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Abstract: Aromatic azo compounds are high-value chemi-

cals extensively used as pigments, drugs, and food addi-
tives, but their production typically requires stoichiometric

amounts of environmentally unfriendly metals or nitrites.
There is an urgent need to develop a dual catalytic

system capable of reducing nitroaromatics to aromatic
amines, followed by their oxidation to azo compounds.
Here we report such a dual catalyst based on Ag@Pd-Ag

core-frame nanocubes for the stepwise conversion of 4-ni-
trothiophenol to trans-4,4’-dimercaptoazobenzene under
ambient conditions. Our in situ surface-enhanced Raman
spectroscopy study reveals three sequential processes

that include the Pd-catalyzed reduction of 4-nitrothiophe-
nol to 4-aminothiophenol by hydrogen, a period during

which the 4-aminothiophenol remain unchanged until all

hydrogen has depleted, and the Ag-catalyzed oxidation of
4-aminothiophenol to trans-4,4’-dimercaptoazobenzene

by the O2 from air. This work will lead to an environmen-
tally friendly and sustainable approach to the production

of aromatic azo compounds.

With the recent advances in engineered nanomaterials, Corma
and co-workers discovered that Au nanoparticles supported on

TiO2 or Fe2O3 powders could serve as a catalyst for the reduc-
tion of nitroaromatics to aromatic amines by H2, followed by
the oxidation of aromatic amines to aromatic azo compounds

by O2 at 100–120 8C.[1] In parallel, many other groups have ex-
plored the reduction of 4-nitrophenol by NaBH4 as a model

system to investigate the reaction mechanism.[2–4] Significantly,
when functionalized with a thiol group, the aromatic nitro- or

amine- molecules can be chemically linked to the surface of

Au nanoparticles to facilitate the investigation of reaction
mechanisms using surface-enhanced Raman spectroscopy

(SERS). As a vibrational spectroscopy method, SERS can reveal
the “fingerprints” of molecular species for identifying the inter-

mediates and products involved in a catalytic reaction.[5, 6]

As revealed by SERS, the Au-catalyzed reduction of 4-nitro-

thiophenol (4-NTP) by NaBH4 follows a condensation route, in-

volving the formation of 4,4’-dimercaptoazobenzene (DMAB)
and 4-aminothiophenol (4-ATP) as an intermediate and final

product, respectively.[7–10] In comparison, Ag nanoparticles
were found to have no catalytic effect on the reduction reac-

tion under similar conditions,[11] although Ag is a much better
SERS substrate than Au.[12] When switched to Pd or Pt nanopar-

ticles, it was shown that the reduction would occur at a much

faster rate than the Au-based system, making it challenging to
capture the intermediate.[13–15] On the other hand, there are

a number of reports on the formation of DMAB from 4-ATP im-
mobilized on the surfaces of Au or Ag nanoparticles through

oxidation under ambient conditions.[16, 17] In this case, it is well-
known that primary aromatic amines can react with molecular
oxygen to form azobenzene derivatives.[18] Alternatively, it was

proposed that the Au or Ag nanoparticles could interact with
light through the excitation of localized surface plasmon reso-
nance for the generation of hot electrons, which then reacted
with O2 to generate active oxygen species in the presence of
H2O and thereby enable the oxidation of 4-ATP to
DMAB.[17, 19–22] Despite these developments, none of the previ-

ous studies were able to observe the reduction of 4-NTP to 4-
ATP and the subsequent oxidation of 4-ATP to DMAB on a cata-
lyst based on a single noble metal. A potential solution to this

problem is to develop a dual catalyst comprising two noble
metals, with one of them catalyzing the reduction reaction and

the other the oxidation reaction.
We have recently developed a novel class of bimetallic cata-

lysts that could fulfill the dual requirements mentioned

above.[11] Among all noble metals, Pd has the lowest energy
barrier to the dissociation of H2 into atomic hydrogen (H) for

the hydrogenation (or reduction) reaction of unsaturated com-
pounds.[23] On the other hand, Ag is a well-known component

of the industrial catalysts used for the epoxidation of ethylene
by O2.[19] Conceptually, integration of Pd with Ag would give
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a promising dual-catalytic system for the reduction of 4-NTP to
4-ATP (as catalyzed by Pd) and subsequent oxidation of 4-ATP

to DMAB (as catalyzed by Ag). In an initial study, we fabricated
the bimetallic nanocrystals as Ag@Pd-Ag core-frame for in situ

monitoring of Pd-catalyzed reduction of 4-NTP to 4-ATP by
NaBH4. However, we did not observe the formation of DMAB

via the oxidation of 4-ATP because the SERS measurements
were stopped once the conversion from 4-NTP to 4-ATP was
completed.[11]

Herein we demonstrate, for the first time, the formation of
trans-DMAB during the reduction of 4-NTP by NaBH4 under
ambient conditions when Ag@Pd-Ag core-frame nanocubes
were employed as a dual catalyst and an active SERS substrate.

