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The versatile layer-by-layer (LbL) approach has been used for the synthesis of polyelectrolyte-coated
gold nanorods. The simple process first involves the synthesis of gold nanorods by our previously published
three-step seed-mediated protocol. The presence of a bilayer of the surfactant cetyltrimethylammonium
bromide (CTAB) on the gold nanorod surface imparts a net positive charge to the nanorods. Alternate
adsorption of anionic and cationic polyelectrolytes on these positively charged gold nanorods leads to
the formation of polyelectrolyte multilayers around the nanorods. These coated gold nanorods have been
characterized by UV vis spectroscopy, zeta potential measurements, and transmission electron microscopy
(TEM). Depending on the surface chemical functionality of the coated gold nanorods, they have been
selectively immobilized onto either cationic or anionic surfaces. Scanning electron microscopy (SEM)
has been used to visualize the immobilized nanorods and to determine the nanorod density on flat surfaces.

Introduction that among the several routes available for the synthesis of

Interest in 1-D inorganic nanomaterials such as nanorods1-D metallic nanostructurés* the colloidal route offers
and nanowires stems from their shape-dependent optoelecgreat synthetic flexibility and the ability to vary numerous
tronic and surface propertiéghese properties hold inmense ~ParameterS. Studies pertaining to the role of different
potential for electronic® ¢ sensing® " use as barcodes for ~Parameters in metal nanorod synthesis, such as size and
bio|ogica| imagingz’ixj and so forth. Several routes for the nature of the Seeﬂ],surfactant tail |engtﬁf, additive ionSL'-:b’d
synthesis of nanorods and nanowires are availtidost ~ Solution pHz®and so forth, have been studied by us in great
of the routes commonly employ a template, rigid or soft, detail.
which induces anisotropic growth. Rigid templates such as The important role of the nanocrystal capping agent is
porous polymer films and alumina membrafies and brought out in several different research areas such as
mesoporous silica such as MCM34and carbon nanotubés chemical reactions on nanosurfaégspnstruction of nano-
have been used to synthesize a variety of metal andparticle thin films®<sensing, and biomedical applicatidtis.
semiconductor 1-D nanomaterials. The colloidal route gener- Complex organic molecules, functional thiols, and biomol-
ally uses a soft template or a surfactant as the directing agentecules such as DNA can be coupled to the nanoparticles for
wherein the nanorod growth is initiated by a photochendigal, ~many useful applicatiorfsHence, surface modification of
an electrochemicdf,or a seed-mediated methdwe believe ~ Nanoentities after their synthesis is an important step to
realize nanomaterial applications. The first step involved in
the surface modification of 1-D nanostructures requires
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Scheme 1. Schematic Diagram lllustrating the Layer-by-Layer (LbL) Coating Process of Gold Nanorods and Their Subsequent
Immobilization onto Functional Surfaces
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selective removal of the template (used for its synthesis) anionic and cationic polyelectrolytes onto oppositely charged
followed by surface modification. The groups of Mallouk, surfaces through electrostatic self-assembly. In our case, the
Keating, and others use different functional molecules, as-prepared gold nanorods are positively charged because
biomolecules, and polyelectrolytes to functionalize nanowire of the presence of a bilayer of CTAB.In this paper, we
surfaces, preceded by the removal of the rigid templéte.  show that CTAB facilitates electrostatic adsorption of an
our case, the presence of the positively charged cetyltri- anionic polyelectrolyte, poly(sodium-4-styrenesulfonate),
methylammonium bromide (CTAB) molecules on the gold PSS. Charge reversal is further utilized for the subsequent
nanorod surface functions as a stabilizing agent in addition adsorption of a cationic polyelectrolyte, poly(diallyldi-

to its initial use as a directing agent for nanorod synthesis. methylammonium chloride), PDADMAC, and the process
We have recently demonstrated that these CTAB-coated goldis continued to deposit polyelectrolyte multilayers. These
nanorods can be used “as is” for their organization onto coated gold nanorods have been characterized by-\i&/
planar surfaces via electrostatic interactiériBo further  spectroscopy, zeta potential measurements, and transmission
enhance the versatility of the gold nanorods, one could eitherelectron microscopy (TEM). The coated gold nanorods have
replace the CTAB coating or overcoat on top of the existing been preferentially organized onto either cationic (PDAD-
coating. Surface modification by thiols to nanorod edges has MAC-coated) glass slides or anionic (16-mercaptohexa-
been previously demonstratédt would be desirable to  docanoic acid (MHA) coated self-assembled monolayer,
modify the entire nanorod surface for different applications. (SAM) surfaces. These immobilized rods were visualized

