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Theoretical Methods 

Iteration procedure for the model-potential-free analysis. 

An initial guess in the iterative calculation is given by the followings: 

ĉ q( ) = ĉHS q( ) ,              (A1) 

γ̂ s q( ) = γ̂ sHS q( ) = 0 ,              

(A2) 

ĥold q( ) = ĥHS q( ) ,              (A3) 
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ˆ′h q( ) =
ĥexp q( ) = Sexp q( )−1⎡⎣ ⎤⎦

ĥHS q( )

⎧
⎨
⎪

⎩⎪

q ≤ qh
q > qh

,            (A4) 

where Sexp q( )  is the experimental S q( ) , and  is the number density of the colloidal 

particle, and ĥHS q( )  is obtained from the hard-sphere reference system with n0 . The 

iterative calculation is continued until the value of S q( ) = 1+ n0ĥ q( )  is equal or very close 

to Sexp q( )  at a small q. 

Step 1 ĉEX q( ) = ĉ q( )− ĉHS q( ) .            (A5) 

Step 2 ĉ q( ) = ˆ′h q( )− γ̂ s q( )− ĉEX q( )⎡⎣ ⎤⎦ .           (A6) 

Step 3 γ̂ s q( ) = ĉ q( ) 1− n0ĉ q( )⎡⎣ ⎤⎦ − ĉ
HS q( ) .           (A7) 

Step 4 , where  is the dumping parameter.        (A8) 

Step 5 .             (A9) 

Step 6 h r( ) = exp γ̂ s q( ) + BF r( )⎡⎣ ⎤⎦ −1

−1

⎧
⎨
⎪

⎩⎪

r > dHS
r ≤ dHS .         (A10)

 

Step 7 If a difference S q( )− Sold q( )  determined at nth iterative calculation becomes 

larger than that determined at (n-1)th iterative calculation, where S q( )  and 

Sold q( )  are respectively calculated at nth and (n-1)th iteration, go to step 8 (outside 

the loop of the iterative calculation); otherwise, we update ˆ′h q( )  using Eq. (A11) 

and go back to step 1. 

 ˆ′h q( ) =
ĥexp q( ) = Sexp q( )−1⎡⎣ ⎤⎦ n0

ĥ q( )
q ≤ qh
q > qh

⎧
⎨
⎪

⎩⎪
.         (A11) 

Step 8  is calculated via  and V(r) is calculated using 

.        (A12). 

 

Computational details. 

     To reproduce the experimental S(q) for p(NIP–TETA) and p(NIP–DETA), we 

determined an optimal number density of the nanoparticle n0 by varying it as a parameter. 

The introduced number density n0 can be regarded as a local average density around each 

n0

γ̂ s q( ) = aγ̂ s q( ) + (1− a)γ̂ sold q( ) a

γ̂ s
old q( ) = γ̂ s q( )

S q( ) S q( ) = 1+ n0ĥ q( )

V r( ) kBT = − lng r( ) + h r( )− c r( ) + BF r( )⎡⎣ ⎤⎦



nanoparticle. In contrast to n0, the total number density of the nanoparticle ρ = N/V is suitably 

low so that the particle-particle interference effect is negligible in the absent of the functional 

copolymers. The self-assembly of the nanoparticles is caused by adding the functional 

copolymers p(NIP–TETA) and p(NIP–DETA) into the diluted nanoparticle solution, 

resulting in a local increase in the number density around a nanoparticle. In the present 

analysis, we introduced such a local average density n0 to determine the local density 

distribution around a nanoparticle n(r)= n0g(r) from the experimental S(q). Note that the 

obtained n(r) or g(r) includes no correlations between aggregated clusters that could be 

observed by ultra-small-angle X-ray scattering. However, this is not problematic in our 

purpose of the present analysis, since we focus on local self-assemble structures between the 

nanoparticles, which are connected with the UV-vis spectra and the surface-enhanced Raman 

scattering. In addition, for convenience in the present analysis, we extrapolated the 

experimental scattering intensity I(q) in the small-angle region where we have no SAXS data. 

I(q) for the nanoparticle solutions without the functional copolymers, namely, I0(q), which 

was used as the form factor |F(q)|2, was extrapolated using the Guinier approximation, while 

I(q) for the nanoparticle solutions conjugated with the functional copolymers p(NIP–TETA) 

and p(NIP–DETA) was extrapolated using a Lorentz function. The experimental S(q)s shown 

in Fig. S1 were determined using S(q) = I(q)/I0(q). The obtained raw values for S(q)s were 

dealed with a smoothing. The integral equation described above was solved without the 

bridge function BF(r). The maximum radial distance is 300 nm, which is discretized by 4096 

grid points. We used 1.07 nm-1 and 1.11 nm-1 as qh (see Eq. A11) for p(NIP–TETA) and 

p(NIP–DETA), respectively. The optimal local average number densities n0 for p(NIP–

TETA) and p(NIP–DETA) at 298 K are 3.0 x 10-5 nm-3 and 1.32 x 10-5 nm-3, respectively. 

  S(q)s obtained from the MPF analysis agreed well with the experimental S(q)s as seen in 

Figs. S1a and S1b. The radial distribution functions g(r)s corresponding to the theoretical 

S(q)s are shown in Fig. S1c. The extrapolation of I(q) and I0(q) gives a small-angle peak in 

S(q) for p(NIP–TETA) as shown in Fig. S1a. Fig. S1d provides g(r) enlarged at the distances 

corresponding to the small-angle peak position in S(q) of p(NIP–TETA) seen in Fig. S1a, 

indicating that this small-angle peak is the reflection of the long-ranged slight density 

fluctuation at the distances between 60 and 150 nm. The validity of the prediction by the 

present analysis should be assessed by SAXS measurement including much more 



smaller-angle region. However, the existence does not affect our discussion on the 

surface-enhanced Raman scattering. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
Fig. S1. Comparison of the theoretical S(q)s with the experimental S(q)s. (a) p(NIP–TETA) 
with n0 = 3.0 x 10-5 nm-3. (b) p(NIP–DETA) with n0 = 1.32 x 10-5 nm-3. (c) The radial 
distribution function g(r) obtained for p(NIP–TETA) and p(NIP–DETA). (d) g(r) enlarged at 
the distance corresponding to the small-angle peak position in S(q) of p(NIP–TETA) as seen 
in Fig. S1a. 


