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S1. Materials and Methods.

S1.1. Chemicals and Materials

Sodium citrate (>99%), sodium borohydride (NaBHi, >98.0%), gold(Ill) chloride trihydrate
(HAuCl4-3H,0O, >99.9%), hydroxylamine hydrochloride (NH.OH-HCI, 98%) and Xylyl isocyanide
(CNXyl; Xyl =2,6-Me>CsHs; 98%) were purchased from Sigma-Aldrich and used as received. Water used
in experiments was obtained from a Millipore water purification system with a resistivity of 18.2 MQ cm.
The m-terphenyl isocyanide ligands CNAr™*? (ArM*? = 2,6-(2,4,6-Me;CeH1),CeHs) ', CNArPP?
(ArPPP2=2 6-(2,6-(i-Pr),CeH3).CeH3); i-Pr = iso-propyl) 2, and CNAr™ (Ar™P’=2 6-(2,4,6-(i-
Pr);C¢H2)2CsHs) *, were prepared as previously described.

S1.2. Synthesis of Citrate-Capped Gold Nanospheres (AuNSs)

Citrate-AuNSs with a diameter of 5 £ 0.7 nm were purchased from nanoComposix Inc. of San Diego,
California.

Citrate-AuNSs 10 nm in diameter were synthesized according to the method of Bastus et al.* An aqueous
solution of sodium citrate (150 mL, 2.2 mM) was refluxed under vigorous stirring in a 250 mL three-necked
round-bottomed flask. The flask was equipped with a condenser to prevent solvent evaporation. An aqueous
solution containing HAuCls-3H,O (1 mL, 25 mM) was injected into the sodium citrate solution and heating
was continued for an additional 20 min. The resulting colloidal solution of AuNSs were used directly for
further experiments and TEM imaging. The synthesized 10 nm citrate-AuNSs had a measured diameter of
11.5 £ 1 nm based on TEM images (Fig. S1).

Citrate-AuNSs of 20 nm in diameter were synthesized in a modified Turkevich method.” An aqueous
solution containing HAuCls-3H>O (5 mg, 0.015 mmol, 0.3 mM) was refluxed under vigorous stirring. A
aqueous solution containing sodium citrate (5 mL, 0.23 mmol, 46.5 mM) was injected into the boiling
solution. The solution was heated for an additional 30 min and cooled to room temperature before further
use. The resulting colloidal solution of AuNSs were used directly for further experiments and TEM
imaging. The synthesized 20 nm citrate-AuNSs had a measured diameter of 22 £ 2 nm based on TEM
images (Fig S1).

The 20 nm AuNSs were used as-synthesized as seed particles to synthesize AuNSs of 50 nm in diameter.
An aqueous solution of the seed particles (20 nm AuNPs, 3.0 mL) and NH,OH-HCI (200 puL, 0.2 M) were
added to 50 mL water in a 100 mL round-bottom flask. HAuCls-3H,O (3.0 mL of 0.1 wt% solution in H,O)
was added dropwise to the solution under vigorous stirring and allowed to react for 30 min at room
temperature. A gradual color change from light to dark red was observed. The 50 nm citrate-AuNS had a
measured diameter of 56 £ 6 nm measured based on TEM images (Fig. S1). The AuNSs of 80 nm and 100
nm diameter were synthesized by the same seeded-growth method as the 50 nm particles. For AuNSs of 80
nm diameter, 2.0 mL seed solution was used, whereas 1.0 mL of seed solution was used to prepare AuNSs
of 100 nm diameter. The resulting colloidal solution of AuNSs were used directly for further experiments
and TEM imaging. The 80 nm citrate-AuNS had diameter of 80 +£ 7 nm and 100 nm nanospheres had
diameter of 105 + 10 nm as measured from TEM images (Fig. S1).

All gold dispersion concentrations were adjusted to maintain the same overall molar concentration of
surface atoms, which is estimated to be approximately 10' atoms/mL. Using UV-Vis spectroscopy, optical
density measurements were performed to calculate the amount of surface gold atoms per mL (Fig. S3, Fig.
S11). Assuming a AuNS has perfect spherical shape in the fcc habit, the surface atom number per AuNS
(N) was calculated by:
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where D is the average diameter of the AuNSs, D, is the average diameter of gold atom, V4, is the volume
of one Au unit cell and 7y is the number of Au atoms per one unit cell. The concentration of the AuNSs in
water (c) was calculated by:

c = T . Eq (2)

