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Synthesis of gold nanoparticles 

Cetyltrimethylammonium bromide (CTAB)-coated gold nanoparticles (NPs) were synthesized accord-

ing to a two-step seed-mediated procedure reported elsewhere.1 Briefly, a seed solution was prepared by 

the reducing HAuCl4 (10 mL, 5 10-4 M) in 10 mL of citrate aqueous solution (5  10-4 M) by using 

the addition of ice-cold solution of NaBH4 in water (0.6 mL, 0.1 M) under stirring. Ten minutes after 

borohydride solution was added, the stirring was stopped and the solution was stored at room tempera-

ture for 2-3 h. 

 A solution was prepared by dissolving HAuCl4 (2.5 10-3 M) and CTAB (0.08 M) in water. To 9 

mL of  this mixture, 0.5 mL of 0.1 M aqueous ascorbic acid was added. Immediately after that, 10 mL 

of seeds was added to the above solution under vigorous stirring. The mixture, denoted "Solution A", 

was stirred for 10 min and subsequently, used within 30 min after its preparation. 

 Another solution, denoted "Solution B", was prepared by dissolving HAuCl4 (2.5 10-3 M) and 

CTAB (0.08 M) in water. To 9 mL of this mixture, 0.5 mL of 0.1 M aqueous ascorbic acid was added. 

Following the addition, 9 mL of "Solution A" was added under vigorous stirring. After stirring for 10 

min, the NP-containing solution was incubated at room temperature overnight 
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Surface functionalization of gold nanoparticles with thiol-terminated polystyrene  

The as-synthesized CTAB-coated NPs were centrifuged in 1.5 mL centrifugation tubes at 10620 g for 

15 min at 29 °C. After removing the supernatant, 0.3 mL of NP solution was added to 4 µM solution of 

thiol-terminated polystyrene (PS) in tetrahydrofuran (THF). The solution was immediately sonicated for 

30 min and subsequently, incubated at room temperature for 12 h. The non-attached polymer was sepa-

rated by twelve centrifugation cycles (10620 g, 23 °C, 15 min). Stock solutions of PS-coated NPs in 

THF were dried, in order to achieve an optical density of 2, when diluted to 1 mL. The NPs were redis-

persed in 0.5 mL of N,N -dimethylformamide (DMF). 

 

Characterization of PS-coated gold nanoparticles  

Carbon-coated copper Transmission Electron Microscopy (TEM) grids were purchased from Electron 

Microscopy Sciences. A droplet of the solution of NPs was deposited onto the carbon film, left in air for 

30 s and then solvent was quickly removed with a KimWipe to prevent drying of the sample solution 

onto the grid. The PS-coated NPs were imaged using a Hitachi H-7000 Transmission Electron Micro-

scope (Figure S1).  
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Figure S1. (a) Size distribution of gold NPs prior to ligand exchange. (b) TEM images of gold NPs de-
posited on the TEM grid from the solution in DMF. The NPs are stabilized with (b) PS-5K, (c) PS-12K, 
(d) PS-20K, (e) PS-30K and (f) PS-50K.   

 

Dynamic light scattering and ζ-potential measurements 

The distribution of NP sizes and their ζ-potentials were characterized using a Malvern Zetasizer Nano 

ZS instrument. The ζ-potential of the NPs was measured in the DMF/water mixture and  DMF (Figure 

S2) at low NP concentration (O.D. ≈ 0.2), in order to prevent their aggregation during data acquisition. 

With increasing concentration of water, the value of ζ-potential reduced, becoming more positive, in 

agreement with our earlier results obtained for PS end-functionalized gold nanorods2. 
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Figure S2. (a) Variation in ζ-potential for gold NPs stabilized with PS-50 K, plotted as a function of the 
concentration of water in the DMF-water mixture. (b) Variation in ζ-potential with polymer molecular 
weight in pure DMF. 

 

Self-assembly of nanoparticles in the DMF-water mixtures 

A water-DMF solution (0.5 mL) was added dropwise to 0.5 mL of the solution of NPs in DMF3. The 

concentration of water in the added DMF-water solution was tuned to achieve the final value of Cw of 

2.5, 5, 7.5, 10 and 15 vol. %. After 1h or 24 h from the beginning of self-assembly, a droplet of each 

sample was deposited on the TEM grid and the solvent was quickly removed with a KimWipe to pre-

vent slow drying of the sample solution onto the grid.  

 

Figure S3. Networks of globules observed after 24 h for gold NPs stabilized with PS-50K at Cw =         
5 vol.  %. 
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Figure S4. Chains formed from gold NPs stabilized with PS-5K at Cw = 15 vol.%. tSA= 1 h. 

 

Figure S5. Globules formed by gold NPs stabilized with PS-50K at Cw = 5 vol. %. tSA =1h. 
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Figure S7. Representative TEM image of self-assembled structures following their encapsulation with 
diblock copolymer PS-PAA. The NPs were capped with 12K-PS. Cw = 60 vol. %, tSA =5 min. 
 

