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Microporous thin films (=50 to 400 nm) composed of discrete,
cavity-containing molecular rectangles have been prepared. The
films, which contain both amorphous and microcrystalline do-
mains, display shape-selective transport behavior. They are per-
meable to small molecules and to molecules that are short or
narrow in at least one dimension—for example, elongated planar
molecules—but are impermeable to molecules lacking a narrow
dimension. However, the shape selectivity is based on transport
through intramolecular rather than intermolecular cavities. By
using redox-active probe molecules, rates of transport through the
rectangle-based material have been extracted from electrochemi-
cal measurements. Spatially resolved measurements obtained via
scanning electrochemical microscopy have permitted transport
through individual microcrystals to be evaluated semiquantita-
tively. The measurements reveal that transport is roughly two
orders of magnitude slower than observed with thin microcrystal-
line films of molecular squares featuring similar-sized cavities. The
differences likely reflect the fact that cavities within the square-
based materials, but not the rectangle-based material, align to
form simple one-dimensional channels.

O ver the past dozen years a tremendous number and variety
of new cyclic, cavity-containing molecules have been in-
tentionally prepared via metal ion coordination chemistry (1-4).
Interest in these molecules is partly aesthetic (some remarkable
high-symmetry, high-mass, polymetallic compounds have been
obtained via extraordinarily efficient directed-assembly and
related chemical synthesis techniques), and partly practical
[cavity-containing assemblies can function as hosts for smaller
molecular or atomic (ionic) guests]. On the practical side,
host:guest behavior can be exploited for chemical sensing (5, 6)
and for selective chemical catalysis (7), including enzyme-like
catalysis (8)—and, indeed, both have been demonstrated for
these types of systems in solution-phase environments. When the
assemblies are electrically neutral, and therefore lack charge-
compensating counter ions that may block cavities, the host
behavior can be extended to the solid state. Molecular materials
of this kind typically display moderately high void volumes
and internal surface areas. Because the coordination bonds
defining the component molecules are reasonably strong, cavi-
ties are preserved on removal of solvent. This behavior renders
the materials functional as hosts for chemical species encoun-
tered in the vapor phase, and advantage has been taken of this
behavior to construct thin-film sensors for selected volatile
organic compounds (9-12).

Because of their nanoscale porosity, the materials are also
functional as thin-film molecular sieves—particularly in aqueous
solutions where the charge neutrality of the component mole-
cules renders the materials completely insoluble. Sieving behav-
ior has been examined spectrally by using dye molecules together
with films supported on macroporous membranes (13). Sieving
has also been probed electrochemically by using redox-active
molecules together with films supported on electrodes (14, 15);
molecules that successfully traverse a film yield a redox response
at the underlying electrode (16-18). Consistent with sieving
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Fig. 1. Space-filled representations of the molecular and single crystal x-ray
structure of the molecular square compound, [Re(CO);Cl(u-4,4'-bipyridine)la,
showing the existence of one-dimensional channels. Hydrogens are omitted.
Adapted from ref. 16.

behavior that is primarily defined by the cavities contained
within individual host molecules, sharp size cutoffs correspond-
ing to minimum cavity sizes are generally observed. (An excep-
tion is sieving by the molecular square compound,
[Re(CO);Cl(u-pyrazine)ls, which displays a size cutoff that
slightly exceeds the molecular cavity size, but is consistent with
the minimum dimensions of crystallographically determined
interstitial openings.) Investigations to date have been limited to
materials composed of tetrametallic molecular squares; the
minimum diameters of the corresponding square cavities range
from ~4.5 A to 23 A. Notably, single-crystal x-ray structural
studies show that square cavities often align in the solid state to
create one-dimensional channels (refs. 4, 5, and 16; see Fig. 1).
Consistent with channel formation, molecular-square film sam-
ples that retain some crystallinity typically transport probe
molecules 20 to 50 times faster than amorphous metal-
lopolymeric materials displaying similar molecular size cutoffs
(18, 19). Finally, with large squares, cavity functionalization has
been demonstrated (20), and the functionalization chemistry has
been exploited to tune molecular size cutoffs in a systematic
fashion (13, 17, 21).

