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ABSTRACT

KINETIC CONTROL OF SOLID STATE METATHESIS REACTIONS

The control of solid state reaction pathways will enable the design and discovery of new

functional inorganic materials. A range of synthetic approaches have been used to shift

solid state chemistry away from thermodynamic control, in which the most energetically

favorable product forms, towards a regime of kinetic control, so that metastable materials

can be controllably produced.

This work focuses on the use of solid state metathesis in the preparation of transition

metal sulfides and selenides, and understanding the reaction pathways through which

these reactions proceed. Through a range of structural probes combined with thermal

analysis techniques, the reaction pathways are identified. The challenge of changing the

pathway is then tackled, aiming to maximize mixing in the reaction mixtures to overcome

the classical diffusion limitations in solids at low temperatures. Changing the reaction

pathway promotes the formation of metastable intermediates and products, highlighted

by the formation of the superconducting cubic polymorph of CuSe2.

Future work is suggested, surrounding the idea of maximizing diffusion and mixing at

low temperatures. Understanding the properties of reactants, intermediates, and products

to direct the reaction pathway is paramount in controlling the pathways through which

reactions occur. This will progress the field of synthetic solid state chemistry towards the
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ability to design materials and reactions that are not limited by thermodynamics, in turn

yielding the discovery of a range of new, functional compounds.
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1. Introduction†

The products formed in a chemical reaction are dependent on the pathway through

which the reaction proceeds. The two canonical regimes of reactivity throughout synthetic

chemical disciplines are either thermodynamically- or kinetically-limited reactions. Reac-

tions that occur under thermodynamic control often have higher activation barriers, and

in turn yield the products that are the most stable at thermodynamic equilibrium. Alter-

natively, if the activation energy can be lowered the reaction may proceed under kinetic

control, in which the products that form the fastest may be stabilized, despite possibly not

being the lowest energy configuration in the system.

While it is possible to access both kinetic and thermodynamic products in most syn-

thetic molecular chemistry, solid state reactions yield a distinct challenge in dictating the

reaction coordinate.2,3 Approaches that overcome solid state diffusion become paramount:

when atomic-scale mixing is not facilitated by a solvent or an intrinsic property of the re-

actants, other means must be used to promote reactivity.4,5 The application of heat will

provide the requisite energy to overcome the activation energy of diffusion to aid in mix-

ing solid reactants; such heating often yields the product or products that are most stable

since the system has sufficient thermal energy to relax into such a configuration.

In practice, this does not realistically limit the number of feasible synthetic targets avail-

able to the solid state chemist.6 Though, while a large number of materials will invariably

form at thermodynamic equilibrium, the formation of these materials occurs spontaneously

†Substantial portions of this introduction have been reproduced with permission from A. J. Martinolich
and J. R. Neilson, Chem. Mater. 2017, 29, 479–489, reference 1, © 2017 the American Chemical Society
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without control (Figure 1.1a). If one wants to rationally direct a reaction to prepare a new

material with a specific structural motif or directed functional properties, metallurgical

reactions are inadequate. Some stoichiometries of materials are metastable with respect

to partial decomposition (e.g., MS2 −→ MS + S, M = Mn, Cu, Zn)7–9 while others are

not (e.g., M = Fe, Co, Ni).10–12 Additionally, polymorphs of the same stoichiometry may

have vastly different properties that originate from the minor structural differences. A

key example of this is the various polymorphs of TiO2: slight changes in the connectivity

of [TiO6] octahedra have dramatic effects on the electronic band structure and thus the

properties, and ranges of viable applications for the different polymorphs.13

reactants

metastable!
 product !

(polymorph 2) stable product !
(polymorph 1)

Ea1

Ea2

reaction coordinate

en
er

gy

(a) thermodynamic control  
Ea1 ≥ Ea2

reactants

metastable !
product !

(polymorph 1)stable product !
(polymorph 2)

(b) kinetic trapping  
polymorph 2 stabilized  
 by external parameters

reaction coordinate

en
er

gy reactants

metastable!
 product !

(polymorph 2) stable product !
(polymorph 1)

Ea1

Ea2

(c) kinetic control  
Ea1 < Ea2

reaction coordinate

en
er

gy

Figure 1.1: Schematic reaction coordinate diagrams illustrating (a) thermodynamic control (b) kinetic trap-
ping and (c) kinetic control.

Thus, the synthetic pathway to form new materials must be altered in order to stabilize

phases that are metastable under ambient conditions. In the case of MS2 (M = Mn, Cu,

Zn), combination of the elements requires the application of high pressure (p > 10 kbar)

at approximately 1000 °C to stabilize the disulfide rather than the monosulfide phase.14,15

Application of pressure and high temperature, followed by quenching, can be considered

kinetic trapping (Figure 1.1b): at increased pressure, the ground state energy of a given

material can change with respect to other configurations of the same material in another

form (e.g., ZnS2 vs. ZnS + S). This can also be achieved with temperature: at high tem-
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perature, the hexagonal wurtzite polymorph of ZnS becomes thermodynamically favored

over the cubic sphalerite phase.9 Alternatively, extrinsic material factors such as particle

size can be used. The thermodynamic stability of the three naturally-occuring TiO2 poly-

morphs depends on the particle size because of their variable surface energies: while rutile

forms in the bulk, the polymorphs anatase and brookite become thermodynamically stable

with increasing specific surface area.16

Therefore, forming metastable materials in the bulk and without extreme applied con-

ditions is a significant challenge. Achieving kinetic control, where the activation energies

of solid-state reaction processes are altered in such a way that metastable materials can

be accessed (Figure 1.1c) requires alternative chemistries to traditional high temperature

solid state reactions; the key component of these alternative reactions is the facilitation of

or lack of dependence upon diffusion between reactants. Chimie douce (i.e., “soft chem-

istry”) often uses redox activity to either reductively or oxidatively intercalate or deinter-

calate ions into or out of a solid state structure, in turn maintaining the bulk framework

but altering the electronic properties. A canonical example of this is the oxidative dein-

tercalation of Li from LiVS2 with I2 in acetonitrile, which affords the layered, metastable

VS2 phase.17 Direct combination of the elements, V + 2 S, does not result in this phase,

as suggested by the phase diagram.18 In these oxidative deintercalation reactions, the rate

limiting step is often diffusion of the alkali ion.19 Additionally, complete or near-complete

deintercalation can lead to a structural instability, which causes rearrangement of a lay-

ered crystal structure (e.g., K1-xNi2Se2) into a 3D-interconnected crystal structure (e.g.,

K1-xNi2-ySe2).19 When the stability of the host lattice is maintained, multiple ion-exchange

or (de)intercalation steps can be exploited to design new materials with predictable struc-

3



ture. This has been very fruitful in the preparation of perovskite-structured oxide ceramics,

where the rigid oxide lattice allows multiple exchanges of the intercalated A-site cations,

as shown by Wiley and coworkers20 as well as Schaak and Mallouk.21

More recent work towards the preparation of tetrahedral transition metal chalcogenides

such as FeS, CoS, and CoSe via (de)intercalation by Rodriguez and coworkers demon-

strates the versatility of the technique in gaining kinetic control of solid phase transfor-

mation. For example, the metastable superconductor FeS can be intercalated by alkali

metal hydroxides under various conditions to produce new superconducting phases. The

superconducting properties are strongly dependent on the synthetic method, where the

temperature of the intercalation must be kept below 160 °C and the conditions must be

reducing.22 In the cases of CoS and CoSe, the deintercalation of potassium from KCo2S2

and KCo2Se2 is achieved at room temperature; higher temperatures yield decomposition of

the tetragonal cobalt chalcogenides to the thermodynamically stable Co9Q8 and hexagonal

Co[(1−x)]Q phases, indicating the metastable nature of the deintercalated phases.23

Another important, though somewhat under-explored, feature of chimie douce reactions

is the ability to oxidize the anions in the lattice as well as the cation.24 This is achieved

through oxidative deintercalation from covalent systems, in which the charge is more de-

localized and upon oxidation the electron is not necessarily removed from the cation. This

leads to anion-anion bond formation and new metastable materials. Though pioneering

work in this field occurred in the early 1990s, there remain many open questions in the

development of these techniques to fully understand how much control over the reactivity

of the anions can be achieved. This has become especially relevant with the discovery of
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redox-active anions in intercalation cathodes in batteries, yielding higher overall capacities

at high voltages.25

Anion deintercalation and exchange in extended inorganic solids also yields an elec-

tronically altered material with a crystal structure that is related to the precursor. Reaction

of alkali hydrides with various metal oxides can yield 2D layered structures with unusu-

ally low oxidation state metals (e.g., Co(I) and Ni(I))26,27 as well as magnetic oxyhydride

materials.28 Kageyama and coworkers have shown that hydride reduction of BaTiO3 yields

an electronically conducting mixed valence Ti3+/Ti4+ material, and that the hydride anion

in BaTiO(3-x)Hx is surprisingly labile.29 This lability was then exploited as a facile route to

oxynitride materials by then reacting the hydride under NH3 (g),30 and surprisingly even

under N2 gas at 400 °C.31 Additional investigation of the nitridation of EuTiO3 indicated

that use of the hydride precursor allows nitrogen exchange at much lower temperatures,

and a more complete exchange of nitrogen into the lattice via enhanced anion diffusion

pathways, yielding a kinetically stable oxynitride perovskite.32 These examples of topotac-

tic modification to derive kinetically-mediated metastable phases have tremendous utility,

but are limited in the sense that a relationship to the original crystalline lattice of the

precursor material is typically required. The lability of the hydride anion has also been

exploited in the direct preparation of Ba1-xKxFe2As2 superconductors from alkali and alka-

line earth hydrides reacted with iron arsenide, which significantly increases the reaction

kinetics and yields comparable materials to slow elemental reactions.33

Another solid state synthetic approach that has the potential to provide kinetic control

is the use of reactive, alkali (poly)chalcogenide fluxes. Work in the late 1980s and early

1990s by Ibers and coworkers34–36 as well as Kanatzidis and coworkers37,38 was successful

5



in producing kinetically-stable materials using varieties of A2Qx (A = Na, K; Q = S, Se,

x = 1–5) with low melting temperatures to facilitate mixing. The fluxes are corrosive and

oxidizing and often yield the inclusion of polychalcogenide anions into the crystal struc-

tures of the products. These polyanions are only kinetically stable and disproportionate to

the thermodynamically favored chalcogenide and the elemental chalcogen if metallurgical

approaches are used. More recently, in situ spectroscopic39 and diffraction40 studies of flux

mixtures and reactions provide a deeper understanding of the structure and reactivity of

these fluxes. Depending on the polysulfide composition in mixtures of K2S3 + K2S5, the lo-

cal structure of the liquid flux is strongly altered. Additionally, input stoichiometry, heating

rate, and flux composition can yield a range of new materials that are transiently stable at

various temperatures heating and cooling in the flux. For example, the new phases K5Sn2S8

and K4Sn2S6 are formed when reacting tin metal in K2S5, discovered using in situ PXRD.

If instead K2S3 is used, another new phase, K6Sn2S7, is observed.40 These fundamental

studies are integral in determining kinetic pathways to new functional materials.

Another notable example of kinetic control in preparing new solid state materials is

the use of the modulated elemental reactant method. In this method, precisely controlled

thicknesses of various elemental reactants are deposited as ultra-thin films onto a sub-

strate sequentially.41–43 The layered elemental reactants are then annealed to yield a ho-

mogeneous amorphous intermediate; further annealing directly crystallizes the product,

which is often metastable. The sequential deposition of very thin layers of the various ele-

ments is key in reducing the diffusion lengths in the films, which promotes mixing before

crystalline phase nucleation. This, along with the low temperatures required to permit

nucleation only rather than complete structural rearrangement,44 has allowed the prepa-
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ration of many ternary and quaternary45,46 solid state materials without first nucleating

binary phases,47,48 as well as the formation of many metastable phases.41,44,49

Gaining kinetic control in materials synthesis has provided various materials chemistry

breakthroughs. The intercalation of lithium, lithium amide, and ammonia in between the

layers of superconducting FeSe increases the transition temperature from 8 K to 43 K.50

Observing kinetic processes in applied systems is very important in understanding their

function, such as cycling rate-dependent formation of LixFePO4 solid solution phases in

battery cathodes,51 as well as comprehensive studies of the reaction mechanisms in inter-

calation52 and conversion53,54 type cathodes. Further investigation of kinetic systems, both

fundamental and applied reactions, will allow breakthroughs in the discovery and design

of new functional materials.

We have recently shown the role of kinetic control in solid-state metathesis (double-ion

exchange) reactions. These reactions are driven by the formation of stoichiometric equiva-

lents of a thermodynamically stable byproduct (e.g., NaCl), along with the targeted mate-

rial. Initial investigations into this field by Kaner and Parkin in the early 1990s yielded

spectacular results. Combination of various transition metal halide salts with various

alkali-chalcogenide and alkali-pnictide salts would rapidly self-propagate upon mixing,

igniting even under inert atmospheres to yield refractory compounds such as transition

metal borides and nitrides.55–58 The larger ∆H◦f of these reactions than the analogous met-

allurgical reactions is due to the formation of multiple equivalents of a binary salt (e.g.,

NaCl). These self-propagating reactions often heat the mixture to above the melting point

of the salt byproduct to form a flux which allows the counterions to mix and form highly

crystalline transition metal compounds. Thus, this approach is amenable for forming hard,

7



refractory materials from constituent elements that are otherwise kinetically inert when

combined metallurgically.59,60

While the rapid self-heating to extreme temperatures that occurs in these reactions

does not readily permit the imposition kinetic control, a range of efforts were put forth

to determine the driving forces and tunability of these reactions. Reaction conditions

such as overall heat capacity and particle size could be altered to promote or inhibit self-

propagation. Calculation of the adiabatic temperature (that is, the temperature that the

reaction mixture would reach if no heat was lost to the environment) was used as an ap-

proximate gauge to tell if the reactions would ignite.61 If enough heat was released to heat

the salt product to a melt, it was observed that the reactions would self-propagate. These

initial forays into dictating the pathway and outcome of solid state metathesis reactions

provide a promising narrative for the bulk of this perspective.

