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Shell cross-linked micellar assemblies derived from diblock T r
copolymers are well-known stable structuteShese structures, i L X . ( ’°\\ &
ranging from about 10 nm to micrometer in size, possess an T (.7 I
amphiphilic core-shell morphology with intramicellar covalent i A

S . : : I 4 e
cross-linking of the chain segments that comprise the micelle shell. -

They have found use in various applications, such as a template (i)
for mineralizatior? a nanoreactor for the preparation and carrier
of metallic catalysts,and for controlled drug releageNanosize

- o,

hollow particles (nanocages) derived from shell cross-linked micelle

(SCM) templates are also known. They can be prepared by cleaving “‘«n%_,-s% # 0\‘ -

the core segment of the polymer using techniques, such as| ™./, { )

ozonizatiofi or photochemical degradatiérOther techniques to L o if_.,.""*

synthesize structures containing cavities in this size range include| { g:é' :‘ ‘ -"’”s-g? 3 g;" o\__g\'"' L
sonochemistry, use of organic or inorganic templates, such as i T g I— T o Wadl
liposomé or silica nanospheréspnto which the shell is deposited, " " ot ":s:b (i) " FR o o ¥

and polymerization of liposomé§1!
Molecular-size nanocapsules can be made by self-assembly of,Figure 1. Schematic drawing showing the steps in the synthesis of a
for example, pyrogalloaren¥sor metal-catecholamide com- siloxane nanocag® , containing propylamine groups tethered to the interior
plexest3 To our knowledge, however, there are no reports for surface of an atomic-layer-thick, cross-linked siloxane shell, derived from
. . Co . -~ the micelle of (triethoxysilyl)propylcetylcarbamate The inserts forlll
preparlng hollow SCM partlcles,—ZS nm in size, with Qn atomic andIV are 2-D cutout representations of the cross-linked shell.
layer-thick, covalently linked, porous shell. The cavity of such a

pgrtlc!e 'IT‘ of rz;)lecularl d!mcilnsmn_. If these parUcI:es alllso IC)‘Elssezs‘trimethylmethoxysilane to form SCMI (step ii). The transforma-
chemically ana/or catalytically active groups covalently anchored ;,q iy these reactions are guantitative, as indicatetHolMMR

in the interior, their cavities could function as robust nanosize (SI). The'H signals of ethoxysilyl disappeared completely at the
Fez;ct(;ws for contLolllled Ch%”;.'catl processgst. FtLrJ]rthernjtore, tge Cr(l)gs‘completion of step ii, and ethanol was formel. is soluble in
Inked, porous shell would fimit access Into the cavily and Could g, 516) and retains the 2 nm size (polydispersity 0.19). Interestingly,
provide mol_eculgr S|ze-sele_ct|V|ty, similarin con_cgpt _to using end- upon changing solvent from ethanol to a more hydrophobic mixture
group-functionalized dendriméfsor shape-selectivity in a molec- of ethanol/toluene (1:1), the cross-link8d is robust and retains

u_Ilar sieve. Here, we drepor;af succgsés'\;ul tr;]retparatlon of SUCh_ Aits structure, whereas micellg, without cross-linking, disintegrates.
:" ox?ne lnanocagte,th e”:j’et throm id ’ fa p?frslessr(]es” amiN€  The final shell cross-linked nanocad® is generated by
unctional groups tethered to the inside surlace of the shell. treatment oflll with trimethyliodosilane to effect cleavage of the

The strategy is shown. schgmatlcally in Figure 1. The concept 'S carbamate bond, followed by addition of methanol and purification
to generate nanometer-size micelles with template surfactants Wh'Ch(step iii to form tethered amines. Since the hydrophobic hydro-

contain headgroups that can be polymerized into a porous, cross-. b o< inill are interior to the siloxane shell, the silylpro-

:(mket(_j shlell and hyf(tj roPh%b'CTtha”S th?t ;:ant be Icon\l/erted (th a pylamine groups generated would be tethered to the interior surface
;mctrl]ona .lgTOUp al ert'vxiar b euef;u_:_ﬁc ﬁmd m(r)] ek():.u? .lusfe 'S of the shell inlV, as depicted schematically in Figure 1. Successful
(triethoxysilyl)propylcetylcarbama € hydrophopic tafl 0 conversion of carbamate to amine is confirmedyNMR. From

contains a carbamate group that can be converted to an amine grougy, o peak areas at 4.01 ppm due to carbamate (G€DEd 2.34

These moIet_:ngs form micellésin ethanol (step i), Whlch is stabl_e ppm due to aminopropyl (8,N), it was estimated that 85% of the
for days, as indicated by DLS (Supporting Information, Sl), possibly carbamate iV was converted to amine. Presumably, the remaining

due to hydrogen bonding between carbamate groups a_nd bem{ee'}arbamate groups are inaccessible, hidden in some sterically
carbamate and ethoxy groups, as well as van der Waals |nteract|on§1indered site€9Si NMR of IV in CDCls showed a very weak signal
between alkyl chains in the tail. The hydrodynamic diameter of _. g 2qc ppm (reference TMS), which is a typical value-fa—

the micelles is about 2 nm (polydispersity 0.36), consistent with Si(CHs),—O—. The weak signal i,s likely due to slow tumbling of

