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The Gluing of a Langmuir —Blodgett Bilayer
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In this paper, we introduce the concept of glued Langmuir
Blodgett (LB) bilayers, that is, LB bilayers that are composed of
two monolayer leaflets, each of which is ionically cross-linked. We
also report the first representative example, which uses calix[6]-
arenel as the bilayer-forming amphiphile and poly(4-styrene-
sulfonate) (PSS) as the glue. The fact that a single glued bilayer of

1/PSS shows very high gas permeation selectivity and robustness

should stimulate some rethinking of LB films for the creation of
practical nanoscale devices.
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Langmuir-Blodgett films have been the subject of considerable
interest for almost 70 yeats2 Despite this interest, problems with
film quality and stability have hampered efforts that have been
aimed at developing them from a practical standpdiatclassic
example can be traced to early pioneering studies by Katherine
Blodgett, where it was suggested that LB films might find use as
filters for molecular separatio#sSince that time, many attempts
have been made to reduce this concept to practice in the area o
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Figure 1. Surface pressurearea isotherms fot over water (solid line)
and 5.0 mM PSS (dashed line) at A5; inset shows surface viscosity after
monolayers were equilibrated at 22 dyn/cm for 60 min.

37,38,39,40,41,42-hexakishexadecyloxy-calix[6]arene by direct
quaternization with trimethylamineA simple polyanion, PSS, was
chosen as a glue on the basis of its commercial availability.
Compression ofl on the surface of pure water produced stable
monolayers having a limiting area of ca. 2#1.07 nn#molecule
Figure 1). Subsequent expansion and recompression cycles yielded

: ) éhe same surface pressti@ea curve. Compression bfover an
gas separations. To date, nearly all LB films that have been tested

aqueous subphase containing 5.0 mM of repeat units of PSS

have shown gas permeation selectivities that approach Values(averagdww ca. 70 000, Polysciences) generated a similar surface

predicted by Graham'’s law. Such a finding indicates that diffusion
takes place through defects in the fifm.

Our own efforts in this area have led us to unique combinations
of calix[6]arene-based amphiphiles and poly[1-(trimethylsilyl)-1-
propyne] (PTMSP) supporbs.Recently, we reasoned that a
significant improvement should be possible using cationic calix-
[6]arenes together with water-soluble polyanions. Specifically, we
hypothesized that a polyanion should “glue together” such LB
bilayers via ionic cross-linking, and help to fill void space within

pressure-area curve. In this case, compression beyond ca. 10 dyn/
cm led to significant hysteresis such that subsequent expansion
resulted in a sharp decrease in surface pressure (not sRawig.
hysteresis implies that the polyanion enhances the cohesiveness
within the monolayer by increasing the associative interactions
between neighboring amphiphiles. Surface viscosity measurements,
made in the absence and in the presence of PSS, also revealed
enhanced cohesiveness. Thus, when a monolayed afas
compressed over pure water and exposed to a 6.0 mm slit opening

the assembly, the net result being enhanced stability, reduced defech a canal viscometer, a precipitous decrease in surface pressure

formation, and increased permeation selectivity. In a broader
context, we were intrigued with the concept of glued LB bilayers
as a new strategy for stabilizing LB films. Although there have
been several reports of the use of polyions to stabilize monolayers
made from singly charged surfactants, to our knowledge, the
combined use of a polyion and multiply charged surfactants
(required for gluing) is without precedehHere, we show that such
a strategy can result in LB films having attractive permeability and
stability properties.

Calix[6]arene 1) was chosen for feasibility studies because of
its ready availability from 5,11,17,23,29,35-hexa(chloromethyl)-
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was observed. When PSS was present in the subphase, however,
only a modest decrease in surface pressure with time was observed,
reflecting a relatively high viscosity of the monolayer.

