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Understanding the role of zinc dithiocarbamate
complexes as single source precursors to ZnS
nanomaterials
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Zinc sulfide is an important wide-band gap semi-conductor and dithiocarbamate complexes [Zn(S,CNR3),]
find widespread use as single-source precursors for the controlled synthesis of ZnS nanoparticulate
modifications. Decomposition of [Zn(S,CN'Bu,),] in oleylamine gives high aspect ratio wurtzite nanowires,
the average length of which was increased upon addition of thiuram disulfide to the decomposition
mixture. To provide further insight into the decomposition process, X-ray absorption spectroscopy (XAS)
of [Zn(S;CNMe;,),] was performed in the solid-state, in non-coordinating xylene and in oleylamine. In the
solid-state, dimeric [Zn(S,CNMe,),l, was characterised in accord with the single crystal X-ray structure,
while in xylene this breaks down into tetrahedral monomers. In situ XAS in oleylamine (RNH,) shows that
the coordination sphere is further modified, amine binding to give five-coordinate [Zn(S;CNMe;)>(RNH,)I.
This species is stable to ca. 70 °C, above which amine dissociates and at ca. 90 °C decomposition occurs
to generate ZnS. The relatively low temperature onset of nanoparticle formation is associated with amine-
exchange leading to the in situ formation of [Zn(S,CNMe,)(S,CNHR)] which has a low temperature
decomposition pathway. Combining these observations with the previous work of others allows us to
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Introduction

Zinc sulfide (ZnS) is a wide band-gap (3.7 eV) semiconductor
that finds use in optoelectronic devices due to its unique pho-
toluminescence and electroluminescence properties." Nano-
dimensional ZnS is especially important as both its optical
and electronic properties can be tailored by controlling the size
and shape of the nanostructures and over the past decade
a range of different nanoparticulate forms of ZnS have been
prepared through judicious choice of synthetic methods and
control over the synthetic parameters,> however, many of these
methods employ either toxic gases such as H,S and H, and/or
have to be carried out in an inert atmosphere. More syntheti-
cally appealing is the single source precursor (SSP) approach,®
especially when the precursors are air and moisture stable,
since this allows control of nanoparticulate shape-size-structure
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propose a detailed mechanistic scheme for the overall process.

without the need for elaborate experimental facilities. Dithio-
carbamate complexes are easily prepared from readily available
starting materials* and consequently find use as SSPs towards
a range of metal-sulfides.”™ Zinc dithiocarbamates, [Zn(S,-
CNR,),], are particularly attractive SSPs since they are air and
moisture stable solids which are easily prepared from the
requisite secondary amine in water.® They have been used
extensively in the production of ZnS either as pure nano-
materials,’®*® quaternary zinc-containing sulfide nano-
materials® or as shells on quantum dots.** In this contribution
we detail our use of [Zn(S,CNMe,),] (1) and [Zn(S,CN'Bu,),] (2)
(Chart 1) as SSPs towards ultra-thin wurtzite nanowires and also
probe mechanistic aspects of the precursor decomposition
process by in situ X-ray absorption spectroscopy (XAS) studies of
1. By piecing together our in situ findings with previous NMR
studies**** we have put together a plausible reaction mecha-
nism which will allow others to better rationalise their own
findings and logically plan synthetic routes to ZnS
nanomaterials.

Results and discussion
(i) Synthesis

Dithiocarbamate complexes [Zn(S,CNMe,),] (1) and [Zn(S,-
CN'Bu,),] (2) were prepared by standard methods. Decomposi-
tion of SSPs is normally carried out in a high boiling point

This journal is © The Royal Society of Chemistry 2020
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solvent which can act both as a heat sink and capping agent,
with long chain primary amines such as oleylamine being
widely utilised.” In order to ensure that our synthetic and in situ
studies (see later) were carried out under similar conditions, we
prepared ZnS from the decomposition of [Zn(S,CN'Bu,),] (2) in
oleylamine, being chosen over 1 due to its greater solubility in
this solvent. A 5 mM solution of 2 in oleylamine was heated to
230 °C and held for 1 h. Following this, the mixture was slowly
cooled to room temperature and methanol added to precipitate
the generated nanoparticles, which were isolated by centrifu-
gation, washing being repeated three times and the material
produced air dried. Solid samples had an off-white appearance
and were characterised by powder X-ray diffraction (PXRD) as
wurtzite (Fig. 1). Interestingly, the peak at 28.5° 26 for the (002)
lattice plane is more intense than in the reference pattern for
bulk wurtzite (ICDD card no. 36-1450) which suggests prefer-
ential growth along the ¢ axis.

