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Permeable, Microporous Polymeric Membrane
Materials Constructed from Discrete Molecular
Squares**

By Melinda H. Keefe, Jodi L. O’Donnell, Ryan C. Bailey,
SonBinh T. Nguyen, and Joseph T. Hupp*

Molecular squares, triangles, rectangles, and related struc-
tures, consisting of transition-metal corners and difunctional
ligand edges, are the synthetic focus of a substantial segment
of contemporary coordination chemistry.[H] The attraction of
these structures, which typically feature molecule-sized cav-
ities, is their ability to function as soluble molecular hosts
comprising nanoscale reaction vessels,> artificial enzymes,”!
or chemical sensors.®! The compounds have also been em-
ployed in the solid state (typically as thin films) where they
comprise high-area, high void-volume molecular materials,
i.e., materials held together by van der Waals forces.™ In solid
form, they behave as molecular sieves, displaying size cut-offs
that correlate with cavity size, or in a few cases, the size of in-
terstitial openings.[**1*

While potentially suitable for many applications, especially
those in atmospheric or aqueous environments, the aforemen-
tioned molecular materials suffer from instability (solubility)
in many organic solvents. Furthermore, they have insufficient
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mechanical stability to be used as free-standing films or mem-
branes. Additionally, in applications involving vapor or liquid
phase separations, comparatively thick films have been re-
quired (about 10 pm).'*") We reasoned that these limitations
could be overcome by appropriately functionalizing squares
and then polymerizing them. We further reasoned that by car-
rying out the polymerization at a liquid-liquid interface—
squares in one solvent, linkers in the other—two additional
benefits could be gained. First, growth would be self-limiting,
thereby facilitating the fabrication of very thin membranes
(important for high flux). Second, pinhole defects would be
absent because the reactant flux is largest at defect sites,
enhancing polymerization at these sites and eliminating the
defects.

As shown in Scheme 1, porphyrin-based square assemblies,
each functionalized with eight reactive phenol groups, were
exposed to either of two bis(acid chloride) molecules (linkers)
to generate a nanoporous polyester membrane. Closely re-
lated chemistry has previously been used by Wamser et al. to
fabricate nonporous, essentially impermeable, films from
monomeric porphyrin species.[u] Depending on reaction con-
ditions, thicknesses of harvestable films varied from ~ 100 nm
to 2.5 um (as measured by tapping mode atomic force micros-
copy (TMAFM) and profilometry for dried films on glass
slides). For a given set of reactant concentrations, the thick-
ness (d) versus reaction time (¢) data can be fit well to an
exponentially decaying function, d = constant (1-e ™), where a
typical value for k is 1x10™ s™'. The self-limiting growth
behavior occurs because the polymer itself creates a physical
impediment to reactant diffusion and materials growth in the
trans-membrane direction.

From TMAFM and profilometry measurements, membrane
roughnesses were ca. 10 % for all thicknesses examined.
These measurements also occasionally revealed membrane
folds or tears, likely created during harvesting (i.e., physical
collection, rinsing with acetone, drying in air, Fig. 1a). More
extensive tearing, apparently caused by capillary forces, is
evident in dried membranes transferred directly from water
to air. In-situ AFM phase measurements revealed that, apart
from obvious tears, membranes are continuous and appear to
feature compositionally homogeneous surfaces (Fig. 1b).
Additionally, transmission electron microscopy indicates a
non-uniform polymer density; high-density strands are clearly
evident on multiple length scales.

The Fourier transform infrared (FT-IR) spectra of the poly-
mers show stretches indicative of both the molecular square
sub-unit and the polyester backbone. The presence of the car-
bonyl stretches from the Re(CO);Cl corners, alkyne stretch
from the ethynyl spacer, the secondary amine stretch from the
amide linkages, and the growth of the ester carbonyl stretch
from the polyester backbone are direct evidence of polymer
formation based on intact molecular-square subunits. The fre-
quency of the observed C=0 stretch from the polyester back-
bone is in good agreement with those from model compounds.

Visible region spectra of the polymeric membranes are con-
siderably broadened and red-shifted compared to those of
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Scheme 1. Synthesis and interfacial polymerization of 2. For the interfacial polymerization, the
square is confined to the aqueous phase and the acid chloride linker to the organic phase. The
polymer structure shown is idealized for illustrative purposes; the actual structure lacks net mono-
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where i is the current at a naked electrode, imem
is the current at a membrane-covered elec-
trode, Dy is the probe molecule’s diffusion coef-
ficient in solution, Dy, is its diffusion coefficient
within the membrane, r is the microelectrode
radius, and P is the solution-to-film partition
coefficient.

