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Abstract

Metal dithiocarbamate complexes possess many interesting and useful properties which has
made them ubiquitous in the literature. Their discovery was early in the field of sulfur
chemistry, with their applications as vulcanisation accelerators and fungicides being explored
not long after. Nowadays, most published reports focus on their molecular structures, and
their use as single source precursors to metal sulfide materials. Much of the research in those
fields omits the relationship between their structure and properties, or their mechanism of
decomposition to metal sulfide materials. This dissertation presents an investigation into the
synthesis of metal dithiocarbamate complexes, with an emphasis on the relationship between
their structure and properties, and how these properties affect their use as potential single
source precursors to metal sulfide materials. Firstly, investigations into subtle intermolecular
interactions were conducted using a nickel(ll) dithiocarbamate complex. The complex was
subsequently used as a single source precursor to NiS, and provided insight into the
mechanisms behind its decomposition. The use of lead(ll) dithiocarbamate complexes as
precursors to PbS materials was investigated in a study that highlighted the relationship
between the structure of the complex, and the resultant PbS material. Along the way,
important insights relating to the structure and spectroscopic properties of dithiocarbamate
complexes were also gained, leading to an uncovering of the mechanisms behind restricted
rotation in di(isopropyl)dithiocarbamate complexes. The dissertation concludes with a study
evaluating the mechanisms behind molecular isomerisation in mercury(ll) dithiocarbamate

complexes.



Chapter 1:

Introduction: A Research Overview



Chapter 1: Introduction; A Research Overview

In the realms of materials science and inorganic chemistry, there is a perpetual exploration of
new materials to solve existing and emerging problems. In this regard, dithiocarbamate-based
compounds have emerged as interesting and useful materials. Dithiocarbamate (DTC)
compounds are sulfur analogues of carbamate compounds (Figure 1), being first described in
1850, which was quite early in the history of organo-sulfur chemistry.*
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Figure 1: General representation of the dithiocarbamate core structure.

Interest in DTC compounds initially focused on their use as vulcanisation accelerators, being
patented as early as 1859 for that purpose.’ Thus, much of the early knowledge concerning
DTC complexes was provided by chemists studying their application in the rubber industry
between the late 1800’s to early 1900’s. During this time, the ability of DTC compounds to
form coordination complexes by reaction with various transition metal salts was discovered,
pioneered by Delépine ca. 1907.% Research then shifted towards the biological activity of DTC
complexes and especially their insecticidal and antifungal activities.*® DTC complexes have

since become ubiquitous within the scientific literature.

Synthesis of dithiocarbamate anions

DTC compounds are generally synthesized by reactions between primary or secondary amines
with carbon disulfide to produce intermediate dithiocarbamic acids. Dithiocarbamic acids are
unstable at room temperature and were observed to decompose upon standing. This inherent
instability is avoided by converting the dithiocarbamic acid to a stable salt, usually by addition

of an alkali metal hydroxide (Scheme 1).
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Scheme 1: General synthesis for N-alkyl dithiocarbamates

The increase in stability is achieved due to electron delocalisation within the resultant DTC

anion (Scheme 2).
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Scheme 2: Resonance stabilisation of the dithiocarbamate anion.

The synthesis shown in Scheme 1 proceeds if R; and R, are alkyl or electron donating groups,
as the underlying mechanism is nucleophilic attack by nitrogen at the electron poor carbon in

carbon disulfide (Scheme 3).
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Scheme 3: Mechanism for the formation of alkyl dithiocarbamates.

In cases where R; or R, are electron withdrawing groups or groups that can stabilise a
positive charge (on the nitrogen atom) through delocalisation (e.g. aryl groups), the reaction
does not proceed to completion. Resonance effects make the synthesis of DTCs containing
aromatic amines difficult but they can be overcome with the use of strong bases such as n-
butyllithium. The reaction of the amine with alkyllithium produces lithium amide
intermediates, which are more reactive towards CS,.™

There are instances where S,N-substituted DTCs may be required (which are outside of the
scope of this dissertation, as their ability to act as ligands is poor). In such cases, the N-
substituted DTC anion is utilised as a nucleophile, which can react with an alkyl halide (Scheme

4).
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Purification of N-substituted dithiocarbamates is achieved predominately via
recrystallization. In practice, performing the reaction (between amine, carbon disulfide and
alkali metal hydroxide) in a minimum volume of appropriate solvent results in the DTC salt
precipitating from the reaction mixture. From there, filtration followed by recrystallization is
often sufficient to produce N-dithiocarbamates of high purity."

In some cases, e.g. in the realms of biological testing, a higher purity DTC (~99.0 % purity) is
required. This is achieved by derivatisation of the intermediate dithiocarbamic acid, followed
by chromatographic purification, and subsequent deprotection. This has been demonstrated
by Giboreau and Morin, who substituted the metal hydroxide with tributyltin oxide producing
an intermediate stannyl DTC which was purified by column chromatography, followed by
deprotection.” For the purposes of this dissertation, the typical recrystallization method was
found to be sufficient for the DTC salts to be used in subsequent reactions without further

purification (e.g. chromatographic separation) being necessary.

Coordination to metals
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Figure 2: Four commonly observed N-dithiocarbamate coordination modes.

DTC anions possess strong metal binding properties and generally behave as chelating ligands
producing coordination complexes as shown in Modes | and Il in Figure 2. In Mode I, the DTC
anion behaves as a symmetric bidentate ligand with an equal charge distribution across the
RR’-NCS, moiety. Mode la is a bridging variation of mode | resulting in dimeric, trimeric,
oligomeric and polymeric structures. Mode Il is characterized by an unsymmetrical charge
distribution and thus unequal M-S bond lengths but still with bidentate coordination. In
contrast, Mode Illl shows the formal negative charge localized on one of the sulfur atoms
leading to a monodentate coordination geometry.

Examples of complexes containing these bonding modes will be found in Chapters 2-6, but
generally the coordination modes shown in Figure 2 are independent on R* and R?, which have

very little influence on the M-S bond nature. There are exceptions, where steric effects of R*
3



and R? affect the geometry of the resultant complex, and thus exert influence on the
coordination modes." The propensity to favour one form (over another) appears to be linked

to a combination of the aforementioned steric affects, the nature of the central metal atom,

16, 17

and the nature of secondary interactions within the crystal structure. Where the metal has

an affinity for sulfur (e.g. Hg(l1)), modes I or Il are favoured,™ in contrast to cases where the
metal has less preference (e.g. Na(l)), where mode Il is dominant.”® Beyond these
generalisations, prediction of the coordination modes is exceptionally difficult,” for example

octahedral Sn(IV) DTC complexes can contain forms Ill and | simultaneously.?

Applications of dithiocarbamate complexes

DTC complexes have attracted significant attention due their interesting and useful

properties.”*® The combination of various metal centres and the ability to readily alter the

24-32

DTC ligand structure has yielded complexes with biological applications such as anti-

33

neoplastic agents,> rescue agents in cisplatin therapy>* and bioanalytical agents.* Another

useful application of metal DTCs is their use as precursors for the synthesis of metal sulfide
materials.” > **°® These materials, prepared via thermolysis of metal DTC complexes, have

been widely investigated due to their use in the development of new sensors, IR detectors and

55 56

solar cell technologies.>® One of these materials is lead sulfide (PbS), which is an important

IV-VI semiconductor (direct bandgap ~0.41 eV at RT).”” The exciton Bohr radius of PbS>® is ~18

nm and reducing the size of crystals to less than half of this distance results in nanocrystalline

59, 60

PbS with size dependant optoelectronic properties. Another class of materials that have

stimulated a great deal of attention in areas such as catalytic water splitting,®®®

74-80 81-87

heterogeneous catalysis,* supercapacitors,”®”® batteries and solar cells are the nickel

sulfides. Unfortunately, nickel sulfides have a propensity to exist in a range of phases, and
stoichiometries, such as NiS, NiS,, NisS, NisSs, NigSs, Ni;Ss, NigSs.?** From a synthetic

standpoint, these issues provide challenges when attempting to isolate individual, targeted

88, 94

compounds, which is of fundamental importance as each phase possesses somewhat

distinct properties. These cutting-edge applications, and experimental difficulties have aroused

an impressive level of attention towards manipulation of the morphology and phase of metal

68, 95-106 113-115

. . . 107-112 .
sulfide materials. Techniques such as solvo- and hydrothermal,go’ 07112 o5 id-state,

71, 77 116, 117 118
d, d

microwave-assiste and solution-base exist. In these, separate

spray pyrolysis
reactants are utilized, and the phase and morphology of the resultant metal sulfide materials is
adjusted by varying the solvent, capping ligand, precursors, reaction temperature and time.

An alternative approach for the synthesis of metal sulfides employs single-source precursors

(SSPs) that provide control of reactant stoichiometry and the potential to tune their thermal

4



properties through ligand design. An ability to adjust both the stoichiometry and thermal
properties by manipulation of the SSP structure can at times allow for control of the phase and
morphology of the resultant materials. Typically, the precursors are designed to have a MS,

89, 114, 119-122 123-125

geometry. Of the most applicable types are the xanthates and

2527, 126, 127 88,126, 128138 |y the case of DTC complexes, modification of the

dithiocarbamates.
substituents in the ligand structure gives rise to a range of electronic and steric effects across
associated complexes, which influences the thermal properties of the resultant metal complex,
thus ultimately affect the formation of nanoparticles from these SSPs.*® Therefore, by
adjusting the structure of the DTC ligands the phase and morphology of resultant metal sulfide
materials can be easily tuned, whilst avoiding complexities associated with systems containing
separate reactants. In the context of the thermal synthesis of PbS crystals, the influence of DTC
ligands bearing aliphatic and aromatic substituents has been examined, whilst for nickel
sulfides, the role of amines in the solution-state thermolysis of nickel DTC complexes has been

investigated.'?® 131 134



Aims and Objectives

The aims of this dissertation are to:

1.

Synthesise a library of metal dithiocarbamate complexes
A library of metal dithiocarbamate complexes are to be synthesised to investigate their

properties and determine their possible applications.

Investigate the properties of metal dithiocarbamate complexes
Dithiocarbamate complexes which are synthesised will be thoroughly characterised, to
investigate their spectroscopic and crystallographic properties, and how they relate to

the structure.

Examine applications of metal dithiocarbamate complexes

Dithiocarbamate complexes will be investigated in the context of possible applications.
These investigations will focus specifically on their use as precursors to metal sulfide
materials, or the use of dithiocarbamate structures as models for complex electronic

interactions.



Thesis Overview

The articles within this dissertation are best described as discrete sub-studies focussing on
different DTC complexes, with the distinction being the nature of the metal centre. The
publications are further divided on the basis of article themes, namely the use of DTCs as
single source precursors to metal sulfide materials, or the investigation of the structures of the
DTC complexes. Thus, each of the project aims and objectives are addressed within each
publication. The articles are presented in chronological order (with respect to the sequence of
experimental studies) as findings within each publication generally form the basis of
investigations in subsequent publications.

The data presented in Chapters 2, 3 and 4 show that metal DTC complexes are useful as
single source precursors to the synthesis of metal sulfide microstructures. Chapter 2 addresses
the molecular structure of bis(kS,5'-di(isopropyl)dithiocarbamato)nickel(ll) examined by
single-crystal X-ray diffraction to reveal an unusual anagostic C-H -+ Ni interaction. Thermal
analysis data provided a preliminary indication that the nickel(ll) DTC complex is useful as a
single source precursor to nickel sulfide materials.

Chapter 3 expands on the findings presented in Chapter 2. In situ synchrotron powder
diffraction was used to investigate the transformation of bis(k’S,5'-di(isopropyl)-dithio-
carbamato) nickel(ll) into a novel nickel sulfide (NiS) nanostructure containing exclusively the
high temperature a-NiS phase. Insights into the mechanisms of decomposition were obtained.

Chapter 4 examines the formation of PbS by thermolysis of two different lead(ll) DTC
complexes. The data show how manipulation of the DTC ligand structure influences the
resultant morphology of PbS crystals. Selected PbS crystals were used to create a novel PbS
based thermistor with excellent sensitivity and an ultrarapid thermal response time.

Not only do DTC complexes possess intrinsic properties that make them useful as precursors
to metal sulfide materials, they also possess a rich range of coordination geometries. The
ability to produce an almost limitless range of structures by varying the central metal atom in
addition to the ligand substituents provides a convenient substrate for investigation of
coordination chemistry and subtle crystallographic phenomena. Thus, not only are the
complexes useful as single source precursors to metal sulfide materials, the structures they
form are also important for the observation of unique coordination geometries in the solid
state.

The latter is best manifested in the realm of noncovalent interactions in the solid state, which
are of importance as they can exert significant influence on the geometry of molecules and
their associated crystal structures.’®® Hydrogen bonding is one such important noncovalent

7



interaction where the focus has traditionally been on strong acceptors such as O and N.***

In contrast, sulfur is considered a weak acceptor, and the influence of H:-:S hydrogen bonds on

147-150

molecular structure has received considerably less attention. Such interactions are

important as they influence side chain geometries and secondary structure in biological

121155 Thus, an understanding of the

systems (such as those involving the amino acid cysteine).
nature of H---S interactions is of fundamental importance.

In Chapter 5 the crystal structure of sodium di(isopropyl)dithiocarbamate pentahydrate was
redetermined™® for the examination of networks of C—H---S interactions. These interactions
were shown to affect the symmetry of electron density within the ligand in the solid state. The
asymmetry of the electron density was manifested as temperature dependent restricted
rotation of the isopropyl groups in the solution and the solid state. We also show that these C-
H--S interactions are ubiquitous throughout metal dipdtc complexes for which structural
determinations have been deposited.

Another example of coordination effects studied using DTC complexes is the ability of DTC
complexes to be present as a range of unique complexes, including coordination polymers. For
example, the reaction of HgCl, with diethyldithiocarbamate will produce three distinct
molecular complexes.” ™ This is unsurprising, as reactions of HgCl, with S-donor ligands have
a propensity to form coordination polymers by interaction with sulfur-containing species,*®**%*
although detailed studies of the formation of mercury coordination polymers are scarce,
especially in the case of DTC complexes.”>****** |n Chapter 6, a new polymeric mercury(ll)
di(isopropyl)dithiocarbamate complex was synthesised, and used to investigate the causation
of the large range of molecular architectures and isomers within mercury(ll) DTCs.*’” Solid- and
solution-state techniques were employed to track the formation of monomeric, dimeric and

polymeric mercury(ll) di(isopropyl)dithiocarbamate complexes. These studies provided insights

into the mechanism for isomerisation within mercury(ll) DTC's.
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1. Introduction

Dithiocarbamate complexes have attracted a significant amount
of attention due to their ease of synthesis, their ability to coordinate
to a range of transition and main block elements, and their inter-
esting and useful properties [1-3]. The combination of various
metal centres with the sizeable range of substituted dithiocarba-
mate ligands has yielded complexes with applications such as anti-
neoplastic agents [4], rescue agents in cisplatin therapy [5], bio-
analytical agents [6] as well as single source precursors of metal
sulfide nanoparticles |7]. Dithiocarbamate complexes have also
been investigated for the development of new sensors, IR detectors
and solar cell technologies |8). Substitution of the dithiocarbamato
ligand gives rise to a range of electronic and steric effects across
associated complexes. Some synthetic efforts have focused on
optimising ligand design to allow for altered thermal properties
required for nanoparticle synthesis [9]. Thus, dithiocarbamate
complexes containing heterocyclic [10], alkyl [11] and phenyl [12]
ligands have been pursued as single source nanoparticle

* Corresponding author.
E-mail address: Andrew.McDonagh@utsedu.au (A M. McDonagh).

http: [{dxdoi.org/10.1016/j. molstruc2016.02.028
0022-2860{% 2016 Elsevier BV. All rights reserved.
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precursors.

In the context of structural interactions and possible applica-
tions of metal dithiocarbamate complexes, we have revisited the
synthesis and spectroscopic characterisation of biS[KQSS‘—di{iso—
propyl)dithiocarbamato)nickel(ll) and herein report a packing
polymorph of the title compound showing anagostic interactions.
There are few reported structural determinations for di(isopropyl)
dithiocarbamato (i-PrDTC) complexes with the only examples be-
ing Au(i-PraDTC)s, Pb(i-Pr;DTC)z, Hg(i-PrDTC); and Ni(i-PraDTC)z
[13-18].

2. Experimental
2.1. Reagents and instruments

Chemicals and solvents used in synthetic procedures were
analytical or reagent grade and purchased from Sigma Aldrich and
used as received. Millipore water (18.4 MQ cm™') was used in
synthetic procedures. FT-IR spectra of single crystals were recorded
using an Agilent Cary 630 FTIR spectrometer fitted with a ZnSe ATR
accessory. Each spectrum was collected using 16 scans, with a
resolution of 4 cm™! over the range of 4000-700 cm™ .
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Proton and carbon nuclear magnetic resonance spectroscopy
was performed using an Agilent Technologies NMR instrument
operating at 500.3 MHz (for "H experiments) and 125.7 MHz (for
1€ experiments) at 25 °C. 'H experiments were acquired using 16
scans with a 0.01 s relaxation delay and a pulse angle of 60°. For 3¢
experiments, 300 scans with a 1.00 s relaxation delay and a pulse
angle of 45° were used. The title compound was dissolved in
deuterated chlorofon'n and the solvent residual chemlcal shifts of
7.26 ppm (for 'H experiments) and 77.0 ppm (for *C experiments)
were used to calibrate the spectra. Compound 1 was dissolved in
deuterated methanol and the solvent residual chemical shifts of
3.31 ppm (for 'H experiments) and 49.0 ppm (for *C experiments)
were used to calibrate the spectra. High resolution mass spectra
were acquired using an Agilent 6510 Q-TOF with a mobile phase of
65% acetonitrile, 35% water.

UV-Vis spectra of CHCl3 solutions (8.3 = 10~° mol 1) were
recorded using an Agilent 8453 spectrometer. The spectra were
collected from 190 to 1100 nm using a resolution of 1 nm. A Ther-
mal Advantage SDT-Q600 thermal analyser was used to obtain TG,
DTG and DSC data simultaneously using alumina crucibles. Exper-
iments were conducted using a flow of nitrogen gas (150 ml min—1)
and a heating rate of 10 °C min~! over a temperature range of
25-500 °C. Residues from TGA experiments were imaged using a
Zeiss Supra 55VP SEM and a Zeiss EVO L515 SEM fitted with a
Bruker Nano EDX detector was used for EDX microanalysis.

2.2, Crystallographic analysis

Suitable single crystals of 2 (Scheme 1) were selected under a
polarizing microscope (Leica M165Z), mounted on a MicroMount
(MiTeGen, USA) consisting of a thin polymer tip with a wicking
aperture. The X-ray diffraction measurements were carried out on a
Bruker Kappa-Il CCD diffractometer at 150 K using an IpS Incoatec
Microfocus Source with Mo-Ka radiation (A = 0.710723 A). The
single crystal, mounted on the goniometer using cryo loops for
intensity measurements, was coated with paraffin oil and then
quickly transferred to the cold stream using an Oxford Cryo stream
attachment. Symmetry related absorption corrections using the
program SADABS [17] were applied and the data were corrected for
Lorentz and polansation effects using Bruker APEX2 software [18).
The structure was solved by direct methods and the full-matrix
least-squares refinement was carried out using Shelxl [19] in
Olex2 |20]. The non-hydrogen atoms were refined anisotropically.
The molecular graphic was generated using Olex2 [20]. Packing
diagrams were generated using the program Mercury [21].

2.3. Synthesis

Synthesis of sodium di{isopropyl)dithiocarbamate (1): Compound
1 (Scheme 1) was prepared using an adaptation of the method of
Shinobu et al. [22] An aqueous solution of sodium hydroxide (4.00 g
in 10 mL) was cooled with stirring to 0 °C. Diisopropylamine
(10 mL) was added followed by diethyl ether (120 mL). The solution
was maintained at 5 °C whilst carbon disulfide (10 mL in 5 mL of
ethanol) was added dropwise. A precipitate formed immediately

—{
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upon addition and the resultant mixture was stirred for 30 min. The
crude product was collected by filtration and purified by recrys-
tallisation of a saturated methanolic solution by slow diffusion of
diethyl ether. The colourless crystals were collected by filtration,
washed with cold diethyl ether, and dried over P20s in vacuo. The
ligand crystallises with two waters of hydration as shown by TGA.
HRMS (M + H)™ for NaNS,CsHq4 Calculated: 200.0538; Found:
200.0549. "H NMR (500.3 MHz, CD30D): 3 6.24 (br.s, 1H, CH(CH3)2),
3.88 (brs, 1H, CH(CH3):), 1.68 (brs, 6H, CH{CHz),), 1.17 (br.s, 6H,
CH{CH3);). ®C NMR (1257 MHz, CDs0D): & 2112 (NCS;), 57.5
(NC(CH3)2), 51.0 (NOCH3)2), 21.3 (C(CH3)2), 19.8 (C(CH3)2).

Synthesis of  bis(«*S S di(isopropyl)dithiocarbamato Jnickel(1I)
(2):An agueous solution of compound 1 (3.00 g,13 mmol, in 10 mL
of water) was added to an agueous solution of nickel sulfate hep-
tahydrate (1.46 g, 5 mmol in 8 mL of water). A dark green precip-
itate formed immediately upon addition. The precipitate was
filtered, washed with ice cold water and then diethyl ether, and
dried over P20s in vacuo to yield 1.77 g of 2 (86%). Crystals suitable
for X-ray analysis were obtained as dark green blocks from solvent
counter diffusion of diethyl ether into a chloroform solution of 2
over two days. HRMS (M + H)* for NiN,S,C4H,g Calculated:
411.0562; Found: 411.0566. '"H NMR (500.3 MHz, CDCls): & 4.56
(brs, 2H, CH(CH3)2),1.38 (brs, 12H, CH(CHz),. ¥C NMR (125.7 MHz,
CDCly): & 205.8 (NCS;), 50.9 (NC(CH3),), 19.7 (C{CH3)) UV-vis.
(CHCl3, & (L M~! cm™1): % 618 (76), 490 (268), 435 (1581), 400
(5840), 330 (32100).

3. Results and discussion
3.1 X-ray crystal structure determination

Relevant crystal data, selected bond lengths and angles are given
in Tables 1 and 2. Analysis of the X-ray crystal structure reveals
some interesting differences compared to previously reported data
for this compound [13,23]. In the current study, there are two in-
dependent molecules in the asymmetric unit (Fig. 1). There are no
significant differences in bond lengths, angles or intermolecular
interactions between the current and previous structural de-
terminations. The nickel atoms, NilA (molecule A) and NilB
(molecule B) are located at centrosymmetric special positions at
(0,0,0.5) and (0,0.5,0.5), respectively. There are no significant dif-
ferences between corresponding bond lengths and bond angles in
the two independent molecules. Both NiS; environments are
approximately square planar, however there is a significant differ-
ence in the torsion angles about the Ni—S—C-S coordination
centre; 169 (6)° for NilA—S1A—C1A—S2A and 023 (7)° for
Ni1B-S1B—C1B-52B. The geometry about N1A is close to planar
(C5A—N1A—C1A—S2A = 0.2 (2)") while the geometry about N1B
deviates somewhat from planarity (C5B—N1B—C1B-52B = —-3.7
).

The unit cell parameters of 2 determined in the current work are
summarized in Table 3 together with previously reported data for
comparison [13,23]. The unit cells are different with cell volumes, ¢
axis lengths and [ significantly smaller in the current study
compared to the previous determinations. The differences between

NS0y TH,O S\ /S
_NiS0.TH,0_ : N :
/"'\S/ ":

Scheme 1. Synthesis of 1 and 2.
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Table 1
Crystal data and structure refinement parameters for 2.

129

Chemical formula 2{C7H14NNigs52)

M, 411.33
Crystal system, space group Monoclinic, P24 fc

Temperature (K) 150

ab, c(A) 8.11585 (4), 17.6976 (8), 14.6740 (8)
B=) 102631 (3)

V(A" 205756 (18)

z 4

Radiation type Mo Kz

pi{mm-1) 134

Crystal size {mm) 027 % 0.17 = 0.06

Absorption correction

Multi-scan SADABS2014(5 [17] was used for absorption correction. wR2{int) was 0.1124 before and 0.0506 after

correction. The Ratio of minimum to maximum transmission is 08221, The 4/2 correction factor is 0.00150.

