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Green Deep-Eutectic Synthesis of Multinary Quantum Dots for 
Luminescent Polymeric Composites and LED Applications
Lorenzo Branzi,* Sean Freeman, Lucy Fitzimmons, Conor Burke, Yurii K. Gun’ko*

The production of a range of multinary quantum dots (QDs), including both ternary phase silver indium sulfide (AIS) and 
copper indium sulfide (CIS), and their quaternary alloys with zinc sulfide (ZAIS and ZCIS), using a l-menthol and lauric acid 
deep eutectic solvent (DES) was investigated. This novel synthetic approach relies on the hydrophobic nature of the l-
menthol lauric acid DES to combine the typical reaction environment of hot-injection processes, commonly used for the 
production of high-quality QDs, with the highly desirable qualities of deep eutectics as green solvents. The deposition of a 
zinc sulfide shell was also investigated, resulting in an improvement of the photoluminescent quantum yield up to 65%. 
Moreover, the incorporation of multinary QDs produced in the l-menthol lauric acid DES in polymethyl methacrylate (PMMA) 
matrices was investigated, yielding both bulk slabs and colour-converting layers for white and monochromatic LEDs. These 
studies clearly demonstrate the feasibility and advantages of DES-based synthesis for the production of high-quality 
multinary QDs and their incorporation into luminescent polymeric composites with strong potential for photonics and 
energy applications.

Introduction
Deep eutectic solvents (DESs) are a family of ionic fluids formed 
by the hydrogen bond-mediated association of a hydrogen 
bond acceptor (HBA) and a hydrogen bond donor (HBD), 
resulting in an eutectic mixture with a significant reduction in 
melting point with respect to those of the pure components.1 
DESs are rapidly emerging as promising green alternatives to 
conventional solvents in terms of biocompatibility, 
biodegradability, toxicity and availability.2,3 For these reasons, 
the development of novel DESs and the investigation of their 
application in a broad range of processes such as catalysis,4,5 
electrodeposition6,7 and many others1,8 has been actively 
pursued over the last years. Recently, particular attention has 
been paid to the synthesis of inorganic nanomaterials using 
DESs, however, this promising field still remains largely 
unexplored.9

I-III-VI ternary quantum dots and their quaternary zinc alloyed 
I-II-III-VI phases are a promising class of nanomaterials with 
visible to near infrared emission. Due to their unique optical 
properties and composition-dependent tunability, multinary 
QDs are rapidly becoming popular low-toxicity alternatives to 
binary II-VI QDs.10 For these reasons, multinary QDs have been 
widely investigated in photonics,10 energy11 and biomedical 
applications12 as well as recent studies reported efficient hot-
electron photocatalysis13 and tunable chirality.14,15 In particular, 
the intrinsic broad photoluminescence and large Stokes shift 

characteristic of the photoluminescence of multinary QDs make 
them promising candidates for applications as luminescent 
active materials in luminescent solar concentrators (LSC),16,17 
and as downconverter phosphors in colour conversion layers 
used for white light-emitting diodes (LEDs).10,18 Despite their 
promising optical properties and the wide range of 
technologically relevant applications, synthetic strategies for 
the production of multinary QDs in DESs have not been 
reported to date.

