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Abstract: Described are the preparation and functional characterization of nanocrystalline and/or amorphous
thin films comprising of neutral “molecular squares” of the form [Re(&O0)(«-L)]4 (L = difunctional imine

or azine ligand). The films are strongly adherent, stable in aqueous media, and characterized by comparatively
few pinhole defects. Electrochemical transport experiments show that the materials are exceptionally porous
with respect to sufficiently small solution-phase permeants but blocking toward larger permeants. Related
thin-film experiments based on monometallic “corner” materials indicate efficient exclusion of all candidate
permeant molecules evaluated. For the title materials, these experiments, together with additional electrochemical
probe experiments, indicate that (1) membranelike permeation via pores or tunnels of about nanometer diameter
is the primary mode of transport of molecular and ionic species through thin films and (2) the transport-
relevant pore or tunnel diameter is defined by the cavity dimensions for the component molecular square. The
crystal structure of a single isomer of [Re(G@))(u-4,4-bipyridine)l: is also reported. A packing view down

thec axis of the tetragonal unit cell shows that the molecules, which are significantly puckered in the crystalline
state, are arranged with cavities aligned to generate infinite zeolite-like channels.

Introduction binding targets range from small planar aromatic spééits!’
N o ~ to complex inorganic aniorfs'® alkali metal cationd? and di-
One of the most exciting recent developments in inorganic and tetrafunctional porphyrin speciedhe obvious technical

hOSUgUeSt Chemistry has been the elaboration of the Syntheticdrivers are chemical Sensing, chemical Cata|ysi3, and phase_
chemistry of cavity-containing “molecular square” assemblies. transfer catalysis.

Indeed, sev.eral do;en molecular. squares and rela.ted species We reasoned that many of the proposed or demonstrated
pased on cis-coordinated metal ion corners z?lnd difunctional solution-phase applications could be usefully extended to
ligand edges have now been reportet!. The available square o tacial or solid-state environments. An interfacial approach

assemblies range in size (minimum gaV|ty diameter) from I.ess clearly would simplify the necessary eventual separation of host
than 5_ A to greater_than 30 A'_ with selected_ assemb_lles species from reaction environments. At the same time, it might
displaying ugeful ancillary prop.e.r.tles such as optical actiity open up additional applications for molecular host compounds,
or photolumm_escence capabilities” Perhaps the. grea_test such as ultrafiltration, gated transport, or catalytic membrane
funct.lonal design focu.s., however., h_as been on induction of reactivity?021We further reasoned that these particular applica-

solution-phase recognition and binding properties, where the tions might be best explored in a thin-film materials configu-

ration, since rates of transport of molecular species through
porous materials typically scale inversely with transport distance
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Chart 1 characterized by sharp molecular size cutéfishere the cutoffs
0 © o are (1) predictable based on the X-ray or model determined
Cl . .
_?(Lg Nr\_?)/@ %%;T/—N@—@Nd—/arqo caylty diameters for the compqnent square compqunds.ar.ld (2)
Re N_Re=—C0 adjustable on the basis of straightforward synthetic variations.

OC/[L] = (]Lj % 6
O )
N 7’“ . O @

We note that the molecular sieving properties of the molecular
squares films are not exclusive to these materials: some organic

e \ 2 B N polymers?’—30 as well as metallopolymei3; 3> display molec-
a7l o OC,RL&N RO ular sieving toward variable-size permeants. However, for the
o & OO
1 Tl kb polymer systems, which are typically cationic, the molecular
2 size cutoff is not easily predictable (i.e., fine-tuning of the
o o o 0 permeation cutoff is difficult), since it depends, among other
%CC?RL/_LN@W\__QNi [ %%;nj‘e/—w@@x %CC;T/—GN@—@) things, on the extent of cross-linkiffgand on the nature of the
,L a”| \ & counterions incorporated in the film during the polymeriza-
@) O O J s tion.37:38 Sharp molecular-size cutoffs have also been reported
\ § @ for free-standing nanotubule-based molecular filtration mem-
® brane<g as well as porous lipid bilayers containing peptide
T (,f nanotubuleg?-4! The nanotubule membranes, like the thin films
R based on th lecul tentall ttracti
0C—RZANOY— A ased on the molecular squares, are potentally more attractive
T :>x©NOC}\CO{O than the polymer systems in the sense that they readily allow
3 for monodisperse pore sizes and predictable molecular-size

