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Indium phosphide is the most studied of the colloidal III–V QDs, with significant attention focused on the

phosphorus source and/or reaction conditions to improve QD quality. Comparatively limited attention has

been directed toward controlling the reactivity of the indium precursor. In this study we introduce an

approach that utilizes recyclable triarylphosphine adducts of indium(III) chloride to selectively prepare InP

QDs with absorption profiles spanning 419–620 nm. This control is achieved through careful choice of

the triarylphosphine ligand, which changes the nature of the nucleation profile from continuous to burst.

Introduction

III–V Quantum Dots (QDs) are a class of nanoscale semi-
conductors that exhibit size-dependent band gaps and consist
of a group 13 metal and a group 15 pnictogen. They hold sig-
nificant potential in solution processed photonics, with appli-
cations in low energy lighting and displays and emerging use
in light harvesting.1–10 Amongst these, indium phosphide
quantum dots offer an environmentally benign, and regulatory
acceptable, alternative to their more toxic II-VI congeners,

such as CdS, CdSe and PbS. InP-based light emitting diode
(QD-LED) displays have been successfully commercialised by
major manufacturers such as Samsung and LG.11–13 The major
challenge in realizing this potential lies in achieving precise
control over the size of InP QDs to allow for targeted band gap
sizes, and thus colour. Poor size control leads to size disper-
sity, which manifests as inhomogeneous spectral broadening,
leading to poor device performance.14–16

In an ideal QD synthetic protocol, precursors first form a
reservoir of monomeric species, which nucleate upon reaching
a critical concentration, followed by a separate growth phase.
The temporal separation between nucleation and growth is key
to producing monodisperse size distribution, with final QD
size dictated by the reaction duration.

Where colloidal InP QDs are concerned, these species are
typically prepared via hot-injection of a phosphorus precursor,
most commonly [P(SiMe3)3 or P(NEt2)3], into a high boiling
point solvent containing either a long chain indium carboxy-
late or an indium halide.11,14,15,17 The twin contributions of
highly reactive precursors and strongly covalent In–P bonds
make it difficult to control nanocrystal formation, which leads
to irreproducible results, poor quality QDs and wide absorp-
tion/emission peaks.

Several strategies have been developed to achieve the tem-
poral separation in InP QD systems, the majority of which have
focussed on the phosphorus precursor.17 Variants explored
include P(SiMe3)3, P(SiAr3)3,

18 Ph2PSiMe3,
19 P(GeMe3)3,

20

PH3,
21 P4,

22 and modified reaction systems such as P(SiMe3)3
with a zinc complex,23 controlled precursor addition through
syringe pumps,24 and tubular flow systems.25 Perhaps the
most promising advance has been the more radical shift from
P(−III) to P(+III) sources, specifically tris(dialkylamino)
phosphines.26–29 These precursors are easy to handle and offer
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excellent reproducibility, characteristics not shared with the
historically used P(SiMe3)3. Notably, aminophosphines enable
continuous rather than burst nucleation, which continues
throughout the course of the reaction.29

In contrast, there have been relatively few attempts to
control InP growth by tailoring the nature of the indium
source. In P(SiMe3)3-based syntheses, the archetypal indium
source is an indium(III) carboxylate, typically prepared in situ
from In(OAc)3 and a long chain carboxylic acid (e.g. myristic-,
oleic-, palmitic acid).30,31 For P(NR2)3 systems, indium(III)
halides, particularly InCl3, are the choice du jour,14,17,32 with
only limited exploration of alternatives such as InBr3,

33

InI3
34,35 or indium(I) halides.36 Notably, the identity of the

halide influences the optoelectronic properties of the QD. In a
recent alternative approach, Larson and Cossairt employed
ethylenediaminetetraacetic acid (EDTA) as a chelating ligand
for InCl3, reporting size-tuneable InP QDs ranging from
4.5–2.3 nm, and corresponding Lowest Energy Excitonic
Transitions (LEETs) spanning 510–590 nm.37

An intriguing yet unexplored class of potential precursors
are oxygen-free adducts of indium halides, particularly those
involving triarylphosphines, which have a well-documented
coordination chemistry.38–40 Despite their known stability and
well-characterized chemical behaviour, their potential in con-
trolling InP QD synthesis remains underdeveloped, with no
documented reports to the best of our knowledge. In this
paper we address this gap and report on the use of oxygen free
adducts of indium chloride, by utilising triarylphosphine
adducts of InCl3 as novel indium precursors. By judicious
selection of the triarylphosphine ligand and reaction time we
demonstrate precise and reproducible control over the QD
LEETs from 419–620 nm, consistently yielding narrow full-
width half maximums (FWHM). Importantly, upon completion
of the QD synthesis, the triarylphosphine ligands can be
efficiently isolated by simple crystallisation, offering an avenue
for reusability that is typically limited in nanocrystal growth.
This approach thus represents a versatile and sustainable
pathway to high-quality InP QDs.