As shown in Figure 2, the probe molecule
flux increases sharply as the membrane thick-
ness decreases. A reciprocal plot (flux versus 1/
d; inset) is linear, consistent with Equation 1.
Expressed another way, measured permeabil-
ities (PD,, values) are independent of film
thickness, as they should be if membrane diffu-
sion, rather than partitioning, limits the trans-
port. Table 1 summarizes permeability data for
five candidate probe molecules.

mer orientation and is almost certainly cross-linked.

a A ! 5

Fig. 1. TMAFM height (a) and phase (b) images in air for a 2/Ter membrane on
a glass cover slip. The average membrane thickness was 100 nm.

their constituent monomers, implying significant electronic
interaction between porphyrin molecules.™® Polarized absorp-
tion measurements show that the polymerized squares lack a
net orientation.

Membrane permeability with respect to a series of redox-
active probe molecules was evaluated using slow-sweep (qua-
si-steady-state) cyclic voltammetry, following placement of
the material over a 25 um diameter platinum microelectrode.
Orientation and continuity of the membranes over the elec-
trode was examined visually with a charge-coupled device
(CCD) camera (Panasonic KR222, Edmund Scientific). This
and other electrochemical approaches take advantage of the
fact that current is a measure of molecular flux and that
reduction or oxidation of a probe molecule at an electrode
creates a concentration gradient in the probe species. Under
these conditions transport is well described by a sequential
diffusion process: efficient hemispherical diffusion through
the low viscosity solvent followed by one-dimensional diffu-
sion through the membrane. The overall flux or current is giv-
en by the reciprocal sum of currents for each step in isolation.
Under steady-state conditions, this relationship can be used to
derive the following:"!

ilimem =1 +4 Dyd/mrPD,, (1)
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Fig. 2. Probe molecule flux as a function of film thickness for 2/Suc. The line is
drawn to show a first order inverse fit to the data. (Inset shows linearity of the
reciprocal plot.)

Included for comparison are data for transport through sim-
ple molecular films of essentially the same square assembly,
{[Re(CO);Cl1]-[5,15-bis(4-ethynylpyridyl)-10,20-bis((4-ethoxy-
carbonyl)phenyl)Zn(m)porphyrin]},'Y and for diffusion
through water. Notably, transport through the polymeric
squares is 4 to 25 times faster than through the molecular
material. The origin of the difference is unclear. But, almost
certainly the void volume in a solvent-swollen membrane ma-
terial is greater than in the corresponding molecular material.
The relationship between void volume and transport rate
remains to be elucidated for these materials, but it is reason-
able to believe that they are related. Transport rates are an
essential consideration in many membrane applications, in-
cluding catalysis, separations, and sensing.

Figure 3, a plot of permeability (PD,,) versus 1/permeant
diameter, shows that: a) the transport rate decreases as the
probe size increases, and b) beyond a critical size, probe trans-
port is completely blocked. As evidenced by the plot, the
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Table 1. The permeabilities of membrane and thin-films of porphyrinic molecular squares with
respect to redox probe molecules of varying size.

Molecular film [c]
PDp, x 107 [em*s7!]

Redox probe [a]
(Diameter [A]) [b]

Polymeric film 2/Suc
PDp, x 107 [em*s7']

Aqueous solution
Dy x 10" [em*s™!]

FcMeOH (4.5) 13.8+35 3301 96
Fe(CN)& (6.0) 108426 1.95+0.04 7
Co(phen)3 (13) 63+12 0.24+0.01 46
Fe(bphen(SOs),)¥ (24) 34+14 very small 12

Ru(PNI-phen)3* [d] (32) not detected not measured not measured

[a] FeMeOH = Ferrocene methanol, phen=1,10-phenanthroline, bphen(SOs;),=4,7-bis(p-sulfo-
natophenyl)-1,10-phenanthroline, PNI-phen = 5-(N-(4-(N-piperdidinyl)naphthalene-1,8-dicarbox-
imide.))-1,10-phenanthroline. [b] Radii approximated based upon HyperChem 5.1 geometry opti-
mizations. [c] Data from Zhang et al. [14]. [d] Synthesized by D. S. Tyson, C. R. Luman, X. L.

time (>24 h) has also been demonstrated. Pro-
longed immersion (several days) in dimethyl-
formamide, however, does eventually degrade
the polymer into soluble components. Broad
solvent compatibility potentially opens up a
number of applications. Also required, of
course, is membrane functionality. The copoly-
merization approach used here is well suited
for introduction of functional subunits such as
molecular catalysts, the focus of ongoing stud-
ies.

