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Figure S1. Illustration of the experimental set-up for the Hyper Rayleigh Scattering
measurements and the determination of the first hyperpolarizability of LN@BPEI@AuSeeds
NPs.
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Figure S2. Comparison between the X-ray diffractogram of LN NPs (black) and the LiNbO3
reference ICSD pattern #80628 for LiNbO3 bulk crystal of stoichiometric composition.!]



Crystallographic direction | Scherrer diameter (nm)
[012] 27
[104] 26
[110] 45
[006] 12
[113] 32
[202] 31
[024] 29
[116] 29

Table S1. Scherrer diameters measured from XRD along the different crystallographic
directions.
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Figure S3. (a) Representative TEM image of the synthesized spherical AuSeeds, (b) histogram
showing the diameter distribution of the AuSeeds, (c) UV-visible absorption spectrum of
AuSeeds and (d) photograph of AuSeeds dispersion.



5.00E+04

s 0.05 mg/mL
4.50E+04 a o h\ == 0.1 mg/mL

t' =——0.25 mg/mL
4.00E+04 o % 0.5 mg/mL
¢ % s 1mg/mlL
[ ] .-

£ 3.50E+04

=1

S 3.00E+04

@

E 2.50E+04

J

S 2.00E+04

g

= 1.50E+04
1.00E+04

5.00E+03

0.00E+00
400 450 500 550 600 650
Wavelength (nm)

5.00E+04

4.50E404 - b 0

4.00E+04 -

3.50E+04 -
3.00E+04 -

2.50E+04 -

ionintensity (a. u.)
|

2.00E+04 -

155

1.50E+04 &

Em

1.00E+04
5.00E+03 { m

0.00E+00 . . . T .
0 0.2 0.4 0.6 0.8 1 1.2
Concentration (mg/mL)

Figure S4. (a) Fluorescence spectra of fluorescamine bound to BPEI at different standard BPEI
concentrations for an excitation wavelength at 388 nm and (b) corresponding calibration curve
obtained from the fluorescence intensity at 472 nm.
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Figure S5. Fluorescence spectra of the supernatants after each washing step of the BPEI coated
LN NPs. Excitation wavelength set at 388 nm.
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Figure S6. XPS survey spectra of (a) LN and (b) LN@BPEI NPs. N1s core level (shown by a
red square in Figures S6a and S6b) of (¢) LN and (d) LN@BPEI NPs.



Peak name Binding energy (eV) Atomic percentage (%)
Nb 3d 210.346 5.26
O 1ls 533.332 47.64
N s 402.713 3.09
Cls 288.717 15.42
Si2p 104.663 23.85
Lils 64.2894 4.74

Table S2. XPS binding energies and atomic percentages for the LN@BPEI NPs.
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Figure S7. Molecular structure of Branched PolyEthylenlmine (BPEI). Image retrieved from
Sigma Aldrich BPEI product information website.?!
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Figure S8. Comparison of TEM images from (a) freshly-prepared LN@BPEI@AuSeeds NPs
and (b) after a 2-month storage. Scale bar corresponds to 50 nm.
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Calculation of the number of BPEI molecules per LN NP from XPS results.

The maximum analysis depth in XPS was taken to be 10 nm and a spherical geometry was
assumed for LN NPs of diameter 45 nm. The surface area of a single NP was thus calculated to
be 6362 nm? from which the volume of each LN NP analyzed by XPS was determined to be
6.36x10~* nm? considering that the probed volume per LN particle is the product of the XPS
analysis depth by the surface area of a single LN NP. Then, using the density of LiNbO3 (4.65
g/cm®), the mass of LiNbO3 per particle that was analyzed by XPS was calculated to be
2.96x1071¢ g. From the mass percent of Li, Nb and O in LiNbO3 compound at 5%, 63% and
32%, respectively, and the calculated mass of LiNbO3, the mass of Nb atoms per LN particle
thus probed was calculated to be 1.85x107'® g, namely 1.2x10° Nb atoms. The molecular
structure of BPEI is shown in Figure S7. The molecular weight of a polymer is the summation
of all the molar masses of the atoms present in one polymer chain. Therefore, starting from the
MW of the 25 kDa BPEI, the number of monomer units M that comprises of a single chain was
calculated from Eq. S1.

M= 25000 — (2 x MW(NH,) + 2 x MW(CH;)) _ 25000 — 60 e3 (Eq. S1)
B MW (1 repeat unit) B 473 B

where MW is the molecular weight.

From the number of monomer units per polymer chain, the number of N atoms per polymer
chain could then be calculated from Eq. S2.

N=(Mx11) + 2 = 585 (Eq. S2)

Returning to the stoichiometric ratio of Nb to N as determined by XPS (5.26:3.09), and having
calculated the number of Nb atoms per LN analyzed by XPS (1.2x10° atoms), the number of N
atoms per LN NP was calculated to be 7.08 x 10°. As the only source of N atoms is from BPEI,
the number of polymer chain molecules present at the LN NP surface can be calculated by
dividing this value by the number of N atoms in one polymer chain. From this calculation we
obtain 1210 polymer chains per LN NP, which corresponds to 23% wt of polymer to LN NP.