N
&€= In (fo) *Cext » Eq. (3)
Cext = Coxt * nr? 5 Eq. (4)

where OD is the optical density measured by UV-Vis spectroscopy, ¢ is the molar extinction coefficient,
N4is Avogadro’s constant, C.y, is the extinction cross-section, 7r? is the cross-sectional area of the NP, Qext
is the extinction efficiency obtained from the reference Liu ef al.®

S1.3. Liquid-Liquid Extraction (LLE) of AuNS with Isocyanide Ligands

An aqueous dispersion of AuNSs (3.0 mL, 10'¢ atoms/mL) was layered onto a chloroform solution
containing isocyanide (1.0 mL, 15 mM) in a glass vial. After layering the aqueous AuNSs dispersion onto
the organic solution, the two-phase system was mixed vigorously by hand for 30 min. The aqueous layer
was decanted, and the red-colored organic phase was washed with chloroform to remove excess free ligand
in solution via centrifugation. The concentration of isocyanide was optimized by evaluating the extraction
efficiency (S1.2.) of 20 nm AuNSs functionalized with CNAr™*? and found to be 10 mM (Fig. S11). To
guarantee successful ligand exchange, the concentration of isocyanide used in the LLE process was
increased to 15 mM.

S1.4. Nanocrystal Characterization

Transmission electron microscopy (TEM) images were collected using a ThermoFisher Talos 200X TEM
with an operation voltage of 200 kV. Samples were prepared by drop-casting AuNP solutions on copper
grids and allowed to settle overnight in closed vials (Fig. S2). UV-visible absorption measurements were
performed on Cary 50/60 UV-Vis spectrophotometer. Raman measurements were performed on Renishaw
micro-Raman spectrometer (Renishaw Invia) coupled with a Leica microscope with 50% objective (Leica
N-plan) in the range of 800—2400 cm™'. A wavelength of 532 nm was used as an excitation source generated
by 50 mW Ar-lon LASER. Zeta potential values were measured using a Malvern NANO-ZS90 Zetasizer.

S1.5. Calculating the Change of Citrate-AuNSs Optical Density

The extraction efficiency for AuNSs with the isocyanide ligands is calculated based on the following
equation:

Extraction ef ficiency = (1 — M) -100%, Eq. (5)
ODfeedstock

where OD:;upinae and ODjeeasiocr are the optical density of citrate-AuNSs in water before and after the LLE
measured by UV-Vis spectroscopy.
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S1.6. Calculation of the equilibrium distribution coefficient (D)

The equilibrium distribution coefficient for extraction of the AuNSs into chloroform by CNAr™*? binding
is calculated using the following equation:
ODcHciz

Equilibrium distribution coef ficient = —————-100%, Eq. (6)

oD feedstock
where ODjeedsiock 1S the optical density of citrate-AuNSs in water after the LLE measured by UV-Vis
spectroscopy and ODcrcris is the optical density of citrate-AuNS in chloroform after the LLE calculated by
subtracting ODjeedsiock Trom ODqginae.

S1.7. Calculation of Size Separation Efficiency of CNAr™**

The separation efficiency for a mixture of two different sized AuNSs is calculated based on the number of
larger sized AuNSs in water before and after LLE using the following equation:

Separation power = (1 — M) -100% , Eq. (7)

c feedstock
where Credsiock 1S the concentration of the larger sized AuNS in the mixture before LLE and Cypinae is the
concentration of larger sized AuNSs remaining in the aqueous phase after LLE. These concentrations are
calculated from the optical density measured by UV-Vis spectroscopy (Fig. S7). Separation resolution was
determined by taking the minimum size difference between the AuNSs being separated (e.g. extraction of
10 nm AuNSs from the 10/50 nm mixture) for separation efficiencies of >50% using our LLE method, as
depicted in Fig. 3D.

S2. Computational Details.

Both Quantum Mechanics (QM) calculations and Molecular Dynamics (MD) simulations were used to
study the binding thermodynamics and kinetics of the various ligands to the Au nanosphere surfaces. QM
calculations were performed using the Q-Chem 5.2,” and Quantum Espresso (QE) ** electronic structure
packages to determine the optimized ligand structure and the ligand-gold interaction energies, respectively.
The MD simulations were performed with LAMMPS '° simulation engine. In MD, the Au nanoparticles
were described using EAM/Fs potential of Ackland et. al. ''. Ligands were described using either the GAFF
2 or OPLS/AA " forcefields, except for the critical C=N bond stretching and the aromatic rings torsions,
which were determined from QM to reproduce the CNXyl and CNAr™*? intra-molecular motion. The
CHCl; solvent was modelled using the Kamath et al. forcefield ', while the SPC/E potential was used for
water .