In this work, we developed a new robust synthetic procedure 
using l-menthol lauric acid DES for the production of a broad 
family of luminescent multinary QDs. Our investigation covers 
ternary I-III-VI compounds such as silver indium sulfide (AIS), 
copper indium sulfide (CIS) and their quaternary I-II-III-VI 
phases, including silver indium zinc sulfide (ZAIS) and copper 
indium zinc sulfide (ZCIS). Hydrophobic DESs represent a 
relatively novel class of green solvents after the first report in 
2015.19 and are becoming rapidly popular, unlocking a wide 
range of novel applications,20 among which, their use as 
solvents for the synthesis of inorganic nanomaterials.21 The 
hydrophobic nature of the l-menthol lauric acid DES mimics the 
reaction environment typical of hot-injection processes 
commonly used for the production of high-quality QDs. 
Moreover, l-menthol and lauric acid are unexpensive natural 
products characterised by high biocompatibility and natural 
abundance.22–24 In particular, l-menthol is produced via 
biosynthesis in plants of Mentha species and it is manufactured 
on a large scale (likely exciding 700 metric tons per year) for 
application in industries like oral health care products, the food 
industry, cosmetics and pharma.22,23,25 On the other hand, lauric 
acid is the main component of coconut and palm oil, vegetable 
oils and fatty acids are one of the most suitable resources 
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suitable for the development of sustainable processes.24 To 
further improve the optical properties of the multinary QDs 
produced using DES, a one-pot process for the deposition of a 
ZnS layer and the production of multinary core-shell QDs using 
l-menthol lauric acid DES has been successfully developed, 
resulting in a substantial increase in the photoluminescence 
quantum yield to values as high as 65%. The hydrophobic nature 
of the multinary QDs produced via this strategy guarantees high 
compatibility with polymeric matrices like polymethyl 
methacrylate (PMMA) without any surface modification. Thus, 
the production of luminescent QD-PMMA bulk nanocomposites 
via in-situ radical polymerisation, as well as the fabrication of 

colour converting layers for application in white and 
monochromatic LEDs, was investigated.

Results and discussion
A family of luminescent multinary QDs composed of silver, 
indium, copper and zinc was produced in l-menthol lauric acid 
DES using a hot-injection synthesis approach (Figure 1a). These 
mixtures are liquid at around 20 °C in agreement with detail 
characterisation of the phase behaviour of DES formed by 
terpenes and monocarboxylic acids reported by Martins and 
coworkers.26 Characterisations of the l-menthol and lauric acid 
DES by NMR and FTIR are available in supplementary 

Figure 1 a) Scheme of the material production workflow from molecular laurate to luminescent multinary QDs-PMMA 
composites. b) UV/Vis and PL spectra of the AIS QDs reaction mixture collected after different growth times at 120 °C. TEM 
and HR-TEM images of AIS (c, ci and cii) and AIS/ZnS (d, di and dii) QDs. UV/Vis spectra (e) and Tauc plots (f) of multinary 
QDs produced in l-menthol lauric acid DES. 
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information (Figure S1-10). In particular, FTIR (Figure S1) 
showed a single vOH at 3400 cm-1 for the mixture, higher than 
both the single components. This observation, along with the 
shift of the vCO of the lauric acid from 1693 to 1710 cm-1 
highlight the formation of the hydrogen network characteristic 
of the DES.27 The epitaxial growth of a ZnS shell layer was 
achieved in a one-pot process by a slow addition of the ZnS 
precursors, dissolved in the l-menthol lauric acid DES, to the 
reaction mixture. Due to the hydrophobic nature of the 
multinary QDs produced in the l-menthol lauric acid DES, the 
nanocrystals can be easily incorporated in PMMA polymer 
matrices for the production of luminescent composites.

The mixture of l-menthol and lauric acid with a 2:1 molar ratio 
forms a DES which is liquid at room temperature (Figure S11a,b) 
and mimics the hydrophobic environment of the high boiling 
point solvents conventionally used for QD synthesis via the hot-
injection process.21,26,27 Using metal laurate precursors for 
silver, indium, and zinc achieves high solubility of all the 
different cationic components in the l-menthol lauric acid DES, 
allowing for homogeneous solutions even at low temperatures. 
This was found to be particularly relevant, since a low injection 
temperature (40 °C) was identified as ideal for the production 
of QDs with superior optical properties (see later). The injection 
of the sulfur precursor solution into the metal cation solution in 
DES induces a rapid particle nucleation, and the nanocrystals’ 
growth can be promoted by further heating at a higher 
temperature. Figure 1b shows the typical absorption and 
photoluminescence spectra of the AIS QDs reaction mixture 
collected after different reaction times. The emission maximum 
shifts from 636 nm, observed for QDs collected immediately 
after injection, to around 732 nm after 60 minutes of growth at 
120 °C, in agreement with the red-shift of the absorption profile 
along with an increase in PL intensity (Figure S11c,d). The QDs' 
photoluminescence is dramatically affected by the reaction 
conditions, in particular, injection at 40 °C and a successive 
heating at 120 °C have been identified as ideal conditions for 
the synthesis of AIS QDs. Using a higher temperature for the 
injection step produces QDs with lower PL intensity and broader 
emission profile (Figure S11e), suggesting a poor homogeneity 
in the QD sample produced at higher temperatures.