Experimental
Synthesis of triarylphosphine indium chloride adducts

Adapted from literature procedures.40 Briefly, a solution of
InCl3 in ethyl acetate was added to a stoichiometric amount of
the triarylphosphine, also in ethyl acetate. Over the course of
an hour a white precipitate forms, which was collected and
dried in vacuo. Compounds were checked for purity using
elemental analysis and comparing the PXRD patterns against
that calculated from known single-crystal X-ray diffraction data
(SI S2).

Synthesis of InP QDs

Adapted from previous procedures.37 In a nitrogen filled glove-
box, the indium source (0.29 mmol) was suspended in oleyla-
mine (5 mL) and then transferred to a Schlenk line. The solu-

tion was heated under dynamic vacuum at 120 °C for 1 h,
backfilled with N2 and then heated to 180 °C. After the temp-
erature equilibrated, P(NEt2)3 (0.33 mL, 1.2 mmol) was rapidly
injected. The reaction was monitored by taking 20 µL aliquots
and dissolving them in spectroscopic grade toluene (2 mL).
The reaction was monitored for 2 h, then cooled to room temp-
erature. The QDs were precipitated with anhydrous methanol,
centrifuged to 8 min at 3500 rcf and resuspended in anhy-
drous toluene. This was repeated 3 times.

Results and discussion

A reproducible and optimised protocol for the use of amino-
phosphines in InP QD synthesis is well established.41 To
ensure direct comparability with existing literature, we elected
to employ this approach in our study. To this end, 1 eq. of
indium precursor was heated in oleylamine under dynamic
vacuum at 120 °C for 1 hour, backfilled with N2 and then
heated to 180 °C prior to the injection of 4 eq. of P(NEt2)3
(Scheme 1).

We monitored the progression of the system over a 2-hour
period by withdrawing 20 µL aliquots at regular intervals. Each
system was studied in at least triplicate to ensure reproducibil-
ity. In control experiments using InCl3, we observed the
expected progressive bathochromic shift in LEET (Fig. 1a),
with a final absorbance at 607 ± 4 nm after 2 hours, consistent
with literature precedents.26,27,41

Armed with a baseline, we replaced InCl3 with (Ph3P)2InCl3
(1), a trigonal bipyramidal complex with axial phosphine
ligands (SI Fig. S1).38–40 We posited that the electron-donating
Lewis basic phosphine ligands in (1) would weaken the In–Cl
bonds and increase chloride lability, leading to an enhanced
precursor reactivity and so form InP-monomers at a faster rate.

Scheme 1 Reaction scheme for the formation of InP QDs used in this
report.
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In the nucleation and growth of InP QDs, the first step is
the formation of InP-monomers and when these hit a critical
concentration nucleation occurs. For P(NR2)3 systems that
undergo a continuous nucleation system, the slow formation
of monomers leads to a long nucleation period, shorter growth
periods and thus results in small QDs. On the other hand, fast
monomer formation results in a shorter nucleation period,
extended growth and thus larger QDs. For a burst nucleation
system, the reverse would be true: fast initial rate leads to a
large number of nuclei with limited monomer amounts left for
growth, whereas a slow initial rate allows a large monomer
reservoir for extended growth leading to large QDs.37 Here we
determined the reaction rate by calculating the concentration
of InP using the high energy absorbance attributed to bulk InP
(SI section S6),27,29,37 which is really the growth rate of crystal-
line InP and not the monomer production rate.

(Ph3P)2InCl3 (1) produced InP at a slower initial rate
(2.95 mM min−1) than InCl3, (3.67 mM min−1) (Table 1).
Alongside a lower InP concentration in the initial 4 minutes
for 1 (SI Fig. S21–S25), the QDs prepared from 1 displayed
more LEETs with a greater hypsochromic shift and thus
smaller QDs. This runs in agreement to the expected behav-
iour, where the slower rate of monomer formation result in a
longer nucleation period and thus shorter growth – giving rise
to smaller QDs. We tested whether it was necessary to pre-
form the adduct by using an appropriate 2 : 1 ratio of PPh3 and
InCl3 as the indium source and observed behaviour that was
quite closely aligned to that with InCl3 (SI Fig. S15), suggesting
the adducts are important.

