RSC Advances

RSC Advances

ROYAL SOCETY
OF CHEMISTRY

ROYAL SOCIETY
OF CHEMISTRY

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. This Accepted Manuscript will be replaced by the edited,
formatted and paginated article as soon as this is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

WwWWw.rsc.org/advances



Page 1 of 3

RSC Advances

COMMUNICATION

RSC Advances

RSCPublishing

Spontaneous assembly and synchronous scan spectra of
gold nanoparticles monolayers Janus film with thiol—
terminated polystyrene

Cite this: DOI: 10.1039/X0XX00000X

Received ooth January 2014,
Accepted ooth January 2014

DOI: 10.1039/X0XX00000X

www.rsc.org/

This communication presents a facile methodology for
preparing ordering hydrophilic metal nanoparticles into a
gold nanoparticles monolayers Janus film (top face solvent—
phobic  polystyrene and bottom face solvent—philic
nanoparticles) with thiol-terminated polystyrene. It also
reveals the enhanced light source spectrum properties of gold
nanoparticles monolayers Janus film.

The assembly of nanoparticles with an asymmetric, hybrid structure
into two— or hierarchical structures is of considerable interest due to
their already widespread and potential applications in electronic,
optical devices and sensing devices.! Gold nanoparticles can be
controlled using polymers ligands on the nanoparticle size, shape,
and surface functionality, which in turn affect the nanoparticle’s
performance.” For example, upon aggregation, the surface plasmon
resonance for each GNP becomes delocalized, altering the optical
properties.’ The gold nanoparticles show selective and efficient
destruction of cancerous cells due to the significant thermo—
plasmonic effect of nanostructures.*

A novel assembly procedure to form close packed 2—dimensional
nanoparticle films with high regularity by converting nanoparticle
repulsive force into van der Waals interactions through in situ
coating of nanoparticles on the interface with alkane-thiols was
presented.” However, the terminated  single
nanoparticle facilely rolls over under Brownian motion due to the

alkane-thiols

size and quality of alkane chain are very small. In order to obtain the
homogeneous and bulk monolayer film of nanoparticles, polymer-
thiols are suggested to fix gold nanoparticles to form the Janus film
(top face solvent—phobic polystyrene and bottom face solvent—philic
nanoparticles) on the interface.® As we known, Janus substance has
different assembly behaviours and properties due to its many
categories and a variety of shapes.” Many efforts have been devoted
to the investigation of Janus substance over the past few years,
focusing both on novel preparation strategies and on theory of
simulation.®

This journal is © The Royal Society of Chemistry 2014
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In the past years, many experimental work and theoretical

calculations have been reported concerning the fluorescent
properties of gold nanoparticles.” However, the quantum efficiency
of such AuNPs is very low, limiting the widespread use of
fluorescence properties in biosensing.'® In recently, functionalizing
AuNPs becomes a powerful tool to drive the assembly of groupings
with optical properties thanks to their large absorption and scattering
cross sections at visible plasmon resonance frequencies.'
Synchronous scan spectra have received intense attention due to its
high It has

successfully analyzed complicated multi-component samples when

sensitivity and simplicity during recent years.

they have severely overlapping emission and/or excitation spectra
that the ability of
measurement.'? Therefore, the functionalizing AuNPs can be utilized

limit single-wavelength  fluorescence
by synchronous scan spectra to enlarge its tremendous scope for
applications.

In order to obtain the homogeneous and bulk monolayer film of
nanoparticles in this communication, polymerthiols are suggested to
form Janus film on the interface with gold nanoparticles. A facile
methodology for preparing ordering hydrophilic metal nanoparticles
into a gold nanoparticles monolayers Janus film with thiol-
terminated polystyrene at the interface of toluene and water is
presented. The synchronous scan spectra show the enhanced light
source spectrum properties of gold nanoparticles monolayers Janus
film. The destabilized gold nanoparticles due to the addition of
alcohol are adsorbed into an interface where the surface of entrapped
Au nanoparticle was in situ coated with the thiol-terminated
polystyrene present in a transition toluene layer.
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Fig. 1 Schematic representation of the AuNP nanoparticle Janus film
formation at liquid—liquid interface and the synchronous scan spectra
obtained.