That PSS can be incorporated into a LB bilayer lofwas
established via ellipsometry and X-ray photoelectron spectroscopy
(XPS) measurements. A LB bilayer df was deposited onto a
silylated silicon wafer usig a 5 mM aqueous PSS solution (30
dyn/cm). Subsequent analysis by ellipsometry revealed a film

thickness of 5.64= 0.04 nm?1° A similar bilayer that was prepared

in the absence of PSS showed a thickness of 48016 nm!©
Thus, the polyanion contributes ca. 0.84 nm to the thickness of the
bilayer. Further analysis of the glued bilayer by XPS yielded insight
into the location of the polyanion, its relative quantity, and the extent
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Table 1. Fluxes across LB Bilayer/PTMSP Composite
Membranes?@
10° P/l cm3/cm? s cm Hg)
composite (PTMSP)° e
LB hilayer He N, (PMue/ (PN
1 513 (602) 504 (643) 1.02
712 (871) 706 (938) 1.02
/PSS 132 (602) 0.56 (643) 235
154 (602) 0.67 (643) 231
118 (602) 0.48 (643) 245
1/EBS 376 (521) 67 (556) 5.6
295 (521) 69 (556) 4.3
2/PSS 566 (602) 590 (643) 0.96
780 (871) 820 (938) 0.95

aNormalized fluxes were calculated by dividing the observed flux by

Finally, to confirm the gluing effect, we examined a related
bilayer in which PSS was replaced by the sodium salt of 4-ethyl-
benzene sulfonate (EBS), that is, a monomer analogue that is
incapable of cross-linking the calix[6]arene assembly. Permeation
measurements made f&fEBS revealed a moderate reduction in
the normalized flux for He and Nand a He/N selectivity of ca.

5. From these results, we conclude that ionic cross-linking is, indeed,
a major contributor to the extraordinary selectivity found with
1/PSS. The modest increase in selectivity of bilayersli&BS
relative to bilayers ofl is presumed to reflect the additional mass
that EBS contributes to the assembly. As a further control, we
examined a related membrane usiNgN-dimethylIN,N-dihexa-
decylammonium chloride?] in place ofl. Similar to /EBS, this
combination of singly and multiply charged countesq@/PSS)

the area of the membrane and the pressure gradient used (10 psig). Transfefgrecludes the possibility of ionic cross-linking. The poor selectivity

were made using a surface pressure of 30 dyn/cn®@5° Numbers in

parentheses refer to the bare PTMSP; slight variations are due to variations

in the thickness of the support.

of ion exchange between PSS ahdBy using various “take-off”
angles, one can assess atomic compositions at different dépths.
On the basis of a plot of nitrogen (N) and sulfur (S) content versus
takeoff angle, it is clear that both of these elements are buried within
the LB film. The fact that the N/S atomic ratio (0.380.09) shows
little dependency over the entire range of takeoff angles further

indicates that both of these atoms lie at similar depths. Because no
chlorine could be detected by XPS, and because the atomic

percentage for Na (1.23%) plus N (1.58%) is very close to the
atomic percentage of S (3.16%, “9takeoff angle), we conclude
that ion exchange is essentially complete and that the glued film
contains ca. a 2-fold excess of sodium 4-styrenesulfonate groups
Finally, whereas an unglued bilayer dfcan be readily removed
from the surface of a silicon wafer by rinsing with chloroform, a

PSS-glued analogue remains intact. These results demonstrate tha

gluing significantly enhances film stability.
The quality of these glued and unglued LB films was then

assessed by measuring their permeation selectivity with respect to

He and N. For this purpose, cast films of PTMSP were used as

support material. Specific experimental procedures that were used

were similar to those previously describedeposition of a bilayer

of 1 on PTMSP resulted in reduced normalized fluxes for both He
and N, and a He/N selectivity of 1.02 (Table 1). When PSS was
included in the bilayer, a significant decrease in the normalized
flux for He was observed, as well as a very dramatic decrease in
the normalized flux for N the net result being a permeation
selectivity of ca. 240. If one assumes that the resistance of this

composite is equal to the resistance of the support plus the resistance

of the glued bilayer, then the averaged normalized flux values for
He and N across this bilayer are 174 and 0.573@n¥ s cm Hg,
respectively. These values translate into an intrinsic kiséiectiv-

ity for the bilayer of ca. 305, which clearly reflects a very high
quality film.

