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The introduction of poly(acrylamide) (PAMJ,, 10 000) to an aqueous subphase resulted in increased
intermolecular association in the monolayer formed from 5,11,17,23,29,35-hexaamideoxime-37,38,39,-
40,41,42-hexakis(1-hexadecyloxy) calix[6]are@g &t the air-water interface, as evidenced by surface
viscosity measurements. LangmuBlodgett (LB) bilayers of2, which were deposited onto silylated
silicon wafers, showed the presence of PAM, as determined by X-ray photoelectron spectroscopy (XPS).
On the basis of XPS analysis at two different takeoff angles (15 afy B&th the amidoxime groups
of the calix[6]arene and the amide groups of PAM, appear to be buried within the LB bilayer. Deposition
of single LB bilayers of2 containing PAM onto poly[1-(trimethylsilyl)-1-propyne] (PTMSP) supports
and measurement of their their permeability with respect to He,aNd CQ showed a substantial
improvement in their permeation selectivity properties, compared with analogous membranes that were
devoid of PAM. Taken together, these results indicate that the use of nonionic, water-soluble polymers
that are capable of hydrogen bonding with surfactant monolayers have considerable promise as “gluing”
agents for enhancing the cohesiveness and quality of corresponding LB films.

Introduction calix[6]arenel that were glued with poly(styrene sulfonate)
(PSS My 30 006-50 000) exhibited a He/Njas permeation
selectivity of ca. 250 (Chart T}.Given the extreme thinness
of these membranes, such selectivity is exceptidialthe
absence of PSS, analogous LB films show no selectivity
toward He and N

In the work that is reported herein, our primary aim was
to expand the concept of glued LB bilayers beyond that of
ionic cross-linking. Specifically, we have tested the feasibility

Langmuir-Blodgett (LB) films have been investigated
extensively over the past 70 years, with considerable attention
being paid to their nonlinear optical, piezoelectric, pyroelec-
tric, semiconducting, sensing, and barrier propeftie©ne
significant problem that has limited the practical development
of these materials has been their film quality. In particular,
the fabrication of defect-free LB bilayers has proven to be a

major che;llengé:. h ¢ “oluing”. wh of using hydrogen bonding and hydrophobic interactions
Recently, we introduced the concept of “gluing”, whereby o veen a nonionic, water-soluble polymer and a surfactant
a water-soluble polyelectrolyte is used to ionically cross- monolayer to enhance the cohesiveness of the monolayer

link Langmuir—Blodgett (LB) monolayers of surfactants 5. o allow for the construction of defect-free LB films.
bearing multiple counterion'sWe also showed that such

gluing can eliminate film defects, as evidenced by changes

in their barrier properties. For example, two monolayers of Experimental Section

Methods and Materials. Unless stated otherwise, all reagents
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without further purification. House-deionized water was purified % H
using a Millipore Milli-Q-filtering system containing one carbon ) m -
and two ion-exchange stages. Chloroform/methanol (9/1,v/v) that HON® ™"~ NH, . " N 2
was used as a spreading solvent was prepared from HPLC grade O “NH,
Burdick and Jackson solvents. Methods that were used to prepare 2 PAM SA
5,11,17,23,29,35-hexaamidoxime-37,38,39,40,41,42-hexakis(1-
hexadecyloxy)calix[6]arene2) were similar to those previously Substrate Preparation For ellipsometric and XPS measure-
described:. Poly(acrylamide) i, 10 000, Aldrich) was used as  ments, the LB bilayer was transferred omkactadecyltrichlorosi-
obtained. Poly[1-(trimethylsilyl)-1-propyne (PTMSH¥{, = 8 x lane (OTS)-treated silicon substrates. The wafers (WaferNet, Inc.,
10 (intrinsic viscosity), which was used as support material, was gan Jose, CA) were cut into 15 25 mm pieces and treated in
a gift from Air Products and Chemicals. concentrated k50, and 30% HO, (70/30, v/v) at 7¢°C for 4 h.