In summary, exceptionally thin, porous, poly-

Zhou, F. N. Castellano, Inorg. Chem. 2001, 40, 4063.
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Fig. 3. Dependence of diffusion rate on permeant diameter through 2/Suc. Mea-
surements were made in water as solvent, except for Ru(PNI-phen)3; which was
measured in acetonitrile. (Smaller probes were observed to permeate the film
from acetonitrile solutions.) The largest probe was a silver nanoparticle. Most
measurements were made electrochemically. A few were alternatively or addi-
tionally evaluated spectrally by employing the membrane as a porous separator
in a U-shaped diffusion cell.

probe cut-off correlates well with the cavity size for an iso-
lated square, strongly suggesting that the cavities define the
maximum pore size in the polymer. Below the size cut-off, the
observed correlation between PD,, and 1/diameter is reminis-
cent of the Stokes-Einstein equation for solution-phase diffu-
sion:

D = kT/diameter x 3ntny 2)

If Equation 2 is applicable here, the effective solvent viscosity,
7, within the polymer is roughly 7-fold smaller than that in the
bulk. This correlation further suggests that the partition coef-
ficient is invariant with permeant molecule composition and
charge—a not unreasonable finding given the polymer’s
charge neutrality and large unit cavity size.

Additional transport and related studies have been carried
out successfully in several organic solvents, including tetrahy-
drofuran (THF) and pyridine (solvents that dissolve the corre-
sponding molecular material). Membrane compatibility with
chloroform, acetonitrile, and acetone for extended periods of

1938 © 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

meric membranes have been generated via

self-limiting interfacial copolymerization of re-
active molecular-square subunits and difunctional hydrocar-
bon linkers. The membranes display excellent condensed-
phase molecular sieving behavior, with a molecular-size cut-
off consistent with expectations based on nanoscale square-
cavity-limited permeant transport.

Experimental

The functionalized ligand [5,15-bis(4-ethynylpyridyl)-10,20-bis[4-(p-hydro-
xyamidocarbonyl)phenyl]]zinc(ir)porphyrin, 1, was synthesized via Pd-mediated
cross coupling of 4-ethynylpyridine to a dihalogenated porphyrin template
[5,15-dibromo-10,20-bis[(4-ethoxycarbonyl)phenyl]]zinc(i1)porphyrin, following
the methods of Therien and co-workers [15]. Following the hydrolysis of the
ethyl ester groups, the resulting carboxylic acid substituents were coupled to
1,4-aminophenol in the presence of standard peptide coupling reagents, benzo-
triazol-1-yloxytris(dimethylamino)phosphonium hexafluorophosphate (BOP),
1-hydroxybenzotriazole (HOBt), and dimethylaminopyridine (DMAP) [16].
(Coupling of a,w-dithiol and a,w-diamino compounds to the carboxylic-acid-
containing porphyrin also proved possible, yielding thiol- and amine-derivatized
porphyrin ligands [17].) H' NMR (400 MHz, DMSO-dg): 6 10.46 (s, 2H), 9.82
(d, 4H, J=4.4 Hz), 8.86 (d, 4H, J=4.4 Hz), 8.84 (d, 4H, J=5.9 Hz), 8.39 (d, 4H,
J=8.1Hz), 834 (d, 4H, J=81Hz), 8.1 (d, 4H, J=5.9 Hz), 7.54 (d, 4H,
J=8.1Hz), 6.63 (d, 4H, J=8.1 Hz) ppm. UV-vis (THF): A;,,=448, 650 nm.
FTIR (KBr): vo_=3398, vc=c=2189 cm™. Electron spray mass spectrometry
(ESMS): 998.4 (m/z, calculated), 998.3 (m/z, observed). Elemental Analysis for
CooH34N304Zn-4H,0: C, 67.53; H, 3.97; N, 10.51 (calculated), C, 67.59; H, 4.01;
N, 10.64 (observed).

By refluxing the hydroxyl functionalized porphyrin with one equivalent of
Re(CO)sCl in THF for 48 h, the polymerizable molecular square (2) was ob-
tained in 95 % yield. Pulsed-field-gradient NMR measurements yielded an
effective Stokes diffusion radius consistent with expectations for a square based
on a 24 A x24 A metal framework [18,19]. Vapor pressure osmometry measure-
ments (Galbraith Labs) in dimethylformamide (DMF) as solvent yielded a mo-
lecular weight of approximately 5275 amu (5216 amu calculated), thereby con-
firming that the assembly is a square rather than a triangle, pentagon, or other
structure. H' NMR (400 MHz, DMF-d,): 6 10.52 (s, 4H), 10.47 (s, 4H), 9.94 (d,
16H), 9.18 (d, 16H), 8.91 (d, 16H), 8.60-8.40 (32H), 8.38 (d, 16H), 7.88 (d, 8H),
7.82 (d, 8H), 6.95 (d, 8H), 6.88 (d, 8H). UV-vis (THF): Aax =456, 662 nm. FTIR
(KBr): veo1y=2022, veop)=1909, veon)=1890, ve=c=2183, vou=3374,
UNH(1) = 1648, vnp)=1512 cm™. Vapor pressure osmometry (DMF): 5275 g
mol™ (observed), 5216 gmol™ (calculated). Elemental analysis calculated for
Cy5.H144N3,0,5ClZn Re24H,0: C, 53.61; H, 3.43; N, 7.94 (calculated), C,
54.03; H, 3.29; N, 7.65 (observed).