Given the availability of microporous molecular materials
showing very good size discrimination properties, it would be
both interesting and desirable to develop related materials that
additionally show primitive shape discrimination—presumably
by employing cavity shapes of lower symmetry than the ubiqui-
tous square geometry. Here, we extend our studies of condensed-
phase molecular transport to thin films of molecular rectangles.
Synthesis of the rectangles (see structure 1in Scheme 1) has been
described previously, as has their ability to recognize and
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Scheme 1.

reversibly sorb selected volatile organic compounds from the
vapor phase (11). By using redox-active probe molecules (see
Table 1) and conventional voltammetric measurement tech-

Transported

niques, we now find that the rectangle-based materials display
both size- and shape-selective transport behavior when placed in
contact with an aqueous solution environment. Quantitative and
semiquantitative measures of molecular transport have been
obtained via rotating disk electrode (RDE) voltammetry (22)
and via scanning electrochemical microscopy (SECM), respec-
tively (23). The RDE technique yields area-averaged transport
rate measurements. The SECM technique, on the other hand,
yields spatially resolved transport data, including rates of mo-
lecular transport through individual crystalline microstructures.

Experimental Procedures

Chemicals. Rectangle 1 was synthesized in both manganese and
rhenium form as previously described (11); no difference in
transport properties for the two forms was observed. All aqueous
solutions were prepared from purified water (18 M), Millipore).
[Tris(phen)cobalt(II)](NO3)»6H,O (phen = 1,10-phenanthro-
line; ref. 24), [tetraammine(phen)ruthenium(I1)]Cl, (25), and
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Fe(di-SO53-batho-phen);*
dia ~24 A

Table 1. Catalogue of candidate molecular permeants and their dimensions

Those on the left-hand side permeate thin films of the molecular rectangles. Those on the right-hand side are blocked.
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[diamminebis(phen)ruthenium(II)]Cl, (26) were synthesized ac-
cording to literature methods. Dinickel(II)(1,1'-enebicyclo-
3,6,10,13-tetraazatetradeca-2,13-dienylidene) perchlorate was
synthesized according to literature methods by workers in the
L. O. Spreer group at the University of the Pacific (27). All other
materials were obtained from commercial sources. Redox per-
meant dimensions were estimated by using HYPERCHEM 4 FOR
WINDOWS.

Preparation of Electrode-Supported Thin Films. Thin films of the
molecular rectangle were cast from filtered tetrahydrofuran/
CHCI; (1:1 by volume) solutions onto 3-mm diameter glassy
carbon rotating disk electrodes. Several drops of solution were
placed on the electrode, which was mounted in an inverted
electrode rotator (Pine Instrument, Grove City, PA; Model
MSRX). The electrode was covered with an opaque test tube and
rotated at 50-100 rpm, slowly evaporating the casting solvents.
The films were allowed to dry in the dark while rotating for at
least 30 min before use. In general, slower evaporation times
gave better quality films (i.e., fewer defects). Film thicknesses
ranged from 200-400 nm, and were calculated from the surface
area of the electrode (and its insulating sheath) and the total
amount of material. (The amount of molecular material was
determined by dissolving the film in a known volume of tetra-
hydrofuran, and determination of the concentration was based
on UV-visible absorption by using the known molar extinction
coefficient.) Film thickness was controlled by application of
multiple layers.

Films were also prepared on electrically conductive indium-tin-
oxide (ITO)-coated glass slides (Delta Technologies, Stillwater,
MN), because the rotating disk electrode geometry was incompat-
ible with SECM and atomic force microscopy (AFM) studies. The
slides were cleaned by soaking in a 20/80 (vol/vol) ethanolamine/
water solution at 80°C for 15 min, followed by sonication and rinsing
with water. Thin films were drop-cast on ITO platforms from
tetrahydrofuran/CHCI; solutions (as above) and allowed to evap-
orate slowly. After 30 min, the dry films were exposed to tetra-
hydrofuran vapor for several hours in the dark, causing vapor
“annealing” of the films and subsequent crystallite formation,
confirmed by low-resolution optical microscopy.

