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Organic-inorganic hybrids have been fabricated throughmildDiels-Alder cross-linking betweenmaleimide bearing
oligo(p-phenylenevinylene) (OPV) and furan functionalized gold nanoparticles with diameter smaller than 2 nm. The
OPV ligands afford strong reaction ability toward furan group due to their maleimide moieties. These small gold
nanoparticles form close-packed homogeneous hybrids with well-defined interfaces by incorporating OPV ligands in
solutions. Covalent assembly and disassembly of gold nanoparticles can be achieved by repeated thermal stimuli on
as-obtained hybrids, which can be monitored by fluorescence changes of OPVs and surface plasmon resonance
absorption. Moreover, the dramatic photophysical properties and assembly behavior of these hybrids allow this
procedure to be performed as a smart assay for monitoring the process of the Diels-Alder reaction.

1. Introduction

During the past decade, scientists have developed techniques
for synthesizing new materials on the nanoscale, especially
nanoparticles.1-4 Still, the design and synthesis of nanoparticle
materials with controlled properties is a significant and ongoing
challenge. Understanding the structure-property relationships
that relate specifically to nanomaterials could lead to new strategy
for producing benign, high-performance nanoscale materials.
Metal nanoparticles exhibit intense size- and shape-dependent
properties due to the surface plasmon resonance (SPR),5 which
have attracted considerable recent interest as materials due to

their characteristic optical and electronic properties.6,7 The
assembly of metal nanoparticles into defined macromolecular
structures provides potential access to nanocomposites featuring
useful chemical and optoelectronic applications.8 The internal
organization of such compositematerials on the nanoscale is crucial
for determining the desired properties.9 Hybrid nanomaterials
consistingof both inorganic nanoparticles andorganic counterparts
have been exploited extensively due to their unique properties
that combining the best properties in both materials into one.10

Unfortunately, favorable properties are often lost arising frompoor
dispersion of each component within the hybrid materials.

TheDiels-Alder reaction is one of themost important ways in
which chemists make new carbon-carbon bonds and which has
been extendedly used for the preparation of thermally responsive
polymers, dendrimers, and biocompatible materials.11 It has also
been found useful as a means to modify self-assembled mono-
layers (SAMs).12 Recently, new methodologies have been deve-
loped to functionalize monolayer-protected gold cluster (MPC)
surfaces using Diels-Alder reaction, facilitating further chemical
modifications.13 Gates et al.14 reported that the release of a

*Corresponding authors. E-mail: ylli@iccas.ac.cn (Y.L.), liuhb@iccas.ac.
cn (H.L.).
(1) Sih, B. C.; Wolf, M. O. Chem. Commun. 2005, 3375.
(2) (a) Descalzo, A. B.; Martı́nez-M�a~nez, R.; Sancen�on, F.; Hoffmann, K.;

Rurack, K. Angew. Chem., Int. Ed. 2006, 45, 5924. (b) Lv, J.; Zhao, Y.; Li, G.; Li, Y.;
Liu, H.; Li, Y.; Zhu, D.; Wang, S. Langmuir 2009, 25, 11351. (c) Lin, Y.; Watson, K. A.;
Fallbach, M. J.; Ghose, S.; Smith, J. G., Jr.; Delozier, D. M.; Cao, W.; Crooks, R. E.;
Connell, J. W. ACS Nano 2009, 3, 871. (d) Ai, K.; Liu, Y.; Lu, L. J. Am. Chem. Soc.
2009, 131, 9496.
(3) (a) Ozawa, H.; Kawao,M.; Tanaka, H.; Ogawa, T. Langmuir 2007, 23, 6365.

(b) Shen, Z.; Yamada,M.;Miyake,M. J. Am.Chem. Soc. 2007, 129, 14271. (c) Yan, B.;
Thubagere, A.; Premasiri, W. R.; Ziegler, L. D.; Negro, L.; D.; Reinhard, B. M. ACS
Nano 2009, 3, 1190. (d) Nishi, H.; Asahi, T.; Kobatake, S. J. Phys. Chem. C 2009, 113,
17359.
(4) (a) Dai, Q.; Worden, J. G.; Trullinger, J.; Huo, Q. J. Am. Chem. Soc. 2005,

127, 8008. (b) Chak, C.-P.; Xuan, S.; Mendes, P. M.; Yu, J. C.; Cheng, C. H. K.; Leung,
K. C.-F.ACSNano 2009, 3, 2129. (c) Bae, K. H.; Choi, S. H.; Park, S. Y.; Lee, Y.; Park,
T. G. Langmuir 2006, 22, 6380. (d) Lee, H.; Choi, S. H.; Park, T. G. Macromolecules
2006, 39, 23. (e) Sangeetha, N. M.; Bhat, S.; Raffy, G.; Belin, C.; Loppinet-Serani, A.;
Aymonier, C.; Terech, P.; Maitra, U.; Desvergne, J.-P.; Del Guerzo, A. Chem. Mater.
2009, 2, 3424.
(5) (a) Daniel, M.-C.; Astruc, D. Chem. Rev. 2004, 104, 293. (b) Burda, C.; Chen,