To put this permeation selectivity into perspective, a defect-free
LB film made from more than 20 bilayers (60 nm in thickness) of
a polymeric surfactant has shown a HgB¢lectivity of 24 on the
basis of a solution-diffusion mechanism of permeatibhhe high
selectivity of our single glued bilayer dfis a likely consequence
of its permanent nanoporous structure, and its stability due to ionic
cross-linking (gluing), which result in a more effective discrimina-
tion between He and Non the basis of their size (i.e., the kinetic
diameters for He and Nare 0.260 and 0.364 nm, respectively).

that we have observed with this membrane is a likely consequence
of film defects that are formed within a less cohesive assembly.
As expected, monolayers afEBS and2/PSS showed negligible
surface viscosities. The fact that PSS does not significantly increase
the viscosity of monolayers &, but does significantly increase
the viscosity in monolayers df, clearly reveals the “gluing” effect.

The He/N selectivity of 305 that we have measured for a single
glued bilayer of1, which is less than 6 nm in thickness, is
extraordinary. These findings should encourage the exploration of
jonic cross-linking as a new strategy for improving the quality and
stability of LB films.

Acknowledgment. This material is based upon work supported
by the U. S. Army RMAC, Natick Contracting Div., Natick, MA
under Contract No. DAAD16-02-C-0051.

Supporting Information Available: Synthesis ofl, XPS and
stability data (PDF). This material is available free of charge via the
Ipternet at http://pubs.acs.org.

References

(1) Blodgett, K. A.J. Am. Chem. Sod 935 57, 1007-1022.

(2) Blodgett, K. A.Film Structure and Method of Preparatiph).S. Patent
2,220,860, 1940.

(3) Ulman, A.An Introduction to Ultrathin Films: From LangmuitBlodgett
to Self-AssembjyAcademic Press: New York, 1991.

(4) (a) Rose, G. D.; Quinn, J. ABciencel968 159, 636-637. (b) Albrecht,
O.; Laschewsky, A.; Ringsdorf, HWlacromolecule4984 17, 937—940.

(c) Higashi, N.; Kunitake, T.; Kajiyama, TRolym. J 1987 19, 289~
291. (d) Stroeve, P.; Coelho, M. A. N.; Dong, S.; Lam, P.; Coleman, L.
B.; Fiske, T. G.; Ringsdorf, H.; Schneider,Thin Solid Films1989 180,
241-248. (e) Bruinsma, P.; Stroeve, Fhin Solid Films1994 244, 958—
961. (f) Tebbe, H.; Ackern, F. van; Tieke, Blacromol. Chem. Phys
1995 196, 1475-1486. (g) Zhou, P.; Samuelson, L.; Alva, S.; Chen, C.-
C.; Blumenstein, R. B.; Blumenstein, Macromoleculed997, 30, 1577
1581. (h) Steehler, J. K.; Lu, W.; Kemery, P. J.; Bohn, P.2J\MViembr.
Sci.1998 139, 243-257. (i) Marek, M.; Brynda, E.; Pientka, Z.; Brozova,
L. Macromol. Rapid Commuri998 19, 53—-57.

(5) (a) Hendel, R. A.; Nomura, E.; Janout, V.; Regen, SJLAmM. Chem.
S0c.1997 119 6909-6918. (b) Hendel, R. A.; Zhang, L.-H.; Janout, V.;
Conner, M. D.; Hsu, J. T.; Regen, S.Langmuir1998 14, 6545-6549.

(c) Yan, X.; Hsu, J. T.; Regen, S. I. Am. Chem. So200Q 122 11944~
11947.

(6) (a) Shimomura, M.; Kunitake, Trhin Solid Films1985 132, 243-248.

(b) Chi, L. F.; Johnston, R. R.; Ringsdorf, Hangmuir1991, 7, 2323~
2329. (c) Bruinsma, P. J.; Stroeve, P.; Hoffmann, C. C.; Rabolt, J. F.
Thin Solid Films1996 284285 713-717.

(7) Yan, X.; Janout, V.; Hsu, J. T.; Regen, S.1.Am. Chem. SoQ002
124, 10962-10963.

(8) Compressions in the absencelobver aqueous PSS or EBS solutions
showed negligible surface pressures.

(9) Maoz, R.; Sagiv, JJ. Colloid Interface Sci1984 100, 465-496.

(10) Transfers ratios were 18 0.1 for the downstroke and the upstroke.

(11) A takeoff angle is defined as the angle between the sample surface and
the axis of the analyzer lens.

(12) Riedl, T.; Nitsch, W.; Michel, TThin Solid Films200Q 379, 240-252.

JA035453T

J. AM. CHEM. SOC. = VOL. 125, NO. 27, 2003 8095