Transmission Electron Microscopy (TEM) showed that high
aspect ratio nanowires were produced (Fig. 2) with an average
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Fig.1 PXRD patterns using Cu K, radiation for samples prepared from
(@) 2 and (b) 2 with added 3, with reference pattern for bulk wurtzite
(2H) (ICDD card no. 36-1450).

particle length of 34.3 nm (SD 26.2 nm) and width of 3.3 nm (SD
0.8 nm) and HRTEM the shows d-spacings of 3.17 A, corre-
sponding to the (002) lattice plane in wurtzite (ICDD card no.
36-1450), being consistent with PXRD data. These dimensions
are similar to the nanowires generated upon heating [Zn(S,-
CNEt,),] (3)" or [Zn(S,CNBz,),] (4)** in oleylamine.

In recent work on the decomposition of [Fe(S,CNR;);] we
found that addition of thiuram disulfide, (R,NCS,),, led to the
formation of different phases of iron sulfides.> As [Zn(S,CNR,),]
are known to add dithiocarbamate to generate the tris(dithio-
carbamate) species, [Zn(S,CNR,)3] ,** then potentially thiuram
disulfide addition may slow down the decomposition process
(oleylamine provides a reducing environment). Decomposition
of 2 in the presence of 10 mM of the thiuram disulfide 3 (Chart 1)
also afforded wurtzite nanowires, being of the same width
(3.2 nm % 0.8 nm) but slightly longer (45.0 nm + 25.1 nm).

The formation of wurtzite nanowires upon decomposition of
zinc dithiocarbamate complexes has previously been re-
ported."*** Thus Lieber and co-workers prepared wires with
a diameter of ca. 18 nm upon decomposition of [Zn(S,CNEt,),]
by a nanocluster-catalysed vapour-liquid-solid method,** while
Wang and co-workers prepared ultra-thin nanowires with
diameters of ca. 3-5.5 nm from decomposition of the same
precursor in oleylamine at 300 °C;'* even thinner nanowires (ca.
2 nm) have been prepared from [Zn(S,CN"Bu,),] in dodecyl-
amine at 280 °C.**

(ii) X-ray absorption spectroscopy (XAS) studies of
[Zn(S,CNMe,),] (1)

For the XAS studies we chose [Zn(S,CNMe,),] (1) as its simple
structure enables easier interpretation of data, whilst still
rendering relevant information on the class of SSP. We
sequentially investigated the structure of 1 in the solid-state, the
non-coordinating (high boiling solvent) xylene and oleylamine.
The results of these studies are summarised in Fig. 3 and 4.
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Fig. 2 Particle length histogram with width histogram insert (left) and TEM image with HRTEM insert (right), of the sample prepared from 2.
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Fig. 3 XANES spectra of 1 as a solid (black), dissolved in xylene (red),
and dissolved in oleylamine (blue). The relevance of peaks marked (A—
C) is discussed in the text.
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We first investigated 1 in the solid-state. While in the gas
phase it is monomeric with four equivalent Zn-S distances of
2.28 A a single crystal X-ray diffraction study shows it is
dimeric in the solid-state containing two bridging dithiocarba-
mate ligands giving an overall boat-type conformation with non-
degenerate Zn-S bond distances.”® The XANES spectrum
exhibits a straight edge jump followed by a multi-featured
region including white line intensity A, and two further peaks
B and peak C. The EXAFS of 1 can be modelled accurately to the
crystal structure. Thus there are two Zn-S distances at 2.32 A
arising from bonding of the zinc centre to the terminal biden-
tate dithiocarbamate ligand; XRD shows these bonds to be 2.31
and 2.33 A. There are also two Zn-S distances at 2.38 and 2.41 A
resulting from the bridging ligands; found at 2.37 and 2.43 A in
the crystal structure.”® A fifth Zn-S distance is detected at 2.95 A.
This is a typical feature of dimeric zinc dithiocarbamates and
arises in 1 at 3.03 A.>®

