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Polyamines as Strong Molecular Linkers for
Monolayer Assembly of Zeolite Crystals on Flat and
Curved Glass
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In compliance with the trend of modern chemistry evolving
away from the manipulation of sets of individual molecules toward
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Figure 1. Schematic illustrations depicting the limited number of linkage
between the zeolite-bound epoxy groups and the glass-bound amino
groups due to the unevenness of the surfaces (A) and the proposed
positioning of DPA (B) and PEI (C), respectively, between the two uneven
epoxy-tethering surfaces to result in the large increase in the number of

Lheege(;cgpﬁ'g.?] agfogl]gnépg.aeté?g dotfosgztzg]:egjbrgzleocr?fa ortsthe pB-amino alcohol linkage. E and A denote the corresponding epoxy
1z uilding ub) upp and amino groups, respectively.

have been expected to increase from a few nanometers even to

micrometer scales. Indeed, we have recently demonstrated facilgpterconnection is shorter than the peak-to-valley depths on each
monolayer assembly of zeolite crystals with the sizes of several yneyen surface as depicted in Figure 1A. Presumably due to this,
hundred nanometers to micrometers on glass and m|ca.by use othe zeolite-A crystals bound to glass plates by direct linkage
covalent linkers:® This opens a new conceptual chemistry of petween 3-(2,3-epoxypropoxy)propyl (EP) groups tethered to
crystal assembly on supports, and the resulting supported zeolitezgjite-A and 3-aminopropy! (AP) groups tethered to glass readily
monolayers can be widely applied as thin-film_cgtalysts, r_nolecular fell off the glass plates after sonication for a few mintites.
sieves, hosts for chemical senstrs, organizing media for In fact, the weakly bound zeolite-A monolayers can be more
quantum dots and nonlinear optical molecufeS,and arrays of  srongly bound to the glass substrates by subsequent calcination
well-defined nanoreactors for exploration of novel chemistries 4t 450°C, presumably due to formation of direct siloxane linkages
under highly confined and organized enwronméﬁts. _ between the two contacting surfaces. This, however, is not
~ Unlike small molecules, a very large number of interconnecting applicable for thermally unstable substrates. It also removes the
linkages is required for the micrometer-sized crystals and the gpecific functions of the interconnecting molecular linkers which
solid supports to maintain adhesion. Indeed, over 600 000 may be useful for exploring fine chemistries such as interfacial
interconnecting Im_kages are estlmgted to be possible between &|ectron and energy transfer using the zeeliteker—substrate
one micrometer-sized cubic zeolite-A crystal and a support composite material¥. Therefore, it is necessary to provide a
provided both surfaces are atomically flat. Considering the general guideline to increase the strength of the binding between
microscopic unevenness of both surfatelsowever, the actual  zeglite crystals and substrates for wider applications. As a possible
number of interconnecting covalent linkage is expected to decreasemeans, we anticipated that insertion of polyamines as molecular
significantly especially if each surface-anchored component for |inkers between the two EP-tethering zeolite and glass surfaces
(1) Whitesides, G. M.; Ismagilov, R. Fciencel999 284, 89. would lead to a significant increase in the numbergedmino
20(%) g;lgl;bA.; Lee, Y.-J.; Park, Y. S.; Yoon, K. B\ngew. Chem., Int. Ed. zlct?l\twol I|trr1]ka(t;]e, Wh|'lgh eventually leads to stronger binding
, 990 etween the two solids.
cho b ios 5301 é}'ﬁé?ﬁ_r!(i_gé‘syi_??’LeKé’y o o . As a test, we chose two different polyamines, namely, dendritic
¢gtur.a|\|<|g$g nzz%%% 1”% plrle:;ésl (c) Lee, G. S.; Lee, Y.-J.; Ha, K.: Yoon, K. B. gzlyamflne (DPA, generation 4 Starburst I;A/:\l\z/lf\SM gﬁanerer, éwth
19&? éa)l';ggg’ S.; Bein, TNature1994 368 834. (b) Bein, TChem. Mater ponS;tL;‘I(:eeniFr)r?i?; r()lgérg]\?ergargg pl\ﬁ/l\;# 25 000, Aldricrt:(; glsatr%e
(5) (a) Boudreau, L. C.; Kuck, J. A.; Tsapatsis, M.Membr. Sci1999 molecular linkers. For comparison, we first prepared 10 glass
152 41. (b) Xomeritakis, G.; Tsapatsis, Mthem. Mater 1999 11, 875. plates (18x 18 mn?) assembled with zeolite-A monolayers on
(ch) ';%'Q_e P.; Seifert, R.; Giovanoli, R.; Calzaferri, Glew J. Chem1997, the surfaces by direct linkage between the zeolite-bound EP
'(6) (@) Hedlund, J.; Mintova, S.; Sterte Microporous Mesoporous Mater. groups and the glass-bound AP groups (Figure 1A). For this, 10
1999 28, 185. (b) Mihailova, B.; Engstra, V.; Hedlund, J.; Holmgren, A.; AP-tethering glass plates were introduced into 25 mL of toluene
S"(e})e'(zf)’vgfégpg?‘j;n'\ggﬁ?g?rgﬂsv“aﬂrf‘tgg'agiszéﬁgk Mater 1999 11 dispersed with 30 mg of EP-tethering zeolite. The temperature
1696. (b) van der Puil, N.; Dautzenberg, F. M.; van Bekkum, H.; Jansen, J. Was slowly increased until toluene began to boil, and then it was
C. Microporous Mesoporous Matel999 27, 95. allowed to reflux fo 2 h under argon. The EP-tethering cubic
Mu(ggz(a)TMLJ‘rrf?zé;i(' lfsr'f"ﬂ'.k“?a.KAﬁ;i ‘]C%';%“‘“'S"ggtgeéégfgllfég_lld“ () zeolite-A crystals with the nearly uniform size 0.5 um were
(9) Li, Z.; Lai, C.; Mallouk, T. E.Inorg. Chem 1989 28, 178. prepared by treating with [3-(2,3-epoxypropoxy)propyl]trimethoxy-
(10) (a) Caro, J.; Finger, G.; Kornatowski, Adv. Mater. 1992 4, 273. silane (Merck) in boiling toluene for 2 h under argon. AP-tethering
(b) Kasch, P é;i.\éea?élﬁ%i'érol%%ks’.hﬂ'; Lieske, E.; Toussaint, P.; Caro, J. - glass plates were similarly prepared using 3-aminopropyltriethoxy-
(11) (a) Plog, C.; Maunz, W.; Kurzwei, P.; Obermeier, E.; Scheiloe, . Silane (Aldrich).
Sensors Actuators B995 24—25, 403. (b) Chau, J. L. H.; Tellez, C.; Yeung, To prepare the glass plates assembled with zeolite monolayers
K. L Ho, K. J. Membr. 5ci200Q 164, 257. (c) Ban, T.; Ohwaki, T.; Ohya,  \yith DPA as the linkers, 10 EP-tethering glass plates were first
allowed to react with DPA in boiling toluenerf@ h under argon.
The physisorbed, unanchored DPA was removed from the glass
plates by repeated washing with ethanol and water. The DPA-
tethering glass plates were then washed with ethanol and
subsequently with toluene before the reaction with the EP-
tethering zeolite-A crystals in boiling toluene under argon. The

