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Silver nanoparticles can reversiblely self-assemble driven by
host—guest interactions based on water-soluble
pillar[n]arenes.

In the past decades, great efforts have been made to control
assembly of metal nanoparticles because the resultant assemblies
show different optical, electronic, magnetic and biological
properties from the individual nanoparticles.' Among various
metal particles, silver nanoparticles (AgNPs) are particularly
attractive due to their stability, uniformity and biocompatibility
etc.” Different approaches to produce AgNP assemblies via
hydrogen bonding,* ion pairing,™ and metal-ligand interactions™
have been reported.’ In comparison with assembly of metal NPs,
the reverse process, i.e. disassembly of the assembled particles,
which is very important for the repeated usage of metal NPs in
various applications is generally difficult to perform and control
as the assembled NPs tend to collapse and precipitate, and in
many cases the linkages between the particles could not be
broken and recovered repeatedly. However, host—guest
interaction is an efficient way to prepare reversible assembly of
metal NPs.

As a new type of host molecules after cyclodextrins,” crown
ethers,® calixarenes,” and cucurbiturils,’ pillalr[n]alrenes,9 which
consist of hydroquinone units linked by methylene (-CH,-)
bridges at their 2,5-positions, were first reported in 2008.”* Due to
their high solubility, low toxicity and specific recognition
towards many model substrates, pillar[n]arenes were most
appreciated to functionalize metal nanoparticles for particle
assembly. The first pillar[n]arene modified metal nanoparticles
was reported by our group in 2012,°" then Yang and co-workers
investigated some other pillar[5]arene modified nanoparticles.'

Herein, we report the controllable self-assembly and
disassembly of AgNPs with water-soluble pillar[5]arene (WPS)
anchoring on their surfaces. The formation of silver assemblies is
driven by the host—guest interactions between WPS and water
soluble guest (G) which have two paraquat units and glue the
individual particles together. This causes a significant shift in the
absorption spectrum accompanied by visible color changes from
bright-yellow to brown. Furthermore, the formed assemblies can
be disassembled through the introduction of excess competitive
host water-soluble pillar[6]arene (WP6), which forms complexes
with G more favorably than WP5 does. In addition, the recovered
discrete WPS modified AgNPs can be separated from the
solution by centrifugation and redispersed in water. Thus, this

process of assembly—disassembly of WPS modified AgNPs can
be performed repeatedly with concomitant color changes (bright-
yellow—brown—bright-yellow) as described in Scheme 1.

stabilized

Scheme 1. Chemical structures and cartoon representations of WP5,
WP6 and G, and the illustration of the reversible assembly—
disassembly of WPS stabilized AgNPs by sequential addition of G
and WP6.

We first synthesized WP5-stabilized AgNPs by reducing
AgNO; (10 mM, 100 pL) with NaBH, (50 mM, 100 pL) in the
presence of the selected concentrations of WPS (5.00 mL).
The corresponding UV—Vis spectra are shown in Fig. S1. The
well-known surface plasmon resonance (SPR) of AgNPs was
observed at ~400 nm, suggesting the formation of stable
WP5-stabilized silver nanoparticles.'® Due to the increasing
concentration of WPS, the SPR peak gradually underwent a
blue shift from 430 to 400 nm, indicating smaller average
silver nanoparticles diameters (Fig. S1, lines a-f, ESIT).ll
However, upon increasing the concentration of WPS from
0.400 mM to 0.800 mM, the SPR peak maximum (Ap,y)
remained the same in wavelength (Fig. S1, lines g-h, ESI{),
indicating that the continuous addition of excess WPS has

This journal is © The Royal Society of Chemistry [year]

[journal], [year], [vol], 0000 | 1



ChemComm

little influence on the sizes of AgNPs after a certain amount of
WPS was added to cover the surfaces of the
nanoparticles completely. Then we used the AgNPs where the
concentration of WP5S was 0.400 mM for further studies.

The  host-guest molecular interaction  between
pillar[5]arenes and paraquat derivatives is proverbial.'” It is
reasonable to speculate that bis-paraquat derivative (G) can
act as a bridge to link the individual AgNPs together to induce
self-assembly of WPS5 stabilized AgNPs.