S2.1. Parameterization of the ligand C=N/AuNS Interactions

Au-ligand(s) interaction was optimized by developing a forcefield based on fitting the binding energy
curves obtained from QM calculations. The ligand(s) structure was first at the 6-31G/MP2 level using DFT
using Q-Chem. Various Au slabs were constructed from the fcc crystal structures and the binding energy
of the rigid ligand in QE was calculated with ultrasoft pseudopotentials '°, a kinetic energy cutoff of 30 Ry,
and a (5,5,1) K-point grid. In each case, a ligand was initially placed far from the Au slab and gradually
moved onto the Au slab. The energy vs distance curve for the various ligand(s)|Au configurations were
obtained. The associated binding energy curve was further fitted to Lennard-Jones 12-6 / Morse potentials
in determining the ligand(s) atoms | Au atoms interaction parameters, using a nonlinear regression approach.
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S2.2. Description of System used in MD Simulations

A Chamfered cube AuNS with 4033 atoms was constructed containing equal edge lengths of 12 hexagons
and 6 squares faces. (Fig. S12) The system was solvated by inserting the AuNS into a 100 x100 x 100 A®
box of CHCl; molecules and removing the solvent molecules within 2 A of the AuNS. Afterwards, ligands
were then distributed randomly in the simulation box and overlapping solvent molecules were removed as
necessary. The vacuum systems (Fig. 1B and Fig. S15), did not contain CHCI; solvent and the simulation
box was set as 100x100x100 A®. The composition of the various systems is detailed in Table S4.

S2.3. Equilibrium MD Simulations and Vibrational Spectral Analysis

The van der Waals and real space coulomb cutoffs in the MD simulations were 10A. A cubic spline was
applied to the van der Waals to ensure smooth convergence and vanishing energies and forces at the cutoff
(inner cutoff distance of 9A). The reciprocal space coulomb interactions were computed with a particle-
particle-particle-mesh solver, with an error tolerance of 10°'7. Each MD simulation was initiated with 500
conjugated gradient steps, followed by gradual heating to 298K using 0.5 ns (500,000 steps with an
integration timestep of 1 fs) dynamics in the canonical ensemble (NVT — constant number of particles N,
volume V and temperature T) at 298K. A Nose-Hoover thermostat was used with a temperature relaxation
window of 100 fs. Afterwards, the system was equilibrated at the correct density by performing dynamics
in the iso-baric isothermal (NPT: constant N, pressure P and temperature T) ensemble. The Shinoda et al.
'8 equations of motion, which incorporates the Martyna et al'® hydrostatic equations and the strain energy
formulism of Parrinello and Rahman ** were adopted. The time-reversible measure-preserving Verlet
integrators derived by Tuckerman et al. *' was applied for the time integration. After density equilibration,
the system was simulated in the NVT ensemble for at least Sns of NVT dynamics. Starting with snapshots
of each system every 1 ns, additional 40 ps NVT simulation were run, and the velocities and coordinates
were saved every 4 fs (10,000 frames in the corresponding trajectory). The vibrational density of states
function was calculated, based on Fourier transform of the velocity autocorrelation functions, to analyze
the ligand C=N spectra (Fig. S13) 2%,

S2.4. Radial Distribution Function Analysis

The radial distribution function, g(r), was used to calculate the ligand densities at various distance from the
AuNS center of mass. The g(r) can be expressed as:

d<Nz:f (”)>

g(r)= p,dV ()

where dV(r) is the volume of the shell being considered d<Nj;(r)> is the average number of either atom in
dV(r) within a distance dr of the other atom and r;; is the atomic bulk density factor. In this analysis, the
AuNS and each ligand molecule were taken as individual super atoms defined by the respective centers of
mass and the closest contact point for each ligand is defined by the radius of the AuNS, ~ 25 A.

Eq. (8)

S2.5. Ligand Solvation Free Energy Calculations

Free Energy Perturbation (FEP), based on the advancements of Zwanzig %, is a statistical approach to
compute the free energy difference between two states:

AA (from statel to state2) = A (state2) — A (state]) = — T'In <exp (_ U(S tate2l)€—TU(statel)j> Eq. (9)
B
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where A denotes free energy, kpis the Boltzmann constant, and U is energy.

The solvation energies of the various isocyanide ligands were calculated as the sum of multi-stages free
energy changes. Here, a coupling parameter A (0 <A < 1) is introduced to gradually change the ligand —
solvent interaction energy, such that the free energy > is obtained as:

n—1 n—1 _
ABA:ZA2:+IA:_kTZIH<CXp(— U(ﬂm) U(ﬂi)j > Eq. (10)
A

i=0 i=0 kT

In this study, A = 0.01 was used and the interaction energies were modified in 100 stages (windows) over
100 ps NPT per window. These results are presented in Table S2.

