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Abstract: Atomically precise metal nanoclusters are a unique class of synthetic material. In contrast to colloidal nanoparticles, their atomic
structures can be fully resolved using single crystal X-ray diffraction, and their chemical formula precisely determined by mass spectroscopy.
However, obtaining high quality single crystals of these nanoclusters is not a trivial task and their successful ionization in mass spectroscopy
remains challenging. Here, we report the application of small angle neutron scattering (SANS) to directly quantify the overall structure
parameters of nanoclusters in solution. Adopting a core-shell ellipsoid model, we successfully correlate the scattering patterns of a series of
silver and gold nanoclusters with their crystallographic structures. Interestingly, for charged nanoclusters, a discrepancy between the ligand
shell thickness from SANS and crystal structures was observed. We attributed such difference to the presence of a layer of counterions in
solution. Furthermore, we demonstrate the capability of SANS, when combining with X-ray scattering, in estimating the molecular weight of both
the metal core and the ligand shell. This work offers an alternative characterization tool for nanoclusters without the requirement of crystallization
or gas phase ionization.
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Experimental Procedures

S1: synthesis of NCs

Agie: AgBF4 was dissolved in the mixture of dichloromethane and methanol. DPPE, 3,4-difluorothiophenol, and PPh4Br were
added when the solution was cooled to 0 °C. After constant stirring for 20 minutes, NaBH4 aqueous solution and triethylamine were
then added into mixture under vigorous stirring. The aging process was 12h at 0 °C. The water phase was removed by syringe and
the left mixture in organic phase was washed with water for several times.

Agas: AGQNO3 was dissolved in the mixture of dichloromethane and methanol. 3,4-difluorobenzenethiol and
tetraphenylphosphonium bromide were added when the solution was cooled to 0 °C. After constant stirring for 20 minutes, NaBH4
aqueous solution and triethylamine were then added into mixture under vigorous stirring. The aging process was 12h at 0 °C. The
water phase was removed by syringe and the left mixture in organic phase was washed with water for several times.

Agss: AgBF4 was dissolved in the mixed solution of dichloromethane and methanol. Triphenylphosphine and 3,4-
difluorothiophenol were added into the mixture when it was cooled to 0 °C under mild stirring. After 20 minutes, freshly made NaBHa
aqueous solution and triethylamine were added quickly under vigorous stirring. The aging process was taken 12 h at 0 °C. The water
phase was removed by syringe and the left mixture in organic phase was washed with water for several times.

Ages: AgBF4 was dissolved in the mixed solvent of dichloromethane and methanol. Tributyl phosphine, tetrabutylammonium
tetraphenylborate, and 3,4-difluorothiophenol (HSPhF2) were added into the mixture. After 20 minutes, freshly made NaBHs aqueous
solution and triethylamine were added quickly under vigorous stirring when it was cooled to 0 °C. The aging process was taken 12 h
at 0 °C. The water phase was removed by syringe. The left solution was then centrifugated for 4 minutes at the speed of 10000 rpm.
The supernatant was stored frozen in the dark at 4 °C.

Synthesis of the Ag-SPhtBu complex precursor for the following production of Ag13s and Aga7s NCs: 4-tBuPhSH and NEts were
dissolved together in ethanol. The mixture solution was added dropwise into the solution that AgNO3 was dissolved in CH3CN under
stirring for overnight. The solvent was dried and the yellow powder of polymeric Ag-SPhtBu precursor was generated.

Ag13s and Agsr4: Ag-SPhtBu precursor was added into the mixture of dichloromethane and methanol in a volume ratio of 4:1.
PPh4Br was added when the mixture was cooled to 0 °C. After 5 minutes constant stirring, freshly made NaBH4 aqueous solution and
triethylamine were quickly added under vigorous stirring. The aging process was taken 12 h at 0 °C. The water phase was removed
by syringe and the left mixture in organic phase was washed with water for several times.

Auss: HAuCls-3H20 and glutathione (GSH) were dissolved in acetone under vigorous stirring. After 20 minutes, freshly made
NaBH4 aqueous solution was added quickly under vigorous stirring when it was cooled to 0 °C. 20 minutes later, the black precipitates
which were Aun(SG)m were dissolved by water. Then the aqueous solution of Aun(SG)mwas mixed with ethanol, toluene, and phenyl
ethanethiol. The biphasic solution was heated to 80 °C and kept in this temperature. 10 minutes later, the Aun(SG)m nanoparticles
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were transferred to the organic phase. The heating process was kept for ~ 40 hrs at 80 °C. Auss(SCH2CH2Ph)24 nanoparticles were
produced after the etching process. The Au NCs were extracted by dichloromethane.