Representative UV-Vis spectra of WPS stabilized
AgNPs with G at different concentrations present clear
evidence of the assembly. As shown in Fig. 1, the SPR
absorption of AgNPs shows clear trends of red shift and
intensity decrease with the increasing molar ratio of guest to
host ([G]/[WPS5]). When [G]/[WPS] is 0.100, the SPR peak
(Amax) 1s at 404 nm, only 2 nm red shift appeared compared
with that of the initial individual AgNPs without any guest
molecules. In this case, the concentration of the guest seems
too low to induce particle assembly. As [G]/[WP5] increases
to 0.300, A, shifts to 416 nm accompanied by a visible color
change from bright-yellow to light brown, indicating the
formation of silver assemblies. When [G]/[WP5] increases to
0.700, A, increases to 447 nm showing an obvious change of
the solution color. Finally A, reaches 458 nm when
[G]/[WPS] increases to 1.00, and then it almost keeps
constant even when more guest molecules are added. This
means that the linkage of the silver nanoparticles gets
saturated. The results are summarized in the inset in Fig. 1
showing that A, increases sharply with [G]/[WP5] when the
value of [G]/[WPS5] is lower than 1.00 and hardly changes
afterwards even when [G]/[WPS5] reaches 10.0. In fact, for the
samples with [G]/[WP5] over 1.00, precipitates could be seen
at the bottom of the bottle after standing overnight (Fig. S2,
ESIY).
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Fig. 1 UV-Vis spectra of the WPS stabilized AgNPs with different
ratios of [G]/[WP5]: (a) 0; (b) 0.100; (c) 0.200, (d) 0.300, (e) 0.400,
(f) 0.500, (g) 0.600, (h) 0.700, (i) 0.800; (j) 0.900; (k) 1.00; (1) 2.00;
(m) 3.00; (n) 5.00; (o) 10.0. The insert is the dependence of A, on
the value of [G]/[WP5].

Transmission electron microscopy (TEM) experiments
assisted in the visualization of the assemblies of WP5
stabilized AgNPs and G. Fig. 2a is for the sample with
[G]/[WPS] as low as 0.100. Obviously, all the particles
existed separately and no assembly could be seen, which is the
same as that of the pure WPS stabilized AgNPs without any G
(Fig. S3, ESI{). Such result is in agreement with the
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conclusion drawn from the UV—Vis spectra. Small assemblies
composed of several separated silver particles are obtained
(Fig. 2b) when [G]/[WPS] reaches 0.300. Even larger
assemblies containing thousands of particles sticking together
were obtained when excess guest molecules were added
([G]/[WPS] = 1.00, Fig. 2c). Therefore, the conclusion could
be drawn that the assembly degree of WPS stabilized AgNPs
strongly depends on [G]/[WPS]. The number of AgNPs in
each silver assembly increases with increasing [G]/[WP5].

500 nrii
Fig. 2 TEM images of the WPS stabilized AgNPs with
ratios of [G]/[WP5]: (a) 0.100; (b) 0.300; (c) 1.00.

It is known that the association constant of WPS with
paraquat is (8.20 + 1.70) x 10* M™'** while for
WP6oparaquat, it is about (1.02 + 0.10) x 108 M'.!1?®
Therefore, WP6 could act as a strong competitor with WPS in
complexation with G. As a result, the guest molecules which
linked the WPS stabilized AgNPs together could be captured
from the cavity of WPS by excess WP6, leading to
disassembly of the silver assemblies (Scheme 1). Here we just
investigate the results for the case of [G]/[WPS] = 1.00 as an
example. After addition of excess WP6 into the solution of
the WPS stabilized AgNP assemblies and sonication for 1
hour, the color of the solution turned from brown to bright-
yellow, suggesting disassembly of the silver assemblies (Fig.
S4, ESIt). Accordingly, in the UV-Vis spectra, Ay
decreases to 404 nm (Fig. S5, ESI), which does not change
any more even when prolonging the sonication periods (Fig.
S5, ESIf). After centrifugation and subsequently immediate
redispersion in water, Ay, of the redispersed AgNPs is
slightly broadened compared with that of the disassembled
nanoparticles before centrifugation (Fig. S6, ESIt). This
probably indicates subtle changes happening to the particles
during the precipitation/dispersion process. However, the
TEM image (Fig. S7, ESIf) of the redispersed silver
nanoparticles presents clear proof for the completely discrete
particles as a result of the successful disassembly.