S2.6. Free Energy of Isocyanide Binding to Solvated AuNSs

Using accelerated MD simulations, the free energy kinetics of isocyanide ligand binding to AuNS was
computed. Metadynamics *° was employed to enhance the sampling and explore regions of the potential
energy surfaces characterized by deep local minima. Two types of systems were considered: 1) a Au (100)
slab, representative of the larger NPs with large radius of curvatures and 2) an edge site comprising a
Au(110) motif on the Au (100) slab, representative of smaller NPs with small radius of curvatures (Fig.
S14). Each system was first solvated and equilibrated according to the procedure above. Afterwards,
Metadynamics simulations, where the carbon of the isocyanide group (C=NR) to the Au surface was chosen
as the collective variable (colvar), were performed. Each simulation was biased by depositing Gaussian
functions every 0.2 ps with a height of 0.02 kcal/mol and a width of 1.25 A. The system was evolved for a
minimum of 200 ns. Convergence was checked by monitoring colvar distance until it showed ballistic
behavior.

S2.7. Computation of Normalized Descriptors

To straightforwardly compare the binding and solvation energies, DFT interaction energies were corrected
for zero-point energy (ZPE) and entropy of binding (TAS) effects:
AE

DFT—bind

AG,, +AZPE +TAS Eq. (11)

T—bind —

where the AZPE is obtained from vibrational frequency calculations of the isolated and bound isocyanides,
and TAS is taken as difference between the free (ideal gas) and bound isocyanides. Generally, it was found
that these corrections account for ~ +0.2 eV for the various structures.

For the various descriptors (X), relative energies (AY) were calculated and divided by the norm of the
largest value if it exceeds 1:

AY

X=——— )
max|AY| Eq-(12)

The various descriptors thus range from -1 (unfavorable) — +1 (favorable), with a favorable/unfavorable
threshold taken as 0:



SBR = AG]_j;ZIai';"—bind - AG;i’gIe"—bind
EBF = AG®  _ AGEHCD

DFT—-bind CHCls;lvation Eq (13)
SF = AGcohesive - AG’solvation
_ H20 CHCI3
SPF = A(;solvation - AGsolvation

where SBR is site binding ratio, EBF is edge-binding factor, SF is solubility factor and SPF is solvent
partition factor.

S3. Supplementary Figures.

i N 3 . o

Fig. S1. TEM images of as synthesized (A) 10 nm, (B) 20 nm (C) 50 nm (D) 80 nm and (E) 100 nm
diameter AuNSs before LLE (scale bar 100 nm).



10

Fig. S2. TEM images of (A) 5 nm, (B) 10 nm, (C) 20 nm (D) 50 nm (E) 80 nm and (F) 100 nm diameter
AuNSs transferred into CHCl; after LLE with CNAr™*? (scale bar 100 nm).
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Fig. S3. UV-Vis spectra used to calculate CNAr™*?—LLE extraction efficiency of (left to right) 5 nm, 10
nm, 20 nm, 50 nm, 80 nm and 100 nm AuNSs. Red spectra represent the aqueous AuNS feedstock prior to
introduction of CNAr™*? in CHCls. Blue spectra represent the aqueous raffinate after introduction of
CNAr"*?in CHCL.
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Fig. S4. UV-Vis spectra used to calculate CNXyl-LLE extraction efficiency of (left to right) 5 nm, 10 nm,
20 nm, 50 nm, 80 nm and 100 nm AuNSs. Red spectra represent the aqueous AuNS feedstock prior to
introduction of CNXyl in CHCIls. Blue spectra represent the aqueous raffinate after introduction of CNXyl