Spectra of 1 in xylene, while comparable to that in the solid-
state with similar features after the edge position, also show
some significant differences; specifically the ratio between A
and B, and the shape of C differ. Indeed, the EXAFS can be best
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Fig. 4 k*-Weighted EXAFS and Fourier transformed (real space) data of 1 solid (top), in xylene (middle) and in oleylamine (bottom).
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Table 1 EXAFS fittings for 1 as a solid and dissolved in xylene and
oleylamine

Ex situ XAS
Sample Scatter N Ryrp (A)  Rpxars (A) >(A%) F
1 solid S 2 2.31-2.33  2.32+£0.02 0.010 20
S 1 237 2.38 £0.02 0.010
S 1 243 2.41 £ 0.02 0.010
C 1 277 2.74 £ 0.02 0.006
S 1 3.03 2.95 £ 0.03 0.015
C 1 3.02 3.00 + 0.03 0.006
1 in xylene S 2 — 2.30 £0.03 0.007 25
S 2 — 2.39 £ 0.02 0.007
C 2 — 2.73 £0.02 0.008
1 in oleylamine N 1 — 2.06 £ 0.02 0.020 27
S 4 — 2.25 £ 0.03  0.020

fit to a monomeric structure with two sets of Zn-S bond
distances at 2.30 and 2.39 A. The crystal structure of [Zn(S,-
CNBz,),]| shows a monomeric species containing two inequiva-
lent Zn-S bond distances of 2.33 and 2.36 A.>* A further two Zn-
C interatomic distances are found at 2.73 A, being similar to the
Zn-C distance of 2.74 A in the solid-state.

The XANES spectrum of 1 in oleylamine is quite distinct
from 1 in the solid-state or in xylene; peaks B and C are absent
suggesting significant changes in the local structure. The EXAFS
was also modified with oleylamine, showing a Zn-N interatomic
distance of 2.06 A, similar to other Zn-N literature values,*®!
suggesting that oleylamine is bound to the metal centre to give
five-coordinate [Zn(S,CNMe,),(RNH,)] (1.RNH,). The structure
of the five-coordinated complex shows a Debye-Waller factor
that is far higher than values found for 1 in the solid-state or
dissolved in xylene. This is likely due to the dynamic nature of
the five-coordinated complex which can interchange between
trigonal bipyramidal and square-based pyramid geometries.
Table 1 summarises the results of EXAFS modelling studies.

These studies show that the structure of 1 (Scheme 1) and
analogues are sensitive to the nature of surrounding coordina-
tion environment. Most importantly they show that under the
standard decomposition conditions, which take place in
a coordinating solvent such as oleylamine, then it is actually
a species of the form [Zn(S,CNR,),(RNH,)] which undergoes
decomposition. Indeed, as early as the 1960s, the reversible 1 : 1
complexation of 1 with a range of amines was reported by Saville
and co-workers®**** and subsequently the crystal structures of
[Zn(S,CNEt,),(NH'Bu,)],*",  [Zn(S,CNEt,),(NHCsH,,)P* and
related five-coordinate complexes'® have been reported. We
have no evidence of a six-coordinate complex even in neat
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oleylamine and as far as we are aware, while six-coordinate
adducts with aromatic diamines such as [Zn(S,CNR,),(2,2'-
bipy)] and [Zn(S,CNR,),(1,10-phen)]** are well-known, fully
authenticated examples of six-coordinate [Zn(S,CNRy),(-
amine),] remain elusive.

(iii) In situ XAS studies of the decomposition of 1

XAS spectra for the decomposition of 1 in oleylamine are shown
in Fig. 5. XANES (Fig. 5a) spectra shows that [Zn(S,CNMe,),(-
RNH,)] (1.RNH,) is stable up to 71 °C. Above this temperature,
the peak previously labelled B decreases significantly along with
a slight reduction in C. The edge position remains remarkably
constant as a result of the stable oxidation state, while a slight
drop in white line intensity may indicate a decrease in overall
coordination.