TEM images of AIS QDs revealed the presence of nanocrystals 
with an average size of approximately 2.8 ± 0.9 nm (Figure 1c 
and Figure S12a), while after the deposition of the ZnS shell 
layer, an increase in the nanocrystal size to 3.5 ± 1.2 nm (Figure 
1d and Fig S12b) was observed. HR-TEM images revealed 
diffraction fringes with a spacing of 0.32 nm, corresponding to 
the (112) planes of the chalcopyrite lattice (I-42d). Changing the 
composition of the cation mixture enabled the production of 
different multinary QDs, in this way, ternary AIS and CIS, as well 
as their quaternary counterparts with zinc sulfide, ZAIS and 
ZCIS, QDs were produced using l-menthol lauric acid DES. The 
UV/Vis absorption of the different multinary QDs is shown in 
Figure 1e, and the optical band-gaps were estimated using the 
Tauc plot method (Figure 1f), giving band gap values of around 
2.14 eV, 2.16 eV, 2.43 eV and 2.58 eV for CIS, CZIS, AIS and AZIS 

QDs, respectively. The increase of the optical band-gap with the 
incorporation of zinc in the QDs cores is consistent with the 
formation of AgInS2 and CuInS2 alloys with ZnS forming the 
respective quaternary systems (Figure S13).28

The PL properties of the multinary QDs produced in l-menthol 
lauric acid DES reflect the variations in their chemical 
composition. PL and PLE spectra of multinary QD cores are 
shown in Figure 2ai. Emission at 658 and 595 nm was observed 
for AIS and ZAIS QDs, while CIS and ZCIS showed emission at 705 
and 690 nm, respectively. All systems displayed a broad 
excitation range that corresponds to the band-gap of the 
different nanocrystal compositions, as well as the typical 
emission profile of multinary QDs, characterised by large Stokes 
shifts and broad emission peaks were observed; these features 
are associated with the presence of intragap states involved in 
the radiative recombination mechanism.29–33 Further details on 
the optical properties of multinary QDs produced in the l-
menthol lauric acid DES are presented in Table S1. The 
deposition of the ZnS shell using the l-menthol lauric acid DES-
based approach improves the PLQY (Table S1) for all the 
multinary QDs. In particular, the PLQY of ZAIS QDs increased 
from 18% to 65% with the deposition of the ZnS shell (Figure 
S14). This enhancement is attributed to the passivation of 
surface defects such as dangling bonds with a layer of a larger 
bandgap semiconductor, suppressing non-radiative 
recombination pathways.34 Moreover, the ZnS shell deposition 
causes a further blue shift of the emission profiles Figure 2aii, 
which can be associated with a partial diffusion of Zn2+ ions in 
the QDs core.35 The incorporation of Zn2+ in the QDs core via the 
direct synthesis of quaternary I-II-III-VI systems or via diffusion 
is expected to mitigate the effect of cationic disorder and 
further improve optical properties.36 The effect of the ZnS shell 
deposition on the exciton recombination mechanism was 
further supported by the analysis of the PL lifetime observed at 
the PL maximum. All the I-III-VI multinary QDs produced showed 
photoluminescence decays in the order of 100 – 500 ns (Figure 
S15), these are typical values for I-III-VI QDs where the exciton 
recombination mechanism is mediated by intragap donor-
acceptor states. An increase of the average lifetime of around 
90 ns was observed for ZAIS, CIS and ZCIS QDs after the 
passivation process with ZnS (Table S2), supporting the 
suppression of non-radiative recombination processes with the 
deposition of an inorganic shell. In contrast, AIS QDs did not 
show any appreciable variation in the PL lifetime, however, this 
system is characterised by the longer decay time (<τ> of around 
480 ns) and variation in the average lifetime may not as evident 
as the other multinary QDs discussed here. Moreover, the 
observed lifetime of multinary QDs is wavelength dependent 
due to the complex mechanism involved in the exciton 
recombination and this could further complicate this analysis.37 
The effect of the ZnS shell deposition on QDs’ optical properties 
was demonstrated in the photoluminescence thermal stability. 
The PL of ZAIS QDs decreases to 58% when the nanocrystals are 
heated at 60 °C (Figure S16a,c), while 85% of the PL is preserved 
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for the ZAIS/ZnS QDs (Fugere S16b,c). This observation further 
supports the critical role of the ZnS shell deposition for 
applications in devices such as LEDs.