Auios: HAUCls-3H20 and tetraoctylammonium bromide (TOABr) were mixed in CH2Cl2. After phase transfer and removal of the
water layer, phenyl ethanethiol was added in the mixture. 30 minutes later, freshly made NaBH4 aqueous solution was added under
vigorously stirring. The following purification was performed by a solvent fractionation.

Au144: HAuCls-3H20 and TOABr were added in methanol. Thiols were added in the mixture after 30 minutes vigorous stirring. 15
minutes later, freshly made NaBH4 aqueous solution was added in the mixture. The black precipitates that were washed with
methanol to remove excess thiols and were collected by centrifugation. The crude products were dissolved in CHCI2> were pipetted
onto multiple pieces of PTLC plates. The developer was the mixture of DCM and petroleum ether. Then the Au144 NCs were extracted
with pure DCM and tried by rotary evaporation.

S2: SANS measurements

The nanoclusters were recrystallized and the SANS measurements had been performed by dissolving the crystalline powders to
assure the purity of the samples. All nanoclusters SANS measurements had been done on D22 at Institut Laue-Langevin except for
the measurement of Ags4 sample being performed on KWS-2 at Julich Center for Neutron Science. Measurements were implemented
at 25 °C, employing 1.4 m sample-to-detector distance, at 2.8 A wavelength with a collimation setup of 5.6 m and a q range from 0.04
A"t0 0.8 A'. The sample concentration was approximately 10 mg/ml corresponding to a volume fraction of nanocluster solution of
below 0.1%. The two-dimensional scattering data were processed and reduced via Grasp software including radial averaging,
background subtraction, empty cell, and transmission correction, and normalization to an absolute scale.

S3: SAXS measurements

SAXS measurements had been done on Ganesha 300XL (SAXSLAB) instrument. Borosilicate glass capillaries with inner
thickness of 1mm was used for the sample solutions. Roughly, 0.1 mg/ml concentration of the nanocluster solution was used in the
measurements.

S4: P(r) analysis and fitting

The P(r) analysis were performed using GNOM software in ATSAS packages. The fitting of the SANS data has been processed
through SASview and SASfit software with the core-shell ellipsoid model. The volume of correlation of the SAXS and SANS data was
analyzed using Scatter software.

Results and Discussion

Figure S1. The SAXS curve of three AUNCs. The red curve stands for the Auss, while the yellow curve is Au1o4, and the blue curve is Au1aa.
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Figure S2. Fitting results of Ag+e. (A) fitting data. (B) fitting curve.

Fllo name:. ustrsfiting_sasviow/Ag16-CDCI3-2F dat
Model name:core_shel._alipsoid
Q Range: min = 0.0571727, max = 075465
Chi2MNpts = 030014

scalo =0.078029 +- 0.085127
background = 0.0009195 +- 000015383 1/cm w0
radius_equat core = 5.2224 +- 012784 Ang
X_core = 1.2999 +- 16092609
hick_shell = 1.8827 +- 12073 Ang
X_polar_shell = 2.4556 + 0.99478 wigr

S_shell = 22919 +- (i) 1e-/Ang'2
d_solvent = 3.16 +- (ixed) 1e-6/Ang"2

Figure S3. Fitting results of Agss. (A) fitting data. (B) fitting curve.

File name:./Clusters/others/Ag38/Aga8-dDCM-2F-1 dat
Model name:coro_shol._alipsoid
Q Range: min = 0.0571343, max = 0787671
Chi2/pts = 5.0006

scale = 0,034329 +- 0.0019692 R
background = 0.0016766 +-3.17040-05 1iem
Jat_core = 5.6294 +- 0.3328 Ang

Figure S4. Fitting results of Agas. (A) fitting data. (B) fitting curve.

Fllo nama:..n clustorsting_sasviow/Agé4-4DMF dat
Model name:core_shel_ellpsoid
Q Rango: min = 0.0850738, max = 0.749139
Chi2Npts = 48246

scale = 0,0012299 +- 7.76246-05
background = 9,85240:05 +- 12242005 1lem.
radius_equat_core = 6.39 +- 45863 Ang

87+ (xed) te-6/Ang'2
Sid_shell = 4.04 + (fxed) Te-6/Ang"2
Sid_solvent =0 +- (ixed) 1e-6/Ang’2

Figure S5. Fitting results of Ages. (A) fitting data. (B) fitting curve.