Remarkably, our time-dependent SERS spectra clearly reveal
three sequential steps involved in the transformation from 4-

NTP to trans-DMAB on the surface of the bimetallic catalyst.

The first step involves the Pd-catalyzed reduction of 4-NTP to
4-ATP without the detection of DMAB. Next, the 4-ATP mole-

cules derived from 4-NTP can retain their identity without un-
dergoing any changes as long as there is NaBH4 in the reaction

solution. The duration of this “stable” period is essentially inde-
pendent of the Pd content deposited on the Ag nanocubes. Fi-

nally, upon the complete decomposition of NaBH4, the 4-ATP is

quickly transformed to trans-DMAB by the O2 from air. In the
last step, Ag enables the oxidation reaction by activating the

dissociation of O2 into atomic oxygen. Collectively, this work
presents a new catalytic system based on Pd and Ag that em-

braces a great promise for producing aromatic azo compounds
from nitroaromatics.

We generated Ag@Pd-Ag core-frame nanocubes by co-titrat-

ing Na2PdCl4 and AgNO3 solutions into an aqueous suspension
of Ag nanocubes (Figure S1 in the Supporting Information,

39.2�1.6 nm in edge length) in the presence of ascorbic acid
(AA) and poly(vinyl pyrrolidone) (PVP). We could control the Pd

content, as well as the Pd to Ag ratio, in the final catalyst by
simply varying the titration volume for each precursor solution.

When the co-titration volume was increased from 0.1 to 0.2

and 0.3 mL (for each precursor), the Pd content was increased
from 2.2�0.2 to 3.6�0.3, and 4.6�0.3 wt. %.[11] Figure 1 a,b

shows aberration-corrected high-angle annular dark-field scan-
ning transmission electron microscopy (HAADF-STEM) images

of the bimetallic nanocubes obtained at a co-titration volume
of 0.2 mL for each precursor. As confirmed by energy disper-

sive X-ray spectroscopy (EDS) mapping (Figure 1 c,d), the Pd
atoms were preferentially deposited at the edge and corner
sites of a Ag nanocube, leading to the formation of a core-

frame structure.
In the first set of SERS measurements, we used the bimetallic

nanocubes with 2.2 wt. % Pd obtained at a co-titration volume
of 0.1 mL for each precursor. Figure 2 shows the SERS spectra

recorded from an aqueous suspension of the 4-NTP-functional-
ized nanocubes at different time internals after the introduc-
tion of NaBH4. At t = 0 min, the spectrum shows three vibra-

tional bands of 4-NTP (marked by dashed blue lines) at
1108 cm¢1 (C¢N stretching, nCN), 1336 cm¢1 (O¢N¢O stretching,

nNO2), and 1572 cm¢1 (C¢C stretching phenyl-ring, nCC).[10, 21] The
peak located at 1080 cm¢1 can be assigned to the C¢S stretch-

ing, nCS. At t = 2 min, the nNO2 band was shifted to 1330 cm¢1,

together with slight decrease in intensity. The blue-shift for the

nNO2 band indicates a change to the symmetric stretching of
NO2 due to the onset of reduction. Other bands remained es-

sentially the same in peak positions but indicated some de-
crease in peak intensity. The spectrum showed almost no

changes until t = 6 min when a shoulder peak appeared at
1595 cm¢1 (marked by a dashed orange line), which can be as-

signed to the nCC of 4-ATP.[16] As the reaction progressed to 15

and 30 min, the three bands associated with 4-NTP began to
decrease in intensity while the peak assigned to the nCC of 4-

