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ABSTRACT: Complex pnictides such as I−II4−V3 compounds (I
= alkali metal; II = divalent transition metal; V = pnictide element)
display rich structural chemistry and interesting optoelectronic
properties, but can be challenging to synthesize using traditional
high-temperature solid-state synthesis. Soft chemistry methods can
offer control over particle size, morphology, and properties.
However, the synthesis of multinary pnictides from solution remains
underdeveloped. Here, we report the colloidal hot-injection
synthesis of ACd4P3 (A = Na, K) nanostructures from their alkali
metal hydrides (AH). Control studies indicate that NaCd4P3 forms
from monometallic Cd0 seeds and not from binary Cd3P2
nanocrystals. IR and ssNMR spectroscopy reveal tri-n-octylphos-
phine oxide (TOPO) and related ligands are coordinated to the
ternary surface. Computational studies show that competing phases with space group symmetries R3̅m and Cm differ by only 30
meV/formula unit, indicating that synthetic access to either of these polymorphs is possible. Our synthesis unlocks a new family of
nanoscale multinary pnictide materials that could find use in optoelectronic and energy conversion devices.
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■ INTRODUCTION

Pnictide compounds continue to attract significant attention
because of their rich structural chemistry and because of their
unique optoelectronic and catalytic properties.1−4 Binary
pnictides adopt a variety of structures with complex pnictogen
motifs including tubular fragments,5 layers,6 clusters,7 and
cages.8 Heavily studied ternary pnictide phases include those
from the CaAl2Si2 and ThCr2Si2 type structures that exhibit
potential in superconductivity,9−11 thermoelectric,3,4,12−14 and
optical applications.1,15 Recently reported I−II4−V3 com-
pounds (I = alkali metal; II = divalent transition metal; V =
pnictide) adopt a variety of related crystal structures (Figure
1), all of which share structural similarities to CaAl2Si2 and
ThCr2Si2 type structures.16−20 These Zintl phases comprise
edge- and corner-sharing II−V4 tetrahedra making up
polyanionic layers. The polyanionic layers are charge-balanced
by intercalated I+ cations (I = Na, K, Rb, or Cs). NaZn4Sb3
adopts a hexagonal (P63/mmc) structure and exhibits low
thermal conductivity.17 I−II4−As3 phases adopt orthorhombic
Pnma (CaFe4As3-type structure, e.g. KMn4As3), tetragonal P4/
mmm (KCu4S3-type, includes (K/Rb/Cs)Zn4As3, Cs(Cd/
Mn)4As3, and RbMn4As3), or rhombohedral R3̅m (NaZn4As3
and (Na/K/Rb)Cd4As3) structures, and are studied for their
magnetic and thermoelectric behavior.16,19,20

Interestingly, NaCd4P3 undergoes a phase transition from
R3̅m to a modulated Cm(α0γ)s structure at ∼260 K.18 With
such rich structural diversity and competing binary phases, it
can be challenging to synthesize these materials in a phase-pure
manner.
Soft chemistry synthetic techniques can offer advantages

such as the ability to prepare smaller particles with a higher
surface area, as well as the ability to selectively prepare
metastable or “kinetic” phases that may not be isolable through
higher-temperature, solid-state reactions. In addition, the
ability to control particle size and surface chemistry can play
a vital role in enhancing a material’s performance in solar cells,
batteries, and thermoelectrics.21−25 Examples of transition
metal pnictides prepared by soft chemistry include InP and
II3−V2 (II = Zn, Cd; V = P, As) nanocrystals, some of which
are important in near-infrared (IR) imaging, detectors and
lasers.26−30 Colloidal MnPn nanocrystals (Pn = As, Sb) display
ferromagnetic properties.31,32
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Developing synthetic strategies capable of producing phase-
pure multinary pnictides can posit additional challenges to
those observed for binary pnictides. Determining an
appropriate balance between synthetic conditions and
precursor reactivity is key for successful ternary formation.33

Understanding this balance can help decode the complexity of
nucleation, growth, and phase evolution of multinary nano-
crystals.34,35 Examples include I−IV−VII3 (halide perov-
skites),36−38 I−III−VI2,39−42 and CZTS.43−46 Relatively few
examples exist of multinary phosphides, including LiZnV (V =
P, Sb) nanocrystals,47,48 and doped NixCo2−xP,

49 CoxFe2−xP,
50

and FexNi2−xP
51 nanocrystals.

