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Abstract: We report a predefined self-organization of gold nanorods (NRs) end-terminated with multiple
polymer arms (“pom-poms”) in higher-order structures. The assembly of polymer-tethered NRs was controlled
by changing the structure of the polymer pom-poms. We show that the variation in the molecular weight of
the polymer molecules and their relative location with respect to the long side of the NRs resulted in two
competing association modes of the nanorods, that is, their side-by-side and end-to-end assembly, and
produced bundles, chains, rings, and bundled chains of the NRs. The superposition of the two variables
controlling the organization of NRs allowed us to create a map showing the variation in the longitudinal
plasmonic bands of the NRs achieved by their self-assembly.

Introduction demonstrated, e.g., the self-assembly of Janus nanoparticles
Recently, a great number of publications have reported ©F nanoparticles tethered with amphiphilic block copoly-
the synthesis and fabrication of nanoparticles comprising either Mers+**°
inorganic and organic constituents or several distinct inor- The organization of multicomponent nanoparticles with
ganic components:® The chemical heterogeneity of the nano- asymmetric shapes such as metal and semiconductor nanorods
particles allowed their organization in complex, predictable (NRs) brought directionality to the self-assembled structures and
structures by the use of preferential interactions between specificallowed for the coupling of their size- and shape-dependent
nanoparticle constituents and by the production of ener- Optical and electronic properties, e.g., band gap, absorption,
getically favorable structurésThe self-assembly strategies emission, and conductivitif*® The tethering of inorganic NRs
employed conceptual similarity between multicomponent With organic molecules led to nanoparticle organization in a
nanoparticles and their molecular analogues such as liquid Proad range of structures by using chemical or physical binding
crystals, surfactants, or block copolyméré* Several of the organic tether®24 These strategies favorably comple-
striking examples of “supramolecular” organization have been
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Schematic of the model pom-pom ABA triblock copolymer
comprising a gold NR stabilized with a bilayer of CTAB and tethered at
both ends with polystyrene molecules. The schematic is not to scale.

Figure 1.

Results and Discussion

We used gold NRs coated with a bilayer of cetyl trimethy-
lammonium bromide (CTAB) and end-terminated with poly-
styrene molecules. Gold NRs with the respective mean length
and diameter of 4& 2 nm and 10+ 2 nm were prepared by
following the procedure of Nikoobakht and El-Sayethat was
scaled up to obtain a 100 mL dispersion of the nanorods (see
the Supporting Information). Thiol-terminated polystyrene{PS
SH) molecules with the number-average molecular weights of
5000, 12 000, 20 000, 30 000, and 50 000 (later in the text
referred to as PS-5K, PS-12K, PS-20K, PS-30K, and PS-50K,
respectively) were synthesized by anionic polymerizatfon.

mented other methods of NR organization, e.g., the use of preferential binding of CTAB along th€100G facet of the

templates and external field%.2°

longitudinal side of the NRs left their ends (th&11} facets)

Recently, we proposed a block copolymer approach to the deprived of CTAB and allowed for the binding of PSH

self-assembly of inorganic NRs terminated with polymer
molecules at both ends (illustrated in Figure'iThe strategy
for the organization of these building blocks originated from
their striking resemblance to “pom-pom” ABA triblock copoly-
mers in which two blocks comprising multiple arms are linked
to a linear polymer block? The self-assembly of nanored
polymer structural units (later in the text referred to as
“triblocks”) was triggered by changing the selectivity of solvents
for the hydrophilic central inorganic block and the hydrophobic
polymer end blocks!

To the best of our knowledge, the control of the self-
organization of pom-pom triblock copolymers by changing their

ligands to the ends of NR&3.Using the method described
elsewheré! we estimated the number of PS molecules grafted
to each end of the NRs to be 30, 22, 19, 17, and 14 for PS-5K,
PS-12K, PS-20K, PS-30K, and PS-50K, respectively. We also
verified that in the triblock solution in dimethyl formamide
(DMF), polymer chains form brushes at the ends of NRs (see
the Supporting Information, Table S¥)3Polymer-terminated
NRs were readily dispersed in DMF, a good solvent for both
CTAB-stabilized block and PS molecules (the second virial
coefficient, A, of PS-DMF, and Flory-Huggins interaction
parameters,y, are 3.5 x 107 mol cn® g2 and 0.46,
respectively 41

