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Self-assembly of nanoparticles (NPs) provides access to multi-
scale nanocomposite systems.' The optical, electronic, and magnetic
properties of such structures are different from their isolated
counterparts and have applications in such diverse areas as
biosensing,? electronic devices,® and drug delivery vehicles.* Self-
assembly at the liquid—liquid interface offers a straightforward
pathway for the production of organized nanostructures.” In this
approach, colloidal particles localize at the interface to minimize
the Helmholtz free energy.® A range of microporous capsules
(colloidosomes) and membranes with controlled pore sizes and pore
size distribution have been created using this strategy.’

Despite the versatility of interfacial assembly strategies, the
creation of stable membranes and capsules remains a challenge.®
The competition between the interfacial energy and spatial fluctua-
tions resulting from NP thermal energy causes instability in as-
formed membranes and capsules. Two approaches have been
recently developed to fabricate stable membranes and colloidosomes
using NPs of various sizes.® Lin et al., has fabricated a stable
ultrathin CdSe membrane at the interface by cross-linking the
ligands of CdSe NPs®® while Duan et al. prepared stable magnetic
colloidosomes at the interface of water-in-oil droplets using agrose
gelated water phase.’® In both cases the initially formed membrane
and colloidosomes were subjected to thermal treatment (=60 °C)
to afford stability, and also the cross-linking of the NPs at the
interfaces was slow (~ 8 h). Both, time and temperature of thermal
treatment can limit the tunability and applicability of these methods.

Here, we report an alternate route to fabricate stable colloidal
shells and membranes by cross-linking NPs at the liquid—liquid
interface using coordination chemistry. In this strategy, terpyridine
thiol (Terpy-SH) functionalized FePt NPs are self-assembled at
water—toluene interfaces and cross-linked through complexation
of terpyridine with Fe(Il) metal ions.'® The major advantage of
this assembly process is the essentially instantaneous formation of
robust cross-linked structures under ambient condition.

Oleic acid and oleyl amine stabilized FePt magnetic NPs (7.0 &
1 nm) were synthesized following a literature procedure'' and then
functionalized with Terpy-SH ligand'? via place-exchange reaction
(see Supporting Information). Aqueous Fe(Il) tetrafluoroborate
hexahydrate (1 M) droplets were then added to a toluene dispersion
of the functionalized FePt magnetic NPs. Vigorous mixing for
several seconds resulted in the formation of stable emulsions
(Scheme 1a). The colloidal shells formed by this technique were
35—60 um (Figure la). The appearance of pink colored (A, =
540 nm) NP shells (Figure 1a, inset) confirms metal to ligand charge
transfer (MLCT) complex formation'? (see Supporting Information
for detailed experimental procedure) and subsequent self-assembly
of FePt NPs at the liquid interface. Transmission electron micros-
copy (TEM) image of the dried shells reveals that the wall of the
colloidal shells is composed of FePt NPs in a network structure.
(Figure 1b)
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“ Illustration shows (a) FePt NP colloidal shells formation at water-in-
toluene interface. Cross-sectional view of the colloidal shells represents
NP network formed by complexation of the Terpy ligand with Fe(II)
tetrafluoroborate hexahydrate salt; (b) FePt NP membrane formation at
water-toluene interface.

The NP-stabilized colloidal shells are very stable; evaporation
of water over a 5 day period resulted in crumpled but still intact
colloidal shells (Figure 1c). Also when subjected to heat at 50 °C
the shells crumple after 2 min but remain discrete. (see Supporting
Information). On the other hand, stabilization of emulsion without
Fe(Il) salt resulted in formation of unstable structures Figure 1d,
as did assembly using reduced (>1 M) concentrations of Fe(Il)
salts.

A similar strategy was used to prepare FePt membranes at the
water—toluene interface. Toluene dispersions of FePt NPs were
allowed to stand over an aqueous solution containing 1 M Fe(II)
tetrafluoroborate hexahydrate. The dark toluene solution became
colorless with a concomitant formation of a pink membrane (Figure
2a). TEM analysis of the dried membrane (Figure 2b) shows the
thin-film morphology, while the high magnification image (inset)
clearly reveals that the membrane is composed of densely packed
FePt nanoparticles.
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Figure 1. (a) Optical micrographs (OMs) of FePt NP colloidal shells
fabricated at water-in-oil interface with complexation agent, Fe(Il) metal
salt. Inset: Pink-colored shell around water droplets indicates NP network
formation [concn of Fe(Il) salt &~ 100 uM, scale bar 50 um]. (b) TEM
image of the colloidal shell; (c) OM of the crumbled colloidal shells after
partial drying; (d) OM of FePt NP colloidal shells fabricated at water-in-
oil interface without Fe(II) salt.

Figure 2. (a) Photograph of the FePt membrane at water—oil interface.
Inset: Membrane in toluene subjected to magnetic field. (b) TEM micro-
graphs of the membrane. Inset: High magnification image of the membrane
shows close-packed FePt NPs.

Preliminary experiment indicates that this membrane can be
manipulated using external magnetic fields. In this study, the
biphasic system was homogenized by the addition of methanol.
The free-floating membrane could then be moved through applica-
tion of a magnetic field using a permanent magnet (Figure 2a inset).
The fabrication of NPs membrane by this technique is general and
can be extended to other nanoparticulate systems; Terpy-SH
functionalized 2 = 1 nm Au NPs provided essentially identical
membranes (see Supporting Information).

In summary, we have developed a simple strategy for the creation
of highly stable NP self-assemblies at liquid—liquid interfaces.