Herein, we report the solution-phase synthesis of ACd4P3 (A
= Na, K) nanostructures using readily available reagents and
precursors. Phase evolution and mechanistic observations
pinpoint the importance of using a reducing hydride (AH)
as the alkali metal precursor. Critically, we find that formation
of the ternary phase proceeds from metallic (reduced) Cd
seeds and not from binary Cd3P2 seeds. Infrared spectroscopy
and solid-state NMR show that the surface of the ternary
nanostructures is passivated by tri-n-octylphosphine oxide
(TOPO) and related ligands. Further, we use computations to
probe the energetics of polymorphism in NaCd4P3 and
compare the results of these studies to our experimental
observations.

■ RESULTS AND DISCUSSION

Hydride Synthesis

Recent reports on the colloidal synthesis of LiZnPn (Pn = P,
Sb)47,48 and NaBiE2 (E = S, Se)40,42 nanocrystals, as well as
solid-state alkali zinc antimonides17,52 rely on highly reducing
conditions and reactants. Inspired by this approach, we have
synthesized ACd4P3 (A = Na, K) nanostructures by injecting
CdMe2 into a hot solution of the corresponding, commercially

available alkali metal hydride (AH) in tri-n-octylphosphine
(TOP) at 240 °C, followed by heating at 330 °C (Scheme 1).

TOP was chosen as the P precursor because of its ability to act
as a solvent, a surfactant, andthrough thermal decom-
position at this temperatureas an anionic (P3−) precur-
sor.47,48,53−56

In the case when NaH is used, powder XRD analysis of the
solids isolated after 90 min of reaction (see Methods and Table
1) shows reflections that match those of bulk NaCd4P3 (Figure
1). The individual reflection peaks are slightly broadened,
corresponding to a relatively small, single-crystalline domain
(Scherrer) size of 25 ± 6 nm (Figure 2). Scanning electron
microscopy (SEM) analysis shows aggregated plates and
needles (Figure 3). Transmission electron microscopy
(TEM) reveals that the length of the needles varies between
210−960 nm, whereas the diameter of the plates varies
between 95−350 nm. The widths of both needles and plates
range from 20−65 nm. Elemental analysis by energy-dispersive
X-ray spectroscopy (EDS) shows the plates have a slightly
lower amount of Cdare ∼20% deficientcompared to the
needles.
In the case when KH is used, powder XRD of solids isolated

after 60 min reaction match the reported pattern of bulk
KCd4P3, with a Scherrer size of 40 ± 13 nm. A small amount
(∼5%) of metallic (reduced) Cd0 and Cd3P2 binary is also
present, the latter with a Scherrer size of 27 ± 10 nm (Table
1). In the experimental powder XRD patterns of both NaCd4P3
and KCd4P3 nanostructures, we note that the reflections at
36−37° 2θ have slightly lower intensities than expected relative
to the reflections at 42−43° 2θ (Figure 1), which may be due
to either preferred orientation because of their plate/needle
morphology and/or sample preparation.
Solution-Phase Space

We next examined the effects of different reaction parameters
on the phase evolution of ACd4P3 nanostructures (Figure 4).
Interestingly, the exact concentration of NaH is critical to the
formation of NaCd4P3 (see Table 1 and the Supporting
Information). Using an initial cadmium concentration,
[CdMe2] of 0.1 mM at 330 °C, and a sodium hydride
concentration, [NaH] of 0.1 mM resulted in 95% Cd3P2 and
5% Cd0 after 60 min. Keeping [CdMe2] and the reaction
temperature both constant, we find that just tripling [NaH] to
0.3 mM results in almost phase pure, 95% NaCd4P3, with a
small (5%) amount of Cd0. These results strongly suggest that
precise redox modulation of the reducing environment of the
reaction is critical to the formation and successful isolation of
ternary ACd4P3 nanostructures. Using a [NaH] of 0.3 mM and
a [CdMe2] of 0.1 mM as a set of precursor concentrations that
provided the cleanest form of NaCd4P3with fewer
impuritieswe also examined how temperature and time
affect the formation of the ternary phase. Hot injection of
CdMe2 at 240 °C to a solution of TOP/NaH resulted in only
(100%) metallic Cd0. Increasing the temperature to 330 °C
first resulted in Cd0. However, as time progressed, NaCd4P3

Figure 1. Unit cells of different I−II4-V3 phases: Hexagonal (P63/
mmc), orthorhombic (Cmcm, Pnma), monoclinic (Cm), rhombohe-
dral (R3̅m), and tetragonal (P4/mmm). Colored spheres represent I
(gray), II (blue), and V (red).