The morphology and microstructure of the thin films prepared
on ITO were evaluated via fluorescence microscopy and via
tapping mode atomic force microscopy (TMAFM), by using a
Digital Instruments (Santa Barbara, CA) Multimode Nanoscope
IITa with single etched silicon (TESP) tips (cantilever length 125
pum and resonance frequency 307 to 367 Hz; Digital Instru-
ments). The thickness of the crystals was determined from
cross-section analyses of images, by using DIGITAL NANOSCOPE
software (version 4.23r2).

Powder Diffraction. Diffraction patterns from thin films on ITO-
coated glass platforms were obtained by using a Rigaku (Tokyo)
Geigerflex x-ray diffractometer, using a Cu ka line source and
6/26 geometry. Scans were obtained over a diffraction angle
range of 5-60° by using a step width of 0.2° and an integration
time of 4 s.

Electrochemical Measurements. Electrochemical data were ob-
tained by using a CH Instruments (Austin, TX) Model 900
SECM bipotentiostat with computer data acquisition and con-
trol (version 2.04 software). All experiments were performed in
aqueous solutions containing 0.2 M KNOs electrolyte, by using
a Pt wire counter electrode and a saturated sodium calomel
electrode (SSCE) as a reference. Rotating disk electrode exper-
iments were conducted by using the Pine Instruments analytical
rotator.

Scanning electrochemical microscopy tips were prepared from
4-um radius carbon fibers (Alfa Aesar, Ward Hill, MA) as
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Fig.2. Luminescence microscopy image of a microstructured thin film of the
rhenium form of complex 1.

previously described (19, 28). Smaller tips (with radii ~0.5 wm)
were prepared by cylindrically etching the carbon fiber in 10-mM
NaOH solutions according to literature methods (29), and
subsequently coated with an insulating polymer as before (19).
The tips of the microelectrode tips were freshly exposed before
each experiment, and the electroactive radius was determined by
using an aqueous solution of ferrocene-methanol according to
standard procedure (30). ITO electrodes were mounted in a
locally designed cell, filled with the aqueous solution of electro-
lyte and redox mediator of interest, and the tip was manually
lowered to within 100 wm of the surface, using a CCD camera
with video output to monitor the approach.

Results and Discussion

Thin Film Materials. Solvent vapor annealing of drop-cast films of
the molecular rectangle on ITO platforms yields a collection of
needle-shaped structures that are readily visualized via conven-
tional low-resolution optical microscopy or by luminescence
microscopy (see Fig. 2). From the microscopy, the needle widths
are a few microns, with lengths of up to 1 mm. A representative
expanded image, obtained via atomic force microscopy, is shown
in Fig. 3. Consistent with subsequent electrochemical findings,
phase-imaging AFM measurements showed that the regions
between the needle structures are also composed of rectangles;
no exposed ITO was detected. AFM measurements additionally
revealed that the needle structures are fairly uniform in height,
protruding ~75 to 100 nm above the surrounding material. X-ray
powder diffraction measurements of the microstructured films
confirmed their crystallinity, yielding diffraction peaks at the
positions expected based on earlier single crystal x-ray diffrac-
tion measurements (11). We assume, based on the AFM images,
that only the needle structures are crystalline.

Voltammetric Transport Screening Studies. Fig. 44 shows the cyclic
voltammetric responses of naked and film-coated electrodes to
a solution containing Ru(NH3)?" (approximately spherical;
diameter = 5.5 A). The naked surface yields peaks in the vicinity
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Fig. 3.