cutoffs. We suggest that the size-selective transport properties

. . . reported here may prove useful in subsequent catalytic applica-
(mat(_erlal thlcknessé?_ He_re we re_port on the_ preparation and tions, ultrafiltration applications, and chemical sensing applica-
functional characterization of thin-film versions of molecular tions20.21

materials comprising of selected tetrarhenium square assemblies,
as well as related corner assemblies (cf. compounrds Chart Experimental Section
1). We also repo_rt on the single-f:rystal StrucFure of one of the Materials. Neutral, tetrarhenium-based squares featuring pyrazine
_molecular materla_ls. These particular m_aterlals were Chqsen’(pz,l),4,4-bipyridine (4.4bpy.2), ortrans 1,2-bis(4-pyridylethylene
in part, because prior X-ray structural studies had already pointed y,,e 3) and mononuclear Re(CG@EI)(L)> complexes, where L is 44
toward a propensity for extended, one-dimensional channelpipyridine @) or 4-phenylpyridine %), were prepared via literature
formation® The materials were also attractive because of the method$:#2 Aqueous solutions of [Fe(Lk)SO, (LL = 2,2-bpy (2,2-
charge neutrality of the various molecular components and the bipyridine), phen (1,10-phenanthroline), and bphegi&D (batho-
resulting absence of channel-blocking counteritig:23.24 phena_nthrolinedisulfonic acid,_sodiu_m salt)) were purchased_ from GFS
Finally, the tendency for the compounds to dissolve in polar Cheémicals. (The bphen$Ra ligand is manufactured as a mixture of

g . L . S isomers with respect to the position of the sulfonate group on the phenyl
organic solventswhile pomplt_etely reglstlﬂg d'SSOIUt'C_m In water subtituent. The resulting Fe(bpheng£ complex is, therefore, also
—suggested comparatively simple thin-film processing protocols
and subsequent condensed-phase characterization protocols.

(26) Here, and elsewhere in the report, “sharp molecular cutoffs” is meant
to indicate abrupt, as opposed to gradual, permeant size discrimination. The

As shown below, we find that transport through the available description isnotmeant to imply that perfect molecular sieving (i.e., leak-

- . . . free sieving) is achieved. Indeed, as indicated below, some leakage,
thin films can be readily monitored and at least partially apparently defect-based, is observed with each of the five molecular

quantified by utilizing aqueous electrochemical measurement materials described here. In contrast, zero leakage has been detected in

techniques. Briefly, we have made use of soluble, redox-active ultrafiltration experiments invoking membranes based on metal-plated
' ' ' nanotubuleg®

permeant species of varying size and charge. By then preparing (27) Ohnuki, Y.; Matsuda, H.: Ohsaka, T.; Oyama, N Electroanal.
candidate films on electronically conductive platforms (e.g., gold Chem.1983 158 55.

or glassy carbon electrodes), we have taken advantage of the (28) Ohsaka, T.; Hirokawa, T.; Miyamoto, H.; Oyama, Ahal. Chem.

; . 1987, 59, 1758.
requirement that a particular probe molecule fully traverse the = (29) Taj, S.: Ahmed, M F.; Sankarapapavinasamn8. J. Chem1993

film material in order to undergo electrochemical oxidation or 32A 521.
reduction?® The electrochemical process, of course, is then _(30) McCarley, R.L.;Irene, E. A.; Murray, R. W. Phys. Chem991,

) 95, 2492.
observable as a potential-dependent flow of current. The = (31) lkeda, T.; Schmehl, R.; Denisevidch, P.; Willman, K.; Murray, R.

electrochemical measurements show that thin films based onW. J. Am. Chem. Sod.982 104 2683.

neutral tetrametallic squares are capable of functioning as lgéizégoz”gg‘lhz' S.; Strouse, G. F.; Meyer, T. J.; Sullivan, Bnbrg. Chem.

comparatively efficient molecular sieves. (For example, diffusion  (33) Gould, S.; Meyer, T. I1. Am. Chem. S0d.991, 113 7442.
through the “squares” membranes is substantially faster (more  (34) Pressprich, K. A.; Maybury, S. G.; Thomas, R. E; Linton, R. W.;

efficient) than diffusion through chemically related metallopoly- 're?geé)EBagr;]g'\gLr’"?.‘ RV, Phys. Chenfl983 93 5%68. Hupp, 3. T.

meric membranes.) Furthermore, the sieving phenomenon isLangmuir submitted.
(36) Yan, S. G.; Hupp, J. T. Electroanal. Chem1995 397, 119.
(37) Cosnier, S.; Deronzier, A.; Roland, J.J-Electroanal. Cherml991,
310, 71.
(38) Lyon, L. A,; Ratner, M. A., Hupp, J. T. Electroanal. Cheml995

(22) Baker, R. W.; Cussler, E. L.; Eykamp, W.; Koros, W. J.; Riley, R.
T.; Strathmann, HMembrane Separations Systems, Recene®@@ments

and Future DirectionsNoyes Data Corp.: Park Ridge, IL, 1991.