Figure 1.2: The two pathways hypothesized for solid state metathesis reactions. The reactants could either
progress through (a) ionic intermediates, where the products would form from facile ion exchange, or from
(b) elemental intermediates where the constituents are redox-active and likely driven by the rapid heating of
the reaction mixture by the formation of NaCl. The observed intermediates indicate a combination of both
pathways at play in solid state metathesis reactions.
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Initial hypotheses surrounding the reaction pathways of these solid state metathesis re-

actions suggested that they progress through either ionic or elemental intermediates (Fig-

ure 1.2).57,62 The ionic pathway would proceed through facile ion exchange and indicate

that the reactions are not redox-active; however, a hypothetical transition state might be

electrostatically disfavored. Alternatively, the elemental pathway would progress through

elemental intermediates that are formally reduced or oxidized in situ before being reox-

idized or rereduced to form the expected products. There, the multiple electron-transfer

steps may be disfavored. These limiting extremes inspired our subsequent experiments to

understand the reaction pathways of these ion-exchange reactions.

The following body of work aims to achieve kinetic control over solid state metathesis

reactions. It can broadly be broken into two distinct sections over the next four chap-

ters. Chapters two and three are focused on simply understanding the pathway through

which solid state metathesis reactions occur. In chapter two, the reactions targeting tran-

sition metal disulfides (MS2, M = Mn, Fe, Co, Ni, Cu, Zn) are studied to provide insight

into the mixed ionic and elemental pathways that occur, which is informed through the

use of high resolution synchrotron powder X-ray diffraction. The limitations of solid state

metathesis reactions are also outlined, in that only the thermodynamically stable products

are observed despite the low temperatures that are used to drive the reactions to comple-

tion.

Chapter three reports the ability to change reaction pathway through air exposure of

the reactants. This drives the reactants to mix fully upon slight hydrolysis of the pre-

cursors by atmospheric water, and forms a well mixed, homogeneous, amorphous metal

sulfide intermediate. Annealing the amorphous intermediates yields direct nucleation of
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the targeted phase with the desired stoichiometry. The use of in situ synchrotron pow-

der X-ray diffraction allows the reactions to be studied as they happen and a number of

salient features of the reactions, proceeding though both diffusion- and nucleation-limited

pathways, to be determined.

The insights into controlling the reaction pathway are then exercised to produce the

metastable superconducting phase cubic CuSe2. In chapter four, the ability to produce

well-mixed intermediates and decouple the formation of salt from the formation of the

products is exploited to form the metastable phase. The formation of structurally re-

lated intermediates that can then rearrange upon gentle heating is the key to forming the

metastable CuSe2. Previously, the preparation of the cubic CuSe2 phase from the elements

was only achievable at extreme temperatures and pressures.

Chapter five aims to exert more control over the formation pathway towards cubic

CuSe2 via inclusion of a reactive small molecule in the solid state metathesis reaction

to replicate the effects of air exposure. It is found that the if the the Lewis base triph-

enylphosphine is present, it acts as a molecular shuttle that can promote the reaction at

low temperatures, and again produce the desired metastable product. Comparing to a

range of other small molecules, it is determined that the additive must be Lewis-basic and

also a liquid at the reaction temperature.

The final chapter outlines possible future work stemming from these studies. Con-

tinuing with solid state metathesis, considerations regarding the specific properties of the

reactants and products to control the reaction pathway should be investigated, with a brief

case study on ion size and mobility provided. Beyond metathesis, development of new re-

action schemes in which diffusion can be promoted at low temperatures is suggested. An
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example of this, the use of triphenylphosphine to produce tetragonal FeSe (a superconduc-

tor with limited phase stability) is provided. More generally, the development of ways to

understand solid state chemical reactions as they happen and in more varied and applied

systems is addressed.

Note on author contributions: Portions of this chapter were published in Chemistry of

Materials, 2017, vol. 29, page 479, by Andrew J. Martinolich and James R. Neilson.

The initial draft was written by AJM and both authors contributed to the editing and

finalization of the manuscript. JRN supervised the research.
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2. Pyrite Formation via Kinetic Intermediates Through

Low-Temperature Solid-State Metathesis†

2.1. Introduction

The formation of solids illustrates the competition of thermodynamics and kinetics:

while there is often a thermodynamic driving force to form a compound, the kinetic barri-

ers from solid-state diffusion make materials by design extremely challenging.64 Therefore,

the solid-state chemist often relies on high-temperature reactions in order to produce a de-

sired phase, assuming that the desired phase is thermodynamically stable. Alternatively,

self-heating solid-state metathesis reactions have been used extensively in the formation

of refractory and super-hard compounds, such as sulfides, nitrides, borides, carbides, and

silicides.55,57,58,60,62 With some precursors, the solid-state metathesis reaction does not pro-

ceed immediately with rapid self-heating and is instead only proceeds with the application

of heat over a period of time.65 Along these lines, metathesis has been integrated into

aerosol-assisted formation pathways of nanomaterials.66 These formation pathways have

also been used to form transition metal chalcogenide materials, and further integration of

metathesis may allow control over the formation of size and shape of resulting nanopar-

ticles, which may in turn alter their properties as the crystallite size decreases.67 The use

of solid-state metathesis at low temperatures, under conditions without extensive self-

†Substantial portions of this chapter have been reproduced with permission from A. J. Martinolich and
J. R. Neilson, J. Am. Chem. Soc. 2014, 136, 15654–15659, reference 63, © 2014 the American Chemical
Society
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heating, presents many opportunities for the solid-state chemist to maintain increased

control over reactions to control the formation of designer materials.

A compound of great interest for energy applications and geosciences is iron pyrite,

FeS2. As a compound that melts incongruently (Tdecomp = 743 °C) that is comprised of high-

melting iron and volatile sulfur, its preparation from the elements at ambient pressure can

require long reaction times at high temperature and is not guaranteed to achieve stoichio-

metric completion due to the formation of many other sulfur deficient compounds;10,68

excess sulfur is often used to generate the high fugacity needed to drive stoichiometric

completion of the reaction.69 Many transition metal disulfides form pyrite polymorphs,

ranging across the period from MnS2 to ZnS2; however, MnS2, CuS2, and ZnS2 are all

high-pressure phases.14,15,70 The properties of the pyrite change dramatically with metal

substitution, ranging from antiferromagnetic insulators to superconductors.15,71–74 With

the appropriate synthetic tools in hand, it may become possible to prepare novel related

phases that would be otherwise unattainable through metallurgical preparatory routes.

+ +
FeCl2 Na2S2

FeS2NaCl

NaFeS2

S8

Figure 2.1: Schematic description of the metathesis reaction. Upon heating, iron chloride and disodium
disulfide react to form sodium chloride and iron disulfide in the solid state. The reaction proceeds through
metathesis, forming sodium iron sulfide and sulfur as reaction intermediates.
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Here, the salt-exchange metathesis reactions of metal dihalides with disodium disulfide,

Na2S2 +MCl2 −→MS2 + 2 NaCl (2.1)

where M is a divalent 3d transition metal; Mn2+, Fe2+, Co2+, Ni2+, Cu2+, and Zn2+ are

investigated. The formal reaction, as written, would correspond to a simple salt exchange,

where the dimeric persulfide [S2]2− polyanion exchanges 2 Na+ cations for M2+, as the

pyrite lattice is comprised of the octahedral coordination of M2+ by [S2]2− dimers (Fig-

ure 2.1).75 This metathetical reaction at low temperature (Trxn =350 °C) yields formation

of high purity compounds that are thermodynamically stable at ambient pressures (FeS2,

CoS2, and NiS2). While this metathesis reaction reaches stoichiometric completion in the

end, high-resolution synchrotron powder x-ray diffraction (HRSXRD) data suggest a far

more complex mechanism than crystal chemistry would suggest, or through reductive re-

combination to the elements or ionic exchange as previously hypothesized.55,65,76,77

2.2. Materials and Methods

Note on author contributions: This chapter was published in Journal of the American

Society, 2014, volume 136, page 15654, by Andrew J. Martinolich and James R. Neilson.

AJM performed the experiments, analyzed the data, and wrote the initial draft of the

manuscript. JRN analyzed data and supervised the project. All authors contributed to the

editing and finalization of the manuscript.

All reagents were purchased from Sigma Aldrich or NOAH Technologies at a purity of

98% or higher. Sulfur was additionally purified through vapor transport in an evacuated
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sealed tube with a temperature gradient from 550 °C to 400 °C. The impurities were left in

the hot end of the tube while sulfur condensed in the cooler end of the tube as the vessel

cooled.

Na2S2 was prepared from the elements in a manner with which to avoid direct contact

of the elements which could produce an exothermic thermite reaction. In an argon-filled

glove box, sodium and sulfur were placed in separate alumina crucibles and sealed in the

same silica tube, with the sulfur on top. The tube was then evacuated to < 10 mTorr

and sealed without exposure to the atmosphere. The tube was then heated to 200 °C for

24 hours to allow sulfur vapor to corrode the sodium. The resulting heterogeneous solid

was homogenized and pelleted in the glove box, resealed, and heated for an additional 12

hours at 300 °C.

For the solid-state metatheses of MS2, anhydrous MCl2 and Na2S2 were ground to

a homogenous powder and pelletized in an argon-filled glove box. The pellet was then

placed in an alumina crucible and sealed in a quartz tube, evacuated to< 10 mTorr without

exposure to the atmosphere. The reaction vessel was then heated at 1 °C min−1 in a box

furnace to the specified temperature for 24 hours and furnace cooled. The product was

then recovered in an argon glove box, washed 5 times with anhydrous methanol under

an inert atmosphere using Schlenk techniques, dried under vacuum at room temperature,

then recollected in the glove box.

Purity of the Na2S2 was confirmed by x-ray diffraction using a Bruker APEX II single

crystal diffractometer (MoKα radiation, λ = 0.7107 Å) with powder in a sealed quartz

capillary; the two-dimensional data were radially integrated for analysis. Powder x-ray

diffraction data (PXRD) were collected on a Scintag X-2 Diffractometer with CuKα ra-
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diation. High-resolution synchrotron powder x-ray diffraction data were collected from

powders sealed in quartz capillaries loaded into Kapton® capillaries on the beam line

11-BM-B (λ = 0.413673 Å).78 Rietveld analyses were performed using EXPGUI/GSAS.79,80

Physical properties measurements were performed using a Quantum Design, Inc. Dynacool

PPMS, using the electronic transport option and vibrating sample magnetometer. Differ-

ential Scanning Calorimetry was performed on samples hermetically sealed in the glove

box using a TA Instruments 2920 Modulated DSC with a 1 °C min−1 ramp rate in order to

replicate the reaction conditions.

2.3. Results

From differential scanning calorimetry (DSC), significant exothermic events occur on

heating the reaction even after the formation of NaCl (Figure 2.2a). Both thermodynamic

and kinetic effects are required to reconcile the DSC and powder x-ray diffraction (PXRD)

data. From PXRD of a 24 hour reaction, NaCl forms by 50 °C (Figure 2.2b); however,

the DSC trace with a heating rate of 1 °C min−1, shows that all exothermic processes

occur above ∼100 °C (Figure 2.2a). This suggests that there is a low activation barrier

for NaCl formation, but the formation is kinetically slow below 100 °C due to the requisite

diffusion through the solid matrix. Furthermore, a pressed pellet of FeCl2 and Na2S2 slowly

darkens from pale yellow to black over the course of ∼2 months in either an inert or dry

O2 environment at room temperature, indicative that a reaction is taking place very slowly.

When an exotherm is triggered by heating to 175 °C, the reaction is far from complete,

even after 24 hours of equilibration, as indicated by the small mole fraction of FeS2 visible
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Figure 2.2: (a) DSC of the reaction of FeCl2 with Na2S2 shows multiple exothermic processes as the tem-
perature of the reaction increases. The data are normalized per gram of total reaction mixture. (b) PXRD
patterns (black symbols) and corresponding fits determined through the Rietveld method (orange lines) of
the reaction at the temperatures shown. NaCl formation is seen throughout, while FeS2 is not seen until
Trxn =250 °C. (c) HRSXRD patterns of the same reaction products show S8 formation at low reaction tem-
peratures, as well as a significant diffuse background component indicative of a disordered phase, which
crystallizes into NaFeS2. [data plotted as Q = 4πsin(θ)/λ, λ = 1.5418 Å for (b) and λ = 0.41367 Å for (c)]

in the product (Figure 2.2b,c; Table 2.1). At temperatures greater than 175 °C, there

is sufficient thermal energy (for diffusion and other activated processes) as to allow for

reaction completion.

HRSXRD of the reaction of FeCl2 and Na2S2 at 350 °C reveals quantitative reaction com-

pletion and high-purity FeS2. Rietveld analysis of the HRSXD data reveals 68.4(2) mol%

NaCl and 30.4(2) mol% FeS2 (Figure 2.3a). The remaining 1.3(2) mol% is monoclinic

NaFeS2.81 The NaFeS2 and NaCl were washed away with anhydrous methanol, which re-

sulted in 99.63(1)% phase-pure pyrite FeS2, along with a 0.37(7) mol% of Fe7S8 impurity

(Figure 2.2b); this small phase fraction was further confirmed by determination of the

ferromagnetic response of the sample, which also confirms less than 1 mol% of a Fe7S8

impurity.
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The Fe7S8 phase was not observed in the diffraction data before washing, and may have

formed through decomposition of the NaFeS2 or minor oxidation of the pyrite FeS2 upon

washing. Electronic transport measurements were performed on cold-pressed pellets and

show an increase in resistivity upon cooling, confirming the material’s bulk semiconducting

nature.