Scheme 1. Solution-Phase Synthesis of I−IV4−V3
Nanostructures (Unbalanced)
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became the main crystalline product (92% at 30 min, 97% at
90 min).
The formation and phase evolution of KCd4P3 nanostruc-

tures displays a similar phase space diagram relative to
NaCd4P3 (Figure 4). While keeping the initial concentrations
of [KH] at 0.2 mM and [CdMe2] at 0.1 mM, and the
temperature at 330 °C, we find that some (12%) KCd4P3 and
large (87%) amounts of Cd3P2 are formedalong with a
minimal (1%) amount of Cd0after 60 min of reaction (Table
1 and the Supporting Information). Under identical reaction
conditions, increasing [KH] to 0.4 mM increases the amount
of KCd4P3 to 58% and lowers the amount of Cd3P2 to 37% and
of Cd0 to 5%. As observed in the previous case, further
increases in potassium hydride concentration, for example, to a
[KH] of 0.8 mM, result in the formation of only (100%) Cd0.
This further reinforces the view that an overly reducing
environment is detrimental to the stability of Cd3P2 or KCd4P3
nanomaterials. Using a [KH] of 0.4 mM and a [CdMe2] of 0.1
mM at 330 °C gave the purest form of KCd4P3 (Figure 4,
Table 1). Under these conditions, a time progression study
showed that 71% KCd4P3, 19% Cd0, and 10% Cd3P2 form after
30 min reaction, whereas 55% KCd4P3, 44% Cd3P2, and 9%
Cd0 form after 90 min.
Formation Mechanism and Ternary Phase Evolution

The different ternary, binary, and metallic phase distributions
observed for similar concentrations of NaH and KH could be
attributed to the relative reactivity of the two hydrides. Both
KH and NaH are highly reducing, nucleophilic, and basic (pKa
∼ 35). However, according to the available standard redox
potentials, KH (−2.58 V vs NHE) is slightly more reducing
than NaH (−2.36 V vs NHE).57 It is also worth noting that
NaBH4 and KBH4 are less reactive and fail to produce ternary;

for reference, the reported standard potential of NaBH4 is
−1.43 V vs NHE)58,59 (Table 1; Figure 4).
To better understand the phase evolution of ACd4P3

nanostructures from solution, we probed the relationship
between the formation of the ternary phase from the binary
(Cd3P2) vs the metallic (Cd0) nanophases (see Scheme 2).
Injecting CdMe2 to TOP at 240 °C and raising the

temperature to 330 °C for 3 min results in the formation of
Cd3P2 binary. This allowed us to form fresh Cd3P2 nanocryst-
als in situ, without having to isolate or expose them to air/
oxygen or affecting their surface ligand chemistry (TOP- vs
TOPO-passivation, for example, see below). Interestingly,
when in situ Cd3P2 is formed in this way and subjected to the
aforementioned NaH/TOP conditions[NaH] = 0.3 mM,
330 °Cthe powder XRD of solids isolated from this reaction
only show reflections associated with Cd0. This strongly
suggests that Cd3P2 nanocrystals are unstable in the presence
of sufficient concentrations of NaH and are quickly reduced to
metallic Cd0. As the reaction time progresses to 60 min,
NaCd4P3 nanostructures form and minimal Cd0 remains.
Therefore, formation of the ternary phase occurs in a stepwise
manner: First, by formation of Cd0 seeds; second, by interfacial
reaction with P3−from thermal decomposition of TOPand
assembly of the resulting polyanionic [Cd4P3]

− layers around
Na+ cations. This behavior is similar to that reported
previously for LiZnPn (Pn = P or Sb)47,48 or NaBiE2 (E = S
or Se),42 whose phase evolution also proceeds through
monometallic seeds rather than through binary phases.
Optical Spectroscopy and XPS