Schematic representation of the AuNP nanoparticle Janus film
formation at liquid—liquid interface and the synchronous scan spectra
obtained is shown in Fig. 1. Gold nanoparticles monolayers Janus
film with thiol-terminated polystyrene (PS—-SH) was facilely
prepared. The destabilized gold nanoparticles due to the addition of
alcohol are adsorbed into an interface where the surface of entrapped
Au nanoparticle was in situ coated with the thiol-terminated
polystyrene consisting in a transition toluene layer. The synchronous
scan spectra show the enhanced light source spectrum properties of
gold nanoparticles monolayers Janus film. The surface enhanced
spectra characteristics of the AuNP—PS asymmetric particles films
are gf interest in the fields of optical devices and sensing devices.
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Fig. 2 TEM image of the gold colloid (a) and IR spectra of PS, PS—
SH and PS—AuNP (b).

We chose large AuNPs for this work due to the larger colloids will
resulting in stronger enhancement in light source spectrum than that
from smaller colloids." Fig. 2a is the TEM image of the AuNP in
colloid with 3.0 ml of sodium citrate solution (0.034 mol / L). As
can be seen from the TEM photograph, the gold particle dispersion
and the particle shape are uniform. The average size of AuNP is
about 11.0-15.0 nm (ESI¥, Fig. S2). The preparation of AuNPs is
presented with different amounts of reductant (ESIT) .

Polystyrene mentioned above in this communication was
synthesized by atom transfer radical polymerization (ATRP). Then
thiol-terminated polystyrene was synthesized by reaction of thiourea
with the bromide—terminated polymer (ESIT). Fig. 2b shows IR
spectra of PS and PS—-SH. The peak at wave number of 3600 cm™ is
the N—H bond absorption peaks; the peak at wave number of 3080—
2920 cm™ is benzene ring absorption peaks; the peaks at wave
number of 1600 cm™, 1492 cm™ and 1462 cm™ are benzene ring
skeleton vibration absorption peaks; the peaks at wave number of
756 e and 696 cm™' suggest that the reaction product with mono—
substituted at the benzene ring. Therefore the resulting product was
confirmed that PS was the successful synthesized. The IR spectra of
the particles and of PS—SH are similar, which indicates that the thiol
is indeed part of the composite.'*

As can be seen from Fig. 2b, all the absorption peaks on the IR
spectra of PS—Au and PS present peculiar peaks; it means that the
polymer obtained is polystyrene. The intensity of absorption peak of
the obtained product becomes lower compared to that of PS, which
indicates that the polystyrene was thiolated gold nanoparticles.
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Scheme 1. AuNPs Janus film by self-assembly of AuNP at
liquid—liquid interface depicted structurally with chemical structural
formula.

AuNPs Janus film by self-assembly of AuNP at liquid—liquid
interface is depicted structurally in Scheme 1 (ESIT). Due to the
ethanol addition, the driving force for the entrapment of gold
nanoparticles at the interface is at the hexane/water interface."
Reincke and his colleagues suggested this process on the basis of a
thermodynamic evaluation of the charged nanoparticles self—
assembly at the water/oil interface.'® With the addition of ethanol,
the electrostatic repulsive force between nanoparticles was weak; the
entrapped nanoparticle would result in the irreversible aggregate of
nanoparticles at the interface. Meanwhile, hydrophilic thiol—
terminated of polystyrene prone to interface from toluene extend to
aqueous phase, resulting in gold nanoparticles reaction with the
styrene-thiol groups in the oil phase and water. This prevents the
entrapped nanoparticles aggregating. Therefore, the decrease of
electrostatic repulsive force leads to the formation of a close—packed
nanoparticle film by counteracting the van der Waals interaction.
Because of the attracting force among the trapped nanoparticles as
there is polystyrene-thiol in the toluene layer, the density of
nanoparticles at the interface increase. After toluene evaporation, the
repulsive force disappears and the distance between nanoparticle
gets closer. The monlayer gold nanoparticles film was obtained
(ESIT). In this process, the interface allows the half surface gold
nanoparticles reacts with the thiol-terminated of polystyrene and the
other half do not participate in the reaction.

Fig. 3 TEM (A, B) and SEM (C, D) images of the Au-PS
asymmetric particles films. The average diameter of the Au
nanoparticles is about 13.0 nm.