0613, 0.746
17808, 4534, 3879

T Trmax
Mo. of measured, independent and observed
[I> 2a()] reflections

Rint 0.037
(sin 8 W)max (A7) 0643
RIF > 2a(F)], wR(F*), 5 0027, 0.070, 1.03
No. of reflections 4534
Mo. of parameters 20
H-atom treatment H-atom parameters constrained
A e Db (8 A3) 046, —0.26
Table 2
Selected bond lengths (A) and angles (*) for 2.
Bond Lengths
Ni1B—51B 2.1892(4) NilA—S1A 2.1965 (4)
Ni1B—51B 21891 (4) Ni1A—S1A# 2.1965 (4)
Ni1B—52B 2.1870(4) Ni1A—S2Af 21912 (4)
Ni1B—52B 2.1870(4) NilA—S2A 21912 (4)
S1B—C1B 1.7241(16) S1A—C1A 1.7267 (17)
S2B—C1B 1.7263(15) S28—C1A 1.7294 (16)
N1B—C1B 1.314(2) N1A—ClA 1.316 (2)
N1B—C2B 1.493 (2) N1A—C2A 1.4533 (19)
N1B—CSB 1.450 (2) N1A—C5A 1.450 (2)
CB—C3B 1.512(3) C2A—C3A 1.519(2)
C2B-C4B 1.517 (3) C28—C4A 1.520 (3)
C5B—CEB 1.517 (3) C5A—CBA 1.524(2)
C5B—C7B 1.521(3) C5A—C7A 1.521(2)
Bond Angles
S1B'-Ni1B—S1B 180.000(18) S1AT—Ni1A—S1A 180.0
S2B-Ni1B—S1B 100693 (15) S2A—Ni1A—51AF 100,834 (16)
S2B-NilB—S1B 100692 (15) S2A1—NilA—S1A 100,833 (15)
S2B-NilB-S1B 79307 (15) S2A—NilA—S1A 79.166 (15)
S2B'-NilB-S1B' 79308(15) S2A"—NilA—51A" 79.167 (15) Fig 1. ORTEP of 2 with atom labeling scheme and 50% thermal ellipsoids.
S2B'-Ni1B—S52B 1800 S2A"—NilA—S2A 180.0
CIB—S1B-Ni1B 86.30 (5) C1A—S1A—NilA 86.35 (5)
C1B—S2B—Ni1B 8632 (5) C1A—S524—NilA 86.46 (6)
C1B-N1B—C2B 12367 (14) C1A—N1A—C2A 119.68 (14) Table 3 . )
C1BE—N1B—C5SEB 11973(13) C1A—N1A—C5A 12366 (13) Summary of previous and current unit cell parameters.
C5B—N1B—C2B 11659(13) C5A—N1A—C2A 116.65 (12) Cell volume (A%) a (A} b (A) c(A) B Reference
S1B—C1B—S2B 10807(9) S1A—C1A—524 107.99 (9)
N1B—C1B-51B 12736(12) N1A—ClA—51A 125.08 (12) 127 8.160(2) 17.830(3) 15620(3) 11050(2) (23]
N1B—C1B-52B 12457(12) N1A—C1A—S24 12692 (13) 2127.94 8.147(2) 17.820(2) 15630(2) 11032(3) [13]
N1E—C2E—C3B 11238(16) N1A—CZA—C3A 110.40 (14) 2057.56 8.119(4) 17698(8) 14674(8) 10263(3) This work
N1B—C2B—C4B 111.17(16) N1A—C2A—C4A 11051 (14)
CB—C2B—C4B 11413(17) C3A—C2A—C4A 113.02 (14)
:}:ﬁgigg Eg‘?g g}gg :}:_a_g}: E;'ﬁ S;g (chloroform/ethanol evaporation vs diffusion of diethyl ether into
C6B-C5B—-C7B 11379(16) C7A—C5A—CBA 113.45 (15) chloroform solution in the current report).

Symmetry codes: (i) -x, -y, -z+1: (ii) -x, -¥+1, -z+1.

the current crystal structure and those previously reported are
most apparent when viewed along the b axis (Fig. 2). It is apparent
that the differences in unit cells are the result of a difference in the
relative rotation of molecules A and B. We propose that the dif-
ferences in the current structure arise from different solvent mix-
tures and methods used during the crystallisation process

12

In the current study, molecule A is oriented in a perpendicular
fashion to molecule B allowing for intermolecular H-- -5 contacts,
with HEBB (on C6B)approximately 3.09 A from 52A. There isalso an
intermolecular H- - -S contact of approximately 2.90 A between H5A
(on C5A), and S2B. These intermolecular contacts are highlighted in
Fig. 3. In addition to the H-- -5 contacts, there is a C—H- - -Ni contact
of approximately 3.00 A between H2B and NilA. Agostic and ana-
gostic interactions [24] have been described for C—H---M in-
teractions (where M is often a d® or d® metal) [25]. Agostic
interactions are 3-centre-2-electron interactions characterised by
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a

Fig. 2. Packing diagram showing a unit cell from previously determined structure [13]
(blue) and unit cell (red) from the current structure viewed along the b axis (hydrogens
and molecule A removed for clarity). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

Fig. 3. Packing diagram depicting the Ni---H and S---H interactions along the a axis
between molecule A (red) and molecule B (blue). (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

short H---M distances (=18-2.2 A) and C—H---M angles of
90—130° [26]. Anagostic interactions are characterised by longer
H---M distances (=2.3-3.0 A) and C—H---M angles of 110-170°
[27]. In the present case, the H---M distance of approximately
3.00 A and C—H---Ni bond angle of ca. 160° is characteristic of an
anagostic interaction between molecules A and B. Although such
interactions have generally been reported as structural curiosities,
they may play an important role in reactivity and involved in cat-
alytic activity [28].

3.2. FI-IR and UV-VIS spectroscopy

IR data for 1 and 2 are presented in Fig. 4, and relevant band
assignments are summarized in Table 4. There are several notable
differences between the spectra. The C- - -N stretch moves to higher
energy by ~15 em™! upon coordination, which indicates an increase
in the carbon—nitrogen bond order [29]. A single v(C---S) band for
each compound (936 and at 938 cm™, respectively) indicates that
the two C---S bonds (within the NCS; moiety) are similar in nature
[30]. The similar frequencies of the C- - -S bands for 1 and 2 suggest
that the C---S bond lengths change little upon coordination of the
ligand to the nickel(ll) metal centre. There are two N—C stretching
bands (C1—N1 and C2/C5—N1) in 1 and 2. Upon coordination to

13
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Transmission %

30

2700 2300 1900 1500 1100 700

Wavenumber (em)

3900 3500 3100

Fig. 4. FTIR spectra of 1 (red) and 2 (blue). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Table 4

Selected IR spectral data for 1 and 2 (em™1)2
Assignment 1 2
v (0—H) 3300 NJA
v (C—H) 2965 2963
8 (0—H) 1665 NJA
vs(C---N) 1472 1487
Vs (CH3) 1429 1437
Vey (CH3) 1352 1364
v (N=C) 1296 1327
p (CHs) 1139 1139
vs(C--S) 936 938

2 v = stretching mode, § = bending mode, p = rocking mode.

nickel(Il), both bands increase in frequency indicating shortened
N—C bond lengths within the delocalised electron environment
about the planar nitrogen. Bands at ~1430, 1350 and 1140 cm ™" are
assigned to the asymmetric, symmetric and rocking vibrations of
the methyl groups, respectively [31]. We assign the increase in the
energies of the vibrations associated the CHs groups when moving
from 1 to 2 to reduced molecular flexibility arising from Ni- - -H and
S---H interactions. Bands below 900 cm~' were not able to be
unambiguously assigned due to vibrational mode coupling, most
probably involving C—S stretches [31]. Another notable difference is
the presence of O—H stretches and bends in 1, which are attributed
to water within the ligand matrix (as indicated by TGA data) but
absent in the complex (as revealed by X-ray crystal data).

100000

10000 /

1000

e(LMIcm)

100

10

285 385 485

Wavelength (nm)

585

Fig. 5. Electronic spectrum of 2 in chloroform.
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The electronic spectrum of 2 in chloroform (Fig. 5) shows three
broad d—d absorption transitions at 618 (e = 76 LM~ cm™'), 480
(e=268 LM~'cm™') and 435 nm (¢ = 1581 LM~ cm™!). These
bands are assigned to the ]Alg — ]Azg,]mg — ]Blg and]Alg — ]Eg
transitions respectively [32—34). The presence of three d—d tran-
sition bands is characteristic for square planar d® nickel(Il) com-
plexes, and in agreement with the crystal structure of 2 [33]. The
spectrum also shows an intense ligand to metal charge-transfer
band at 330 nm (e = 32124 LM~ cm™') [33,35,36] as well as an
intense band at 400 nm (& = 5844 LM~ cm~!) which is assigned to
T — T transitions within the ligand N—C=S moiety [35].

3.3. 'H and C NMR studies

TH NMR spectra of 1and 2 are shown in Fig. 6. The spectrum of 1
shows two sets of peaks arising from the ligand protons, suggesting
that the two isopropyl groups are inequivalent. A signal at6.24 ppm
is assigned to one of the methine protons while a signal at 3.88 ppm
is assigned to the other. The different environments may arise due
to C—H---S interactions [27]. Similarly, two resonances at 1.68 and
1.17 ppm are assigned to the methyl groups in two inequivalent
environments. Similar observations have been observed in di(iso-
propyl)dithiocarbamato complexes [3738] and arise due to hin-
dered rotation about an N—C bond (as a result the aforementioned
C—H-- -5 interaction) creating two magnetically inequivalent en-
vironments [37—39]. The 'H NMR spectrum of 2 contains only one
signal arising from the methine protons and one signal for the
methyl groups. This suggests that coordination to the metal centre
diminishes the effect of C—H---S interactions. However, in the
spectra of both 1 and 2, the signals are broad, characteristic of
underlying dynamic processes in solution. Signals assigned to
CH(CH,) in the spectrum of 2 appear as a broad singlet at 4.56 ppm,
which is characteristic of protons associated with the H---Ni ana-
gostic interaction [27,40,41]. Signals assigned to CH(CH3); protons
appear at 1.38 ppm, which has previously been suggested as an
indicator of interactions with the CS; moiety [42]. The change in the
number of signals in the spectrum of 2 compared to that of 1 is
attributed to a change in the intermolecular attractions in the so-
lution state that occur upon coordination.

The *C NMR spectra show signals arising from each of the
carbon atoms of 1 and 2 (Fig. 7). The signals at & 211.2 and 5 205.7
for 1 and 2, respectively, are attributed to the NCS:; moiety. An
upfield shift of ~5.5 ppm upon moving from 1 to 2 is the result of
increased electron density within the NCS; moiety [43—45], which
correlates with decreased C—N bond lengths indicated by FTIR
spectroscopy. Two signals assigned to the methyl groups of 1, as

ppm

Fig. 6. '"H NMR spectra for 1 {blue, solvent = CD40D) and 2 (red, solvent = CDCly), at
25 =C. - denotes solvent signal, * denotes resid ual diisopropylamine, ' denotes residual
Hz0. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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60

220 200 180 160 140 120 100 80 40 20 ppm

Fig. 7. C NMR spectra for 1 (blue, solvent = CD0D) and 2 (red, solvent = CDCl3), at
25=C. - denotes solvent signal, * denotes residual diisopropylamine. The 90-190 ppm
region has been omitted for clarity. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

well as two signals for the methine carbon atoms are consistent
with the assignments made for the '"H NMR spectra. Similarly,
fewer signals are observed in the spectrum of 2.

3.4. Thermal and microstructural analysis

Thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) data for 2 are shown in Fig. 8. There was insig-
nificant mass loss in the region 25—-120 °C, which indicates a lack of
water (bound or otherwise) and is in agreement with the crystal-
lographic data. Decomposition of 2 occurs in a single event be-
tween 298 °C and 340 °C with an endothermic peak at 333 °C
corresponding to the loss of both ligands to produce the final
decomposition product, NiS. The calculated mass loss for this event
(78.1%) agrees with that observed (78.0%). The correlation between
DTGmax and DSCrax suggests that thermal mass loss occurs at the
onset of a solid—liquid phase change. This correlation has been
commented on previously [46].

Scanning electron microscopy analysis of the TGA residue from 2
was performed and a representative micrograph is shown in Fig. 9.
The material contains globular particles as well as rods with di-
mensions of ~0.15 x -2 pm. Energy dispersive X-ray (EDX) analysis,
Fig. 9, shows that the residue contains nickel and sulfur only. This
finding is in agreement with the assignment of the formula NiS for
the thermolysis product NiS nanowires obtained from the solid
phase thermal decomposition of a dithiocarbamate precursor
molecule have not been reported before.

4. Conclusions

The molecular structure of single crystals of bis(kS,S-di(iso-
propyl)dithiocarbamato)nickel(Il) (2) reveal C—H---Ni anagostic
interactions arising from the interaction of two non-eguivalent
molecules.

FTIR and NMR spectroscopy data show how electron density

100
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Fig. 8 TGA and DSC data for 2. The 25-100 “C region has been omitted for clarity.
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b}

Fig. 9. SEM micrograph (a) and EDX plot (b) of the TGA residue from 2.

about the NCS; moiety is modified upon coordination of the ligand
to the nickel metal centre. The nickel complex decomposes at
~330 °C in a single step, as shown by the TGA data. Upon heating,
nickel(Il) sulfide is produced, which upon examination using SEM
and EDX spectroscopy revealed NiS nanowires.
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Single crystals of bis(xS,$"di(isopropyl)dithiocarbamato) nickel(Il) were utilized as a single source precursor
for the formation of NiS via thermolysis. The complex decomposed at — 250 °C to form a-NiS exclusively with no
[-NiS detected. Analysis of the thermolysis regime using in situ techniques showed that the thermolysis occurs in
a single step with the major volatile side-products being isopropyl-isothiocyanate and carbon disulfide. The

resultant Ni§ was examined using SEM and TEM to reveal a retention of precursor crystal edge-length and angle

relationships.

1. Introduction

Nickel sulfides are renowned for their superb chemical and physical
properties, which have stimulated a great deal of attention in areas such
as, but not limited to, catalytic water splitting [1-8], heterogeneous
catalysis [9], supercapacitors [10-13], batteries [14-20] and solar cells
[21-27]. These cutting-edge applications have aroused an impressive
level of attention towards manipulation of the morphology of nickel
sulfide materials [8,28-33]. Unfortunately, these efforts are compli-
cated by the propensity of nickel sulfides to exist in a range of phases,
and stochiometries, such as NiS, NiS., NizSa, NisSs, NigSs, NizSg, NisSg
[34-39]. From a synthetic standpoint, these issues provide challenges
when attempting to isolate individual, targeted compounds [34,40],
which is of fundamental importance as each phase possesses somewhat
distinct properties.

Techniques utilizing separate reactants have been applied to the
synthesis of NiS, compounds, with varying degrees of success.
Synthetic methods include solvo- and hydrothermal [20,41-46], solid-
state [47—49], microwave-assisted [11,17], spray pyrolysis [50,51] and
solution-based [52] techniques. In these cases, the phase and mor-
phology of the resultant Ni,S, material is adjusted by varying the sol-
vent, capping ligand, precursors, reaction temperature and time.

An alternative approach employs single-source precursors (SSPs)
that provide control of reactant stoichiometry and the potential to tune
their thermal properties through ligand design. An ability to adjust both
the stoichiometry and thermal properties by manipulation of the SSP
structure can at times allow for control of the phase and morphology of

* Corresponding author.
E-mail address: Andrew.McDonagh@uts.edu.au (A.M. McDonagh).

https://doi.org/10.1016/].ica.2018.12.014

the resultant materials.

There has been considerable interest in the development of SSPs for
the synthesis of nickel sulfides, with a focus on S5Ps with NiS,; geometry
such as dithiocarbamates [34,53-61] and xanthates [35,48,62-65].
Furthermore, insight into the processes involved during the thermal
conversion of S5Ps is important to allow for manipulation of the SSP
structure to achieve suitable properties such as low reaction tempera-
ture and/or selective nanostructures as shown in recent studies utilizing
low-temperature melts of xanthates [66]. The role of amines in the
solution-state thermolysis of nickel dithiocarbamates has been in-
vestigated [54,56,59] although no studies focusing on the processes
involved in the solid state decomposition of nickel dithiocarbamates
into nickel sulfide nanostructures are extant.

Nickel(II) sulfide (NiS), of relevance to this work, has two poly-
morphic phases, with a thermodynamically stable low temperature
rhombohedral phase (B, Rs m) and a metastable high temperature
hexagonal phase (o, P6./mmc). In the p form, Ni" atoms are surrounded
by five sulfur atoms forming a tetragonal bipyramidal geometry, whilst
in the o form Ni" atoms are octahedrally coordinated to six sulfur
atoms. The transformation between o to B occurs between 280 and
380 °C with a volume change of ~4% [35,36,67,68].

Whilst examining an unusual C—H..-Ni anagostic interaction within
crystals of the title compound [61], we also observed that the complex
decomposed to produce NiS at elevated temperatures. Here we in-
vestigate the transformation of the nickel bis-diisopropyldithiocarba-
mate SSP, bis(k™S,5'-di(isopropyl)dithiocarbamato) nickel(II), Ni
(DIFDTC)z, (Fig. 1) which yields a novel nickel sulfide (NiS)

Received 19 October 2018; Received in revised form 7 December 2018; Accepted 7 December 2018
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Fig. 1. Chemical structure of bis()czS,S‘-di(isopropy])dir.hioca.rbama(o) nickel
(.

nanostructure, and show that the high temperature a phase can be
prepared at relatively low temperatures using this method.

2. Results and discussion

Single crystals of Ni(DIPDTC). in the size range 200400 pm were
obtained by slow evaporation of a chloroform solution. Decompoesition
upon heating was monitored using variable temperature isotropic light
microscopy (Video S1). Photomicrographs were acquired in the tem-
perature range 30-500°C whilst heating at 3°Cmin~" under a flow of
25mLmin~! of nitrogen. The images reveal a transition from Ni
(DIPDTC); to a solid material (Fig. 2), which we show to be a-NiS (see
below). Cracks in the crystal surface appear at 210°C and the crystals
begin to decompose at 219 °C, evidenced by the formation of gas bub-
bles within the crystals. Upon completion of the decomposition process,
the crystal edge lengths have contracted significantly.

SEM images of NiS obtained from the variable temperature optical
microscopy experiment show that the residue maintained the overall
cuboidal morphology of Ni(DIPDTC). crystals (Fig. 3). That is, the ra-
tios of the edge lengths are in agreement with those of the crystals
measured using optical microscopy prior to decomposition (Fig. 3).
Higher magnification images of the pseudo-facet edges (Fig. 4b—e) re-
veal highly porous and textured NiS, with somewhat acicular crystal-
lites extending from the surface. The individual crystallites do not show
a preferred orientation with respect to the psendo-facets and are present

Inorpanica Chimica Acw 487 (2019) 228-233

as randomly orientated aciculae. This complex 3D structure was not
observed in previous thermolyses of Ni(DIPDTC). that utilized faster
heating rates (10 "C min~") although the aciculae were present in the
current and previous work [61]. SEM-EDX mapping revealed that the
structure contained an even distribution of Ni and S within the sample
(Fig. 4e).

TEM micrographs of the resultant structure reveal a mixture of fi-
lamentous and globular NiS crystallites. SAED of the assembled struc-
ture produced a polycrystalline diffraction pattern indicating an
overlap of many orientated NiS crystallites, with no preferred orienta-
tion relative to the edges of the three dimensional structures (Fig. 5a).
Many of the observed filamentous crystallites are attached directly to
the globular structures (Fig. 5b).

In situ real time synchrotron powder XRD experiments were per-
formed to investigate the transformation of the SSP. Diffraction patterns
were collected whilst Ni(DIPDTC), was heated under an atmosphere of
helium at a rate of 3°Cmin~" (Fig. 6). The onset of decomposition is
marked by a sudden decrease in the peak area of Ni(DIPDTC), at 303°C
(Fig. 6) with an associated increase in the peak area for NiS. The sub-
sequent 35 °C is characterized by the simultaneous decomposition of Ni
(DIPDTC); and the formation of NiS, as indicated by the overlapping
diffraction patterns.

All of the Ni(DIPDTC), decomposed by 340°C yielding NiS in the
high temperature a-phase (indexed using COD 9009240, Fig. S1). There
was no change in the peak areas assigned to NiS until 460 °C, where-
upon the areas decreased and peaks assigned to NiO (COD 4320499)
appeared (Fig. 6) due to partial oxidation of NiS (attributed to minute
concentrations of oxygen in the protective helium flow). Oxidation
halted as heating was discontinued and upon cooling to room tem-
perature, the NiS retained the high-temperature a-phase [69]. The ex-
pected low temperature B-NiS phase (COD 1538656) was not detected
at any stage during the experiments (Fig. 6). Previous studies of the Ni-S
binary phase system [70] showed both the a and p polymorphs of Nis
are stable in the temperature range 282 °C to 379 “C, with their relative
proportions dependent on the sulfur content of the binary system.
Specifically, B-NiS has Ni:S ratios in the range of 64:36—67:33 wt% and
@-Nis has Ni:S ratios in the range of 63:37-64:34 wit%. Above ~380°C
only the a-phase is stable. In the current work, where a-NiS formed

e
250 pm

250 pm

>
I E—
250 pm 250 pm

Fig. 2. Variable-temperature optical image sequence extracts from Video 51 showing the decomposition of NifDIPDTC); at 30, 189, 219, 243, 246 and 255 °C (a-f).
Conversion of the precursor crystals to NiS is indicated in red. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)
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(a)

500 um
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(b}

Fig. 3. (a) Optical micrograph of a typical single erystal of NifDIPDTC); before thermolysis, and (b) SEM micrograph of a block of material generated by thermolysis

of a single crystal of Ni{DIPDTC),.

between ~ 310 and 350°C, the SSP contains Ni and S in the ratio 1:4,
which may favour formation of the a-phase over the (-phase. In-
ductively coupled plasma-mass spectrometry analysis of the NiS pre-
pared in this work revealed a Ni content of 63 wt%, consistent with the
a-phase stoichiometry. Furthermore, no NisS, or NiS; were detected in
the X-ray diffraction patterns of the decomposition product, which we
attribute to the considerable proportion of the S content of the pre-
cursor that was volatilized (see below).

Thermogravimetric and gas chromatography data are shown in
Fig. 7. There was no mass loss between 30 and 200 °C indicating an
absence of water. Mass loss occurred in a single event beginning at
~ 250 “C, with the maximum rate of mass loss at 320 °C. The mass loss
of this event (84%) corresponds to the loss of the DIPDTC ligand ma-
terial, with the exception of one S per Ni, leading to the formation of
NiS (cale. 78%). The discrepancy between the calculated and observed
mass loss { ~6%) of this thermolysis event is attributed to a combina-
tion of instrument baseline drift, and partial oxidation of the resultant
NiS (evidenced by the formation of SO. during, and extending slightly
beyond, the maximum rate of mass change). A second mass loss event of
~1.5% was observed between 430 and 500 °C. These results are con-
sistent with previous work[61] although the onset of mass loss occurred
~50°C lower than previously reported due to the slower heating rate
employed in the current study. Differences in the onset of mass loss
between these in situ techniques is attributed to differing thermal

environments in sample environment geometries in synchrotron, mi-
croscope hot-stage and thermogravimetric furnaces.

In-situ gas chromatography mass spectrometry was used to analyse
the decomposition products produced during thermolysis (Fig. 7b). The
volatile species were identified by comparison of their mass fragmen-
tation patterns to a NIST database and are: isopropyl isothiocyanate (m/
£ =101.2), isopropyl amine (m/z = 101.2), carbon disulfide (m/
z =76.2), isopropyl disulfide (m/z= 150.1), sulfur dioxide (m/
2z =64.1) and propene (m/z = 42.1). Evolved-gas experiments where
the furnace atmosphere was continuously monitored by MS provided
data describing the temporal evolution of volatile species. Extracted ion
chromatographs (Fig. 7c) show that volatile species evolve within the
same temperature range as the decomposition event and increase in
abundance as the rate of mass loss approaches the maximum. lons
arising from isopropyl isothiocyanate and di-isopropyl amine overlap at
m/z = 101.2, and thus their evolution during the main mass loss event
is convoluted. The co-existence of these species in the gas phase sug-
gests that cleavage of the di-isopropyl N—C bond and the dithiocarba-
mato C=N bond occur nearly simultaneously during decomposition.
There were no evolved volatile species following the formation of NiS
until ~ 430 °C where sulfur dioxide was evolved with a corresponding
mass loss of 1.5% (by TGA). The observation of SO, during the main
mass loss event (245-345 °C), and the secondary mass loss at ~ 430 °C
indicates that the NiS was oxidized by trace levels of elemental oxygen

Fig. 4. SE-SEM micrographs of NifDIPDTC); thermolysis residue (a-d) with EDX mapping (e) (scale bars: 40, 5, 0.5, 0.4, 0.2 pm respectively).
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Fig. 5. (a) TEM micrograph of NiS with SAED inset, scale bar: 100 nm. (b) A NiS filament, scale bar: 20 nm.

within the experimental system to NiO, which was also observed in the
powder XRD pattern of the final residue in synchrotron experiments
(Fig. 52).

3. Conclusions

Single crystals of Ni(DIPDTC), formed NiS upon thermolysis in a
single event beginning at ~250°C. The decomposition of the Ni
(DIPDTC), crystals resulted in the formation of a-NiS crystals with a
structure that retained the approximate shape of the precursor crystals.
Analysis of the thermolysis regime using in situ techniques showed that
the thermolysis produced no intermediate species and the major vola-
tile by-products were isopropyl-isothiocyanate and carbon disulfide.
Thus, our method can be used to synthesize a single phase of nickel
sulfide without the need for solvents. The process uses a readily ac-
cessible SSP that generates only volatile by-products with no inter-
mediate liquid phase. The resultant nanostructure is highly textured
and may provide promising applications in the realms of catalysis and
catalytic water splitting.

4. Experimental section
4.1. General

Bis(x?S,S-di(isopropyl)dithiocarbamato) nickel(Il) (Ni(DIPDTC),)
was synthesized using a published procedure [61]. The complex (3.0 g)
was dissolved in chloroform (60 mL) and washed several times with
ultrapure water. The chloroform layer was dried over anhydrous
magnesium sulfate and the volume reduced to ~5mL using a rotary
evaporator. The concentrated solution was cooled slowly to yield
crystals of Ni(DIPDTC); suitable for X-ray diffraction experiments.

4.2. Optical microscopy

Variable temperature (30-500°C) isotropic light microscopy was
performed using an Olympus BH—2 microscope fitted with a Linkam
THMS600 stage in transmission configuration. Single crystals were
placed atop a sapphire wafer and entombed by a silver cover of 3 mm
thickness with 1 mm aperture. The stage environment was maintained
under a flow of nitrogen at 25 mL min~'. A heating rate of 3.0 "Cmin "’
was used and photomicrographs were taken at 100« magnification at
3°C intervals using a Q-Imaging MicroPublisher 3.3RTV CCD camera.