The quest for achieving nanorod surface modification led by scanning electron microscopy (SEM). The entire process
us to consider the versatile layer-by-layer (LbL) approach

developed by the groups of DecH&rMohwald}! and
Carusd? and used extensively to coat different 2-D and 3-D
surfaces. This approach involves sequential deposition of
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is shown in Scheme 1. The LbL strategy utilized in this report ~ Formation of Monolayer-Coated Slides.Glass slides (dimen-

is an important step toward surface functionalization of gold sions: 3x 1 in. surface area) used for immobilization were cleaned
nanorods. These coated gold nanorods hold promise aghoroughly using piranha solution ¢§8O,:H20, = 3:1), rinsing in
building blocks for the synthesis of nano/superstructures, d€ionized water, and drying in flowing nitrogen.

complex films, and for different sensing applications. (a) Formation of Cationic Surface4.cn¥ pieces of these clean
glass slides were cut and further rinsed in deionized water and

immersed for cal h in PDADMAC solution (10 mg/mL in 1 mM
NaCl (aq)), washed in deionized water, and dried in flowing
Materials. Chloroauric acid (HAuGF3H;0), trisodium citrate, nitrogen.
sodium borohydride (NaB#), ascorbic acid, and 16-mercaptohexa-  (h) Formation of Anionic Surfaceslwo-hundred-nanometer-
decanoic acid (16-MHA) were obtained from Aldrich and used as thick gold films were sputtercoated onto the cleaned glass slides
received. The polyelectrolytes, poly(sodium-4-styrenesulfonate) after initially depositing a layer (10 nm) of chromium. 1Zpieces
(PSS),My, ~ 70000 g/mol and poly(diallyldimethylammonium  of these slides were cut and were immersed intc* M ethanolic
chloride) (PDADMAC),M,, ~ 15 000 g/mol, were obtained from  splution of 16-MHA for 24 h and thereafter rinsed with ethanol
Aldrich and used without further purification. Cetyltrlmethylam- and dried in f|0W|ng nitrogen.
monium bromide (CTAB) was obtained from Sigma and used as  |mmobilization of Gold Nanorods. The cationic and anionic
received. Sodium chloride (NaCl) was purchased from Fisher gyrfaces formed as mentioned above were immersed into the as-
chemicals. All the glassware was cleaned by aqua regia and rinsedhrepared and polyelectrolyte-coated gold nanorod solutions held
with deionized water prior to experiments. at pH 6.5 for a period of 4 h. The choice of pH comes from our
Synthesis of Gold NanorodsGold nanorods were synthesized  ggylier studies of nanorod immobilization, wherein the as-prepared
by the seed-mediated template-assisted protocol as has beepH ~ 6.5 is optimum for gold nanorod immobilization for MHA
described elaborately in our earlier publicatigisThis protocol (the K, of MHA ~5.2)8 Thereafter, the films were rinsed in
gives fairly monodisperse, stable gold nanorods (stabilized by a dejonized water (to remove unbound gold nanorods) and dried in
bilayer of CTAB)- that have lengths-500—600 nm and diameters flowing nitrogen.
~25-30 nm. This protocol produces a high percentage of gold  controls and Reproducibility Checks. Each experiment of
nanorods although small rods and other shapes (triangles andyqyelectrolyte coating of gold nanorods, TEM, zeta potential, and
spheres) are also pres_éht- - UV —vis measurements were repeated at least thrice to confirm
Polyelectrolyte Coating of Gold Nanorods (LbL Deposition). reproducibility of the data. Appropriate control experiments for
Aliquots of as-prepared (unpurified, containing excess CTAB) gold jmmopilization were carried out such as immobilization of poly-

nanorods were taken in 1.5-mL microcentrifuge tubes and centri- g|ectrolyte-coated gold nanorods on both cationic and anionic
fuged once at 8000 rpm for 6 min. A pellet of gold nanorods was g faces.