Surface Pressure-Area Isotherms. All monolayer measure-  Caution: “piranha solution” reacts ziolently with many organic
ments and LB film fabrications were made using a Nima 612D materials and should be handled with great cafae wafers were
film balance (Nima Technologies, Coventry England), equipped then rinsed with distilled water and dried under a stream of nitrogen
with a LB dipper. All isotherms were determined at 26. before being immersed in a 10 mM anhydrous hexane solution of
Surfactant solutions (1 mg/mL) were spread onto the aqueous QTS for 30 min at room temperature. The wafers were then rinsed

subphase having a surface area of 600,ansing a gastight, 50 wijth hexane and chloroform. The ellipsometric film thickness of
uL Hamilton syringe. Exact concentrations were determined by the OTS layer was 2.6 0.1 nm.

direct weighing of aliquots after evaporation of solvent using a Cahn

27 electrobalance. In all cases, spreading solvents were allowed to Ellipsometric Measurements Ellipsometric measurements were
’ 5€S, SP g : made using an automatic null ellipsometer (Rudolph Auto-EL III)
evaporate for at least 30 min prior to compression under a flow of

. equipped with a heliumneon laser (632.8 nm) that was set at an
nitrogen.

Surface Vi it M i ; . i ) incident angle of 70 Measurements were taken at four regions of
urface Viscosity Measurementsor surtace VisCosily experl- ynq gyrface of each sample, and the mean and standard deviations
ments, a home-built canal viscometer (192 nxmd0 mm solid

) . were calculated. Film thicknesses were determined using the
_Teflon block, having a cen_trally Iocgted 6.0 mm slit) was placed manufacturer’s program, assuming a refractive index for OTS and
in front of the compressing barrier and the monolayer was the LB monolayer of 1.41.
compressed at a rate of 25 ¥min.? Compressions were stopped .
when a target pressure of 20 dyn/cm was reached. The resuling <@y Photoelectron Spectroscopy Measurements2omposi-
monolayer was then allowed to equilibrate at this pressure for 1 h, tion and depth profiles were measured using a Scienta ESCA-300
After this period of time, the moving barrier was expanded at the SPectrometer (Scienta Instruments AB, Uppsala, Sweden). Angle-
maximum speed of 120 ctmin, leaving the canal viscometer at resolved XPS measurements were performed at takeoff angles of

its original position. The resulting surface pressure was then 19 @nd 78, respectively.
recorded as a function of time. The rate of surface pressure decrease

was taken as a measure of the surface viscosity of the monolayer. Results and Discussion
Fabrication of Composite Membranes and Gas Permeation . ]
Measurements.PTMSP membranes (around @én thick) were To demonstrate proof of the concept, we have investigated

used as supports for the fabrication of composite membrane. Thethe effects of poly(acrylamide) (PAMVIyy 10 000) on (i)
casting technique of PTMSP membrane has been reported Before.the cohesiveness of monolayers of 5,11,17,23,29,35-hexaa-
PTMSP/surfactant composite membranes were prepared by conmidoxime-37,38,39,40,41,42-hexakis(1-hexadecyloxy) calix-
ventional vertical LangmuirBlodgett (LB) “dipping™. All transfers  [6]arene ) at the airwater interface and (i) the barrier
were performed in a positive pressure clean room. The dipping properties of corresponding singe LB bilayers (Chart 2). This
speed that was used for each monolayer transfer was 2 mm/min.q e cific surfactant/polymer combination was chosen on the
Each composite membrane was allowed to remain in the Iaboratorybasis of the presumption that the pendant amide units of
ambient (clean room) for a minimum of 12 h before gas permeation . ) .
measurements were carried dBas permeation measurements were PAM would f‘?”“ hydrogen bondslwnh the am|d_OX|me
made with a home-built stainless steel apparatus. groups of calix[6]arene (Scheme *).For comparison,
stearoylamidoxime (SA) was also examined, because the

(9) Hendel, R. A.; Nomura, E.; Janout, V.; Regen, SJLAm. Chem. p_re_s_ence of a single amidOXime group precludes t_he pos-
Soc 1997, 119, 6909-6918. sibility of network formation with PAM?® The synthesis of
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calix[6]arene2 and SA, as well as their monolayer properties, OTS was dipped vertically down through a monolaye@ of
have previously been describgd. (maintained at 30 dyn/cm at 28C over a 5 mM PAM

