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ABSTRACT

The multi2]rotaxanes with gold nanoparticles as centers are constructed by introducing chromophoric

P-cyclodextrin-based [2]rotaxanes on

the surface of gold nanoparticles, which show good photophysical and electrochemical properties superior to the parent rotaxane.

Noble metal and semiconductor nanoparticles are of currentproteinsS DNA,”8 enzymes,and cyclodextrind®!!are used

interest for their application in a wide variety of areas

to functionalize the gold nanoparticles. Among them, cy-

including catalysis, optoelectronic and magnetic nanodevices,clodextrins (CDs) have attracted the extensive interests of
chemical sensors, nanotechenology, and biological sciénces.scientists because of their high solubilization ability, low
Among these particles, the gold nanoparticles constitute atoxicity, and specific recognition ability toward many model

very active topic of research in chemist§\Various organic
and biological molecules, such as sulfur-based compaotids,
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substrates. Forexample, Mat&tiiKaifer,1°¢and Reinhoudg
et al. have separately reported the preparation and aggregation
of thioCD-modified gold nanoparticles and their applications

in the phase transfer, catalysis, and molecular printboard.
On the other hand, rotaxanes and polyrotaxanes constructec

-G
i

H,0 f ethanol

by the inclusion complexation of host CDs and guest

molecules have attracted more and more attention becaust

of their potential to serve as molecular devices, molecular
machines, and functional materiafs3 Therefore, one can

expect that the combination of rotaxanes/polyrotaxanes and

gold nanoparticles will reveal many significant functions and

thus open a new and interesting research access in the field:

of life and material science. However, the CD rotaxane-

modified gold nanoparticles have rarely been reported so far,

to the best of our knowleddé&®*tIn the present work, we

successfully prepared a rotaxane-capped gold nanoparticle

by introducing chromophoric [2]rotaxanes on the surface of
gold nanoparticles (Figure 1), and the resulting gold nano-

particle could show some good photophysical and electro-

chemical properties.

The rotaxane-capped gold nanoparticleis prepared
according to the procedure shown in Figure 1. First, the [2]-
pseudorotaxan@ is obtained by the reaction ¢f-CD/o-
tolidine inclusion complex!* with 2,4-dinitrofluorobenzene.

A microcalorimetric titration experiment at 25C in an
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Figure 1. Synthesis of rotaxane-capped gold nanopartcle

aqueous buffer solution (pH 7.2) gives the stability constant
of 1 as 88664 257 M1, indicating a satisfactory stability
of 1, which will favor its further reaction with 2,4-
dinitrofluorobenzene. Besides the FT-IR1 NMR, and
elemental analysis data, the formatiorlatnd2 can be also
verified by the 2D ROESY spectra, which show the clear
NOE correlations between the aromatic protondlior 2
and the interior protons of CD cavity. Second, the [2]-
pseudorotaxang is converted into the [2]rotaxan@in a
relatively low yield (18%) after reaction with lipoic acids.
Finally, the reaction o8 with chloroauric acid (HAuGC)) in

the presence of NaBHyives4 in 53% vyield (the weight of

4 obtained)/(the sum of the weight of HAuCGind 3 used).

In this step, the soluble gold precursor (HAWG6 reduced

to form metallic gold nuclei, and then the adsorption of
disulfides onto the surface of gold nuclei breaks the S—S
bonds in3 to produce the rotaxane-capped gold nanoparticle
through the formation of S—Au bond. Owing to the polarity
of many hydroxyl groups in th8-CD units, which afford a
polar character to the surface of gold nanopartitde
displays a moderate water solubility up to 0.80-mg~?

and can remain dissolved without any apparent aggregation
or precipitation for several weeks.

Some spectral and microscopic data give the useful infor-
mation about the structure of rotaxane-capped gold nano-
particle4. The UV spectrum of parent gold nanopartiele
shows a characteristic band at 520 nm in aqueous solution
for the surface plasmon resonance (SPR) absorption of gold.
However, in the UV spectrum ¢f, this SPR band red shifts
to 529 nm. Moreover, a absorption maximum at 281 nm
assigned to the [2]rotaxane moiety is also observed in the
UV spectrum of4. In addition, the'H NMR spectrum of4
in D,O also displays the characteristic signals of the corres-
ponding protons ir8, especially the characteristic signals of
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the aromatic protons, lipoic carboxylate protons, and CD the number of rotaxane units on each gold nanopatrticle, and
backbone protons (C1-H, C2-H, C3-H, C4-H, C5-H, C6- W is the average surface area occupied by one rotaxane unit.
H), but the signals for the nanoparticle-immobilized CDs are According to the elemental analysis, TG-DTA, and ICP-MS
broadened as compared with those intH&NMR spectrum results (the proportion of gold i4: ca. 13% by ICP-MS,

of 3. This phenomenon is similar to that reported by Kaifer ca. 17% by elemental analysis, ca. 12% by TG-DTA), the
and co-workerd% and the fast relaxation and environmental average number of rotaxane units around one nanopatrticle
heterogeneities are thought to be responsible for these lineds calculated to be 8, and the average surface area occupied
broadening effects. Furthermore, the results of elementalby one rotaxane unit is 2.8 rfm

analysis experiments show that the ratios among C, H, N, Transmission electron microscopy (TEM) provides the
and S in4 are mostly consistent with those 3y which indi- direct information about the shape, size, and size distribution
cates the presencesdin the nanoparticled. A comparison  of rotaxane-capped gold nanoparticles. As shown in Figure
of the FT-IR spectra of rotaxane-capped gold nanoparticle 2, a typical TEM image oft shows numerous discrete gold