X.; Narayanan, R.; El-Sayed, M. A. Chem. Rev. 2005, 105, 1025.
(6) (a) Barton, M. I. Synthesis, Functionalization and Surface Treatment of

Nanoparticles; American Scientific Publishers: Los Angeles, 2003. (b) Schmidt, G.
Nanoparticles; Wiley-VCH: Weinheim, 2004. (c) Hayat, M. A. Colloidal Gold:
Principles, Methods, Applications; Academic Press: San Diego, CA, 1989. (d)
Battistini, G.; Cozzi, P. G.; Jalkanen, J.-P.; Montalti, M.; Prodi, L.; Zaccheroni, N.;
Zerbetto, F. ACS Nano 2008, 2, 77.
(7) (a) Tang, Z.; Kotov, N. A. Adv. Mater. 2005, 17, 951. (b) Stemmler, M. P.;

Fogel, Y.; M€ullen, K.; Kreiter, M. Langmuir 2009, 25, 11917. (c) Dong, H.; Zhu, M.;
Yoon, J. A.; Gao, H.; Jin, R.; Matyjaszewski, K. J. Am. Chem. Soc. 2008, 130, 12852.
(d) Li, C.; Jiang, L.; Liu, H.; Li, Y.; Song, Y. ChemPhysChem 2009, 10, 2058.

(8) (a) Templeton, A. C.;Wuelfing, W. P.;Murray, R.W.Acc. Chem. Res. 2000,
33, 27. (b) Schmid, G.; Baumle, M.; Geerkens, M.; Heim, I.; Osemann, C.; Sawitowski,
T. Chem. Soc. Rev. 1999, 28, 179. (c) Ghosh, P. S.; Kim, C.-K.; Han, G.; Forbes, N. S.;
Rotello, V. M. ACS Nano 2008, 2, 2213. (d) Hill, H. D.; Millstone, J. E.; Banholzer, M.
J.; Mirkin, C. A. ACS Nano 2009, 3, 418.

(9) (a) Satake, A.; Fujita, M.; Kurimoto, Y.; Kobuke, Y.Chem. Commun. 2009,
1231. (b) Alloisio, M.; Demartini, A.; Cuniberti, C.; Muniz-Miranda, M.; Giorgetti, E.;
Giusti, A.; Dellepiane, G. Phys. Chem. Chem. Phys. 2008, 2214.

(10) (a) Lai, C.-H.; Wu, I.-C.; Kang, C.-C.; Lee, J.-F.; Ho, M.-L.; Chou, P.-T.
Chem. Commun. 2009, 1996. (b) Boyer, C.; Whittaker, M. R.; Luzon, M.; Davis, T. P.
Macromolecules 2009, 42, 6917.

(11) (a) Chen, X.; Dam, M. A.; Ono, K.; Mal, A.; Shen, H.; Nutt, S. R.; Sheran,
K.; Wudl, F. Science 2002, 295, 1698. (b) Gotsmann, B.; Duerig, U.; Frommer, J.;
Hawker, C. J. Adv. Funct. Mater. 2006, 16, 1499. (c) Bailey, G. C.; Swager, T. M.
Macromolecules 2006, 39, 2815.

(12) (a) Gawalt, E. S.; Mrksich, M. J. Am. Chem. Soc. 2004, 126, 15613. (b)
Dillmore, W. S.; Yousaf, M. N.; Mrksich, M. Langmuir 2004, 20, 7223.

(13) (a) Zhu, J.; Kell, A. J.;Workentin,M. S.Org. Lett. 2006, 8, 4993. (b) Zhu, J.;
Ganton, M. D.; Kerr, M. A.; Workentin, M. S. J. Am. Chem. Soc. 2007, 129, 4904. (c)
Zhu, J.; Lines, B.M.; Ganton,M. D.; Kerr,M. A.;Workentin, M. S. J. Org. Chem. 2008,
73, 1099. (d) Costanzo, P. J.; Demaree, J. D.; Beyer, F. L.Langmuir 2006, 22, 10251. (e)
Costanzo, P. J.; Beyer, F. L. Macromolecules 2007, 40, 3996.