(23) Stang, P. J.; Chen, K.; Arif, A. Ml. Am. Chem. S0d.995 117,

8783.

(24) Whiteford, J. A;; Lu, C. V,; Stang, P. J. Am. Chem. S0d.997,

119 2524.

387, 109.
(39) Ghadiri, M. R.; Granja, J. R.; Buehler, L. Wature 1994 369,
301.
(40) Granja, J. R.; Ghadiri, M. R.. Am. Chem. S0d.994 116, 10785.
(41) Hartgerink, J. D.; Clark, T. D.; Ghadiri, M. Rhem. Eur. J1998

(25) The requirement can be circumvented, of course, if defects (holes) 4, 1367.

exist, if permeant redox self-exchange reactions are significant, or if the
film itself becomes electronically conductive.

(42) Giordano, P. J.; Wrighton, M. §. Am. Chem. Sod979 101,
2888.
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a mixture of isomers; it was used without purification.) [Co(hRy)]- Table 1. Crystal Data for2:0.5(CH;).CO
(NO3); and [Co(phen)(NO3), were prepared from Co(N§R+-6H.0 in chemical formula G HaNaCl:On Re
ethanol as described in the literature for the perchlorate analdgues. formula weight 1951.58 ’
[Ru(NHs)s(4-pic)](PF)2 (4-pic = 4-picoline) and [Ru(NH)s(py)]Cl2 crystal system tetragonal
(py = pyridine) were prepared according to literature methfédBor space group 14
chemical structures of permeants, see Chart 1, below.) Solvents (reagent color yellow
grade) were from Fischer. All other chemicals were from Mallinckrodt crystal size, mm 0.1% 0.14x 0.13
or Aldrich. a,f\\ 22.72(2)
; ; el fi ; ; C, 13.538(5
Film Preparation. In a typical film preparation, a saturated solution v Ad 6986(6() )

of the molecular square is prepared in acetonitidledr acetone 4,

3). The suspension is sonicated, and an equal volume of chloroform is é | > 30(1) g 059

added. The suspension is filtered on a @M poly(tetrafluoroethylene) WiR, | > 30(1)° 0'060

membrane (Whatman), and a few drops of the resulting solution are GOF,| > 30(1) 206

placed on the electrode and left to evaporate slowly, with slow rotation

(100-200 rpm) of the electrode. Films of the Re(G@)(L)2 AR = 3 ||Fol — [Fell/X|Fol- ®WR =[(SW(|Fo| — |Fe)/TwFe?2

monomers are prepared by the same technique, but from 1:1 (v/v)
acetone/CHGlsolutions. Since the monomers (corners) are much more
soluble than the squares, filtration is unnecessary. Solutions of the 4,4

Table 2. Selected Bond Lengths (A) and Angles (deg) for
2:0.5(CH;).CO

bpy corners in acetone/CH{C$hould be used within a few hours, as Rel-Cl1 2.49(1) Re2-CI2 2.48(1)
the monomer (in the presence of a weakly coordinating solvent) has Rel-N1 2.22(3) Re2-N3 2.26(3)
been found to transform eventually into the corresponding sdgiare. ~ Rel-N2 2.22(3) Re2-N4 2.20(3)
Permeation studies were effected after a film drying time of 20 Rel-Cl1 1.91(3) Re2C24 1.9(1)
min (necessary to ensure good adhesion to the electrode surface). The Sgi:gig iggl(z) EZ?E%S 13%&13
films retain sieving properties for at least several hours in aqueous C11-01 1'14(4) C24-04 1'2(1)
medium. Repetitive scanr_1ing of permeant soluti_ons, however, some-  ~75 ~5 1:14(4) C2505 1:18(4)
times led to fllm degrad_atlon. Therefore, a new film was prepared for 1303 1.0(1) C26-06 1.10(4)
each permeation experiment. N1—Rel-N2 85(1) N3-Re2-N4 83(1)