Extrapolating the linear region of Tauc plots60 made from
diffuse reflectance data of films of NaCd4P3 nanostructures
yields an indirect band gap of 1.0 eV, which agree well with

Table 1. Solution-Phase Synthesis of NaCd4P3 and KCd4P3 Nanostructures

no. cationic precursors (mM) mediuma(mM) t (min) T (°C) product(s) (%)

1 NaH (0.3) + CdMe2 (0.1) TOP 30 330 NaCd4P3 (92) + Cd (8)
2 NaH (0.3) + CdMe2 (0.1) TOP 60 330 NaCd4P3 (95) + Cd (5)
3 NaH (0.3) + CdMe2 (0.1) TOP 90 330 NaCd4P3 (97) + Cd (3)
4 NaH (0.3) + CdMe2 (0.1) TOP 1 330 Cd (100)
5 NaH (0.3) + CdMe2 (0.1) TOP 0.5 240 Cd (100)
6 NaH (0.2) + CdMe2 (0.1) TOP 60 330 Cd3P2 (15) + NaCd4P3 (81) + Cd (4)
7 NaH (0.1) + CdMe2 (0.1) TOP 60 330 Cd3P2 (100)
8 NaH (0.4) + CdMe2 (0.1) TOP 60 330 NaCd4P3 (83) + Cd (17)
9 KH (0.2) + CdMe2 (0.1) TOP 60 330 KCd4P3 (12) + Cd (1) + Cd3P2 (87)
10 KH (0.3) + CdMe2 (0.1) TOP 60 330 KCd4P3 (47) + Cd (10) + Cd3P2 (43)
11 KH (0.4) + CdMe2 (0.1) TOP 60 330 KCd4P3 (58) + Cd (5) + Cd3P2 (37)
12 KH (0.8) + CdMe2 (0.1) TOP 30 330 Cd (100)
13 KH (0.4) + CdMe2 (0.1) TOP 30 330 KCd4P3 (71) + Cd (19) + Cd3P2 (10)
14 KH (0.4) + CdMe2 (0.1) TOP 90 330 KCd4P3 (55) + Cd (9) + Cd3P2 (44)
15 K(oleate) (0.3) + CdMe2 (0.1) TOP 30 330 Cd3P2 (100)
16 Na(oleate) (0.3) + CdMe2 (0.1) TOP 30 330 Cd3P2 (100)
17 NaH (0.3) + Na(oleate) (0.02) + CdMe2 (0.1) TOP 60 330 NaCd4P3 (81) + Cd0 (19)
18 NaH (0.3) + Na(oleate) (0.06) + CdMe2 (0.1) TOP 60 330 NaCd4P3 (70) + Cd0 (30)
19 NaH (0.3) + CdMe2 (0.1) (TMS)3P (0.8)/ODE 30 310b Cd0 (97) + Cd0 (3)
20 NaH (0.3) + CdMe2 (0.1) (PhO)3P (0.8)/ODE 30 310b Cd3P2 (93) + Cd0 (7)
21 NaBH4 (0.3) + CdMe2 (0.1) TOP 90 330 Cd3P2 (100)
22 KBH4 (0.4) + CdMe2 (0.1) TOP 60 330 Cd3P2 (100)
23 NaH (0.5) + CdMe2 (0.1) (TMS)3P (0.1)/TOP 60 300 Cd0 (100)
24 KH (0.4) + ZnEt2 (0.1) TOP 30 330 amorphous
25 KH (0.8) + ZnEt2 (0.1) TOP 30 330 amorphous
26 KH (0.4) + ZnEt2 (0.1) TOP 90 330 amorphous

aTOP serves as anionic (P3−) precursor. bReflux of ODE occurred at this temperature.
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prior literature.16,17 Interestingly, the photoluminescence (PL)
spectra of NaCd4P3 nanostructures show peaks at 910 and
1058 nm (fwhm = 50−100 nm, QY < 0.1%). Because Cd3P2
has a bulk band gap of 0.55 eV (∼2250 nm) but a large Bohr
radius of 18 nm, it is possible that small (sub 3 nm) binary
impurities may be responsible for one of the observed PL
peaks.61−66 However, we note that although the Raman

spectrum of freshly made Cd3P2 nanocrystals shows major
bands at 347, 383, and 458 cm−1,18,67 no such bands could be
observed by Raman for NaCd4P3 nanostructures (see the
Supporting Information).
The IR spectrum of NaCd4P3 nanostructures shows νas(C−