Tapping mode AFM image of thin film of complex 1.

of the formal potential for the Ru(NH;)3"/>* couple. The coated
surface yields an attenuated wave (note change in scale) featur-
ing a highly distorted, somewhat sigmoidal shape. The observa-
tion of a voltammetric wave indicates that the probe molecule
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Fig. 4. Cyclic voltammograms comparing the response obtained by using a
bare electrode (solid line) and one modified with a thin film of 1 (dashed/
dotted line) by using (A) 5 mM aqueous solution of Ru(NHa)g+ and (B) 5 mM
aqueous solution of Co(phen)ﬁ*. Scan rate = 100 mV/s. Electrode radius =
1.5 mm.
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Fig.5. Portions of a packing diagram for 1, derived from single-crystal x-ray
data reported in ref. 11. (Left) The packing arrangement for molecules com-
prising two layers, illustrating that intermolecular cavities exist. (Right) The
packing arrangement for molecules comprising three layers, illustrating that
simple one-dimensional channels are not formed by the cavities.

can reach the underlying electrode surface; the distorted wave
shape is consistent with a transport mechanism that is rate
limited by thin-film permeatlon (31) Fig. 4B shows the response
to a larger reactant, Co(phen)3" (also approximately spherical;
diameter = 13 A). Here, the film-coated electrode is completely
blocking with respect to the candidate permeant. The combined
results point to efficient exclusion based on probe molecule size.
In addition, exclusion of the second reactant establishes that,
within the detection limits of the voltammetric experiment, the
rectangle-based films are free from pinhole defects. This point
is important, in part, because pinhole transport represents a
possible alternative interpretation for the observed sigmoidal
wave shape in Fig. 44 (32).

Extension of the studies to an elongated, planar di-nickel
probe molecule and to a similarly elongated and approximately
planar viologen molecule (N,N’-ethyl-4,4’-bipyridinium dica-
tion) showed that both can permeate rectangle-based thin films,
despite molecular volumes that substantially exceed those of
Ru(NH;);". Table 1 shows the structures of these and several
additional probe molecules, lists their dimensions as determined
by molecular modeling, and indicates whether they permeate
rectangle-based coatings. From the summary, it is clear that thin
films of the molecular rectangle selectively transport candidate
permeants both on the basis of permeant size and permeant
shape. Those that are short or narrow in at least one dimension
generally are transported even if they feature larger lengths in
other dimensions.

Whereas it is tempting to ascribe the shape-selective transport
behavior to sieving by the cavities formed by individual molec-
ular rectangles, a more careful analysis suggests otherwise. The
metal sites within the rectangle define a ligand framework
having dimensions of 5.7 X 11.5 A (11). Inclusion of van der
Waals radii for the atoms comprising the framework substan-
tially decreases the cavity width, as does a slight inward bowing
of the hgands comprising the long edges of the cavity. The
resulting minimum width of ~1 A should exclude even small
probe species such as Ru(NH3)3" or ferrocene-methanol. Trans-
port instead appears to be defined primarily by interstitial
cavities (see packing diagram in Fig. 5). Like the intramolecular
cavities, the interstitial cavities feature elongated, and approx-
imately rectangular, shapes—albeit with larger widths.

Quantitative Transport Studies: Area-Averaged RDE Measurements.
Quantitative information about thin-film molecular transport
can be obtained from RDE measurements. Current flow pro-
vides a measure of overall molecular flux, i.e., overall molecular
transport rate. For sequential transport through solution and
permeation of the film, the overall rate (or current, i) can be
written as a reciprocal sum of rates or currents (28):

Williams et al.
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Liotal Lsoln Lfilm

By creating conditions of controlled convective transport, disk
rotation yields well-defined solution-phase fluxes. Furthermore,
the flux is tunable—increasing with the square-root of the disk
electrode rotation rate, w. Extrapolation of a plot of iy~ ! vs.
o~ 2 to w12 = 0 (infinite rotation rate and infinite iso1, value)
yields iﬁ]mil.

