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Figure S1. The setup for the FDM model. We expanded the governing equation in
spherical coordination and discretized the system with an orthogonal mesh. To
separate the singularities in the radius direction and the polar angle direction, we
adopt a 1D zone with isothermal in the polar angle direction around the original
point. Here we use rip to denote the size of this 1D zone.



FDM Model validation:

We validated our model by doing a comprehensive mesh dependency analysis. Here,
we start with the mesh in the radius and the polar direction for the steady-state
model. We assume uniform interfacial thermal resistance (ITR) along the JNP-water
interface, thus making a homogenous NP heating where the analytical solution is
available. As we have a linear biased mesh grid in the radius direction, we analyzed
the truncation error by comparing the FDM results with the analytical solution with
different biased mesh factor a (Ari:1 = alri) and mesh density. The error is calculated
by the following equation:

abs(AT, icql — AT,
error = ( analytical FDM) % 100% (Sl)

ATanalytical
As shown in Fig. S2A, when a = 1, we have a uniform mesh, and the truncation error

drops as we increase the mesh density; when the mesh grid number is 140, the error
is around 1%. When a = 1.05, we have a biased mesh, and the error drops much
faster as the mesh density increases; when the mesh grid number is 50, the error is
around 0.1%. This is because the biased mesh gives a higher mesh density near the
JNP where the greatest temperature gradient is observed (Fig. S1), and thus greatly
reduces the error and makes the mesh more efficient. As we continuously increase a
(¢ =1.1), we found that the FDM results become less stable as we increase the mesh
density. This might be because the over-biased mesh has coarse mesh grids near the
boundary, which can bring extra error. In summary, we validate our model in the
radius direction; we found a properly biased mesh factor (a = 1.05) and a mesh
density (50, minimum Ar = 0.45 nm); based on this setup, the truncation error is at
the order of 0.1%.

Next, we did the mesh independence analysis in the polar angle (6) direction. Here
. . . AT
we introduced a heterogeneous ITR and investigated the temperature contrast (A—Tl)
2

e 1 - . AT.
with different mesh densities. Fig. S2B demonstrates that the value of A—T1 converges
2

as the mesh density increases. Here we assume the results at mesh grid = 275 is the
accurate solution, and we calculate the error by comparing the results with this
accurate solution (Fig. S2C); we could see the error is at the magnitude of 0.1% for
the mesh grid = 100 (46 =mr/100).

We chose a truncation error of 0.1% that indicates sufficient accuracy for our mesh
set-up; thus, we will keep the set-up (o = 1.05, minimum Ar =0.45 nm, A8 =r;/100)
for the steady-state modeling throughout our paper.

Next, we analyzed the boundary effect. In reality, a free JNP can be treated as a
single JNP surrounded by infinite water. In our model, we cannot have an infinite
water domain, and the size of the boundary of the water domain can bring error, i.e.,
boundary effect. Here we calculated the error of boundary effect by comparing the
FDM result with a finite boundary radius and the analytical solution with an infinite
boundary size. As shown in Fig. S3A, for boundary radius = 3000 nm (200 x rne) the
error of boundary effect drops to 1%, and we believe this is accurate for our analysis
(Fig. S3B). We will keep this set-up throughout our paper.



Finally, we analyzed mesh independence and validated the model in the temporal
direction. The spatial mesh set-ups are identical to the steady-state model. Here we
plot the FDM results in terms of temporal mesh density (Fig. S4A), we found that the
FDM results converge as mesh density increases, and we believe a temporal mesh
interval of 0.1 ns can bring sufficiently accurate results. Here we further compared
the FDM result with the analytical solution (Fig. S4B),[1] and demonstrated that the
FDM results are consistent with the analytical solutions.


https://paperpile.com/c/sBvgO5/7WFw
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Figure S2. The mesh independence analysis for radius direction. (A) The truncation
error in terms of mesh grid number in the radius direction under different biased

mesh factor a (Ari.1 = aAr;). (B) Temperature contrast in terms of mesh grid number
in the polar angle direction. (C) The truncation error in terms of f mesh grid number

in the polar angle direction.
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Figure S3. The boundary effect analysis of the FDM model. (A) The error of the
temperature rise in JNP by comparing the result with an analytical model that has an
infinite boundary size. (B) The temperature profile comparison between the
analytical solution with infinite boundary size and FDM result with boundary size =
3000 nm.
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Figure S4. The mesh independence for temporal direction. (A) The mesh
independence analysis in the temporal direction. (B) Comparison of FDM results with

At = 0.1 ns and the analytical solution.



Parallel circuit model
For the parallel circuit model, the thermal transport with JNP can be described with a
set of linear equations:

1 1 kw 1 1 k A A, Ay
Sl (T2 Iy Y (—+—) 4
Ry Ry 1mynp Ry R, mnnp) \R; R, Ry

- 2‘_2] [AT)np AT, AT, | =[Q00] (S2)

A]_ = 27TT]NP2(1 - COS(GO))
A2 = an]NPZ(l + COS(Q()))

By solving Equation (S2), we have the temperature rise at the north pole and south
pole:

[AT)np ATy AT, |
_ Q(rynp + Rik)(1ynp + Rok) Qrynp (1np + R2K) (S3)
AlkT]Np + AZkT]NP + AlkZT]Np'i'AszT]NP Alkr]Np + AZkT]NP + AlkZT]Np+A2
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Figure S5. The parallel circuit model for the JNP heating under steady state.
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Figure S7. Schematic illustration of the synthesize protocol for JNP.
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Table S1. Interfacial thermal resistance (ITR) from previous reports.

Nano mater | solvent Interfacial ligand ITR Reference
structure ial x 10° m*KW-!
NP Pt Water No 16.1 [2]
NP AuPt | Water/alco | Tiopronin 5-11.1 [3]
hol
Thioalkylated 2.9-6.3
NP Au Water Citrate 8.3-11.1 [4]
Flat Au water Cl18 18.2-22.2 [5]
surface
NR Au water CTAB 2.2-7.7 [6]
NP Au water No 5.9-6.7 [7]
Flat Au Water n-undecanethiol (n Y4 14.3-16.7 [8]
surface 11-18)
Methyl 3- 6.5-8.0
mercaptopropionate
11-Mercapto-1- 4.5-6.3
undecanol
NR Au Water CTAB 12 [9]
PEG 4.4
Nanotube | Carbo | D,O Polystyrene sulfonate | 83.3 [10]
n surfactant
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