ATP increased its intensity accordingly. At t = 40 min, all the
bands associated with 4-NTP disappeared, and the two major

peaks at 1078 cm¢1 and 1595 cm¢1 can be assigned to the nCS

and nCC of 4-ATP, respectively. This result indicates the comple-
tion of the transformation from 4-NTP to 4-ATP by this time

point. It is also worth noting that the intensity of nCC for 4-ATP
was weaker than that of nCC for 4-NTP due to possible desorp-

tion of ATP from the surface in the presence of NaBH4.[28] From
40 to 60 min, the bands of 4-ATP showed little change in

terms of position, suggesting that the 4-ATP molecules re-
mained on the bimetallic nanocubes. However, there was a no-

ticeable increase in intensity for these bands, probably due to
the formation of hot spots caused by particle aggregation. At
t = 70 min, three bands appeared at 1142 cm¢1, 1388 cm¢1, and

1429 cm¢1 (marked by dashed red lines), which can be as-
signed to the nCN +bCH, nNN + nCN, and nNN +bCH of trans-DMAB,

respectively.[16, 25] This observation suggests that the 4-ATP ad-
sorbed on the surface of bimetallic nanocubes with a Pd con-

tent of 2.2 wt. % could be oxidized by the O2 from air to gener-

ate trans-DMAB once the reduction of 4-NTP has been com-
pleted and all the NaBH4 in the solution had decomposed. The

spectrum remained essentially the same until t = 90 min, apart
from slight increase in intensity for the peaks.

Next, we switched to the bimetallic nanocubes with 4.6
wt. % Pd prepared by increasing the co-titration volume to

Figure 1. a) HAADF-STEM image of a typical sample prepared with a titration
volume of 0.2 mL for Na2PdCl4 and AgNO3. b) High-resolution HAADF-STEM
image taken from one of the corners of an individual nanocube. c) and
d) EDS mapping of a Ag@Pd-Ag nanocube (blue: Ag; red: Pd).
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0.3 mL for each precursor. In this case, the Pd atoms were still
mainly deposited on the edge and corner sites of each Ag
nanocube, only with some spreading to the side faces due to

surface migration.[15] We also collected SERS spectra at different
reaction times (Figure 3) and then compared them with the
data shown in Figure 2. At t = 0 min, we observed a 20 % de-

crease in intensity for the 4-NTP peak at 1572 cm¢1 (nCC). It is
anticipated that the deposition of more Pd atoms on each Ag

nanocube could deteriorate the SERS activity of Ag.[26] The
drop in peak intensity might also indicate weaker binding of 4-

NTP molecules to the Pd surface. At t = 2 min, we observed

four bands that can be assigned to 4-NTP and 4-ATP. As the re-
action progressed to 4 min, we only observed the bands of 4-

ATP, indicating the complete reduction of 4-NTP to 4-ATP at
this time point. In contrast, the reduction was not completed

until t = 40 min when the Pd content was at 2.21 wt % (see
Figure 2). Taken together, we believe that the reduction of 4-

NTP by NaBH4 can be accelerated by increasing the proportion

of Pd atoms on the surface of a catalytic particle. From 4 to

20 min, the spectrum remained essentially unaltered, echoing
the “stable” period shown in Figure 2. At t = 30 min, three

bands characteristic of trans-DMAB appeared. Again, 4-ATP was
oxidized within a 10 min window (t = 20–30 min), similar to the

case with a lower Pd content (Figure 2, 60–70 min). At t =

60 min, the nCS band remained essentially the same but the in-
tensities of other trans-DMAB bands increased, indicating the

possible formation of hot spots due to particle aggregation.
These data suggest that the oxidation of 4-ATP by the O2 from

the air proceeded at comparable rate for both catalysts, with
no correlation with the Pd content. We believe it is Ag that is

responsible for the activation of O2 dissolved in the reaction
solution for the oxidation of 4-ATP to trans-DMAB.

Figure 4 outlines the proposed mechanism to decipher the
reaction of 4-NTP by NaBH4 for the production of trans-DMAB
on the surfaces of Ag@Pd-Ag nanocubes as a dual catalyst. Be-

cause the SERS spectra indicate that the nCS peaks of 4-NTP, 4-
ATP, and trans-DMAB essentially remained unchanged during

the reaction, we assume that these molecules are preferentially
adsorbed at a configuration parallel to the Au surface through

the Au¢S linkage.[27] It is also worth noting that the assignment

of SERS peaks to trans-DMAB rather than cis-DMAB supports
our argument about a parallel configuration for the molecules