This supramolecular replacement reaction of WPS5S by
WP6 was found really powerful in making complete
disassembly of the other silver assemblies with different
aggregation degrees. Discrete particles were successfully
obtained by addition of excess WP6 into the silver assemble
solutions with different [G]/[WPS] values even when
[G]/[WPS] was as high as 10.0, where the assemblies were in
the form of precipitates (Fig. S8, ESIf). It should be pointed
out that excess WP6 is needed in making the complete
disassembly and vigorous sonication is essential. In our
control experiment, sonication could not make the silver
assemblies disassembly without WP6 (Fig. S9, ESIY).
Furthermore, the disassembled WPS stabilized AgNPs could
be separated from the solution by centrifugation and then
redispersed in water. The assembly of the recovered AgNPs
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was realized again by re-addition of G accompanied by a A«
shift from 404 nm to 456 nm. This reversible process was

confirmed to be repeatable through several cycles (Fig. 3). Fig.

3 also reveals a slight tendency of the decrease of A, for the
re-assembled AgNPs. It was probably due to the fact that
repeated precipitation and redispersion process makes a
certain loss of the AgNPs, thus decreasing the concentration
and then the degree of assembly."?
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Fig. 3 SPR peak of the silver assemblies or nanoparticles after
sequential addition of WP6 and re-addition of G.

WPS stabilized AgNPs self-
assemble into assemblies via the host—guest complex between

In conclusion, could
WPS and G producing significant changes in the absorption
spectrum with concomitant visible color change. The degree
of the particle aggregation is dependent on the addition
concentration of G. The assemblies could be
disassembled into discrete silver particles by addition of a
competitive host WP6, which captured the guest molecules
from the cavity of the WPS on the AgNP surface. The
recovered WPS stabilized AgNPs self-assembled again once
the guest molecules were added. So the assembly and

silver

disassembly of the AgNPs are completely reversible and
controllable. This simple and efficient strategy to control self-
assembly of AgNPs is expected to increase the utility of the
technologies including
colorimetric sensors and provides a way of repeating usage of
the particles. In principle, this self-assembly and disassembly
approach based on the host—guest interactions'® can also be
applied into the studies of other metal particles.

This work was supported by the National Natural Science
Foundation of China (21202145) and the China Postdoctoral
Science Foundation (2013M541767).

silver nanoparticles in diverse

Notes and references

Department of Chemistry, Zhejiang University, Hangzhou 310027, P. R.
China, and Fax: +86-571- 8795-1895; Tel: +86-571-8795-3189; Email
address: xuemin@zju.edu.cn.

F Electronic Supplementary Information (ESI) available: TEM images,

UV-Vis spectra and other materials. See DOI: 10.1039/b000000x/

1. (a) A. C. Templeton, W. P. Wuelfing and R. W. Murray, Acc. Chem.
Res., 2000, 33, 27; (b) J. Liu, J. Alvarez and A. E. Kaifer, Adv. Mater.,
2000, 12, 1381; (c) C. M. Niemeye, Angew. Chem., Int. Ed., 2001, 40,
4128; (d) K. G. Thomas and P. V. Kamat, Acc. Chem. Res., 2003, 36,
888; (e) M. C. Daniel and D. Astruc, Chem. Rev., 2004, 104, 293; (f)
H. Li, D.-X. Chen, Y.-L. Sun, Y. B. Zheng, L.-L. Tan and P. S. Weiss,
Y.-W. Yang, J. Am. Chem. Soc., 2013, 135, 1570; (g) Y. Yao, Y. Zhou,
J. Dai, S. Yue and M. Xue, Chem. Commun., 2014, 50, 869.

2. (a) M. Wanunu, R. Popovitz-Biro, H. Cohen, A. Vaskevich and L

Rubinstein, J. Am. Chem. Soc., 2005, 127, 9207; (b) M. Valden, X. Lai

and D. W. Goodman, Science, 1998, 281, 1647.