4.3. In situ X-ray diffraction

Measurements were performed on the Powder Diffraction beamline
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at the Australian Synchrotron. The X-ray wavelength was 0.5893 A
(confirmed by refinement against a LaBs standard). Crystals suitable for
single crystal X-ray analysis were ground in an agate pestle and mortar
to produce a free flowing green powder, which was loaded into an
open-ended 0.3mm (internal diameter) quartz capillary. A positive
flow of 99.999% helium through the capillary was used in conjunction
with a hot-air blower heating at 3°Cmin~" to produce 147 diffraction
files in the temperature range 25 to 500 °C. Scans were performed in
two blocks of 30 s exposure, offset by 0.5 in the 28 range between 2.5
and 60°. The diffraction results were merged and automated peak
analysis was performed using software developed in-house. All graphs
were generated using MATLAB version 9.2.

4.4. Thermogravimetric analysis

Simultaneous thermogravimetric and calorimetric analysis was
performed using a Netzsch STA 449 F5 Jupiter thermal analyser.
Samples were placed in a 90 pL alumina crucible and experiments were
conducted using an atmosphere of 99.9995% helium, with a residual
oxygen concentration of ~50 ppm due to diffusion through instrument
orifices. A heating rate of 3°Cmin~' was employed between 30 and
500°C. Simultaneous Gas Chromatography-Mass Spectrometry was
performed using a heated transfer line from the furnace to an Agilent
7890,/5977 Gas Chromatography-Mass Spectrometer. A ~ 60 uL aliquot
of furnace atmosphere was automatically sampled in 30 “C increments
and diluted 1:5 with 99.9995% helium prior to injection through an
Agilent HP-5MS column. Separation of volatiles was achieved with a
temperature ramp of 50 to 200°C with a heating rate of 20 °Cmin~".
Mass spectra were obtained with a m/z range of 50 to 400 amu, and
referenced to known fragmentation patterns using a NIST 2014 data-
base (NIST 14).

4.5. Inductively coupled plasma-mass spectromeiry (ICP-MS)

An ICP-MS spectrometer with quadrupole analyser 7500cx (Agilent
Technologies, Australia) was used to measure the Ni content in the
sample after acidic digestion. System optimization and method tuning
were performed using a 1% nitric acid solution containing 50 ng mL—?!
of Li, Y and Tl. Operating conditions were RF power 1550W, RF
matching 1.58V, sample depth 8.0 mm, carrier gas flow 1.0L/min,
nebulizer pump 0.10 rps, and §/C temperature 2.0 °C. Samples were
introduced using a micromist concentric nebuliser (Glass Expansion,
Agilent Technologies, Australia) and a quartz Scott type double pass
spray chamber. Argon was used as a plasma gas. Calibration was carried
out using single element solutions containing 5°Ni (High-Purity
Standards). Calibration solutions were prepared at concentrations
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Fig. 6. Powder-diffraction heatmap showing changes in diffraction peak loca-
tion and intensity at temperatures between 40 and 500 °C (upper) with peak
area analysis for selected X-ray diffraction peaks (middle): Ni{DIPDTC)z (3.7°,
red trace), NiS (11.3%, black trace) and NiO (13.9" & 16.1°, green trace). The
residue after heating, with simulated patterns of expected phases is shown in
the lower panel. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

ranging from 1 to 1000ngmL~'. A 100ngmL~" solution of '®Rh
(High-Purity Standards) was used as internal standard. The calibration
curve showed linearity over the range of concentrations with a corre-
lation factor (r*) of 0.99. a-NiS (1.17 mg) was digested using 3 mL of
69% HNO, (Ultra High Purity, Seastar) at 35 °C. The sample was then
diluted with ultra-pure water (1:1000) and analysed by ICP-MS within
24 h. Analytical precision (for three injections) had RSD < 5% and
accuracy was in the range 98-100%.

4.6. Electron microscopy

Thermolysis products were imaged using a Zeiss Supra 55VP scan-
ning electron microscope (operating in High-Vacuum mode) with an
Oxford Instruments INCA X-Sight 7558 for energy dispersive X-ray
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spectroscopy. Transmission electron microscope imaging was per-
formed using a FEI Tecnai T20 TWIN microscope (LaBg) and an accel-
erating voltage of 200kV.
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ABSTRACT: PbS submicron crystals were formed by
thermolysis of two different lead dithiocarbamate complexes.
These precursors were readily synthesized and fully charac-
terized, and in situ synchrotron powder diffraction experiments
were performed to characterize their decomposition. The

scanning electron and transmission electron microscopies,

100 nrm)|
structure and purity of resultant PbS was examined using =

m B o oM m om om

erperara |

powder X-ray diffraction, and infrared spectroscopy. Submicron crystalline PbS was used to create a new PbS thermistor with

excellent sensitivity and an ultrarapid thermal response time.

B INTRODUCTION

Crystalline lead sulfide (PbS) is an important IV-VI
semiconductor (direct bandgap ~0.41 eV at room temperature
(RT))" with applications in photovoltaic and photoconductive
devices.” The exciton Bohr radius of PbS® is ~18 nm, and
reducing the size of crystals to less than half of this distance
results in nanocrystalline PbS with size-dependent optoelec-
tronic properties.”” With these properties in mind, efforts have
been directed toward cost-effective and scalable syntheses of
bulk and nanoerystalline PbS for applications in photovoltaic
cells and thermal imaging devices.®

Bulk and nanoerystalline PbS can be synthesized using
solvothermal techniques employing single-source precursors
(85Ps),” and much work has been devoted to the investigation
of solution-based methods to favor stable size-tunable nano-
erystalline PbS.”™'" The morphology and purity of the
crystalline PbS can be manipulated by altering the nature of
the SSPs. In some syntheses, the byproducts generated during
thermolysis of these SSPs act as capping agents that stabilize
the PbS formed."” Alternatively, capping agents (e.g., octyl-
amine) can be added to provide stability or morphological
control. In addition to solvothermal techniques, PbS has been
synthesized from melt reactions,"'® which occur in a solution
of the molten SSPs. PbS forms as the melt is heated beyond the
decomposition temperature of the SSP.'” Melt reactions
require no solvent and are therefore attractive for large-scale
syntheses. SSPs that have been shown to be useful to prepare
PbS include xanthate complexes'™'™'? and, of particular
relevance to the current work, dithiocarbamate (DTC)
complexes.™

icati © 2018 American Chemical Sodety
<7 ACS Publications
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Metal DTC complexes have been extensively studied for
their ability to coordinate a range of transition and main-block
elements and for their interesting and useful properties,”>™
The ability to readily alter the DTC ligand structure allows a
range of functionality to be imparted upon the resultant
complexes.”~** In particular, modification of the substituents
in the ligand structure (S,CNRR'™) influences the thermal
properties of the resultant metal complex, which in turn affects
the formation of nanoparticles from these S$SPs.™ DTC
complexes containing heterocydic,” alkyl,*® and aryl™® ligands
have been investigated as SSPs for nanoparticle synthesis.> ™
In the context of the thermal synthesis of PbS crystals, the
influence of DTC ligands bearing aliphatic and aromatic
substituents has been examined. ™™

In this work, a new Pb(II) DTC complex with oxygen-rich
ligands, 2 (Figure 1), is examined as an SSP for PbS submicron
single-crystal formation. The polyhydroxylated complex was
compared to the alkyl DTC complex, 1 (Figure 1), to examine
the influence of intramolecular oxygen on the thermal
decomposition and formation of PbS. The thermolysis
mechanisms were investigated using in situ synchrotron powder
X-ray diffraction experiments. Experimental conditions were
adjusted to evaluate the influence of reaction temperature and
heating rate on the morphology of the PbS product. The
crystalline PbS products were characterized, and selected
crystals were used to create a novel lead sulfide-based
thermistor.
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DOA: 10,1021 /acs inorg chenm. Th0 3009
Inorg. Chem. 2018, 57, 2132-2140



Inorganic Chemistry

\_

5, .S
N=X{ Pb =N
S s

)_

HO

HO OH

N5, S OH
HO  N=xZPb ==N  OH
HO 55 \

OH

HO OH

2

Figure 1. Chemical structures of 1 and 2.

B EXPERIMENTAL SECTION

General. Caution! Lead compounds are toxic and appropriate
precautions should be taken. All chemicals and solvents used in synthetic
procedures were analytical grade, purchased from Sigma-Aldrich, and
wsed as received. Sodinm diisopropyl)dithiocarbamate pentahydrate
(NaDIPDTC) was prepared using the method of Angelosli et al'
Millipore water (184 M(Q cm™) was used in synthetic procedures.
High-resolution mass spectrometry was performed using an Agilent
6510 Q-TOF with a mobile phase of 70% acetonitrile, 30% water, and
a flow rate of 0.5 mL min~'. Fourer transform infrared (FT-IR)
spectra were acquired using a Nicolet 6700 FTIR spectrometer fitted
with a diamond smart iTX ATR accessory, or wing KBr pellets in
transmission configuration. Each spectrum was collected using 64
scans, with a resolution of 2 cm™! over the range of S000-450 an™.

Variable-temperature (VT) 'H, 'C, two-dimensional (2D)
exchange spectroscopy (EXSY, with mixing time 100 ms),
heteronudear single quantum correlation (C-HSQC), and hetero-
nudear multiple bond correlation (PCHMBC and “N-HMEC)
nudear magnetic spectroscopy experiments using solutions were
performed using a Bruker Avance 111 NMR spectrometer fitted with a
BBFQ Plus solution-state probe. The frequency was 600.1 MHz for
'H, 150.9 MHz for *C, and 60.8 MHz for N experiments. A Bruker
BVT3000 VT unit was wsed in conjunction with a BCU-Xtreme cooler
to accurately adjust the sample temperature between 293 and 225 K
with acetonitrile-d; as the solvent. The temperature was calibrated
using a Type K thermocouple within an NMR tube containing ethanol
inserted into the probe. Instrument broadening was accounted for
using the full width at half-maxdimum (fwhm) of acetonitrile-d; residual
proton resonances. With these data, experimental rate constants were
calculated at each temperature using the fvhm of the methine peak at
5.58 ppm. Arrhenius and Eyring activation parameters were obtained
using generalized least-squares linear regressions of log k versus 1/T
and ng(k,-l"T) versus 1/T, respectivel?r.

Room-temperature 'H, ®C, and “C-HSQC cormelation spectros-
copy experiments using deuterated dimethyl sulfoxide (DMSO-d,)
solutions were performed with an Agilent Technologies NMR
instrument. The frequency was 500.3 MHz for 'H and 125.7 MHz
for C experiments.

Solid-state '3C NMR spectroscopy was performed using a Bruker
Avance TIT 300 MHz spectrometer fitted with a 4 mm CPMAS probe.
The frequency was 75.4 MHz for "*C. Crystalline samples were loaded
into a 4.0 mm zirconia rotor, and CPMAS-TOSS experiments were
performed using a magic-angle spinning (MAS) rate of 6.5 kHz.

Variable-temperature polarized and isotropic light microscopy
between —190 and 500 °C was performed using a modified Wild
M21 microscope fitted with a Linkam THMS600 hot stage.
Photomicrographs were acquired using QCapture Pro7 software and
a QImaging MicroPublisher 3.3RTV CCD camera.

Single-Crystal X-ray Diffraction. Suitable crystals were selected
under a Leica M165Z polarzing microscope and mounted on a
MiTiGen MicroMount consisting of a thin polymer tip with a wicking
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aperture. The X-ray diffraction measurements were performed on a
Bruker Kappa-ll CCD diffractometer at 150 K using a luS Incoatec
Microfocus Source with Mo Ko radiation (4 = 0.710723 A), The
structure was solved using charge flipping, and the full matrix least-
squares refinement was performed using ShelXL" in Olex2.* Heavy
atoms were refined isotropically until R-factor convergence, and then
an anisotropic model was applied. Where possible, hydrogen atoms
were located using a difference Fourier plot and restrained to neutron
diffraction distances where required. Hydrogen atoms and anisotropic
refinement were omitted from disordered solvent molecules with
partial occupancy in the structure of NaNMeGhu. CrystalExplorer®
was used to generate Hirshfeld surfaces"'™° representing d,..
Relevant crystallographic data can be found in the Supporting
Information.

Synthesis of PbS Crystal Precursors. Synthesis of Bis(x’s,5'-
difisopropyl) dithiocarbamato)lead(ll) (1). An aqueous solution of
NaDIPDTC (2295 g, 80 mmol, in 50 mL of water) was added
dropwise with stirring to an aqueous solution of lead acetate trihydrate
(2.008 g, 5.3 mmol, in 50 mL of water). A pale yellow precipitate
formed upon addition, and the resultant mixture was stirred for 5 min.
The crude material was collected by vacuum filtration, and the filter
cake was washed several times using hot water to produce a fluffy pale
yellow agglomerate. The agglomerate was dried to completion in
vacuo at 45 °C to yield 1.855 g of 1 (83%). Crystals suitable for X-ray
analysis were obtained as dear coloress plates by recrystallization from
diethyl ether. High-resolution mass spectrometry (HRMS) (M+H)"
for PbN,S,C H,; Calaalated: 561.0971; Observed: 561.0973; Differ-
ence: 0.4 ppm. 'H NMR (600.1 MHz, CD,CN, 223 K): § 558 (sept,
*Jum = 6.7 Hz, 2H, H2, H12), 4.01 (sept, ;= 7.0 Hz, 2H, HS, HY),
1.67 (d, ¥y = 7.0 Hz, 12H, Cé6H,, C7H, C10H,, C11H,), 1.24 (d,
3y = 6.7 Hz, 12H, C3H,, C4H,, C13H;, C14H,). BC NMR (1509
MHz, CD;CN, 223 K): § 200.86 (C1, C8), 5500 (C2, C12), 5041
(€8, C9), 1949 (C11, C10, C6, C7), 196 (C3, C4, C13, C14). N
NMR (60.8 MHz, CD,CN, 223 K): § 1974 (N1, N2).

Synthesis of Sodium N-methyl-N-2,3,4,5,6-pentahydroxyhexyldi-
thiocarbamate (NaNMeGlu). NaNMeGlu was prepared using an
adaptation of the method of Shinobu et al’” An aqueous solution of
sodium h}rd.mx.ide (4.!‘.‘0 g 100 mmol, in 40 mL of water} was cooled
to ~5 °C by adding ice. N-Methyl-p-glucamine (19.52 g, 100 mmol)
was then added and dissolved with stirring. The resultant solution was
maintained between 5 and 10 °C, while carbon disulfide (10 mL in 40
mL of ethanol, 170 mmol) was added dropwise. A white precipitate
formed, and the mixture was stirred for a further 10 min. Methanol
(100 mL) was added to the mixture, which was allowed to stand for 10
h at room temperature. The crude material was collected by vacuum
filtration, and the filter cake was washed three times with 50 mL of
cold methanol. The white solid was dried in vacuo in a desiccator
charged with silica to yield 2899 g of NaNMeGh (80%). Crystals
suitable for X-ray analysis were obtained as colodess blocks by solvent
counterdiffusion of methanol into an aqueous solution of NaNMeGlu
over § d. HRMS (M-Na)~ for NaNS$,Cy0:H,, Calculated: 270.0475;
Observed: 270.0495; Difference: 7.5 ppm. 'H NMR (500.3 MHz,
DMSO-dy, 293 K): & 5.14 (d, *Jyyy = 4.5 Hz, O4H, 1H), 478 (d, Ty
= 4.5 Hz, O3H, 1H), 4.52 (m, O1H,02H 2H), 447 (m, C3H, 1H),
4.36 (t, *Jyyy = 5.5 Hz, O5H, 1H), 390 (m, C7H, 1H), 3.74 (m, C3H,
1H), 3.56 (m, C8H, 1H), 3.50 (m, C4H,C5H,C6H, 3H), 3.38 (m,
C8H, 1H) 336 (s, C2H, 3H). "C NMR: (125.7 MHz, DMSO-d,, 293
K): & 214.04 (C1), 7327 (C6), 72.68 (C7), 71.74 (C5), 69.14 (C4),
63.67 (C8), 58.02 (C3), 43.36 (C2).

Synthesis of Bis(x?S,5'-N-methyl-N-2,3,4,5,6-
pentahydroxyhexyldithiocarbamato)lead(ll) (2). An agueous solu-
tion of NaNMeGlu (4.209 g 117 mmol, in 45 mL of water) was
added dropwise to an aqueous solution of lead acetate trihydrate
(2.366 g, 6.2 mmol, in 50 mL of water). A yellow colored suspension
immediately formed upon addition, which subsequently decolored
after ~3 5. The resultant mixture was subsequently stirred for 5 min
and allowed to settle. The crude material was collected by vacuum
filtration, and the filter cake was repeatedly triturated with water to
produce a fluffy pale yellow agglomerate. The material was air-dried for
10 min and dried to completion in vacuo over P40y at 45 °C to

DON: 10,102 1 /acs dnorg chem. Th03009
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produce 3.495 g of 2 (75%). Crystals suitable for X-ray analysis could
not be obtained. HRMS (M+Na)" for PbN,S,C,H;,0,, Calculated:
771.0596; Observed: 771.0612; Difference: 2.1 ppm. 'H NMR (5003
MHz, DMSO-d,, 293 K): §492 (d, *J, = 5.5 Hz, O4H, 1H), 454 (d,
Jun = 55 Hz, O3H, 1H), 441 (d, Yy = 7 Hz, O2H, 1H), 439 (d,
"Jm{ = 5.5 Hz, O1H, 1H), 435 (t."fm{ = 5.5 Hz, O5H, 1H), 4.14 (m,
C7H, C3H, 2H), 3.56 (m, C4H, C3H, C8H, 3H), 346 (m, CSH.
C6H, 2H), 3.35 (5, C2H, 3H), 3.34 (m, C8H, 1H). C NMR (1257
MHz DMSO-ds 293 K): & 20420 (C1), 72.69 (C6), 7182 (C7),
7165 (C3), 70.24 (C4), 63.69 (C8), 5837 (C3), 4323 (C2).

Thermolysis of Precursors. A Themmal Advantage SDT-Q600
thermal analyzer was used to obtain thermogravimetric (TG) and
differential scanning calorimetry (DSC) data simultaneously using 90
pL alumina cracibles. Experiments were conducted under an
atmosphere of nitrogen gas (150 mL min™') and a heating rate of
10 °C min™' over a temperature range of 30 to 500 °C. Large-scale
(~1-5 g) thermolyses of SSPs 1 and 2 were conducted using a Labec
tube fumace in a 45 mm OD quartz tube. An alumina furnace boat was
charged with vacuum-dried and pulverized S5Ps, which were
supported on a Si(111) wafer matrix to avoid direct contact with
alumina The quartz tube was purged with nitrogen gas for 10 min
prior to insertion of S8Ps under a constant flow of nitrogen. All S§Ps
were isothermally equilibrated at 50 “C for 10 min and then heated to
205 °C at arate of 19 °C min™" (condition A) or to 550 °C at a rate of
28 °C min~' (condition B). Altematively, SSPs were rapidly heated to
205 °C (condiion C) or 550 °C (condition D) by immediate
insertion at these temperatures. To conclude the thermolysis
sequence, all SSPs were isothermally maintained at the final
temperatures for 10 min followed by cooling under nitrogen to
room temperature and storage in a desiccator. A type K thermocouple
placed in proximity to the alumina furnace boat was used to measure
the reaction temperature. Thermolysis experiments were performed in
duplicate. The as-prepared microaystalline material was detached
from the silicon substrate and ground using an agate pestle and mortar
for subsequent analysis.

Microstructural Analysis. Thermolysis products were imaged
using a Zeiss Supra S5VP scanning electron microscope (SEM), using
an Oxford Instruments INCA X-Sight 7558 for energy dispersive X-ray
spectroscopy (EDX) microanalysis. Transmission electron microscope
imaging was performed on an FEI Tema T20 TWIN microscope
(LaB,) under an accelerating voltage of 200 kV. High-resolution
transmission electron microscopy (HRTEM) was performed on a
JEOL 2200FS operating at 200 kV. A Bruker Discover D8 Powder X-
ray diffractometer with Cu K (.»1 = L5340 60 A) was used to acquire
powder diffraction (pXRD) pattems within the 20 range from 10 to
80" and a step size of 0.02°. Key peaks in the powder diffraction
pattem were indexed using a deposited PbS structure (PDF (4—004—
4329). In sitn pXRD measurements were performed on the Powder
Diffraction beamline at the Australian Synchrotron. The X-ray
wavelength was set at 0.589 348 A (Confirmed by refinement on a
LaB, standard). Scans were performed in two blocks of 30 s exposure,
offset by 0.5 in the 26 range between 2.5 and 60°. The diffraction
results were merged using software developed in-house. Samples were
placed within a 0.3 mm (intemal diameter) open-ended quartz
capillary, and a positive flow of 99.999% helium through the capi].lar?r
was used in conjunction with a hot-air blower heating at ~3 °C min™"
Three-dimensional (3D) graphs were generated using MATLAB
version 9.2.

Fabrication of Thermistor Device. A condudive substrate was
prepared by coating a glass microscope slide with a 5§ nm thick
aluminum adhesion layer followed by 30 nm of gold using direct-
current (DC) magnetron sputtering. A further 400 nm of gold was
deposited by thermal evaporative deposition at a pressure of 1 X 107
mbar. The sensor microarchitecture was created wsing a New Wave
Research NWR213 (Kennelec Scientific) laser operating at 2 1/ em?
and 20 Hz with an 8 gm spot size moving at a speed of 36 ym/s. Thus,
the continuous gold film was separated into two electrodes composed
of 78 interdigitated fingers separated by a distance of 10 ym. The area

of the fabricated device was 2 mm % 2 mm.

PbS aystals were drop-cast onto the electrode area wsing a
chlorobenzene suspension of PbS prepared by rapid thermolysis of 2
using condition C (PbS 2C), until a resistance of 117 £ was obtained.
Platinum wire contacts were attached to the gold electrodes using
conductive epoxy.

Characterization of Thermistor Device. The resistivity of the
PbS device (PbS, R = 117 € at 293 K) as a function of temperature
was measured with a 1 mA source current within the 170-293 K
temperature range using a Rigol DM30S8E digital multimeter
acquiring 250 readings per second. The device was adhered to a
copper block using thermal adhesive within a glass-windowed chamber
at a presswe of ~10 X 107 mbar. The temperature was rapidly
cooled to 170 K by injection of liquid nitrogen through the copper
block, followed by passive heating to 293 K. The sensor temperature
was calibrated using a Type K thermocouple physically imbedded
within the device glass substrate measured by a separate Rigol
DM3058E digital multimeter.

The thermal response time of PbS at 293 K, 1.0 x 107> mbar with a
1 mA bias current, with the device voltage drop was measured using a
Stanford Research SR530 lock-in amplifier. A fiber-coupled xenon light
source with mechanical chopper was used to produce pulses in
temperature. The light was focused on the device using a lens, and the
chopping rate was incrementally increased from 25 to 2230 Hz
Changes in amplifier response (V) due to a changing resistance of the
PbS detector were logged manually,

Bl RESULTS AND DISCUSSION

The lead(IT) complexes 1 and 2 were synthesized in high yield
by the addition of an aqueous solution of the corresponding
ligand to a solution of lead(II) acetate. Recrystallization of 1
and NaNMeGlu gave crystals suitable for structural analysis by
single-crystal X-ray diffraction. Relevant crystal data can be
found in the Supporting Information (Tables $1—-53).
Crystal Structure of NaNMeGlu. The asymmetric unit of
NaNMeGlu, Figure 2, contains one sodium cation coordinated

<

-3

Figure 2. Structure of NaNMeGlu (asymmetric unit) showing the
atom-labeling scheme and thermal displacement ellipsoids at 50%
probability.

to one ligand molecule, one water of erystallization, and one
methanol solvent molecule to give a distorted square antiprism
coordination sphere with the Na—O distances ranging from
2355 (7) to 2.668 (5) A (Table $2). The methanol molecule
occupies a spedal posiion on a cystallographic twofold
rotation axis at (0.5, y, 1) and shows positional disorder for
O1M and OIM'. The water of crystallization also exhibits
positional disorder with an occupancy of 0.6 for OTW and 0.4
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for O1W". There is no direct S—Na bond, as Na is more than 4
A from the NCS, moiety. The S1-C1 and $2—C1 bond
lengths are equal within experimental error, and the NCS,
moiety is approximately planar with a maximum deviation from
the least-squares plane S1-52—C2—C3 (with a root-mean-
square (rms) deviation of 0.095 A) of 0.102 A for C3. There is
an intramolecular O—H---§ hydrogen bond of ~2.3 A between
S1.-H2.