3180 DOI: 10.1021/la903838w Langmuir 2010, 26(5), 3179–3185

Article Liu et al.

fluorescent dye from core-shell nanoparticles using retro-
Diels-Alder reaction. Gold nanoparticle systems possess rever-
sible behaviors which have been investigated extensively in recent
researches;15 for example, Workentin et al.15a demonstrated the
reversible formation of 3D MPC assemblies utilizing the rever-
sible Diels-Alder reaction. On the basis of researches in the past
decades, Diels-Alder reaction exhibits reversible behavior on the
carbon-carbon bond formation, which has been used widely to
build thermoreversible polymeric materials with diverse function-
alities.11,16 However, there is rare report on the thermoreversi-
bility of gold nanoparticle hybrid composites directed by
Diels-Alder reaction.12,15

Considering the facile and thermally reversible formation
process, the Diels-Alder reaction is expected to lead to develop-
ment of new methodologies for fabricating novel organic-
inorganic hybrid nanomaterials with thermoresponsive behavior.
Recently, we have reported a developed chemical approach that
fabricating organic-inorganic composites by utilizing mild
Diels-Alder reaction.17 The as-prepared hybridmaterials exhibit
well-defined interfaces and well dispersity in both inorganic
nanoparticles and organic conjugated part. Although the orga-
nically shelled MPCs have been explored intensively in recent
researches, there have been no reports or practical applications
of organic fluorophore-nanoparticles concerning covalent self-
assembly and thermoswitchable PL properties. Considering the
advantages of both covalently assembly and thermal responsive-
ness, we aim on fabricating such smart materials capable of
modulating both MPCs assembly and optical properties upon
thermal stimuli. Herein, we demonstrated that maleimide bearing
oligo(p-phenylenevinylene) (OPVs) reacts with furan-modified
MPCs (F-Au) to form covalently 3D cross-linked structures
(Scheme 1). These materials represent PL reversibility and assem-
bly behavior with thermal responsiveness.

2. Experimental Section

General Information. Chemicals and solvents were reagent
grades and all commercially available. Compound 4 was synthe-
sized according to previous report.18 Solvents were redistilled
prior to use. The water used throughout all experiments was
purified with a Milli-Q equipment. Detailed synthesis routes for
M2 and M3 are outlined as shown in Scheme 1. Proton and

carbon nuclear magnetic resonance spectra (1H NMR and 13C
NMR) were carried out on Bruker ARX300 and ARX400
spectrometers using tetramethylsilane (TMS) as internal stan-
dard; chemical shifts (δ) are given in ppm relative to TMS. Mass
spectra were measured with a Bruker Biflex III MALDI-TOF
spectrometer and anAPEXIIFT-ICRMS spectrometer.UV-vis
absorption spectra were obtained from sample solutions on a
JASCO V-570 spectrophotometer. Fluorescence spectra were
obtained on a JASCO FP-6600 fluorimeter. Quartz cuvettes of
1 cm path length were employed. Transmission electron micro-
scopy (TEM) samples were prepared by applying a droplet of
sample solution on carbon-coated copper grids (400 mesh) and
evaporated. Images of representative areas were recorded on a
JEOL JEM-2011 transmission electron microscope operating at
200 kV. Fluorescence lifetimesweremeasured by a standard time-
correlated single-photon counting (TCSPC) from Ortac at room
temperature using 400 nm laser pulses at 4.7 MHz for excitations
of both samples. Fluorescence was detected at 450 nm by using a
monochromator (EI-121, Edinburgh Instruments) and fast
photomultiplier tube (XP2020). Dynamic light scattering experi-
ments were performed on a nano-ZS zen3600 purchased from
Malvern Instruments, Ltd., with 600 nm laser. Data were aver-
aged by three times of measurements for each sample.

Synthesis and Characterization of Diethyl 4-Nitrobenzyl-

phosphonate (1). Amixture of 1-(chloromethyl)-4-nitrobenzene
(3.0 g, 17.5 mmol) and triethyl phosphite (3.5 g, 21.1 mmol) was
heated at 140 �C for 5 h before being cooled to room temperature.
The excess triethyl phosphite was removed in vacuo. The residue
was purified by silica gel column (400mesh, petroleumether/ethyl
acetate= 3:1 as eluent) to give pure 1 as brown oil (4.1 g, 85.9%).
1H NMR (CDCl3, 400 MHz, ppm): δ = 1.26-1.29 (t, 6H),
4.09-4.11 (q, 4H), 3.16-3.21 (d, 2H), 7.47-7.49 (d, 2H),
8.13-8.15 (d, 2H). 13C NMR (CDCl3, 100 MHz, ppm): δ =
16.3, 39.5, 62.2, 123.8, 131.6, 141.5, 144.9.EIMS (MW=273.22):
m/z: 273.08.

Synthesis and Characterization of (E)-1,2-Bis(4-nitro-
phenyl)ethane (2). A clear solution of 1 (570 mg, 2.1 mmol)
and 4-nitrobenzaldehyde (315mg, 2.1mmol) in dry THF (30mL)
was treated with NaH (151 mg, 6.3 mmol) under a nitrogen
atmosphere at 50 �C, followed by stirring for 30 min, after which
the reaction was quenched with water carefully. Washed the
mixture with saturated aqueous NaCl and dried over MgSO4

anhydrous. Column chromatography (silica gel, 400 mesh, pet-
roleum ether/ethyl acetate = 6:1 as eluent) afforded pure 2

(235 mg, 41.7%) as a pale yellow solid. 1H NMR (CDCl3,
400 MHz, ppm): δ = 7.34 (s, 2H), 7.68-7.71 (d, 4H),
8.26-8.28 (d, 4H). 13C NMR (CDCl3, 100 MHz, ppm): δ =
123.8, 127.4, 129.1, 143.6, 147.3. EI MS (MW = 270.24): m/z:
270.03.