on a surface rather than a vertical configuration. Upon the ad-
dition of NaBH4 to an aqueous suspension of 4-NTP functional-

ized bimetallic nanocubes under ambient conditions, NaBH4

decomposes for the generation of H2. It is well-known that H2

Figure 2. Time-dependent SERS spectra collected from a dual catalyst with
2.2 wt. % Pd. The SERS spectra were recorded before and after the introduc-
tion of NaBH4 solution into an aqueous suspension of 4-NTP-functionalized
Ag@Pd-Ag nanocubes with an excitation wavelength at 532 nm. The catalyst
was prepared with the co-titration of 0.1 mL of Na2PdCl4 and AgNO3 solution
with 2.2 wt. % Pd.

Figure 3. The SERS spectra were recorded before and after the introduction
of NaBH4 solution into an aqueous suspension of 4-NTP-functionalized
Ag@Pd-Ag nanocubes at the excitation wavelength at 532 nm. The catalyst
was prepared with the co-titration of 0.3 mL of Na2PdCl4 and AgNO3 solution
with 4.6 wt. % Pd.
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can adsorb not only on the surface but into the subsurface of

a Pd layer for the generation of H.[28] By assuming atomic hy-
drogen on the surfaces of Pd atoms can participate in the re-

duction of 4-NTP to 4-ATP as a reducing agent, we anticipate
that increasing the number of Pd atoms on the surfaces of Ag

nanocubes would accelerate the reduction rate, which is con-

sistent with our SERS results. It is also worth mentioning that
we didn’t resolve the formation of DMAB as an intermediate
before the formation of 4-ATP as a final product by SERS. Han
and coworkers demonstrated that the reduction of 4-NTP into

4-ATP on the surfaces Au@Pd-Au nanorods would not involve
the formation of DMAB as an intermediate in the presence of

H2 as a reducing agent.[14] Based on Haber’s model, we would
argue that the reduction of 4-NTP should follow a direct path-
way under basic conditions,[29] which is completely different

from Au-catalyzed reduction of 4-NTP to form 4-ATP via the in-
termediate of DMAB.[9, 10] In order to rule out the photo-in-

duced reduction of 4-NTP to 4-ATP in the absence of NaBH4,
we collected the time-dependent SERS spectra of the 4-NTP-

functionalized cubes upon continuous laser irradiation (Fig-

ure S2). The SERS spectra remained the same after the illumina-
tion with the 532 nm laser for 50 min. We also used in situ

SERS to monitor the reduction of 4-NTP on the surfaces Ag
nanocubes in the absence of Pd atoms (Figure S3). After

60 min, no change was identified in SERS spectra. We conclude
that Pd atoms play an essential role in directing the reduction

of 4-NTP to 4-ATP by H2 on the surfaces of bimetallic nano-
cubes.

By assuming that 4-NTP would form one monolayer across
all surfaces of bimetallic nanocubes via the Ag¢S bond, we cal-

culated that 5.0 Õ 10¢10 mol of 4-NTP molecules would attach
to 7 Õ 1010 bimetallic nanocubes in a typical reaction solution.
Given the amount of NaBH4 added into the reaction solution,
we also estimated that 2.1 Õ 10¢6 mol of H2 molecules would

be produced upon decomposition of NaBH4. We believe that
during our experiments the reduction of 4-NTP to 4-ATP oc-
curred in the presence of excess NaBH4 (or H2). In this case,

atomic hydrogen on the surfaces could prevent the oxidation
of as-prepared 4-ATP by O2 dissolved in the aqueous solution,

leading to the “stable” period of 4-ATP molecules attached to
the surfaces of bimetallic nanocubes. As the decomposition of

NaBH4 (or the release of H2) ended, the adsorption of H on the

Pd stopped and the desorption of atomic hydrogen at room
temperature began.[28] Upon desorption of hydrogen atoms,

Ag atoms would activate O2 for a thermodynamically sponta-
neous oxidation of 4-ATP to the production of trans-DMAB on

the surfaces of Ag@Pd-Ag nanocubes, which is supported by
other findings.[17, 20, 22] By using the solubility of O2 in DI water,

we estimated that 1.1 Õ 10¢7 mol of O2 would become available

to react with 4-ATP molecules that were present in the order
of 10¢10 mol, leading to the rapid production of trans-DMAB

from 4-ATP.
It is also interesting to acknowledge that we could cycle the

reaction of 4-ATP to and from trans-DMAB through the re-addi-
tion of NaBH4. Figure S4 shows SERS spectra collected from the