To probe the effect of the precursors further, we conducted
mixed-precursor experiments using combinations of 1 and
InCl3, whilst maintaining a constant total molar concentration
of indium. During the first 10 minutes, increasing the amount
of 1 causes a hypsochromic shift of the LEET relative to InCl3,
suggesting smaller QDs (Fig. 2 and SI Fig. S14). For the reac-
tion rates there are two trends at play: from 25–75% 1 there is
a decrease in initial rate, corresponding to a hypsochromic
shift in LEET, however at 100% 1 the initial rate jumps slightly
(SI Table S2, Fig. S25 and S26). This behaviour suggests that
the different precursors contribute to the nucleation and
growth periods in different manners, leading to the intriguing
possibility of switching between continuous and burst nuclea-
tion through choice of precursor.

Motivated by this result, we explored the effect of ligand
basicity using more and less electron-rich phosphine deriva-
tives. We prepared a selection of triarylphosphine adducts of
InCl3 following established protocols that combine solutions
of InCl3 and the relevant phosphine in ethyl acetate, from
which the adduct precipitates.40 Specifically, we employed tris

Fig. 1 (a) UV-vis spectra monitoring the growth of InP prepared using (Ph3P)2InCl3 (1) and (b) change in the lowest energy excitonic transition
(LEET) over the course of the reaction when using InCl3 or 1 as the indium source.

Table 1 Initial rates of InP formation, measured over the first 4 minutes
of the reaction from the [InP]

Indium source Initial rate/mM min−1

InCl3 3.67
(PPh3)2InCl3 (1) 2.95
[P(4-MeOC6H5)3]2InCl3 (2) 2.76
[P(4-FC6H4)3]2InCl3 (3) 3.75
[P(2-MeOC6H4)3]InCl3 (4) 2.68

Fig. 2 Behaviour of the LEET for QDs prepared from differing ratios of
InCl3 to (Ph3P)2InCl3 (1).
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(4-methoxyphenyl)phosphine and tris(4-fluorophenyl)phos-
phine to prepare the corresponding 2 : 1 adducts with InCl3: [P
(4-MeOC6H5)3]2InCl3 (2, SI Fig. S2) and [P(4-FC6H4)3]2InCl3 (3),
respectively. Like (1), these complexes adopt a 2 : 1 trigonal
bipyramidal structure with axial phosphine coordination. All
three species possess identical cone angles (145°),42 ensuring
comparable steric environments around the In centre.
However, their basicities differ markedly, with pKa values of
4.57 for P(4-MeOC6H5)3, 2.73 for Ph3P and 1.97 for P(4-
FC6H4)3,

43 which should impact the triarylphosphine-In bond
strength. Indeed, reported single crystal X-ray analysis revealed
In–P bond lengths of 2.868 Å for 2 and 2.697–2.729 Å for 3 (SI
Table S1).40

The influence of the phosphine ligand basicity is evident in
the rate of bathochromic shift for the LEET during the course
of the reaction (Fig. 3 and SI Fig. S4–S8). After 2 minutes, the
control (InCl3 only) stands at 491 ± 3 nm, whilst the adducts
vary from 470 ± 3 nm (1) to 489 ± 2 nm (2) and 450 ± 8 nm (3).
By 4 minutes the LEETS of the more reactive adducts have a
continued their bathochromic shift to 509 ± 2 nm (1), 520 ±
6 nm (2) and 491 ± 3 nm (3) in comparison to InCl3 (516 ±
3 nm). Interestingly 2 has a much slower reaction rate than 3
(Table 1 and SI Fig. S21–S24), demonstrating the impact of the
electron donating methoxy group versus the electron withdraw-
ing fluoride. Despite 3 having the fastest rate, it has the smal-
lest LEETs, which is contrary to the expected behaviour, and
indicates that the reduced growth must be due to a switch to
the burst nucleation regime.