EXAFS and FT data (Fig. 6) also suggest changes above ca.
71 °C (Table 2). Thus data best fits to 0.84 bound oleylamine
ligands with an interatomic distance of 2.06 A, in addition to
four Zn-S bonds at 2.29 A, and the disorder is slightly reduced.
At 77 and 83 °C there are only 0.73 and 0.63 Zn-N bond
distances respectively at 2.06 A, and four Zn-S bond distances at
2.32 A. By 89 °C, while the four Zn-S distances remain at 2.32 A,
zinc-oleylamine interactions are no longer detected, suggesting
that coordination of the amine is lost. A further lengthening of
the four Zn-S bond distances to 2.33 A occurs at 94 °C the Zn-S
bond distance of 2.33 A (+0.03 A) being similar to those found
in both wurtzite (2.334 A) and sphalerite (2.347 A).

Thus it appears that the decomposition takes place in two
steps. Firstly, oleylamine dissociates from the zinc at ca. 70 °C,
and following this decomposition occurs suddenly. In support
of this low temperature transformation, Shen and co-workers
have recently reported that decomposition of [Zn(S,CNEt,),]
in BuNH, occurs at 60 °C, giving wurtzite nanosheets,'
although it is a slow process (ca. 10 h). Such low temperature
decomposition (as discussed below) is associated with amine-
exchange at the dithiocarbamate backbone.?**

(iv) Decomposition mechanism

Despite the widespread use of dithiocarbamate complexes as
SSPs, relatively little is known regarding the decomposition
mechanism(s).>»**3¢3° Here we first address the molecular
transformations of the precursors. It is clear from our XAS
measurements that dissolution of 1 leads to a breakdown of the
dimeric solid-state structure to afford a tetrahedral monomer
and in oleylamine this binds one equivalent of amine to afford
5-coordinate [Zn(S,CNMe,),(RNH,)] (1.RNH,). As detailed
above, Lee and co-workers studied the decomposition of 1 in
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Scheme 1 Changes to 1 upon dissolution in xylene and oleylamine.
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In situ (a) XANES spectra, (b) EXAFS and (c) FT of the solvothermal decomposition of 1 in oleylamine up to 94 °C at a ramp rate of

1°C min~t. The relevance of the peaks marked (A-C) is discussed in the text.

2

octylamine by NMR spectroscopy®* and suggest that the key
decomposition species is [Zn(S,CNMe,),(RNH,),] (R = octyl), in
which free and bound octylamine are in rapid exchange. They
isolated this as a waxy solid and studied its thermal decompo-
sition in d®-dmso and d®-toluene by variable temperature NMR
spectroscopy. We question assignment of this waxy solid as
[Zn(S,CNMe,),(RNH,),] since we have no evidence of a bis(ad-
duct) in our XAS work and favour formation of 5-coordinate
1.RNH,, which at higher temperatures loses the amine; as might
be expected on entropic grounds.

In Lee's experiments on the decomposition of putative
[Zn(S,CNMe,),(RNH,),] zwitterionic complexes X and Y,
resulting from nucleophilic addition of the primary amine to

the backbone carbon of the dithiocarbamate, are suggested to
be observed by NMR spectroscopy (Scheme 2). From our work
on the decomposition of [Ni(S,CNBu',),] in oleylamine® we
suggest that resonances assigned to X and Y are actually asso-
ciated with the thioureas, Me,NC(S)NH(Oct) and (Oct)NHC(S)
NH(Oct) respectively. This supposition is consistent with the
work of Reedijk and co-workers who isolated thioureas,
Me,NC(S)NH(Hex) and (Hex)NHC(S)NH(Hex), from the
decomposition of 1 in hexylamine.” Nevertheless, the key
premise of Lee and co-workers, namely that the amine attacks
the backbone carbon and this leads to exchange NMe, for NHR,
is in accord with the findings of Reedijk®* and our experiments
on nickel.** Thus the key decomposition intermediates are

25° C Experiment
- = -25° C Theory
71° C Experiment
- = -71° C Theory
77° C Experiment
= = -77° C Theory
83° C Experiment
83° C Theory
89° C Experiment
- - -89° C Theory
94° C Experiment

T

k (,6&'1)

Fig. 6
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(a) EXAFS and (b) FT fits for the solvothermal decomposition of 1 in oleylamine at 25 °C, 71 °C, 77 °C, 83 °C, 89 °C and 94 °C.
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Table 2 EXAFS fitting for the in situ decomposition of 1 in oleylamine