H) and νs(C−H) vibrations at ∼2950 cm−1 and δs(CH2) at
∼1450 cm−1, which are typical of the alkyl chains in TOP
(Supporting Information). Interestingly, we also see vibrations
for ν(PO) at 1140−1060 cm−1 which indicate the presence
of tri-n-octylphosphine oxide.68 The broad ν(OH) vibration at

Figure 2. Powder XRD patterns of ACd4P3 (A = Na, K)
nanostructures and relevant standards. Scherrer sizes are 25 ± 6 nm
(NaCd4P3) and 40 ± 13 nm (KCd4P3). Miller indices for the three
most intense reflections are shown. (ICSD: Cd0 619641 (P63/mmc);
Cd3P2 77869 (P42/nmc); NaCd4P3 (R3̅m) 431346; NaCd4P3 (Cm)
431347; KCd4P3 262033 (R3̅m)).

Figure 3. Representative SEM images of NaCd4P3 nanostructures
showing the presence of plate and needlelike morphologies. Refer to
entry 3 from Table 1. See the Supporting Information for more
examples.

Figure 4. Solution-phase space diagram for the formation of (a)
NaCd4P3, (b) KCd4P3, and related phases from solution. Although in
some instances additional phases are present, these plots provide a
general idea about the main phase produced for each set of
experimental conditions.

Scheme 2. Phase Evolution of ACd4P3 Nanostructures (A =
Na, K)a

aColor spheres are used for A (gray), Cd (blue), and P (red).
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∼3300 cm−1 confirms exposure to moisture from air.
Characteristic vibrations for ν(P−H) and δ(P−H) at ∼2320
cm−1 and ∼980 cm−1, respectively, are also observed (see
below). X-ray photoelectron spectroscopy (XPS) shows the
presence of Na+, Cd2+, P5+, P3−, and O2− surface species on
NaCd4P3 nanostructures (see the Supporting Information). P
signals at 132.5 and 129.8 eV are consistent with oxidized and
reduced forms of phosphorus, and appear in a 7:3 ratio.
Therefore, the isolated nanostructures are capped by TOPO
and P−H containing ligands instead of TOP, likely from a
combination of the mechanism of precursor decomposition
and of carrying out the reaction work up in air.69

Solid-State NMR Spectroscopy

To further probe the identity of the surface ligands of NaCd4P3
nanostructures, we used 1H solid-state NMR experiments
(Figure 5). The main observable NMR signals cover a

chemical shift range of ca. 0−4 ppm and correspond to
protons from TOPO. Interestingly, another broad signal
centered at ca. 7.5 ppm could indicate the presence of a
phosphonate species, which may be a byproduct of the thermal
decomposition of TOP during ternary synthesis.70

The core, surface, and subsurface 113Cd and 31P sites on
Cd3P2 and Cd-InP nanocrystals were previously studied by
ssNMR.71,72 A 1H → 31P CP-HETCOR experiment was
performed to identify surface 31P sites on NaCd4P3
nanostructures (Figure 6). The 2D 1H−31P HETCOR
spectrum shows an intense, relatively narrow 31P NMR signal
at ca. 7 ppm. There is also a broader signal that covers a
chemical shift range of ca. 20−70 ppm. The peak at ca. 7 ppm
is assigned to 31P from phosphonate and it correlates to high-
frequency 1H NMR peaks at ca. 7.0 and 5.7 ppm that should
correspond to OP(H)(OH)(OR) protons from −PH and
−POH, respectively. The broader 31P resonance (∼20−70
ppm) is assigned to 31P from TOPO (OPR3) and oxidized
derivatives (di-n-octylphosphinic acid and P,P′-(di-n-octyl)-
pyrophosphonate); this signal correlates to 1H NMR signals
centered at ca. 1.5 ppm, which correspond to octyl protons.70

Additional broadening of the signal in the region of 20−70
ppm likely arises because of bidentate and tridentante binding
of oxidized TOPO derivatives.73 These results confirm that the
surface of NaCd4P3 nanostructures is capped by several
derivatives of TOPO, as noted with other colloidal
nanostructures.70