The crystal structure of 1 was redetermined*® to obtain more
precise data (significantly lower estimated standard deviations
for bond lengths and angles) for comparison with NMR data
(see below). The asymmetric unit is shown in Figure 3. The

Cy ;)

S

LR Ce

Figure 3. Structure of 1 (asymmetric unit) showing the atom-labeling
scheme and thermal displacement ellipsoids at 50% probability.

molecule is ~C, symmetric. The coordination sphere about the
metal center is distorted pyramidal, with Pb—S distances
ranging from 2.6994 (2) to 2.8656 (2) A. The NCS, moiety
within the estimated standard deviations ligands is approx-
imately planar, and there is no significant difference in the
deviations from planarity of these groups between the two
ligands. The maximum deviation from the least-squares plane
C9—C12—-53—54 (with an rms deviation of 0.025 A) is 0.027 A
for C12, while the maximum deviation from the least-squares
plane C2—C5-81—52 (with an rms deviation of 0.046 A) is
0050 A for C2. There are two intramolecular C—H--S
hydrogen bonds of ~2.3 A between $3---HI2 and ~2.4 A
between S1---H2, creating an electronic asymmetry about the
two isopropyl groups within each dithiocarbamate li§a.nd, which
is in agreement with previous literature.’”*” Detailed
descriptions of the molecular packing motifs for both structures
can be found in the Supporting Information, and all bond
lengths are similar to those in other dithiocarbamate
structures,

NMR Spectroscopy. Variable-temperature solution-state
'H NMR was used to obtain kinetic insights on the restricted
rotation of isopropyl groups within 1 due to the intramolecular
C—H--§ interactions and steric effects*"*" From these VT
experiments, values for the energy barrier (AG') to free
rotation were determined to be 60 kJ mol™" (at 273 K) and 57
k] mol™" (at 263 K). The latter value for AG* is in excellent
agreement with our previously reported data for NaDIPDTC
(56 &J mol™"). The values for AH* (31 kJ mol™), AS (=99 ]
mol ™' K™') and an activation energy of 34 kJ mol ' are in
agreement with those for NaDIPDTC indicating similar
degrees of C—H--S and steric interactions.®

The solid-state (SS) *C NMR spectra for 1 and 2 and the
ligands NaDIPDTC and NaNMeGlu are shown in Figure 4.
The spectra of the ligands show signals for each of the carbon
atoms, with no signals associated with any carbon-containing
impurities in the solid state observed. The dithiocarbamato C1
signal appears at 200 and 207 ppm in NaDIPDTC and
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Figure 4. 6.5 kHz CP-MAS-SSNMR spectra for 1 (right) and 2 (left).

Ligand spectra are shown in red.

NaNMeGlu, respectively. The inequivalence of the isopropyl
environments in NaDIPDTC (see Supporting Information for
discussion) is maintained in the solid state, as shown by the
appearance of two separate methine carbon signals at 50.8 and
45.2 ppm. Upon complexation, all signals experience an upfield
shift. The signals from C2/C12 and C5/C9 (48 and 45 ppm,
respectively) exhibit a smaller separation in 1, attributed to less
electron delocalization about C2/C12 from the C=H.-S
interaction upon complexation. The slightly broader signals in
1 are attributed to disorder within the solid state. For 2, there is
an upfield shift in peaks upon complexation of NaNMeGlu,
with the greatest deviation being for C1. There are no peaks in
2 attributed to unreacted ligand, but there are two sets of
signals for each carbon, which indicates a magnetic
inequivalence of the two ligand groups within the solid state.

Infrared Spectroscopy. The IR spectra for NaDIPDTC
and NaNMeGlu contain bands assigned to the thioureide
moiety at 1476 and 1470 em™", respectively. These frequencies
are intermediate between that of a C—N single bond (1250—
1350 em™") and a C=N double bond (1640—1690 ecm™),
suggesting a partial double-bond character and thus delocaliza-
tion of m-electron density about the dithiocarbamate
group.”***% These findings are in agreement with the bond
lengths measured in single crystals of NaNMeGlu and
NaDIPDTC.*" These bands appear at 1475 and 1467 cm™
in 1 and 2 indicating similar N---C bond distances, which is
seen in the crystal structure data for 1. The v(C--S) bands
appear at 943 and 966 cm™" for NaDIPDTC and NaNMeGlu,
respectively. Upon coordination to Pb(II), the corresponding
bands are observed at 936 and 975 em™', respectively (Table 54
Supporting Information).

Thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) data for 1 (Figure 5) reveal no significant
mass loss in the region of 25—230 °C indicating a lack of water
(bound or otherwise), in agreement with the crystallographic
data. An endothermic event at 187 °C with no accompanying
mass loss was assigned to a solid-to-liquid phase change using
variable-temperature polarized and isotropic optical micros-
copy, Figure §9. Decompaosition of 1 in the region of 220-340
°C with an endothermic maximum at 324 °C is associated with
a mass loss of 61%, which is reasonably consistent with the
calculated mass loss of 57% to produce PbS. Importantly, these
data reveal that formation of PbS oceurs from the molten SSP.

TGA and DSC data for 2 (Figure 5) show a mass loss of 2%
in the region of 50—150 °C with an endothermic maximum at
105 °C, which indicates the loss of unbound water. In contrast
to 1, there were no measurable phase changes prior to
thermolysis. Decomposition occurred in two stages, first
between 150-220 °C with an endothermic maximum at 205
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Figure 5. TGA and DSC data for 1 (upper) and 2 (lower).

°C, followed by a broad event between 220-350 °C with an
endothermic maximum at 250 °C. Mass loss from these two
events (67%) agrees closely with the calculated mass loss to
yield PbS (68%). In contrast to the decomposition of 1, PbS
was formed from 2 in the solid phase, which was supported by
variable-temperature polarized and isotropic optical micros-
copy, Figure S10.

To further evaluate the thermal transformation/decomposi-
tion of 1 and 2 into PbS, in situ real-time synchrotron powder
XRD experiments were performed. Diffraction patterns were
collected while 1 and 2 were heated under an atmosphere of
helium at 3 °C min~", which revealed phase transformations
and the nature of decomposition.

Diffraction data for 1 are presented in Figure 6. The first
transformation occurred in the 150—180 °C region, where the
diffraction peak intensities and areas decreased with respect to
increased temperature, leading to a loss of all diffraction peaks
from 1 by 200 °C. This transformation is associated with a first-

1500

1000

Figure 6. Color-coded heatmap showing powder diffraction data for 1
between 30 and 500 °C (a), peak height and area analysis for the
(200) peak of PbS (red &) and peak at 3.1° for 1 (black ) (b, c).
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order phase transition from solid to liquid, which is in
accordance with the thermogravimetric and optical microscopy
data. As the peak areas diminished, peaks assigned to PbS (200)
increased in height, and area from 190 °C and reached a
maximum area at 325 °C, Figure 6b,c. These data show that
growth of PbS occurs from molten 1 with no further
decomposition of 1 by 325 °C, as shown by the steady state
of peak area for PbS between 325 and 375 °C. An analysis of
the PbS diffraction patterns using the Scherrer equation and the
full Williamson—Hall technique, Figure 517, indicated that the
nanoscale particles grew rapidly in the melt phase, then
coarsened continuously reaching several hundred nanometers
size by 350 °C. Between 375 and 500 °C there was a nonlinear
decrease in the peak height of the PbS (200) diffraction peak
without an associated decrease in peak area. No other
diffraction peaks associated with other crystalline phases were
observed. These observations are in agreement with the
variable-temperature isotropic light microscopy, Figure 59,
and thermogravimetric experiments, confirming that PbS is
formed from the molten solution of 1, with no intermediate
crystalline phases being present during thermolysis of 1.

The in situ diffraction data for 2 are presented in Figure 7. In
contrast to the thermolysis of 1, there is no intermediate

Figure 7. Color-coded heatmap showing powder diffraction data for 2
between 30 and 500 °C (a), peak height and area analysis for the
(200) peak of PbS (red A) and peak at 3.3° for 2 (black H) (b, c).

solution or amorphous phase, with decomposition of 2 and
formation of PbS occwring in a single event. At 169 °C,
diffraction peaks associated with 2 disappeared, and peaks
associated with PbS appeared, Figure 7. The rate of PbS
formation was orders of magnitude faster during the
thermolysis of 2 compared to that of 1, as shown by the
difference in the slope of the linear region between 170 and 183
°C in 1 and 2 (Figures 6¢ and 7¢). Furthermore, there were no
changes in peak height or area of the PbS diffraction patterns,
indicating no changes in structure occurred after formation.
Analysis using the Scherrer equation and Willamson—Hall
technique, Figure 517, showed that PbS grew rapidly from the
solid matrix and maintained a size of 60 nm (Scherrer) or 90
nm (Williamson—Hall analysis) thereafter.

Characterization of PbS Crystals. Compounds 1 and 2
were heated under a variety of thermal conditions, and the
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resultant materials were characterized by powder XRD, FTIR,
SEM, and TEM.

Powder XRD patterns for PbS, Figure 8, correspond to the
standard pattern of face-centered cubic PbS (PDF (4—004—

Characterization of PbS cryslals
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Figure 8. Powder diffraction patterns for PbS. Pattems are labeled
based on the SSP (1 or 2) and thermolysis conditions (A—D).

4329). SEM revealed a variety of morphologies, Figure 5.
Under heating conditions (A) and (C) (see Experimental) a
number of low-intensity peaks attributed to unreacted 1 are
evident, and IR absorbance bands at 2965, 1476, 1302, and 935
em™ " attributed to 1 were observed, Figure S11. No diffraction
peaks or FTIR bands arising from impurities were detected in
any other powders.

SEM images show that heating 1 to 205 °C, at either the
slow or fast rate, Figure 9(1A and 1C), resulted in
approximately cubic or rectangular prismatic PbS crystalline
material coated by a layer (ca. 10—-20 nm) of unreacted 1,
consistent with the FTIR and XRD data. The crystals possess
irregular edges, and none are independent, with noticeable
contact of at least two of the edges. Partial penetration twinning
is evident in some crystals,

Unreacted 1 (determined by XRD, SEM, and FTIR
spectroscopy) is evident in the SEM images and surrounds

the crystals. Considering that the melting point of 1 is less than
205 °C, nucleation and crystallization of PbS occur within the
molten SSP. Some periodicity is evident in the material
surrounding the PbS crystals. Heating 1 for a total of 60 min at
205 °C resulted in clean PbS with no unreacted SSP, Figure
Si2.

Heating 1 to 550 °C gave approximately cubic crystals;
however, the faces are somewhat textured and less smooth
when compared to the other samples. The crystals formed
upon slow heating to 550 °C are generally smaller than those
formed under the other thermolysis conditions for 1. Rapid
heating to 550 °C also gave pure cubic PbS crystals, as shown
by TEM, Figure 513, and FTIR spectroscopy, Figure S11.

Heating 2 to 205 °C either slowly or rapidly, Figure 9(24,
2C), gives submicron crystalline PbS. Crystals are mostly cubic
with some being elongated rectangular prisms. Most have edges
of length ~90=120 nm with a small number having edge
lengths of 145—150 nm.

HRTEM and the corresponding FFT of a nanocrystal from
residue 2C (Figure 10¢,d) was indexed to the [001] zone axis
of the FCC PbS, (Fm3m space group). The {200} plane
spacing was 0.3 nm, in agreement with the pXRD of PbS
(02967 nm). The average size of the crystalline PbS 2C was 90
nm, Figure 10a. The transmission spectra of the PbS crystals at
293 K within KBr, Figure 514, reveal an absorption edge at
~0.43 eV for the PbS crystals, identical to that of bulk-phase
PbS.!

Heating 2 slowly to 550 °C gave predominately sheetlike
structures composed of stacked layers of PbS with an average
thickness of ~30 nm, Figure S15. The crystals show
characteristics of a terrace-ledge kink model for crystal growth,
with flat, stepped, and kinked faces evident.”” During crystal
growth, new atoms preferentially add at the kink sites, so the
layers grow to extend the flat face.

Characterization of Thermistor Device. PbS obtained by
rapid heating of 2 to 205 °C (PbS 2C) was used as the
resistance element in a thermistor device. This material was
chosen for its phase and chemical purity, and contained single-
crystalline and monodisperse PbS crystals. The electrode
configuration containing 78 interdigitated fingers is shown in
Figure S18a. There were no gold—gold contacts, and the
resistance across the electrodes was greater than 1 X 10° Q
prior to PbS deposition. A drop-cast layer of PbS 2C resulted in

Figure 9. SEM micrographs of PbS crystals formed by thermolysis of 1 and 2 under different thermal regimes. Scale bars are 250 nm.
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Figure 10. (2) SE-SEM micrograph of PbS 2C. (b) TEM micrograph
of PbS 2C. (c) HRTEM micrograph of PbS 2C and (d) FFT of region
shown in (c).

a resistance of 117 € at 293 K, attributed to the insertion of
PbS between the gold electrodes. Backscatter SEM micrographs
reveal a small number of Au-PbS-Au contacts, Figure S18b—d,
where aggregates of PbS crystals span the 10 pm electrode
separation. Device electrical characterization data are shown in
Figure 11.
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Figure 11. Device characterization: (a) room-temperature I—V airve
showing an ohmic response, (b) temperature-resistance comparison of
PbS and a Pt-103 device, (c) response to pulse of hot air, (d) thermal-
time response to chopped light.

A current—voltage scan at 293 K exhibited a linear ohmic
response, Figure 1la. Resistance—temperature data were
obtained using a liquid nitrogen-cooled eryogenic stage in a
vacuum chamber. The calibration curve reveals a monotonic
response with a positive temperature coefficient of resistivity
between 170 and 293 K, Figure 11b. The response of a typical
Pt103 resistance thermometer is included for reference. A least-
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squares polynomial fit for the full temperature range (170-293
K) was found to be

Rpps= 1 % 107°T% + 2 x 107°T* + 7 x 107°T?
— 0.0014T + 0.5438T + 10595

Two temperature response rate regimes are evident; 0.585 £
K~! from 208 to 293 K and 0260 © K~ from 173 to 208 K.
The geometry-independent dimensionless sensitivity (DS) was
determined by evaluating the slope of the resistance—
temperature curve on a logarithmic scale giving a value of
1.41, which is superior to that of platinum resistance
thermometers (DS = 1) in the range from 170 to 293 K.

The response of the device to a heat source was measured
using a short pulse of hot air while sampling resistance. The
acquired data indicate that the response of the PbS device (~25
ws) was orders of magnitude faster than the Pt103 reference
device (~5 ms, Figure 11c). In a separate experiment, an
optical fiber coupled to a variable-speed chopped xenon light
source was used to heat the device. Temporal-thermal response
data at 293 K are shown in Figure 11d. The lock-in amplifier
response decreased with inereased chopping frequency. The
background voltage of the amplifier was 0.03 4V, and the PbS
device displayed sensitivity to the stimulus at frequencies
upward of 2 kHz. This response rate is extremely fast due to the
very low thermal mass of the active material. The amplifier
response is directly proportional to the change in sensor
resistance, and the PbS sensor device displayed a change of 1.27
m£ at the 3 dB cutoff frequency of 48 Hz. Thus, the detectable
change in temperature is 2.2 mK. We estimate from these data,
Figure 516, that temperature changes in the order of 0.5 pK
should be detectable on a time scale of 13 s, which is
consistent with the data obtained from the pulsed heat
experiment, Figure 1lc

M CONCLUSIONS

The two SSPs examined here (1 and 2) exhibited markedly
different decomposition properties; 1 decomposed at a
temperature higher than its melting point, whereas decom-
position of 2 occurred at a temperature at which the material
was still in the solid state. The decomposition processes
resulted in PbS erystals.

From 1, impure material was obtained when heated to ~200
°C for a short period of time, but pure PbS was obtained after
longer thermolysis times or higher temperatures. In the case of
2, the purity of the resultant PbS was not influenced by the
heating rate or temperature (beyond decomposition). In all but
one thermolysis regime, the size and morphology of PbS
crystals from 2 remained unchanged with crystals being smaller
than those formed during equivalent treatment of 1.

Our results show that the relationship between melting point
and decomposition temperature of the SSP (which in turn is
influenced by the DTC ligand) affects the size and morphology
of the resultant PbS crystals. Decomposition from the solid
state gave smaller PbS erystals than those obtained by
decomposition from the molten state.

Finally, crystalline PbS made using solid-state thermolysis
can be used to create a novel PbS thermistor device capable of
detecting very small (0.5 pK) and rapid (13 ps) changes in
temperature in the range from 170 to 293 K.

DO 10,1021 facs inorg chem. 703009
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Networks of C-H---5 interactions have been discovered within the molecular structure of sodium di-
(isopropylldithiocarbamate pentahydrate with the formula NalCiH14NS:)-5H:0, revealed by single crystal
X-ray diffraction. These interactions have also been investigated by ab initio and Hirshfeld surface analyses
which show that the electron density is not symmetrical about the molecule. NMR spectroscopy in solution
and solid the state showed temperature dependent restricted rotation of the isopropyl groups, which is at-
Received 1st July 2016, tributed to the intramolecular C-H---S interactions. The ubiguitous nature of C-H---5 intramolecular inter-
Accepted 16th August 2016 actions in this class of compound is evident in the structures of other di-(isopropylldithiocarbamate com-
plexes deposited in the CSD. In general, the restricted rotation in di-(isopropylldithiocarbamate complexes
can be directly attributed to intramolecular C-H---S interactions, which subsequently influence the geome-

DOl: 10.1039/c6ce0147 5

www rsc.org/crystengcomm try in association with steric repulsion factors.

1. Introduction molecule and creates a restricted rotation about several of the
covalent bonds within the molecule.

Noncovalent interactions can exert significant influence on Dithiocarbamate complexes have been studied extensively

the geometry of molecules and their associated crystal struc-  for their ability to coordinate a range of transition and main

tures." Hydrogen bonding is an important noncovalent inter-  block elements, and for their interesting and useful proper-

action where the focus has traditionally been on strong accep-  ties.'”'® In particular, there is a significant amount of data
tors such as oxygen and nitrogen.®” In contrast, sulfur is  pertaining to di-(isopropyl)dithiocarbamate (dipdic) com-
considered a weak acceptor, and the influence of H---S hydro-  pounds. The structure of the dipdte ligand is such that the
gen bonds on molecular structure has received considerably  C,NCS; atoms lie within a plane. It has been known for some
less attention.” ' Such interactions can influence side chain  time that there is a disruption to the symmetry of dipdte
geometries and secondary structure in biological systems — complexes whereby the methine hydrogens are oriented in
(such as those involving the amino acid cysteine)."*® Thus,  different directions relative to the C,NCS, plane (Fig. 1). This
an understanding of the nature of H---S interactions is of fun-  orientation results in the inequivalence of the two isopropyl
damental importance. Here, we examine a low molecular
weight compound to illustrate the influence of H---S interac-
tions upon both solid and solution phase geometries. We
demonstrate that the H---S interaction has a profound effect
in both regimes that effectively breaks the symmetry of the
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1488005, For ESI and crystallographic data in CIF or other electronic format see Fig. 1 Structure of the dipdtc anion showing the important
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groups, which has been ascribed to a steric interaction hin-
dering rotation about the N-Cigpropy bonds based on NMR
experiments in solution.’®™* The NMR data reveal thermody-
namic parameters associated with this restricted rotation but
in isolation, these studies do not elucidate the origin of the
inequivalence of the two isopropyl groups.

In this work, we have redetermined®* the crystal structure
of di-(isopropyl)dithiocarbamate  pentahydrate,
Na(dipdtc)-5H,0, with greater accuracy to allow a detailed ex-
amination of intramolecular C-H--S interactions. The com-

sodium

pound was also analysed using variable temperature solution
state NMR spectroscopy, which shows features associated
with restricted rotation about the N-Cjyopropn bonds. Using a
combination of theoretical calculations and experimental ob-
servations, we elucidate the origin of the inequivalence of the
two isopropyl groups and restricted rotation. Furthermore,
we show that these C-H---S interactions are ubiquitous
throughout metal dipdtc complexes for which structural de-
terminations have been deposited.

2. Experimental
Reagents and instruments

Chemicals and solvents used in synthetic procedures were
analytical grade and purchased from Sigma Aldrich and used
as received. Millipore water (18.4 MQ em ') was used in syn-
thetic procedures. A high resolution mass spectrum was ac-
quired using an Agilent 6510 Q-TOF with a mobile phase of
70% acetonitrile, 30% water.

Synthesis

Sodium di{isopropyl)dithiocarbamate was prepared as de-
scribed by Angeloski et al®® An agueous solution of sodium
hydroxide (10.00 g in 40 mL) was cooled with stirring to 5 °C.
Diisopropylamine (25 mL) was added followed by diethyl
ether (75 mL). The solution was maintained between 5-10 °C
whilst carbon disulfide (25 mL) was added dropwise. A pre-
cipitate formed upon addition and the resultant mixture was
stirred for 20 minutes. The crude material was collected by
vacuum filtration, and the filter cake purified by recrystalliza-
tion using layer diffusion of ether into a methanolic solution
of the crude material. The colourless crystals were collected
by vacuum filtration, washed with warm diethyl ether and
dried in vacuo to produce 1534 g of sodium di-
(isopropyl)dithiocarbamate (31%). HRMS (M + H)" for
NaNS,C.H,, caleulated: 200.0538; found: 200.0549. 'H NMR
(600.1 MHz, CD,CN, 258 K): J 6.21 (sept, J = 6.8 Hz, 1H, H2),
3.79 (sept, J = 6.9 Hz, 1H, H5), 1.63 (d, J = 6.8 Hz, 6H, C6H,,
C7H,), 1.06 (d, J = 6.9 Hz, 6H, C3H;, C4H,). *C NMR (150.9
MHz, CD;CN, 258 K): § 212.4 (C1), 56.1 (C2), 50.0 (C5), 20.9
(C6, C7), 19.6 (C3, C4).

NMR spectroscopy and kinetic analysis

Variable temperature proton ("H), carbon (**C), 2D exchange
spectroscopy (EXSY, with mixing time 100 ms), heteronuclear

This journal is @ The Royal Society of Chemistry 2016
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single quantum correlation (HSQC) and heteronuclear multi-
ple bond correlation (HMBC) nuclear magnetic spectroscopy
of solutions was performed using a Bruker Avance I[II NMR
spectrometer fitted with a BBFO Plus solution state probe.
The frequency was 600.1 MHz for 'H, 150.9 MHz for **C and
60.8 MHz for N experiments. A Bruker BVT3000 VT unit
was used in conjunction with a BCU-Xtreme cooler to accu-
rately adjust the sample temperature between 293 and 258 K
with deuterated acetonitrile as the solvent. Instrument broad-
ening was accounted for using acetonitrile residual proton
resonances. Using this data, experimental rate constants were
calculated at each temperature using the signal FWHM for
the methyl peak at 1.63 ppm. Arrhenius and Eyring activation
parameters were obtained using generalized least squares lin-
ear regressions of logk vs. 1/T and log(k/T) vs. 1/T respec-
tively. A solid state '"H NMR spectrum was acquired using a
Bruker Avance III 700 MHz solid state NMR spectrometer.
Samples were loaded into a 1.3 mm zirconia rotor and a MAS
rate of 60 kHz was adopted using a Bruker MAS 2 unit.

Crystallographic analysis
Crystals of Na(dipdtc)-5H,O suitable for analysis were pre-
pared by layer diffusion of ether into a methanolic solution.
A suitable crystal was selected under a polarising microscope
(Leica M165Z),
consisting of a thin polymer tip with a wicking aperture. The
X-ray diffraction measurements were carried out on a Bruker
Kappa-1l CCD diffractometer at 150 K by using IuS Incoatec
Microfocus Source with Mo-Ko radiation (4 = 0.710723 A).
The structure was solved using charge flipping and the full
matrix least squares refinement was performed using
ShelX1*® in Olex2.”” Heavy atoms were refined isotropically
until R-factor convergence, and then an anisotropic model
was applied. Hydrogen atoms were located using a difference
Fourier plot, and restrained to neutron diffraction distances
where required for water molecules.

Crystal Explorer™®

29-31

mounted on a MicroMount (MiTiGen)

was used to generate Hirshfeld
surfaces representing dnom and electron deformation
density. The latter surface was calculated using TONTO™
which is integrated into CrystalExplorer, and the experimen-
tal geometry was used as the input. The electron deformation
density was mapped on the Hirshfeld surface using the

6-311G(d,p) basis set with the Density Functional Theory.

Crystal structure retrieval

Previous determinations of metal dipdte crystal structures
were retrieved from the Cambridge Structural Database
(CSD)* with the following specifications: R < 5%, no disor-
der, no errors, no powder structures and complete 3D coordi-
nates. This produced a total of 32 crystal structures, which
were sorted by hand to remove duplicates and non-relevant
structures. A final number of 28 crystal structures were re-
trieved. Lists of the crystal structure CSD reference codes are
available in the ESLf

CrystEngComm, 2016, 18, 7070-7077 | 7071
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Evaluation of intramolecular contacts

Atoms from the retrieved structures were relabelled to be in
accordance with the labelling scheme in Fig. 2. The presence
of an intramolecular C-H---S interaction was preliminarily
assessed by calculation of the 51---H2 distance. Quantitative
measurements were performed using the heavy atom struc-
tural parameters to avoid uncertainty due to hydrogen atom
treatment. The structures were sorted by hand to retrieve the
following parameters: C1-N1-C2 and C1-N1-C5 bond angles.
The C1-N1, C2-S1 and C5-S2 (Fig. 2) distances were also
extracted. Bond angles were kept to two decimal places, and
bond lengths to three. All statistical analyses were conducted

using the statistical analysis software, R 3.2.5 4

3. Results and discussion
X-Ray structure determination

Relevant crystal data, selected bond lengths and angles are
given in Tables 1 and 2 (see ESIT for complete data). These
values are in good agreement with the previously reported
structure (CSD-Refcode BUNPIJ), with bond lengths falling in
the ranges expected on the analysis of the literature.***" The
asymmetric unit, Fig. 2, contains one molecular anion to-
gether with one sodium cation (Nal) co-ordinated to five wa-
ter molecules (01-05) (the sixth octahedral site is occupied
by O3 on the symmetry related water molecule 03 (1 - x, 1 -
¥, 1 - z)). The co-ordination sphere of sodium is distorted oc-
tahedral with deviations from ideal octahedral geometry of
less than 5° The Na-O distances range from 2.3859(15) A to
2.4492(14) A. There is no direct $2-Nal bond; Na1 is located
more than 4 A from S2. Within the dipdtc anion, the maxi-
mum deviations from the least-squares plane through C2-
€5-82-S1 (with a r.m.s. deviation of 0.008 A) are 0.009 A for
€2 and €5, and 0.008 A for $1 and $2. The $2-C1 and §1-C1
bond lengths are inequivalent with S1-C1 [1.7484(16) A] elon-
gated compared to 52-C1 [1.7145(17) A]. The N1-C2 and N1-
C5 bond lengths are equal within experimental error and all

Fig. 2 The structure the Naldipdtc)-5H,0 asymmetric unit showing
the atom-labelling scheme and thermal displacement ellipsoids at 50%
probability.