To probe precursor control beyond electronic influences, we
explored steric effects using tris(2-methoxyphenyl)phosphine,
which forms a 1 : 1 tetrahedral coordination complex with
indium chloride owing to the increased cone angle (176°).44,45

The resulting complex, [P(2-MeOC6H4)3]InCl3 (4, SI Fig. S3) fea-
tures a shorter In–P bond of 2.543 Å may also contribute to the
observed behaviour. Regardless, (4) exhibits a substantially
slower initial reaction rate among all precursors examined

(Table 1), with a LEET of 456 ± 11 nm at 2 minutes, red-shift-
ing to 482 ± 11 nm after 4 min (Fig. 2). Notably, these values
also show a hypsochromic shift relative to the InCl3 only
control, indicating that judicious choice of the electronic (2
and 3) or steric (4) environment of the triarylphoshpine can
either promote or supress early-stage QD growth.

These outcomes are further evident when calculating the
yield of the InP QDs (SI Fig. S27–S30). The yields of all the pre-
cursors approached a similar ending point, but there is reason-
able deviation in the first 10 minutes. The yield of InP when
using both InCl3 and 3 outpaces the other indium precursors,
mirroring the initial rates of reaction. When using the
different ratios of 1 : InCl3, we observe the same trend as pre-
viously with the yields of InP decreasing with increasing
amounts of 1, before switching to a much higher amount with
100% 1.

The LEETs of all reactions displayed a progressive batho-
chromic shift during the course of the reaction following a
trend that could be fitted to a power law (SI Fig. S4–S8). After
approximately 2 hours, the bathochromic shift plateaued
across all systems, converging toward a final LEET in the
600–620 nm range. Concurrently, the full width half maxima
(FWHM) for each set of reaction conditions improves from
0.28 eV to 0.13 eV, with limited differences between each of
the different adducts (SI Fig. S13). Interestingly the improve-
ment in FWHM tended to plateau after about 20 minutes, indi-
cating limited size focusing effects in the latter stages of the
reaction. Together, these observations suggest that the role of
the precursors is key in the early stages of the reaction, but
limited in the latter growth period of the QDs.

Since our systems follow a power law model, we postulated
that we could accurately target specific QD LEETs in the
419–620 nm range by careful selection of time and precursor
adduct, with major differentiation in the early stages of the
reaction. We ran reactions for a range of the precursors and
stopped them at different time points. Pleasingly, we found
that we could achieve results within two standard errors of the
predicted wavelength for a chosen reaction time and precursor,
demonstrating the viability of this approach (SI Fig. S9–S12).

With a detailed understanding of the optoelectronic pro-
perties of the QDs in hand, we next investigated their physical
attributes. High-angle annular dark-field scanning trans-
mission electron microscopy (HAADF-STEM) confirmed that
all of QDs adopt the expected tetrahedral shape that is charac-
teristic of InP QDs prepared using aminophosphine (SI
Fig. S31–S35).46

To gain insight into the QD sizes in solution, small-angle
scattering data, using both X-rays (SAXS) and neutrons (SANS)
as the incident radiation was collected. Fig. 4 shows the result-
ing scattering profiles for InP QDs formed using PPh3 and
2-MeOC6H4 ligands. Profiles for InP QDs formed using other
ligands are provided in the SI (SI Fig. S37). All datasets exhibit
a power-law decay in intensity at low Q, characteristic of a
loosely aggregated floc of small particles, with features in the
mid-high Q range that are likely to arise from the form of the
QDs themselves.

Fig. 3 Behaviour of the LEET for QDs prepared from InCl3 (blue),
(Ph3P)2InCl3 (1, orange), [P(4-MeOC6H5)3]2InCl3 (2, green), [P(4-
FC6H4)3]2InCl3 (3, red) and [P(2-MeOC6H4)3]InCl3 (4, purple).
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Analysis of all SAXS and SANS data was carried out in
SasView47 using a model describing a population of core–shell
spheres, an additional power law to describe the aggregates
and a flat background. An InP QD core surrounded by an ole-
lyamine shell was assumed. The use of a spherical model is an
approximation but is a reasonable one due to averaging from
rotation during the SANS measurement. Taking this into
account, it is likely that the resulting parameters capture the
size of the central part of the tetrahedron, as suggested sche-
matically in SI Fig. S37. Global fitting with constrained para-
meters was applied – i.e. for the example of PPh3 in Fig. 4a,
both SAXS and SANS data was analysed using shared core
radius, shell width and power law exponent. More detail on
data analysis can be found in the supplementary methods
section in the SI S9. Fit results for the core radii and power law
exponents are provided in Table 2. As can be seen, there is
little difference between the InP QDs dispersions prepared
using the different ligands, which fits the UV spectra where
there is limited differentiation after two hours of growth.