The 31P spin echo NMR spectra show signals from all P
species present in the sample, including P in the bulk of the
nanostructures and surface P sites. When comparing the 31P

projection of the HETCOR spectrum and 31P spin echo
spectrum (Figure 7), the NMR signals above 0 ppm are

assigned to the surface P sites because these peaks are only
present in the surface selective HETCOR spectrum. Other
NMR signals below 0 ppm observable only in 31P spin echo are
assigned to the core P sites of NaCd4P3. We note that similarly
broadened 31P solid-state NMR spectra have been seen in
indium phosphide, zinc phosphide and cadmium phos-
phide.54,71,74,75 The broadening of 31P core signals likely arises
from some combination of homonuclear dipolar coupling and
slight defects in bond lengths across different particle sizes and
morphologies (needles and plates).
Ternary Polymorphism from Computations

As mentioned above, several polymorphs of ACd4Pn3 phases
exist (A = Na, K, Rb) (Pn = P, As).18 We used density
functional theory (DFT) calculations to determine the
thermodynamically stable phase for NaCd4P3. We considered
four plausible structures: P4/mmm, P63/mmc, Cm, and R3̅m.
The P4/mmm structure was determined for CsZn4P3 and
RbZn4P3, whereas the P63/mmc structure was determined for
NaZn4Sb3.

16,18 In both cases, the structures have not been
reported for NaCd4P3, but were considered because of their
structural and compositional similarities. The R3̅m structure is
reported as the “β phase”,18 whereas the Cm “α phase” was

Figure 5.Magic angle spinning (MAS) 1H spin echo solid-state NMR
spectrum of NaCd4P3 nanostructures.

Figure 6. 2D 1H → 31P CP-HETCOR NMR spectrum of NaCd4P3
nanostructures. The CP contact time was 1 ms.

Figure 7. 31P spin echo and projection of 2D 1H → 31P CP-
HETCOR NMR spectra of NaCd4P3 nanostructures.
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reported as a modulated structure with Cd responsible for the
modulation.18 An approximation for the modulated structure
was used for the computations (Figure 8 and Table 2). From

the calculated total energy of the three structures, Cm exhibits
the lowest energy, with R3̅m being only 30 meV higher in
energy. P63/mmc and P4/mmm were 350 and 850 meV higher
in total energy than Cm respectively, pointing to the
improbability of the structures. Using the local density
approximation (LDA) tends to underestimate the unit lattice
parameters and volume. Although Cm and R3̅m models are
close in volume per formula unit (170.45 vs 170.26 Å3), P4/
mmm is substantially larger (176.86 Å3). Our results are in
agreement with previous reports for this system. These show
that the R3̅m phase converts to a modulated Cm phase
reversibly at ∼260 K.18 Because the calculations are a 0 K
approximation, we would expect that the Cm phase would be
the lowest in energy and R3̅m would be close in energy. As
previously reported, the density of states calculation for R3̅m
and Cm show a small band gap (see the Supporting
Information). Density of states calculations for the Cm phase
show a mixing of the Cd and P in the valence band as well as
the conduction band. Employing band gap calculations using
LDA is known to severely underestimate band gaps.76,77

Therefore, even though the calculated band gap for P63/mmc
appears closer to the experimental value, P63/mmc is higher in

energy, making it an unlikely candidate for the phase observed
experimentally.

■ CONCLUSIONS

In summary, we have explored the solution-phase synthesis,
phase space diagram, and chemical spectroscopy of ACd4P3
nanostructures made by hot injection of dimethylcadmium to a
solution of alkali metal (A = Na or K) hydride in TOP.
Successful formation and isolation of ACd4P3 is highly
dependent on the hydride concentration. We were able to
identify that Cd3P2, a common binary impurity, is unstable in
the hydride reducing environment of the reaction, quickly
forming metallic cadmium. It is this metallic cadmium that
serves as a seed for the formation of ternary ACd4P3
nanostructures. IR and 1D 1H ssNMR show that TOPO and
phosphonate ligands are bound to the NaCd4P3 surface. 2D

1H
→ 31P CP-HETCOR ssNMR shows surface signals that belong
to TOPO and its derivative ligands. 31P spin echo and 2D 1H
→ 31P CP-HETCOR show surface and core NaCd4P3 signals
that are clearly different from those previously observed for
Cd3P2. Calculations show two of four polymorphs are
considered to have the lowest energies in this system, in
agreement with what is observed experimentally. We believe
this work represents an important leap forward into the
colloidal synthesis of complex ternary nanophases, which will
permit further characterization of their properties and, one day,
enable their long-sought applications in fields such as
thermoelectrics. We hope this work will inspire further
exploration of ternary pnictide materials and other potentially
useful Zintl materials.