4-NTP molecules adsorbed on the surfaces of bimetallic nano-

cubes prepared by a co-titration volume of 0.2 mL for each
precursor. After the first introduction of NaBH4, we observed

the formation of trans-DMAB on the surfaces at t = 100 min.
Upon the second addition of NaBH4 to our reaction solution, at

t = 5 min we noticed the formation of 4-ATP with an extremely
weak SERS signal, likely due to the desorption of 4-ATP from
the surfaces of nanocubes in the presence of NaBH4.[24] It ap-

pears that after full decomposition of NaBH4, the 4-ATP was
then oxidized to form trans-DMAB. These results support our
argument that Ag would catalyze the oxidation reaction of 4-
ATP upon the completion of further adsorption of H atoms on

the surfaces of bimetallic nanocubes.
In summary, we have demonstrated the use of Ag@Pd-Ag

nanocubes as dual catalyst and a unique SERS probe for moni-
toring the reduction of 4-NTP to 4-ATP by NaBH4 and the sub-
sequent oxidation of 4-ATP to trans-DMAB by O2 under ambi-

ent conditions. We identify that Pd atoms could catalyze the
reduction of 4-NTP toward 4-ATP without the observation of

DMAB as an intermediate. Because of the adsorption of H2 on
Pd atoms for the generation of atomic hydrogen, the reduc-

tion would progress more rapidly when more Pd atoms are de-

posited on the bimetallic nanocubes. Upon the completion of
reduction, 4-ATP molecules derived from 4-NTP would remain

attached to the catalytic surface due to the excess amount of
H2 involved in the reaction and the presence of H atoms. Once

H atoms desorb at room temperature, Ag would enable the ac-
tivation of O2 in the aqueous solution for the Ag-catalyzed oxi-

Figure 4. Schematic of a proposed pathway for the Pd-catalyzed reduction
of 4-NTP to 4-ATP by hydrogen, followed by the Ag-catalyzed oxidation of
4-ATP to trans-DMAB by oxygen on the surface of a Ag@Pd-Ag nanocube.
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dation reaction of 4-ATP to trans-DMAB. This work establishes
a new catalytic system based on Pd and Ag atoms on a single

nanocrystal for producing aromatic azo compounds from nitro-
aromatics.

Acknowledgements

This work was supported in part by the National Science Foun-
dation (CHE-1412006), start-up funds from the Georgia Insti-

tute of Technology, and 3M non-tenured faculty award. We
thank Ming Luo for performing the ICP-MS analysis. J.L. was

supported by the start-up funds from Arizona State University
(ASU). We acknowledge the use of facilities in the John M.

Cowley Center for High Resolution Electron Microscopy at ASU.

Keywords: Ag-catalyzed oxidation · bimetallic nanocrystals ·
catalysis · Pd-catalyzed reduction

[1] A. Grirrane, A. Corma, H. Garcia, Science 2008, 322, 1661 – 1664.
[2] S. Schlìcker, Angew. Chem. Int. Ed. 2014, 53, 4756 – 4795; Angew. Chem.

2014, 126, 4852 – 4894.
[3] P. Herv¦s, M. P¦rez-Lorenzo, L. M. Liz-Marz�n, J. Dzubiella, Y. Lu, M. Bal-

lauff, Chem. Soc. Rev. 2012, 41, 5577 – 5587.
[4] T. Aditya, A. Pal, T. Pal, Chem. Commun. 2015, 51, 9410 – 9431.
[5] C. L. Haynes, A. D. McFarland, R. P. Van Duyne, Anal. Chem. 2005, 77,

338A – 346A.
[6] S. M. Nie, S. R. Emory, Science 1997, 275, 1102 – 1106.
[7] E. M. van Schrojenstein Lantman, T. Deckert-Gaudig, A. J. G. Mank, V.

Deckert, B. M. Weckhuysen, Nat. Nanotechnol. 2012, 7, 583 – 586.
[8] W. Xie, B. Walkenfort, S. Schluker, J. Am. Chem. Soc. 2013, 135, 1657 –

1660.
[9] Q. Zhang, D. Blom, H. Wang, Chem. Mater. 2014, 26, 5131 – 5142.

[10] J. Zhang, S. A. Winget, Y. Wu, D. Su, X. Sun, D. Qin, ACS Nano 2016, 10,
2607 – 2616.