Although it is possible to assemble nanoparticles into monolayers
on the interfaces, void areas between the nanoparticle aggregates
appearances. It is due to the broad size distribution and competitive
electrostatic repulsion against long-range van der Waals
interactions.’

Field emission transmission electron microscopy (FETEM) and
scanning electron microscopy (FESEM) images were obtained on a
JEM-200CX TEM and JSM-6700F SEM, respectively (ESIT). Fig.
3 shows FETEM (A, B) and FESEM (C, D) images of the Au-PS
asymmetric particles films. There is monolayer of nanoparticles with
lots of voids as polystyrene-thiolated was added (Fig. 3A and C). As
previously reported, the film with close—packed gold nanoparticles
in the TEM images coexists with large void areas.” However, Fig.
3B and D shows a corresponding enlarged in FETEM and FESEM
images, presenting the monolayer nature. As shown in the TEM
image, nanoparticles are in direct contact with each other. Fig. 3B
and D show close and ordered—nanoparticle films if without taking
into account the void area.

This journal is © The Royal Society of Chemistry 2014
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The synchronous scan spectra were performed at room
temperature on a RF—5301PC Spectrofluorophotometer (Shimadzu
Corporation, Japan) equipped with a 150 W Xenon lamp, a recorder
and dual monochromators (ESIT). The sample was adjusted under
the condition of 45°-angle geometry in the direction of light. The
enhanced light spectra of excitation were obtained at the wavelength
of 636 nm and the enhanced light spectrum of emission at the
wavelength of 515 nm. The enhanced light spectra of the Au-PS
asymmetric particles Janus films are shown in Fig. 4a. The
maximum enhanced spectra intensity of excitation and emission are
at the wavelength of 598 nm and 637 nm, respectively. This similar
result on AgNPs was also demonstrated by Lukomska J et al."*

The enhanced light spectra of excitation and emission are overlap.
In order to eliminate the interference influence of adjacent peaks and
obtain the sharp, simple and precise value of enhanced light spectra

intensity, the synchronous scan spectrometry always is made.
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Fig. 4 (a) Enhanced light spectra of excitation (dot line, Aem=636
nm) and emission (solid line Aex=599 nm) spectra of the Au-PS
asymmetric particles films on the quartz glass; (b) Synchronous scan
spectra of the Au—PS asymmetric particles films on the quartz glass
(solid line) and quartz glass (dot line, AA=57 nm).

The enhanced light spectra of the Au-PS asymmetric particles
films on the quartz glass and quartz glass is shown in Fig. 4b. The
surface light spectrum peaks of quartz glass are slight. However, the
nanoparticle films on a quartz substrate prepared in the presence of
PS—Au shows a sharp enhanced light peak centred at the wavelength
of 634 nm. It is due to the large surface plasmon characteristics of
these films®.

In conclusions, we present a facile methodology for
preparing ordering metal nanoparticles into a gold nanoparticles
monolayers Janus film. AuNPs and PS-SH were obtained
firstly. Then the gold nanoparticles react with the polystyrene-
thiols groups at interface between the oil phase and water due
to the hydrophilic polystyrene extending to aqueous phase from
toluene. Due to the addition of alcohol, the destabilized gold
nanoparticles are adsorbed into an interface where the surface
of entrapped Au nanoparticle was in situ coated with the thiol—
terminated polystyrene consisting in a transition toluene layer.
After toluene evaporation, the monolayer gold nanoparticles
film was obtained. The neatly arranged gold particles have been
observed by TEM and SEM on this nanoparticles Janus film.
Due to introduction of functional polystyrene-thiols and orderly
nanoparticles, the synchronous scan spectra show the enhanced
light source of gold nanoparticles
monolayers Janus film. It is expected that there would be facile

spectrum properties

preparation of this Janus film, and tremendous scope for

This journal is © The Royal Society of Chemistry 2014
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applications of this ordering and surface functionalizing, such
as in electronic, optical and sensing devices.

We gratefully acknowledge support from National Natural
Science Foundation of China (Grant no. 51203088), Innovative
Foundation of Shanghai University and Special Research
Foundation of Selecting and Cultivating Excellent Young
University Teachers in Shanghai.

Notes and references

School of Materials Science & Engineering, Shanghai University,
Shanghai 200444, China.