Figure 2.3: HRSXRD and Rietveld analysis of the products of reaction 1 (a) before and (b) after washing with
anhydrous methanol, showing the data (black circles), calculated fit (orange lines) and difference between
the two (black lines). Ticks below the data indicate expected reflections. Asterisks in (a) denote monoclinic
NaFeS2, 1.3(2) mol%. Asterisks in (b) denote Fe7S8, 0.37(7) mol%. Minority phases were incorporated into
the refinements; their reflections were omitted for clarity.

While the reaction achieves stoichiometric completion by Trxn = 350 °C (i.e., with seem-

ingly little activation barrier), it does not do so through topochemical transformations

or diffusive salt exchange. There is extensive redox chemistry that takes place, as indi-

cated by the formation of several crystalline intermediates. HRSXRD data of the products

from incomplete reactions (Trxn = 50 and 175 °C) yield insight into the reaction pathway

(Figure 2.2c). The diffraction patterns have an appreciable, diffuse, non-crystalline back-

grounds, as well as broad humps which sharpen at Trxn = 350 °C and index to the expected
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Table 2.1: Phase fractions at different reaction temperatures from analysis of the reaction products of Eqn. 1
by High-resolution Synchrotron PXRD (SXRD) and laboratory PXRD (PXRD) for M= Fe2+ and Co2+.

M = Fe2+; Mole percent (PXRD/SXRD)
Trxn NaCl FeS2 S8 NaFeS2

50 °C 98(1)/86.1(1) 0/0 1.4(2)/7.25(3) 0.8(2)/6.70(5)
100 °C 97(1) 0 3.0(3) 0.45(4)
175 °C 88(2)/87.0(1) 0/3.49(5) 1.4(5)/3.97(3) 10.8(5)/5.59(4)
250 °C 60(3) 39(2) 0 0
350 °C 70(2)/68.3(1) 30(1)/30.37(6) 0/0 0/1.28(2)

M = Co2+; Mole percent (PXRD)
Trxn NaCl CoS2 Na2CoS2 CoS

100 °C 97(1) 0 2.5(7) 0
175 °C 92(1) 0 8(1) 0.7(4)
250 °C 85(2) 14(3) 0 0a

350 °C 73(1) 13(4) 0 11.0(9)b

a Also includes 0.36(4) mol% Co9S8. b Also includes 2.7(4) mol% Co3S4.

reflections of monoclinic NaFeS2. The observation of NaFeS2 is surprising, as it would in-

dicate the formal oxidation of Fe2+ to Fe3+ and reduction of [S2]2− to 2 S2−;82 there are no

persulfide dimers in the structure of NaFeS2 that would indicate a lesser negative charge

on the sulfur.

At both intermediate temperatures, there are also numerous, sharp, low-Q reflections;

all of which index to orthorhombic S8,83 suggesting that there is also formal oxidation

of the [S2]2− to 2 S0. However, crystalline sulfur is not present in the HRSXRD data of

the 350 °C reaction and did not condense in the sealed ampoule; this suggests that sulfur

also participates as an intermediate in the reaction mechanism. By HRSXRD, no pyrite is

observed at 50 °C but crystallites are detected in the Trxn =175 °C products (Figure 2.2c,

Table 2.1).

Similar trends are seen in the temperature dependent reaction of CoCl2 and Na2S2

(Figure 2.4). At low temperatures, Na2CoS2 is observed, which has an analogous structure

to NaFeS2; the extra sodium compensates for the divalent charge of Co2+ with sulfide,

S2− anions. While comparable to the reaction with iron chloride, CoS2 formation is more
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sensitive to temperature. At Trxn = 350 °C, CoS2 formation is accompanied by the sulfur-

deficient phases CoS and Co3S4. Despite CoS2 being stable up to 950 °C,11 progression

through this reaction pathway may be altered by the increased mobility of the sulfur. As

the reaction temperature is increased, we infer the volatilization of the sulfur intermediate

overcomes the favorability of CoS2 formation, leading to these sulfur-deficient phases.

Figure 2.4: PXRD patterns of the products from the solid-state metathesis reactions of CoS2 with Na2S2 (black
circles) and corresponding Rietveld analyses (orange lines) at various temperatures. At low temperatures,
S8 and Na2CoS2 are detected. At increased temperatures, the formation of sulfur deficient phases Co3S4,
CoS, and Co9S8 are detected, despite the stability of CoS2 up to 950 °C.

In reactions with MCl2, (M = Mn, Fe, Co, Ni, Cu, and Zn) only the FeS2, CoS2, and NiS2

pyrite are formed (Figure 2.5). Only these pyrite-type compounds are found on the binary

phase diagrams determined for near ambient pressures.7,9–12,84 While pyrite MS2 phases

have been reported at non-ambient pressures for manganese, copper, and zinc,14,15,70 the

thermodynamically favorable phases of MnS, CuS, and ZnS are observed, with the remnant
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Figure 2.5: PXRD patterns of the products from the solid-state metathesis reactions of divalent transition
metal chlorides with Na2S2 (black circles) and corresponding Rietveld analyses (orange lines) display the
formation of either MS or MS2, as shown by the expected reflections under each pattern. The formation of
NaCl is conserved. CuCl and wurtzite ZnS were also incorporated into the respective Rietveld refinements,
ticks were omitted for clarity.

sulfur condensing on the on the side of the ampoule as it cooled according to the reaction:

Na2S2 +MCl2 −→MS + S(g) + 2 NaCl (2.2)

The reaction with ZnCl2 produced a mixture of the high- and low-temperature polymorphs

of ZnS, with the wurtzite and zinc blende structures, as previously shown.65

2.4. Discussion

By correlating features in the DSC to changes in the observed phases, we can elucidate

the elusive mechanism for these low-temperature solid-state metathesis reactions. Primar-

ily, the melting or decomposition of any reagents during the reaction can be ruled out.
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Na2S2 does not decompose until 470 °C, and FeCl2 does not melt or decompose until 677

°C.85,86 While Na2S2 undergoes a structural phase transition at 170 °C,85 crystalline Na2S2

is not observed in any of the x-ray diffraction patterns. This precludes formation of ei-

ther S2− or Fe3+ ions through decomposition of the reactants and must result from their

reaction.

Sodium chloride provides a driving force to initiate the reaction; however, it does not

provide a driving force to drive the reaction to completion. NaCl formation is observed

by XRD at lower temperatures (Trxn = 50 °C) than the exothermic release just above

T = 100 °C observed from DSC (Figure 2.2). Furthermore, the exothermic processes

shown here contrast the formation of pyrite NiS2 from the previously reported metathesis

reaction of K2NiF6 and 2 Na2S5 · 0.06 H2O. There, a vigorous exothermic reaction occurs

around Trxn ∼65 °C, with a peak heat flow of ∼1700 mW g−1.76 Here, the maximum

heat flow is ∼200 mW g−1, reflecting a weaker overall driving force and ability to follow

the reaction intermediates. Taken together, these results indicate that a small amount of

thermal energy is required for diffusion, which is sufficient to initiate the formation of

NaCl, but not the pyrite phase.

The exothermic release just above T = 100 °C corresponds to the formation of NaCl and

formation of a poorly ordered NaFeS2 phase. In the DSC experiment, the heating rate was

1 °C/min, which is not likely slow enough to observe completion formation of NaCl below

100 °C; therefore, the formation of NaCl at lower temperatures is not likely. Furthermore,

there is a significant increase in the NaCl diffraction intensity (with a decrease in peak

width) when comparing the Trxn = 50 °C and Trxn = 175 °C diffraction data. The same

trend is observed during the formation of CoS2 (Figure 2.4). The comparison of the prod-
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ucts from these two reaction temperatures also shows a significant increase in the amount

of NaFeS2 (or Na2CoS2) present in the product (Table 2.1). Furthermore, there is not a

substantial increase in the intensity of the diffraction from NaCl between the Trxn = 175 °C

and Trxn = 350 °C diffraction data in either the iron or cobalt containing products; how-

ever, quantification of this change is not straightforward. Together, these imply that the

initial exotherm is the initiation of the reaction through formation of NaCl and NaFeS2 (or

Na2CoS2), with a low activation barrier that is rapidly overcome by heating to 100 °C:

FeCl2 + Na2S2
Ea∼100◦C−−−−−−→ NaFeS2 + NaCl + 1

2
Cl2(g). (2.3)

The theoretical enthalpy of this reaction is ∆Hrxn = −2.8 kJ mol−1 (since ∆H◦f (NaFeS2) =

–331.3 kJ mol−1 87). Such a reaction is barely exothermic, which would explain the small

exotherm observed in DSC that is concomitant with the observation of NaFeS2 and NaCl.

The thermochemistry of the reaction,

NaFeS2 + 1
2

Cl2(g) −→ FeS2 + NaCl, (2.4)

is strongly exothermic relative to Eqn. Equation 2.5, as ∆Hrxn = −258.4 kJ mol−1. The

presence (or absence of) Cl2(g) [or S8(s)] does not influence the thermochemical calcula-

tion; therefore, it is clear that the significant exotherm observed above T > 175 °C must

arise from the formation of FeS2 and NaCl.

From a control reaction, it was confirmed that Cl2 gas is not evolved. The reaction was

performed in the presence of a sodium metal getter, with the reaction mixture in a crucible
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on top of a crucible containing the sodium and both crucibles sealed into an evacuated

SiO2 ampoule. The expectation would be that if chlorine gas were being produced, NaCl

would form on the surface of the liquid sodium metal. After reaction at 350 °C for 24

hours, no NaCl was formed, but instead Na2S was found in the getter crucible. Accord-

ingly, the reaction mixture of FeCl2 and Na2S2 formed FeS and NaCl. Since Cl2 was not

detected, it provides evidence that the chlorine must be integrated into the low-density

NaFeS2 intermediate.

After heating the mixture of Na2S2 and FeCl2 at 175 °C for 24 hours, one observes

NaFeS2, S8, and NaCl. From the analysis of density functional theory calculations, NaFeS2

is reported to be unstable with respect to decomposition into FeS2, FeS, and Na2S.88 This

is further confirmed by our attempts to prepare NaFeS2, which were unsuccessful. Prepa-

ration of related compounds is best achieved by reaction of the alkali with the transitional

metal chalcogenide as a pre-reaction, followed by homogenization and reaction at ele-

vated temperature.19,89–92 Reaction of FeS2 with sodium metal yielded only FeS2, Na2S,

and a sulfur-deficient FeS(2-x) phase. Instead, preparation of NaFeS2 requires the leaching

of aqueous suspensions or electrochemical means.81,82,87 These findings further implicate

NaFeS2 as an intermediate phase in the reaction.

Collectively, these data provide insight into the complete mechanism of pyrite forma-

tion via metathesis. The metathesis reaction does not appear to be limited by solid-state

diffusion, even at room temperature, and the reaction does not appear to be susceptible

to thermal runaway. Rather than the simple salt exchange between Fe2+ and [S2]2−, there

appears to be a more complicated reaction mechanism predicated on the formation of low-

density crystalline intermediates. From XRD, it is apparent that NaCl forms first, while the
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Fe and S combine to form the intermediates NaFeS2 and S: FeCl2 + Na2S2 −→ x NaCl +

y NaFeS2 + z S −→ FeS2 + 2 NaCl. However, this does not stoichiometrically balance with

chlorine, and chlorine gas was not detected.

Therefore, we speculate that the reaction may proceed through the formation of NaCl,

and attack of the FeCl2 lattice by sulfur through dispropotionation of the persulfide anion,

[S2]2− −→ S2− + S0:

FeCl2 + Na2S2
Ea∼100◦C−−−−−−→

(2− x) NaCl + Na1−0.5xFeS(2−x)Clx + x S (2.5)

∼175◦C−−−−→ FeS2 + 2 NaCl. (2.6)

The first step, Equation 2.5, has a low activation barrier; it can take place even at room

temperature over the course of several months. Evidence in favor of such a mechanism

with the incorporation of Cl in to NaFeS2 is provided by the poor crystallinity of the ob-

served NaFeS2 phase, in addition to the distinct, larger lattice parameters of the monoclinic

NaFeS2 phase relative to the previously reported compound, as to accommodate the Cl−

ions which provide less electrostatic screening between metal cations.93,94 Such a mecha-

nism, derived by considering only the observed crystalline products, requires just partial

oxidation of Fe2+ to Fe3+ during the early stages of FeCl2 attack, as the iron valance is given

by Fe(3−x/2)+, where x is given in Equation 2.5. However, our observations and analysis do

not preclude the formation of additional amorphous intermediates.
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Furthermore, these redox activities can be rationalized as a reaction between the two

intermediates, elemental sulfur and NaFeS2. Comproportionation of the sulfur can occur

when the S2− anion reduces both the Fe3+ and S0 to form pyrite:

3 S2− + 2 Fe3+ + S0 −→ 2 FeS2. (2.7)

From Rietveld refinements of the HRSPXRD data, the nominal ratios of Fe3+:S2−:S0 are

1:2:1 at 50 °C and 1.375:2.75:1 at 175°C. Therefore, discrepancies between the stoichiom-

etry of the balanced chemical reaction and the observed values may be attributed to the

poor crystallinity or sulfur deficiency of the NaFeS2 intermediate.