XRD analysis revealed diffraction patterns that correspond to 
the tetragonal chalcopyrite phase, I-42d space group (Figure 
2bi) for all multinary core QD systems, in agreement with the 
TEM observations. The effect of Zn incorporation in the 
quaternary QDs is highlighted by the shift of all the peaks to 
slightly larger angles due to the smaller ionic radius of Zn2+ 
compared to In3+.38 In particular, the (112) peak is located at 
27.2° for AIS QDs and 27.9° for ZAIS QDs. Similarly, the (204) and 
(312) peaks are shifted from 46.1° to 46.8° and from 53.0° to 
53.9° (Figure S17a,c), respectively. This evidence suggests a 
contraction of the d-spacing from 3.28, 1.80 and 1.73 Å 
observed for AIS QDs to 3.19, 1.94 and 1.70 Å in the case of ZAIS 
QDs. After the deposition of the ZnS layer, the diffraction 
patterns are dominated by the contribution of the sphalerite 
ZnS phase, space group F-43m (Figure 2bii and Figure S17b), as 
supported by Rietveld refinement (Figure S18). The shelling step 
introduced an additional shift of all the diffraction peaks toward 
larger angles in comparison with the pattern of the core QDs 

(Figure S19),34,39 along with a reduction of the peak broadening 
that can be associated with an increase in the crystalline size. 
Scherrer analysis of the broadening of the (112) peak gave 
crystalline sizes of 2.0 and 2.7 nm for ZAIS and ZAIS/ZnS QDs, 
respectively, further supporting the TEM evidence.

Energy dispersive X-ray spectroscopy (EDS) analysis of the 
multinary core QDs (Figure 2ci) was performed to investigate 
the nanocrystals' chemical composition. For the purpose of this 
work, we targeted the production of indium-rich QDs, since 
these systems are known for their superior optical properties 
associated with the formation of intrinsic defects.40,41 The EDS 
spectra of AIS QDs confirmed a Ag:In ratio of around 1:3.5, close 
to the composition used in the reaction mixture of 1:4. The 
quaternary AZIS QDs showed a lower indium content with a 
ratio of 1:1:2.5 for Ag:Zn:In, respectively, suggesting that Zn2+ 
mostly replaced In3+ in the core QD structure (Figure S20a). 
Similar observations were made for the copper-based QDs with 
the Cu:In ratio of 1:3.1 for the ternary CIS QDs, while a Cu:Zn:In 
ratio of 1:1.1:2.5 was observed for the quaternary CZIS QDs 

Figure 2 PL and PLE spectra (a), p-XRD patterns (b), and EDS spectra (c) of multinary core (i) and core/shell (ii) QDs produced using l-
menthol lauric acid DES. Reference patterns used for XRD: AgInS2 I-42d COD 1509400 (orange), CuInS2 I-42d ICSD 66865 (wine) and ZnS F-
43m COD 1100043 (green).
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(Figure S20a). The deposition of ZnS significantly increased the 
zinc contribution for all the QDs (Figure 2cii), a ratio of around 
1:2.8 was observed between the sum of the contributions from 
the monovalent and trivalent cations and Zn (Figure S20b) for 
AIS/ZnS QDs and 1:2.6 for CIS/ZnS QDs. 