(a) A. K. Boal and V. M. Rotello, Langmuir, 2000, 16, 9527; (b) J.
Kolny, A. Kornowski and H. Weller, Nano Lett., 2002, 2, 361; (c) T. B.
Norsten, B. L. Frankamp and V. M. Rotello, Nano Lett., 2002, 2, 134.
4. C. Guarise, L. Pasquato and P. Scrimin, Langmuir, 2005, 21, 5537.

w

5. (a) A. Harada, M. Osaki, Y. Takashima and H. Yamaguchi, Acc.
Chem. Res., 2008, 41, 1143; (b) R. Sun, C. Xue, X. Ma, M. Gao, H.
Tian and Q. Li, J. Am. Chem. Soc., 2013, 135, 5990.

6. (a) F. Huang, F. R. Fronczek and H. W. Gibson, J. Am. Chem. Soc.,

2003, 125, 9272; (b) F. Huang and H. W. Gibson, J. Am. Chem. Soc.,

2004, 126, 14738; (c) F. Wang, C. Han, C. He, Q. Zhou, J. Zhang, C.

Wang, N. Li and F. Huang, J. Am. Chem. Soc., 2008, 130, 11254; (e) F.

Wang, J. Zhang, X. Ding, S. Dong, M. Liu, B. Zheng, S. Li, K. Zhu, L.

Wu, Y. Yu, H. W. Gibson and F. Huang, Angew. Chem., Int. Ed., 2010,

49, 1090; (f) S. Dong, Y. Luo, X. Yan, B. Zheng, X. Ding, Y. Yu, Z.

Ma, Q. Zhao and F. Huang, Angew. Chem., Int. Ed., 2011, 50, 1905;

(g) X. Yan, D. Xu, X. Chi, J. Chen, S. Dong, X. Ding, Y. Yu and F.

Huang, Adv. Mater., 2012, 24, 362; (h) K. Zhu, V. N. Vukotic, N.

Noujeim and S. J. Loeb, Chem. Sci., 2012, 3, 3265; (i) M. Zhang, D.

Xu, X. Yan, J. Chen, S. Dong, B. Zheng and F. Huang, Angew. Chem.,

Int. Ed., 2012, 51, 7011.

(a) Y. Liu, Z.-X. Yang, Y. Chen, Y. Song and N. Shao, ACS Nano.,
2008, 2, 554; (b) Y. Sun, Y. Yao, C.-G. Yan, Y. Han and M. Shen,
ACS Nano., 2010, 4, 2129; (c) Y. Ma, X. Ji, F. Xiang, X. Chi, C. Han,
J. He, Z. Abliz, W. Chen and F. Huang, Chem. Commun., 2011, 47,
12340; (d) J. W. Steed, Chem. Commun., 2013, 49, 114; (e) D.-S. Guo
and Y. Liu, Chem. Soc. Rev., 2012, 41, 5907; (f) Y. Sun, C.-G. Yan, Y.
Yao, Y. Han and M. Shen, Adv. Funct. Mater., 2008, 18, 3981.

(a) D. Whang, J. Heo, C.-A. Kim, K. Kim, Chem. Commun., 1997,
2361; (b) B. Vinciguerra, L. Cao, J. R. Cannon, P. Y. Zavalij, C.
Fenselau and L. Isaacs, J. Am. Chem. Soc., 2012, 134, 13133.