The removal of NaFeS2 is predicated on the formation of NaCl, which leads to the for-

mation of FeS2. The reactions with M = Co2+ or Ni2+ also have suitable intermediates with

the alkali-rich phases related to the structures of Na2CoS2 or K2Ni3S4, the former of which

was detected in the low temperature reactions of CoCl2 and Na2S2. The resulting metal

sulfides are all thermodynamically stable phases at ambient pressure, but not necessarily

at ambient temperature, as shown by the formation of both zinc blende and wurtzite ZnS,

along with NaCl and sulfur. This reveals the possibility of a synthetically-controlled route

towards formation of non-ambient and ambient phases through metathesis.

2.5. Conclusion

Solid-state metathesis can be used to prepare pyrite metal disulfides at low temperature

and without extensive self-heating or thermal runaway. While robust for a number of other

transition metal disulfides, it appears that a major driving force for product formation is
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not primarily the formation of the metathesis byproduct, NaCl. Instead, from a combina-

tion of HRSXRD and DSC, formation of the thermodynamically stable pyrite phases drives

the overall reaction, while a low activation barrier for NaCl formation and favorable in-

termediate formation enables initiation of the reaction and without extensive self heating.

Through careful analysis of the reaction intermediates, the metathesis involves significant

atomic rearrangements in the formation of alkali-rich metal sulfides at low temperatures.

This approach provides wide implications for the preparation of novel compounds or low-

decomposition temperature materials that have substantial activation barriers that prevent

their facile formation.
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3. Circumventing Diffusion in Kinetically-Controlled

Solid-State Metathesis Reactions†

3.1. Introduction

Solid-state chemical reactions are impeded by diffusion. Therefore, comparatively little

can be done to gain kinetic control of solid-state chemical reactions in contrast to other

fields of synthetic chemistry.2,4,5 Instead, much reliance is put into reaching conditions in

which solid-state diffusion is enhanced (i.e., higher temperatures) and the reactants are

allowed to equilibrate and form the products that are most stable in that environment.

Syntheses of nanomaterials are now approaching a “total-synthesis” framework to ratio-

nally design and tailor colloidal assemblies.96

Generally, the formation of metastable solid materials relies on chemical (de)intercalation

or exchange of one type of ion from the lattice while the other ions remain immobilized

in the lattice. This can be achieved in solution17,19,97 or in the solid phase29,30,32 to form

metastable materials that are structurally analogous to the stable precursor but with a dif-

ferent composition. This inherently limits these processes to materials with mobile ions

and a framework that can be oxidized or reduced and maintain its structure. Reactive al-

kali chalcogenide fluxes have the ability to enhance diffusion at moderate temperatures,38

but the predictability of these reactions is in its infancy.39,40 Solid state metathesis (i.e.,

double ion exchange) reactions permit compositional predictability and allow for the ini-
†Substantial portions of this chapter have been reproduced with permission from A. J. Martinolich,

J. A. Kurzman, and J. R. Neilson, J. Am. Chem. Soc. 2016, 138, 11031–11037, reference 95, © 2016
the American Chemical Society
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tiation of solid-state reactions at low temperatures due to the formation of a thermody-

namically stable byproduct, such as NaCl. These reactions initially garnered excitement

for their ability to self-ignite to achieve short-lived temperatures in excess of 1000 °C, thus

permitting the preparation of refractory55–57,62,65,76,77 and ultra-hard materials.58–60 More

recently, our group has shown that with non-igniting reactions, solid-state metathesis can

be performed in the limit of kinetic control,63 and the reaction pathway can be chemically

altered in order to isolate metastable phases.98,99

Here, we study solid state metathesis reactions, MCl2 + Na2S2 (M = Fe, Co, Ni), pre-

pared in two different ways as to proceed in either a diffusion-limited or a nucleation-

limited manner. The reaction MCl2 + Na2S2 (M = Fe, Co, Ni) prepared in strictly inert

conditions reacts through a diffusion-limited pathway, forming several sub-stoichiometric

MxSy (2x > y) intermediates before the stoichiometric MS2 product, as determined by in

situ synchrotron powder X-ray diffraction. Correlation of these in situ diffraction data to

differential scanning calorimetry (DSC) indicates that the NaCl formation is slow and only

mildly exothermic in the strictly anhydrous reactions, in contrast to the standing hypoth-

esis that these reactions are driven by the formation of the NaCl byproducts. However,

if the reactants are first exposed to humid air, NaCl formation occurs immediately upon

grinding at room temperature, thus displacing the counterions into an amorphous ma-

trix resembling known M -S phases with low coordination numbers. Heating this mixture

nucleates the crystalline MS2 phase directly without substoichiometric intermediates. In

these partially hydrated reactions, the DSC does not show significant enthalpic signatures

upon crystallization of the product. Together, our results provide an approach to overcome
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solid-state diffusion in a bulk solid-state reaction and provide insight to the mechanistic

control of solid-state reactions.

3.2. Materials and Methods

Note on author contributions: This chapter was published in Journal of the American

Society, 2016, volume 138, page 11031, by Andrew J. Martinolich, Joshua A. Kurzman,

and James R. Neilson. AJM performed in-house experiments, executed in situ synchrotron

experiments, analyzed the data, and wrote the initial draft of the manuscript. JAK executed

in situ synchrotron experiments. JRN analyzed data and supervised the project. All authors

contributed to the editing and finalization of the manuscript.

All reactants were prepared and stored an argon-filled glove box with H2O and O2 levels

≤ 0.1 ppm. All transition metal chlorides were used as purchased, with purity >98%.

Na2S2 was synthesized through the indirect reaction of Na + S; in a sealed 14 mm i.d.

vitreous silica tube, an alumina crucible containing purified elemental sulfur was placed on

top of an alumina crucible containing ≈ 1.02 equivalents of elemental sodium. The excess

was to account for observable oxidation on the surface of the sodium metal. The reactants

were then heated at 200 °C for 24 hours, at which point all material could be found in the

originally-sodium containing crucible. The heterogeneous product was then collected in

the glove box, ground, pelleted, and resealed, and heated at 300 °C for 24 hours to form

Na2S2, at which point a yellow powder was collected in the glove box. To confirm purity

of the Na2S2, air-free powder diffraction data were collected in a sealed glass capillary

using a Bruker APEX II single crystal diffractometer (MoKα radiation, λ = 0.7107 Å).
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Laboratory PXRD data were collected with Bruker D8 Discover X-ray Diffractometer using

a CuKα radiation and a Lynxeye XE-T position sensitive detector. Air-sensitive samples

were prepared on a zero-diffraction off-axis Si wafer in an argon glovebox before being

sealed off with Kapton® tape.

The reaction mixtures of MCl2 and Na2S2 were combined in 1:1 stoichiometric ratios

and ground homogeneously. They were then evacuated and sealed in extruded silica cap-

illaries (o.d. = 0.7 mm). For air-exposed reactions, the reaction mixtures were ground

homogeneously in an Ar-filled glove box, then removed to a fume hood in ambient atmo-

sphere. The reaction mixtures all begin to darken in appearance within seconds and are

completely black after ca. 60 seconds of grinding. Exact humidity levels were not con-

trolled, but were generally ≤ 50% as monitored by an ambient humidity sensor. The reac-

tant mixtures do not deliquesce. The reaction mixtures were then evacuated to ¡10 mtorr

and sealed in extruded silica capillaries. In situ synchrotron X-ray diffraction data was

collected using beamline 17-BM-B (λ = 0.75009 Å) at the Advanced Photon Source at

Argonne National Laboratory. The samples were heated at 3 °C min−1 from room temper-

ature to 400 °C using a resistive heater as previously described.100 Diffraction data were

continuously collected using a 2048×2048 pixel Perkin-Elmer 2D plate detector in 30 sec-

ond increments, each pattern consisting of three 10 s subframes, while the sample was

continuously rotated by 5° along its long axis. The 2D diffraction patterns were then radi-

ally integrated using GSAS-II.101 A LaB6 standard (NIST 660b) was used to calibrate the

sample-to-detector distance, which was nominally 300 mm. Ex situ total scattering data

were collected on beamline 11-ID-B (λ = 0.2114 Å) at the Advanced Photon Source at

Argonne National Laboratory. The in situ total scattering data were collected on beamline

31



11-ID-C (λ = 0.1115 Å) at 10 °C intervals and the data was then radially integrated using

Fit2D.102 The pair distribution functions G(r) were then extracted using PDFgetX3103 and

fit using PDFGUI.104 Rietveld analyses were performed using EXPGUI/GSAS.79,80 Sequen-

tial Rietveld refinements were executed in small sections (determined by visual inspection)

and maximum damping was applied to prevent unphysical outcomes in the fits.

Differential scanning calorimetry data were collected on a TA Instruments DSC on ho-

mogeneously ground reaction mixtures (approx. 10 mg) hermetically sealed in aluminum

cans. The temperature ramp was 3 °C min−1 to replicate the reaction collected in situ. The

enthalpy of each reaction was approximated by integrating the DSC curves after subtract-

ing a linear baseline. Hess’s law calculations were performed using tabulated values for

the standard formation energy of the reactants and products.105

3.3. Results

The reactionsMCl2+Na2S2 −→ 2 NaCl+MS2 (M = Fe, Co, or Ni) have been previously

reported, and the reactions typically require heating the reactants to T ≥ 250 ◦C for the

reaction to proceed when performed in anhydrous conditions.63,65 In this contribution,

these reactions are described in detail from experiments involving in situ synchrotron X-

ray diffraction (SXRD, under vacuum) and differential scanning calorimetry (DSC, under

argon) to study their reaction progress and energetic profiles as a function of temperature

from 25 °C ≤ T ≤ 400 °C. The reactions were performed in two different ways and will be

discussed in order: (a) the reactants were initially ground in an Ar-filled glove box, then
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Figure 3.1: In situ DSC [(a), (c), (e)] and SXRD [(b), (d), (f)] of the strictly anhydrous solid-state metathesis
reactions of MCl2 + Na2S2 −−→ MS2 + 2 NaCl, where M = Fe, Co, and Ni, respectively. Each reaction pro-
gresses through three major zones: reactants at low temperatures (bottom panels), a highly reactive zone
with transient intermediates with the major exotherm in the DSC (between dashed lines), and the expected
products at high temperatures (top panels). Color plots are shown on a logarithmic scale to accentuate
minor phase contributions during the reactive zone.

heated in vacuum (SXRD) or argon (DSC); (b) the reactants were initially ground in air,

then heated in an inert atmosphere.

The anhydrous reactions MCl2 + Na2S2 −→MS2 + 2 NaCl (M = Fe, 1; Co, 2; Ni, 3),

mixed under argon and prepared for analysis without exposure to air were studied upon

heating from 25 °C ≤ T ≤ 400 °C using DSC (Figure 3.1a, c, e) and SXRD (Figure 3.1b,

d, f). Each reaction occurs in a similar fashion, progressing from reactants to products

with the exothermic formation of multiple crystalline intermediates. A summary of the

observed crystalline intermediates is provided in Table 3.1.

As the reactants are heated, the first phase to crystallize in appreciable amounts is NaCl.

This occurs at relatively low temperatures (T ≈ 100 °C) in 1–3. In all cases, various sodium

sulfide intermediates also crystallize concomitant with NaCl formation. A small exotherm

is also observed in 1 at T ≈ 130 °C that may be attributed to the formation of NaCl; an

obvious exotherm is not visible in 2 or 3 with the initial formation of NaCl. The small
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Table 3.1: Summary of product formation temperatures, intermediates, and energetics in Reaction 1–6.

Reaction Reactive zone T Tf (MS2) Tf (NaCl) Crystalline Intermediates Integrated
exotherm
(kJ mol−1)

Theoretical
reaction
enthalpy
(kJ mol−1)

1 222–257 °C 222 °C 115 °C Na2S4, Na2S5, Fe7S8,
Fe3S4, Na3Fe2S4, marcasite
FeS2

–141 –261

2 192–230 °C 260 °C 100 °C Na2S4, Na2S5, Co9S8, CoS,
Co3S4

–133 –263

3 196–242 °C 228 °C 90 °C Na2S4, Ni3S2, ht-NiS, rt-NiS –137 –249
4 n/a 155 °C n/a none –15 –261
5 n/a 240 °C n/a none –13 –263
6 n/a 155 °C n/a none –36 –249

exotherm may also be attributed to the slow, gradual formation of NaCl which spreads out

the release of heat over a large range of temperatures. Along with NaCl formation is the

appearance of several sodium-poor Na-S phases (e.g., Na2S4 and Na2S5). The appearance

sulfur-poor binary M -S phases (e.g., Fe7S8, Fe3S4, Co9S8, CoS, Co3S4, Ni3S2, and NiS),

and one ternary Na3Fe2S4 phase occurs approximately at the temperature of the major

exotherm. Several of these intermediate phases are expected to be metastable under the

experimental conditions according to their bulk equilibrium phase diagrams,10–12 such as

spinel Fe3S4, marcasite FeS2, hexagonal CoS, and the high-temperature polymorph of NiS.