The surface pressur@rea isotherm a2 over a pure water ~ subphase) and then pulled up, vertically, through the film
subphase was found to be the same as that previouslyinto air. The transfer ratios for the down and up trips
reported and was characterized by a limiting area of 1.60 were 0.9+ 0.1 and 1.1+ 0.1, respectively, using a dip-
nm?/molecule (Figure 1311 When PAM was added to the ping speed of 2 mm/min. Analysis of the resulting film
aqueous subphase (1 mM repeat unit concentratian), by ellipsometry indicated a film thickness of 620.23 nm.
produced a more compressible monolayer. In this case, theA similar film that was prepared using a pure water sub-
limiting area increased to 1.70 Afmolecule, and the lift-  phase showed a film thickness of 541 0.24 nm. Thus,
off point increased from ca. 1.90 to 2.40 #immolecule. the polymer contributes ca. 1.1 nm to the overall thickness
In the absence o2, no surface pressure could be detected of the bilayer!* Analysis of both of these assemblies by
when the compressing bar of the film balance was swept X-ray photoelectron spectroscopy yielded further insight
over an agueous subphase containing PAM. Taken togther,jnto their structures. Figure 3 shows the C1s spectra that
these results indicate that PAM associates with the calix[6]- were obtained using a takeoff angle of°’73s is apparent
arene monolayer at the aiwater interface. from the amide/amidoxime carbon signal (288.0 eV), a

To judge the influence that PAM has on the cohesivenesssignificant amount of PAM has become incorporated into
of monolayers oR, we measured surface viscosities using a the bilayer. On the basis of the amide plus amidoxime
canal viscometer in the absence and presence of PAM at 45content, relative to the amidoxime content in bilayers that
°C. At this temperature, the monolayer exists in the liquid- were prepared in the absence of PAM, the molar ratio of
analogous staté.As is evident from the data shown in Figure PAM repeat units/amidoxime groups is estimated to be ca.
2, the monolayer that was compressed over the PAM- 0.6. In addition, comparison of the amide and amidoxime
containing subphase showed significantly greater cohesive-carbon content measured using a takeoff angle 6fwith
ness; that is, a higher surface viscosity. Similar surface that determined using a takeoff angle of’ibdicates that
viscosity measurements that were carried out with a single- both the amide and amidoxime groups are buried within the
chain analogue, SA, showed a precipitous drop in surfaceLB film. Thus, the lower takeoff angle, which measures the
pressure in the absence and presence of PAM; that is, thecarbon content closer to the surface of the film, showed
surface pressure was reduced to 0 dyn/cm within 30 s at 25reduced quantities of both the amide and amidoxime groups
°C (not shown). These results imply that the presence of (Table 1).
multiple amidoxime headgroups of the surfactant are needed Finally, to determine whether the incorporationRAM
for PAM to produce a highly viscous monolayer (presumably in LB bilayers of2 eliminates defects, we transferred single
via network formation), becaus2 can have multiple as-  bilayers to poly[1-(trimethylsilyl)-1-propyne] (PTMSP) sup-
sociations with PAM via hydrogen bonding, but SA can- port material and measured their permeability with respect
not1213 to He, N, and CQ.° In the case of He and fNpermeation

To determine the feasibility of incorporating PAM within  across organic membranes is dominated by diffusion, where
LB films of 2, a silicon wafer that had been silylated with the smaller He molecule diffuses across the film at faster
rates® With CO,, solubility within the membrane also makes

(10) 'Molscularh recognition |ba§ed on hydr%ge(n )bgndinlg aEt) tf\}(evwgterh a significant contribution to its permeation rdté.As seen
interface has previously been reported: (a) Sasaki, D. Y.; Kurihara, H H H H
K.; Kunitake, T.J. Am. Chem. Sod992 114, 10994-10995. (b) in Table 2, the incorporation of PAM in bilayers ®fesulted

Kurihara, K.; Ohto, K.; Honda, Y.; Kunitake, T. Am. Chem. Soc in a significant increase in both the He/Mnd He/CQ
1991, 113 5077-5079.
(11) Hendel, R. A.; Zhang, L.-H.; Janout, V.; Conner, M. D.; Hsu, J. T,;

Regen, S. LLangmuir1998 14, 6545-6549. (13) Although the &N stretching band o (1644 cnl) should be
(12) The surface viscosity of monolayers hfwhich are not capable of influenced by hydrogen bonding with PAM, the broad absorbance of

forming hydrogen bonds with PAM, was found to be negligible in the polymer (ca. 15501750 cnt?) precluded direct confirmation by

the absence and in the presence of this polymer. This result implies IR spectroscopy.

that hydrophobic interactions between the surfactant monolayer and (14) The ellipsometric thicknesses for single bilayers of SA, which were