9. (a) T. Ogoshi, S. Kanai, S. Fujinami, T. A. Yamagishi and Y.
Nakamoto, J. Am. Chem. Soc., 2008, 130, 5022; (b) Z. Zhang, B. Xia,
C. Han, Y. Yu and F. Huang, Org. Lett., 2010, 12, 3285; (c) C. Li, L.
Zhao, J. Li, X. Ding, S. Chen, Q. Zhang, Y. Yu and X. Jia, Chem.
Commun., 2010, 46, 9016; (d) Z. Zhang, Y. Luo, J. Chen, S. Dong, Y.
Yu, Z. Ma and F. Huang, Angew. Chem., Int. Ed., 2011, 50, 1397; (e)
N. L. Strutt, R. S. Forgan, J. M. Spruell, Y. Y. Botros and J. F.
Stoddart, J. Am. Chem. Soc., 2011, 133, 5668; (f) X.-B. Hu, L. Chen,
W. Si, Y. Yu and J.-L. Hou, Chem. Commun., 2011, 47, 4694; (g)
C. Li, X. Shu, J. Li, S. Chen, K. Han, M. Xu, B. Hu, Y. Yu and X. Jia,
J. Org. Chem., 2011, 76, 8458; (h) Y. Yao, M. Xue, X. Chi, Y. Ma, J.
He, Z. Abliz and F. Huang, Chem. Commun., 2012, 48, 6505; (i) Y.
Guan, M. Ni, X. Hu, T. Xiao, S. Xiong, C. Lin and L. Wang, Chem.
Commun., 2012, 48, 8529; (j) X.-B. Hu, Z. Chen, G. Tang, J.-L. Hou
and Z.-T. Li, J. Am. Chem. Soc., 2012, 134, 8384; (k) Y. Yao, M. Xue,
J. Chen, M. Zhang and F. Huang, J. Am. Chem. Soc., 2012, 134, 15712;
(1) Z. Zhang, C. Han, G. Yu and F. Huang, Chem. Sci., 2012, 3, 3026;
(m) Y. Yao, M. Xue, Z. Zhang, M. Zhang, Y. Wang and F. Huang,
Chem. Sci., 2013, 4, 3667; (n) L. Gao, B. Zheng, Y. Yao and F. Huang,
Soft Matter, 2013, 9, 7314; (0) G. Yu, Y. Ma, C. Han, Y. Yao, G. Tang,
Z.Mao, C. Gao and F. Huang, J. Am. Chem. Soc., 2013, 135, 10310; (p)
X. Wang, K. Han, J. Li, X. Jia and C. Li, Polym. Chem., 2013, 4, 3998;
(q) W. Xia, X.-Y. Hu, Y. Chen, C. Lin and L. Wang, Chem. Commun.,
2013, 49, 5085; (r) X. Chi, M. Xue, Y. Yao and F. Huang, Org. Lett.,
2013, 15, 4722; (s) S. Dong, B. Zheng, Y. Yao, C. Han, J. Yuan, M.
Antonietti and F. Huang, Adv. Mater., 2013, 25, 6864; (t) X. Chi, M.
Xue, Y. Ma, X. Yan, and F. Huang, Chem. Commun., 2013, 49, 8175;
(u) Z. Li, J. Yang, G. Yu, J. He, Z. Abliz and F. Huang, Chem.
Commun., 2014, 50, 2841; (w) Z. Zhang, Q. Zhao, J. Yuan, M.
Antonietti and F. Huang, Chem. Commun., 2014, 50, 2595; (x) R. R.
Kothur, J. Hall, B. A. Patel, C. L. Leong, M. G. Boutelle and P. J.
Cragg, Chem. Commun., 2014, 50, 852; (y) S. Dong, J. Yuan and F.
Huang, Chem. Sci., 2014, 5, 247.

10. (a) M. Ji, X. Chen, C. M. Wai and J. L. Fulton, J. Am. Chem. Soc.,
1999, 121, 2631; (b) L.-Y. Niu, Y.-S. Guan,Y.-Z. Chen, L.-Z. Wu, C.-
H. Tung and Q.-Z. Yang, Chem. Commun., 2013, 49, 1294.

11. N. A. M. Barakat, K.-D. Woo, M. A. Kanjwal, K. E. Choi, M. S. Khil
and H. Y. Kim, Langmuir, 2008, 24, 11982.

12. (a) T. Ogoshi, M. Hashizume, T. Yamagishi and Y. Nakamoto,
Chem. Commun., 2010, 46, 3708; (b) G. Yu, M. Xue, Z. Zhang, J. Li,
C. Han and F. Huang, J. Am. Chem. Soc., 2012, 134, 13248.

13. Z. Liu and M. Jiang, J. Mater. Chem., 2007, 17, 4249.

14. (a) Y. Ding, P. Wang, Y.-K. Tian, Y.-J. Tian and F. Wang, Chem.
Commun., 2013, 49, 5951; (b) X. Yan, S. Li, J. B. Pollock, T. R. Cook,
J. Chen, Y. Zhang, X. Ji, Y. Yu, F. Huang and P. J. Stang, Proc. Natl.
Acad. Sci. U. S. A., 2013, 110, 15585.

~

o

This journal is © The Royal Society of Chemistry [year]

Journal Name, [year], [vol], 00—00 | 3