[11] J. Li, Y. Yang, J. Liu, D. Qin, J. Am. Chem. Soc. 2015, 137, 7039 – 7042.
[12] A. Jakab, C. Rosman, Y. Khalavka, J. Becker, A. Trugler, U. Hohenester, C.

Sçnnichsen, ACS Nano 2011, 5, 6880 – 6885.
[13] W. Xie, C. Herrmann, K. Kompe, M. Haase, S. Schlucker, J. Am. Chem.

Soc. 2011, 133, 19302 – 19305.
[14] J. Huang, Y. Zhu, M. Lin, Q. Wang, L. Zhao, Y. Yang, K. X. Yao, Y. Han, J.

Am. Chem. Soc. 2013, 135, 8552 – 8561.
[15] V. Joseph, C. Engelbrekt, J. Zhang, U. Gernert, J. Ulstrup, J. Kneipp,

Angew. Chem. Int. Ed. 2012, 51, 7592 – 7596; Angew. Chem. 2012, 124,
7712 – 7716.

[16] Y. Huang, D. Wu, H. Zhu, L. Zhao, G. Liu, B. Ren, Z. Q. Tian, Phys. Chem.
Chem. Phys. 2012, 14, 8485 – 8497.

[17] M. Sun, H. Xu, Small 2012, 8, 2777 – 2786.
[18] R. Konaka, K. Kuruma, S. Terabe, J. Am. Chem. Soc. 1968, 90, 1801 – 1806.
[19] S. Linic, P. Christopher, D. B. Ingram, Nat. Mater. 2011, 10, 911 – 921.
[20] Y. Huang, H. Zhu, G. Liu, d. Wu, B. Ren, Z. Q. Tian, J. Am. Chem. Soc.

2010, 132, 9244 – 9246.
[21] L. Zhao, J. Chen, M. Zhang, D. Wu, Z. Q. Tian, J. Phys. Chem. C 2015, 119,

4949 – 4958.
[22] P. Xu, L. Kang, N. H. Mack, K. S. Schanze, X. Han, H. Wang, Sci. Rep. 2013,

3, 2997.
[23] J. Greeley, M. Mavrikakis, J. Phys. Chem. B 2005, 109, 3460 – 3471.
[24] S. M. Ansar, F. S. Ameer, W. Hu, S. Zou, C. U. Pittman, D. Zhang, Nano

Lett. 2013, 13, 1226 – 1229.
[25] C. M. Stuart, R. R. Frontiera, R. A. Mathies, J. Phys. Chem. A 2007, 111,

12072 – 12080.
[26] J. M. McLellan, Y. Xiong, M. Hu, Y. Xia, Chem. Phys. Lett. 2006, 417, 230 –

234.
[27] A. Mahata, R. K. Rai, I. Choudhuri, S. K. Singh, B. Pathak, Phys. Chem.

Chem. Phys. 2014, 16, 26365 – 26374.
[28] W. Yu, G. M. Mullen, C. B. Mullin, J. Phys. Chem. C 2013, 117, 19535 –

19543.
[29] F. Haber, Z. Elektrochem. 1898, 22, 506 – 513.

Manuscript received: May 11, 2016

Accepted Article published: May 13, 2016

Final Article published: May 31, 2016

ChemNanoMat 2016, 2, 786 – 790 www.chemnanomat.org Ó 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim790