7072 | CrystEngComm, 2016, 18, 7070-7077
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Table 1 Crystal data and structure refinement parameters for Naldipdtc)

-5H0

Chemical formula

M,

Crystal system, space group
Temperature (K)

a, b, c(A)

af,7(9)

V(A%

Z

Radiation type
p(mm’™)

Crystal size (mm)
Absorption correction

Diffractometer

Tiving Tenax

No. of measured, independent
and observed [I > 2a(1)]
reflections

int
($iN 8/4) oy (A
R[F? > 24(F")], wR(F*), S
No. of reflections
No. of parameters
No. of restraints
H-Atom treatment
Alass Vi (€ A7)

2(CrHy4NS;)HygNa Oy

578.76

Triclinie, P1

150

5.9472(11), 7.7189(16), 17.425(3)
92.183(8), 95.005(8), 106.851(8)
760.8(3)

1

Mo Ko

0.38

0.41 % 0.09 % 0.04

Multi-scan SADABS2014/5 (ref. 35)
was used for absorption
correction. wi,(int) was 0.1663
before and 0.0594 after
correction. The ratio of minimum
to maximum transmission is
0.9019. The 1/2 correction factor is
0.00150

Bruker APEX1 CCD

0.672, 0.746

18709, 3304, 2666

0.060

0.639

0.032, 0.070, 1.04

334

241

11

All H-atom parameters refined
0.30, —0.25

bond lengths are similar to those in other M(dipdte) struc-
tures, where M = Pb, Hg, Ni, In, Co, Be, Cu and Au.”"™*

From the molecular assembly diagram, Fig. 3, a layered
supramolecular motif is evident parallel to the crystallo-
graphic b direction (see ESIf for images showing packing

Table 2 Selected bond lengths (A) and angles (°) for Naldipdtc)-5H,0

S$1-C1 1.7484(16)
s2-C1 1.7145(17)
N1-C2 1.492{2)
N1-C1 1.345(2)
C2-C3 1.524(2)
C5-Ch 1.522(2)
C2-N1-C5 113.38(12)
C1-N1-C2 122.01(13)
C1-N1-C5 124.59(14)
N1-C2-C3 111.51(13)
N1-C2-C4 111.23(13)
C4-C2-C3 112.74(15)
S$2-C1-S81 118.11(9)
N1-C1-§1 120.25(12)
N1-C1-82 121.63(12)
N1-C5-C7 113.60(13)
N1-C5-C6 113.02(13)
C6-C5-C7 113.36(15)
03-Na1-02 84.83(5)
Na1-03-Nat' 92.55(5)

Nal-04 2.3891(13)
Nal-01 2.4492(14)
Nal-02 2.4207(13)
Nal-05 2.3859(15)
Nal-03' 2.4278(14)
Nal-03 2.3879(14)
04-Nal-01 92.33(5)
04-Nal-02 162.67(5)
04-Na1-03' 84.60(3)
02-Nal-01 95.54(5)
02-Na1-03' 80.40(3)
05-Nal-04 96.85(3)
05-Nal-01 88.03(5)
05-Nal-02 98.83(3)
05-Na1-03 97.38(3)
05-Na1-03' 175.04(5)
03-Nal-04 85.89(3)
03-Na1-01 174.47(5)
03'-Na1-01 87.17(5)
03-Na1-03' 87.45(3)

Symmetry code: (i) —x+1,—y+1,z+ 1.

This journal is @ The Royal Society of Chemistry 2016
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Fig. 3 Molecular packing diagram as viewed along the a axis, showing
layered morphology of Naldipdtc)-5H,0.

diagrams viewed along b and ¢ directions). The layered struc-
ture is stabilised by van der Waals interactions between the
alkyl groups on the anion.

Sodium ions are positioned between layers of symmetri-
cally equivalent ligand anions, forming a two dimensional
Na-Na array oriented parallel to the crystallographic b direc-
tion. The sodium ions are separated by a distance of
3.4804(12) A, significantly longer than the sum of ionic radii
of 2.32 A. Alternating sodium ions are linked by bridging
water molecules at 03, forming a four membered Na1-03-
Na1-03 ring with vertices of 92.55(5)° for Na1-03-Na1l and
87.45(5)° for ©3-Na1l-03. That is, dinuclear entities
[Na,(OH,),,] exist in which the distorted NaO, octahedra
share an edge. The array of Na cations is stabilised by a net-
work of hydrogen bonding®” between alternate and
neighbouring water molecules where distances and angles
are in agreement with literature values for O-H---O hydrogen
bonds.**** The ligand anions are linked by O-H:--S hydro-
gen bonds>*
ray of sodium cations. These hydrogen bonding contacts are

to the water molecules associated with the ar-

summarised in Table 3.

Contacts involving intermolecular H---S, H---O and H---H
interactions were examined wusing Hirshfeld
analysis.**%**' The majority of interactions within the
structure are dominated by van der Waals H---H interactions

surface

Table 3 Selected hydrogen bond parameters

D-H-A H(A) H-A(A) D-A(A) D-H--A (")
C2-H2---81 0.998(16)  2.392(16)  3.0264(17)  120.8(12)
C7-H7A 82 0921(19)  2714(17)  3.270(2) 119.7(13)
C6-HEA 52 0.938(19) 2741(17)  3.280(2) 117.4(13)
02-H24--52 0.85(2) 2.41(2) 3.2336(15)  165(2)
05-H54--81 0.83(2) 2.53(2) 3.2831(14)  151(2)
03-H3D--04"  0.83(2) 2.02(2) 2.8407(18)  171(2)
02-H2B---01"  0.84(2) 1.97(2) 2.8123(18)  175(2)
04-H4D--02"  0.83(2) 1.95(2) 2.7796(19)  176(2)
04-H4E--05"  0.83(2) 2.08(2) 2.8751(19)  160(2)

Symmetry codes: (i) x, y+ 1, z; (i) x + 1, p, z; (iii) —x + 1,y + 1, z+ 1;
(iv)—x +1,p+2,-z +1.
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(~65%) followed by O-H---S (~17%) and O-H---O (~13%) in-
teractions. The intermolecular contacts are highlighted in the
map of d,,m on the Hirshfeld surface, Fig. 4. The dark red
regions are due to hydrogen bonding whilst the blue and
white regions reflect H---H interactions. C-H---S interactions
are also evident.

Of significance to the current work are the intramolecular
non-bonding interactions involving sulfur. The 51---H2 intra-
molecular interaction has a distance of ~2.4 A (Table 3),
which as we show here, exerts influence throughout the en-
tire molecular structure. The C1-N1-C2 angle is 2.58 (13)°
smaller than the C1-N1-C5 angle and the C2-51 distance is
0.034 A shorter than the C5-52 distance (Table 4). The
S1---H2 interaction also results in a pair of interactions be-
tween 52 and the methyl hydrogens attached to C6 and C7 of
~2.7 A (Table 3). That is, the $1---H2 interaction creates an
inequivalence of the two isopropyl groups within the dipdtc
anion. The intramolecular C-H---S dihedral angles and
lengths are similar to those involving cysteine (117.4° and
2.51 A) and methionine (119.0° and 2.74 A) residues interacting
within proteins.”

Electrostatic deformation density and topological features of
the intramolecular C-S---H interaction.

A 3D electrostatic deformation density map (Fig. 5) shows the
electron density about the dipdtc anion. The lone pair
electron density (LPED) about S1 and S2 is of particular inter-
est as this may influence hydrogen bond directionality and
the capacity of $1 and S2 to form multiple H bonds.” Our cal-
culations show that the S atom LPED adopts a toroidal geom-
etry, in agreement with previous analyses of sulfur-
containing compounds.” Upon closer examination (Fig. 6),
the LPED about S1 and S2 is somewhat distorted as a result
of S---H interactions. In addition to intermolecular interac-
tions with H,0, electron density is directed from 51 towards
H2 while S2 directs electron density towards H6 and H7. A re-
gion of charge depletion (shown in red) about H2 is oriented
toward the LPED about S1. This attractive behaviour between

.4, CONtact
>0

d

4 CONtact
=0

I 4w CONtact
=0

Fig. 4 Hirshfeld surface and O-H--5 hydrogen bonds (yellow) and O-
H:-O hydrogen bonds (red).
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Table 4 Summary of CSD structural parameters

Parameter Mean + standard error Current study
€2-81 distance 3.024(6) A 3.0264(17) A
€5-52 distance 3.147(8) A 3.1014(18) A
$2-C1-51 angle 111.81(71)° 118.11(9)°
C1-N1 distance 1.321(2) A 1.345(2) A
C1-N1-C5 angle 123.78(11)° 124.59(13)°
C1-N1-C2 angle 120.11(22)° 122.01(13)°

Fig. 5 Theoretical 3D electrostatic densities of the Naldipdtc)-5H:O
anion at the B3LYP 6-311G(d,p) level. Areas of lower density are shown
in red, and areas of higher density are shown in blue.

(4

Fig. 6 3D Static deformation densities of the sulfur tor (viewed down
the C-S bond).

51 and H2 is the origin of the unsymmetrical geometry of the
isopropyl groups about Ni.

NMR Spectroscopy

The crystallographic intramolecular C-H---S interactions yield
two inequivalent isopropyl groups which are also manifested
in solution, evidenced by two sets of signals in solution state
NMR spectra. 'H and "*C NMR spectra of Na(dipdtc)-5H,0
recorded using deuterated acetonitrile at room temperature
revealed broad proton and carbon resonances associated with
the methyl and methine groups. Two broad signals for the
methyl protons and two broad signals for the methine pro-
tons were observed, consistent with two inequivalent environ-
ments (ESI{). That is, H2 is maintained in synchronous gear-

7074 | CrystEr
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like arrangement relative to H5 such that the steric repulsion
between the associated methyl groups is minimised, Fig. 1. A
DOSY experiment confirmed that the signals arose from only
a single molecular species (ESIT).

The methine protons, H2 and H5, exhibit chemical shifts
of 6.2 and 3.8 ppm, respectively. We attribute the large differ-
ence in chemical shifts to the influence of the C-H---S inter-
action upon the local electron density about H2, whereby H2
is significantly more deshielded than H5. Similarly, the signal
assigned to the methyl protons associated with C6 and C7 ap-
pears at 1.6 ppm while the signal assigned to protons on C3
and C4 appears at 1.1 ppm. Thus, while the influence of the
C-H--S interaction is still apparent, the difference in chemi-
cal shifts between the methyl protons on the two inequivalent
isopropyl groups is less than that between H2 and H5 due to
the greater distance between the methyl protons and sulfur.
In the ¥C NMR spectrum recorded at 293 K, two sets of sig-
nals are also observed, which are significantly broadened.
2D-EXSY spectra recorded at 293 K contain H2/H5 cross
peaks with intensity equal to the source peaks indicating a
chemical exchange process at room temperature (ESIf).

Similarly, the high speed MAS solid state '"H NMR spec-
trum (ESIt) contains methyl resonances in the range of 0-2
ppm and a signal assigned to the methine C-H---S proton H2
at 6.1 ppm. A signal at ~3.7 ppm is assigned to the methine
proton H35, which is partially obscured by a broad peak asso-
ciated with water molecules.

Variable temperature 'H NMR (Fig. 7) data also provide ki-
netic insights into the rotation about the C2-N1 and C5-N1
bonds. A 2D-EXSY spectrum recorded at 258 K exhibits H2/
H5 cross peaks of lower intensity than those recorded at 293
K, characteristic of reduced exchange between H2 and H3,
and consistent with a greater restriction of rotation of the

TR M T 303 K
______,/”"“‘\_____ 288K
_._a/\. K

278K

A 273K

Jdb\’\ 288K

- 263 K

258 K

Fig. 7 Selected portion of the 600 MHz H spectra for Naldipdtc)
-5Hz0 in CDsCN, showing the change in H2 resonance as a function of
temperature.
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isopropyl groups at this temperature. Upon cooling from 293
K to 258 K, the broad signals observed in the 1D 'H NMR
spectrum resolve into their respective splitting patterns (sep-
tets for H2/H5 and doublets for the methyl protons), which is
also consistent with the slowing rate of concerted rotation of
the isopropyl groups. From the VT NMR data recorded using
acetonitrile as solvent, a value of 63 k] mol™ for AG* was cal-
culated at 283 K and at 263 K, a value of 56 k] mol ' was
obtained. While the latter value for AG® agrees with data
reported by others® using dichloromethane as solvent, our
values for AH® (27 kJ mol "), AS (and 117 ] mol* K') and
activation energy (30 kJ mol™*) are all somewhat smaller than
those reported.®® This indicates that the barrier to rotation
may be lower in acetonitrile although quantitative compari-
son to the literature data® is problematic as the exact com-
position of the previously reported compound was uncertain.

Database survey of intramolecular C-H---S interactions in
metal di(isopropyl)dithiocarbamate complexes

Having examined the CH---S interactions in Na(dipdtc)-5H,0,
we sought to find crystallographic evidence for this interac-
tion in other dipdtc complexes. A survey of the Cambridge
Structural Database was undertaken. A total of 28 suitable
structure determinations were selected. All structures were
planar about the S,CNC, moiety and importantly, showed evi-
dence of intramolecular $1---H2 interactions that induce dif-
ferences between the two isopropyl groups. Table 4 summa-
rises some relevant structural parameters.

The C2 to S1 distances, x (Fig. 8), were chosen for compar-
ison in preference to H2 to S1 distances as the former are
more accurate data. Values for x are tightly clustered about
the mean of 3.024 A. The shortest distance is 2.941 A
(Nd(dipdtc)sphen) and the longest is 3.117 A (Co(dipdtc)s).
With the exception of Co(dipdtc),, all values of x fall within
the 2.941-3.054 A (a range of 0.113 A). In comparison, the
C5-S2 distances (y) varied more, and ranged from 3.072 to
3.219 A (a range of 0.147 A) as shown in Fig. 9. The mean x
distance for the 28 structures is significantly shorter (by
0.123 + 0,01 A) than that of y (¢t = -12.233, df = 49.412, p <
2.2% 107",

Unsurprisingly, the $1-C1-52 angles (y) are dependent on
the coordinated metal®™ and span the range 106.47 to
117.31°. The angle C1-N1-C2 (0) ranges from 117.0 to 122.3°
while the angle C1-N1-C5 (¢) has a range of 122.1 to 124.9°

Fig. 8 Depiction of the important distances and angles discussed in
the text.
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Fig. 9 Stacked histogram showing distribution of distances x (blue)
and y (red).

and for any structure, ¢ < ¢ (£ = -5.058, df = 40.716, p < 2.2 %
107""). As planarity is maintained across the $,CNC, moiety
for all structures, ¢ + d+ ¢ = 360° and J§ > 114° in all cases.
Our interpretation of these data is as follows. The angle y
is dependent upon the coordinated metal while the distance
x is a consequence of the C-H---§ interaction. There were no
statistically significant pairwise correlations between x and y,
nor between x and any other structural parameter. Thus, the
relationships ¢ #+ ¢ and x # y are a consequence of the C-
H---S interaction. The C-H---S interaction restricts the rota-
tion of the corresponding isopropyl group about the C2-N1
bond. This, in turn, influences the rotation of the isopropyl
group about the C5-N1 bond (through steric effects). Previ-
ously published VI NMR-based analysis of the unusual geom-
etry of metal dipdte complexes attributed the cause of re-
stricted rotation to purely steric effects'® > but here we have
shown that the underlying cause of the restricted rotation is
the intramolecular C-H---S interaction, an electronic effect.

Conclusions

We have shown that C-H---S intramolecular interactions are
present within the molecular structure of Na(dipdtc)-5H,0.
Theoretical calculations constrained by the experimentally
derived structural data indicate that these interactions arise
from the interaction between the lone pair electron density
on sulfur and regions of electron depletion about a methine
hydrogen.

Inequivalent chemical environments about the methine
protons produced by the C-H---S intramolecular interaction
were observed using NMR spectroscopy in solution and solid
samples. Variable temperature solution state NMR spectro-
scopy was used to probe the restricted rotation of the isopro-
pyl groups about the N-C single bonds revealing an energy
barrier for this rotation of 30 kJ mol ', The Gibbs free energy
of the transition state (63 k] mol ') is in agreement with pre-
vious studies of restricted rotation in dipdte structures.

An analysis of 28 similar structures using the CSD re-
vealed the presence of intramolecular C-H---S interactions.
In all of the analysed structures, the heavy atom geometries
supported the presence of these interactions. In all cases, the
relevant intramolecular C-S distances were shorter and less

CrystEngCornm, 2016, 18, 7070-7077 | 7075
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variable where intramolecular C-H---S interactions were pres-
ent. There are no significant correlations between the steric
factors of the structure and the C-H---S intramolecular
interaction.

Thus, the restricted rotation in metal dipdte structures is
directly attributable to the intramolecular C-H---S interac-
tion, which subsequently influences the geometry in associa-
tion with steric repulsion factors between methyl groups. We
propose that these interactions are worthy of further exami-
nation in a wider range of compounds such as those found
in biological systems (proteins, peptides) where bonds are
subject to restricted rotation in proximity to sulfur atoms.
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ABSTRACT: A new polymeric mercury(Il) diisopropyldithiocarba- _< >_
mate complex was synthesized by the reaction of sodium _< 3:.(:\.{*}:-4 9
diisopropyldithiocarbamate with excess HgCl, in water. The precise . _{5 n=03 —( W >—
structure of the new compound was determined by single-crystal X- gt

ray diffraction. A similar reaction, using a stoichiometric excess of the *

ligand, yielded the known monomeric bis- + H:0
(diisopropyldithiocarbamato)mercury(1I) complex. The complexes e AL

could not be distinguished from each other by their solution-phase n HgCl, & ra

NMR spectra or their FTIR spectra. Solid-state NMR spectroscopy =30 *“(V_{

(**Hg and “C) provided unambiguous data and showed that the ,_« s, 2
monomeric complex and polymeric complex do not interconvert in }F‘
solution or during erystal growth. Thermogravimetric experiments i >_

revealed quite different thermal decomposition behavior between the
two compounds.

1. INTRODUCTION the question of whether the mercury dithiocarbamate

e . structures (Le, monomer, dimer, or polymer) are formed
Metal dithiocarbamate complexes are renowned for their ease X u {"_ N R ! po i ) i

. . - e 1-16 during the initial reaction between metal and ligand or during
of synthesis, useful properties, and coordination chemistry.

The flexibility to readily engineer and alter the dithiocarbamate _crystal_ growth eq:erimerlls remains unanswen—:fl. We Iher_efc_nre
ligand allows a range of coordination complexes to be investigated the fcrmaucr_l of mera!ry(_ll) d.ust_spmp:,rldxmm—
generated. Thus, metal dithiocarbamate complexes have been carbamate complexes, which can exist in multiple structural

. Lo | . forms.* " We employed solid- and solution-state technigues
eﬂer!"mejy studied in the area of crystal growth and design and to track the fomatﬂnycf monomerie, dimerie, and polyntileric
: S_“‘,g.fi'ﬁ‘j‘;'i‘ii precursors for metal sulfide crystal syn- mercury(Il) diisopropyldithiocarbamate complexes from the

esig, 1791733

initial reaction bet tal and ligand to the isolati f
Of particular relevance to the current work, mercury(I1) O e e e 2 108y o

o N individual crystals. Solid-state NMR (13(3 and l%'llg) spec-
dithiocarbamate complexes produce a diverse range of troscopy and single-crystal X-ray diffraction were definitive in
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demonstrating the structural differences.
distinct structural motifs in systems bearing two dithiocarba-
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mate ligands.” The reaction of HgCl, with d_;ei]'lylduluccarba— 2. RESULTS AND DISCUSSION
mate has been reported to produce three unique crystals (two
polymorphs and an isomer) during crystal growth.*™ " In this Reaction of sodium diisopropyldithiocarbamate (NaDIPDTC)
case, the isomer was identified as a polymeric dithiocarbamate with HgCl, in a 3:1 molar ratio in water (Scheme 1) gave the

complex consisting of bridging mercury chloride and known complex 1% (as dglermjne:_l by solid-state mllg WR
dithiocarbamate moieties. Subsequently, the products of spectroscopy, see below) in 829% yield. In contrast, reaction of
reactions of HgCl, with diethyldithiocarbamate were found NaDIPDTC with HgCl, in a 1:3 molar ratio produced a new
to be dependent on the ratio of ligand to metal™® complex, 2, in 75% yield. Reactions using a 2:1 molar ratio of

Reactions of HgCl, with S-donor ligands have a propensity NaDIPDTC to HgCl, produced a mixture of 1 and 2.
to form coordination polymers by interaction with sulfur-

containing species,’* ™" although detailed studies of the Received: October 29, 2018
formation of mercury coordination polymers are scarce, Revised:  December 18, 2018
especially in the case of dithiocarbamates.***~*" Furthermore, Published: January 2, 2019
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Scheme 1. Synthesis of 1 and 2

n=03

H,0
20°C

The molecular structure of 1 was redetermined*® to obtain
more precise data (significantly lower estimated standard
deviations for bond lengths and angles) for comparison with
solid-state NMR data (see below). The structure is shown in
Figure 1. The coordination sphere of mercury is approximated

Figure 1. Structure of 1 showing the atom-labeling scheme and
thermal displacement ellipsoids at 50% probability.

as distorted tetrahedral, with two short (2.4428(6) A, Hgl—
§2) and two long (2.6523(6) A, Hgl—S1) mercury—sulfur
bonds. The —C152Hg and —CIN1C2 moieties are planar.
There is one intramolecular C—H---S hydrogen bond of ~2.4
A between S1 and H2, creating an electronic asymmetry about
the two lscpmpyl groups within each ligand, in agreement with
previous reports.” "' All ligand bond lengths are similar to
those in other DIPDTC complexes'~!!#551=5

The structure of polymeric 2 contains a bonding motif that
is new for mercury dithiocarbamate complexes.' The
asymmetric unit (Figure 2) contains two monodentate,
bridging dithiocarbamate ligands, two inequivalent mercury
environments, and a disordered diethyl ether molecule that
occupies a special position on a crystallographic inversion
center. One mercury atom (Hgl) is coordinated by two
monodentate dithiocarbamate ligands with equivalent Hg—S
bond lengths of 2.3686(14) A to produce an approximately
linear environment with a S1-Hgl—S4 angle of 171.65(5)°.
The S—C—S bond angles are the same within each
dithiocarbamate ligand. Both ligands are approximately planar
with deviations of no greater than 0.06 A from their S—C—C—
S least planes and torsion angles of 174.7(5)% for S1-Cl—
N1-C9 and 178.6(4)° for $4—C8—N2—C12. The two —CS,
moieties are rotated relative to each other about the S1-Hgl—
$4 bond by 96.6(3)°. A second mercury atom (Hg2) is
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Figure 2. Structure of 2 (asymmetric unit) showing the atom-labeling
scheme and thermal displacement ellipsoids at $0% probability.

coordinated to two chlorine atoms (Cll and CI2), and the
remaining sulfur atoms (52 and S3) are coordinated in a
monodentate fashion. The coordination geometry about Hg2
is approximately tetrahedral; however, all four bonds are
inequivalent and range from 2.4526(14) A (for Hg2—Cl1) to
2.5691(14) A (for Hg2—S3). The Hg2—S bonds are similar in
length to those found in 1, but the Hg—Cl bonds are at least
0.2 A longer than those found in HgCl,.****

The structure contains chains of 2 that align parallel to the ¢
axis and arise from Hg2—S bonds between neighboring
asymmetric units (Figure 3). The individual parallel ribbons
of polymeric Hg(DIPDTC), maintain contact with each other
through intermolecular Hg—Cl--H-C and C-§--H-C
interactions. There is an intramolecular C—§.--H—C inter-
action between S4 and HI0A of ~2.7 A. The disordered ether
molecule resides in solvent-accessible voids within the
structure and has no interactions with distances <3 A. Relevant
crystal data for 1 and 2 can be found in Tables S1-56 in the
Supporting Information.

Crystal growth experiments using solutions containing a
mixture of 1 and 2 (~1:1 ratio) yielded independent crystals of
1 and 2 (Figure 4), which could be physically separated on the
basis of morphology. Interestingly, a previously described
dimeric disappearing isomer of 1°’ was obtained during
crystallization experiments and characterized by X-ray

DOk 10,1021 /acs.00d 801619
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c

Figure 3. (top) Extended structure of 2 with thermal displacement ellipsoids at 50% probability. (bottom) Crystal packing showing 1-D chains of 2

adlong the ¢ axis. Disordered ether molecules are shown in black, and hydrogen atoms are omitted for clarity.

Figure 4. Photomicrographs showing the morphology of 1 (a) and 2 (b) and crystallization of 1 and 2 from a mixture of 1 and 2 (c).

diffraction (see the Supporting Information). Attempts to
reproduce the material were unsuccessful after several months
of trials.