formed at the bottom of the microcentrifuge tubes. The supernatant
colorless solution (containing excess CTAB) was slowly removed
without disturbing the pellet. For polyelectrolyte coating experi-
ments, two pellets were combined to double the nanorod concentra- Polyelectrolyte coating of gold nanocrystals has been
tion. . studied in detail previously by Caruso and co-workéts.
Stock solutions of PSS and PDADMAC, both at 10 mg/mL  Thejr coating studies address parameters such as the polymer
concentration, were prepared in 1 mM aqueous NaCl solution. To v ye gncentration, chain length, particle diameter, and total
the microcentrifuge tubes containing the gold nanorod pellets, 1 salt concentration. To achieve polyelectrolyte coating of

mL of 1 mM NaCl was added simultaneously with 2000 of PSS itelv ch d ticl th | hould b
stock solution. After 30-min adsorption time, the excess polymer Oppositely charged nanoparticies, the polymers shou €

in the supernatant fraction was removed by centrifugation (8000 fl€xible and have a chain length comparable to the dimen-
rpm, 6 min), and the pellet was redispersed in 1 mL of 1mM Nacl Sions of the nanoparticle. Higher molecular weight polymers
solution. Successive repetition of this step was used to form correspond to larger polymer chain lengths. Hence, larger
polyelectrolyte multilayers. After a desired number of coatings was colloidal particles would require higher molecular weight
reached (1, 2, or 4 polyelectrolyte layers), the nanorod solution polymers and vice versa for optimal coating. It is well-known
was centrifuged twice and redispersed in deionized water. The goldthat a certain amount of salt is required to allow charged
nanorods were also redispersed in 1 mM aqueous NaCl solutionspolymer chains to be in an extended configuration. Shorter
for salt-dependent immobilization stu_dles (see below). The coated polymer chains need higher salt concentrations, compared
nanorods were stabl_e for weeks as judged by the absence of any longer polymer chains, to effectively wrap around an
color changes over time. oppositely charged nanoparticle. However, a high salt
Instrumentation. UV —vis spectroscopy was performed on a .
concentration would uncontrollably aggregate the nanopar-

Varian model Cary 500 Scan UWis spectrophotometer. Zeta . . .
potential measurements were performed on a Brookhaven Zeta-t'des' Furthermore, & high molecular weight polymer induces

PALS instrument. Transmission electron microscopy (TEM) mea- _aggregation of nanoparticl_es through bridgthé. Consider-
surements were performed on a Hitachi H-8000 TEM instrument ing all these factors, a delicate balance of these parameters
operating at an accelerating voltage of 200 kV. For TEM, samples iS essential to prevent flocculation, insufficient coating due
were prepared by placing a:8- drop of the purified gold nanorod ~ to the polymer rigidity, and salt-induced alteration in the
solutions on carbon-coated copper grids and drying for 1 h. screening lengtf?!* Gittins et al. demonstrate that a low
Scanning electron microscopy (SEM) measurements of the gold sa|t concentration (1 mM) and a polymer range of-28
nanorods immobiliz_ed onto q_ifferent functional §urfaces (see below) kD3 are ideal for coating nanoparticles of size30 nm2?

was performed using a Philips XL 30 ESEM instrument. Images
were recorded at various magnlflcgtlons._ SEM r_n_easurements were(14) (a) Kunze, K.-K.: Netz, R. RPhys. Re. Lett. 2000 85, 4389. (b)
also used to determine the density of immobilized nanorods by Netz, R. R.; Joanny, J.-FMacromolecules1999 32, 9026. (c)
counting individual nanorods in the image. Chodanowski, P.; Stoll, SI. Chem. Phys2001, 115, 4951.