The self-assembly was triggered by adding water to the

structure has not been reported; however, the self-assembly ofyq|,tion of triblocks in DMFE. To avoid the fast aggregation of
amphiphilic oligomers comprising a rigid segment end- triplocks, DMF/water mixture was added dropwise into the
terminated with flexible molecules has been manipulated by sojution of triblocks in DMF. The concentration of nanorods
varying the type and the length of the pom-pom molecéte¥. in the DMF/water mixture was ca. 0.0075 mg. L. Following

For example, amphiphilic dumbbell-shaped molecules were the addition of water, the mixture became a poor solvent for
organized into spherical or toroidal micelles or planar network the PS blocks but remained a good solvent for the hydrophilic
structures by varying the architecture of the dendron blocks CTAB-stabilized metal blocks. The reducing quality of solvent
attached to the central rigid segmétit34 for the PS constituent caused triblock association: the binding

In the present paper, we report the effect of the structure of Of the polymer molecules of the neighboring NRs reduced the
the polymer pom-poms on the organization of polymer-tethered Surface energy of the systet2
gold NRs in the range of supramolecular structures. The In the first series of experiments, we examined the effect of
structure of the polymer blocks was controlled by varying their the molecular weight of PS on the self-assembly of triblocks in
molecular weight and the quality of solvent for the polymer DMF/water mixtures with a fixed concentration of wat€ky
molecules. The supramolecular assembly was governed by the= 8 Wt %. Figure 2 (left column) shows the schematics of the
competition between the end-to-end and side-by-side associatiof?ClymMer pom-pom at the NR end. The starlike structure of the
of polymer-terminated NRs and resulted in the controlled POM-POM polymer block allowed PS chains to form a corona

variation of the plasmonic properties of NRs, reflected in a 3D aroung_ the :—:‘nds tohf tTe NFZ W:th .g fra;:tlt(;]n (:J‘RPQSN{::ams
plasmonic graph. spreading along the longitudinal side of the i

increasing molecular weight of PS (that is, with increasing length
of PS molecules), the extent of coverage of the longitudinal
side of the metal block by polymer chains increased. The central
and the right columns in Figure 2 show the schematics of
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Figure 2. Left column: Schematics of the relative location of PS molecules with varying molecular weight with respect to the central gold block. Central
column: Schematics of the self-assembled structures of triblocks when water is added to the solution of NRs in DMF. The schematics are not b scale. Rig
column: scanning electron microscopy (SEM) images of the self-assembled structures of triblocks carrying PS-5K (b), PS-12K (c), and PS-30K (d) in a
water/DMF mixture with 6 wt % water. Scale bar is 100 nm.
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Figure 3. Left column: Schematics of the relative location of PS molecules with respect to the central gold block in water/DMF mixtures with varying
water content. Central column: Schematics of the self-assembled structures of triblocks with 50K-PS. The schematics are not to scale. Ri@&kblumn:
images of corresponding assembled structures of triblocks with 50K-PS in water/DMF mixture with 4 wt % water (b), 10 wt % water (c), and 20 w% water
(d). Scale bar is 100 nm.

association modes and the experimentally observed self-as-the long faces of the NRs to their edges. The change in the
sembled structures of triblocks, respectively. For short PS relative location of PS molecules reduced the energy of the PS
molecules (PS-5K) no self-assembly of triblocks occurred, solventinterface and decreased the energy of the CIgB/ent
whereas with increasing molecular weight of PS the triblocks interface. The resulting association modes of triblocks and
organized into chains. Under particular conditions (see below) experimentally observed structures are shown in the middle and
the chains of triblocks formed rings. Further increase in the right columns, respectively, in Figure 3.
coverage of the long side of the NR block with PS molecules  The results of the systematic study of the self-assembly of
led to both end-to-end and side-by-side assembly of triblocks triblocks are presented as a phase diagram (Figure 4)C{yor
and the formation of bundled chains. < 3 wt %, the triblocks carrying PS molecules with different
In the second series of experiments, we varied the fraction molecular weights exist as individual entities: the energy gain
of water, Cy, in the solution of NRs end-terminated with PS due to the linkage of PS chains of the neighboring nanorods
molecules with a particular molecular weight. Figure 3 (left was insufficiently high for the entropy loss due to triblock
column) shows that with increasing amount of water added to association. At the content of water of 4 wt %, the triblocks
the solution of NRs in DMF, the PS molecules relocated from carrying PS-5K remained nonaggregated; however the triblocks