File name:./Clustrs/others/AQB3/AQE3-2F-GDCM-1 dat
Model name:core_shell_elipsoid
QRange: min = 0.0571478, max = 0.787857

Chi2Npts = 1.8448. g v s o)

scale = 0.1887 +- 0012415 o
background = 0.0015407 +- 4.26576-05 tem
radius_oqual_core = 8.3427 +- 0.046544 Ang

Sid_core = 3.4682 +- (xed) 10-6/Ang"2
5id_shel = 22919 +- (ixed) 1o-6/Ang'2
Si0_solvent = 3.6983 +- (ixed) 1e-6/Ang*2

Figure S6. Fitting results of Agise. (A) fitting data. (B) fitting curve.

File name:.usters/Tting_sasview/AQ136-CDCL3-1.dat
Model namecore_shell_elipsoid
QRange: min = 0.0495514, max = 0.718454 R
ChiziNpts = 0.86757

scale = 0.017005 +- 0.00079466.
background = 0.0022911 +- 6.34750-05 t/cm
radius_oquat_core = 11,538 +- 0.32981 Ang

5id_core = 0.382 +- (ied) 1e-8/Ang"2 ax
Sid_shell = 2.433 +- (fxed) 1e-8/ANg2
sid_solvent = 0 +- (ixed) Te-6/Ang"2
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Figure S7. Fitting results of Agsza. (A) fitting data. (B) fitting curve.

File name:.usterfiting_sasview/Ag374-COCR-1 dat
Model name:core_shel._aipsaid
Q Rango: min = 0.0495806, max = 0718876
Chi2Npts = 0.49023

scale = 0.060562 +- 0.0047672
background = 0.0050874 +- 0.00017247 tiem

s s core = 15067 025045 Ao
X_core = 0.66339 +- 0.018548 o
nck_shot=6823 1055768 Ang
 po_shll 0481 +- 0017523
oo 203062 () 10 SArg2 G w
‘sid_shell = -2.433 +- (fixed) 1e-6/Ang"2

sid_solvent =0 + (txed) Te-6Ang"2

Figure S8. Fitting results of Auss. (A) fitting data. (B) fitting curve.

File name:.clustersfting_sasview/Au38-diol1.dat
Model namecore_shell_elipsoid
Q Range: min = 0.0495663, max = 0.76271 w0
ChiiNpts = 033896

scale = 0,0024924 + 0.00080256
background = 0,00038866 +- 000014796 1/cm £
radius_equat_core = 46113 +- 6.1285 Ang fuo

X_core = 1.0821 +-3.3045

hick_shell =8.3505 + 6.284 Ang "
X_polar_shell = 0.24728 +- 1.0037 x o
Sid_core =-0.99 + (xed) Te-6/Ang*2
sd_shell = .82 +-(ixed) Te-6/Ang"2
sld_solvent = 0.+ (fed) 10-6/Ang'2

Figure S9. Fitting results of Au1oa. (A) fitting data. (B) fitting curve.

File name:.lustersiting_sasview/Aut04-diok1 dat
Model name-core_shallallpsoid
Q Range: min = 0,0495605, max = 0.762618
Chi2Npts = 046531

scalo =0.0013107 +- 0.00085506
100030504 +- 5.96450-05 tiom

295725 +-070715 Ang
83947 40,5202 |
=1.6548 4+- 028415 Ang

s 1
_polar_sholl = 5,372 +- 30871 i

Sid_core = 0.99 +- fxed) 16-6/Ang’2
id_shell = 5.5 +- (ixed) 10-6/Ang"2
sid_solvent = 0 +- fxed) fe-6/Ang"2

Figure $10. Fitting results of Au1s4. (A) fitting data. (B) fitting curve.

Filo namo:.ustors/iting.sasview/Au144-diok1 dat
Model name:core

Jipsoid
Q Rango: min = 0.0495605, max = 0.762618
Chi2iNpts = 085138

scalo = 0.0030033 +- 0,00095385. 2
background = 0.00031288 +- 6.45430.05 1/cm R
radius_oqual_coro = 9.4566 +- 0.63789 Ang

thick_shell = 3.9727 +-1.0359 Ang
_polar_shell = 17421 +- 0090442 R T
sid_core = -0.99 + (ixed) 16-6/Ang"2 ax

5id_shel = 5.5 +-(ixed) 1e-6/Ang*2
sid_solvent = 0 +- (fxed) 1e-6/Ang"2
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