Temperature

(C) Scatter N Rexars (A) 202 (A?) F

71 N 0.84 2.06 & 0.02 0.019 27
S 4 2.29 £ 0.03 0.019

77 N 0.73 2.06 & 0.02 0.016 27
S 4 2.30 £ 0.03 0.016

83 N 0.63 2.06 & 0.02 0.013 23
S 4 2.32 £ 0.03 0.013

89 S 4 2.32 + 0.03 0.009 28

94 S 4 2.33 £ 0.03 0.009 26

[Zn(S,CNMe,)(S,CNHR)] and [Zn(S,CNHR;),] resulting from
exchange of one or both NMe, groups. While the former have
never been isolated, O'Brien and co-workers have prepared and
crystallographically characterised [Zn(S,CNHHex,),] which
decomposes to nanoparticulate zinc blende at 300 °C in
hexadecylamine.*

Based on our current observations and those of others we
propose a mechanism for the molecular transformations
leading to the degradation of 1 (and other zinc dithiocarbamate
complexes with secondary amine backbones) in solutions of
primary amines (Scheme 3). Initial binding of the primary
amine to zinc affords a 5-coordinate amine complex; which at
higher temperatures (ca. 70 °C) is reversible. At ca. 90 °C,
nucleophilic attack of primary amine at a backbone carbon
leads to amine-exchange to afford [Zn(S,CNMe,)(S,CNHR)] and
(depending upon the rate of decomposition of this) possibly the
bis(primary amine) derivatives [Zn(S,CNHR;),]. We have previ-
ously suggested that for related nickel complexes amine-
exchange and decomposition are in competition but for zinc
it appears that decomposition is rapid once a single amine-

View Article Online
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exchange has occurred.* Thus formation of [Zn(S,CNMe,)(S,-
CNHR)] alone is enough to trigger ZnS formation; deprotona-
tion of the dithiocarbamate leading to a zwitterionic
dithiocarbimate which can extrude isothiocyanate.

(v) Nanoparticle morphology

A wide range of different nanoparticulate forms of ZnS have
been prepared® and it is not obvious why decomposition of
[Zn(S,CNR,),] in primary amines gives rise to high aspect
nanowires. The amine (and indeed other solvents) plays
multiple roles in the decomposition of SSPs including; inter-
acting with molecular species, controlling the rate of growth
and final particle size distribution, preventing particle aggre-
gation and interacting with surface sites to passivate surface
defects.”” The XAS studies show that the amine binds to
[Zn(S,CNR,),] precursors, and most likely all other molecular
species, as Zn(u) is a good Lewis acid. Most likely the surface of
the formed nanowires will also have close to 100% amine
coverage as the small size of primary amines allows much
higher surface coverage than other solvent-capping agents such
as tri-n-octylphosphine oxide (TOPO).** Three separate expla-
nations have been put forward for the formation of high aspect
ZnS nanowires from [Zn(S,CNR,),]/RNH, mixtures. Wang"* has
proposed that nanowire formation is due to the selective
absorption of the amine onto the (100) planes of the developing
material, thus inhibiting growth in this dimension; supporting
evidence coming from the formation of much wider wires upon
addition of oleic acid to the decomposition mixture. Jia and
Banin have attributed nanowire formation with the dissolution
of monomers from the end facets of the initially formed
nanoparticles, being followed by their secondary growth onto
the side facets of the particles."> Certainly monomers on the end

NH,R NH,R
Su, | oS ] ><NMe2 100 °C RH2N>®<S%,,Z ‘\\\‘\\\\\S>@<NM62
—_— n
MezN_<( ,‘\»—NMez . MeZN{ NH,R Me:N” N Ny NHR
€] S}
NH,R X Y
Scheme 2 Lee's proposed intramolecular amine attack at the dithiocarbamate carbons.
NH,R
St Z quaninG - RNH; S \\\\ + RNH, ‘\\\\\
A /N\) o s S s i P
Me,N g NMe, + RNH, S - Me,NH
MeoN + RNH,
2 \C=
RHN/ - [RNH5]*
©  -RNCS S S
wNH,R == [znS] < MezN{( In—s MezN—<( /Z"\@> NR
S S

- [SzCNMezl

Scheme 3 Proposed mechanism for the formation of ZnS from the thermal decomposition of 1 in primary amines.
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of the wires will have lower coordination numbers than those in
the bulk and hence might be expected to be more labile. Shen
and co-workers offer a third view, namely that nanowires result
from the loose aggregation of initially formed ellipse-like
nanostructures,™ finding that formation of ultrathin nano-
wires is highly dependent upon the reaction medium; addition
of PPh; to the amine giving longer nanowires, while in neat
PPh; spherical nanoparticles result. We favour this explanation
and note that in non-coordinating solvents, or in amine solu-
tions at lower temperatures, the same precursors give spherical
nanoparticles.’>’