To evaluate the potential applications of multinary QDs 
produced in the l-menthol lauric acid DES, the production of 
luminescent multinary QD-PMMA nanocomposites was 
investigated. PMMA is an ideal candidate for the production of 
luminescent QD-polymeric nanocomposites for application in 
photonics, due to its high optical transparency, stability and 
mechanical properties.42 For this purpose, multinary core-shell 
QDs were used, due to their superior optical properties, for the 
preparation of QD-PMMA bulk slabs via in situ radical 
polymerisation of methacrylic acid, as well as the production of 
QD-PMMA coating layers starting from PMMA solution in 
toluene.

For the production of multinary QDs-PMMA bulk slabs, a two-
step process was employed where the methyl methacrylate 
monomer was polymerised to a syrup in the first step, before 
the addition of the multinary QD solution and transfer into a 
sheet reactor mould to complete the polymerisation. Figure 3 
shows the optical characterisations of multinary QD-PMMA 
composites slabs (2.5x2.5x0.2 cm) produced using a QD loading 
of around 0.025 wt%. The QD-PMMA composites obtained by 
this procedure were highly transparent and homogeneous, 
preserving the optical properties of the multinary QDs used 
(Figure 3a). The transmission spectra (Figure 3b) show a 
maximum of transmittance of around 90% (at wavelengths 
higher than 700 nm), indicating a low degree of scattering 
caused by QDs aggregation in the polymeric composite. The loss 
of around 10% in transmission is expected due to reflections 
from the two surfaces of the polymeric slab, while the 
absorption at shorter wavelengths reflects the chemical 

composition of the multinary QD used.43,44 More importantly, 
the photoluminescence properties of the multinary QDs (PL and 
PLE) are preserved in the PMMA nanocomposites (Figure 3c), 
with emission maxima centred at 585 nm, 635 nm, 650 nm and 
702 nm for ZAIS/ZnS, AIS/ZnS, ZCIS/ZnS and CIS/ZnS QDs, 
respectively. These types of composites are of large interest for 
potential application in LSC devices, where the large Stokes shift 
of multinary QDs ensures minimal energy losses due to 
reabsorption processes.16,17

The potential application of multinary QDs produced in l-
menthol-lauric acid DES as colour converting phosphors for 
LEDs was investigated by preparing different QD-PMMA 
mixtures using a QD loading concentration of around 2.5 wt% 
on top of an LED chip to produce colour conversion layers with 
different optical properties. QDs have recently become a 
promising alternative to solid-state phosphors to produce white 
LEDs, especially multinary QDs, due to their intrinsic broad 
emission spectra.10,18 In particular, coating a 475 nm blue LED 
(forward voltage and current applied to the LED chip: 3.0 V and 
80 to 140 mA respectively) with ZAIS/ZnS (Figure 4a) resulted in 
white light with CIE coordinates of X = 0.423 and Y = 0.3911 
(Figure 4c) and a colour rendering index (CRI) of 77 and a 
correlated colour temperature (CCT) of 3100 K corresponding to 
warm white light. Similarly, AIS/ZnS QDs (Figure 4b) produced 
warm white light with a larger contribution from the red 
spectral range, with CIE coordinates X = 0.503 and Y = 0.4038 
(Figure 4c), a CRI of 80 with CCT of around 2100 K. Details on 
the effect of varying the current applied to the LED chip are 
shown in Figure S21. A comparison with commercial white LED 
(Figure S22) revealed that colour conversion layers produced 
using multinary QDs prepared in l-menthol lauric acid DES have 
comparable CIE coordinates with commercial systems. 