Film Thickness Determination. The thickness of the films was
determined to be in the 0.32.5um range. Thickness was estimated
by (1) dissolving the film material in a known volume of acetonitrile
following the electrochemical experiment, (2) recording an electronic
absorption spectrum, (3) using the absorbance value at the following
metal-to-ligand charge-transfer bahextinctions (M cm™), 1.9 x
10* (2), 2.3 x 10* (3), and 4.5x 10* (4), to determine the amount of
material present, and 4) assuming the most dense packing possible for
the films, i.e., the following dimensions for the squares (A): 199
x 7 (2,21 x 21 x 7 (3), and (12x 12 x 7)/2 (4). Note that this
assumption does not take into account that mole¢ken, in principle,
interpenetrate. If so, film thicknesses for this material may be
overestimated.

Electrochemical Measurements.An EG&G PAR 273 or 264
potentiostat and a Houston Instrumexts/ recorder (model 2000) were
used for electrochemical measurements. A 3-mm glassy carbon (GC)
electrode (Cypress) or a 3-mm GC or gold rotating disk electrode tip
(Bioanalytical Systems), adapted to fit a Pine Instruments analytical
rotator (model MSRX), was used for permeation studies. Distilled and
purified (Millipore) water was used to prepare the permeant solutions;
these were typically 510 mM in electroactive species and 85 M
in KNOs. Electrochemical measurements were conducted with a
conventional one-compartment, three-electrode setup (platinum wire
counter electrode, saturated sodium chloride calomel reference electrod
(SSCE)). The scan rate of the rotating disk electrode (RDE) voltam-
metry scan was 10 mV/s.

Crystal Structure. Single-isomer crystals a2-0.5(CH;).CO (see

below) were obtained from slow evaporation of an acetone solution. the distribution of the intensity data, and successful refinement of the
Reflections were collected on an Enraf-Nonius CAD-4 diffractometer structure. The structure was solved by direct methods (SHEL*586

igure 1. Side view of the two independent square molecules, showing
heir puckered arrangement. Top view and full numbering scheme
available in the Supporting Information.

using graphite-monochromated MoaKradiation. The I-centered Non-hydrogen atoms were located from successive difference Fourier
tetragonal cell was refined using 25 reflections (3820 < 24°). maps, and hydrogen atoms were calculated at idealized positions, using
Reflection data were collected up tdd 2= 50° (3385 measured a riding model. Re, Cl, and O atoms were refined anisotropically. C
reflections, 3266 unique, 2164 witlio(l) > 3 used for refinement). atoms were refined with isotropic thermal parameters. Atomic scattering
No decay correction was applied, but intensity data were corrected for factors were taken from the usual sourteBinal refinement was done
absorption (analytical correctidhu = 71.2 cmY, Tmin = 0.38, Tmax by full-matrix least-squares of? using teXsarf?

= 0.50), Lorentz and polarization effects. A correction for secondary

extinction was also applied. The space grolf) (N_as_ deduced f_rom (46) Sheldrick, G. M. InCrystallographic Computing ;3Sheldrick G.
the systematic absencdskl, h + k + | ... 2n), statistical analysis of M., Kruger, C., Goddard, R., Eds.; Oxford University Press: New York,

1985; p 175.
(43) Wheeler, S. H.; Zingheim, S. C.; Nathan, L.XCInorg. Nucl. Chem. (47) International Tables for Crystallography<ynoch Press: Witton,
1978 40, 779. Birmingham, U.K., 1992; Vol. C, Tables 4.2.6.8 and 6.1.1.1.
(44) Curtis, J. C.; Sullivan, B. P.; Meyer, T. lhorg. Chem.1983 22, (48)teXsan. Single-Crystal Structure Analysis Softwsiersion 1.7.MSC,
224. Molecular Structure Corp. 3200 Research Forest Drive, The Woodlands,

(45) de Meulenaer, J.; Tompa, Acta Crystallogr.1965 19, 1014. TX, 1995.
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(a) - éoz+/3+ IS 0pA

Figure 2. Packing diagram for the single-isomer polymorph2oih — . .
the ab plane, showing the infinite channels along the crystallographic 05 0.0 05 1.0
c axis. Crystallization solvent (acetone) omitted for clarity. ’ ) ’ ’

E vs SSCE (V)