Summary and conclusions

The synthesis of ultrathin ZnS nanowires continues to attract
considerable interest"'**»** and the decomposition of zinc
dithiocarbamate complexes in primary amines at temperatures
of ca. 250 °C is proving to be a simple and valuable strategy to
these materials."™** Here we add a new dithiocarbamate
complex, [Zn(S,CN'Bu,),] (2), to the available SSPs and show
that its decomposition in oleylamine at 230 °C cleanly affords
high aspect ratio wurtzite nanowires with an average particle
length of 34.3 nm and width of 3.3 nm. Addition of the thiuram
disulfide, (S,CN'Bu,), (3) results in a slight lengthening (av. 45.0
nm) of the wires, while the width remained unaffected. In order
to gain further insight into the role of the amine in this process,
in situ XAS studies were carried out on the simplest homologue,
[Zn(S,CNMe,),] (1), showing that five-coordinate [Zn(S,-
CNMe,),(RNH,)] (1.RNH,) predominated in the amine solution,
being stable up to 70 °C but decomposing above 90 °C.
Combining our own observations with those of others**?® has
allowed us to piece together a molecular decomposition
mechanism, the key feature of which is rate-determining amine-
exchange at the backbone carbon of the dithiocarbamate to
yield complexes [Zn(S,CNR,)(S,CNHR)] and [Zn(S,CNHR;);]
with one and two primary dithiocarbamate ligands respectively.
Most likely once a single exchange has occurred decomposition,
promoted via deprotonation of the ligand and extrusion of
isothiocyanate, will be rapid. Thus onset of ZnS formation (ca.
90 °C) is far below that of the nanowire formation and this is
likely a result of the aggregation of the initially formed spherical
nanoparticles.

In previous work we have shown that the amine-exchange
process is key to the facile decomposition of nickel SSPs,
[Ni(S,CNR,),]* and others have also previously shown that the
primary amine dithiocarbamate complexes, [M(S,CNHR),],
have significantly lower decomposition temperatures than their
secondary amine counterparts.'>** Thus, the rate of decompo-
sition of different [Zn(S,CNR,),] SSPs in primary amines most
likely depends upon their relative rates of secondary for primary
amine exchange, which relates to both the electrophility of the
backbone carbon and (likely most importantly) to the steric size
of the secondary amine substituents as in the transition state
the backbone carbon becomes sp*-hydridised.*® Thus the
primary amine plays multiple roles in the decomposition
process; (i) solubilises the SSP, (ii) acts as a heat sink, (iii)
coordinates to the Lewis acid Zn(u) in all molecular species, (iv)
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acts as a nucleophile resulting in amine exchange, (v) acts as
a base to deprotonate the primary amine dithiocarbamate, (vi)
drives the reaction by combining with the extruded iso-
thiocyanate and (vii) acts as a capping agent for the generated
nanomaterials.

From this work and our previous work on nickel® it is clear
that it is not the secondary amine dithiocarbamate complexes
[M(S,CNR,),] that are the actual precursors to nanoparticulate
metal sulfides but rather these are precursors to species with
primary amine dithiocarbamate ligands. Indeed there is
mounting evidence that this is the case* and given this then
further study on the synthesis, stability and decomposition of
primary amine dithiocarbamate complexes [M(S,CNHR),] is
warranted, and this is a direction of our current research. In this
context an interesting recent development from Prasad and co-
workers should be noted.*” They generated zwitterionic
[OleylNH;][OleyINHCS,] in situ upon addition of carbon disul-
fide to oleylamine solutions, it reacting rapidly with the metal
salt to generate in situ primary amine dithiocarbamate
complexes, [M(S,CNHOleyl),], which decompose readily and
cleanly to nanoparticulate metal sulfides.