If the film thickness (d) is known, ifm can be used to determine
the permeability, i.e., the product of the reactant’s solution-to-
film partition coefficient, P (unitless), and its film-based diffu-
sion coefficient, D¢ (cm?/s) (31):

) nFAPDC,
Lfilm = T . [2]

In Eq. 2, n is the number of electrons transferred per probe
molecule (1 for the probes used here), A is the film-coated
electrode area, F is the Faraday constant, and Cj is the molar
concentration of the probe molecule in solution. (Films used for
RDE measurements were not annealed and therefore lacked the
crystalline microstructures shown in Figs. 2 and 3.) Measure-
ments over a range of film thicknesses yielded a PD; value of 4 X
10~ cm?s~! for Ru(NH3);*. Similar experiments with ferro-
cene-methanol and Fe(CN); ™ yielded values of 6 X 10~ and 2 X
1072 cm?s™1, respectively. These values are roughly three orders
of magnitude smaller than the corresponding values of solution-
phase diffusion coefficients (16). They are roughly two orders of
magnitude smaller than PD; values observed for transport
through films composed of intermediate-sized molecular squares
(11, 16, 18-20). As expected, Co(phen)3 " yielded no response in
the RDE experiment.

Quantitative Transport Studies: Spatially Resolved SECM Measure-
ments. RDE measurements yield area-averaged transport pa-
rameters, rather than parameters for a particular section of a
potentially heterogeneous film. In contrast, SECM is capable of
providing spatially resolved transport information. Briefly, in the
form used here, SECM utilizes dual working electrodes (see Fig.
6). One is a tip that can be rastered across a film-coated surface
at a separation distance of a few microns (4-wm radius tips) to
a few hundred nm (0.5- to 0.6-um radius tips). The second is the
macroscopic electrode supporting the film. Assuming that the
solution contains a probe molecule in its reduced form, this
electrode is poised at a potential that is sufficiently far positive
of the probe’s formal potential that any molecule reaching the
electrode will be oxidized. The tip electrode, on the other hand,
is poised at a potential significantly negative of the formal
potential. Consequently, current is observed at the tip electrode
only when probe molecules can permeate the film, react, and
return to the solution phase in oxidized form.

Fig. 7 shows the outcome of a series of SECM imaging
experiments, i.e., plots of tip current vs. tip location. Fig. 74 and
Fig. 7B were recorded with solutions containing small probe
molecules (Ru(NH3); " and Fe(CN)g, respectively). These ex-
periments readily reveal the presence of needle- or ribbon-
shaped microcrystalline film domains. That these domains yield
smaller currents or permeant fluxes is consistent with the
expected decrease in flux with increasing film thickness (Eq. 2).
Fig. 7C shows the outcome of a similar imaging experiment, but
recorded at higher resolution. Finally, Fig. 7D shows the re-
sponse recorded in the presence of a large probe molecule,
Fe(phen)}" (diameter = 13 A), expected to be incapable of
permeating the rectangle-based film. In contrast to Fig. 7 A-C,
no structure is evident—only a uniform small background
current unrelated to permeation.

Williams et al.
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Fig. 6. Representation of scanning electrochemical microscopy scheme for
evaluating molecular transport through individual microcrystallites. O repre-
sents redox species initially present in solution; R is the electrochemical
reaction product; d; is the thickness of the crystallite above the amorphous
film layer, and is less than or equal to the total film thickness. For simplicity,
possible differences in transport parameters for species O vs. R are omitted.

Semiquantitative Transport Studies: SECM Measurements of Perme-
ability. As we have noted elsewhere, SECM measurements can
also be used to estimate film transport rates (17, 19). The
magnitude of the SECM tip current is governed by the rates of
sequential film and solution transport processes, and is describ-
able by the reciprocal sum in Eq. 1 (Where itota) is now equated
with ip). The rate or current associated with solution-phase
transport is a complicated function of tip-electrode/generator-
electrode (ITO platform) separation distance, reflecting the
nature of hemispherical diffusion to the tip, hindering of diffu-
sion by the proximity of the electrodes, and changes in local
redox concentration because of feedback (33). Similar to anal-
yses recently published for transport through thin films to an
underlying micropatterned generator electrode (19), we found
that the ordinarily cumbersome analysis of SECM currents could
be greatly simplified via a normalization protocol.