Stable water-in-oil colloidal shells and membranes were prepared
using Terpy-SH functionalized FePt NPs, with cross-linking effected
at room-temperature through Fe(II) metal ion complexation. These
systems could be manipulated using external magnetic fields,
providing a convenient and gentle means of positioning these
materials. Tuning of the assembly process and application of this
methodology to the creation of functional devices is underway and
will be reported in due course.

Acknowledgment. We thank Prof. Anthony D. Dinsmore and
Kan Du [Department of Physics, University of Massachusetts,
Amberst] for helpful discussions. We also acknowledge the support
from NSF through the Center for Hierarchical Manufacturing
(NSEC, DMI-0531171), MRSEC (Grant DMR-0213695), and Grant
CHE-0518487 to V.R.

Supporting Information Available: Experimental procedures,
optical micrographs of (a) FePt colloidal shells at 50 °C; (b) FePt
colloidal shells at varying salt concentration. Digital photograph of Au
NP membrane at water—toluene interface. This material is available
free of charge via the Internet at http://pubs.acs.org.

References

(1) (a) Whitesides, G. M.; Boncheva, M. . 2002,
99, 4769-4774. (b) Boal, A. K.; Ilhan, F.; DeRouchey, J. E.; Thurn-
Albrecht, T.; Russell, T. P.; Rotello, V. M. Nguge 2000, 404, 746-748.
(c) Murray, C. B.; Kagan, C. R.; Bawendi, M. G. | NG
2000, 30, 545-610.

(2) (a) Jun, Y.-w.; Seo, J.-w.; Cheon, J. . 2008, 47, 179-189.
(b) Stadler, B.; Solak, H. H.; Frerker, S.; Bonroy, K.; Frederix, F.; Voros,
J.; Grandin, H. M. 2007, 18, 155306.

(3) (a) Berry, V.; Saraf, F. | 2005, 44, 6668-6673.
(b) Fendler, J. H. 2001, /3, 3196-3210.

(4) (a) Arumugam, P.; Xu, H.; stava, S.; Rotello, V. M. Ralugalat 2007,
56, 461-466. (b) Collier, C. P.; Vossmeyer, T.; Heath, J. R.

- 1998, 49, 371-404. (c) Hayward, R. C.; Saville, D. A.; Aksay,
L A, Nagge 2000, 404, 56-59. (d) Li, M.; Schnablegger, H.; Mann, S.
1999, 402, 393-395.

(5) (a) Wang, D.; Duan, H.; Mohwald, H. Sefaldedigs 2005, /, 412-416. (b)
Lin, Y.; Skaff, H.; Emrick, T.; Dinsmore, A. D.; Russell, T. P. Sgicucg
2003, 299, 226-229. (c) Boker, A.; He, J.; Emrick, T.; Russell, T. P. Soft
Mayer 2007, 3, 1231-1248.

(6) (a) Wang, B.; Wang, M.; Zhang, H.; Sobal, N. S.; Tong, W.; Gao, C.;
Wang, Y.; Giersig, M.; Wang, D.; Mohwald, H. h
2007, 9, 6313-6318.

(7) (a) Dinsmore, A. D.; Hsu, M. F.; Nikolaides, M. G.; Marquez, M.; Bausch,
A. R Weitz, D. A. Sgigagg 2002, 298, 1006-1009. (b) Velev, O. D.;
Furusawa, K.; Nagayama, K. 1996, 12, 2374-2384. (c) Pieranski,

. 1980, 45, 569-572. (d) Rautaray, D.; Banpurkar, A.;
Samkar S.R.; leaye A. V. Ogale, S.; Sastry, M. _
2003, 3, 449-452. (e) Noble, P. F; Cayre 0. J.; Alargova, R. G.; Velev,
O. D.; Paunov, V. N. “. 2004, ]26 8092-8093.

(8) (a) Kumar, A.; Mandal, S.; Mathew, S. P.; Selvakannan P. R.; Mandale,
A. B.; Chaudhari, R. V.; Sastry, M. 2002, /8, 64786483 (b)
Duan, H.; Wang, D.; Kurth, D. G.; Mohwald, H. _
2004, 43, 5639— 5642.

) (a) L1n Y.; Skaff, H.; Boeker, A.; Dinsmore, A. D.; Emrick, T.; Russell,
“ 2003, 125 12690-12691. (b) Duan, H Wang,
D Sobal N. S.; Giersig, M.; Kurth, D. G.; Mohwald, H. W 2005,

5, 949-952.

(10) Shenhar, R.; Jeoung, E.; Srivastava, S.; Norsten, T. B.; Rotello, V. M. Ady,
Mazer. 2005, 17, 2206-2210.

(11) (a) Srivastava, S.; Samanta, B.; Jordan, B. J.; Hong, R.; Xiao, Q.; Tuominen,
M. T.; Rotello, V. M. | 2007, 129, 11776-11780. (b)
Ofir, Y.; Samanta, B.; Arumugam, P.; Rotello, V. M. deiunldeigs 2007,
19, 4075-4079.

(12) Norsten, T. B.; Frankamp, B. L.; Rotello, V. M. Mgugalgl 2002, 2, 1345—
1348.

(13) Schubert, U. S.; Hofmeier, H.; Newkome, G. R. Modern Terpyridine
Chemistry; Wiley-VCH: Weinheim, Germany, 2006.

JA802178S

J. AM. CHEM. SOC. = VOL. 130, NO. 31, 2008 10047


http://pubs.acs.org/action/showImage?doi=10.1021/ja802178s&iName=master.img-001.jpg&w=233&h=230
http://pubs.acs.org/action/showImage?doi=10.1021/ja802178s&iName=master.img-002.jpg&w=224&h=139