The end of the reactive zone concludes with formation of the expectedMS2 phase. Integra-

tion of the DSC curves (correcting for a linear sloping baseline offset) yields the integrated

reaction enthalpy, which is lower than the theoretical reaction enthalpy determined from

Hess’s Law (Table 3.1), in contrast to the self-igniting metathesis reactions.55,56 Compar-

ison of the temperature of the major exotherm detected via DSC to the relative phase

fractions of the reactants and products indicates that the sharp exotherm is not due to the

formation of NaCl, but instead reactivity of the metal sulfide phases and MS2 product

formation (Figure 3.2).
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The reactions follow a completely different pathway if the reactants are exposed to air

before preparation for DSC and in situ SXRD (M = Fe, Reaction 4; M = Co, Reaction 5;

M = Ni, Reaction 6; Figure 3.3a-f). In all cases, crystalline NaCl forms upon grinding

the reactants in air at room temperature. The yield of NaCl immediately after grinding is

approximately 50% in all cases, determined via PXRD with a known amount of internal

Si standard. There is a significant amount of diffuse scattering visible in the diffraction

data after subtraction of the silica capillary background. There is also a small amount of

NaFeS2 and elemental sulfur detected at room temperature in 4, similar to our previous ex

situ study.63

As the reaction mixture is heated, the expected MS2 product crystallizes directly and

the diffuse background decreases. In contrast to the air-free experiments, there is no

apparent reactive zone, no progression of crystalline M–S binary intermediates, and no

polymorphism in the products. The distinct DSC results show subtle endothermic processes
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Figure 3.2: DSC (a, b, c) compared to relative crystalline phase fractions (d, e, f) of the reactants and the
majority products as a function of temperature extracted from sequential Rietveld refinements indicating
the general reaction progression of the air-free solid state metathesis reactions (omitting other crystalline
intermediates with ¡ 10 mol % phase fractions). The phase fraction of NaCl peaks before the major exotherm,
indicating that the exotherm is released due to the crystallization and progression of the MSx phases.
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Figure 3.3: In situ DSC [(a), (c), (e)] and SXRD [(b), (d), (f)] of the air-exposed solid state metathesis
reactions of MCl2 + Na2S2 −−→ MS2 + 2 NaCl, M = Fe (Reaction 4), Co (Reaction 5), and Ni (Reaction 6),
respectively. In the air exposed reactions, the reaction pathway is extensively altered compared to the air-
free reactions, with NaCl present throughout and no apparent crystalline intermediates, the products instead
crystallizing out of the reaction mixtures. There are significant diffuse features in the background as well,
indicating the presence of an amorphous phase. This is especially apparent in 5 and 6. The diffraction
patterns of the as-prepared reactants and the products at 400 °C are shown below and above each color plot,
respectively.

at low temperatures with a small exotherm observed upon MS2 crystallization. Integration

of the exotherms indicate that these processes are an order of magnitude less exothermic

than the air-free reactions. At 400 °C, the ratio of NaCl to MS2 is approximately 2:1 in all

cases as anticipated from the balanced chemical reaction. These results, along with those

from Reactions 1–3, are summarized in Table 3.1.

To probe the nature of the diffuse scattering in the air-exposed reactions, the structure

of the residual metal sulfide was investigated using pair distribution function (PDF) anal-

ysis of total X-ray scattering data of the as-ground mixture (Figure 3.4) and as a function

of temperature for Reaction 4 (Figure 3.5). In the as ground samples, the majority of

the correlations visible in the PDF correspond to highly crystalline NaCl, as quantitatively

modeled. Therefore, after constraining the NaCl phase to fit the PDF at longer r (r > 10

Å), the difference between the NaCl fit and the experimental PDF reveals the short-range
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10 Å. Qualitative comparison to the difference curves indicate that all reaction mixtures have some structural
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order of an amorphous metal sulfide phase with a low coordination number. Compari-

son of this difference curve to calculated PDFs of various spherically-truncated crystalline

metal sulfides indicates that the phases have short-range order that is structurally similar,

but not the same, to intermediate MS phases or the resultant MS2 products that form. The

nearest-neighbor pair correlation peak appears at a distance consistent with known M–S

phases, rather than M–O or M–Cl bond lengths as indicated in Figure 3.4. In situ PDF

analysis of Reaction 4 (Figure 3.5) also indicates that upon air exposure, a short-range

ordered intermediate forms that resembles pyrite FeS2 is observed at low r, which then

crystallizes at T ≈ 160 °C, in agreement with the in situ SPXRD.

A number of control reactions were executed to support that it is indeed the exposure

to atmospheric H2O that promotes the amorphous intermediate formation. If the reactants

are instead sealed with ca. 1/3 atm of O2, no color change is observed after 1 hour at

room temperature. Alternatively, a pellet of the reactants in ambient air turns black within

seconds. If the reaction mixtures sealed with O2 are then heated to 100 °C for one hour,

PXRD analysis of the mixtures indicate that only the reactants MCl2 and Na2S2 are still

present, which is identical to the air-free reactions.

3.4. Discussion

Taken together, these results illustrate that the presented kinetically controlled solid-

state metathesis reactions have been executed in a manner that circumvents diffusion

to produce crystalline material in the bulk. Thin-film metallurgical junctions have been

shown to exhibit kinetically-controlled reactions that are not diffusion limited.41,42 As the
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film thickness increases, one tends to observe a range of intermediate compounds due

to the limited diffusion of reactants through the product.106 By limiting the thickness of

the thin films, a distinct solid-state reaction mechanism in which the reactants completely

interdiffuse before nucleation of a crystalline phase is observed, as initially shown with

iron silicides41 among other examples.43 When crystalline, kinetic intermediates are ob-

served, the first phase to form is not necessarily the most thermodynamically stable,107 but

rather, it has been proposed that the the first phase to form is that which allows the largest

change in free energy in the shortest period of time (i.e., greatest ∆G/∆t).108,109 This ra-

tionalizes the observation of metastable Fe5Si3 (a high-temperature phase) in binary Fe-Si

couples at low temperature, as well as the formation of amorphous phases.107 However, it

has not been clear how to achieve kinetic control in the synthesis of materials without an

intentionally-reduced diffusion length.

The metathesis reactions prepared in an inert argon environment are diffusion limited,

akin to “thick” film diffusion couple reactions. This conclusion is based upon the observa-

tion of a range of sulfur poor intermediates in all cases, which are both stable (e.g., Fe7S8,

Co3S4, rt-NiS) and metastable (e.g., Fe3S4, CoS, ht-NiS) with respect to the reaction con-

ditions at the time of their observation. This indicates that the reaction is essentially pro-

gressing as metal and sulfide ions crystallizing as they inter diffuse after NaCl has formed,

forming a range of MSx intermediates before reaching the stoichiometric MS2 product,

depending on the degree of diffusion that has occurred at a given temperature. This sam-

pling of the phase diagram agrees with fundamental studies of diffusion couples in solids

and strongly indicates that the reaction is indeed diffusion limited.107,108 It is possible that

amorphous MSx intermediates may also form, but their presence is not immediately evi-
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dent from the in situ diffraction experiments. Here, the onset of reactivity, indicated by the

formation temperature of NaCl (Figure 3.2), correlates with the enthalpy of formation of

the metal chloride precursor. The enthalpy of formation of the metal sulfide products show

no such correlation. Our observations are also consistent with the contrasting self-igniting

metathesis reactions, in which one observes an initial “induction period”.55–58,62,65 There,

the initial formation of NaCl at lower temperatures causes displacement of the metal and

sulfur counterions. The diffusion-limited process then initiates the exothermic reaction

that self-heats the reaction mixture enough to melt the alkali halide, thus allowing for

rapid diffusion of the reagents.

If the solid-state metathesis reactions are first ground in ambient atmosphere before

sealing under vacuum and annealing (Reactions 4 – 6), NaCl forms and a color change

to black occurs in all cases. Annealing these reaction mixtures yields direct formation of

the MS2 product at lower temperatures than the air free reactions, and with much less

heat released (see Table 3.1). In contrast to the air-free, diffusion-limited reactions, these

partially hydrated reactions show no crystalline intermediates before MS2 product forma-

tion. Grinding in air clearly alters the energetic and structural pathways to product forma-

tion, yielding an amorphous intermediate that releases little energy upon crystallization.

Additionally, we have previously shown that this air exposure does not negatively affect

the properties of the resultant material, exemplified by the superconducting transition of

metastable cubic CuSe2.98

The formation of the amorphous precursor is a significant alteration to the reaction

mechanism. This, in conjunction with the observation of direct MS2 crystallization, sug-

gests that the air-exposed reactions are limited by nucleation of the product phase rather
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than diffusion of the reactants. Regardless of the transition metal, the nearest neighbor in

the as-ground PDF corresponds to M–S bond lengths for a low coordination number, rather

than metal–oxygen or metal–halogen bonds (Figure 3.4). Here, we speculate that the for-

mation of an amorphous intermediate that has the lowest stable coordination geometry of

the transition metal with sulfur provides the maximum ∆G/∆t in a kinetically-controlled

reaction. In all of these cases we observe an intermediate amorphous phase that resembles

the most dense, and lowest coordination number known for these transition metal sulfides

(tet-FeS, Co3S4, NiS).

The formation of the M–S bonds upon grinding the reactants in air aids in explaining

why the annealing is so much less exothermic than the air-free reactions. Rather than

breaking and making bonds, the intermediate undergoes subtle rearrangements and crys-

tallization, akin to the nucleation of metastable FeSb3 from modulated elemental reactants

in a thin-film geometry.44 Analysis of the in situ diffraction profile at the approximate on-

set of MS2 crystallization indicates that the MS2 phases form initially as small nano-sized

crystallites (ca. 100s of angstroms) that grow upon annealing, which will have a distinct

thermodynamic signature spread out over a wide range of temperatures, as opposed to a

sharp crystallization transition.

The key to altering the reaction pathway of these reactions from diffusion-limited to

nucleation-limited is grinding the reactants in air. We previously showed that the air ex-

posure of a metathesis reaction can lead to the formation of a metastable cubic poly-

morph of CuSe2.98 We later confirmed a trace amount of a Lewis base, such as triph-

enylphosphine, mirrors this chemical activity by facilitating atom-transfer reactions dur-

ing the double exchange reaction, as noted by the observation of stable adducts (e.g.,
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Se:PPh3, [Cu(PPh3)n]+).99 In thin-film diffusion couples (i.e., modulated elemental reac-

tions41–44), solid-state interdiffusion is achieved at lower temperature by decreasing the

physical length scale over which the reagents must diffuse to form the new material. As

summarized in Figure 3.6, we show that a chemical additive, such as trace H2O (g), can

accomplish the same effect in a solid-state metathesis reaction to circumvent solid-state

diffusion.
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Figure 3.6: Scheme illustrating the different observed reaction pathways of the metathesis reactions. Prepar-
ing the the reactants in a strictly air-free and anhydrous manner leads to a diffusion-limited reaction which
in turn allows the formation of a range of MSx phases (x ≤ 2). Grinding the reactants in air allows NaCl
formation along with an amorphous (α) material of the nominal composition MS2. Annealing leads to direct
nucleation of the crystalline MS2 phase.

3.5. Conclusions

The solid-state metathesis reactions of MCl2 + Na2S2 show the structural signatures

from the progression of reactants to intermediates to products, determined from in situ

structural and thermochemical analysis of the reactions. However, the formation of NaCl

in anhydrous metathesis reactions proceeds slowly and without appreciable energy release.
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The gradual formation of NaCl allows displacement of the M and S counterions to form

intermediates that are substoichiometric with respect to the final products, such as metal-

sulfide binaries, a range of Na2Sx phases, and some ternary phases. If the reactants are

exposed to humid air, H2O can facilitate atom transfer before heating, thus crystalline NaCl

forms directly along with an amorphous M–S phase with a low coordination number. This

indicates that the reaction is no longer limited by solid-state diffusion (i.e., the NaCl and

M–S bonds have already formed). Instead, product formation is limited by nucleation

of the crystalline MS2 phase. The results provide the pathway to direct synthetic solid

state chemistry towards a paradigm of materials by design. From these results, one can

design a wide range of reactions to target discovery of new metastable polymorphs or

stable compounds that have not been kinetically accessible using traditional solid-state

chemistry.
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4. Polymorph Selectivity of Superconducting CuSe2

Through Kinetic Control of Solid-State Metathesis†

4.1. Introduction

In preparative solid-state chemistry, different polymorphs are often selected by chang-

ing extrinsic parameters to favor distinct atomistic configurations with the lowest thermo-

dynamic free energy. While many extrinsic factors influence polymorph thermodynamic

stability, such as pressure (graphite vs. diamond), temperature (ZnS9), and specific sur-

face area (TiO2
16), such polymorphs can be kinetically stable (i.e., metastable) at ambient

conditions. However, kinetic control, in this case, the ability to prevent a system from

reaching the thermodynamic equilibrium product, can be exercised through alteration of

the pathway to product formation. This is largely unexplored in the formation of bulk,

solid-state materials.