Figure 4. (a) Rotating disk electrode voltammetry of solutions of
Ru(NHs)¢*" (5.0 mM) and Co(phes)' (5.0 mM) on a bare electrode
(--+), and on an electrode coated with a thin film4af—). (b) Analogous
experiment performed with a mixture of Ru(Ms(4-picy¥* (5.2 mM)
and Fe(bphenSfy*~ (5.0 mM) with a thin film of 3 and at a bare
electrode. (c) Analogous experiment performed with a mixture of
RuU(NH)s(4-picFt (5.9 mM) and I (4.5 mM) on a bare electrode and
on an electrode coated with a film df Diameters of permeants:
Fe(bphenSgs*-, 24 A; Ru(NHs)s(4-pic*, 6.7 A; Ru(NH)e", 5.5
A;1-, 2.4 A. Re--Re distance in the molecular squarés:14 A; 1, 7

A. Scan rate is 10 mV/s; rotation rate of the RDE is 500 rpm, in 1 M
KNOs.

Chart 2

Figure 3. Packing diagram fo4, in thebc plane, showing the absence
of channels (from ref 49, arbitrary color scheme).

Results and Discussion

Crystal Structure of Square 2. Synthesis of this species and
similar squares yields, in principle, a mixture of isomers with
respect to the orientation of the chloride ligands relative to the
plane of the four Re atoms. Crystal structures for [Re(E0)
(Chpzls (1) and [Re(COY(CI)4,4-bpyls (2) have been reported
in an earlier communicatioh.In both cases, the structure the crystallographically distinct second molecule in Figure 1,
revealed that the square was planar. The structures furtherthe rhenium atoms are displaced Hy3.8614(11) A. The
showed CI/CO disorder in the direction perpendicular to the dihedral angles between the least-squares planes of the pyridine
plane of each molecular square. Whether this reflected cystal-rings are 36.7 and 385Typical dihedral angles for metallo-
lization of mixtures of isomers or, instead, disorder caused by cyclophanes with bridging 4;7bpy ligands are in the 2530°
crystal packing could not be determined. In this report, the range®®15Note that this tilting of the pyridine rings with respect
crystal structure of a single isomer of the bipyridine square is to the walls of the square cavity (as well as the puckering)
described, in which the chloride ligands adopt alternatipg reduces its effective size. The molecular packing diagram
down orientations. showing the infinite open-end channels along thexis, is

Crystal data are collected in Table 1; bond lengths and anglesrepresented in Figure 2. Crystallization solvent (acetone)
associated with the Re center can be found in Table 2. The unitmolecules are located along the channels, above and below the
cell contains two molecules per asymmetric unit. TheRé—N molecular squares. Shown for comparison in Figure 3 is a space-
angles (82(1) and 84()are similar to those usually observed filled representation of the packing structure of a single crystal
in molecular square®!315Unlike the molecules comprising the  of 4.4° Note the absence of channels. The packing structure for
disordered polymorph reported earlfehpwever, those in the 5 similarly lacks channel?
single-isomer crystal are significantly puckered: In molecule - - -

1 of Figure 1, the rhenium atoms are displaced 3.0829(11) A 15&1;?) Béanger, S.; Hupp, J. T.; Stem, C. Acta Crystallogr1998 C54
above and below the average plane of the metal centers. For (50) Keefe, M. H. unpublished results.
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Chart 3
(@) da~254
1,Re--Re~7A
NH 3+ CN 3- NH. 2+ NH; 2+
VLA P R L L
o N NH  Ne_ | __oN' HN_J NH, sN—p,—NH;
Fe HN— |U\NH3 NC— ¥ ~CN H;N— | ~—~NH, HN—"|"=NH,
> NH; &JJN N é“)
d~45A d~554 d~6A O
d~67A d~63A
2,Re--Re~12A 1
3,Re:--Re~14 A
@\O 2+ @t@% 2+
C N O O N O SO5- O
\1\|4/ \1\|/[/
o0 OO0
N N
d~11AO d~13AO SO
M="Fe, Co
d=24A
Size Selectivity in Thin Films of Molecular Squares.The and a bare electrode. The experiment clearly shows that the