The general procedure for the interfacial polymerization was as follows
(Scheme 1): A 100 uM solution of 2, prepared in a 3:1 pH 11 aqueous carbon-
ate buffer/THF mixture, was layered over a 1 mM solution of linker (1,4-ter-
ephthaloyl chloride (Ter) or succinyl chloride (Suc) in CH,Cl,). After 3 h, the
reactant solutions were removed and the resulting polymer was washed with
CH,Cl, and water/THF mixture. The membrane was then harvested and stored
over a distilled H,O reservoir. Reactant concentrations and reaction time were
varied to produce membranes of several thicknesses.
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Planarized Star-Shaped Oligothiophenes as a New
Class of Organic Semiconductors for
Heterojunction Solar Cells**

By Rémi de Bettignies, Yohann Nicolas, Philippe Blanchard,
Eric Levillain, Jean-Michel Nunzi, and Jean Roncali*

Photovoltaic (PV) cells based on organic semiconductors
are a focus of increasing research effort motivated by the pos-
sibility to realize large area, light-weight, and low-cost flexible
solar cells, taking advantage of the processability of organic
materials." 1!}

Besides environmental constraints and the predictable
exhaustion of fossil energy resources, the strong renewal of
interest for organic PV conversion has been boosted by the
large improvement in conversion efficiency of organic solar
cells accomplished in recent years.“’“]

It is widely accepted that p—n-like heterojunctions based
on adequate combinations of donor (p-type) and acceptor
(n-type) molecular or polymeric organic semiconductors rep-
resent the most appropriate system to achieve high power
conversion efficiencies.'™)
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Although large area heterojunctions based on interpene-
trated networks of donor and acceptor molecules and/or
n-conjugated polymers have reached high power conversion
efficiencies,>*°! significant progress has also been accom-
plished in organic PV cells based on vacuum evaporated or
laminated multi-layer heterojunctions.[1’3’7’”] Thus, conversion
efficiencies exceeding 1 % have been reported for solar cells
based on phthalocyanines and acceptors derived from peryl-
ene or fullerenes Cﬁo.[1’3’7‘“]

Whereas thiophene-based m-conjugated oligomers have
been widely investigated as organic semiconductors for appli-
cation in organic field-effect transistors (OFETs),*?! their pos-
sible use in solar cells has attracted less attention. !4l

It is well known that a vertical orientation of the m-conju-
gated chains on the surface of the substrate favors high hole
mobility in the corresponding OFETs."?! Conversely, a large
absorption of the incident light required for efficient PV con-
version implies that the dipole of the chromophore is perpen-
dicular to the direction of the incident light and hence parallel
to the surface of the substrate. This problem has been ana-
lyzed by Fichou and co-workers, who have shown that align-
ment of octithiophene molecules parallel to the surface of the
substrate produces a substantial improvement in power con-
version efficiency of the resulting solar cells."?!

It is generally accepted that rigid planar structures favor the
high exciton mobility needed for large internal conversion
quantum yields and high current densities, as illustrated by
the high efficiency of solar cells based on phthalocyanines or
hexabenzocoronenes. !

In this context, we report here preliminary results on solar
cells based on a new m-conjugated system in which three line-
ar oligothiophene (nTs) chains are connected to a central pla-
nar and rigid trithienobenzene core (1) (see Scheme 1). Using
N,N’-bistridecylperylenedicarboxyimide (3) as the acceptor
and electron-transport layer, we have carried out a compara-
tive analysis of the spectral response and power efficiency of
two series of heterojunction solar cells in which compound 1
and the linear reference compound 2 have been used as donor
and hole-transport materials.

The synthesis of compounds 1 and 2 will be published else-
where. These compounds melt at 160 and 135 °C, respectively,
and can thus be easily processed by vacuum sublimation with-
out degradation. In fact, thermogravimetry shows that com-
pound 1 begins to degrade only above 430 °C.

Figure 1 shows the electronic absorption spectra of com-
pounds 1 and 2 in methylene chloride solution and as thin sol-
id films sublimed on glass.

Comparison of the solution spectra of compounds 1 and 2
shows that the absorption maximum (4,,,x) shifts bathochro-
mically from 379 nm (3.27 eV) for the linear compound 2 to
405 nm (3.06 eV) for the star-shaped compound 1. This red
shift shows that the combined effects of planarization and rigi-
dification of the central core leads to a significant enhance-
ment of m-electron delocalization associated with a decrease
of the highest occupied-lowest unoccupied molecular orbital
(HOMO-LUMO) gap. This conclusion is further supported
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