Experimental Section

Results and Discussion
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20 B wherein they demonstrate the polyelectrolyte multilayer

coating of spherical gold nanopartichs? The red-shift is
indicative of a higher refractive index surrounding the
nanorods (organic polyelectrolyte compared to water). Gold
nanorods exhibit transverse as well as longitudinal surface
plasmon band¥:52As explained in the Experimental Section,
along with high aspect ratio gold nanorods, the synthetic
protocol yields a small number of lower aspect ratio rods
and other shapes such as triangles and spRefémse other

60

30

=30

Absorbance
/“/ZZ‘ >
(- potential (mV)

\/ 604 shapes gave rise to additional bands at ca. 800 and 1200
nm?3" Hence, to simplify the analysis process, we have
-90 chosen to study only the shifts in the transverse plasmon
. e band as a function of polymer adsorption.
400 500 600 0o 1 2 3 4 5 . . .
Wavelength (nm) Number of layers One of the prerequisites for the sequential deposition of

_ _ ) oppositely charged polyelectrolytes onto surfaces is charge
Figure 1. (A) UV —vis spectra of gold nanorods as a function of polymer

coatings: curve 1: uncoated as-prepared gold nanorods; curve 2: one Iayelre\_/e_rsal after each ste_p of pOI_ymer depost)fh'_he most

of PSS; curve 3: two layers of polymer (PSSPDADMAC); curve 4: efficient way to determine this is by zeta potential measure-

tf:(reeI layerS( 0; gglymer (PS’BC PDASDg/IAC + PSS):Cguge 5: four |af¥ef3 ments at each stage of polymer coating (Figure 1B). The

of polymer (P PDADMAC + PSS+ PDADMAC). Curves are offset . -ee -

for clarity. (B) Zeta potential Q) data for gold nanorods as a function of zeta potential of as-prepared gold nanorgds (purified) is ca.

polymer coatings. +30 mV because of the presence of a bilayer of CTAB on
the nanorod surface. It can be clearly seen that there is charge

reversal upon sequential polymer adsorption.

Direct visualization of polymer coating of the gold
nanorods can be achieved by TEM measurements. Figure 2
A—D shows the high-magnification TEM micrographs of
the gold nanorods coated by different layers of polyelectro-
lytes. It can be clearly seen that the gold nanorods are
uniformly coated by the polymer (a faint layer surrounding
the darker rods). A rough estimate of the thickness of the
polymer coating of gold nanorods can be made from the
TEM images. After one layer of polymer coating (PSS), a
diffuse polymer layer can be seen that has a thickness of
~3 nm. This thickness increases+® nm after four layers
of polymer coating. Caruso et al. observe similar small
increases in the size of the polymer-coated nanoparticles that
were characterized using analytical ultracentrifugat@ithe
nanorods are individually coated by the polymer and are not
coated as aggregates. Such aggregate coating was observed

As the gold nanorod dimensions in our case are-53D
nm in length and 2530-nm thickness, we have chosen our
polymers with these characteristidsl{ ~ 15000-70000
g/mol and salt concentrations 1 mM).