permeability of the mesoporous materials with respect to smaller ruthenium complexi(~ 6.7 A) passes readily through
approximately a dozen redox-active probe molecules was the film comprising of the molecular squadewhile the larger
examined via rotating disk electrode and cyclic voltammetry. iron complex ¢ ~ 24 A) is excluded? The relative magnitude
Briefly, a thin film of the desired square or corner was cast on of the residual signal observed for the iron permeant varied from
the surface of an electrode (see Experimental Section), and thefiim to film and is attributed, therefore, to transport through
potential-dependent current for oxidation or reduction of an pinhole defects. Figure 4a shows a similar experiment with a
aqueous solution of the probe molecule was monitored underthin film of 4, in contact with solutions of Ru(N&>" and Co-
hydrodynamically well-defined conditio$.n principle, elec- (phen)?*. Note that, in the case of the corner molecdjehe
troactive species could reach the electrode by diffusion through magnitude of the current is greatly decreased by the presence
defects in the film (pinholes or cracks). Since the dimensic_)ns of the film, for both the small Ru and the large Co permeants,
of such defects are presumably larger than those of the candidatg,ng that the relative intensity of the current for both species is
molecular permeants, transport through them is expected (0 beywe same, regardless of film thickness. These results indicate
independent of the size of the permeant, and size selectivity it films of 4 are almost completely blocking toward these
should not be observed. Alternatively, they can reach the permeants and that they do not exhibit size selectivity. Figure
electrode by permeation, i.e., solution-to-film partitioning, 4c shows an analogous experiment with a thin filnd ¢Re --Re
fqllowe(_j by diffusion_ through_ fi_Im pathways of molecular ~7 A), with Ru(NHs)s(4-pic" and I as permeants: only the
dimensions whose size are limited to that of the molecular smaller permeantd(~ 2.4 A) is transported through the film.

z?lﬁr?(;?e-cISI:rné/iﬁwaesr?s’iggse ;Vn%y é?ﬁﬂgg?lg;gh iaitggggfim@/ “Other experiments indicate that films #&and3 are permeable
P to ferrocenemethanod(~ 4.5 A), Ru(NH)** (d ~ 5.5 A),

is to show size exclusion. As suggested by Chart 2, the relevant, . ) N o N )
dimensions could be those of the aligned molecular squares.ferrlcy"’lmole @~ 6 A), Ru(NH)s(py)*" (day~ 6.3 A), and Ru

_Ni + ~ 2+
As also suggested by the chart, there may well exist regions of,(\L\IHﬁ)E’MZE'CI\); —((|ij c %lAl)’l bug rigt'gt\o M(2,2tpp>;)3 Tﬁr
the film where transport is inhibited (by channel blockage or (phen}*" (M = Fe, Co; an , respectively). These

disorder) or unproductive (channels oriented parallel rather thanS'2€ CUt_OﬁS’ lllustrated in Chart 3, are f:on5|stent with the internal
perpendicular to the film) dimensions of the squar&sThe experiments strongly suggest,

Size exclusion is shown experimentally in Figure 4. Figure therefore, that permeation is governed by transport through
4b shows comparisons of the RDE signal observed for an individual square cavities rather than througiermolecular

aqueous mixture of Ru(Ngk(4-pic+ and Fe(bphenSgh*~ at interstices. The experiments also imply that channels-egist
a GC electrode coated with a thin film 8f(Re-*Re ca. 14 A), at least, that herringbone packing or other blockage of square

(51) The one-electron oxidation of Re(l) is observed in solution at (52) Since the molecular squares are neutral, permeation should not be
potentials higher that 1.3 V vs SSCE, and a one-electron ligand-based affected by the charge of the permeant. We nevertheless verified that the
reduction is present below0.9 V vs SSCE (see ref 13). The molecular large Fe(bphenSg)*~ complex is size-excluded, rather than excluded on
squares are electrochemically silent in the potential range investigated herethe basis of its large negative charge, by showing that the small, but highly
and no interfering signal from the squares is observed. charged ferricyanide anion does in fact permeate under analogous conditions.
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cavities does not dominate the film configuratfdiDespite the 200
available structures, these findings were not a foregone conclu- (a)
sion: Unpublished atomic force microscopy and polarized ©
absorption microscopy studies indicate that cast films are 150 -
typically either largely amorphous or nanocrystallire800 nm _ o
crystallite size) rather than micro- fx
crystalline. (The precise structural form appears to depend = 100
strongly on the choice of solvent for casting and evaporafipn. =
We further observe that the blocking behavior encountered for o O o
amorphous or polycrystalline thin films of “corner” compounds, 301 o
4 and5, was also not a foregone conclusion, despite the available @@ R E a &
single-crystal structures. 0
Membrane Diffusion. To obtain quantitative descriptions of 0 1'0 2'0 30
the permeability of metallocyclophane-derived molecules, we " "
invoked a membrane diffusion model. The model views the o (rpm™)
overall transport process simply as consecutive solution-phase
mass transport and membrane permeation processes. If transport ~ 9-100
is monitored electrochemically at a rotating disk electrode, the (b)
observed limiting current can be written as the reciprocal sum 0.075 -
of the currents (or rates) for the component solution and film- )
based process&&6-59 E
= 0.050 A
Ilin: = Imgsstransport—i_ | elrmeation (1) D E