4 with its precursors (parent gold nanoparticle, lipoic acid,

and compound4—3) indicates that the FT-IR spectrum of _

4is obviously different from that of parent gold nanoparticle

but resembles that & No S—H stretching band at ca. 2560 o e a5t ’
cm ! can be observed in the IR spectrumdefhowing that s 4, . B b
the most of disulfide moieties are absorbed on the surface >

of gold, because the unreacted disulfide moieties of lipoic
acids will be reduced to the-SH bonds in the presence of
NaBH,. Furthermore, four characteristic reflections around
20 =38.1°(d = 2.35 A), 44.4 (2.03), 64.7 (1.45), and 77.6
(2.23), which correspond to the (111), (200), (220), and (311)
planes of the cubic phase of Au, in the XRD diffractogram
of parent gold nanoparticle appreciably shift to c&. 2
38.5°(d=2.33 A), 45.4 (1.99), 66.3 (1.41), and 75.3 (1.26)
in the diffractogram o#. Moreover, the reflections around
20 =18.7 (d=4.75 A) and 28.4 (3.14) in the diffractogram

of parent gold nanopatrticle disappear after gold nanoparticles
are reacted witt8, and two new reflections around 2=
27.3°(d = 3.26 A) and 31.7 (2.82) appear in the diffracto- .
gram of4. Therefore, these phenomena jointly indicate the o
adsorption of3 on the surface of gold nanoparticle through i ohonl s e i
the conversion of the -SS bond in3 to the S—Au bond® (d)
In addition, the average size of the gold nanopartictan

be determined from the width of reflection in the powder E;guf:)er %é)(:r;jC%bT)yf(i)cglran%tﬂ(icTi%?ss?;éElrclae sgzﬁeﬁbﬁftgffazrg of
X-ray diffraction (XRD) pattern acgordlng to t_he Scherrer 4. Some large TEM images are shown in thg Supporting I?]forma-
formulaD = 0.94/(8 cos®), wheref is the full width atthe .

half-maximum of peakd is the angle of diffraction, and
is the wavelength of X-ray radiation.The resultant value

of D calculated from the (111) reflectionf2= 38.5°,d = nanoparticles with an average diameter of 3&51.1 nm,
2.33 A) of the cubic phase of Au i is ca. 4.0 nm. which is in good agreement with the XRD results. Further-

By assuming the core shape of nanoparticle to be sphericalyore, the aggregation of nanoparticle are also observed in
and the nanoparticles with a uniform size, the average the TEM images, which may be attributed to the multivalent
number (N) of rotaxane units around one nanoparticle and adsorption of3 on the surfaces of gold nanoparticle. i
the average surface aréf occupied by one rotaxane unit Figure 1). Interestingly, the size range of parent gold
can be palculated by the following equation (also see the nanoparticles is 30—50 nm determined by TEM, which is
Supporting Information) larger than that of nanoparticle This phenomenon indicates
that the introduction of cyclodextrin rotaxanes can change
the size and distribution of gold nanoparticles, which is
consistent with the reported resulfa!®

Significantly, the gold nanoparticlel exhibits some

(16) (a) Wen, X. R.; Linton, W.; Formaggio, F-; Toniolo, C.; Samulski, exciting photqphysical and electrochemical b_ehaviors. In the
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W =3, /N

whereSy, is the surface area of the gold nanopartitlds
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a maximum at 406.0 nm with an excitation wavelength of || GTGTGNGNGNGG

290.0 nm, while3 displays two maxima at 391 and 550 nm

with an excitation wavelength of 330.0 nm. It is well-known 201
that the gold nanoparticles have an effect of quenching the 10} Tw-
fluorescencé? After introducing the rotaxane units to the ok -

gold nanoparicle, the resultant gold nanopartidlenly
exhibits a fluorescent emission band at 417 nm under the
excitation at 290 nm, which indicates that the gold nano-
particle partially quenches the fluorescence of rotaxane
This phenomenon may suggest the presence of charge-

.30 N —
.40 — - - Parent gold

Currents (pA)

transfer process from chromophores in the rotaxanes to gold L) ;anopamcle

nanoparticles during the fluorescence experim&hidore- -B0f -me--- 2

over, the cyclic voltammogram (CV) experiments (Figure 70l . L . ' L L

3) in a DMF solution of [N(GHg)sPFs shows that the 20 415 -1.0 05 00 05 10 15
rotaxane-capped gold nanopartidlgives an electrochemical Potential (V)

active cycle in the potential range between €4.7 V and
ca.+1.0 V. The electrochemical reduction curvedo§hows
a strong peak & (anodic potentialy= 0.67 V. In the control
experiments, the parent gold nanoparticle displays an almost
electrochemical inactive cycle, while the electrochemical
reduction curve of eithe? or 3 gives two CV signals at ca.
—1.2 V and—1.5 V. The strong CV signals ¢f indicates
that4 has a satisfactory electron-accepting ability, which may

be attributed to the efficient charge transfer from the water-soluble inorganic—organic hybrid material will find

chromophores in the rotaxanes to the gold nanoparticles infuture apolications in many fields of chemistry and biolo
4.2°|n addition, the repeated scanning gives almost the same PP y y 9y-

curve (e.g., in the fifth scanning), revealing thétis
electrochemically stable. Acknowledgment. We thank NNSFC (Nos. 90306009,
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Figure 3. Cyclic voltammograms of2—4 and parent gold
nanoparticle in DMF solutions containing [N{&o)4]PFe.

association of rotaxane with gold particles, and this rotaxane-
capped gold nanoparticle exhibits good photophysical and
electrochemical properties. Benefiting from the fascinating
functions of gold nanoparticles and rotaxanes, this kind of
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