Experimental

All 'H and "C{'H} NMR spectra were obtained on either
a Bruker Avance IIT 400 or Avance 600 spectrometer, the latter
being equipped with a cryoprobe. All spectra were recorded
using CDCl; which was dried and degassed over molecular
sieves prior to use; "H and *C{"H} chemical shifts are reported
relative to SiMe,. The mass spectra were obtained using either
Micromass 70-SE spectrometer using Electron Ionisation (EI) or
a Thermo Finnigan MAT900xp spectrometer using Fast Atom
Bombardment (FAB). Elemental analysis was carried using
Elemental Analyser (CE-440) (Exeter Analytical Inc).

PXRD patterns were measured on a Brucker AXS D4 diffrac-
tometer using Cu Ko, radiation. The diffraction patterns ob-
tained were compared to database standards. For TEM
characterisation a 4 pL droplet of nanoparticle suspension
(chloroform) was placed on a holey carbon-coated copper TEM
grid and allowed to evaporate in air under ambient laboratory
conditions for several minutes. TEM images were obtained
using a JEOL-1010 microscope at 100 kV equipped with a Gatan
digital camera. HRTEM measurements were collected using
aJeol 2100 TEM with a LaB, source operating at an acceleration
voltage of 200 kV. Micrographs were taken on a Gatan Orius
charge-coupled device (CCD).

Synthesis of precursors

[Zn(S,CNMe,),] (1)* and (S,CN'Bu,), (3)* were prepared by
literature procedures. While [Zn(S,CN'Bu,),] (2) is in the liter-
ature*>* full synthetic details and characterisation data are not
clearly presented. 'Bu,NH (2.62 mL, 15 mmol) was added to
NaOH (0.60 g, 15 mmol) dissolved in water (100 mL). To this
mixture CS, (0.90 mL, 15 mmol) was added dropwise over 10
minutes and the mixture stirred overnight. ZnSO,-7H,0 (1.44 g,
5 mmol) was added yielding an off-white powder, which was

This journal is © The Royal Society of Chemistry 2020
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filtered, washed with water and dried. 2.09 g, 88%. Anal. calc.
for C,3H;6N,S,Zn: C, 45.60; H, 7.65; N, 5.91. Found: C, 46.61; H,
7.97; N, 5.59. *H NMR (CDCl,): 6 0.97 (d, J = 6.6 Hz, 24H, CH,),
2.39 (m, J = 6.8 Hz, 4H, CH), 3.70 (d, J = 7.5 Hz, 8H, CH,). °C
{"H} NMR (CDCl;): 20.3 (CH3), 27.1 (CH), 62.2 (CH,), 204.5
(CS,) ppm. MS: mjz 472 [M'], 268 [M* — S,CN'Bu,], 383
[ZnS(SCN'Bu,), — 'Bul.

Decomposition studies

[Zn(S,CN'Bu,),] (5 mM) was added to oleylamine (20 mL) in
a three-neck round bottom flask attached to a condenser and
evacuated and refilled with nitrogen repeatedly for 15 minutes.
The solution was heated to 230 °C and held there for 1 h. The
mixture was allowed to cool to room temperature slowly,
whereupon methanol (80 mL) was added with stirring. The
mixture was centrifuged and then the solution decanted leaving
behind the resultant nanoparticles. This procedure was
repeated three times and finally the material was allowed to dry
in air.

XAS studies

XAS spectra were acquired at the iron K-edge (7112 eV) on the
Dutch-Belgian EXAFS beamline, BM26A.** Monochromatic
radiation was supplied by a double Si(111) crystal, ion chambers
were used to measure incident and transmitted beam intensi-
ties (I, and I,), and X-ray fluorescence was measured using a 9
element germanium solid state detector. Solid 1 was diluted
with polyvinylpyrrolidone, pelletized and placed in the beam.
Solutions of 1 were held within in situ liquid cells. The in situ
liquid cell used was developed at UCL for synchrotron based
experiments on liquid samples. Cartridge heaters embedded
into the conductive cell body allow temperatures to reach up to
200 °C, subject to pressure buildup of the system. The Kapton
sealed reaction chamber holds 400 pL of solution with a fixed
path length of 2 mm. The in situ liquid microtron cell was
developed by Sample Environment at the ESRF for liquid
experiments up to 260 °C. With quartz cell windows and a 4 mm
path length, the cell was used for measurements in trans-
mission. XAS data was normalized and background subtracted
using Horae Athena software.” Linear combination analyses
were also performed using Horae Athena. Detailed EXAFS
analyses were performed on Excurve Version 9.273.%°
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