Transition metal chalcogenides of the pyrite structural family give rise to myriad func-

tional electronic properties, including superconductivity (cf., CuS2, CuSe2, IrSe2);15,110

however, many of these crystals can be produced only at high pressure. CuSe2 exists

in two known polymorphs: marcasite CuSe2 and the high-pressure phase, pyrite CuSe2,

which is metastable under ambient conditions (Figure 4.1).111 The superconducting tran-

sition temperature is strongly influenced by the structure: Tc = 2.4 K and 0.7 K for pyrite

and marcasite, respectively.15,112

†Substantial portions of this chapter have been reproduced with permission from A. J. Martinolich,
J. A. Kurzman, and J. R. Neilson, J. Am. Chem. Soc. 2015, 137, 3827–3833, reference 98 © 2015 the
American Chemical Society
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The preparation of metastable materials (without the use of other extrinsic thermody-

namic parameters, such as pressure) often involves chimie douce reactions,19,113–116 where

a difference in relative mobilities of ions in the lattice permits topochemical transforma-

tions into metastable polymorphs, as first exemplified by the oxidative deintercalation of

LiVS2 to yield a new polymorph of VS2.17 However, examples in which metastable poly-

morphs can be produced through kinetic control without such topochemical relations are

not widely understood. High-temperature solvents, such as the reactive alkali chalco-

genide fluxes, can be used to produce compounds that are metastable under ambient con-

ditions;117 however, an understanding of the kinetic pathways or thermodynamic condi-

tions that control their formation is limited.40
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Figure 4.1: Atomistic representations of (a) pyrite and (b) marcasite polymorphs of CuSe2. (c) The total
energy from DFT calculations (VASP, PBEsol) illustrate that marcasite is more stable by a small margin (∼ 3.0
meV); approximately 1.2 GPa of external pressure stabilizes pyrite CuSe2. Symbols result from individual
DFT calculations; lines are fits to the Birch-Murnaghan equation-of-state.118

In this work, kinetic control over the formation of distinct polymorphs of the super-

conductor CuSe2 is demonstrated by altering the pathway through which a solid-state

metathesis reaction occurs. Preparation of the pyrite modification of CuSe2 (p-CuSe2) in

100% yield typically requires application of pressure in excess of 1 GPa,15 in agreement

with the reported equilibrium phase diagram119 and density functional theory (DFT) calcu-
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lations (Figure 4.1c). In the metathesis reaction (i.e., double-displacement) between CuCl2

and Na2Se2, marcasite CuSe2 and 2 NaCl are produced when performed under strictly an-

hydrous conditions. However, partial solvation of the reaction mixture by exposure to

humid air before heating (and not exposure to dry O2) enables the formation of bulk

pyrite CuSe2. By following the air-exposed reaction in situ, we observe that the solid-state

metathesis occurs through endothermic and displacive transitions involving crystalline in-

termediates rather than through an exothermic and reconstructive transition. Partial sol-

vation of the reaction mixture greatly reduces the initial activation barrier and allows the

reaction to proceed under kinetic control, where the rate-limiting step appears to be dif-

fusion of elemental selenium into the reaction intermediate CuSe, which forms upon air

exposure.

4.2. Materials and Methods

Note on author contributions: This chapter was published in Journal of the American

Society, 2015, volume 137, page 3827, by Andrew J. Martinolich, Joshua A. Kurzman,

and James R. Neilson. AJM performed in-house experiments, executed in situ synchrotron

experiments, analyzed the data, and wrote the initial draft of the manuscript. JAK executed

in situ synchrotron experiments. JRN analyzed data and supervised the project. All authors

contributed to the editing and finalization of the manuscript.

Na2Se2 was synthesized from the elements with a 2% excess of Na to account for surface

oxidation in a sealed tube at 400 °C. The reactants were separately contained in different

alumina crucibles to prevent a violent thermite reaction; after 12 hours of reaction all
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product was found in the crucible originally containing the sodium. Purity of the Na2Se2

was confirmed through PXRD using a Bruker APEX II single crystal diffractometer (MoKα

radiation, λ = 0.7107 Å) with powder in a sealed quartz capillary; the two-dimensional

data were radially integrated for analysis. Otherwise, laboratory PXRD measurements

were collected on a Scintag A2 diffractometer with CuKα radiation.

To isolate pure pyrite CuSe2, stoichiometric amounts of Na2Se2 and anhydrous CuCl2

were weighed in an argon-filled glove box and ground to an homogenous powder. Upon

removal from the glove box, the powder was further ground until a color change from

deep brown to black was evident. The black powder was then pelleted and sealed in an

evacuated fused silica ampoule and heated to 100 °C at a rate of 1 °C min−1 and held

constant for 24 h. Control reactions were held at 100 °C for 72 hours and 1008 hours. The

products were then washed several times with anhydrous methanol to remove the NaCl

and dried under vacuum.

To form marcasite CuSe2, stoichiometric amounts of Na2Se2 and anhydrous CuCl2 were

weighed in an argon-filled glove box and ground to a homogenous powder and pelleted.

The pellet was then sealed in an evacuated quartz ampoule without exposure to the atmo-

sphere and heated to 300 °C at a rate of 1 °C min−1 and held constant for 24 h.

CuSe was formed from the elements at 300 °C in a sealed tube for 24 hours. The

product was then ground together with selenium shot until homogeneous, pelleted, and

reacted in an evacuated quartz ampoule to form CuSe2 at 100 °C for the specified times.

Additionally, marcasite CuSe2 (formed by metathesis) was ground homogeneously with

two equivalents of NaCl, pelleted, sealed in a quartz ampoule under vacuum, and reacted

at 100 °C for the specified times.
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In situ X-ray diffraction experiments were executed using beamline 17-BM-B (λ =

0.75009 Å) at the Advanced Photon Source at Argonne National Laboratory. The reac-

tion mixture was ground in air and packed into a 0.20 mm diameter capillary and sealed

under vacuum. To heat the reaction mixture, a resistive heater and thermocouple were

used as previously described.100 The reaction mixture was heated at a constant rate of 3 °C

min−1 from room temperature to 370 °C.

In situ pair distribution function analysis experiments were executed using beamline

11-ID-C (λ = 0.11165 Å) at the Advanced Photon Source at Argonne National Laboratory.

The reaction mixture was ground in air and packed into a 0.70 mm diameter extruded sil-

ica capillary and sealed under vacuum. To heat the reaction mixture, a resistive heater and

thermocouple were used as previously described.100 Diffraction measurements were con-

tinuously collected using a 2048×2048 pixel Perkin-Elmer 2D plate detector in 30-second

increments, each pattern consisting of three 10-second subframes, while the sample was

continuously rotated by five degrees along its long axis. For PDF experiments, the reaction

mixture was heated to the specified temperature at 5 °C min−1 and allowed to dwell for five

minutes at each temperature before data were collected. The 2D diffraction patterns were

then radially integrated using GSAS-II (diffraction) or Fit2D (PDF).102 79,80,101 The pair dis-

tribution functions, G(r), were extracted using PDFgetX3103 and fit using PDFGUI.104

Rietveld refinements were executed sequentially in the EXPGUI frontend to GSAS. The

full set of diffraction patterns were split into six separate sets based on visual inspection to

determine at which temperatures require addition or deletion of phases in the refinement

(temperature ranges 28–92 °C, 92–123 °C, 123–163 °C, 163–240 °C, 240–247 °C, 247–

283 °C, and 283–367 °C). The lowest temperature in each set was refined by hand and
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served as a starting point for each sequential refinement. Maximum dampening was ap-

plied to all parameters to maintain reasonable values. The fits were then compared within

each set, and to the adjacent sets, to confirm adequate fits and continuity across the entire

set of diffraction patterns. Phase fractions were extracted from weight percent values and

converted to molar percents.

Magnetic measurments were performed using a Quantum Designs Inc. MPMS. Heat

capacity measurements were performed using a Quantum Designs Inc. Dynacool PPMS.

DSC measurements were performed using a TA instruments DSC on samples hermetically

sealed in an argon environment. The heating rate for the DSC measurements was 1 °C

min−1.

Density functional theory (DFT) calculations with projector-augmented-wave (PAW)

potentials with Cu 3p semi-core states treated as valence states120 were implemented us-

ing the Vienna Ab Initio Simulation Package (VASP)121 within the generalized gradient ap-

proximation to account for exchange and correlation effects (PBEsol122). Ferromagnetic,

antiferromagnetic, and non-magnetic configurations were tested; the non-magnetic state

was lowest in energy. The plane-wave energy cutoff was 800 eV for all calculations, which

were performed on a 10 × 10 × 10 and 12 × 10 × 14 k-mesh for pyrite and marcasite, re-

spectively. For ionic relaxations, forces were converged to within 0.01 eV Å−1; within each

self-consistency cycle, the total energy was converged below 10−6 eV. Convergence tests

were performed with respect to the Γ-centered k-mesh and band cutoff.
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Figure 4.2: Powder x-ray diffraction (PXRD; black symbols) comparison of metathesis products from reactions
that have been (a) air-exposed and (b) strictly air-free, along with their Rietveld analyses (colored lines) and
difference curves (black lines). Asterisks indicate reflections from crystalline Se. The expected reflections of
NaCl are shown above the refinements.

4.3. Results

From our DFT calculations, shown in Figure 4.1c, we confirm that marcasite is 3.0

meV lower in energy in the ground state (electronically for T = 0 K). Furthermore, the

calculated energies were fit to a Birch-Murnaghan equation-of-state to extract the ground-

state volume and bulk modulus.118 For marcasite CuSe2, the bulk modulus is B = 78.9

GPa and ground-state volume is Vo = 56.6 Å3 cell−1 formula unit−1. Pyrite CuSe2 becomes

lower in energy at a volume of ∼ 55.7 Å3 cell−1 formula unit−1. For marcasite, this would

correspond to bulk, volumetric strain of 1.6%, and thus a hydrostatic pressure of ∼1.25

GPa, consistent with the experimental pressures reported for bulk synthesis.15 Despite

these differences, the two polymorphs are close in energy.
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The metathesis reaction of Na2Se2 and CuCl2 was performed in two distinct ways to

influence polymorph selection of CuSe2:

Na2Se2(s) + CuCl2(s)
H2O(g)
−−−−→
grinding

∆−−−→ pyrite CuSe2(s) + 2 NaCl(s), (4.1)

or,

Na2Se2(s) + CuCl2(s)
∆−−−→ marcasite CuSe2(s) + 2 NaCl(s). (4.2)

When the reactants are ground in humid air (Eqn. 4.1), a color change quickly occurs from

brown to black, yielding NaCl, Se, and poorly crystallized phases (Figure 4.2a, bottom).

The mixture does not deliquesce. Annealing this mixture at 100 °C (for 24 h) in vacuo

quantitatively yields bulk pyrite CuSe2 (Figure 4.2a, top). While water inclusion into the

crystal structure of pyrite CuSe2 cannot be shown unequivocally, the data suggest that

defects in the crystal structure are minimal. The lattice parameter extracted from the

Rietveld refinement of the washed pyrite CuSe2 product is 6.125(1) Å, which is 0.2% larger

than the reported 6.116(1) Å.15 Reaction of air-exposed CuCl2 + Na2Se2 at 100 °C for six

weeks yielded a mixture of both marcasite and pyrite CuSe2, suggesting that the water

does not provide a thermodynamic preference for the pyrite polymorph.

The physical properties of pyrite CuSe2 produced under kinetic control were measured

to confirm formation of a pure product that exhibits bulk superconductivity. Temperature-

dependent magnetic susceptibility measurements reveal a significant diamagnetic response

indicative of bulk superconductivity below Tc = 2.4 K, with bulk volume exclusion of the

magnetic field (4 πχ ∼ −1 emu cm−3) (Figure 4.3a). The superconducting transition

temperature is unaffected, and Hc2 is small; together, these suggest that there are no
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Figure 4.3: Physical properties of the washed pyrite CuSe2 prepared under kinetic control. (a) Magnetic
susceptibility as a function of temperature in a 10 Oe field yields a diamagnetic transition at 2.4 K. (b)
Heat capacity divided by temperature as a function of temperature in a 10 Oe field (blue) and 1000 Oe
field (orange) shows an increase in heat capacity at the same temperature, indicative of a superconducting
transition. (c) Magnetic susceptibility as a function of field at multiple temperatures allows the formation of
(d) an electronic phase diagram. The line between the two phases traces Hc2(T ).

significant inclusions into the crystal structure.123,124 The magnetic susceptibility below

Tc indicates total exclusion of magnetic flux from the material and bulk superconductiv-

ity, which would not be the case with extensive H2O inclusion into the crystal structure.

Heat capacity measurements also indicate superconductivity, showing the beginning of the

jump in the specific heat below Tc. The lack of a sharp jump likely indicates the presence

of defects within the crystal, as expected from the low-temperature preparatory route (Fig-

ure 4.3b), but is also observed in many other materials (e.g. Fe1+δSe125). Application of a

moderately low magnetic field removes the anomaly in the specific heat, as expected given

the low Hc2 of the superconducting state.

Measurements of magnetization as a function of applied field at varied temperatures

of the bulk superconductor pyrite CuSe2 indicate that pyrite is a type-II superconductor.

Using a two-fluid model (Hc2[T ] = Hc2[0 K][1 − (T/Tc)
2]), we estimate Hc2[0 K]∼1320
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Oe. (Figure 4.3c). From this, an electronic phase diagram can be constructed describing

the superconducting behavior of the material as a function of temperature and applied

field (Figure 4.3d), thus confirming the bulk properties of the material.

When reacted under strictly anhydrous conditions (Eqn. 4.2), no product is formed

at Trxn = 100 °C after 24 h. NaCl only crystallizes upon exposure to the atmosphere

when preparing the sample for PXRD (Figure 4.2b, bottom). This was also confirmed by

air-free diffraction of the product in a sealed glass capillary, which showed only starting

materials. As a control, incubation of the anhydrous mixture in dry O2(g) for 24 hours

before annealing does not promote a reaction, which suggests that humidity plays a role.

When annealed at 300 °C without exposure to the atmosphere, marcasite CuSe2 forms

(Figure 4.2b, top, Eqn. 4.2).

The reaction pathway was probed with both in situ SXRD and DSC in order to under-

stand the nature of intermediate products (Figure 4.4). The energetics of the reaction vary

(b)
(a)

(c)

Figure 4.4: (a) DSC curves of the air-free (orange) and air-exposed (blue) reaction of CuCl2 and Na2Se2.
(b) In situ SXRD data collected from the air-exposed reaction mixture, as heated under vacuum. (c) The
extracted phase fractions from the Rietveld refinements of the in situ SXRD measurements of the air-exposed
reaction.
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drastically with alteration of the preparatory route. When ground in air, no exotherms are

detected by DSC, but rather, a small endotherm near T = 100 °C coincides with the initial

formation of pyrite CuSe2 (Figure 4.4a). The air-free sample shows significant exotherms

as the reaction is heated and NaCl forms (since there is none present after heating at

T = 100 °C). Both samples show an endotherm around T= 220 °C, likely due to the

melting of selenium.