As mentioned in the Experimental Section, the as-prepared
positively charged gold nanorods were first coated with a
layer of anionic polymer PSS. Subsequently, multilayers of
oppositely charged polymers were formed (PDADMAC
PSS-PDADMAC...). The UV-vis spectra of the gold
nanorods as a function of different polymer coatings are
shown in Figure 1 A. The absorption peak around 500 nm
is due to the transverse surface plasmon band of the gold
nanocrystald® It can be seen that there is a small red-shift
(~6 nm) in the plasmon band maxima as a function of the
number of polymer coatings (502 nm for as-prepared gold
nanorods, curve 1; 505 nm after first layer of polymer, curve
2; and finally to 508 nm for four layers of the polymer, curve
5). It is well-known that as the local dielectric function .
increases, it results in a red-shift of the nanocrystal plasmonfor high molecular PDADMAC MW ~.10 0006-20 0000
band!® The small shift observed by us is consistent with g/mol) (SL_JppIementary Information Figure Sl)_' N
the changes in the local refractive index from that of water e main advantage of polymer-coated rods is their ability
(n = 1.33) to that of polyelectrolyten(~ 1.5) upon polymer {0 be utilized as either cationic or anionic functional entities,
adsorption. Furthermore, the peak wavelength shift is highly POssibly with variable charge densities. Recently, we have
sensitive to the amount of material adsorbed to the particle démonstrated the use of the intrinsic charge on the as-
surfaces Thus, UV-vis spectroscopy can be used as a tool Prepared gold nanorods (because of the presence of CTAB)
to monitor the deposition of polyelectrolyte multilayers. The (0 electrostatically organize them onto acid-terminated self-
plasmon band does not show any broadening, thus ruling@ssembled monolayer (SAM) filmisPolymer coating of
out any possible aggregation of the nanorods upon polymercationic gold nanorods makes possible the selective im-
adsorption. Gittins et al. observe a blue-shift in their Mobilization onto both cationic (PDADMAC-coated glass
nanoparticle plasmon band because of polymer unwrapgiing. Slide) or anionic (MHA-SAM) surfaces. Furthermore, the
The absence of such a plasmon band blue-shift in our case?bility to organize the coated rods onto either conducting
suggests that the polymer does not unwrap from the coategSurfaces such as gold and nonconducting surfaces such as
nanorods. These small red-shifts in plasmon band maximaglass strengthens the utility of such coated nanorods. As

are consistent with the work of Caruso and co-workers €xplained in the Experimental Section, functional surfaces
were formed by coating the glass slides by a layer of
(15) (a) Mulvaney, PLangmuir1996 12, 788. (b) Alvarez, M. M.; Khoury, PDADMAC (cationic surface) or bY_ formation of an MHA
%hT.;Sénaaf, E%;Sl%alﬂ%t%g, l\(/l.)NL.J; \éezmaral.;SWfll\ittlen, RJL-P SAM on the gold-coated glass slides. These slides were
ys. Chem. 4 . (c) Underwood, S.; Mulvaney, P. . P .
Langmuir 1994 10, 3427, (d) Henglein, A.: Mulvaney, P.: Linnert, further immersed into aqueous solutions of gncoated and
T.; Holzwarth, A.J. Phys. Chem1992 96, 2411. coated gold nanorods held at pH6.5 for a period of 4 h.
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Figure 2. TEM micrographs of gold nanorods as a function of number of polymer layers. (A) One layer of polymer (PSS); (B) two layers of polymer (PSS
+ PDADMAC); (C) three layers of polymer (PSS PDADMAC + PSS); (D) four layers of polymer (PS8 PDADMAC + PSS+ PDADMAC). The
scale bar in B-D is 20 nm.