Briefly, to implement the protocol, we first made measure-
ments near a bare platform under “hindered diffusion” condi-
tions, rather than “positive feedback” conditions (i.e., conditions
used in the imaging experiments above). In other words, the
platform was disconnected electrically, making it impossible for
the platform to participate directly in redox processes. At the
same time, the tip electrode was poised at a potential where
probe molecule oxidation (or reduction, depending on the
identity of the molecule) would readily occur. The tip was then
translated toward the platform until the tip current was only 85%
as large as the current observed at “infinite” distance from the
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Fig.7. SECMimages of microcrystallites of 1. Images were obtained by using
a0.6-um radius carbon fiber tip electrode at a scan rate of 10 um/s in aqueous
solutions of indicated redox probes: (A) 1.8 mM Ru(NH3)z " (Eip = 0V, Eiro =
—0.35V); (B)5.5 mM Fe(CN)‘G" (Etip = 0V, Eiro = +0.4 V); (Q) higher resolution
image obtained by using the same solution and applied voltages as in A, but
over smaller scan area and by using a tip scan rate of 1 um/s; (D) 4.5 mM
Fe(phen)%Jr (Etip = 0V, Ero = 1.0 V). The current response in D is multiplied
times 20.

platform. Based on well-established current-distance “approach
curves” and associated theory (23, 29-36), the controlled atten-
uation serves to position the tip electrode at a well-defined and
highly reproducible distance above the platform. With the
distance fixed, the SECM electrode potentials were switched to
positive feedback mode, and the tip current was recorded. From
Eq. 1, because the i, ! term is absent for a bare platform, the
observed tip current (i) can be equated directly with isopn.
Notably, the value for iso, at infinite distance for a tip electrode
of radius r is: (30)

i” =4nFrDC,. [3]

Under feedback conditions, with the tip electrode close to the
generation electrode, i* is enhanced as follows (35, 36):

i =Kgi” (4]
ko ky
KG = kl + Z + k3exp Z 5 [5]

where L is the ratio of tip height above the substrate to tip radius,
and ki, ko, k3, and k4 are geometric factors that depend on the
relative radii of the tip electrode and its insulating sheath (35,
36). For the quantitative measurements described below, L was
generally 1, as in previous work (17).

With this information in hand, the hindered diffusion exper-
iment was repeated with a film-covered electrode, stopping again
when the tip current had diminished to 85% of its value at
infinite tip-platform separation distance. This protocol serves to
position the tip at the same distance from the platform or
substrate electrode as in the bare platform experiment. The cell
was then switched to feedback mode, and the tip current (iiotal
in Eq. 1) was again recorded. Given identical separation dis-
tances in coated and bare electrode experiments, the values for
Ison are likewise identical. The desired value for g, can then be
obtained from Eq. 1, given the value for i, at the tip when the
generator is a film-covered electrode. By ratioing parameters,
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approximating ifim by using Eq. 2, and by using Eqs. 3-5, one can
write (19):
isoln l:lopt al(b are) 4Dsd

WPDf‘

[6]

itP (w/coated generator) it (coated)

A potentially confusing point is that the area used in Eq. 2 for
ifiim 1 nOW the area of the tip electrode (19), even though the film
covers the macroscopic generator electrode. One could, in
principle, focus instead on the generator electrode and calculate
the diffusive footprint of the tip electrode on the film-covered
generator electrode at a specific separation distance. The foot-
print area will necessarily exceed the area of the tip electrode,
but corrections are needed to account for the fact that not all
molecules passing through the footprint region of the film reach
the tip electrode. In addition, positive feedback serves to focus
the transport toward the center of the footprint. Clearly, in the
limit where L approaches zero, the approximation of the effec-
tive generator area by the tip area becomes exact. For the
approach conditions used here, we have previously found that
the approximation works well; the simplified SECM analysis
returns transport parameters that agree closely with those
obtained from exact analyses of RDE (17, 21) and microelec-
trode measurements. Given the approximate equivalence under
these conditions, we have replaced the difficult footprint/
collection-efficiency problem with the simpler problem here of
calculating the film flux as if the film were located at the tip
electrode.