where 0.025

imass transport= 062m FADZ/?’(’U:L/ZV 1/6CSO|n (2) 0 000

i ermeation= NFAP Dy Cogifd (3) 0.00 005 0.0 015 020 025 030 035
m-1/2 (rpm-l/Z)

In the equa_tionsn is the number of glectrons transferred per Figure 5. Levich (a) and KouteckyLevich (b) plots for 7.2 mM Ru-
permeantF- is the Faraday constar,is the electrode are& (NH3)spy?* on a bare electrodedj and on electrodes covered with
is the diffusion coefficient of the permeant in solutienjs the thin films of 2 (d = 0.1xm @); d = 0.7 um (a)).
rotation rate of the electrode, is the kinematic viscosity of
the solventCson is the solute concentration, adds the film  therefore, the rate (or current) for solution-phase mass transport
thickness. The permeability of the film is characterized by (forced convection). Figure 5a illustrates the limiting voltam-
PDsim, WhereP is the partition coefficient of the solutd (= metric responses from a Ru(NJgoy?* solution at a naked GC

Ciim/Cson WhereCiim is the solute concentration in the film),  electrode, an electrode coated with a comparatively thin film
andDsjm is its dlffus[on goefﬂqent within the film. This mogel of 2, and an electrode coated with a thicker film2feach as
assumes uniform diffusion (via pathways of molecular dimen- 3 function ofw¥2 Note that for the naked electrode the plot is
sions) in all regions of a porous film (however, see Chart 2), as jinear, as expected if only solution-phase mass transport is
opposed to transport through defects (pinholes or cracks) muchinyolved. The curved plots for the film-covered electrodes
larger than molecular dimensions in an otherwise nonporous jndicate mixed control, with forced convection limiting the
membrane. transport at low rotation rates and film permeation limiting the
From egs 2 and 3, the component currents can be separategansport at high rotation rates. The difference in limiting
by systematically varying the electrode rotation rate and, cuyrrents in the rotation rate-insensitive portion of the plots
(53) Note that the effective size of the cavity is smaller than the-Re 'nfj'cates_that the thicker film poses a more substantial perme-
distance, because of the tilt of the bridging rings relative to the square cavity ation barier.
walls and because of finite van der Waals radii. Note that the effective | the film thickness is known. the permeabilitp Dsim) can
diffusion coefficients of nonspherical molecules in solution are proportional be d ined f h ,b ined at limiti hl'mh .
to their average diameters (see: Koval, C. A.; Ketterer, M. E.; Reidsema, e determine romt € current obtained at |m|t|r_lg Igh rotation
C. M. J. Phys. Chenil986 90, 4201.) In thin-film materials, the permeant  rates or more reliably from the slope of a plotigm vs 14
molecule could, in principle, rotate faster than it diffuses (i.e., the film could (eq 3). Needed permeation currents were obtained from the

exhibit shape selectivity if the molecule can tumble fast enough for the P —1/2 ; .
permeation to be dominated by the smallest molecular dimension). intercepts of plots Ofim — 1 vsw (Koutecky-Levich plots;

(54) Although we cannot absolutely exclude the alternative intermolecular Figure 5b). Figure 6 shows a plot of permeation current vs
permeation pathway, it is unlikely that the size cutoff for permeation between inverse film thickness for transport of Ru(Nygoy?" through

molecular squares would vary with the molecular squares’ dimensions. fjims of 2. Also illustrated is the blocking behavior toward the
Furthermore, quantitative data on the corner molediflehere permeation

is expected to take place mainly through such intermolecular pathways) candic_iate permeant Ru(NJé** by films pomprising of the |(_3W'
show that permeation via this mechanism is at least 1 order of magnitude porosity “corner” compound.®® Returning to the porous films
lower than for the parent squage