Figure 3 a) Photograph of the PMMA core-shell multinary QDs under ambient and UV illumination, size 2.5 x 2.5 x 0.2 cm. Transmission (b) 
and PLE/PL spectra (c) of core/shell PMMA core-shell multinary QDs nanocomposites. 

Page 5 of 11 Journal of Materials Chemistry C

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
C

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/1
4/

20
26

 3
:0

6:
18

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6TC00832A

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6tc00832a


ARTICLE Journal Name

6 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

However, the colour rendering properties of multinary QDs-
based LEDs are still limited; commercial white LEDs showed CRI 
of 97 and 92, mainly due to the stronger luminescence 
contribution in the green spectral range of their phosphor 
materials. The application of these QDs in the production of 
colour conversion layer for the production of monochromatic 
LEDs was investigated as well. In particular, yellow and red 
emissions were produced by coating a 400 nm LED chip with 
ZAIS/ZnS (Figure 4d) and ZCIS/ZnS (Figure 4e) QDs, respectively. 
The colour conversion layers produced light with CIE 
coordinates X = 0.564 and Y = 0.432 for ZAIS/ZnS QDs, while light 
with CIE coordinates X = 0.649 and Y = 0.343 was obtained using 
ZCIS/ZnS (Figure 4f). 

Conclusions
Thus, a variety of luminescent multinary QDs were successfully 
synthesised using the l-menthol lauric acid DES via a hot-
injection synthesis. These observations open possibilities for 
the development of novel processes to produce multinary QDs 
that rely on sustainable products naturally biosynthesised in 
plants. These may lead to attractive alternatives to 
conventional hot-injections approaches that heavily rely on 
high-boiling point solvents like 1-oleylamine and 1-octadecene 

which require a more hazardous production.45,46 In particular, 
issues related to the purity and cost of 1-oleylamine has been 
previously identified as critical limitations for the industrial 
production of nanomaterials.47,48 Thus, the development of 
alternative sustainable syntheses that limit the use of such 
solvents is critical for the scale-up of nanomaterials production. 
Our synthetic approach enabled the production of a broad 
range of multinary luminescent QDs, including ternary silver 
indium sulfide and copper indium sulfide QDs, as well as 
quaternary silver zinc indium sulfide and copper zinc indium 
sulfide QDs. Moreover, it was possible to obtain the respective 
core-shell QD systems via a DES-based deposition of zinc 
sulfide, resulting in photoluminescence quantum yields of up to 
65%. Due to the hydrophobic nature of the QDs produced in the 
l-menthol lauric acid DES, the nanocrystals can be easily 
incorporated into PMMA polymer matrices. The production of 
luminescent QDs-PMMA composites was developed both via 
direct radical polymerisation and by using PMMA solution for 
the production of bulk slabs and colour converting layers, 
respectively. Finally, the potential application of luminescent 
multinary QDs-PMMA nanocomposites as LED colour 
converting layers was investigated for the production of white 
as well as monochromatic LEDs. Overall, this work presents a 
new synthetic strategy that combines the advantages of heavy 
metal-free multinary QDs with the low environmental impact of 

Figure 4 Luminescence spectra of white LEDs produced using ZAIS/ZnS (a) and AIS/ZnS (b) multinary QDs and relative CIE chromaticity 
coordinate diagram (c). Luminescence spectra of monochromatic LEDs produced using ZAIS/ZnS (d) and ZCIS/ZnS (e) multinary QDs 
and the relative CIE chromaticity coordinate diagram (f). 
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DES, enabling the sustainable production of luminescent 
multinary nanocrystals for photonic and energy applications.