In our earlier report, we had observed the immobilization of with the overall charge on the nanorods as evidenced by their
gold nanorods to be pH dependent and found that the as-zeta potential measurement (Table 1).
prepared gold nanorod pH of 6.5 was ideal for immobiliza-  Immobilization of gold nanorods was also carried out in
tion onto MHA SAM surface§ Hence, we have maintained the presence of salt. Salt should screen electrostatic interac-
this immobilization condition. tions and therefore reduce the amount of nanorods im-
Figure 3 shows the SEM micrographs of the as-prepared, mobilized. As explained in the Experimental Section, the
cationic gold nanorods immobilized onto the anionic MHA gold nanorods after the coating stage are centrifuged and
SAM (Figure 3A), one layer of polymer (PSS) coated gold rinsed twice. To study the salt effect, the purified rods were
nanorods immobilized onto PDADMAC-coated glass slide redispersed in aqueous 1 mM NaCl solutions instead of
(Figure 3B), and two layers of polymer (PSSPDADMAC) deionized water. The cationic and anionic functional surfaces
coated gold nanorods immobilized onto MHA SAM (Figure (PDADMAC-coated glass slide and MHA SAM surface)
3C). Attractive electrostatic interaction between CTAB- were furtherimmersed in these gold nanorod solutions. After
coated nanorods and the anionic surface (Figure 3A), PSS-4-h immobilization, the slides were rinsed in deionized water
coated nanorods and the PDADMAC-coated slide (Figure and dried in flowing nitrogen and further studied by SEM
3B), and PDADMAC-coated nanorods and the anionic SAM measurements (data not shown for brevity). Nanorod density
surface (Figure 3C) is responsible for immobilization. By Was calculated by counting individual nanorods. The results
inspection, the images clearly show an increased density ofindicate that the density of immobilized gold nanorods in
immobilization of polyelectrolyte-coated gold nanorods the presence of salt was less than that in the absence of the
(Figure 3B, C) compared to the as-prepared gold nanorodssalt, further supporting the electrostatic nature of the im-
(Figure 3A). The density increases from ca. 11.9 reaé/  mobilization process (Table 1).
(Figure 3A) to ca. 15.3 rodsi? (Figure 3B) and 15.03 rods/ Appropriate control experiments were carried out to
um? (Figure 3C), respectively. Furthermore, the absence of compare electrostatic immobilization versus nonspecific
clumping/aggregation of the nanorods upon immobilization adsorption. For this purpose, a cationic functional surface
further increase the utility of these nanorod-coated surfaces(PDADMAC-coated glass slide) was immersed in an aqueous
for different sensing applications that require uniformly solution of gold nanorods coated with two layers of the
coated surfaces. The comparison of the type of gold polymer (PSS+ PDADMAC). Electrostatic repulsion be-
nanorods, their overall zeta potential, and their immobiliza- tween the similarly charged substrate and the coated nanorods
tion density has been outlined in Table 1. The variation in resulted in a low-density surface coverage of aggregated
the density of nanorod immobilization is possibly correlated nanorods. A representative SEM image is shown in supple-
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SAM-coated gold film; (B) one-layer PSS-coated gold nanorods immobilized onto PDADMAC-modified glass slide; (C) two layers of polymer (PSS
PDADMAC) coated gold nanorods immobilized onto MHA SAM-coated gold slide.

Table 1. Parameters Obtained for Polyelectrolyte-Coated Gold Nanorods and Their Immobilization onto Planar Functional Surfaces

zeta density of immobilized
surface group on gold nanorods potential ) mV immobilization surface rods (rodstm?)
CTAB (nanorods suspended in deionized water) +29.5+5 MHA SAM 11.944+1.25
one polymer layer (PSS) (nanorods suspended in deionized water) —90+ 2 PDADMAC-coated glass slide 1581.7
one polymer layer (PSS) (nanorods suspended in 1 mM NacCl) —59.15+ 5.38 PDADMAC-coated glass slide 13430.9
two polymer layers (PS$ PDADMAC) (nanorods suspended in deionized watefp4.11+ 3.23 MHA SAM 15.03+ 1.07
two polymer layers (PS$ PDADMAC) (nanorods suspended in 1 mM NaCl) +55.32+2.1 MHA SAM 13.05+ 0.55

mentary information Figure S2. A similar experiment with density of gold nanorod immobilization can be controlled
anionic surface (MHA SAM surface) and PSS-coated na- by simple salt addition. The LbL strategy for surface

norods gave an analogous result. modification greatly broadens the applicability of the gold
nanorods. This study opens up an entire new series of
Conclusion applications such as synthesis of nanorod superstructures,

d complex films, and use of coated nanorods for different

A simple process for altering the surface properties of gol X >
) sensing applications.

nanorods has been achieved by the layer-by-layer (LbL
assembly of polyelectrolytes. The polymer coating of the gold

nanorods has been monitored by the surface plasmon red- Acknowledgment. We thank Dr. M. L. Myrick for making
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reversal at each polymer adsorption stage, as observed by

zeta potential measurements, suggests successful polymer Supporting Information Available: TEM image of one layer
multilayer coating of the gold nanorods. The thickness of of high molecular weight PDADMACNI,, ~ 10 000G-20 0000)

the polymer coating increases as a function of polymer On PSS-coated gold nanorods (S1). SEM image of nonspecific
coating cycles as evidenced by TEM measurements. Thesgtdsorption of gold nanorods onto similarly charged surface (S2).
coated gold nanorods were selectively organized onto This material is available free of charge via the Internet at
conducting (gold-coated glass slides) and nonconducting"tP/Pubs.acs.org.

(polymer-coated glass slides) anionic/cationic surfaces. TheCM048297D