Eq. 6 is sufficient to approximate transport through an
unstructured film of uniform thickness. AFM data show, how-
ever, that the microcrystalline needle or ribbon structures extend
75 to 100 nm above the ultrathin (=50-100 nm) amorphous film
layers studied here. If the extra distance is designated d», and the
thickness of the amorphous region is d;, transport through the
extended crystalline features is describable by':

N 4D(d, + d;) 4Dd,
’7TrPDf WPDf

isoln isoln _ |: :| [73]

ltotal,2 ltotal,l

Lsoln Lsoln _ 4Dsd2

Liotal,2  ltotal,l 7rPDy

[7b]

Notice that, to apply Eq. 7b, we require knowledge of the
crystallite thickness (d», known from AFM measurements), but
not the thickness of the amorphous film (d;). The one assump-
tion made that has not been verified experimentally is that the
microcrystallite rests on the amorphous layer, rather than pro-
truding downward through it. If this assumption is not correct,
then the transport parameters we attribute solely to the micro-
crystallites will be contaminated with information about the
permeability of the amorphous layer as well.

With this caveat in mind, application of Eq. 7b to SECM data
yielded the following results for molecular transport through
microcrystalline regions of the rectangle-based thin films:
PD{(Ru(NH;3);") = 6 x 107° cmZs~!, PD¢(ferrocene-
methanol) = 1.1 X 1078 cm®s~!, PD{(Fe(CN)¢ ") = 2.4 X 107°
cm?s~!, PD¢(benzoquinone) = 1.1 X 107° cm?s~!, and PDs
(anthraquinone-sulfonate) = 1.0 X 107° cm?s~!. No film per-
meation was detected for Co(phen)3*.

The permeabilities measured for transport through crystalline
microstructures are only marginally larger than those obtained

tIn formulating Eq. 7, we intentionally neglected the effect of small differences in film
thickness on the tip-platform separation distance and, therefore, isoin. That the difference
can be safely neglected is confirmed by imaging experiments run in “’hindered diffusion”
mode (where jtotal = isoln). In contrast to experiments run in “’positive feedback’ mode (see
Fig. 7), the hindered diffusion mode images are featureless, indicating that the surface
height differences are too small to alter isoin to a detectable degree.
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above, via the RDE method, for area-averaged transport
through predominantly amorphous material. Both sets of pa-
rameters are much smaller than found for transport through thin
films of similar sized molecular squares (16). Both observations
likely reflect the absence of channels in the microcrystalline
rectangle-based material. Under these conditions, crystallinity
confers little advantage: permeants experience tortuous trans-
port paths regardless of whether crystalline order exists. The
absence of channels also likely accounts for the much slower
rates for transport through thin films of the molecular rectangle
vs. thin films of similar-sized molecular squares.

Conclusions

Thin films of cavity-containing molecular rectangles display
shape-selective transport behavior. The films are permeable to
small molecules and to molecules that are short or narrow in at
least one dimension—for example, elongated planar molecules.
They are impermeable to molecules lacking a narrow dimension.
The shape selectivity, however, is based on transport through
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redox-active probe molecules, rates of transport through the
rectangle-based material can be extracted from electrochemical
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measurements reveal that transport is roughly two orders of
magnitude slower than observed with thin microcrystalline films
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ences likely reflect the fact that cavities within the square-based
materials, but not the rectangle-based material, align to form
simple one-dimensional channels.
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