Synthesis andCharacterizationof (E)-4,40-(Ethene-1,2-diyl)-
dianiline (3). To a suspension of 2 (150 mg, 0.55 mmol) in mixed
solvent of ethanol (10 mL) and ethyl acetate (10 mL) was added
concentratedHCl(aq) (5mL) under stirring at room temperature.
Subsequently, SnCl2 3 2H2O (1.25 g, 5.5mmol) was added, and the

Scheme 1. Chemical Structures of OPVs and F-Au
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mixture was heated to 80 �C for 5 h. After cooling to room
temperature, the reaction mixture was filtered and the precipitate
was discarded. The filtrate was concentrated and washed with
saturated aqueous NaCl and dried overMgSO4 anhydrous. After
removal of the solvent, it affords pure 3 (112mg, 96.0%) as yellow
solid. 1HNMR (CDCl3, 400MHz, ppm): δ=6.66-6.67 (d, 4H),
6.84 (s, 2H), 7.29-7.30 (d, 4H). 13C NMR (CDCl3, 100 MHz,
ppm): δ = 114.1, 122.5, 127.4, 129.6, 147.6. EI MS (MW =
210.27): m/z: 210.12.

Synthesis and Characterization of (E)-1,10-(4,40-(Ethene-
1,2-diyl)bis(4,1-phenylene))bis(1H-pyrrole-2,5-dione) (M2).
A suspension of 3 (90 mg, 0.43 mmol) and maleic anhydride
(126 mg, 1.29 mmol) in chloroform (30 mL) was heated to reflux
for 8 h. The resulting dark yellow precipitate was filtered, washed
with chloroform, and dried. Subsequently, acetic anhydride
(5 mL) and sodium acetate (14 mg, 0.17 mmol) were added. The
mixture was heated at 100 C for another 1.5 h. The resulting clear
solution was poured into ice water after cooling to room tem-
perature. A precipitate was formed after 10 min, and the mixture
was vigorously stirred for an additional hour. The precipitate was
filtered and washed with cold distilled water, which was further
purified by silica gel column (400 mesh, petroleum ether/ethyl
acetate = 5:1 as eluent) to afford pureM2 (120 mg, 75.7%) as a
beige solid. 1HNMR (CDCl3, 400MHz, ppm): δ=6.94 (s, 4H),
6.93-6.95 (d, 2H), 7.14-7.16 (d, 4H), 7.89-7.91 (d, 4H). 13C
NMR (CDCl3, 100 MHz, ppm): δ = 124.3, 127.4, 128.1, 129.0,
131.9, 135.8, 161.8. EI MS (MW = 370.36): m/z: 370.08. The
UV-vis absorption spectrum ofM2 is shown in Figure S1.

Synthesis and Characterization of 4,40-(1E,10E)-2,20-(2,5-
Dibutoxy-1,4-phenylene)bis(ethene-2,1-diyl)bis(nitrobenzene)
(5). A clear solution of 4 (1.2 g, 2.3 mmol) and 4-nitrobenz-
aldehyde (867mg, 5.7mmol) indryTHF(50mL)was treatedwith
NaH (276 mg, 11.5 mmol) under a nitrogen atmosphere at 50 �C,
followed by stirring for 30 min, after which the reaction was
quenched with water carefully. The mixture was washed with
saturated aqueous NaCl and dried over MgSO4 anhydrous.
Column chromatography (silica gel, 400 mesh, petroleum ether/
ethyl acetate = 6:1 as eluent) afforded pure 5 (680 mg, 57.3%) as
dark red solid. 1HNMR(CDCl3, 400MHz, ppm):δ=1.03-1.06
(t, 6H), 1.58-1.62 (m, 4H), 1.86-1.93 (m, 4H), 4.08-4.11 (t, 4H),
7.14 (m, 2H), 7.20-7.24 (m, 2H), 7.61 (m, 2H), 7.63-7.65 (d, 4H),
8.16-8.19 (d, 4H). 13CNMR (CDCl3, 100MHz, ppm): δ=14.1,
19.1, 31.8, 68.8, 114.8, 116.0, 123.8, 125.6, 128.5, 129.0, 143.6,
145.9, 147.1. EI MS (MW = 516.58): m/z: 516.31.