Calculation of average number of AuSeeds per LN NP from TEM images.

For the quantification based on TEM imaging (Figure 2), the ImageJ software was used to count
the number of AuSeeds per particle. Taking into account that TEM images only showed half of
the pseudo-spherical NPs, we assumed that the visible AuSeeds belong to that of a hemisphere,
and as such, we multiplied the AuSeed count by two to have an estimation of the total number
of AuSeeds attached to each LN NP. The sample size for the statistical analysis was 50 LN
NPs, from which, the average number of AuSeeds per particle was calculated.

Calculation of average number of AuSeeds per LN NP from ICP-AES results.

The ICP-AES analysis led to the total concentration of Nb and Au atoms in the samples, which
allowed deriving the concentrations of LN@BPEI NPs and of AuSeeds, both in units of g/L
and NPs/L). From the NPs/L concentration numbers, the amount of LN@BPEI and AuSeeds
particles was calculated. Assuming that all the detected gold arises from AuSeeds attached to
the LN@BPEI, the average number of AuSeeds per LN particle was then determined.

The mass concentration of LN was calculated using Eq. S3:
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[Nb](g/L) (Eq. S3)

[LNIGg/1) ==

where [Nb](g/L) is the mass concentration in Nb obtained from ICP-AES. 0.63 is the mass
contribution of Nb based on the empirical formula of LiNbOs3.

Then the concentration of LN and AuSeeds in units of NPs per L was determined from Eq. S4
and Eq.S5, respectively:

LN](g/L _
[LNI(NPs/L) = Mas[s 0}(‘221\? NP (e 54
[AuSeeds](NPs/L) = [Au](g/L) (Eq. S5)

Mass of 1 AuSeed

where [Au](g/L) is the mass concentration in Au obtained from ICP-AES. The mass of 1 LN
NP as well as the mass of 1 AuSeed was calculated based on the volume and density of a single
LN and AuSeed NP, respectively.

Finally, the number of AuSeeds per LN NP, Ny, was calculated with Eq. S6:

_ [AuSeeds](NPs/L) (Eq. S6)
A ™ [LN](NPs/L)

Calculation of the percentage of LN surface covered by AuSeeds.

From the number of AuSeeds (diameter: 2.5 nm) per LN NP (diameter: 45nm) and assuming
the spherical shape of LN NPs and AuSeeds, the percentage of LN surface covered by AuSeeds
can be determined using Eq. S7:

% of LN surface covered by AuSeeds = (Eq. S7)

where Ny, is the number of AuSeeds per LN NP either determined by TEM or ICP-AES. In
Eq. S7, the surface occupied by a single AuSeed on LN surface is supposed to be equal to the
area of its circular projection. The ratio between this projection and the area of a LN NP
considered as a sphere gives the surface percentage occupied by one AuSeed on LN surface.

Discussion on the limitations of TEM-based quantification compared to ICP-AES
analysis.

The linear trend obtained by TEM-based quantification could indicate a potential to further
increase the percentage of surface covered by increasing the AuSeeds concentration although a
maximum can be expected. This limit is a result of summation effects originating from the
electrostatic repulsion between AuSeeds, the Van der Waals attractive forces between the
particles and the hydrophobic and steric interactions due to the polymer and solvation forces.
Conformation of the BPEI molecules on the LN core also impacts the surface arrangement of
NH:2 groups. These factors determine the optimal radial distance between two neighboring
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AuSeed particles and prevent full control of the surface spatial arrangement of the seeds. Note
also that the AuSeed number is very likely underestimated from the TEM analysis since the
statistical approach is first limited by the amount of detected LN@BPEI@AuSeeds. Imaging
was indeed performed at high magnification so as to better visualize the surface AuSeeds, which
reduced the nanoparticle count per image and consequently the sample size for the statistical
analysis. Second, homogeneity in the number of AuSeeds attached to the visible and
hemispheres of the LN@BPEI@AuSeeds was assumed since a factor 2 has been used to
account for the unseen hemisphere. This approach is however too straightforward. The AuSeeds
located at the curved boundaries of the NPs appear blurred preventing in this case their accurate
counting. On the contrary, ICP-AES allows obtaining a direct quantification of all the chemical
elements present in the sample at a pg/L concentration range. It was thus considered more
accurate than the TEM-based quantification.

Expression of the theoretical depolarization ratio D for LiNbO3.

Following the initial calculation of the squared hyperpolarizability isotropically averaged over
all orientations for a molecular solution,*] the HRS formalism was then successfully extended
to larger objects such as metal NPs ¥ and oxide nanocrystals.!”! For LiNbO3, the depolarization
ratio obtained after orientational averaging of the HRS intensities collected along the horizontal
and vertical directions can be expressed as follows (Eq. S8) according to the three non-zero
SHG coefficients ds3, d3; and d,,.

1 4 16 4 (Eq. S8)
o lins _ 35d * 71 %51 + 705 %2 — 105 %aa

v 24 8 12

HRS 7d§3 35d§1 35d%2 35 d33dsq
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