Email: liyunbo@shu.edu.cn

1 Electronic Supplementary Information (ESI) available: [Detailed
chemicals and materials, preparation of AuNPs, synthesis of PS and
PS-SH, self-assembly of AuNP Janus film at liquid—liquid interface
and characterization]. See DOI:

References

1 Auyeung, E.; Li, T. L; Senesi, A. J.; Schmucker, A. L.; Pals, B. C.; de
la Cruz, M. O.; Mirkin, C. A. Nature. 2013, 505, 73—77; Rozenberg,
B.; Tenne, R. Prog. Polym. Sci. 2008, 33, 40-112; Nie, Z.; Fava, D.;
Kumacheva, E.; Zou, S.; Walker, G. C.; Rubinstein, M. Nat. Mater.
2007, 6, 609-614.

2 Storha, A.; Mun, E. A.; Khutoryanskiy, V. V. RSC Adv. 2013, 3,
12275-12279.

3 Mohammed, F.; Cole, S. R.; Kitchens, C. L. ACS Sustainable Chem.
Eng. 2013, 1, 826-832.

4 Nam, J.; Won, N.; Jin, H.; Chung, H.; Kim, S. J. Am. Chem. Soc.
2009, 131, 13639-13645; Ma, H.; Tian, P.; Pello, J.; Bendix, P. M.;
Oddershede, L. B. Nano Lett. 2014, 14, 612-619.

5 Park, Y. K.; Yoo, S. H.; Park, S. Langmuir. 2007, 23, 10505-10510.

6 Mayeda K. M.; Kuan W. F.; Young W. S.; Lauterbach J. A.; Epps T.
H. Chem. Mater. 2012, 24, 2627-2634

7  Hu, J.; Zhou, S.; Sun, Y.; Fang, X.; Wu, L. Chem. Soc. Rev. 2012,
41, 4356-78; Walther, A.; Miiller, A. H. Chem. Rev. 2013, 113, 5194-
5261.

8 Kim, H.; Carney, R. P.; Reguera, J.; Ong, Q. K.; Liu, X.; Stellacci, F.
Adv. Mater. 2012, 24, 3857-3863; Li, W.; Gunton, J. D. Langmuir.
2013, 29, 8517-8523.

9 Saha K.; Agasti S. S.; Kim C.; Li X. N. Rotello M. V. Chem. Rev.,
2012, 112, 2739-2779; Huang, C. C.; Yang, Z.; Lee, K. H.; Chang, H.
T. Angew. Chem. 2007, 119, 6948-6952.

10 Niidome, T.; Yamagata, M.; Okamoto, Y.; Akiyama, Y.; Takahashi,
H.; Kawano, T.; Katayama, Y. J Control. Release. 2006, 114, 343-347.

11 Busson, M. P.; Rolly, B.; Stout, B.; Bonod, N.; Larquet, E.; Polman,
A.; Bidault, S. Nano Lett. 2011, 11, 5060-5065.

12 Yang, J.; Chen, X.; Li, Y.; Luo, W.; Fu, R.; Zhang, M. Polym. Test.
2009, 28, 165-168; Li, Y. B.; Chen, X. D.; Zhang, M. Q.; Luo, W. A_;
Yang, J.; Zhu, F. M. Macromolecules 2008, 41, 4873-4880

13 Lukomska, J.; Malicka, J.; Gryczynski, I.; Leonenko, Z.; Lakowicz, J.
R. Biopolymers. 2005, 77, 31-37.

14 Brust, M.; Walker, M.; Bethell, D.; Schiffrin, D. J.; Whyman, R. J.
Chem. Soc., Chem. Commun. 1994, 7, 801-802.

15 Reincke, F.; Hickey, S. G.; Kegel, W. K.; Vanmacekelbergh, D.
Angew. Chem., Int. Ed. 2004, 43, 458-462; Duan, H.; Wang, D.;
Kurth, D. G.; Mohwald, H. Angew. Chem. Int. Ed. 2004, 43, 5639—
5642.

16 Reincke, F.; Kegel, W. K.; Zhang, H.; Nolte, M.; Wang, D.;
Vanmaekelbergh, D.; Mohwald, H. Phys. Chem. Chem. Phys. 2006, 8,
3828-3835.

RSC Advances, 2014, 00, 1-3 | 3