Synthesis andCharacterization of 4,40-(1E,10E)-2,20-(2,5-
Dibutoxy-1,4-phenylene)bis(ethene-2,1-diyl)dianiline (6). To
a suspension of 5 (517 mg, 1.0 mmol) in mixed solvent of ethanol
(15 mL) and ethyl acetate (15 mL) was added concentrated
HCl(aq) (7 mL) under stirring at room temperature. Subse-
quently, SnCl2 3 2H2O (2.27 g, 5.5 mmol) was added, and the
mixture was heated to 80 �C for 6 h. After cooling to room
temperature, the reaction mixture was filtered and the precipitate
was discarded. The filtrate was concentrated and washed with
saturated aqueous NaCl and dried overMgSO4 anhydrous. After
removal of the solvent, it affords pure 6 (445mg, 97.5%) as yellow
solid. 1HNMR (CDCl3, 400MHz, ppm): δ=1.00-1.04 (t, 6H),
1.53-1.60 (m, 4H), 1.80-1.87 (m, 4H), 3.74 (br, 4H), 4.05-4.07
(d, 4H), 6.67-6.70 (d, 4H), 6.95 (s, 2H), 7.00-7.08 (d, 4H),
7.34-7.36 (d, 4H). 13C NMR (CDCl3, 100 MHz, ppm): δ =
14.3, 19.2, 32.0, 69.1, 114.1, 114.9, 116.3, 122.5, 123.9, 125.8,
129.6, 146.0, 147.6. EI MS (MW = 456.62): m/z: 456.21.

Synthesis and Characterization of 1,10-(4,40-(1E,10E)-
2,20-(2,5-Dibutoxy-1,4-phenylene)bis(ethene-2,1-diyl)bis-
(4,1-phenylene))bis(1H-pyrrole-2,5-dione) (M3). A sus-
pension of 6 (228 mg, 0.5 mmol) and maleic anhydride (147 mg,
1.5 mmol) in chloroform (30 mL) was heated to reflux for 12 h.
The resulting dark yellow precipitate was filtered, washed with
chloroform, and dried. Subsequently, acetic anhydride (6 mL)
and sodium acetate (16.4 mg, 0.2 mmol) were added. Themixture

was heated at 100 �C for another 2 h. The resulting clear solution
was poured into ice water after cooling to room temperature. A
precipitate was formed after 10 min, and the mixture was vigo-
rously stirred for an additional hour. The precipitate was filtered
and washed with cold distilled water, which was further purified
by silica gel column (400 mesh, petroleum ether/ethyl acetate =
4:1 as eluent) to afford pureM3 (145mg, 47.1%) as a yellow solid.
1H NMR (CDCl3, 400 MHz, ppm): δ = 1.01-1.05 (t, 6H),
1.57-1.60 (m, 4H), 1.85-1.89 (m, 4H), 4.06-4.09 (t, 4H), 6.87 (s,
4H), 7.13 (s, 2H), 7.14-7.17 (d, 2H), 7.34-7.37 (d, 4H),
7.41-7.44 (d, 2H), 7.47-7.51 (d, 4H). 13C NMR (CDCl3,
100 MHz, ppm): δ = 14.0, 18.8, 31.7, 68.7, 114.6, 115.9, 123.6,
124.3, 125.3, 128.1, 128.8, 131.9, 135.8, 145.7, 161.5. MALDI
TOFMS (MW= 616.70): m/z: 616.40. The UV-vis absorption
spectrum ofM3 is shown in Figure S1.

Synthesis and Characterization of Furan Ligand. To a
solution of furfuryl alcohol (981 mg, 10 mmol) and 11-mercap-
toundecanoic acid (2.18 g, 10 mmol) in dry dichloromethane
(85 mL) was added 1-ethyl-3-(3-dimethyllaminopropyl)carbo-
diimide hydrochloride (EDC 3HCl, 1.92 g, 10 mmol) and
4-(dimethylamino)pyridine (DMAP, 122 mg, 1 mmol). The flask
was purged under a N2 atmosphere. The mixture was stirred at
room temperature overnight. After evaporating off the solvent,
the residue was redissolved in a small amount of ethyl acetate
(30mL),washedwithwater, anddried.After purification through
silica gel (400 mesh, petroleum ether/ethyl acetate = 7:1 as
eluent), it affords pure furan ligand as yellow oil (1.35 g,
45.2%). 1H NMR (CDCl3, 400 MHz, ppm): δ = 1.26-1.38 (m,
12H), 1.55-1.66 (m, 4H), 2.30-2.34 (t, 2H), 2.49-2.54 (q, 2H),
5.06 (s, 2H), 6.35-6.36 (d, 1H), 6.39-6.40 (d, 1H), 7.42 (s, 1H)
13C NMR (CDCl3, 100 MHz, ppm): δ = 24.6, 25.0, 28.2, 28.9,
29.0, 29.3, 29.5, 29.6, 33.3, 34.2, 60.4, 107.6, 110.7, 143.6, 152.1,
173.1. MALDI TOFMS (MW= 298.44): m/z 298.16.