in CHCls.
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Fig. S5. UV-Vis spectra used to calculate CNAr®PP2_LLE extraction efficiency of (left to right) 10 nm, 20
nm, 50 nm and 80 nm AuNSs. Red spectra represent the aqueous AuNS feedstock prior to introduction of
CNArPP?in CHCls. Blue spectra represent the aqueous raffinate after introduction of CNAr®?"?in CHCls.
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Fig. S6. UV-Vis spectra used to calculate CNAr™PP>_LLE extraction efficiency of (left to right) 10 nm, 20
nm, 50 nm and 80 nm AuNSs. Red spectra represent the aqueous AuNS feedstock prior to introduction of
CNAr™"2in CHCls. Blue spectra represent the aqueous raffinate after introduction of CNAr™?in CHCls.
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Fig. S7. UV-Vis spectra of AuNS mixtures prior to (red) and after (blue) introduction of CNAr™*? in
CHCls. (left to right): 10 nm and 80 nm AuNS mixture; 20 nm and 80 nm AuNS mixture; 10 nm and 50
nm AuNS mixture; 20 nm and 50 nm AuNS mixture.
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Fig S8. TEM images of AuNSs mixtures before (feedstock) and after (raffinate, extract) LLE with CNAr™*?
(scale bar 100 nm).
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Fig. S9. Zeta potential plots of various sized AuNSs before (red) and after LLE (blue) with CNAr™®2,
- ——— CNXyl-bound
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Fig. S10. SERS spectra of 10 nm AuNSs upon binding of isocyanide ligands. Binding of isocyanide ligands
CNXyl, CNA™*2 and CNAr”"? to AuNSs is indicated by the v(CN) band at ~2165 cm™. A v(CN) band
is not observed for CNAr™? thereby suggesting it does not readily bind to AuNSs, including ones with
high curvature.
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Fig. S11. Optimization of CNAr™*? concentration used in LLE of 20 nm diameter AuNSs, where the x-
axis is the concentration of CNAr™*?in CHCI; and the y-axis is extraction efficiency calculated based on
the change of optical density (S1.5). Optimal CNAr™** concentration was found to be 10 mM.
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Fig. S12. Initial AuNS structure used in MD simulations. The diameter is ~5 nm and edge length, L, is ~1.7
nm. The distances from the AuNS center of mass to the Au(001) surfaces, the Au(111) surfaces, the
Au(001/111) edges, the Au(111/111) edges, and the corners of Au(001/111/111) facets, are 24.5 A, 21.5

A, 26 A,26A,27 A, respectively.
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Fig. S13. Simulated C=N vibrational spectrum of CNAr™*? as a free molecule in CHCl; (green) and as a
bound-molecule to the AuNSs surface (blue). A blueshift of ~ 30 cm™ is observed upon binding, in good
agreement with both experimental FTIR and surface-enhanced Raman spectroscopic (SERS) data.
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Fig. S14. Free energy of binding of CNAr™*? to (A) Au(001) slab and (B) Au(curved) slab. All calculations
employed Metadynamics accelerated sampling in CHCl3 at 298K. The distance, Z, was computed between
the carbon of CNAr™*? C=N group and the bottom of the Au-slab (Z coordinate = 0 A).
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AuNS | 8CNXy! AuNS | 8CNArPiPr2 AuNS | 8CNArT"iPp2

Fig. S15. Final snapshot from equilibrium MD simulations in vacuum at 298K of (left to right) CNXyl,
CNArP™? CNAr™P? on a 5Snm AuNS.

A

Fig. S16. (A) Initial snapshot of 64 CNAr™*? molecules randomly distributed in a box containing 4484
water molecules (red) and 1096 CHCI3 molecules (blue). (B) Final snapshot after equilibrium MD
simulation at 298K and 1atm, showing CNAr™*? ligands transferring to the organic CHCI; phase.
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S4. Supplementary Tables.

Table S1. Simulated and experimental isocyanide stretching frequencies, v(CN), of Au-bound and free

CNAMe2,
Simulated v(CN) in CHCl; Experimental v(CN)
Free CNAMe? Adsorbed Free CNArM®2 | Adsorbed CNA™e?
CNAMes?
2149 cm™ 2170-2185 cm’! 2119 cm™ 2166.5 cm™
(FTIR) (SERS)

Table S2. Solvation free energies difference of various Isocyanide ligands in CHCls and water, and
cohesive free energy (self-solvation energy) from Free Energy Perturbation calculations.

Ligand Aigangicucis (€V) Aligandjwater (€V) Aconesive (€V)

CNXyl -0.24 -0.01 0.06
CNArPPP? -0.83 0.04 -0.44
CNAMes2 -1.01 -0.37 -0.62
CNArT P2 -0.90 0.09 -0.52

Table S3. Values of computational descriptors for various isocyanide ligands.

Ligand | SBR | EBF | SF [ SPF
CNXyl 022 [ 043 | -0.02] 023
A2 | 060 [ 014 [ 040 [ 0.87
oA | 100 [ 012 [ 028 [ 052
CNAfT2 | 046 [-0527] 038 [ 1.00

15
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Table S4. Composition of simulation cells used in various MD simulations. The associated figures are

indicated.

System Ligand(s) # of Ligands | # of AuNSs | # CHCl;

CNAr™*? on AuNS (Fig.1B) CNAMe? 8 1 0
(Vacuum)

CNAr*2AuNS in CHCI; (Fig. 2) CNAMe? 106 1 7337

Isocyanides on AuNS (Fig. S15) CNXyl, 8 1 0

CNArPPP2, (Vacuum)
CNAr™PP?
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