(55) Stevenson, K. J.; Banger, S., unpublished studies. (60) The experiment witl was carried out in pH 8 buffer to ensure
(56) Gough, D. A.; Leypoldt, J. KAnal. Chem1979 51, 439. that the free pyridine site on the 4Hpy ligand remained unprotonated.
(57) Leddy, J. A.; Bard, A. J. JElectroanal. Chem. Interfacial Protonation of this site would lead to a cationic film, which could exclude
Electrochem1983 153 223. the Ru permeant-based ion charge (not size). Additional experiments (not
(58) Ewing, A. G.; Feldman, B. J.; Murray, R. W. Phys. Chen1985 shown) on the 4-phenylpyridine analogbewhere the free pyridine ring
89, 1263. of the 4,4-bpy ligand is replaced by a (pH-independent) phenyl ring,

(59) Savent, J.-M.J. Electroanal. Chem1991, 302, 91. revealed similar transport blocking behavior.
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for the polymeric vs molecular materials and the presence of
160 1 o charge-compensating anions within the metallopolymeric ma-
terials®4
= 1201 Conclusion
3 80 | o The single isomer crystal structure of squ&eshows a
§ o puckered arrangement, with infinite zeolite-like channels. The
- % corresponding nanocrystalline and/or amorphous thin-film ma-
40 1 o © terials, obtained by slow evaporation of solution22air other
© squares, show high mesoporosity and relatively low incidences
0] ee @ s ° of defects. The films are strongly adherent, stable in agueous

' media, and generally retain their porosity even after several
hours in water. Size cutoff data from electrochemical probe
1/d x10* (A experiments indicate that membranelike permeation via pores
Figure 6. Comparison of the permeation rates (currents) for thin films or tunnels fOf rr;olei:ular gllme.nsmns.ls tze prlkrriryf.rrode_rﬁf
of corners and of molecular squares as a function of inverse film ranNsport of molecular and lonic species through the films. The
thickness: Ru(NB)spy?* with square? (O) and Ru(NH)s** with comer probe experiments also show that the transport-relevant pore
4 (@). or tunnel size is defined by the cavity dimensions for the
component molecular square. The eventual preparation of
composed o, the plot in Figure 6 yields ®Dgm value of 3 squares where the bridging ligand is tailored to have a high
+ 1 x 1077 cn? s L8 The significant scatter in the plot  affinity for a particular type of permeant (i.e., discrimination
probably reflects residual contributions from pinhole transport, Pased on chemical interactions), or the eventual preparation of

which can vary from film to film®2 Similar plots for Fe(CNy~ molecular rectangles (discrimination based on shape), could
(not shown) yielded ®Dyim value of (0.9 0.3) x 107 cn? make these materials genuinely attractive for molecular recogni-
s1 for permeation of films composed @fand (0.8 0.5) x tion and separations applications.

1077 cn? st for films composed of the slightly larger square
3. While the RDE experiments provide no information abBut
and Dsi, Separately, it seems reasonable to assume for the
hydrophilic permeant complexes examined here that the solution/
film partition coefficients are not particularly large.

A comparison of the measured permeabilities for Fe¢€N)
and Ru(NH)spy?" to the corresponding solution-phase diffusion
coefficients shows that the former are 2 orders of magnitude Supporting Information Available: ORTEP views of the
smaller®® On the other hand, the permeabilities aré order  two crystallographically independent molecules f(with
of magnitudelarger than typically observed with amorphous complete numbering scheme). An X-ray crystallographic file,
metallopolymeric films featuring pores of similar size (for in CIF format. See any current masthead page for Web access
example, poly[Ru(4-vinyl-4methyl-2,2-bipyridinek?*]3! and instructions.
poly[Fe(5-amino-1-10-phenanthroling)]3539. The difference
presumably reflects both the differences in short range order
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(64) The polycationic nature of the metallopolymers cited also introduces
(61) The reportedPDsim value is the average value based on measure- electrostatic effects that can significantly influence the values of permeant
ments with eight films in the 0:42.2.um thickness range. partition coefficients. (See: ref 31 and Ewing, A. G.; Feldman, B. J.; Murray,
(62) Pinhole defects are comparatively more important with thinner R.W.J. Electroanal. Cheni983 153 223.) A comparison dPDym, values
films: the thinnest low-defect-density films currently available using obtained here to values obtained for similarly sized neutral permeants in
evaporative casting are 0.14n. charged framework metallopolymeric films, where electrostatic effects
(63) The values oDsj, measured here were>8 1076 (Fe(CN)3~) and should be absent, still indicates a roughly 1 order of magnitude greater
5 x 1076 cn? s71 (Ru(NHg)spy?"). permeability for the metallocyclophane-derived materials.