Communication

http://dx.doi.org/10.1126/science.1166401
http://dx.doi.org/10.1126/science.1166401
http://dx.doi.org/10.1126/science.1166401
http://dx.doi.org/10.1002/anie.201205748
http://dx.doi.org/10.1002/anie.201205748
http://dx.doi.org/10.1002/anie.201205748
http://dx.doi.org/10.1002/ange.201205748
http://dx.doi.org/10.1002/ange.201205748
http://dx.doi.org/10.1002/ange.201205748
http://dx.doi.org/10.1002/ange.201205748
http://dx.doi.org/10.1039/c2cs35029g
http://dx.doi.org/10.1039/c2cs35029g
http://dx.doi.org/10.1039/c2cs35029g
http://dx.doi.org/10.1039/C5CC01131K
http://dx.doi.org/10.1039/C5CC01131K
http://dx.doi.org/10.1039/C5CC01131K
http://dx.doi.org/10.1126/science.275.5303.1102
http://dx.doi.org/10.1126/science.275.5303.1102
http://dx.doi.org/10.1126/science.275.5303.1102
http://dx.doi.org/10.1038/nnano.2012.131
http://dx.doi.org/10.1038/nnano.2012.131
http://dx.doi.org/10.1038/nnano.2012.131
http://dx.doi.org/10.1021/ja309074a
http://dx.doi.org/10.1021/ja309074a
http://dx.doi.org/10.1021/ja309074a
http://dx.doi.org/10.1021/cm502508d
http://dx.doi.org/10.1021/cm502508d
http://dx.doi.org/10.1021/cm502508d
http://dx.doi.org/10.1021/acsnano.5b07665
http://dx.doi.org/10.1021/acsnano.5b07665
http://dx.doi.org/10.1021/acsnano.5b07665
http://dx.doi.org/10.1021/acsnano.5b07665
http://dx.doi.org/10.1021/jacs.5b03528
http://dx.doi.org/10.1021/jacs.5b03528
http://dx.doi.org/10.1021/jacs.5b03528
http://dx.doi.org/10.1021/nn200877b
http://dx.doi.org/10.1021/nn200877b
http://dx.doi.org/10.1021/nn200877b
http://dx.doi.org/10.1021/ja208298q
http://dx.doi.org/10.1021/ja208298q
http://dx.doi.org/10.1021/ja208298q
http://dx.doi.org/10.1021/ja208298q
http://dx.doi.org/10.1021/ja4004602
http://dx.doi.org/10.1021/ja4004602
http://dx.doi.org/10.1021/ja4004602
http://dx.doi.org/10.1021/ja4004602
http://dx.doi.org/10.1002/anie.201203526
http://dx.doi.org/10.1002/anie.201203526
http://dx.doi.org/10.1002/anie.201203526
http://dx.doi.org/10.1002/ange.201203526
http://dx.doi.org/10.1002/ange.201203526
http://dx.doi.org/10.1002/ange.201203526
http://dx.doi.org/10.1002/ange.201203526
http://dx.doi.org/10.1039/c2cp40558j
http://dx.doi.org/10.1039/c2cp40558j
http://dx.doi.org/10.1039/c2cp40558j
http://dx.doi.org/10.1039/c2cp40558j
http://dx.doi.org/10.1002/smll.201200572
http://dx.doi.org/10.1002/smll.201200572
http://dx.doi.org/10.1002/smll.201200572
http://dx.doi.org/10.1021/ja01009a022
http://dx.doi.org/10.1021/ja01009a022
http://dx.doi.org/10.1021/ja01009a022
http://dx.doi.org/10.1038/nmat3151
http://dx.doi.org/10.1038/nmat3151
http://dx.doi.org/10.1038/nmat3151
http://dx.doi.org/10.1021/ja101107z
http://dx.doi.org/10.1021/ja101107z
http://dx.doi.org/10.1021/ja101107z
http://dx.doi.org/10.1021/ja101107z
http://dx.doi.org/10.1021/jp512957c
http://dx.doi.org/10.1021/jp512957c
http://dx.doi.org/10.1021/jp512957c
http://dx.doi.org/10.1021/jp512957c
http://dx.doi.org/10.1021/jp046540q
http://dx.doi.org/10.1021/jp046540q
http://dx.doi.org/10.1021/jp046540q
http://dx.doi.org/10.1021/nl304703w
http://dx.doi.org/10.1021/nl304703w
http://dx.doi.org/10.1021/nl304703w
http://dx.doi.org/10.1021/nl304703w
http://dx.doi.org/10.1021/jp0751460
http://dx.doi.org/10.1021/jp0751460
http://dx.doi.org/10.1021/jp0751460
http://dx.doi.org/10.1021/jp0751460
http://dx.doi.org/10.1016/j.cplett.2005.10.028
http://dx.doi.org/10.1016/j.cplett.2005.10.028
http://dx.doi.org/10.1016/j.cplett.2005.10.028
http://dx.doi.org/10.1039/C4CP04355C
http://dx.doi.org/10.1039/C4CP04355C
http://dx.doi.org/10.1039/C4CP04355C
http://dx.doi.org/10.1039/C4CP04355C
http://dx.doi.org/10.1021/jp406736b
http://dx.doi.org/10.1021/jp406736b
http://dx.doi.org/10.1021/jp406736b
http://www.chemnanomat.org