■ METHODS

Materials

Sodium hydride (NaH, 99%), potassium hydride (KH, 30 wt %
mineral oil), 1-octadecene (ODE, technical grade, 90%), potassium
borohydride (99.9%), and dimethylcadmium (CdMe2, 99%) were
purchased from Sigma; tri-n-octylphosphine (TOP, 97%), sodium
oleate (99%), tris(trimethylsilyl)phosphine (98%), and triphenyl-
phosphite (97%) from Strem; potassium oleate (98%) from TCI;
toluene (99.9%), hexanes (99.9%), and ethanol (99.9%) from Fisher;
sodium borohydride (99.9%) from Acros. KH was washed with
anhydrous hexanes three times inside a dry N2-filled glovebox to
remove excess mineral oil and dried under vacuum overnight. Other
chemicals were used as received.

Synthesis

Synthesis of ACd4P3 (A = Na, K). AH (0.5−4 mmol), TOP (5
mL), and a glass coated stir bar were added to a three neck RB flask
and degassed for 30 min at 120 °C. After refilling with Ar, the mixture
was heated to 240 °C and CdMe2 (0.5 mmol, 0.03 mL) was swiftly
injected. The mixture was heated to 330 °C for the specified time.

NaCd4P3 Formation Mechanism. TOP (4 mL) and a glass-
coated stir bar were added to a three-neck RB flask and degassed for
30 min at 120 °C. After refilling with Ar, the mixture was heated to
240 °C and CdMe2 (0.5 mmol, 0.03 mL) was swiftly injected. The
mixture was heated to 330 °C and a slurry of NaH (40 mg) in TOP
(1 mL) was swiftly injected. Heating was continued for 60 min.

Purification. The crude solution (∼1.0 mL) was diluted with
toluene (∼10 mL) and centrifuged at 5000 rpm for 5 min. The
supernatant was discarded, and the precipitate was solubilized and
diluted with toluene (∼10 mL). Solids were isolated by centrifugation
at 5000 rpm for 5 min. Caution: CdMe2 is highly pyrophoric and
exposure to air could cause ignition. When TOP is used as the
phosphorus precursor, it is possible for PH3 to form, although further
investigation is needed.53,78

Figure 8. Calculated energies for the reported P4/mmm, Cm, and
R3̅m crystal structures. The lowest energy structure is Cm, by 30 meV.

Table 2. Selected Calculations and Data for NaCd4P3

phase
calcd band gap

(eV)
experimental band

gap (eV)
energy/formula unit

(meV)

P4/mmm 0.0 856.76
Cm 0.1 0.0
R3̅m 0.1 1.0 (indirect) 29.33
P63/mmc 0.7 346.14
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Structural and Compositional Characterization

Powder X-ray diffraction patterns were measured using Cu Kα
radiation on a Rigaku Ultima IV (40 kV, 44 mA) diffractometer using
a background-less quartz sample holder. Scherrer analysis and percent
composition was performed with Match! (κ value of 0.9). An internal
standard of silicon powder (Si0, a0 = 5.43123 Å, 640D) was used for
line position and Scherrer size. Transmission electron microscopy
imaging was performed on a FEI Tecnai G2-F20 scanning
transmission electron microscope. Scanning electron microscopy
imaging was performed using an FEI Quanta 250 field-emission SEM
in the high vacuum mode. Electron-dispersive spectroscopy analysis
was performed using an Oxford Aztec system. A 10 kV beam was used
and both secondary and backscattered electron images were collected.
A layer of 2 nm Ir was sputter-coated on the sample to avoid charging.