Y.; Takahashi, Y Angew. Chem., Int. EA.999 38, 3324.
(12) (a) Ozin, G. AAdv. Mater. 1992 4, 612. (b) Ozin, G. A.; Kuperman,

third set of 10 samples with PEI as the linkers was similarly

prepared by replacing DPA with PEL.

A.; Stein, A.Angew. Chem., Int. Ed. Engl989 28, 359.

(13) Stucky, G. D.; MacDougall, J. ESciencel99Q 247, 669.

(14) (a) Ramamurthy, V., Ehotochemistry in Organized and Constrained
Mediag VCH: New York, 1991. (b) Borja, M.; Dutta, P. KNature 1993
362 43. (c) Yonemoto, E. H.; Kim, Y. I.; Schmehl, R. H.; Wallin, J. O;
Shoulders, B. A.; Richardson, B. R.; Haw, J. F.; Mallouk, TJEAM. Chem.
Soc 1994 116, 10557. (d) Yoon, K. BChem. Re. 1993 93, 321.

(15) Agger, J. R.; Pervaiz, N.; Cheetham, A. K.; Anderson, M.J\VAM.
Chem. Soc1998 120, 10754.
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. . . . ] ) Figure 3. The profiles of weight loss from the monolayers of zeolite-A
Figure 2. Typical scanning electron microscope images showing the crystals assembled on glass plates by three different linkers (as indicated).
monolayers of zeolite-A crystals assembled using PEI as the covalent
linker on glass plates after sonication for 1 min (A)}dah h (B) and ~  eyen for the direct APEP linkage, about 10% of zeolite crystals
glass fibers after sonication for 1 (C) and 30 min (D) in toluene. Each gnqyred initial 20 min of sonication and about 4% survived even
scale bar represents;an. 1-h sonication. The corresponding survived amounts of zeolite