Time-lapsed cross-polarized photomicroscopy (Video 1 in
the Supporting Information) during ether counterdiffusion
into a chloroform solution of 1 was used to probe the
crystallization process. The onset of crystal growth occurs at T
= 80 min, with active expansion of the crystal facets occurring
until T = 220 min. Only a single morphology of crystals is
produced, with no appearance of 2, indicating that there is no
solution equilibrium between 1 and 2 during crystal growth.
Further counterdiffusion of solvent occurs without any change
in the morphology of crystallized 1, and total evaporation of
the crystallization solvent did not produce any further
crystalline products (albeit at a cost of crystal destruction)
(Figure S1).
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Solution-state 'H and “C NMR spectra of 1 and 2 were
indistinguishable. Spectra obtained using a mixture of 1 and 2
(determined using solid-state '**Hg NMR spectroscopy)
contained a single set of signals that remained indistinguishable
even at lower temperatures (238 K). In addition, DOSY-NMR
at room temperature (Figure S2) revealed a single set of signals
with a single diffusion constant. However, the variable-
temperature solution-state NMR data (Figures S$3—S5)
revealed kinetic insights into the restricted rotation of the
isopropyl groups (due to intramolecular C—~H---§ interactions
and steric effects).”"' Examination of the variable-temperature
experimental data yielded an energy barrier (AGY) to free
rotation at coalescence (268 K) of 59 kJ mol™!, which is in
excellent agreement with our previously reported data for
NaDIPDTC (56 k] mol™")"" and PbDIPDTC (57 kJ mol™),”
indicating an equivalent transition state during isopropyl bond
rotation (despite the fact that experiments were performed in

DO 10.1021/acs cgd 8b01619
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Figure 5. Solid-state *C{'H} CPTOSS NMR spectra for 1 (bottom) and 2 (top) acquired with a MAS rate of 3 kHz. Regions devoid of signals are

omitted for clarity.

different solvents). The values for AHT (37 kJ mol™'), AS*
(=75 ] mol™" K™'), and the activation energy (40 kJ mol™") are
somewhat similar to those for NaDIPDTC and PbDIPDTC,
indicating comparable degrees of C—H---S and steric
interactions. Detailed comparisons of these kinetic data were
not obtained because of the limited solubility of 1 and 2 in
acetonitrile.

In contrast to the solution-state spectra, the solid-state *C
CPMAS-TOSS NMR spectra for 1 and 2 are distinet (Figure
5). The spectra contain signals for each of the carbon atom
environments with no impurities detected.

In the spectrum of 1, a single set of peaks corresponding to
each of the carbon atoms indicates equivalent DIPDTC
moieties. As with other DIPDTC ct:arnl:alems,‘]’57 the non-
equivalence of the isopropyl environments (due to intra-
molecular C—H--§ hydrogen bonding)'' gives rise to two
separate methine carbon signals at §c 51.7 and 61.8 ppm. The
dithiocarbamato carbon signal appears at 6 200.8 ppm and
has a slightly higher chemical shift in comparison to the
corresponding signal in the spectrum of Pb(DIPDTC),,” likely
arising from differential contributions from the Pb and Hg
bonding orbitals. Three signals appearing between §- 19.8 to
21.0 ppm are assigned to nonequivalent methyl groups arising
from the presence of intra- and intermolecular C-H--§
interactions in the solid state, a phenomenon that has been

. 9,11
previously observed.™

In the spectrum of 2, C2, C5 C9, and C12 are all
nonequivalent and give rise to four sets of peaks. Similarly, C1
and C8 (196 to 202 ppm) are also nonequivalent and show
different J couplings to the "N sites; however, an extra set of
signals for each carbon atom is present, indicating that both
ligands are not equivalent. In addition to the extra peaks,
signals due to disordered diethyl ether within the matrix are
present at 6 17.5 and 66.9 ppm.

In both cases, all peaks for carbon atoms bonded to nitrogen
(C1, C8, C4, C5 C9, and CI12) are partially split and
broadened, which we attribute to residual dipolar coupling
between N and BC.*7% In 1, the splitting is more
pronounced and is likely attributed to a longer longitudinal
relaxation time constant (T,) for "N or the higher visual
crystallinity of 1 in comparison to 2. These observations in the
solid-state "C NMR acquired using individually isolated (on
the basis of morphology) single crystals of 1 and 2 are
supported by comparison to the crystallographic data.
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"Hg solid-state NMR experiments were performed using
nonspinning crystalline 1 and 2. The spectra are shown in
Figure 6. The chemical shift tensor parameters obtained by
analytical simulation of the spikelet patterns for 1 and 2 are
shown in Table 1.

[

-500 -1000 -1500
Chemical Shift (ppm)

-2000

Figure 6. Solid-state '"H—'""Hg{'H} BRAIN-CP static NMR spectra
of crystalline 1 (bottom) and 2 (top). The solid traces show the
anaytical simulations of the ' Hg spectra for 1 and 2. Simulations for
the two Hg environments in 2 are represented by a dotted line (site
A) and a dashed line (site B).

For 1, the simulation revealed a single Hg site with an
isotopic shift 8y, of —1155 ppm, in agreement with the crystal
structure, where the coordination of Hg is approximated as a
highly distorted tetrahedron. The principal components of the
chemical shift tensor (&, &, and 5§i’) deviate from ideal
tetrahedral geometry (6,, = 6,, = §,,),” and the value of the
skew (k) indicates a distorted-tetrahedral geometry at the Hg
site, consistent with 'Hg chemical shift tensors measured for
distorted-tetrahedral Hg environments with multiple Hg=S$
bonds.**** In addition, the positive value of k near unity and
the local symmetry dictates that the distinct principal
component (which also represents the direction of highest
shielding), 8, is oriented along or near the 2-fold rotational
axis away from the directions of the Hg—S bonds (Figure S6);
accordingly, the 4,; and &,, components are likely directed into
similar environments approximately perpendicular to the 2-fold
rotational axis.

In the case of 2, the ""Hg NMR clearly shows the presence
of two patterns corresponding to two distinct sites: Hgl (site

DO 1001021 /acs.cod Bb01619
Cryst. Growth Des. 2019, 19, 1125-1133
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Table 1. "Hg NMR Parameters (ppm) for 1 and 2

8y dyy iy [ Q* K
1 —802.5(26) —520(27) —1742.5(33) —1155(20) 940(40) 0.75(0.05)
24 =T770.7(43) —368.7(45) —1750.7(48) —1130(40) 980(40) 0.80(0.05)
—370.1(48) —BR9.8(48) —1140(46) —800(40) 770(40) —0.35(0.1)

"By = (B11 + O + 833)/3. Q= 1635 = Byl k= 3(8 -
last digit(s) for each value is indicated in parentheses.

8,,)/8. dMl]ltiplE signals due to site nonequivalence. The experimental uncertainty in the

A) and Hg2 (site B). One pattern has '"Hg chemical shift
tensor parameters that are equal (within experimental error) to
those of the Hg site in 1, with a high, positive value for x near
unity (Table 1). This pattern is assigned to site A, which hasa
HgS, environment, with two sets of longer range, secondary
Hg—S and Hg—Cl interactions. As in the case of 1, the
direction of the d;; component is very likely along the pseudo
2-fold rotational axis, which points in a direction away from the
Hg—S§ bonds and between the positions of two nearby chloride
ions (Figure S6). The second pattern has a different &, value
and a dissimilar set of chemical shift tensor parameters; the
negative skew indicates that &, is the distinct parameter. This
pattern is assigned to site B, which features a unique four-
coordinate HgS§, Cl, environment; unfortunately, since each of
the Hg—S and Hg—Cl bond lengths are distinct, and there are
no local symmetry elements, there is no straightforward way to
assign the chemical shift tensor orientation on the basis of
symmetry (ab initio computations of chemical shift tensors
would be useful in this case but are beyond the scope of the
current work).

These assignments on the basis of local symmetry are
consistent with the similarity in the mercury sites of 1 and 2,
evidenced in the single-crystal X-ray structures (Figures 1 and
3). Having established the patterns of 1 and 2 using isolated
microcrystalline samples, solid-state '*Hg NMR experiments
confirmed that 1 and 2 did not interconvert during cr z)sta]
growth (Video 1) of isolated 1 (on the basis of '
SSNMR).

The solid-state '"Hg NMR spectra of 1 and 2 prior to
crystal growth experiments show significant differences
between the powders (Figure 7), indicating different numbers
and types of mercury environments, which were formed on the
basis of ligand to metal reaction stoichiometry. Previous
studies using a small excess of ligand (2.1:1 ligand to metal
ratio) produced a monomer and dimer without any 2 being
detected.”’ Differences in relative spikelet intensities before
and after crystallization are attributed to changes in the
physical sample morphology (though it is noted that these
spectra cannot be used for quantitative interpretation without
careful calibration of known standards). In the case of 2, the
spectra before and after are noticeably different, which we
attribute to differences in the molecular conformation and
different physical sample morphology instigated by the
incorporation of ether, which occurs during the crystal growth
(indicated by disordered ether molecules within the crystal
structure of 2).

The FTIR spectra of 1 and 2 are shown in Figure S8 and are
similar to each other. The spectra show the typical thioureide
band at 1495 cm ™, which is at an energy intermediate between
that of a C—N single bond (1250—1350 cm™) and a C=N
double bond (164-0—1690 em™'). The v(C=8) band appears
at 922 em™'. These bands are within ~15 cm™ of the
ccrrespond.l.ng ba.nds for Pb(DIPDTC),,” NaDIPDTC,” and
Ni(DIPDTC),."
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Figure 7. Solid-state 'H-'"*Hg BRAIN-CP NMR spectra of
powdered 1 (bottom) and 2 (top) prior to aystal growth.

Thermogravimetric analysis data are shown in Figure 8 and
reveal distinct pathways for thermal decomposition. Analysis of
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Figure 8. Thermogravimetric data for 1 (red solid line) and 2 (blue
dashed line ). The inset shows the first derivative of mass loss between
300 and 400 °C.

1 reveals no significant mass loss in the region of 30-100 °C,
indicating a lack of water (bound or otherwise), in agreement
with the crystallographic data. Thermal decomposition occurs
in two endothermic events. The first event occurs between 230
and 285 °C with a DTG,,,, value of 268 °C and a mass loss of
69%, which we assign to the formation of HgS (calculated
mass loss 58%). The second event occurs between 285 and
370 °C with a DTG,,,, value of 360 °C and a mass loss of 28%

DO 10.1021/acs.cod 8b0 1619
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corresponding to the thermolysis of HgS into mercury vapor
and sulfur (calculated mass loss 42%). The significant
discrepancies between observed and calculated mass losses
are due to the overlap of complex decomposition and the onset
of HgS decomposition.”*%

Thermogravimetric analysis of 2 shows no significant mass
loss below 100 °C, again indicating a lack of water (bound or
otherwise). Thermal decomposition occurs in six well-defined
endothermic events, with the first four occurring between 96
and 218 °C with an associated mass loss of 38.3%, in excellent
agreement with the calculated loss of all ligands to produce
HgS§ and HgCl, (38.2%). There are two overlapping mass loss
events between 240 and 340 °C attributed to the thermal
decomposition of Hg$ into mercury vapor and sulfur™ and the
sublimation of HgCl, at ~280 °C.%*

The marked difference in thermal behavior between 1 and 2
is attributed to the different coordination environments about
each mercury atom. In 1, Hg is chelated by the DIPDTC
ligands, forming HgS, moieties, whereas in 2 there is a mixture
of HgS, and HgS,Cl, centers. Moreover, these results show
that neither 1 nor 2 is a suitable single-source precursor for the
synthesis of HgS nanocrystals, as the decomposition of 1
occurs simultaneously with that of HgS and, in the case of 2,
HgS is obtained as a mixture with HgCl,. Comparison of these
data with thermal data for other mercury(1l) dithiocarbamate
complexes'*™ suggests that further investigation of 1 under
conditions that utilize a chemical passivating agent (eg,
hexadecylamine) is warranted.

3. CONCLUSIONS

The product obtained from the reaction of sodium
diisopropyldithiocarbamate with HgCl, in water is dependent
upon the reaction stoichiometry. The known monomeric
Hg(DIPDTC), complex was formed when the ligand was
present in excess, as distinet from when the metal was in
excess, and a new polymeric mercury(II) dithiocarbamate was
discovered. Surprisingly, the solution-phase NMR spectra and
FTIR spectra provided no basis upon which the two complexes
could be distinéuished from each other. Solid-state NMR
spectroscopy ("PHg and “C) and single-crystal diffraction
provided data that enabled the two complexes to be
differentiated. These data were vital to establish that the
monomeric (1) and polymeric (2) complexes do not
interconvert in solution or during crystal growth.

Thermogravimetric experiments revealed different thermal
decomposition behavior between the two compounds, with
neither deemed to be suitable as a single-source precursor for
HgS formation.

4. EXPERIMENTAL SECTION

4.1. General Considerations. Caution! Mercury compounds are
toxic, and appropriate precautions should be taken.

Deionized water was used in synthetic procedures. All chemicals
and solvents used in synthetic procedures were analytical grade and
were purchased from Sigma-Aldrich and used as received. Sodium
diisopropyldithiocarbamate pentahydrate was prepared as previously
described.'” Product yields were calculated with respect to the
limiting reagent, which was HgCl; in the case of 1 and sodium
diisopropyldithiocarbamate in the case of 2. FTIR spectra were
acquired using a Nicolet 6700 FTIR spectrometer with a diamond
iTX ATR accessory. A Thermal Advantage SDT-Q600 thermal
analyzer was used to simultaneously obtain thermogravimetric (TG)
and differential scanning calorimetry (DSC) data using 90 yL alumina
aucibles. Experiments were conducted under an atmosphere of
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nitrogen gas (150 mL min™") and a heating rate of 10 °C min™' over a
temperature range of 30—450 °C. High-resolution mass spectrometry
was performed using an Agilent 6510 Q-TOF instrument with a
mobile phase of 70% acetonitrile and 30% water (with 0.01% formic
acid) and a flow rate of 0.5 mL min~". Variable-temperature NMR
spectroscopy using a mixture of 1 and 2 in chloroform-d was
performed using a Bruker Avance 111 NMR spectrometer fitted with a
BBFO Plus solution-state probe and a BCU-Xtreme cooler. The
frequency was 600.1 MHz for TH and 150.9 MHz for C. The sample
temperature was calibrated using a Type K thermocouple in an NMR
tube containing ethanol that was inserted into the probe. Instrument
broadening was accounted for using the full width at half-maximum
(fwhm) of chloroform-d residual proton resonances. With these data,
experimental rate constants were calaulated at each temperature using
the fwhm of the methyl peak at 1.63 ppm. Arrhenius and Eyring
activation parameters were obtained using generalized least-squares
linear regressions of log k vemsus 1/T and log(k/T) vemus 1/T,
respectively. Solid-state ""Hg and "*C NMR spectra were acquired
using a Bruker Avance I solid-state NMR spectrometer with a 7 T
superconducting magnet operating at frequencies of 53.62, 75.37, and
299.75 MHz for the 19;ng B¢, and 'H nuclei, respectively. The
crystalline samples were acquired by manual separation of crystals
produced from crystal growth experiments. Candidate crystals of 1
and 2 were separated on the basis of their morphology and
perodically checked using unit cell analysis by single-arystal X-ray
diffraction. Specimens were loaded into 4 mm zrconia rotors fitted
with Kel-F caps and packed with Teflon tape. The solid-state 3C
NMR spectra were acquired with the CP-TOSS pulse program at a
spinning speed of 3 kHz MAS, and cross-polarization contact time of
1 ms, and SPINAL-64 'H decoupling with a 80 kHz decoupling field
strength during acquisition. The '**Hg NMR spectra were acquired
under static conditions, using the BRAIN-CP®® method, with a 25 ms
broad-band adiabatic pulse for polarization transfer, coupled with the
WURST-CPMG®™ pulse sequence during detection for signal
enhancement. The envelope of the resulting “spikelet” pattern yields
the anisotropic line shape of the '""Hg NMR spectrum and was
modeled by Sola using Bruker's Topspin software. The experimental
uncertainties in the principal components of the chemical shift tensor
were estimated using WSOLIDS sofnvare,é' using bidirectional
variation of each parameter and visual comparison of the experimental
and simulated spectra; uncertainties in &, £, and & were then
calculated using standard propagation of error methods.

4.2, Single-Crystal X-ray Diffraction. Suitable single crystals
were selected using a Leica M165Z polarizing microscope and
mounted on a MiTiGen MicroMount. X-ray diffraction measurements
were made using a Bruker Kappa-Il CCD diffractometer at 150 K
using a Iu$ Incoatec Microfocus Source and Mo Ku radiation (4 =
1.710723 A). The structures were solved using charge flipping, and
the full-matrix least-squares refinement was performed using Shelx1®
in Olex2.”” Heavy atoms were refined isotropically until R factor
convergence, and then an anisotropic model was applied. Where
possible, hydrogen atoms were located using a difference Fourier plot
or restrained to neutron diffraction distances when required. Bond
angles were kept to two decimal places and bond lengths to three.

4.3. Optical Photomicroscopy. Optical photomicroscopy was
performed using a Zeiss Stemi-3035 stereomicroscope operating in a
cross-polarized light configuration. Photomicrographs were acquired
using a (-Imaging MicroPublisher 3.3RTV CCD camera. Time lapse
of crystal growth was performed using an in situ chamber made in
house with photomicrographs acquired in 10 min intervals.

4.4, Synthesis. 4.4.1. Synthesis of Bis(x’S,5'-
diisopropyldithiocarbamato)mercury(ll) (1). An agueous solution
of sodium diisopropyldithiocarbamate (1.012 g 3.50 mmol, in 100
mL of water) was added dropwise to an aqueous solution of
mercury(Il) chlorde (0.312 g, 1.15 mmol, in 100 mL of water). A
white precipitate formed upon addition, and the suspension was
stirred for 2 min. The cude product was collected by vacuom
filtration, and the filter cake was repeatedly triturated with water to
produce a white paste which was dried in varuo at 45 °C to yield
0.522 g of 1 (82%). Crystals suitable for X-ray analysis were obtained

DO 1001021 facs.cnd BB01619
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as pale yellow tabular plates by solvent counterdiffusion of ether into a
solution of 1 in chloroform. "H NMR (600.1 MHz, CDCl;, 238 K): §
515 (sept, iy = 6.6 Hz, Vo = 140 Hz, 2H, C2H, C2H'), 3.88
(sept, Jyy = 6.8 Hz, 'Jiyy = 136 Hz, 2H, C5H, C5H'), 163 (d, *fypy =
68 Hz,'loy = 128 Hz, 12H, C6H3, C6HY, C7H3, CTHY), 1.27
(d, s = 6.6 Hz, [ = 128 Hz, 12H, C3H3, C3HY, C4H3, C4H3').
BC NMR (150.9 MHz, CDCl,, 238 K): & 2020 (C1, C17), 62.3 (C2,
C2'), 514 (C5, €3'), 19.8 (C6, C7, C6', C7'), 19.5 (C3, C4, C3,
C4'). "N NMR (60.8 MHz, CDCl,, 238 K): & 190.3 (N1, N1').
BC{'H} NMR (3.0 kHz, 293 K):  202—200 (C1, C1'), 63—61 (C2,
C2'),53-51 (Cs, C5'), 2219 (C3, C3', C4, C4', C6, C6', C7, C7').
15919g{ 1H} NMR (static, 203 K): 5 —1170 (Hgl). HRMS: (M + H)*
for HgN,5,C,H,; calculated 555.0908, observed 555.0888, difference
3.6 ppm.

4.4.2. Synthesis of Bis(x’S,S'-diisopropyldithiocarbamato)-
mercury(ll)-HgCl; (2). An aqueous solution of sodium diisopropyldi-
thiocarbamate (0.110 g, 0.38 mmol, in 100 mL of water) was added
with stirring to a solution of mercury(Il) chloride (0.313 g, 1.15
mmol, in 100 mL of water). A pale yellow precipitate formed, and the
mixture was stired vigorously for 2 min. The cude product was
collected by vacuum filtration, and the filter cake was repeatedly
washed with water and then dried at 45 °C in vacuo to produce 0.236
g of 2 (75%) as a pale yellow powder. Crystals suitable for X-ray
analysis were acquired as radial prismatic clusters by solvent
counterdiffusion of ether into a solution of 2 in chloroform.
BC{'H} NMR (3.0 kHz, 293 K): § 202-196 (C1, C8), 68—60
(Cs, C12), 56-51 (C2, C9), 23—17 (C3, C4, C6, C7, C10, Cl1,
C13, C14). "Hg{'H} NMR (static, 203 K): § —1129 (Hgl), —799
(Hg2).
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Chapter 7: Discussion

DTC anions have proven to be excellent ligands in the realm of coordination chemistry. The
resultant metal DTC complexes have stimulated a great deal of interest due to their ease of
synthesis, the ability to coordinate to a range of transition and main block elements, and their

interesting and useful properties.?**

Clearly there is great scope for the synthesis of many
new structures due to the ability to manipulate both the central metal and DTC ligand. In this
work, the synthesis, properties and applications of a range of metal DTC complexes (where the
metal = Hg, Pb, Ni, Na) have been investigated. During the course of the research the metal
DTC structures were carefully selected with the intention of investigating the complexes as
single source precursors to metal sulfide materials. Thus, complexes containing Pb, Hg and Ni
were synthesised to investigate their capability to produce industrially and academically
relevant PbS, HgS and NiS.

The di(isopropyl)dithiocarbamate ligand was chosen for many of the target complexes on the
basis of ease of synthesis and favourable properties such as solubility in a range of organic
solvents. There also exist a number of studies investigating metal di(isopropyl)dithiocarbamate
complexes within the literature which provide useful comparisons with the current work. *’**”

Characterisation of bis(k’S,5'-di(isopropyl)dithiocarbamato) nickel(ll) using XRD analysis of
single-crystals revealed a previously undescribed polymorph (Chapter 2, page 10). Importantly,
the single-crystal X-ray structure revealed the presence of a seldom discussed class of
intermolecular interactions known as anagostic interactions.”’® '° Anagostic (and agostic)
interactions belong to a class of C-H---M interactions (where M is often a d® or d® metal) and
are characterised by short H---M distances (~ 1.8 to 2.2 A) with C-H ---M angles of 90-130° (for
agostic), or long H--M (~2.3 to 3.0 A) with C-H M angles of 110-170° for anagostic

interactions.'®® 8!

Whilst these interactions are known for nickel(ll) complexes, including
another nickel(ll) DTC, the current work is unique in that it revealed the influence of the Ni-:-H
interaction on the vibrational frequencies of methyl groups involved in the interaction. The
complex was subsequently used to generate nickel(ll) sulfide by solid-state decomposition of
the complex, which provided the basis for further investigation into the mechanisms involved
during thermal decomposition of metal DTC complexes. Importantly, this work provided the
initial indication that metal DTC complexes utilising di(isopropyl)dithiocarbamate ligands are
suitable as SSPs to metal sulfide materials.

SSPs provide all of the necessary atoms to generate the resultant materials within a single

182
d.

compoun In the case of metal sulfides, these precursors generally contain a metal-sulfur

bond. The presence of the required atoms within the same molecule is important because it
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allows for the intimate control of reactant stoichiometry and the potential to tune the
precursors thermal properties through ligand design, and thus control the resultant metal

sulfide phase and morphology. There has been considerable interest in the development of

25-27, 88, 126-133, 135 89, 106, 114, 119, 122-124, 183 for

single source precursors, such as DTCs and xanthates
the synthesis of metal sulfides such as Ni,S, and PbS.

An understanding of the mechanism for thermal decomposition of an SSP is quite important
as this will guide the SSP design to achieve suitable properties such as low decomposition
temperatures and/or selective metal sulfide generation. Mechanistic studies on the role of
solution-state decomposition of nickel(ll) DTC complexes are extant,*® ** ** however studies
focussing on the processes involved in the solid state decomposition of nickel(ll) DTC
complexes were absent from the literature. The current work (Chapter 3, page 18) addressed
this gap in knowledge. The sophisticated capabilities of the Australian Synchrotron were
especially useful together with specialised instruments available within UTS (commercial and
self-assembled). A plethora of in-situ techniques provided detailed data throughout the solid-
state thermal decomposition of single-crystals of bis(k’S,S'-di(isopropyl)dithiocarbamato)-
nickel(ll). Variable temperature powder X-ray diffraction experiments performed at the
Australian Synchrotron (Proposal M12485) provided powder diffraction patterns at 30 second
intervals during the decomposition process. These data showed that decomposition occurred
with no intermediate phases and produced phase-pure nickel(ll) sulfide. These insights could
not have been obtained using regular laboratory X-ray equipment, which are incapable of
providing the necessary time-resolved data for such studies due to low source intensity (and
thus integration times longer than the time-scale of decomposition processes).

Having established that decomposition occurred in a single event, attention was given to the
volatile species produced during decomposition, which were examined using
thermogravimetric analysis coupled to gas chromatography mass spectrometry (TGA-GC-MS).
The precursor complex was heated at a known rate whilst measuring the change in mass. A
significant difference between the current work and thermogravimetry experiments typically
reported in the literature is the use of a furnace directly coupled to a gas chromatography
mass spectrometer, allowing for the real-time detection and identification of volatile species
emitted during mass loss. This technique is extremely powerful and was the first study to
examine the decomposition of metal DTC complexes. The major volatile by-products were
fragments associated with the cleavage of the di-isopropyl N-C and dithiocarbamato C=N
bonds. Time-resolved evolved gas analysis showed that the species co-existed in the gas phase

with no temporal dispersion of the fragments (i.e. the dithiocarbamato backbone decomposed
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in a single step), in accordance with the synchrotron data. Synchrotron and TGA-GC-MS
experiments indicated that decomposition occurred in a single step, but there was no direct
observation of decomposition proceeding directly from the solid state or via an intermediate
solution state. It could be inferred by inspection of the synchrotron data that no such solution
state existed (i.e. precursor diffraction peaks remained until observation of product peaks)
however a great deal of care must be applied as retention of diffraction peaks does
unambiguously exclude the existence of a non diffracting state. To address this, a home-built
variable-temperature optical microscope was constructed to obtain direct visual observation
of the decomposition process. The experiment showed that decomposition occurred in the
solid state, as no melting of the SSP was observed.