Synthesis and Characterization of Furan-Modified

MPCs (F-Au) via Direct Method (Scheme 2). Following a
modified Brust-Schiffrin method,14 to a clear solution of THF
(40 mL) containing HAuCl4 (aqueous solution, 0.1 M � 1 mL)
was added dodecanethiol (MD, 20.2 mg, 0.1 mmol) and furan
ligand (29.8 mg, 0.1 mmol) under vigorous stirring at room
temperature. After 20min of reaction, a freshly prepared aqueous
solution ofNaBH4 (19.0 mg, 0.5 mmol) was added dropwise with
a syringe in 10 min. Subsequently, the mixture was stirred for
another 1 h to forma clear brown solutionwithout further change
in color. After removal of the solvent under reduced pressure, the
residue was redispersed in ethanol. Upon repeated centrifugation
and washing with ethanol, the obtained brown powder was dried
in vacuo overnight to afford F-Au (28 mg). 1H NMR (CDCl3,
400MHz, ppm): δ=0.88 (br, 6H), 1.26 (br, 50H), 1.54-1.76 (br,
8H), 2.17 (br, 2H), 2.51 (br, 1H), 2.84 (br, 1H), 5.05 (br, 2H), 6.35
(br, 1H), 6.39 (br, 1H), 7.41 (br, 1H). TheF-Au stock solutionwas
prepared by dissolving F-Au (10 mg) in degassed THF (10 mL),
which was examined by UV-vis absorption spectrum and TEM
observation (Figure S3). The average size ofF-Auwas determined
as 1.8 ( 0.4 nm in diameter.

3. Results and Discussion

TheOPVs (M2,M3) were obtained in several steps (Scheme 2).
Initially, nitro-substituted OPVs were obtained through several
Wittig-Horner reactions. After reductionwith SnCl2, the amino-
OPVs undergo cyclocondensation with maleic anhydride to
afford M2 and M3 in good yields. UV-vis absorption spectra
show typical peaks located at 320 nm forM2 and 340, 395 nm for
M3, which mainly ascribe to π-π* transitions along the OPV
backbones. Furan-modified MPCs (F-Au) were synthesized
following a modified Brust-Schiffrin method (Scheme 3).19

(19) Brust, M.; Walker, M.; Bethell, D.; Schiffrin, D. J.; Whyman, R. J. Chem.
Soc., Chem. Commun. 1994, 801–802.
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The furan ligand was facile prepared before subjected to one-pot
synthesis of small furan-modifiedMPCs.As determinedbyTEM,
the as-obtained MPC was well-dispersed and ∼1.8 ( 0.4 nm in
diameter (Figure S3 in Supporting Information). The
Diels-Alder reaction betweenOPVs andF-Au leads to formation
of hybrid networks, while the PL fromOPV backbones recovered
efficiently along reaction time. It is noted that molar ratio of
OPVs and F-Au plays a key role in both reaction efficiency and
physical properties of the resulting hybrid complexes. By per-
forming a concentration-dependent experiment, we found that
molar ratio at 12 exhibits best in PL recovery (Figure S4 in
Supporting Information). The investigation of photophysical
properties and morphologies was carried out in situ to maintain
the intrinsic properties from as-obtained OPV-MPCs using as-
determined molar ratio throughout all experiments.

The thermal-driven covalent assembly ofM3-Au particles with
dAu = 1.8 nm was investigated in detail. UV-vis absorption
studies in toluene indicate an isolated species featuring sum
absorption of M3 (395 nm) and F-Au. TEM on samples cast
from toluene confirm the presence of isolated particles. After 12 h
of Diels-Alder reaction, however, we found that M3-Au self-
assemble into large structures in a reversiblemanner. Evidence for
this comes from the observation of a typical SPRabsorption band
with a maximum at λ = 530 nm (Figure 1A). While heating the
M3-Au solution at 110 �C, the SP band disappears with a spectral
position similar to that found before Diels-Alder reaction. Upon
cooling at room temperature for 12 h, the SP band reappears at
530 nm. We ascribe the emergence of SP band at 530 nm to a
thermoreversible transition from dispersed to aggregated hybrid
complexes. The SP band can be interpreted in terms of the Mie

Scheme 2. Reaction Sequence Leading to OPV Ligands M2 and M3

Scheme 3. Synthesis Procedure for Furan-Modified MPCs (F-Au)
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scattering theory results from transition dipoles coupling while
metal particles were restricted at close distance. Our assignment is
also supported by PL measurements that reveal progressively PL
increase and well reversibility upon thermal treatments. M3

exhibits completely quenched PL, which mainly due to conjuga-
tion with maleimide moieties.20 The conjugated CdC bond of
maleimide is also known to undergo Diels-Alder reaction with
furan.21 The resulting succinimide group no longer exhibits a
strong quenching effect, and the PL of chromophore is recovered.
As shown in Figure 1B, the relative PL intensities (I - I0)/I0
gradually increased as the time prolonged, while I denotes the
observed PL intensity ofM3-Au at various stage of Diels-Alder
reaction, and I0 is the original PL intensity ofM3. Upon repeated
thermal treatments, the PL intensities showwell-reversible transi-
tion states (Figure 1C). These results indicate that M3 and F-Au

were progressively cross-linked to form hybrid superstructures
through Diels-Alder reaction.