Self-assembly experiments conducted in the DMF/water mixture in the presence of NaCl 

Self-assembly experiments in the presence of NaCl were conducted at Cw = 15 vol % and the total salt 

concentration of 10, 50, 100, 200 and 300 mM. To prepare solutions for self-assembly, NaCl was first, 

dissolved in water. The initial concentration of NaCl in water was tuned to achieve the desired concen-

tration of the salt in the system during the self-assembly process. For example, to achieve a Cw = 15 vol. 

% and [NaCl]=300 mM in the self-assembly experiment, we mixed 150 µL of a 1M aqueous solution of 

NaCl and 350 µL of DMF and added 500 µL of this mixed solution to 500 µL of NPs suspended in 

DMF.  

 

Self-assembly experiments conducted in the THF-DMF-water mixtures 

Self-assembly experiments in THF-DMF/water mixtures were conducted at Cw = 15 vol. %. The ratios 

of volumes of THF-to-DMF were 0, 0.1, 0.5 and 1. The self-assembly was carried out similarly to the 

self-assembly in the DMF/water solutions.   
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Testing reversibility of the self-assembly experiments   

To test the reversibility of structural transitions, the composition of the solvent was changed by adding a 

DMF/water mixture to achieve a final Cw of 1.7 vol. %, that is, conditions under which the NPs exist as 

individual entities. For both globules and chains, an addition of energy (either sonication for 15 min or 

heating at 40 °C for 1 h) was required to supplement the solvent change to yield individual NPs (Figure 

S8), which did not-re-associate for at least, several days. 

 

Figure S8. (a) Testing reversibility of the formation of NP globules at Cw = 5 vol. % by adding DMF to 
the colloidal solution of globules to achieve Cw = 1.7 vol. %. (b) Testing structural transitions of NP 
chains at Cw = 15 vol. % by adding a DMF to the colloidal solution of chains to achieve Cw = 1.7        
vol. %. tSA=1 h. The NPs  were stabilized with PS-50K. 

 

Qualitatively, the reversibility of chain-globule, as well as chain-individual NPs and globule-

individual NPs transitions, has been observed in several "back-and-forth" experiments by varying the 

amount of water in the DMF/water mixture. Quantitatively, we found that the number of NPs per chain 

was larger than the number of NPs per globule. For example, in DMF/water solutions with water con-

tent of 15 and 5 vol. %, NPs stabilized with PS-50K formed chains and globules with aggregation num-

bers of ∼30 and ∼10, respectively. The difference in aggregation numbers of the chain and globular 
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structures originated from the different solvent quality and thus different strength of interactions be-

tween the NPs.   

 

Testing structural transitions between globules and chains 

The transition between chains and globules were tested by triggering the assembly of chain structures at 

Cw =15 vol. % and subsequently, reducing Cw to 5 vol. % by adding DMF to the DMF/water mixture. In 

agreement, with the phase diagram (Figure 2, main text), after 4 h, we observed the transformation of 

chains into globules, shown in Figure S9a. 

 In a different experiment, we induced the self-assembly of NPs in globular structures at Cw =     

5 vol. % and increased Cw to 15 vol. % by adding water to the DMF/water mixture. In this case, aggre-

gation of globules dominated over rearrangement of individual globules into chains.  Figure S9b shows 

the formation of the network of globules. Network formation was also evidenced by the rapid assembly 

of flocculates in the solution and the eventual clearing of the original solution of the globules.  

 

Figure S9. (a) Structural transition  from NP chains (Cw = 15 vol. %) to globules (Cw = 5 vol. %), fol-
lowing the addition of DMF to the NP solution in the DMF/water mixture. (b) Structural transitions 
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from NP globules (Cw = 5 vol. %; tSA = 1 h) to networks of globules (Cw = 15 vol. %). In a and b, tSA = 
1 h. The NPs were stabilized with PS-50K. 

 

Determination of the interfacial tension between PS-DMF/water and DMF/water phases 

Direct measurement of the interfacial tension, γPS/L, between the PS-DMF/water and DMF/water phases 

(denoted as “PS” and “L”, respectively) was not possible, due a close-to-glassy state of the collapsed PS 

molecules in the DMF/water mixture. Instead, the value of γPS/L was calculated from the individually 

values of surface tension of the PS-phase, γPS, and the L-phase, γL, by using the extended Fowkes equa-

tion7,8 as 

       γPS/L = γPS + γL -2 (γPS
d γL

d )1/2- 2 (γPS
p γL

p)1/2                               (S1), 

where the superscripts d and p refer to the dispersive and polar components of the surface tension. 

To determine the dispersive component of γL, the sessile drop method was used to measure the 

contact angle of the liquid on a solid substrate, which only had dispersive interactions with the liquid. 