Lhy%r(lj;féz tgfsitlgior)\:\ﬂtrr? C:r:bg;ag:/'va;r:remis;(lgg Cr;i"’tl:%ri?];ps’ IV in solution because of its size. MALD'I-TOF MS detected mass
HCI, subsequently condense to form cross links. Further cross- at 2560 and some smaller ones that differ from each other by a
Iinki’ng is by reacting the remaining silanol groupé with dimeth- mass of 21.9212' A range o_f sizes is expected due to our method
) . . .. of preparation. It is interesting to note that the mass of-8S®
yldimethoxysilane, and the remnant silanols are capped with (CHs)2—O—Si(O)(CH,CH,CHoNH,) unit is 208 and is 212 if the
* Department of Chemical and Biological Engineering. amine_ and all terminal siloxy groups are protona_ted by the matrix
* Department of Materials Science and Engineering. material (t-cyano-4-hydroxycinnamic acid) used in MALDI-TOF
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Figure 2. Z-contrast high-resolution electron micrographs and single
particle EDX spectra of molybdate- (A) and tungstate-stained I{B)
indicated by arrow in the insert, supported on carbon grid.

6 7 B 98 W

measurements. Thus, the distribution of masses supports the pictur
that IV is made of aminopropylsiloxy units cross-linked with
methylsiloxy units. Since the acidic matrix material in the sample
preparation for MALDI-TOF measurements causes cleavage of
siloxane bonds, it is not possible to determine the molecular weight
distribution. The highest mass detected of 2560 corresponds to abou
12 disiloxane units, consistent with an estimate of about nine
surfactant moleculesiia 2 nmmicelle.

That IV retains the size ofll is confirmed by DLS (2 nm,
polydispersity 0.37). Its spherical morphology is confirmed by TEM
images (Figure 2) oflV, stained with aqueous solutions of
ammonium molybdate (3 wt %) or ammonium tungstate (1 wt %),
and the single particle EDX analyses. Individual particles, roughly
2 nm in diameter and spherical in shape, containing both Si and

ratio of 1/22.8) catalyzes the reaction with a turnover frequency of
0.7 mol (mol NH-+h)~! and a selectivity predominantly for acetone
(88 and 86% at 10 and 27% conversion, respectively), consistent
with acetone being the primary product. In contrast, for the amine
groups inlV (amine/reactant molar ratio of 1/35), the turnover
frequency is 4.4 mol (mol amirk)~%, and the product selectivity
favors acetal (57, 65, and 68% acetal at 12, 22, and 35% conversion,
respectively). The results suggest that, in the nanocage, molecules
are concentrated due to positive interaction with the siloxane shell,
such as hydrogen bonding between carbonyl and amine and van
der Waals interaction. The higher concentration of the reactant
results in higher activity, and the longer residence time of the

groduct acetone near the amine is consistent with the higher

selectivity for the secondary product dimethoxypropane. This is a
manifestation of confinement effect in a small cavity.
The synthesis strategy reported here permits variations of the

size of the cavity and opening in the shell, as well as the nature of
he tethered functional group by changing the length of the
ydrophobic tail, and the nature of the hydrophilic headgroup and
of the taik-headgroup linker of the surfactant. They will be
investigated.
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in the background at a point 2600 nm away from the particles.
These observations strongly suggest iWatonsists of an atomic
or nearly atomic layer thick shell; otherwise, it would be larger in
size.

The classical ninhydrin (2,2-dihydroxy-1,3-indandione) test was
used to probe the amine groupslin.’6 ExposinglV to ninhydrin
in an ethanol solution followed by treatment with methanol results
in the formation of Ruhemann’s blue, which exhibits an intense
blue color with an absorption maximum at 576 nm (SI). As a control
experiment, exposure of ninhydrin to (aminopropyl)triethoxysilane
(APTES) also generates a deep blue solution with the same
absorption maximum. From the absorbance at 576 nm, it can be
estimated that 85% of the starting silylcarbamate is converted to
the silylpropylamine, which is in agreement with estimation from
the NMR spectra.

Because the triethoxysilyl headgroup in the surfactant is much
larger than the silanol group formed by hydrolysis, the resulting
cross-linked shell iV is quite porous and could offer molecular
size-selectivity. The latter can be illustrated by comparing the ability
of the amine groups to interact with molecules of different sizes,
such as the smaller ninhydrin versus the larger Zn tetraphenylpor-
phyrin (ZnTPP). ZnTPP forms a red solution in dichloromethane
that exhibits an absorption maximum at 418 nm. It coordinates
readily to sterically unhindered amines, such as APTES, to form a
green complex with the absorption maximum shifted by 8 nm to
426 nm. On the other hand, althoudt interacts readily with
ninhydrin, there is no indication that it interacts with ZnTPP, and
its presence did not shift the absorption maximum of the porphyrin
(Sh.

The amine groups iV are catalytically active. They catalyze
the decomposition of 3-oxobutanoic acid (acetoacetic acid) tp CO
and acetone, which can react further to form dimethoxypropane in
a methanol solutio®’ At room temperature, APTES (amine/reactant

Supporting Information Available: Experimental details for the
preparation of, Il , Il , andIV and their'H NMR spectra’*C NMR
results ofl; procedures for DLS, NMR, TEM, and MALDI-TOF MS
measurements and catalytic tests, tis spectra of ninhydrin and
ZnTPP tests; DLS particle size distributions, and surfactant packing
calculation. This material is available free of charge via the Internet at
http://pubs.acs.org.
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