TEM investigation ondifferent reaction stages provides further
insight into the formation ofM3-Au superstructures. The MPCs
remain dispersed within first 1 h without obvious size and shape
changes (Figure 2A). After 12 h of reaction, MPCs cross-link to
form large-scale self-assemblies consisting of densely packedM3-
Au (Figure 2B, also see Figure S6 in Supporting Information).
While zooming in, TEM reveals internal structure that theMPCs
remain discrete and hold similar void space (Figure 2C and
Figure S7 in Supporting Information). This illustrates ordered
self-assembly driven by the bridge effect of peripheral OPV. The
rigid backbones with covalently bonding on MPC surfaces
prevent them from agglomeration, which enable thermally driven
disassembly upon retro-Diels-Alder reaction. The reversibility of
Diels-Alder reaction has been explored extensively for fabrica-
tion of thermally “remendable” polymeric materials without
sacrificing stability and specific functionalities.4a,22 In our system,
the reversibility of M3-Au was examined by monitoring the PL
and superstructures changes over repeated thermal treatments.
After Diels-Alder reaction, the PL in M3-Au is recovered
efficiently as compared to that of M3 (Figure 1C). However,
the M3-Au exhibits quenched PL upon treatment at elevated
temperature (110 �C) for 2 h. The thermochromic effect reveals
that the PL of these hybrids can be switched “on” and “off” with
specific thermal stimulus. In other words, theMPCsmay undergo
a disassembly process to recover dispersed clusters. Upon thermal
treatment at 110 �C after five heating cycles, the MPCs remain
well-dispersed with little increase in particle diameter and size
distribution (Figure 2D). Dynamic light scattering (DLS) experi-
ments were performed on thermal reversible formation ofM3-Au
hybrids (Figure S8 in Supporting Information). The results show
thatMPCs remain dispersed with diameter around 2 nm at initial
stage. After sufficient cross-linking, the M3-Au hybrid exhibits
large-scale aggregation with average diameter of ca. 600 nm,
which is in good accordance with TEM observation. We have
performed further measurement on samples after retro-
Diels-Alder reaction. DLS size distribution data show dramatic
decrease in average diameter (ca. 3 nm) of nanoparticles as
compared to highly cross-linked hybrids. However, it shows a
little increase in diameter in comparison to initial state, which
is mainly due to slight agglomeration of nanoparticles under
repeated thermal treatments. Figure 3 shows typical Diels-Alder
reaction and retro-Diels-Alder between M3 and F-Au, which
leads to order self-assembly of MPCs as well as capability of PL
modulation in such hybrid systems. At initiate stage,M3 exhibits
weak PL emission due to photoinduced electron transfer (PET)

Figure 1. (A) UV-vis absorption ofM3-Au (dAu= 1.8( 0.4 nm,
optical path length 1 cm, [M3-Au] = 4.2 μM) in toluene. (B) Time-
dependent PL enhancement on M3-Au (open square, dAu =
1.8 nm, [M3-Au] = 4.2 μM) and data obtained in mixture of M3

and MD-Au (close square). (C) PL spectra of M3 (5 � 10-5 M,
black curve),M3-Au ([M3-Au] = 4.2 μM, red curve), andM3-Au
after being treated at 110 �C for 2 h (blue curve). All the PL spectra
were recorded under 395 nm light illumination.
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from OPV backbone to maleimide. After efficient Diels-Alder
reaction, MPCs are restricted to form close packed assemblies,
and the PL emission enhances upon depression of the PET
process. Moreover, the cross-linked superstructures can also
decompose to release M3 and F-Au (i.e., thermal reversible
formation of OPV-MPCs hybrids). It should be pointed out here
that thermal treatment on MPCs at high temperature may cause
partly detachment of ligands. The ligand-deficient MPCs tend to
form large, insoluble aggregates. During each heating cycle,
ligand detachment from gold cluster surfaces is regarded as main
obstacle for reversibility of covalent assemblies between OPVs
andMPCs.Nevertheless, the forward and backwardDiels-Alder
reaction has very good reversibility even after 20 cycles.