Thus, a combination of three in situ experimental techniques produced the first detailed
observation and description of solid-state decomposition of a DTC SSP in the literature. Not
only are these findings novel, they also have widespread applications in the study of SSP
decomposition because the complex can be utilised as a readily accessible SSP that generates
only volatile by-products with no intermediate liquid phase, to synthesize a single phase of
nickel sulfide without the need for solvents.

Lead(ll) dithiocarbamate complexes were found to be useful SSPs to PbS materials. Two
lead(Il) DTC complexes were synthesised and their thermal decomposition properties were
compared (Chapter 4, page 26). One complex utilised the di(isopropyl)dithiocarbamate ligand
and the other had oxygen-containing ligands. N-methyl-D-glucamine was chosen as the
precursor amine for the synthesis of the ‘oxygenated’ lead(ll) dithiocarbamate complex, as the
ligand (sodium N-methyl-D-glucamine dithiocarbamate) was known, thus providing a
convenient synthetic route."

Oxygen can affect thermolysis regimes; thermal decomposition of lead(ll) DTC complexes in a
partial atmosphere of oxygen is detrimental to the formation of metal sulfides but the effect of
oxygen within the SPP was unknown prior to the work presented in this dissertation.

Variable temperature powder X-ray diffraction at the Australian Synchrotron, and variable
temperature optical microscopy were utilised to examine the key differences in the thermal
behaviours of the two complexes. The complex containing intramolecular oxygen decomposed
in the solid state, whilst the complex lacking intramolecular oxygen decomposed from an
intermediate non-diffracting state. The loss of X-ray diffraction peaks, in isolation, is
insufficient evidence to conclude whether decomposition occurs within the solution state or
via an amorphous material. Variable-temperature optical microscopy showed that the alkyl

precursor melted, followed by decomposition some time later from the solution. Investigations
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of the resultant metal sulfide materials revealed differences in the morphology of the resultant

materials, as alluded to in similar studies.'*® 8% 8

Electron microscope data showed significant
differences in the resultant lead sulfide materials. Decomposition from the solid state gave
smaller PbS crystals than those obtained by decomposition from the molten state. The
resultant PbS (from the oxygen containing precursor) was utilised without need for any further
purification or treatment, to manufacture a positive-temperature coefficient thermal resistor.
The device had thermal-response properties superior to current industry standard materials.
Thus, this study has widespread implications in areas that utilize PbS as the active material for
sensing applications, as it shows the ease of which high purity PbS can be easily produced in a
single step, with no processing required for use in electronic devices.

This work also showed that metal DTC complexes are useful materials for investigation of
solid-state phenomena. Whilst characterising sodium di(isopropyl)dithiocarbamate, unusually
broad proton nuclear magnetic resonance (NMR) signals were noticed, prompting
investigations to determine the reasons for this broadening (Chapter 5, page 37). At the time
of the work, a disruption of the symmetry of some di(isopropyl)dithiocarbamate complexes
was reported in the literature. The nature of this disruption was described as arising from the
orientation of the methine hydrogens in different directions relative to the C,NCS, plane,
determined using variable temperature NMR spectroscopy.'****® However, the origin of this
reduction in symmetry was not presented. In the work presented in this dissertation, a study
of restricted rotation within di(isopropyl)dithiocarbamate compounds began with a
redetermined single-crystal X-ray structure of sodium di(isopropyl)dithiocarbamate, variable
temperature NMR spectroscopy, and examination of the Cambridge structural database.

Single-crystal X-ray data revealed an intramolecular C-H:--S hydrogen bond, which is
significant in its own right as the influence of H:--S hydrogen bonds on molecular structure is
scarce."””*® Variable temperature NMR experiments were used to probe the broad NMR
signals and to determine kinetic parameters for the restricted rotation. An energy barrier for
the restricted rotation of 30 kJ mol™ was obtained. Two sets of signals for each hydrogen
environment indicated an inequivalence of the two isopropyl groups in the solution state.
However, the role of C-H:--S hydrogen bonding could not be elucidated as the experiment was
performed in the solution state, making comparisons to the single-crystal structure not
straightforward. This shortcoming was addressed using solid-state '"H NMR spectroscopy,
which was in agreement with the solution state spectroscopy, and showed inequivalent
isopropyl groups. As the isopropyl groups are inequivalent in both the solution and solid state,

this work provided direct experimental evidence that the restricted rotation within sodium
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di(isopropyl)dithiocarbamate is attributable to an intramolecular C-H---S hydrogen bond. The
study was the first to provide the origin of peak broadening, and restricted rotation, in
di(isopropyl)dithiocarbamate complexes.

Further insights towards the structural chemistry of DTC’s were provided by the detailed
study of mercury(ll) di(isopropyl)dithiocarbamate complexes (Chapter 6, page 47). Whilst
obtaining crystals suitable for single-crystal X-ray analysis, three morphologically distinct
single-crystals were obtained, which yielded three unique structures (two of which were

7L 191 1t pecame evident that further investigation into the cause of this

previously reported).
phenomenon was warranted. Examination of the literature revealed that whilst uncommon,
mercury(ll) DTC complexes can produce a diverse range of molecular architectures and
isomers.”” Further, it is known that reaction of HgCl, with sodium diethyldithiocarbamate

produces three unique crystals during crystal growth of the product.™® 6% 192193

Despite this,
no studies focussing on the cause of isomerisation within mercury(ll) DTC structures were
extant.

Careful examination of the processes before, during, and after crystal growth using solid
state “’Hg NMR spectroscopy was critical to providing an understanding of these processes.
During the initial stages of investigation, concerns were raised due to the inability to reproduce
crystal growth experiments, which were addressed by resynthesis of the complex. Crystals
obtained from the new material were isolated as a single form, and reproducible across many
batches.

The metal to ligand ratio in the initial reaction was found to affect the reaction outcome.
Standard ’Hg NMR spectra (of the individual isomers) obtained from isolated single-crystals
was used to track the formation of mercury complexes. Material obtained from reactions
deficient in mercury showed different proportions of the isomers when compared to products
obtained from reactions with an excess of mercury. This provided evidence that the initial

reaction between ligand and metal ions determined the form of the resultant mercury(ll) DTC

complexes, and is dependent on the relative stoichiometry of the starting materials.
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Chapter 8: Conclusions and Future Directions

Conclusions

The studies within this dissertation focussed on the synthesis, properties and applications for a
range of metal DTC complexes. The research aims as stated in Chapter 1 have been addressed,
and in doing so, some areas for future study have become apparent. In addition to the
individual conclusions shown within Chapters 2-6, some more general insights are presented.
Through investigation of the spectroscopic properties of the complexes synthesised, all of the
di-(isopropyl)dithiocarbamate complexes contain intramolecular C-H:-:S interactions.
Investigation of the thermal decomposition behaviours of these DTC complexes revealed that
all (with the exception of the mercury(ll) complexes) were suitable as SSPs for the synthesis of
metal sulfide materials. The relative ease of decomposition to metal sulfides show that DTCs
can be used in settings requiring high purity metal sulfide materials for fabrication of electronic
devices (as shown in Chapter 4). The ability to reach these conclusions was greatly enhanced

through the use of sophisticated in-situ techniques.

Future Directions

The studies in this dissertation clearly show the conversion of metal DTC complexes to their
respective metal sulfides. A natural progression of this, and thus an area for future study,
would be to investigate the possibility of forming mixed metal sulfide species, which have
interesting semiconductor properties with possible applications in new sensor technologies.
For example, an intimate mixture of two metal DTC complexes may be thermalised to yield
bimetallic sulfide species. Keeping with this theme, another avenue for future study might
investigate the synthesis of mixed metal DTCs for use as SSPs. An example of a mixed metal
DTC SSP could be a bis DTC with a 1:1 ratio of metals X and Y, or even co-crystals of more than
one metal complex. Studies such as these are scarce in the literature, and would be somewhat
difficult to achieve due to the complexity involved with understanding the relationship
between formation of the resultant metal sulfide material from the precursor structure.

An alternative area of future study concerns the manipulation of the DTC structure for
molecular sensor applications. For example, it is known that di-(isopropyl)dithiocarbamate
complexes exhibit a temperature-dependent restricted rotation about the N-C bond within the
ligand; it may be possible to tune the structure in such a way that a macroscopic observation
of this rotation (e.g. a change in absorbance) is possible.

For the spectroscopically inclined, there is opportunity and potential for detailed

investigations on the relationship between molecular structure and spectroscopic properties.
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Such studies might focus on the relationship between crystallographic orientation and UV-VIS-
NIR absorbance, synthesis of DTCs with fluorophores for fluorescence applications, or if a
significant challenge is required, the synthesis of chiral DTC’s for access to the properties of
non-centrosymmetic crystals. All of these would require an investment in the development

and/or modification of R groups within the DTC ligand structures.
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Appendices:

A1l: Supporting information associated with Chapter 3
Conversion Of Single Crystals of a Nickel(ll)
Dithiocarbamate Complex to Nickel Sulfide Crystals

Alexander Angeloski ® Michael B. Cortie, @ John A. Scott,® Dayanne M. Bordin,® and Andrew
M. McDonagh®

a School of Mathematical and Physical Sciences, University of Technology Sydney, Ultimo 2007, Anstralia
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Figure S1: pXRD pattern of a-NiS obtained by heating Ni{DIPDTC)z to 460 °C.
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Figure S2: pXRD pattern of the thermolysis residue after heating to 500°C showing peaks
assigned to a-NiS and NIiO (shown in red)
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A2: Supporting information associated with Chapter 4

Supporting Information

From Lead(II) Dithiocarbamate Precursors to a Fast Response PbS
Positive Temperature Coefficient Thermistor

Alexander Angeloski, Angus F. Gentle, John A Scott, Michael B. Cortie, James M. Hook, Mika T. Westerhausen, Mohan
Bhadbhade, Anthony T. Baker and Andrew M. McDonagh

Table 51: Crystal data and structure refinement parameters for NaNMeGlu and 1.

Chemical formula C8.4H18NNa06 452 (NaNMeGhu) CI14H28N2Pb54 (1)

Mr 32035 563.81

Crystal system, space group  Monoclinic, C2 Menoclinie, P21/c

Temperature (K) 151.56 150.0

a b ec(A) 18.5921(10), 5.9777(3), 14.4326(10) 11.7703 (12), 8.3978 (9), 20.916 (2)
By 120.156(4) 90657 (B

VA3 1386.92(15) 20335 (4

Zz 4 4

Radiation type MoKa (.=0.71073) MoKa (L =0.71073)

p (mm-1) 0.435 8.62

Crystal size (mm) 0.589,0.357, 0.149 0.347,0.170, 0.104

Absorption correction SADABS-2014/5 was used for absorption cor-  SADABS-2014/5 was used for absorption cor-

rection. wR(int) was 0.1212 before and 0.0501  rection. wR*(inf) was 01582 before and 0.0991
after corection. The Eatio of minimum to maxi- after correction. The Fatio of mininmim to max-
mum transmission 15 0.8832. The A2 comection  1mum transmission 1s 0.4971. The A2 cormrec-

factor is 0.00130. tion factor 1s §.00130.
Tmin, Tmax 0.6599. 0.7455 0.3706, 0.7453
No. of measured, independent 11061, 2989, 2943 31758, 4462 3968
and observed [1= 2a(I}]
reflections
Rint 0.041 0071
{sin B)max (A-1) 0.638 0.640
R[F2 = 2a(F2)], wR(F2), S 0.029,0.079,1.08 0.039,0.003, 1.04
No. of reflections 2089 4462
No. of parameters 2046 198
H-atom treatment Independent and Constramed Fefinement Constramed Refinement
Apmax, Apmin (e A-3) 0.69 -024 262 -301
Absolute structure parameter  -0.04 (2} N/A
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Table 52: Crystallographic bond lengths and angles for NaNMeGlu.

51—C1

52—C1

N1—C1

WN1—C2

N1—C3

C3i—C4

Cc4—0Cs

C3—Co

Ce—C7

ci—C2

01—C4

02—C5

03—Co
Nal—05
Nal—O1W
03—1al®
Nal—O1W"
Nali—Nal—WNal®
02—Nal—Nal?
02—Nal—Nald
02—Mal—03
02—Nal—o03
02—Nal—04=5
02—Nal—04
02—Nal—03
02—Nal—O1W
03 —Nal—Nali
03 —Nal—Nal®
03—Nal—Nald
03—Nal—Nali
03—Nal—03
03—Nal—O01W
03 —Nal—01W
C8—05—Nal
C8—05—Nals
045 Nal—Nal*
04i—Nal—Nati
045 —Nal—Nal*®
04iNal—Na1d
045 _Nal—03!
04-—Nal—03

1.718 (3)
1.720 (2)
1341 (3)
1.466 (3)
1468 (3)
1535 (4)
1523 (3)
1.540 (3)
1522 (3)
1518 (4)
1.426 (3)
1.424 (3)
1433 (3)
2382 (%)
2.668 (3)
2,642 (2)
2355 (T)
118.72 (6)
125.55 (6)
104.38 ()
65.18 (6)
144.67 (8)
83.22(T)
138.72 (8)
139.18 (8)
82.63 (11)
4716 (5)
71.60 (6)
49.10 (4)
167.59 (6)
120.70 (T)
73.58 (11)
132,60 (11)
122,61 (16)
112.12 (16)
45.85 (5)
95.73 (6)
12428 (T)
46.49 (5)
72.11 (6)
73.88 (6)

Nal—02
Nal—Nalt
Nal—Nall
Nal—03
Nal—0D3
Nal—04
Nal—04
Nal—0D3
CIM—01M
CIM—O1M™
CIM—O1M
O1M—O1M™
03—C8
04—Nal®
04—Nal®
04—C7
05—MNal®
C1—N1—C2
C1—N1—C3
C2—N1—C3
51—C1—S2
N1—C1—51
N1—C1—52
N1—C3—C4
01—C4—C3
01—C4—C35
C5—C4—C3
02—C5—C4
02—C5—C6
C4—C5—C6
03—C6—C3
03—C6—CT
CT—C6—C5
04—C7—C6
04—C7—C8
CE—CT—C6
03—C8—CT
C6—03—MNal®
C6—03—MNal
Nal®“—04—Nal®
CT—04—Nal™
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2417 (0)
3.4739 (11)
3.4739 (11)
1,563 (2)
2.642 ()
2521 (2)
1.495 (2)
2.500 (2)
1.399 (16)
1.311 (14)
1.311 (14)
1.07 ()
1.425 (3)
2.495 (2)
2521 (2)
1.426 (3)
2.500 (2)
1216 (2)
1235 (2)
1148 (2)
119.39 (15)
121.49 (18)
119.11 (19)
1137 2)
1082 (2)
109.7 (2)
1135 (2)
1112 (2)
1084 (2)
1115 (2)
1113 (2)
108.34 (19)
1129 (2)
107.15 (19)
1106 (2)
1164 (2)
1102 (2)
114.58 (14)
113.02 (14)
7.66 (6)
131.57 (15)
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04i—Nal—03
04ii—Nal—03
04i—Nal—04s
04*—Nal—05'
04i-Nal—O1W
O4ii—Nal—O1W
05—Nal—04
05—Nal—04!
05°—Nal—04#
05—Nal—O05*
05-Nal—O1W
05—Nal—O1W
O1W—Nal—Nal*
O1W'—Nal—Nals
O1W'—Nal—Nal!
O1W—Nal—02
O1W—Nal—03
01W'—Nal—03
O1W'—Nal—04i
O1W'—Nal—04i
O1W—Nal—05
O1W'—Nal—05'
C5—02—Nal
Nal—03—Nal#
Nal—02—C5—C4
Nal—02—C5—C6
Nalié—03—C6—CS
Nal—03—C6—C5
Nal—03—C6—C7
Nali—03—C6—C7
Nali"—04—CT—C6
Nali—04—CT—C6
Nal"*—04—C7—C8
Nal®—04—CT—C8
Nal—035—C8—C7
Nali—05—C8—C7

63.75 (6)
139.53 (T)
13537 (6)
70.15 (6)
£1.04 (12)
128.83 (13)
83.01(7)
£0.28 (7)
£6.08 (7)
136.86 (5)
73.92 (11)
14157 (12)
112.11 (11)
1279 (2)
102.1 (2)
71.59 (18)
139.37 (19)
87.02)
1072 (2)
102.1 (2)
148.64 (19)
74.28 (18)
125.14 (15)
83.74 (6)
1034 (2)
195(3)
-139.10 (16)
4540
793(2)
144
29.8(3)
-71.41 (19)
157.55 (16)
56.3(2)
7343
1260)

C7T—04—MNal#
Nal—05—Nal=
05 —Nal—NalH
0F—Nal—Nal*
05—Nal—Nal®
05—Nal—Nalt
05—MNal—02
05—Nal—03!
05—Nal—03
0F—Wal—03

03 —Nal—03
01W—Nal—Mald
OIM—CIM—O1IM™
O1M*—01M—CIM
03—Cs—CT—C8
04—C7—C8—05
N1—C3—C4—01
N1—C3—C4—C5
Cl—MN1—C3—C4
C2—N1—C1—51
C2—N1—C1—52
C2—M1—C3—C4
C3—N1—C1—51
C3i—N1—C1—52
C3i—C4—C5—02
C3i—C4—C5—Co
C4—C5—C6—03
C4—C5—Ce—C7
C53—Co—CT—04
C53—C6—C7—C8
C6—CT—CE—035
01—C4—C5—C8
02—C5—Co—03
03—C5—C6—C7
03—Ce—CT—04
01—C4—C5—02

105.83 (14)
90.70 (7)
114.10 (6)
4328 (5)
46.03 (5)
105.79 (7)
8057 (7)
7182 (7
68.01 (7)
13437 (7)
65.10 (7)
106.85 (12)
483 (10)
65.9 (5)
680 (3)
6273
1687 (D)
69.3 (3)
1087 (3)
17410
6.8(3)
749 (3)
9.7(3)
-169.39 (19)
554(3)
176.5 (2)
809 (3)
157.0 (%)
179.98 (19)
55.7(3)
59.9 (3)
55.4(3)
418(3)
803 (D)
562 (2)
£57(3)

Symmetry codes: (1) x+1/2, y-1/2, z+1; (1) x+172, y+172, =+1; (m) x, p-1. = (1w x, v+l = (W) -

x+l, y, -z+2.
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Table 53: Crystallographic bond lengths and angles for 1%,

Pb1—S1 2.8656 (18) N1—C2 1.490 (T)
Pbl—S3 2853 (2) N2—C9 1.466 (9)
Pb1—S2 2.6994 (14) N2—C12 1.486 (10)
Pb1—S4 2.7027 (16) C5—C7 1.520 (8)
$1—C1 1.719(5) C5—C6 1.522 (8)
$3—C8 1.710(6) C11—C9 1.474 (9)
$2—C1 1.727(5) C9—C10 1.445 (11)
$4—C8 1.728 (6) C12—C14 1.448 (14)
C—N2 13397 C12—C13 1.426 (1)
C1—N1 1334 (6) 24 1.522 (9)
N1—C5 1.492 () €2—C3 1.522 (10)
$3—Pb1—S1 138.63 (5) C1—N1—C2 121.0 (4)
$2—Pb1—S1 64.01 (4) C2—N1—C5 113.8 (4)
$2—Pb1—S3 88.32 (5) C8—N2—C9 1244 (6)
$2—Phl—S4 97.19 (5) C8—N2—C12 121.6 (6)
$4—Pb1—S1 88.54 (5) C9—N2—C12 114.0 ()
$4—Pb1—S3 63.81 (4) N1—C3—C7 1142 (5)
C1—S1—Phl 86.06 (18) N1—C3—C6 1123 (4)
C3—S3—Phl 86.26 (19) C7T—C5—C6 1142 (5)
C1—82—Phl 91.35 (17 N2—C9—Cl11 116.5 (6)
C8—S4—Phl 90.82 (19) C10—C9—N2 117.2 (6)
$3—C83S4 117.5(3) C10—C9—C11 1215 (8)
N2—C8—S3 121.5(4) C14—C12—N2 113.7 (8)
N2—C8—S4 121.0 (4) C13—C12—N2 115.5 (8)
§1—C1—S2 117.9(3) C13—C12—C14 124.7 (8)
N1—C1—S1 121.0 (4) N1—C2—C4 1122 (5)
N1—C1—S2 121.1(4) N1—C2>C3 110.5 (59
C1—N1—C5 125.2 (4) C4—C2—C3 113.1 (6)

* There are no significant differences in bond lengths and angles between the current data and the previous struc
tural determination,” however, the ESDs and R factor are substantially lower in the data presented here.

70



SN

Figure 51: Molecular packing diagram of NaNMeGlu viewed along the b axis, showing layered morphology.

From the molecular assembly diagram of NaNMeGlu (Figure S1), a laym'ﬁd supramolecular motif 1s
evident parallel to the crystallographic b direction. The layered structure is stabilized by hydrogen bond-

ing interactions. Sodium 1ons are positioned between layers of symmetrically equivalent ligand anions,

forming a two dimensional array oniented parallel to the crystallographic b direction. The sodium ions are
separated by a distance of 3.4739 (11) A. significantly longer than the sum of Na* ionic radii of 2.32 A.
Ahem;mng sodium 1ons are linked by bnidging hydroxyl groups 03, 04 and O5 on symmetrically equiv-
alent amonic ligand molecules. The array of Na cations 15 stabilized by a network of hydrogen bonding
between alternate and neighbouring hydroxyl groups. The ligand anions are linked via intermolecular O-
H---S hydrogen bonds to the water molecules associated with the array of sodmm cations.

I g CONtact
=0

I 4 CONTACE
=0

E i CONESCT
=0

Figure 51: Hirshfeld surface lughlighting O-H---3 hydrogen bonds (red).

Contacts involving intermolecular H---S, H---O_ H---H and Na---O were examined using Hirshfeld sur-
face analysis. The majonity of interactions within the structure are domunated by van der Waals H---H
wteractions (~38%). followed by H---S hydrogen bonds (~24%) and O---H hydrogen bonds (~16%). The

5
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mtermolecular contacts are highlighted in the map of dnom on the Hirshfeld surface (Figure S2). The dark
red regions are due to hydrogen bonding whilst the blue and white regions reflect van der Waals type
mnteractions.

Figure S3: Molecular packing diagram as viewed along the a axis, showing layered morphology of 1 parallel to
the b axis.

From the molecular assembly diagram of 1 (Figure S3), when viewed along the a axis, a layered supra-
molecular motif 1s evident parallel to the crystallographic b axis along a two-fold screw axs at (0, y, 1/4).
The lead ions are separated by a distance of 4 2887 (5) A, significantly longer than the sum of Pb ionic
radn of approximately 2.7 A A pair of inequivalent Pb---S interactions of 3 5325 (16) A (Pb1---S4) and
39463 (13) A (Pb---S4) complete a distorted octahedral environment about each lead ion. The distorted
octahedral environment about Pb1 1s such that the Pb-S distances opposite to the Pb---S contacts are equal

6
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and shorter than those that are perpendicular to the Pb---S mteractions. In addition, there are a pair of C-
H---S interactions of ~3.0 A for $4---H6 and ~2.9 A for $2---H10B. Lastly. there are two intramolecular
C-H---S mteractions of ~2.3 A between S$3---H12 and ~2.4 A between S1---H2.

%4, contact
>0

Z,4u CONtact
=0

. Z 4, CONtact
<0

Figure S4: Hirshfeld surface of 1 highlighting Pb---S (blue), H---S (red) and H---H (green) interactions.

An examunation of the intermolecular forces responsible for the layered morphology was performed using
Hirshfeld surface analysis. The majority of interactions are domimated by weak intermolecular attractions
such as van der Waals H---H (61%), C-H---S (26%) and Pb---S (4%) interactions. The intermolecular
contacts are lnghlighted in the map of duom on the Hirshfeld surface (Figure $4). The dark red regions are
due to Pb---S mteractions whilst the blue and wlate regions reflect van der Waals type interactions.
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Figure $5: 500.3 MHz “C-H HSQC spectrum of NaNMeGlu in dimethylsulfoxide-ds acquired at 293 K. Regions
without cross-peaks have been omitted for clarity.
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The solubility of compounds was tested in a range of deuterated solvents (chloroform, dichloromethane,
methanol, ethanol, acetone, acetonitrile, pyridine, DMF, DMSO). The choice of solvent was informed by
(1) solubility and (i1) (for VT experiments) an ability to remam liquid at 223 K. 'H and “*C solution state
NMR spectra of NaNMeGlu and 2 recorded at room temperature in DMSO-ds contain sharp signals as-
sociated with the methine, methyl and hydroxyl groups. Remarkably, signals assigned to the hydroxyl
protons O1H-O5H (assigned using *C-'H HSQC experiments, Figure S5) appear as well defined doublets
with vicinal coupling to their associated methine protons in the order of 4.5 to 7.0 Hz.

Resonances assigned to methylene protons associated with C3 and C8 appeared as two sets of signals for
each methylene group as a result of thewr position adjacent to the C4 and C7 chural centres. The chemucal
shifts of the protons on C3 are separated by ~ 0.7 ppm while those of the C8 protons are separated by ~
0.2 ppm. The larger difference in chemical shift for methylene protons on C3 is likely due to the interac-
tion between one of the methylene protons with the NCS; mozety, with the other bemg in proximity to the
C2 methyl group, as shown in the crystal structure of NaNMeGlu (Figure 2, main text).

The '"H NMR spectrum of 2 is remarkably similar to that of NaNMeGlu: the only significant differences
(in chemucal shifts) are associated with the hydroxyl protons O1H-O5H that we attribute to slight differ-
ences in concentration.