J. AM. CHEM. SOC. = VOL. 130, NO. 11, 2008 3685
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triblocks underwent end-by-end self-assembly in chains com-
20‘\‘ o O O O o prising a single NR in the cross-section (Figure 3d).
' c - Furthermore, to examine the competition between the side-
15410 O (0] O .--="" ¥ by-side and end-to-end assembly modes of triblocks, we
3 L ’,/’ BC determined the average side-by-side and end-to-end aggregation
E w0d b o o ,%' - % numbersNs-s and Ne—¢, respectively, that were characteristic
3 “R ':<>“ K for the types of structures observed in the present work. To
© A \(«0 ) » X % find Ns-s we used the equatioNs—s = (3=, NiNi/Y = )
5 R A B~ - where n; is the number of aggregates in whidh triblocks
% Sg\"%““% _________ g - assembled side-by-side. (In the case of bundled chains, we
0 —— countedN; for n; fragments with the length of one triblock in
0 10k 20k 30k 40k 50k the direction of the long axis of each chain.) The valueNot
M_(g/mol) were found afNe e = (¥;—; Ni/X) whereX is the number of

_ _ chains. Figure 5a shows the variationNg-s and Ne—¢ @s a
Figure 4. Phase diagram of the self-assembly of meflymer triblocks function of the molecular weight of PS f@y = 6 wt %. The
with varying length of hydrophobic blocks in water/DMF mixtures. Key: . W o
S, single NRs; R, rings with chains; C, chains: B, bundles; BC, bundled Valu€ OfNs_s |ncr§ased and .the valye bE-. decreased with
chains. The established morphological boundaries (dashed lines) do notthe molecular weight of PS increasing from 12 000 to 50 000.
reflect precise transition conditions. The concentration of nanorods in the (For PS-5K, no end-to-end or side-by-side self-assembly oc-
. -1 ’
DMF/water mixture was ca. 0.0075 gl curred, yielding values of botis_s andNe_ equal to 1.) Figure
5b shows the effect of the concentration of water in the DMF/
Ywater mixture on the variation ifNs—s and Ne_e for PS-50K.
With increasing concentration of wate¥s_s decreased from

comprising PS-12K assembled in the nanochains by connectin
two PS ends (Figure 2c). The triblocks with polystyrene blocks

of larger molecular weights (PS-20K, PS-30K, and PS-50K) ca. 2.8to ca. 1.1 and._c increased from ca. 2 to ca. 38. Overall

;zowﬁd prefler_er][trllal f&de-k;_y -S|d$bass;jelmbly Irt] bléndflesh (Flgurea strong anticorrelation of side-by-side and end-to-end aggrega-
)- We explain the formation of bundles, instead of chains or tjon was observed: the factors that favored end-to-end self-

bundied chains, by the repulsion between PS molecules squeezeéssembly reduced the number of triblocks associated side-by-
against each other in the central part of the polymer corona. side. We note that the side-by-side assembly of triblocks
Because of the small spacing between these high-molecular-Olominated only in a very narrow range of water cont€y (-
weight PS molecules, the three-body repulsion between theirg_, \\+ %). At higher values oCw, the aspect ratio of the

chains was stronger than the two-body attractfor{The self-assembled structures increased and the end-to-end assembly
characteristics of PS molecules grafted to the edges of NRs arg,aqe NRs dominated chains.

provided in the Supporting Information.) Hence, upon the end-

:ﬁ-end rap;]prorach I?fo':rlblochks, tESrngshesnltrrl thte (F:)esntzl Ip art|0forganized in the chains determines the extent of coupling of
€ corona repetied each other. by contrast, OIECUIES 2 smonic properties of the NRs, we examined the effect of

atta_chetd to rt]heﬂpq)enphe(;ytr(])f tthe I\IlORdedgtets wt_ere not Sqtueeze(%olecular weight of PS molecules on the distance between the
against each other, an € two-body attraction was Strongery,yq o adjacent NRs. Images in Figure-8ashow a notable

than_the threg-body repulsidh(_:ausing aqlhe_rence bt_etween these increase in the spacing between the nanorods end-tethered with
sections of trlblock§ and Iegdlng to thelr S|de-by-S|dg assembly. PS molecules with varying molecular weights and organized
We note that the S|de-_by-3|de association of NRs did not OCCUTin chains. Figure 6d shows that the average end-to-end distance,
for the nanorods carrying PS blocks with low molecular weight D, between the neighboring NRs increased with molecular
(PS-5K and PS-12K) because of the short length of polymer
molecules.

