 107" mbar. Atomically clean and
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flat metal samples were prepared by repeated cycles of Ar*-sput-
tering (/15 min) and thermal annealing (=~ 870 K) on an Ag(111)
single crystal substrate. Substrates prepared in such a way feature
large areas with atomically flat terraces (up to 300 nm in width)
separated by monoatomic steps, as evidenced by STM. The mole-
cules used in this study, porphyrin 1,°" C,, and C,,, are depicted in
Figure 1a. Their chemical structures are drawn to the same scale,
so as to reflect their respective sizes. The organic molecules were
deposited by sublimation from a resistively heated tantalum cruci-
ble (Knudsen-cell-type evaporator). During evaporation, the sub-
strate was kept at room temperature (298 K). The deposition rate
was controlled by a quartz microbalance. Previous experiments
have shown that the thickness of the molecular layer can be repro-
ducibly controlled within an error of 10% with this setup. Deposi-
tion rates were of the order of 0.2 to 1.0 MLmin~" with an average
chamber pressure rising up to 1x 1078 mbar, 2.5x10~° mbar, and
1.5% 10~° mbar during the deposition of 1, Cg, and C,,, respective-
ly. The molecular arrangements on the substrate were studied by
room-temperature STM. Chemically etched tungsten tips were
heated by electron bombardment in situ before using them in the
STM. All STM images were recorded in constant-current mode,
using sample bias voltages of +2.0-3.0V (tip held at ground po-
tential) with a tunneling current of 10-50 pA. The typical scan
speed was in the range of 200-600 nms~'. Imaging of all the mo-
lecular assemblies described herein was equally successful at posi-
tive and negative bias voltages. No differences were observed be-
tween the two polarities. Data acquisition was performed using a
NANONIS™ SPM Controller setup.

Van der Waals (vdW) volume and outer vdW surface of C,, were
evaluated by means of the volume and surface functions as imple-
mented in the MOE (Molecular Operating Environment) package
(Chemical Computing Inc., Montreal, 2004) version 2004.03, start-
ing from the C,, crystal structure coordinates.®’*® The calculations
were performed on an Intel Xeon 3.0 GHz biprocessor workstation.
The corresponding vdW diameters were estimated by approximat-
ing C,, as a prolate spheroid. For the short and long axis of the
fullerene, values of d,;,=9.0+0.2 and d,,,,=12.0+0.2 A were ob-
tained.
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