The 3C NMR spectra show signals arising from each of the carbon atoms of NaNMeGlu and 2. Reso-
nances assigned to the dithiocarbamato C1 appear at 214 ppm m NaNMeGlu and 204 ppm in 2. The
upfield shift of ~10 ppm upon moving from NaNMeGlu to 2 can be attributed to an increased electron
density within the NCS: moiety that arises upon coordination.

In 1, the intramolecular C-H---S interactions produce two inequivalent isopropyl groups in the solid state
and in solution. Notably, 'H and °C spectra at 223 K reveal two signals for the methyl groups and two
signals for the methine groups consistent with two mequivalent 1sopropyl environments. The methine
protons, H2/H12 and H5/H9 exhibit chemical shifts of 5.58 and 4.01 ppm, respectively. This difference
m chemucal shifts 1s not as pronounced as that seen 1 the spectrum of NaDIPDTC, with signals being
~0.8 ppm closer to each other in 1. Nevertheless, these differences are attributed to the influence of the
C-H---S interactions upon the local electron density about H2/H12 ! Similarly, the signal assigned to the
methyl protons of C6,C7,C10 and C11 appears at 1.67 ppm whulst that assigned to protons on C3,C4,C13
and C14 appears at 1.24 ppm.

I |h.

Figure $6: 150.9 MHz *C NMR spectrum of 1 in acetonitrile-d; acquired at 225 K.
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Figure $8: "N-'H HMBC spectrum of 1 in acetonitrile-d; acquired at 225 K.
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Table S4: Selected IR frequencies and assignments for NaNMeGlu, 2, NaDIPDTC and 1.

NaNMeGlu 2 NaDIPDTC 1

WO-H) 3245 3249 3343 N/A
VC-H) 2913 2912 3012 2999
5(0-H) 1637 1638 1665 N/A
v:(C---N) 1470 1467 1476 1475
Vas(CH3) 1425 1438 1433 1436
v (CH:) 1330 1331 1354 1363
VN-C) 1365 1378 1295 1305
p(CH:) 1186 1188 1141 1133
WC-0) 1089 1079 N/A N/A
v(C---8) 966 975 943 936

.

(b) (c)

Figure $9: Isotropic variable temperature photomucrographs depicting the decomposition of 1 before (a), dunng
(b} and after (c) heating to 500 °C. The intermediate molten 1 1s clearly visible i (b).

. 1 . ol | 1)
Figure 510: Isotropic variable temperature photomicrographs depicting the decomposition of 2 before (a) and after
(b} heating to 500 °C. There was no mntermediate molten 2 visible.
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Figure S11: FTIR specira of crystalline PbS formed by thermolysis of 1 and 2 under conditions A to D.

Figure 512: PbS formed by thermolysis of 1 under condition A, with residue heated for 10 minutes (left) and 60
munutes (right). Scale bar 1s 250 nm.
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Figure S13: Low Resolution TEM image of single crystal PbS formed by thermolysis of 1 under condition D
(upper), with SAED pattern (lower).
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Figure 514: Transmission curve of the PbS nanocubes (2C) at 293 K in KBr.
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4 .|
Figure 515: SEM image showing selected thicknesses and morphology of PbS nanosheets formed by thermolysis
of 2 under condition B. Scale bar is 200 nm (left) and 150 nm (right).
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Figure 516: Extrapolated thermal-time response to chopped light source for the PbS device. The intersect between

lock-in amplifier noise and extrapolated response 15 the maximum response rate and minimum temperature change
of the device.
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Figure 517. Estimation of the erystallite size using the Scherrer equation and the WIlliamson-Hall technique (after
correcting for instrumental broadenmg). Most data points were obtamed from between six and eight diffraction
peaks. The Scherrer values plotted are the averages of the values obtamned for the individual peaks. The samples
had some microstrain (about 5x107 strain units).
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Figure 518: Optical photomicrograph of device prior to PbS 2C addition (a) BS-SEM micrograph of device after
addition of PbS (b) and BS-SEM micrograph showing Au-PbS-Au contacts (c and d).
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Figure 51: Arrhenius plot for exchange of isopropyl methyl groups in Na(dipdtc)-5H,0.
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Figure S2: Eyring plot for exchange of isopropyl methyl groups in Na(dipdtc)-5H,0.
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Table 51: Selected data obtained from CSD database survey of metal dipdtc complexes.

CSD Refcode CSD number Metal C€1-N1-C2  C1-N1-C5 (C2-51 C5-52 C1-N1 §1-C1-52
AFELEE 908263 Au 119.4 123.5 2.998 3.195 1.305 109.46
CEXZEM 924188 In 120.88 124.07 3.008 3.101 1.329 116.15
DUHPEC 754186 Zn 119.9 1249 3.006 3.126 1.34 115.69
FERROJ 1154897 Mo 119.2 123.6 3.006 3.201 1.323 109.2
GOPRIM 1170146 Nd 120.1 123.5 2941 3.098 1.324 116.5
IPTCMO 1180752 Mo 120.8  123.113 3.042 3.116 1.309 109.95
IPTCNI10 1180754 Ni 119.5 124.2 3.037 3.174 1.311 108.38
IPTCZN 1180758 Zn 121.38 124.19 3.017 3.096 1.326 115.99
JAKNEO 1182236 Be 120.32 123.91 3.042 3.152 1.324 111.73
JERDUF 1184894 Co 117 123 3.117 3.121 1.322 108.7
LITIUT 144058 Zn 122.2 123.3 3.046 3.072 1.34 115.6
LITKAAOL 118972 In 121.1 123.7 3.027 3.099 1.342 115.7
MIFDEK 162242 Sn 121.1 123.8 3.005 3.139 1.329 115
NDTCCUOD2 111990 Cu 120.1 1241 3.018 3.162 1.321 111.3
PRCBFE 1237953 Fe 119.07 123.32 3.046 3.166 1.315 108.1
QIWMAK 145420 W 120.1 1221 3.018 3.17 1.327 109.3
QTIK 638242 Cd 121.01 124.59 2,995 3.128 1.336 117.25
QUKCI 139236 Ni 118.8 124.8 3.04 3.219 1.314 107.2
RAHKUI 833598 Au 119.5 123.4 3.027 3.153 1.293 109
RAZBEB 827580 Au 119.8 123.9 3.03 3.174 13 109.37
SUVTUY 131014 Cd 122.3 123.5 3.018 3.084 1.327 117.31
TISFIK 1271462 In 120.4 124.4 2,994 3.098 1.317 116.5
UFEWEHO1 135544 Pd 120.8 123.5 3.029 3.173 1.307 109.9
XAJWOU 139090 Ni 120.87 123.53 3.077 3.177 1.312 108.12
XUJHEP 196553 Cr 118.43 123.73 3.017 3.217 1.335 108.11
YECKAF 1300618 In 120.7 123.9 2991 3.117 1.33 116.5
YEFIQ 856056 Ni 119.2 123.7 3.054 3.21 1.324 106.47
YEFVUC 868305 Pd 119.1 124.7 3.037 3.185 1.31 108.2

84



Table $2. Complete set of bond lengths (A) and angles (°) for Na(dipdtc)-5H,0.

51-C1

52-C1

N1-C2

N1-C1

N1-C5

C2-C3

C2-c4

C5-C7
C2-N1-C5
C2-N1-C5
C1-N1-C2
C1-N1-C5
N1-C2-C3
N1-C2-C4
CaA-C2-C3
52-C1-51
N1-C1-51
N1-C1-52
N1-C5-C7
N1-C5-Cb
C6-C5-C7
04-Nal1-01
04-Na1-02
C2-N1-C1-51
C2-N1-C1-52
C2-N1-C5-C7
C2-N1-C5-C6
C1-N1-C2-C3
C1-N1-C2-C4

1.7484(16)
1.7145(17)
1.492(2)
1.345(2)
1.496(2)
1.524(2)
1.519(2)
1.525(2)
113.38(12)
113.38(12)
122.01(13)
124.59(14)
111.51(13)
111.23(13)
112.74(15)
118.11(9)
120.25(12)
121.63(12)
113.60(13)
113.02(13)
113.36(15)
92.33(5)
162.67(5)
-2.19(18)
179.00(10)
116.30(15)
-112.71(16)
-117.20(16)
116.01(16)

C5-Co
Nal-O4
Mal-01
Nal-02
Mal-05
Mal-03
Nal-03*
03-Na1?
04-Nal-03t
04-Nal-03t
02-Nal-01
02-Na1-03*
05-Mal-04
05-Nal-01
05-MNal-02
05-Nal1-03
05-Nal-03t
03-Nal-04
03*-Nal-01
03-Nal-01
03-Nal-02
03-Nal-03t
MNal-03-Nal?
C1-N1-C5-C7
C1-MN1-C5-Co
C5-N1-C2-C3
C5-N1-C2-C4
C5-N1-C1-51
C5-N1-C1-52

1.522(2)
2.3891(13)
2.4492(14)
2.4207(13)
2.3859(15)
2.3879(14)
2.4278(14)
2.4278(14)
84.60(5)
84.60(5)
95.54(5)
80.40(5)
96.85(5)
88.03(5)
93.83(5)
97.38(5)
175.04(5)
85.89(5)
87.17(5)
174.47(5)
84.83(5)
87.45(5)
92.55(5)
-65.41(19)
65.6(2)
61.13(17)
-65.66(17)
179.67(10)
0.9(2)

Symmetry Code: 1-X,1-Y,1-Z
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Figure 53. Molecular packing diagram as viewed along the b axis, showing layered morphology of
Na(dipdtc)-5H,0.
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Figure S4. Molecular packing diagram as viewed along the c axis, showing layered morphology of
Na(dipdtc)-5H,0.
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Figure 55: Two-dimensional fingerprint plots for the Hirshfeld surface of Na(dipdtc)-5H,0.
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Figure S6: Overlaid variable temperature *H NMR spectra acquired at 600 MHz for an acetonitrile-d,

solution of Na(dipdtc)-5H,0 in the region of 6.5 to 3.5 ppm.
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Figure 57: Overlaid variable temperature *H NMR spectra acquired at 600 MHz for an acetonitrile-d,
solution of Na(dipdtc)-5H,0 in the region of 3.5 to 1.0 ppm.
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Figure 58: 150 MHz *C NMR spectrum of Na(dipdtc)-5H,0 in acetonitrile-d; acquired at 293 K.
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Figure 59: 150 MHz *C NMR spectrum of Na(dipdtc)-5H,0 in acetonitrile-ds acquired at 258 K.
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Figure S10: 600 MHz *H 2D-NOESY spectrum of Na(dipdtc)-5H,0 in acetonitrile-d; acquired at 293 K
with a mixing time of 100 ms.
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Figure $11: 600 MHz *H 2D-NOESY spectrum of Na(dipdtc)-5H,0 in acetonitrile-d; acquired at 258K
with a mixing time of 100 ms.
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Figure 512: 600 MHz *H- *C HMBC spectrum of Na(dipdtc)-5H,0 in acetonitrile-d; acquired at 258 K.
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Figure 513. 600 MHz 'H-**N HMBC spectrum of Na(dipdtc)-5H.0 in acetonitrile-d; acquired at 258 K.
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Figure $14: 600 MHz “*C*H HSQC spectrum of Na(dipdtc)-5H,0 in acetonitrile-d; acquired at 258 K.
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Figure S15: 700 MHz solid state *H NMR spectrum of Na(dipdtc)-5H,0 acquired at 60 KHz MAS.

93




N N | NS S N

Fl (D}
n

[
[=1]

e
[E.]

ar B
= mn

[
wm

b2
[=1]
PN T N T T A T T T T T T T N N BN

0 -
6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0

F2 (ppm)

Figure $16: 500 MHz 2D-DOSY spectrum of Na(dipdtc)-5H,0 in acetonitrile-d; at 293 K.
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A4: Supporting information associated with Chapter 6

Supporting Information

An unusual mercury(I) di-isopropyldithiocarbamate
coordination polymer

Alexander Angeloski. Aditya Rawal. Mohan Bhadbhade. James M. Hook. Robert W. Schurko and
Andrew M. McDonagh

Figure S51: Photomicrograph showing crystal destruction following complete evaporation of mother liquor.
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Figure 52: 600 MHz 2D-DOSY spectrum of a mixture of 1 and 2 in chloroform-d at 298 K. Residual di-isopropylamine

formed by decomposition of 1 and 2 1n chloroform (due to traces of HC1) indicated by an asterisk.
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Figure $3: Variable temperature 600 MHz 'H NMR of a mixture of 1 and 2 in CDCI; between 296 to 238 K.
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Figure S4: Magnified region of Figure S3 showing sharpening of methyl proton signals between 296 to 238 K.
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Figure 55: Magnified region of Figure 53 showing sharpening of methine proton signals between 296 to 238 K.
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A B C

Figure $6: Local Hg environments in 1 (A: Site Hg) and 2 (B: Hg site A, C: Hg site B). Proposed **Hg chemical
shift tensor orientations for 633 are shown for the HgS4 sites in 1 and 2. The chemical shift tensor orientation for Hg2
in 2 1s not straightforward to assign without the aid of first principles calculations.

Figure 87: Molecular structure of 1A showing atom labelling scheme. Thermal ellipsoids are drawn at the 50% probability
level.

While attempting to 1solate single crystals of 1 and 2 for solid state NME. experiments, a previously described dimernic disap-
pearing isomer of 1 (1A) was isolated.! Complex 1A (Figure $7) contains two chelating and two bridging dithiocarbamate
ligands. The central eight membered [Hg-5-C-5]: ning adopts a chair configuration, with all four Hg-5 bond lengths being
inequivalent and ranging from 2.4453 (6) A between Hgl-S2 to 2.6604 (6) A between Hgl-$4. The co-ordination geometry

4

98



about Hg 1s strongly distorted tetrahedral due to the restricted bite distance associated with the chelating ligand and the close
approach of $1.% The chelating ligand is planar with a maximum deviation from the least squares plane C9-C12-54-53 (With
arm.s. of 0.004 A) of 0.005 A. in contrast to the bridging ligand which has a maximum deviation of 0.08 A from the C2-C3-
S52-S1 least squares plane. This difference in planarity 1s shown as an 8% torsion angle (twist of the C-N) about $2-C1-N1-C3
in the bridging ligand. The structure possess a range of intramolecular C-H---S intramolecular interactions with distances of ~
2.6 A between methyl protons H10C and H11A to chelating $3. and H6C to bridging $2. There is also an intramolecular
hydrogen bond between H12 and $4 of approximately 2.4 A which is not evident in the bridging position (Between H2 and
S1) due to the twisted C=N bond producing a lack of coplanarity between S1 and H2. These interactions and their distances
are in excellent agreement with other di-isopropyldithiocarbamate structures.>” The crystal packing is unremarkable and can
be loosely approximated as layered. and stacked along the ¢ direction by intermolecular C-H---$ bonds of ~ 2.9 A between

H11C-52 and H11B-54.
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Figure S8: FTIR spectra of 1 (bottom. red) and 2 (top, blue).
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Table S1: Crystal data and structure refinement parameters for 1.

Chemical formula C14HasHgN>S4 (1)

M 553.21

Crystal system. space group Monoclinic, C2/c

Temperature (K) 155

a b, c(A) 19.3948(18). 7.9304(7). 14.6804(14)
B™ 119.428(6)

V(A% 1966.6(3)

Dy(Mg m™) 1.868

z 4

Radiation type MoKa (L =0.71073)

p (mm™) 825

Crystal size (mm) 0.187 x 0.138 x 0.116

Absorption correction SADABS-2014/5 was used for absorption correction. wER(int) was 0.0912 before and

0.0546 after correction. The Ratio of minimum to maximum transmission 1s 0.6820.
The 3/2 correction factor 1s 0.00150.

Tomin. Tonase 0.508. 0.746

No. of measured. independent and observed 22426, 2139, 2000
[I= 2o(D)] reflections

Rint 0.044

(sin 0/M )z (A1) 0.638

R[F? = 2a(FH)]. wR(ED), S 0.017. 0.038, 0.59
No. of reflections 2139

No. of parameters 93

H-atom treatment Constrained
Apree, Aprmin (e A% 1.37.-1.26
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Table 82: Crystal data and structure refinement parameters for 2.

Chemical formula

My

Crystal system. space group
Temperature (K)
a.b.c(d)

BO

V(@AY

Dx(Mg m?)

z

Radiation type

p (mm™)

Crystal size (mm)
Absorption correction

Tnin. T

No. of measured. independent and observed
[1= 2a(I)] reflections

Rint

(sin 6/1)zax (A

R[F? = 2a(FY]. wR(FD. §
No. of reflections

No. of parameters
H-atom treatment

Apmaz. Apmin (e A7)

0.25(C2sHs6C1aHg4NyS5)-0.25(C4HgO) (2)
429 87

Monoclinic, P2y/c

150

10.1380 (7). 18.6015 (12). 14.5723 (10)
102 73202)

2680.5(3)

2.130

g

MoKa (A = 0.71073)

11.96

0.103 = 0.047 = 0.022

SADABS-2016/2 was used for absorption correction. wR{int) was 0.1068 before and

0.0587 after correction. The Ratio of nunimum to maximum transmission 1s 0.7061.

0.526. 0.746
34504, 5904, 4684

0.065

0.641
0.030.0.054,1.05
5904

259

Constrained

1.53,-1.20
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Table S3: Crystal data and structure refinement parameters for 1A (a disappearing polymorph of 1).

Chemical formula
M

Crystal system. space group
Temperature (K)
a b, c(A)

B

V(@A)

Do(Mg m™)

z

Radiation type

p (mm™)

Crystal size (mm)

Absorption correction

Tomin. Toe

No. of measured, independent and observed
[I= 2a(I)] reflections

Rint

(sin 8/0) e (A1)

R[F? = 2a(F)]. wR(FD. §
No. of reflections

No. of parameters
H-atom treatment

AP, Apmin (2 AF)

CyHsHgN>Sy
553.21

Monoclinic, P21/n
151

11.3767 (7). 11.1786 (6). 16.6172 (10)
108.630(3)
2002.6(13)

1.835

4

MoKa (k= 0.71073)
8.10
0.143,0.069.0.035

SADABS-2014/5 was used for absorption correction. wRa(int) was 0.1009 before and
0.0457 after correction. The Ratio of minimum to maximum transmission 1s 0.7948.
The X2 correction factor 1s 0.00150.

0.393.0.746
23195, 4408, 3827

0.035

0.641
0.022,0.043,1.08
4408

192

Constrained
1.72,-1.21
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Table S4: Crystallographic bond lengths and angles for 1.

Hgl—s1! 2.6329 (6) N1—C1 1.326 (3)
Hgl—S1 2.6329 (6) N1—C2 1.493 (3)
Hgl—§2! 2.4429 (6) N1—C5 1.496 (3)
Hgl—S2 2.4429 (6) C5—C7 1.527 (4)
$1—C1 1.724 (2) C5—C6 1.521 (3)
$2—C1 1.743 (2) c2—C4 1.519 (4)
C2—C3 1.517 (3) 51 —Hg1—s1 116.09 (3)
$2—Hgl—S1 70.61 (2) $2—Hg1—s1! 70.61 (2)
$2—Hgl—s1 126.02 (2) $2—Hgl—s1! 126.01 (2)
$2Hgl—S2 132.01 (3) C1—S$1—Hgl 83.23(8)
C1—S$2—Hgl 80.52 (8) C5—N1—C2 114.90 (18)
C1—N1—C5 124.8 (2) C1—N1—C2 1203 (2)
N1—C5—C7 1132 (2) N1—C5—C6 1123 (2)
C6—C5—C7 113.9 (2) 51—C1—S2 116.61 (13)
N1—C1—S1 122.65 (18) N1—C1—S2 120.73 (18)
N1—C2—C4 1111 (2) N1—C2—C3 111.0 (2)
C3—C2—C4 113.1(2) Hgl—S1—C1—S2  1.63(12)
Hgl—S1—C1—N1  -1784(2) Hgl—$2—Cl1—S1  -1.76 (13)
Hgl—S$2—C1—N1  178.29 (19) C5—N1—C1—51 -178.41 (17)
C5—N1—C1—S§2 1.503) C5—N1—C2—C4 -61.2(3)
C5—N1—C2—C3 65.6(3) C1—N1—C5—C7 -64.7 (3)
C1—N1—C5—C6 66.0 (3) C1—N1—C2—C4 118.4 (2)
C1—N1—C2—C3 -114.9(2) C2—N1—C5—C7 114.9 (2)
C2—N1—C5—C6 -114.4(2) C2—N1—C1—S1 21(3)
C2—N1—C1—S§2 -177.98(17)

Symmetry codes: (1) 1-X, +Y, 1/2-Z.
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Table S5: Crystallographic bond lengths and angles for 2.

Hgl—s4 23772 (14) N1—C5 1.516 (8)
Hgl—S1 2.3686 (14) Co—Cl11 1.519 (7)
Hg2—s3! 2.5690 (14) C9—C10 1.519(8)
Hg2—Cll 2.4526 (14) C12—C14 1.511(8)
Hg2—S2 2.5347 (14) C12—C13 1.521 (8)
Hs2—C12 2.4860 (15) C2—C3 1.501 (10)
S3—C8 1.743 (6) C2—C4 1.520 (10)
$4—C8 1.749 (5) C5—C6 1.493 (11)
s2—C1 1.739 (6) Cc5—C7 1.504 (10)
S1—C1 1.751 (6) 01—C2A 1.384 (14
N2—C9 1.494 (7) 01—C2A2 1.384 (14)
N2—C12 1.510 (7) 01—CIA? 1.488 (15)
N2—C8 1.325 (6) 01—CIA 1.488 (15)
N1—C1 1.307 (7) C3A—C2A 1.301 (17)
N1—C2 1.497 (8) C3A—CIA 1.408 (17)
S1—Hgl—S4 171.65 (5) N1—C1—S2 122.9 (5)
Cl1l—Hg2—s3! 107.89 (3) N1—C1—S1 1182 (4)
Cl1—Hg2—S2 110.09 (3) N2—C12—C14 109.1 (4)
Cll—Hg2—C12 116.05 (5) N2—C12—C13 111.9 (5)
S2—Hg2—s3! 106.06 (4) C14—C12—C13 113.1 (5)
C12—Hg2—s3! 108.08 (3) N1—C2—C3 113.3 (6)
C12—Hg2—S2 108.21 (3) N1—C2—C4 115.1 (6)
C8—S3—Hg2? 95.65 (17) C3—C2—C4 113.3 (6)
C8—S4—Hgl 98.67 (18) S3—C8—s4 118.1(3)
C1—S2—Hg2 97.57 (18) N2—C8—S3 121.8(4)
C1—S1—Hgl 100.16 (19) N2—C8—S4 120.0 (4)
C9—N2—C12 1156 (4) C6—C5—N1 109.9 (6)
C8—N2—C9 124.5 (5) C6—C5—C7 116.2 (7)
C8—N2—C12 119.9 (5) C7—C5—N1 109.8 (6)
C1—N1—C2 124.7 (5) C2A—01—C2A3 180.0
C1—N1—C5 121.4(5) C2A—01—C1A3 109.6 (9)
C2—N1—C5 113.9 (5) C2A°—01—C1A3 70.4(9)
N2—C9—C11 114.1 (5) C1A*—01—ClA 180.0
N2—C9—C10 112.4 (5) 01—C2A—C3A 109.7 (11)
C10—C9—C11 113.8 (5) C3A—C1A—O01 109.1 (11)
§2—C1—S1 118.8(3)

Symmetry codes: (1) +X.12-Y. 12 +Z () +X. 12 -Y. 12+ Z(3) 2-X_ Y. 1-Z
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Table S6: Crystallographic bond lengths and angles for 1A.

Hgl—sl1! 2.6227 (7 N1—C1 1321 (3)
Hgl—S3 2.5053 (7) N1—C3 1.499 (3)
Hgl—54 2.6607 (7) N1—C2 1.481 (4)
Hegl—S?2 2.4454 (T C12—C13 1.508 (4)
$1—C1 1.741 (3) C12—C14 1.512(5)
$3—C8 1735 (3) C9—C10 1.510 (4)
$4—C8 1.721 (3) Cco—Clt 1.515 (4)
$2—C1 1.724 (3) C6—C3 1.517 (4)
N2—C8 1330 (3) C3—C7 1.516 (4)
N2—C12 1.488 (4) C2—C5 1511 (5)
N2—C9 1.490 (4) 24 1.515 (5)
S1—Hgl—s4 105.80 (2) N2—C8—S83 121.8 (2)
$3—Hgl—s1! 109.27 (2) N2—C8—S4 1212 (2)
$3—Hgl—$4 69.49 (2) N2—C12—C13 111.0 (3)
$2—Hgl—s1! 103.04 (3) N2 C12—C14 1113 (3)
$2—Hgl—S3 143.14 (3) C14—C12—C13 113.2(3)
S2—Hgl—54 118.15 (3) S52—C1—S1 118.44 (16)
Cl1—S1—Hgl! 98.53 (9) N1—C1—S1 121.1 ()
C8—S$3—Hgl 89.01 (9) N1—C1—82 1204 (2)
C8—34—Hgl 84.33 (9) N2—C9—C10 1126 2)
C1—S$2—Hgl 99.83 (9) N2—C9—C11 113.0 (2)
C8—N2—C12 121.0(2) Cl10—C9—C11 114.4(3)
C8—N2—C9 1242 (2) N1—C3—C6 1132 (2)
C12—N2—C9 114.8 (2) N1—C3—C7 112.6 (2)
C1—N1—C3 1245 (2) C7—C3—C6 113.8(3)
C1—N1—C2 121.0 (2) N1—C2—C5 112.1(3)
C2—N1—C3 1144 (2) N1—C2—C4 110.0 (3)
S4—C8—S3 116.99 (15) C5—C2—C4 113.6 (3)
Symmetry codes: (1) 1-X_1-Y. 1-Z.
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