PAM do not contribute significantly to the increased cohesiveness prepared in the absence and presence of 5 mM PAM, wer¢: 8.3

found with monolayers o2. and 4.2+ 0.1 nm, respectively.
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Table 1. Atomic Composition of C1s in LB Biilayers
50 takeoffangle LB bilayer atomic%  atomic%  atomic %
(deg) (surfactant) at288.0eV at286.3eV at285.0eV
E 404 75 2 34 10.8 85.1
LC) 75 2/IPAM 5.5 10.9 83.7
= 15 2 18 7.8 90.5
o 304 15 2/IPAM 2.7 7.2 90.3
3
2 Table 2. Normalized Flux Across LB Bilayer$
o
a 20 108 P/l (cm?/(cm? s cm Hg))
[0
é LB bilayer PAMP He [\ CO, OlHe/N2 QHe/CO2
5 104 2 162 12.9 214 13 0.76
2 1.0 90 0.44 15.4 205 5.8
2 5.0 56 0.30 430 187 13.0
0 ~hrer S 2 5.0 88 0.43 6.30 205 14.0
1.0 26 28 2 5.0 56 0.16 400 350 14.0
2 SA 230 245 1429 0.94 0.16
Area (nm”) SA 50 231 246 1467 094 016
Figure 1. Surface pressurearea isotherrr_l a2 over a pure water subphase a| B bilayers made using a surface pressure of 30 dyn/criQR5
() and an aqueous subphase containing 5 mM PAM.( Normalized flux valuesR/l) are the observed flux divided by the area of

the membrane (9.36 cinand the pressure gradient (10 psi) employes;

the thickness of the composite; the thickness of PTMSP in all cases was
ca. 30um. Values reported are averages of1® measurements for each
sample at ambient temperatures; the error in each case 5#asPermeation
selectivities,a, are the ratio of the normalized flux values. The transfer
ratios for the down and up trips were 1400.2 using a dipping speed of

2 mm/min.P Repeat unit concentration (mM) in the aqueous subphase.
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Figure 2. Surface pressure of monolayers dfover a pure {-) water ‘
subphase and an aqueous subphase containing 1 mM PAMg a function Figure 4. A device for forming monolayers, continuously, at the—air

of time of exposure to a 6.0 mm slit opening of a canal viscometer at 45 yyater interface: (A) spreading, (B) compressing, (C) depositing, and (D)
°C. Prior to exposure, these films were maintained for 60 min at 20 dyn/ aging zoneds

cm. During the equilibration period, the decrease in surface area was less

han 5%. . L
than 5% bilayers compares favorably with bilayers bfthat have

70000 been glued together with PSSSimilar to what we have
] reported previously, bilayers of SA do not alter the perme-
ability properties of PTMSP, apparently because of their

60000

50000 - disassembly and absorption into the bulk polymer (Tabfe 2).
Thus, bilayers that were prepared from SA, using a sub-
o 40000 phase that contained 5 mM PAM, showed the identical
§ barrier properties as that found in the absence of the polymer
S 7] (Table 2)
20000 Recent developments in LB film technology have led to

the creation of devices that allow for continuous monolayer

100007 formation at the airwater interfacé® In principle, the

o+t combination of such automated LB methods (e.g., Figure 4)
292 291 290 289 288 267 286 265 284 283 282 281 with large troughs (i.e., many meters in dimensions) and
Binding Energy(ev) glued LB film materials could lead the way to the fabrication

Figure 3. X-ray photoelectron (C1s) spectra of LB bilayers2ahat were of defect-free films on a Iarge scale. In this regard, glued
deposited onto silylated silicon wafers, recorded using a takeoff angle of fil ff h " ith Id
75°. The bilayers were fabricated ugia 5 mM PAM subphase (upper LB films offer new research opportunities with an o

curve) and a pure water subphase (lower curve), respectively. technology that has been overshadowed in recent years by
self-assembly methods.

permeation selectivities. This result clearly reflects the

removal of defects_ \_N_lthln the fllm: In fact, on the basis of (15) Albrecht, O.: Eguchi, K.; Matsuda, H.; Nakagiri, Thin Solid Films

these He/N selectivities, the quality of these PAM-glued 1996 284285, 152156
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Conclusions of defect-free LB films. This approach expands the concept
of glued LB membranes, offering new possibilities for

The results of this study have demonstrated the feasibility creating organized and exploitable ultrathin films

of using a nonionic, water-soluble polymer (i.e., poly-
(acrylamide)) that is capable of hydrogen bonding with a _
surfactant monolayer bearing multiple hydrogen-bonding Acknowledgment. This work was supported by the Depart-
elements (i.e., six amidoxime groups) to enhance the MeNt of Energy (Grant DE-FG02-05ER15720).
cohesiveness of the monolayer and allow for the construction CM061750wW