On the basis of the results obtained in both optical and size
distribution observations, we suggest that surface-initiated cross-
linking progressively occurs between furan group and pedant
maleimide at ambient temperature. The sufficient Diels-Alder
reaction reveals immobilization of nanoparticleswithin polymeric
network, which exhibit large-scale self-assembled MPC super-
structures. Thermally active OPV-MPCs are capable to self-
assemble in a reversible manner. After treated under elevated
temperature, retro-Diels-Alder reaction leads to decomposition
of each component. Thus, the F-Au gets redispersed, which can
undergo forward and backwardDiels-Alder reaction repeatedly.
Specifically, Diels-Alder reaction between M3 and F-Au was
further investigated by time-resolved photoluminescence spec-
troscopy (Figure 4, see Supporting Information for details). The
PL decay curve obtained from initial stage of Diels-Alder
reaction exhibits dual exponential fitting model. PL lifetime was
obtained as τ1 = 328 ps and τ2 = 2.72 ns. It is considered that
there aremainly physical blend ofM3 andF-Au at very early stage
of reaction. Thus, Brownian motion of free F-Au leads to
collisions between ligands and MPCs. Obviously, both collision

state and free state between M3 and F-Au are almost equally
proportional. τ1mainly arises fromM3 andF-Au in collision state
because of PET between them, and τ2 is from intrinsic OPV
backbones of free M3. The proportion is calculated as 46% and
54% for τ1 and τ2, respectively, which prove further evidence on

Figure 2. TEM images obtained at different time ofD-A reaction betweenM3 andF-Au: (A) 15min, (B) 12 h, (C)magnification of (B), (D)
treated at 110 �Cafter five heating cycles.Red circle in (C) indicates typical ordered aggregationofM3-Au. Arrows in (D) showpartly increase
in diameter of MPCs after thermal treatment. Scale bar in (B) represents 50 nm; others are 5 nm.

Figure 3. Representative illustration for the thermal reversible
Diels-Alder reaction leading to ordered MPC self-assemblies.
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the transient state of M3 and F-Au blend. After sufficient
Diels-Alder cross-linking, the M3-Au hybrids exhibit PL decay
curve as single-exponential fitting model with PL lifetime of τ=
1.05 ns. In comparison with τ1 in the physical blend, the longer
lifetime owes to depressed PET from OPV backbone to MPC.
Additionally, cross-linkedM3-Au no longer shows random colli-
sion due to covalent restriction between organic ligands and
MPCs. It should be noted that PL decay curve of M3-Au shows
an initial increase followed by decay as compared to that of
physical mixture. This behavior probably dues to energy transfer
from SPR absorption of MPCs to bonded OPV ligand. Further-
more, electron transfer in physical mixture ofM3 and F-Au leads
to sharp rising processes because of the random collisions effects,
which is more close to instrument response function (IRF) curve.
However, PL investigations from physical mixture of OPVs
and furan-deficient MPCs (dodecanethiolate-modified MPCs,
MD-Au, same concentration as F-Au) reveal that no PL recovery
occurs (Figure 2A), and the MPCs remain dispersed (data not
shown). This suggests that there is no interaction between furan-
deficient MPCs and OPVs, which provides further evidence for
the Diels-Alder reaction between OPVs and F-Au.

It is known that either electron transfer or energy transfer between
chromophore and gold cluster is considered to be a major pathway
for quenching excited state of chromophore.23 Interestingly, the

present study on the OPV linked MPCs suggests a dramatic PL
enhancement (several hundred times) while performing Diels-
Alder reaction. We suppose that the reversibility for modulating
OPV PL as well as gold clusters assembly/disassembly mainly arises
from thermal reversible Diels-Alder reaction. The reasons can be
summarized as follows: First, OPVs show totally quenched PL due
to PET from OPV backbone to maleimide. After covalently
bonding to furan on the MPC surfaces, the intrinsic PL from
OPVrecovereddue todepressionofPETprocess. Second, the sizeof
as-prepared F-Au is too small to support SP band. Thus, the less
spectral overlap with emission of OPVs decrease the excited state
energy transfer between OPV and F-Au.24 On the basis of present
experiment data, we note that the PET process shows less effect on
PL recovery during Diels-Alder reaction. This is mainly because
that the quenching efficiency induced by PET is less comparable
with that of PL enhancement arising from Diels-Alder adducts,
and the electron transfer resulted in feeble PL quenching and can be
neglected in such systems herein. Third, rigid OPV structures
provide interparticle underprop during the formation of OPV-
MPCs superstructure.These enable the intrinsic properties of ligand
and nanoparticles to be maintained, which facilitating construction
and reversible modulation of such well-defined and large-scale
ordered superstructures.

In conclusion, we have fabricated organic-inorganic hybrid
materials consisting of conjugated oligomer and gold nano-
particles by performing mild Diels-Alder reaction on both sides
of the counterparts. The as-prepared hybrid materials exhibit
well dispersity and well-defined interfaces between organic com-
ponent and inorganic nanoparticles. Furthermore, we have
demonstrated that thermal modulation of PL and MPCs assem-
bly/disassembly is possible with smart reversibility over repeated
heating cycles. With dramatic PL enhancement and well-defined
superstructures resulting fromhybridOPV-MPCs, these environ-
mentally stimuli-responsive hybrid materials can be considered as
homogeneous and intelligent materials with a variety of novel
technological uses.
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Figure 4. Time-resolved photoluminescence for M3 and F-Au

before and after Diels-Alder cross-linking.
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