Spectroscopic Characterization

Diffuse-reflectance spectra were measured with an SL1 tungsten
halogen lamp (vis-IR), an SL3 deuterium lamp (UV), and a BLACK-
Comet C-SR-100 spectrometer. Samples were prepared by drop-
casting hexane solutions onto glass slides. Band gap values were
estimated by extrapolating the linear slope of Tauc plots by plotting
(Ahν)1/r vs hν where A = absorbance, hν = incident photon energy in
eV, r = 1/2 for direct and r = 2 for indirect semiconductors. Infrared
(IR) spectroscopy measurements were performed on a Bruker Tensor
37 Fourier transform IR spectrophotometer (64 scans, transmittance
mode, 4 cm−1 resolution). Photoluminescence measurements were
performed using a 10 mW, 450 nm laser. Light, collected from the
sample using an off-axis parabolic mirror, was directed to a 0.3m
spectrograph and detected on a liquid-nitrogen-cooled InGaAs array
(Princeton Instruments). Raman spectroscopy measurements were
collected using an XploRA Plus confocal Raman microscope
(HORIBA Scientific, Edison, NJ) equipped with a 20× (0.40 NA)
long working distance objective in the spectral range of 50−750 cm−1.
An excitation laser of 532 nm operating at 4 mW with an acquisition
time of 200 s was used to analyze an average of seven areas
throughout the sample with three accumulations averaged per
spectrum. The acquired data were plotted with IGOR (WaveMetrics,
Portland, OR).
NMR Spectroscopy. All moderate field [B0 = 9.4 T, ν0(

1H) = 400
MHz and ν0(

31P) = 161.9 MHz] solid-state NMR (SSNMR)
experiments were performed on a Bruker Avance III HD spectrometer
with a wide-bore magnet. A Bruker 2.5 mm 1H−31P−13C triple-
resonance MAS probe was used to perform all MAS experiments at a
spinning rate (νrot) of 25 kHz.

1H NMR shifts were referenced to neat
tetramethylsilane using adamantane [δiso(

1H) = 1.82 ppm] as a
secondary standard. Previously published relative NMR frequencies
were used to indirectly reference 31P chemical shifts.79 All experiments
were performed using optimum recycle delays of 1.3 × T1. All the
NMR spectra were processed in Topspin 3.6. 1H SSNMR. 1H MAS
NMR spectra were acquired using a spin echo sequence with π/2 and
π pulses of 2.5 and 5 μs, respectively. 1H radiofrequency (RF) fields
were calibrated directly on each sample. 31P SSNMR. 31P MAS NMR
spectra were acquired using a spin echo sequence with π/2 and π
pulse lengths of 2.5 and 5.0 μs, respectively. The recycle delay is 10 s.
1H → 31P CP-HETCOR experiments used spin lock pulses with RF
fields at 86 kHz RF and 134 kHz RF for 1H and 31P, respectively, and
contact time was 1 ms. SPINAL-64 heteronuclear decoupling80 was
applied with an 1H RF field of ca. 100 kHz. eDUMBO1−22
homonuclear dipolar decoupling81 was applied during the indirect
1H dimension evolution to improve 1H resolution in the 1H → 31P
CP-HETCOR experiments. The initial phase and offset of
eDUMBO1−22 was optimized directly on each sample and used 32
μs pulse durations and 100 kHz RF fields.

Calculations

Total energy calculations were performed using the Vienna Ab-initio
Simulation Package (VASP). The projected augmented-wave (PAW)
pseudopotentials with the local density approximation (LDA) were
used with a cutoff energy of 500 eV and a convergence energy of 1 ×
10−4 eV. The tetrahedron method with Blöchl corrections were used

with a dense k-point mesh when calculating total energy. Even though
this level of theory often severely underestimates band gaps and can
underestimate lattice parameters, the relative energies are robust when
compared with other methods.82 NaCd4P3 in P4/mmm symmetry
used a 16 × 16 × 12 k-point mesh. NaCd4P3 in Cm symmetry used a
k-point mesh of 14 × 10 × 10. NaCd4P3 in R3̅m symmetry used a k-
point mesh of 26 × 26 × 7. NaCd4P3 in P63/mmc symmetry used a k-
point mesh of 26 × 26 × 6. Unit cell volume, cell shape, and atomic
positions were relaxed sequentially, then simultaneously. DOS
calculations were then performed after convergence of the relaxations.
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