Furthermore, since the distance between the metal blocks

weight of PS, due to the increase in the amount of the polymer
confined between the ends of NRs. The distafzebetween

For 6 wt %< Cw < 8 wt %, a large fraction (up to ca. 50%) the ends of NRs increased at higher water content, due to the
of the triblocks carrying PS-12K formed rings (shown in inset relocation of PS molecules from the longitudinal facets to the
in Figure 2c) by the enclosure of the linear nanochains. For space between adjacent NRs. The conformation of PS molecules
triblocks comprising PS molecules with higher molecular between the NR ends was characterized as the variation in
weights, the polymer pom-pom partly spread over the long facet D/(2[R,[) with [Ry[{Figure 6e) wheréRy(is the estimated mean-
of the NR block and aCy =6 wt % the combined side-by-  square end-to-end distance of the PS cha@®y = bNY2where
side and end-to-end association of triblocks yielded bundled b is the Kuhn lengthl{= 18 A for polystyrene)N is the number
chains (shown in Figures 2d and 3c). The bundled chains wereof Kuhns segments of lengt*! and factor 2 inD/(2[Ry0) is
rigid and did not favor the formation of rings, due to the high used because the distarideéncludes PS from two ends of the
energy cost of the bending of stiff chains. With increasihg NRs). In Figure 6e, the values Bf(2[(R,0) < 1.15 indicate that
the hydrophobic polymer chains were pulled away from the in the self-assembled triblock chains the PS molecules at the
longitudinal facet of the NRs to the region between the ends of ends of NRs were in the collapsed state partly because of
the NRs, in order to reduce the total interfacial energy between decreasing grafting density of polystyrene molecttes.
the three phases of solvent, polystyrene, and CTAB. Therefore, Finally, we examined the effect of the structure of PS pom-
for Cw = 15%, the difference in the self-assembly of NRs poms on the variation in the plasmonic properties of self-
carrying PS molecules with different molecular weights was assembled NRs. On the basis of the results of SEM and TEM
removed: because of the reorganization of the PS moleculesimaging (Figures 2 and 3; also see the Supporting Information,
and a large unfavorable interaction of PS with the solvent, all Figures S1 and S2) and earlier theoretical and experimental

3686 J. AM. CHEM. SOC. = VOL. 130, NO. 11, 2008
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Figure 5. (a,b). Variation in the average aggregation numbiss and Ne—e, characteristic for the side-by-side and end-to-end association of triblocks,
respectively, plotted as (a) a function of the molecular weight of PS in the DMF/water mixt@g &t 6 wt % and (b) a function of the concentration of

water concentration in the DMF/water mixture for the NRs end-terminated with PS-50K.
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Figure 6. (a—c) Transmission electron microscopy (TEM) images of self-assembled nanochains of nanorods end-terminated with PS-5K (a), PS-12K (b),
and PS-50K (c) in a water/DMF mixture witiy = 15%. Scale bar is 50 nm. (d) Variation of the average end-to-end distance between adjacent NRs of
assembled chaing), at Cw = 15% (©) and 20% [O) plotted as a function of number-average molar mass of PS. The valugsvefe found by image

analysis of the TEM images. (e) Variation of the distari2enormalized by mean-square end-to-end distance oDRB[Ry[) at Cw = 15% (©) and 20%