To complement our structural characterization and gain
insight into the fate of the triarylphosphines post QD syn-

thesis, we subjected QDs prepared using 3 to 31P and 19F NMR
spectroscopy (SI Fig. S16 and S17). We were particularly inter-
ested in determining whether any triarylphosphines were co-
ordinated to the surface of the QDs. Free P(4-FC6H4)3 was
observed in reaction aliquots, but both measurements showed
no evidence for the inclusion of triarylphosphines in the puri-
fied QDs. This indicates that the observed differences in UV-
vis spectra arise from QD size rather than surface-bound triar-
ylphosphine ligands. Consistent with these findings, energy
dispersive X-ray (EDX) and X-ray photoelectron (XPS) spectra of
QDs prepared from 3 showed no detectable fluorine, indicat-
ing no surface binding of P(4-FC6H4)3 (SI Fig. S36).

Since the triarylphosphines were not incorporated into the
QD surface, we considered two possibilities: (a) they decom-
posed at high temperatures into various by-products or (b)
they were released intact and could be recovered and reused.
To evaluate this, we monitored aliquots of a reaction involving
3 by 31P NMR spectroscopy at regular intervals (SI Fig. S19).
The signal corresponding to free P(4-FC6H4)3 increased rapidly
during the first stage of the reaction before plateauing. We
referenced against an internal standard added to the NMR
tube to determine the relative ratio of the formation of amino-
phosphonium cationic by-product (SI Fig. S20), which is pro-
duced at a slower rate.37,41 This behaviour supports the con-
clusion drawn from the mixed-concentration experiments of 1
(Fig. 3) that the adducts play a key role in the nucleation
phase, while subsequent InP QD growth follows a trajectory
consistent with conventional aminophosphine pathways. An
additional point to note is that by using a P-based ligand to
vary the indium source’s reactivity, we have avoided the pres-
ence of oxides that have been since with other O-based ligand
systems.37

It was evident that a considerable amount of arylphoshpine
was released during QD formation. To quantify this, the QDs
were purified by methanol-induced precipitation followed by
centrifugation. 31P NMR spectra of the resulting supernatants
from reactions involving complex (1) (SI Fig. S18) confirmed
the presence of substantial free PPh3. Notably, upon standing,
the initial supernatant yielded crystalline PPh3, which was sub-
sequently isolated with a high recovery of 90% relative to the
original amount used. These results conclusively show that
triarylphosphines are neither retained within nor bound to the
QD surface and the differences in QDs are thus not from

Fig. 4 SANS and SAXS data for InP QDs formed using (a) (PPh3)2InCl3
and (b) [P(2-MeOC6H4)3]InCl3 precursors. Lines are model fits to the
data using a method as outlined in the text. SAXS data was collected
using toluene-d8 as the solvent. In panel (b), contrast-variation SANS
data was collected in mixtures of toluene-d8 and toluene h8. The “% D”
in the legend indicates the %vol of toluene-d8 in that mixture.

Table 2 InP QD core radii and power law exponents obtained from
analysis of contrast-variation SANS and SAXS data. Analysis errors on
radii values are ± 0.1 nm, and ± 0.1 on power law exponents

Indium source Rcore/nm Power law exponent

InCl3 1.7 2.3
(PPh3)2InCl3 (1) 1.4 2.8
[P(4-MeOC6H5)3]2InCl3 (2) 1.6 2.0
[P(4-FC6H4)3]2InCl3 (3) 1.7a 2.3
[P(2-MeOC6H4)3]InCl3 (4) 1.9 2.3

a This value was fixed in analysis due to a lack of available data for
fitting.
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surface bound ligands. Critically, the efficient recovery of triar-
ylphosphines opens up the potential for their reuse,
suggesting a protocol that not only reliably synthesizes InP
QDs of a targeted size but is also sustainable and economically
advantageous.

Conclusions

Here we have demonstrated the ability to control InP QD size
through the use of triarylphosphine adducts of indium chlor-
ide. This study shows that it is possible to influence the
nucleation stage of the reaction by varying the reactivity of the
indium precursor, and opens the door to intriguing possibili-
ties of using bulkier or chelating phosphine ligands to really
restrict the reactivity. The cone angles and basicity of the triar-
ylphosphine are amongst the key factors that determine the
resultant size of the QD, and this allows for the selective tar-
geting of specific sizes of QD. We have shown that we are able
to specifically target InP QDs that absorb from 419–620 nm
through the selection of appropriate, repeatable conditions.
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