In situ SXRD of the reaction that produces pyrite CuSe2 elucidates the nature of in-

termediates and decomposition products (Figure 4.4b). After grinding in air and before

heating, NaCl, CuSe, and Se are observed, as well as a trace amount of Cu2Se. As the

reaction mixture is heated, the crystalline intermediates (Covellite CuSe and Se) react to

form pyrite, followed by marcasite at slightly higher temperatures.

Quantitative phase analysis of the diffraction data with the Rietveld method show that

NaCl formation is quantitative before heating. The relative phase fraction only changes

due to the increase or decrease of other crystalline components in the reaction mixture

(Figure 4.4c). As the reaction mixture is heated, the selenium further crystallizes, noted by

a sharpening of Bragg peaks and the decrease in background, which is consistent with the

presence of a noncrystalline Se component in the as-ground mixture. By T ∼ 75 °C, CuSe

and Se formation is quantitative with 2 NaCl. From this mixture, pyrite begins to form at

T ∼ 90 °C, at the expense of CuSe and Se, as per the reaction CuSe+Se −→ p−CuSe2. The

onset of marcasite formation occurs at ∼ 110 °C, along with continued pyrite growth. The

phase fraction of pyrite begins to decline at T ∼ 175 °C as the phase fraction of marcasite

increases. As the temperature continues to increase, a two-step decomposition occurs to

CuSe and Cu2Se at T ∼ 245 °C and T ∼ 280 °C, respectively.
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Figure 4.5: PDF analysis of the synchrotron PXRD data. No major changes in the local structure occur
below 145 °C, which suggests that the intermediate structures have close relationships to one another. At
these lower temperatures, the phases NaCl, CuSe, pyrite CuSe2 provide a reasonable description of the local
structure, whereas NaCl, marcasite, pyrite, and CuSe are found at the higher temperatures. At the shortest
distances (r 2.2∼2.3 Å), there is some intensity in G(r) that is not accounted for by the calculated patterns,
which suggests the presence of some poorly-ordered or amorphous components. (fit curve: dashed orange
lines; higher temperature data offset for clarity).

PDF analysis of the total scattering data reveals minimal changes to the local atomic

separations for low reaction temperatures, despite the myriad transformations between

crystalline phases (Figure 4.5). While the overlap of multiple phases precludes a unique

description of G(r), at temperatures below T = 140 °C, the local structure is consistent

with a linear combination of CuSe [28(11) mol%], pyrite [11(8) mol%] and NaCl [61(17)

mol%]. Above T = 140 °C, removal of CuSe provides a better description of the PDFs

[CuSe2: 36(7) mol%; NaCl: 64(7) mol%, Figure 4.5]. Additionally at low temperatures,

the nearest-neighbor correlation is not well described, which suggests there there are

poorly-ordered phases between the crystalline phases. While the in situ PXRD shows a

vast number of changes at low temperatures, the local structure does not, which suggests

that there are close structural relationships between the intermediates (CuSe and Se) and

product, pyrite CuSe2.
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Figure 4.6: (a) Proposed schematic reaction pathway that permits kinetic control of pyrite CuSe2 formation
through air exposure. Grinding in air dissipates a large amount of energy through NaCl formation, minimiz-
ing the enthalpy difference between the intermediates and pyrite CuSe2 phase. (b) A simplified, proposed
reaction scheme of the selective formation of either pyrite or marcasite CuSe2 through solid-state metathesis.
The key difference between the formation pathways is that air exposure and thus partial solvation, is nec-
essary to form the reaction intermediates that transform into pyrite. Without partial solvation, pyrite CuSe2
formation is not possible through metathesis. The Roman numerals correspond to the different energy levels
in (a). Comparison of the (c) copper and (d) selenium sublattices in covellite CuSe, pyrite CuSe2, and mar-
casite CuSe2. The transition between the three structures can be explained by a progression of expansion
and relaxation. Counterions are shown in white. The corresponding changes in the Cu-Cu distances and
selenium dimer rotation are listed in Table 1.

4.4. Discussion

While solid-state metathesis has been extensively explored as a rapid synthetic ap-

proach to the formation of refractory borides, carbides, silicides, pnictides, and chalco-

genides, these reactions often proceed violently through a propagating ignition wave.55,57

Depending on the precursors used, solid-state metathesis reactions can also be non-self-

igniting,65 and the reactions have recently been shown to take place via metastable crys-

talline intermediates.63 Here, the results indicate that the reaction proceeds at low tem-
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perature, thus allowing for kinetic control. This refers to the isolation of the metastable

pyrite CuSe2 polymorph, which would be otherwise impossible if executed at higher tem-

peratures, where only marcasite CuSe2 forms. The distinct reactivity between the air-

free and air-exposed reactions originates from partial solvation of the reaction mixture.

Liquid-assisted mechanochemical reactions have also been used to alter reactions that

form organic molecules and metal-organic frameworks,126,127 and surface hydration has

been shown to control polymorphism of nanocrystalline ZnS.128 Here, partial hydration

appears to influence the activation barriers separating crystalline intermediates.

Based on our experimental observations, the schematic reaction coordinate diagram

proposed in Figure 4.6a illustrates how kinetic control is likely accomplished. When

ground in air, no exotherms appear in the DSC data, because NaCl has already been formed

upon grinding, as confirmed by PXRD (Figures 4.2a and 4.4b). We infer that partial hy-

dration of the reactants increases the mobility of the sodium and chloride ions in the solid

matrix, which react to form NaCl with a low activation barrier. This in turn drives forward

the formation of CuSe and crystalline selenium through the displacement of the remaining

ions. Concomitantly, the small endotherm between 60 °C and 100 °C in the air-exposed

reaction, indicates that (a) the energy from forming NaCl has already been released and

(b) a small activation barrier must be overcome for CuSe and Se to react to form pyrite

CuSe2. Upon further heating (T ∼ 130 °C), the third activation barrier is overcome as

pyrite recrystallizes into marcasite CuSe2.

These results are summarized in Figure 4.6b, the steps of which are correlated to the

reaction coordinate in Figure 4.6a. Grinding the reactants in air allows energy to be dissi-

pated through the formation of NaCl without exogenous heating (i −→ ii). From the inter-
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mediates of CuSe and Se, heating forms pyrite, then marcasite (ii −→ iii −→ iv). Without

the initial exposure to air, more heat must be applied to the system, in order to (a) over-

come a larger activation barrier which (b) releases sufficient energy from NaCl formation

as to drive formation of the most-stable product, marcasite CuSe2 (i −→ iv).

As a control, CuSe (prepared from the elements) and Se were reacted at Trxn = 100 °C.

After 24 hours, a small amount of pyrite was detected in the products, as well as unreacted

CuSe and selenium. After heating the same reaction mixture for 72 hours, there are equal

amounts of pyrite and marcasite, as well as reactants. After eight weeks, four times as

much marcasite as pyrite is detected, as well as a small amount of CuSe + Se. As another

control, marcasite CuSe2 was mixed with two equivalents of NaCl and held at T =100 °C

for 500 hours; no pyrite CuSe2 is detected in the products. These controls demonstrate

that pyrite CuSe2 is a kinetic product and is in fact metastable at T = 100 °C. Previously,

mechanochemical reaction of the elements by ball-milling has yielded a mixture of pyrite

and marcasite CuSe2, but no phase selectivity or purity was shown.129

An additional control of air-exposed CuCl2+Na2Se2 was reacted at 100 °C for six weeks.

After this long reaction time, both marcasite and pyrite CuSe2 were detected, providing

further confirmation of the metastability of the the pyrite polymorph. To determine that it

was indeed atmospheric H2O that caused the transition from CuCl2 + Na2Se2 −→ 2 NaCl +

CuSe + Se, a silica tube containing the reactants was sealed with 1/3 of an atmosphere of

O2, and no reaction or color change was observed after heating to 100 °C for 24 hours.

Additionally, exposure to N2 shows no alteration in the reaction mixture.

The activation barriers separating each intermediate phase must be sufficiently small,

as the transformations occur at relatively low temperatures. While cursory inspection of
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the different crystal structures of CuSe, Se, and pyrite CuSe2 reveals many differences (e.g.,

distinct Cu coordination, different symmetries and connectivities15,130), the lack of signifi-

cant changes in the PDFs as CuSe and Se transform into pyrite below 140 °C (Figure 4.5)

suggests a close structural relationship between these phases. After closer inspection of

the reported crystal structures, it is possible to map a displacive transformation with inter-

calation between the phases.

Table 4.1: Parameters of the phase transitions between CuSe, pyrite, and marcasite, as shown in Figure 6c
and 6d.

Copper sublattice parametersa

CuSe pyrite marcasite
a′ 4.93, 6.15 6.12 6.18
b′ 3.94 4.32 5.01

plane spacing (Å) 1.97 2.16 2.50
Selenium sublattice parametersa

CuSe pyrite marcasite
θ 90 125 143

dimer-dimer (Å) 3.94 4.32 5.01
layer-layer (Å) 4.31 3.06 3.09

Se–Se (Å) 2.28 2.35 2.33
aDetermined from the reported crystal structures of CuSe,130 p-CuSe2,131 and m-CuSe2,131 as determined

using VESTA.132

To illustrate the relationship, the copper and selenium sublattices are compared sepa-

rately (Figure 4.6c and 4.6d, respectively). Projection of the copper sublattices comprises

overlapping rectangles in the {100}, {101}, and {001} lattice planes for covellite CuSe,

pyrite CuSe2, and marcasite CuSe2, respectively (Figure 4.6c). Alternative crystallographic

orientations are depicted in Figure S2. The transformations between the phases can be ex-

pressed as expansions and relaxations of rectangles connecting Cu atoms. In CuSe, there

are two different sizes of rectangles (Table 4.1). As selenium reacts with the CuSe lattice,

the larger rectangles shorten and widen, while the smaller rectangles widen and lengthen.

This follows with formation of Se–Se dimers in the trigonal planar Cu–Se {004} layers,
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which fall in the center of the of the smaller rectangles. Additionally, the space between

the rectangles increases as selenium intercalates.

The selenium sublattice of CuSe is comprised of both [Se2]2− dimers (shown with bonds

in Figure 4.6d) and discrete Se2− anions.133,134 As additional selenium intercalates into the

layers of Se2− anions to form dimers, the preexisting dimers tilt away from the c-axis of

CuSe. The pyrite CuSe2 selenium sublattice consists of these Se dimers, tilted either along

the plane (as shown) or rotated by 90 degrees. As they tilt, the distance between nearest-

neighbor dimers increases compared to CuSe, but the layers become close-packed and the

Se–Se bond length increases (CuSe2 can be described as two interpenetrating face-centered

cubic lattices, with one fcc lattice of copper, and the other formed by the center-of-mass of

the dimer).111

To convert pyrite to marcasite, both the copper and selenium sublattices further relax.

The rectangular planes of copper atoms increase in size and move further from one an-

other. The Se–Se dimers relax further off-axis and reorient along the same direction, thus

losing the close-packed nature of the pyrite structure.

4.5. Conclusion

While many metastable phases can be formed by tuning an extrinsic thermodynamic

parameter (e.g., temperature, pressure, dielectric constant of a solvent), quantitative iso-

lation of the metastable, high-pressure superconducting polymorph of CuSe2 was achieved

via kinetic control of solid-state metathesis. The titration of the enthalpy release from

NaCl formation enables the reaction to proceed through kinetic control. From close analy-
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sis of the reaction pathway using in situ x-ray scattering, the activation barriers are limited

by displacive structural rearrangement of crystalline intermediates (CuSe and Se): pyrite

CuSe2 is a kinetic intermediate in the reaction CuSe + Se −→ marcasite CuSe2: interca-

lation of selenium into the CuSe lattice forces the structure to form pyrite on its way to

marcasite. Heating the reaction for longer times or higher temperatures leads to recrys-

tallization into the equilibrium marcasite CuSe2 polymorph. This reaction can be thought

of as a manifestation of the Ostwald step rule,135 whereby less stable intermediates form

first, since formation of their surface is less energetically costly than the most stable poly-

morph.136 These findings provide broad implications for achieving materials by design and

the discovery of new, functional materials, demonstrating how altering chemical pathways

can influence the crystal structure and thus the properties of the material.
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5. Lewis Base Mediated Polymorph Selectivity of Pyrite

CuSe2 Through Atom Transfer In Solid State Metathe-

sis†

5.1. Introduction

Synthesis of transition metal dichalcogenides is a recurring goal of synthetic inorganic

and solid state chemists, due to the varied and tunable electronic properties of the prod-

ucts.15,70,137 Polymorphism, when more than one crystal structure can be prepared of a sin-

gle chemical composition, can provide access to novel functionality. However, preparation

and isolation of a specific polymorph presents unique challenges, because traditional solid-

state chemistry techniques yield products of the lowest energy atomic configuration for a

given set of thermodynamic parameters, due to the use of high-temperature conditions

to overcome activation barriers associated with solid state diffusion. Thus non-traditional

preparatory routes are required in order to isolate polymorphs that may not be in equi-

librium with ambient conditions.2,5,17 While non-self propagating solid-state metathesis

(double exchange) reactions do not usually require high-temperature conditions relative

to the conditions required for their respective elemental reactions, the propagation of these

reactions tend to be limited by the transfer of atomic species between reactants or forma-

tion of a new surface.56,62

†Substantial portions of this chapter have been reproduced with permission from A. J. Martinolich,
R. F. Higgins, M. P. Shores, and J. R. Neilson, Chem. Mater. 2016, 28, 1854–1860, reference 99, © 2016 the
American Chemical Society
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One such example of polymorphism is the superconductor CuSe2: the compound crys-

tallizes with the marcasite structure at ambient pressures and T < 340 °C,119 and has a

superconducting transition temperature, Tc = 0.7 K. The pyrite polymorph of CuSe2 has

an increased superconducting transition temperature (Tc = 2.4 K); its preparation from

the elements requires the application of high pressure (65 kbar) and high temperature

(1000 °C).14

Previously, we used a metathesis reaction to greatly reduce the temperature and pres-

sure requirements to selectively form pyrite CuSe2, which hinged upon exposing the re-

action mixture to air before annealing.98 This additional step of air exposure allows the

intermediate reaction Na2Se2 + CuCl2 −→ 2 NaCl + CuSe + Se to proceed and decouples

the formation of CuSe2 from the exothermic formation of NaCl. Pyrite CuSe2 formation

occured upon annealing the reaction mixture at 100 °C and is slightly endothermic. With-

out air exposure, no reaction occurred at 100 °C, but annealing at 300 °C yields formation

of the marcasite polymorph through an exothermic process, similar to previous studies

of solid-state metathesis reactions.56,62,63 We hypothesized that air exposure allows par-

tial solvation of the reactants by atmospheric H2O, increasing mobility of the ions in the

solid matrix, and thus promoting NaCl nucleation and growth, but this hypothesis re-

mained equivocal due the uncontrolled exposure of the reaction to air. The goal of this

contribution is to understand the chemical origins of the polymorph selectivity through

controlled addition of a reactive, but non-incorporating, molecule to the reaction mixture

of CuCl2 + Na2Se2.