The contact angle, α, was then related to the dispersive component of γL by using the Owens-Wendt 

equation as9 

 

 
(S2)

where the γd
S is the dispersive component of the surface tension of the substrate used.  In our work, we 

used poly(ethylene terephthalate) (PTFE) as the solid substrate with γS
d 

 =19.0 mN/m (the polar compo-

nent of the surface tension for PTFE was zero).10,11  The value of γL
p was then found as  γL-γL

d. The 

measured contact angles, the values of surface tension and the values for the dispersive component of 

the surface tension for the DMF/water solutions at Cw of 5 and 15 vol. % (the L-phase) are summarized 

in Table SI.  

     The surface tension of the PS-DMF/water mixture, γPS, was calculated to be 38.4 and 40.8 mN/m  
 
for Cw of 5 and 15 vol. %, respectively,12,13 with polar components of 10.2 and 12.7 mN/m and           
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dispersive components of 28.2 and 28.1 mN/m. The values of the interfacial tension, γPS/L, calculated 

using eq. S1 are given in Table S1. 

 

Table S1. Surface properties of the “PS” and “L” phases  

Cw  
(vol. %) 

  γL 
 (mN/m) 

α  
(o) 

γL
d 

(mN/m) 
γL

p 
(mN/m) 

    γPS 
(mN/m)

γPS
d 

(mN/m)
γPS

 p 
(mN/m) 

 γPS/L  
(mN/m) 

5 37.1 87.8 20.6 16.5 38.4 28.2 10.2 1.4 

15 46.3 97.2 22.8 23.6 40.8 28.1 12.7 1.9  

 

 

Calculations of the change in energy following NP assembly 

Figure S10 shows schematically fragments of self-assembled nanostructures for three adjacent NPs. 

Based on analysis of TEM images, for the NPs functionalized with PS-50K, the radius of the gold core, 

R, was 11.5 nm; the total radius, Rt, of the NP with a gold core and the PS “shell” was 15.5 nm; and the 

center-to-center distance, D, between two adjacent NPs was 28.0 and 29.5 nm for Cw of 5 and 15 vol. 

%, respectively (corresponding to the thickness, d, of the PS layer confined NP surfaces of 5 and 6.5 

nm, respectively). The angle θ  between the lines connecting the center of the second NP with the cen-

ters of the first and the third NPs varied from 180o (chain configuration, Figure S7a) to 60o (globular 

configuration, Figure 7c). The distance, L, between the centers of the first and the third NPs changed 

from 4R+2d  to D=2R+d  for the chain and globular configurations, respectively. 
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The change in electrostatic energy, ΔEel, was calculated using the approximation developed for 

charged spherical NPs functionalized with polymer brushes14 as a logarithmic function of the surface-to-

surface interparticle distance d=L-2R with respect to this distance 2D-2R, in the chain configuration 

(θ=180o).  By integrating the electrostatic force between particles, R
dl

F
B

2 kT
2

π
=  (Eq. 28 in Reference 

13, the case of large interparticle separation, since L > Rt) over distance d from L-2R to 2D-2R, the fol-

lowing expression was obtained: 

                                                   ⎟
⎠
⎞

⎜
⎝
⎛

−
−

=Δ
RL
RDR

l
E

2
22lnkT

2 B

2

el

π
     (S10), 

where k is Boltzmann’s constant, T is the temperature, and lB is the Bjerrum length. For DMF/water so-

lutions at Cw of 5 and 15 vol. %, we calculated lB to be 1.4 and 1.14 nm, respectively (see main text). 

Equation S10 uses the notations introduced in Figure S10, where R is the radius of the gold core of the 

NP, D is the center-to-center distance between the two neighboring PS-coated NPs and L is the center-

to-center distance between the 1-st and the 3-rd PS-coated NPs (equal to 2D and D for θ  of 180 and 

60o, respectively). The variation in electrostatic energy between the 1-st and the 3-rd NPs was calculated 

for the range 60≤ θ ≤300o and plotted in Figure S9 for Cw of 5 and 15 vol. %.  

The variation of the total energy of the system was deduced as 

ΔEt = ΔEel + ΔEst     (S11) 

and calculated separately for two cases as 

   ΔEt =
−4πγPS−L Rt −

L
2

⎛ 
⎝ 
⎜ 

⎞ 
⎠ 
⎟ Rt +

π 2

2
kT
lB

R ln 2D − 2R
L − 2R

⎛ 
⎝ 
⎜ 

⎞ 
⎠ 
⎟ if L ≤ 2Rt

π 2

2
kT
lB

R ln 2D − 2R
L − 2R

⎛ 
⎝ 
⎜ 

⎞ 
⎠ 
⎟ if L > 2Rt

⎧ 

⎨ 

⎪ 
⎪ 

⎩ 

⎪ 
⎪ 

   (S12) 

     The summary of the calculations of changes in repulsive electrostatic energy and attractive surface 

tension energy, as well as the change in total energy of the system, is given in Table S2 for two solvent 

compositions and two different angles, corresponding to the globular and chain NP configurations. 
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