. . . . crystals after 1-h sonication were about 50 and 75% for DPA

A typical scanning electron microscope (SEM) image of the anqg PE|, respectively, as the linkers. This result thus clearly
zeolite-A monolayer assembled on a glass plate with PEI as the gstaplishes that the strength of binding between zeolite crystals
Ilnker is shown in Figure 2A. All of the zeolite crystals oriented 5 the substrates increases dramatically by employing polyamines
with a face parallel to the glass surface. Accordingly, the XRD g5 the linkers. Such a result is proposed to arise from the ability
patterns of the; zeolite-A-bound glass plates showe_zd only siX of the large polyamine linkers to position in such a way as
(h 0 0) lines withh = 2, 4, 6, 8, 10, and 12. Interestingly, the  gepicted in Figure 1 (B,C) to result in the large increase in the
EP-tethering zeolite crystals showed the tendency to closely packnymper ofg-amino alcohol linkage between the multiple amine
despite 2“;‘59 surface-lining groups are incapable of hydrogen groyps and the surface-bound EP groups despite the fact that the
bonding**°The corresponding SEM images of the monolayers g rfaces are uneven. Figure 3 further reveals that the inexpensive
prepared by the direct APEP and EP-DPA—EP linkages looked PEI gives rise to stronger binding than DPA.
similar to that of Figure 2A in terms of orientation, coverage, |nterestingly, the detachment of zeolite crystals started from
and close packingf _ _ the outermost edges and particularly from the four corners of

Since there are no established methods at this stage to measurge glass plates that were contacting with the round vials. Such
the strengths of the binding between zeolite crystals and substratesg phenomenon seems to arise due to transmission of stronger
we used an ultrasonic cleaning bath as a qualitative device t0jprations from the vials to the glass plates through the corners.
compare the strengths of the binditigThe progressive loss of  The zeolite-free, empty area progressively expanded toward
zeolite crystals from the glass plates with increasing sonication the center of the glass plates. More interestingly, most of the
time was monitored by directly weighing the plates on a micro- ;egjite monolayers that survived 1-h sonication retained the
balance. For each type of linkage, five samples were run griginal degree of coverage and close packing as typically shown
separately, and the average weight loss was plotted against Figure 2B.
sonication time. o _ , The use of PEI also enabled facile assembly of zeolite-A

Figure 3 shows three distinct profiles of weight loss resulted monolayers on the curved surfaces of glass fibers as typically
from the thr_ee different glass-bound zeollte_ monolayers. In the spown in Figure 2C. Even on such curved surfaces, the tendency
case of zeolite monolayers assembled by directBP linkage,  of zeolite-A crystals to align and closely pack prevailed. Most of
close to 80% of zeolite crystals fell off the glass plates during the zeolite crystals endured sonication in toluene for 30 min as
the initial 5-min sonication. In strong contrast, only 17 and 7% ghown in Figure 2D, despite the fiber surfaces are curved. This
losses were observed from the monolayers assembled with DPAcontrasted with the ready detachment of the monolayers assembled
and PEI, respectively, as the linkers. It is interesting to note that, 5 glass fibers assembled via direct-ABP linkages even after

(16) The glass plates covered with zeolite-A crystals were first sonicated @ few minutes of sonication. )
in toluene for 30 s to remove physisorbed zeolite crystals over the covalently — Overall, this report demonstrates a way to increase the strength

bound monolayers. o . .
(17) Typically, a zeolite-binding glass plate was placed in a vial ¢d. of binding between zeolite crystals and the substrates, which

2.4 cm) filled with 10 mL of toluene. The vial was then placed in an ultrasonic allows assembly of stron_gly bound_ zeolite monolayers even_ on
cleaning bath (2 12 x 11 cn¥) filled with 1.5 L of water, 3 cm above one  curved glass surfaces (fibers). This method may be especially

of the two ultrasound generators (28 kHz, 95 W each) mounted under the yseful to fabricate optical fibers coated with zeolite crystals in
bath. A rack was built into the bath to place vials always in the same position.

The water inside the bath was circulated through an external heat exchangerhigh coverage for the photochemical application recently intro-
to keep the temperature constant26 °C). After each period of sonication, ~ duced by Raftery et df
the glass plate was removed from the vial and dried in an oven@2®r

3 min, and the weight was measured on a microbalance. For each run, fresh Acknowledgment. We thank the Ministry of Science and Technology
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from the glass plate by rubbing on a soft cloth, and the weight of the zeolite-

free glass plate was measured. The total weight of pure zeolite crystals boundJA001321D

to the glass plate was deduced from the initial weight of the zeolite-binding
glass plate that was measured after sonication for 30 s to remove physisorbed (18) (a) Pradhan, A. R.; Macnaughtan, M. A.; Raftery,JDAm. Chem.
crystals. Since each glass plate binds about 2§0f zeolite crystals, a Soc 200Q 122 404. (b) Pilkenton, S.; Hwang, S.-J.; Raftery, ID.Phys.
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