Experimental
Materials

Indium acetate (99.99%) and l-menthol (99%) were purchased 
from Themo Scientific. Copper sulphate pentahydrate (>99%) 
was purchased from Acros Organics. Silver nitrate (≥99.8%), zinc 
nitrate hexahydrate (≥99%), sulphur (≥99%), sodium hydroxide 
(≥98%), lauric acid (98%), lauroyl peroxide (97%), oleylamine 
(70%), 1-dodecanethiol (98%), methyl methacrylate (99%) were 
purchased from Sigma-Aldrich. Polymethyl methacrylate MW 
≈120000 was purchased by Aldrich. The LED chips ILH-XO01-
S390-SC211-WIR200 (400 nm LED) and ILH-OW01-BLUE-SC211-
WIR200 (475 nm), ILH-OT01-HW90-SC221-WIR200-1 hot white 
(2700 K) and white (5000 K) were purchased from Intelligent 
LED Solutions ILS.

Characterisations

Infrared spectra were collected using a Perkin-Elmer Spectrum 
100 FTIR spectrophotometer equipped with ATR. NMR data 
were collected with a Bruker Avance III 400 MHz spectrometer 
(proton frequency of 400.23 MHz) equipped with a 5.0 mm 
BBOF probe. UV-Vis absorption spectra of colloidal solution of 
QDs in toluene were recorded using an Agilent Cary 60 
spectrophotometer. Photoluminescence and 
photoluminescence excitation spectra were recorded with a 
Horiba Fluoromax-4. Photoluminescence quantum yields were 
measured using a rhodamine 6G solution in water as the 
photoluminescence standard with an excitation wavelength of 
485 nm and an absorbance of 0.025. Emission spectra for both 
the standard and samples were collected in the range 500 to 
850 nm. The PLQY values were calculated according to Eq. 1.49,50

𝛷𝑄𝐷 =  𝛷𝑠𝑡𝐹𝑄𝐷𝑓𝑠𝑡𝑛2
𝑄𝐷 𝐹𝑠𝑡𝑓𝑄𝐷𝑛2

𝑠𝑡    𝐸𝑞. 1

Where 𝛷 is the PLQY, 𝐹 is the integrated intensity of the 
emission peak, 𝑛 is the refractive index of the solvent and 𝑓 is 
the absorption coefficient estimated according to Eq. 2 where 
𝐴 correspond to the absorbance for the QD sample 𝑄𝐷 and 
standard 𝑠𝑡, respectively.

𝑓𝑄𝐷,𝑠𝑡 = 1 ― 10―𝐴𝑄𝐷,𝑆𝑡     𝐸𝑞. 2

Photoluminescence lifetime measurements were collected 
using an Horiba FluoroLog using NanoLed-370 (372 nm, pulse 
duration 1.1 nm) as excitation source.

TEM images were collected using a JEOL 2100 microscope 
operating at 200 kV. EDS spectra were collected on a ZEISS Ultra 
plus SEM equipped with a Bruker XFlash7 7100 EDS detector 
with a 100m2 window using a 15 kV electron beam. For each 
type of multinary QDs, EDS spectra were acquired over an area 
of 100x100 μm and the chemical composition was calculated as 
the average of three measurements. XRD patterns were 
collected using a Bruker D2 Phaser X-ray Powder Diffractometer 
working with the Cu Kα (λ = 1.54184) radiation source. FullProf 

software was used for the Rietveld refinement. LED colour 
converting layer characterisations were performed, powering 
the LED source at 100 mA and collecting the emission spectra 
using an integration sphere.

Syntheses

Synthesis of metal laurate precursors: A 0.25 M sodium laurate 
solution was produced by dissolving lauric acid (0.5 mol) and 
sodium hydroxide (0.5 mol) in 500 mL of deionised water in a 
water bath at 40 °C. When the lauric acid was completely 
solubilised, the solution was removed from the water bath and 
stored at room temperature (the sodium laurate solution slowly 
freezes at room temperature and must be warmed up to a 
homogeneous liquid before use). 1 mmol of metal salt (AgNO3, 
Cu(SO4)2, In(OAc)3 or Zn(NO3)6H2O) was solubilised in 20 ml of 
deionised water in a water bath at 40 °C. A stoichiometric 
amount of sodium laurate was added under constant stirring, 
causing the precipitation of the metal laurate. Then, the 
product was isolated by filtration or sedimented via 
centrifugation and washed three times with 20 ml of deionised 
water and once with 20 ml of methanol before being dried 
overnight under vacuum at room temperature.