(O) plotted as a function of mean-square end-to-end distdiRgg], of PS chains.
findings?+4> we expected to observe a blue shift in the with PS-5K at water content values of 4 and 6 wt % showed an
longitudinal plasmonic band of the NRs assembled side-by-sideinsignificant shift indicating that the triblocks existed as
and a red shift in the longitudinal plasmonic band of the end- individual species (the shift of ca. 2 nm occurred due to the
to-end assembled NRs. Both shifts were attributed to the change in dielectric constant of the solvent). @4 > 10 wt
coupling of the plasmons of the two interacting neighboring o5, the spectrum of the same triblocks featured a 35 nm red
NRs. Figure 7a,b shows representative spectra of the NRs endxpift of the longitudinal plasmonic band, confirming the
terminated with PS-5K and PS-50K, respectively. In both t3mation of chains. For triblocks with PS-12K, the red shift
graphs, the vertical dotted line shows the spectral position of ¢ o longitudinal plasmonic band was as large as ca. 180 nm,
the individual polymer-tethered NRs in the DMF solution. In because of the formation of long chains of NRs (see the
Figure 7a, a longitudinal plasmonic band of the NRs stabilized Supporting Information, Figure S3). The extent of red shift
decreased with increasing valuesGyf, owing to the increasing

(44) Jain, P. K.; Eustis, S.; ElI-Sayed, M. A.Phys. Chem. BO0§ 110, 18243~
distance between the ends of NRs organized in chains. The side-

18253.
(45) Su, K. H.; Wei, Q. H.; Zhang, X.; Mock, J. J.; Smith, D. R.; Schultz, S. i i
by-side assembly of NRs bearing PS-50KGy values of 4

Nano Lett.2003 3, 1087-1090.
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Figure 7. (a,b) UV—vis spectra of self-assembled triblocks carrying PS-5K (a) and PS-50K (b) in the DMF/water mixtureSywitilues of 4 wt %

(black), 6 wt % (red), 10 wt % (green), and 15 wt % (blue). Vertical dashed lines show the spectral positions of the longitudinal plasmonic band of the
individual PS-tethered NRs in DMF solution. (c) Variation in the longitudinal plasmonic bands of self-assembled nanorods plotteigrCthespace.

Color in the graph represents the wavelengths of the longitudinal plasmonic band. The longitudinal plasmonic band of the individual NRs is 731 nm.

and 6% resulted in a 40 and 25 nm blue shift of the longitudinal Following the relocation of the polymer molecules from the
plasma band, respectively (Figure 7b), corresponding to thelong facet to the end of the metal blocks, the assembly of
formation of bundles and short bundled chains. We also nanorods underwent the following transitions: bundtes
observed up to a-10 nm red shift in the transverse plasma bundled chains— chains. The transitions were controlled by
band (see the Supporting Information, Figure S4), for the side- two anticorrelating parameters: the molecular weight of the
by-side assembled NRs, due to the transition of the dipolar polymer tethered to NR ends and the concentration of water in
exciton to the lower-energy excited state, in agreement with the system. The predetermined assembly of polymer-tethered
the previous report by El-Sayed et*alWith increasing water ~ NRs may prove useful in the fabrication of functional devices.
content, the longitudinal plasma band of triblocks carrying PS- For example, the organization of NRs in chains, that is,
50K shifted toward long wavelengths because the end-to-endpreferential alignment parallel to the axis of the structure, may
assembly was favored at high water content (Figure 7b). find applications in the fabrication of plasmon waveguides and
To summarize, the shifts in the longitudinal plasmonic bands switches for integrated nanoscale opti¢s.

(governed by the side-by-side or end-to-end assembly of the
NRs) were controlled by the molecular weight of PS molecules ~ Acknowledgment. The authors thank NSERC Canada for
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In conclusion, we showed that in the DMF/water mixtures,
the self-assembly of NRs end-terminated with PS molecules
originates from the pom-pom structure of the polymer blocks
and is determined by the length and dlstrll?utlc_)n of PS molecules (46) Maier, S. A Brongersma, M. L: Kik, P. G.: Meltzer, S.: Requicha, A. A,
between the ends of NRs and the longitudinal facet of NRs. G.; Atwater, H. A.Adv. Mater. 200, 13, 1501-1505.

Supporting Information Available: Description of the syn-
thesis and surface modification of gold nanorods; description
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of the self-assembly experiments; estimation of the number of dynamic light scattering experiments. This material is available
PS chains on the ends of NRs and the evaluation of polymer free of charge via the Internet at http:/pubs.acs.org.

brush state; TEM images of the self-assembled structures;

absorption spectra of the self-assembled NRs; and results 0fJA711150K

J. AM. CHEM. SOC. = VOL. 130, NO. 11, 2008 3689