Sulfide precursor solution: Sulfur (70 mg) was solubilised in 
oleylamine (1 mL) and 1-dodecanthiol (0.5 mL).

ZnS precursor solution: Zinc laurate (464 mg, 1 mmol) was 
dispersed in menthol (2 g, 0.0128 mol) and lauric acid (1.3 g, 
0.0065 mol). Then, the sulfide precursor solution (400 μL) was 
added, producing a final volume of around 4 mL.

Synthesis of core multinary QDs in DES: In the general synthesis of 
AIS QDs, menthol (1.0 g, 6.4 mmol), lauric acid (650 mg, 3.2 
mmol), silver laurate (20 mg, 0.065mmol) and indium laurate 
(185 mg, 0.260 mmol) were mixed in a Schlenk tube. 1-
dodecanthiol (125 μL) was added, and the mixture was heated 
up to 80 °C under vacuum for 15 min before switching the 
atmosphere to nitrogen. Then, the solution was transferred to 
a water bath at 40 °C and allowed to equilibrate for 5 min before 
injecting the sulfide precursor solution (300 μL). After 5 min the 
tube was moved to an oil bath at 120 °C, and the nanocrystals 
were allowed to grow for 30 min. Then the reaction mixture was 
cooled in a room temperature water bath, and 15 ml of toluene 
was added. The product was collected by centrifugation (9000 
rpm, 1 min) after the addition of around 5 ml of ethanol, and 
washed two more times before being stored in a solution of 25 
mM 1-DDT and 50 mM OLA in toluene for further use. For the 
production of CIS and CZIS, copper laurate (30 mg, 0.065 mmol) 
was used instead of silver laurate. Instead, in the case of the 
quaternary QDs, a mixture of silver laurate and zinc laurate (40 
mg, 0.086 mmol) or a mixture of copper laurate and zinc laurate 
(40 mg, 0.086 mmol) were used for the production of AIZS and 
CIZS, respectively.

Synthesis of core-shell multinary QDs in DES: Directly after heating 
the reaction mixture for the production of the core multinary QDs at 
120 °C for 30 min, the reaction mixture was transferred to an oil bath 
at 180 °C. The ZnS precursor solution was injected via syringe pump 
at a rate of 4 ml/h. When the injection was completed, the reaction 
mixture was cooled down in a room temperature water bath, and 
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toluene (15 mL) was added. The product was isolated by 
centrifugation (9000 rpm, 1 min) after the addition of around 5 mL 
of ethanol, and washed two more times before being stored in a 
solution of 25 mM 1-DDT and 50 mM OLA in toluene for further use.

Production of bulk luminescent QDs-PMMA nanocomposites: 
Lauroyl peroxide (30 mg) was solubilised in methyl 
methacrylate (6 ml) under nitrogen flux. The solution was 
heated at 70 °C for 30 min before adding the QD stock solution 
(150 μL). Then, the reaction mixture was transferred into a 
sheet reactor made of two panes of glass with a PVC gasket. The 
reactor was placed in a water bath at 55 °C for around 4h to 
allow the polymer to fully cure. Once fully hardened, the PMMA 
slab was removed from the reactor, cut into 2.5x2.5 cm samples 
and the edges were sanded.

Production of LED colour converting layers: Ethanol (0.5 ml) 
was added to the QD solution (200 μl) and the QDs were 
isolated by centrifugation (9000 rpm, 1 min). The pellet was 
dispersed in a solution of PMMA (20%w/v in toluene). The 
mixture (50 μL, QDs concentration around 2.5 wt%) was then 
deposited on top of the LED chip and allowed to dry at room 
temperature.
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Data availability

Data are available upon request from the authors.
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