Small organic molecules have previously been used for a range of atom-transfer re-

actions in inorganic and nano-scale materials chemistry. Thiosilanes have been used to
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form a range of Cd and Hg chalcogenides and organometallic complexes through metathe-

sis.138 Organosulfides combined with alkyl tin halides results in the formation of a range

of organosulfur tin complexes.139 In forming extended solids, hexamethyldisilathiane has

been used as a sulfur source in metathesis reactions; the volatile trimethylsilylchloride

byproduct is then easily removed from the metal sulfide product.140,141 Phosphines have

been shown to readily react with elemental sulfur and organosulfides to form R3PS(R′)

adducts.142,143 Alkyl and aryl phosphines are widely used as chalcogen sources, capping

agents, and surfactants in nanomaterial synthesis and processing. Trioctylphosphine has

been demonstrated to extract sulfur and selenium from iron, cobalt, nickel, and tin chalco-

genide nanoparticles, yielding the most metal-rich binary in the metal-chalcogen sys-

tem.144 When serving as a sulfur or selenium precursor, alteration of the organic groups on

the organophosphine chalcogenide R3PQ (Q = S, Se) to make them more or less electron-

withdrawing has been shown to alter the reactivity of the phosphine and provide control

over composition and morphology of nanocrystalline CdS1−xSex.
145 In all cases, the or-

ganic component is used in stoichiometric or excess amounts compared to the transition

metal source or product, since it acts as a reagent rather than a mediator of the reaction.

Herein, we show that the formation of the metastable pyrite CuSe2 polymorph through

solid-state metathesis of CuCl2 and Na2Se2 is enabled by Lewis-base mediated atom trans-

fer of both Cu and Se; nonbasic analogs do not show this selectivity. Ph3P and tris-ortho-

tolylphosphine (o-CH3Ph)3P) are crystalline solids at room temperature, are canonical

Lewis bases, and are soluble in most organic solvents. These additives are solid at room

temperature and bench stable, leading to relatively few additional experimental hazards.

The solubility afforded by the bulky aryl groups thus permits facile separation from the
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final product. Quantitative phase analysis of powder X-ray diffraction (PXRD) of the re-

action products indicates that small amounts of the Ph3P promote significant pyrite CuSe2

formation. Nuclear magnetic resonance (NMR) and infrared (IR) spectroscopies support

the formation of a Ph3PSe adduct, and mass spectrometry (MS) indicates the formation of

multiple Cu(Ph3P)+
n species. These molecular intermediates appear to increase diffusion of

the ions in the reaction mixture and are integral to the formation and stabilization of the

pyrite polymorph, but are incapable of forming a crystalline product from their direct reac-

tion. The selectivity for the metastable phase is not observed when the exogenously-added

organic molecule is changed to be either non-basic or non-melting species.

5.2. Materials and Methods

Note on author contributions: This chapter was published in Chemistry of Materials,

2016, volume 28, page 1854, by Andrew J. Martinolich, Robert F. Higgins, Matthew P.

Shores, and James R. Neilson. AJM performed solid state reactions, collected PXRD and

NMR data, analyzed the data, and wrote the initial draft of the manuscript. RFH collected

GC-MS and IR data, prepared the compounds Ph4C, (Ph3P)2CuCl2, and (Ph3P)3CuCl, and

analyzed data. MPS aided in supervision of the project and provided useful discussion.

JRN analyzed data and supervised the project. All authors contributed to the editing and

finalization of the manuscript.

All reactants were prepared in an argon-filled glove box. Na2Se2 was prepared from the

elements, with each contained in a separate alumina crucible to prevent a violent thermite

reaction. A 2% excess of sodium was used to account for surface oxidation of the alkali.
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The crucibles were put in a silica ampoule, evacuated to ≤ 10 mtorr and sealed, then

heated at 1 °C min−1 to 400 °C and allowed to dwell for 12 h. The reactants (now all in

the crucible originally containing the Na) were collected, ground homogeneously, pelleted,

and heated a second time with the same parameters. The product was then analyzed

using PXRD to confirm purity in a sealed silica capillary on a Bruker Apex II with a MoKα

source in transmission mode to keep the sample free from air. Tetraphenylmethane was

synthesized according to the literature from treatment of triphenylchloromethane with

phenyllithium;146 its purity was confirmed by 1H NMR and melting point. (Ph3P)2CuCl2

was synthesized from CuCl2 and Ph3P in ethanol; its purity was confirmed by MS and

IR spectroscopy.147 (Ph3P)3CuCl was synthesized from CuCl and Ph3P in chloroform; its

purity was confirmed by MS and IR spectroscopy.148

The Na2Se2 was combined with a stoichiometric amount of anhydrous CuCl2 (Alfa Ae-

sar, 98+%) and ground homogeneously. Ph3P (Alfa Aesar, 99+%) was then added in

various proportions (4–100 mol% per mole CuCl2) to the reaction mixture and reground

to homogeneity. Upon grinding the reaction mixture with Ph3P in an Ar-filled glovebox,

a slight color change from brown to black occurs; the color change is especially notice-

able with larger amounts of Ph3P added. The mixture was then pelleted and placed in a

scintillation vial with a polytetrafluoroethylene (PTFE) lined screw-top lid and tightened

to guarantee a sealed reaction vessel under inert Ar gas. The reaction vessels were then

heated from room temperature to 150 °C at a rate of 10 °C min−1. After 24 hours, the

mixtures were air quenched.

Reactions of (Ph3P)2CuCl2 +2 Ph3PSe and (Ph3P)3CuCl+2 Ph3PSe seeded with ≈ 3 mg

pyrite CuSe2 were executed under argon in scintillation vials with PTFE-lined caps at
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150 °C for 24 hours. The products were washed with benzene and mixed with a known

amount of elemental silicon powder (as an internal standard) and PXRD patterns were

analyzed using the Rietveld method. Quantitative phase analysis indicated that no more

pyrite CuSe2 had formed.

All X-ray diffraction patterns were collected on a Scintag A2 diffractometer with a

CuKα source. Fourier transform infrared spectroscopy was performed on a Nicolet 380

FT-IR spectrophotometer. 1H NMR and 31P NMR spectra were collected using an Agilent

(Varian) 400 MHz NMR spectrometer in deuterated benzene (C6D6). Mass spectrometry

experiments were performed in CH3OH in the positive ion mode on a Finnigan LTQ mass

spectrometer, equipped with an analytic electrospray ion source and a quadrupole ion trap

mass analyzer. Each measurement was performed with the capillary temperature = 175 °C,

spray voltage = 5 kV, and spray current = 91 µamps. Magnetic measurements were per-

formed using the vibrating sample magnetometer option of a Quantum Designs Inc. Physi-

cal Properties Measurement System. X-ray photoelectron spectroscopy data were collected

on a Physical Electronics ESCA 5800 system with a monochromatic Al Kα X-ray source.

High resolution scans of the core levels were performed with a pass energy of 23.5 eV and

a step size of 0.10 eV/step.

5.3. Results and Discussion

The reaction CuCl2 + Na2Se2 + n Ph3P can be driven to increase the yield of the pyrite

polymorph of CuSe2 over 120 hours at 130 °C, regrinding the reaction mixture every 24

hours in an Ar-filled glovebox. At reaction times before 120 hours, CuCl and Se are also
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Figure 5.1: PXRD patterns products of reaction between CuCl2 and Na2Se2 at 130 °C with ≈10 % by mass
Ph3P in the reaction mixture. The reaction mixture was reground every 24 hours in an Ar-filled glovebox.
The dashed orange lines at 2θ ≈ 28 and 34 correspond to the strongest CuCl (orange) and marcasite CuSe2
(blue) reflections, respectively. Expected reflections for pyrite CuSe2 and NaCl are shown below. Pyrite
CuSe2 and NaCl are observed throughout; marcasite CuSe2 is observed as all CuCl is consumed.

observed via PXRD (Figure 5.1). Beyond 120 hours, partial conversion from pyrite to mar-

casite is observed. The slow completion of the reaction is likely caused by the stabilization

of the CuCl intermediate by the Ph3P, as suggested by mass spectrometry (Figure 5.2a). A

CH3OH wash of the products after 4 days at 130 °C analyzed by MS confirmed the forma-

tion of Cu(Ph3P)+
n (n = 2,3). The colored vertical lines in Figure 5.1 indicate the positions

of the strongest CuCl (≈ 28 2θ, orange) and marcasite CuSe2 (≈ 34 2θ, blue) reflections.

After 4 days at 130 °C, the CuCl is no longer detected and conversion from pyrite CuSe2

to marcasite is observed. This supports the notion that pyrite is a metastable product of

the reaction and its formation is dependent on the other species present in the reaction

mixture; as the intermediates are used up the conversion to the marcasite polymorph is

observed.
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(a) (b) (c)

Figure 5.2: (a) Mass spectrum of CuCl2 +Na2Se2 + 0.1 Ph3P reacted at 130 °C for 96 hours with intermittent
grinding every 24 hours, performed in CH3OH with the four most intense peaks labelled. The triphenylphos-
phine oxide formation is a result of the conditions used to perform to experiment. (b) Measurement of mag-
netic susceptibility as a function of temperature indicates a transition to a superconducting state at Tc = 2.4
K in a sample of CuSe2 produced from CuCl2+Na2Se2+0.1 Ph3P reacted at 150 °C for 24 hours, then washed
5 times each with benzene and methanol. (c) IR spectrum of the products of CuCl2 + Na2Se2 + 0.97 Ph3P.
The inset shows the characteristic P=Se stretch at 560 cm−1 , which is not present in either the Ph3P or
Ph3P=O spectra.

While phosphorous inclusion into (and possible stabilization of) the pyrite structure

cannot be ruled out completely, it is unlikely under these reaction conditions. Previous

reports of transition metal phosphide nanomaterial formation using trioctylphosphine as

a phosphorous source required much higher temperatures (T ≥ 300 °C) to break the C–

P bonds,153–155 and phosphine-chalcogenide adducts have previously been used at much

higher temperatures as sulfur and selenium sources to form CdSe(1−x)Sx, with no phos-

phorus inclusion.145 1H NMR of the products washed in deuterated methanol shows no

residual benzene or phenol from the C–P bond scission of Ph3P. Additionally, the even-

tual conversion to the thermodynamically stable marcasite polymorph at longer reaction

times suggests that the pyrite is a kinetic product and is not stabilized by phosphorous

substitution. X-ray photoelectron spectroscopy indicates the presence of Ph3PSe149 on the

surface of the material after multiple washes with benzene and methanol (Figure 5.3), but

no copper phosphide phases. Magnetization measurements show no change in the super-
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Figure 5.3: (a) Survey X-ray photoelectron spectrum with peaks labelled. Note the split x-axis at 400 eV. High
resolution spectra of (b) the Cu 2p, (c) Se 3d, (d) P 2p, and (e) P 2s energies, with fits where applicable.
The P 2p line (133 eV, large blue dashes) corresponds to Ph3PSe,149 and partially overlaps with a selenium
Auger line (137 eV, small orange dashes).150–152 Multiple peaks in the fits are due to spin-orbit splitting of
Se and P environments in (c) and (d), respectively. No signal is apparent in the P 2s region (expected: 188
eV, large blue dashes)

conducting transition temperature Tc (Figure 5.2b); both support the conclusion that no

phosphorus is unintentionally doped into the CuSe2 product.

To study the effects of the Ph3P on the metathesis reaction, reactions were executed

for 24 hours without intermittent grinding. This allows the results to be attributed solely

to the presence of Ph3P and conclusions to be drawn regarding the nature of the organic

additive and its participation in the metathesis reaction. At reaction temperatures below

150 °C without intermittent grinding, the conversion to products is not as pronounced,

making it more difficult to glean the role of the Ph3P in the reaction. At 150 °C, a signifi-

cant conversion to products was observed in a relatively short period without intermittent
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Figure 5.4: Molar phase fractions of NaCl, CuSe2, and CuSe extracted from the Rietveld refinements of PXRD
patterns of the products of CuCl2+Na2Se2+x Ph3P after 24 hours at 150 °C. Adding more than ≈ 10% Ph3P
does not promote further pyrite formation, and at increased concentrations Ph3P promotes CuSe formation
rather than CuSe2. NaCl content remains relatively constant, and quantitative at ≈ 67%. Dashed lines serve
as a guide to the eye. Phase fractions of CuCl and selenium are omitted for clarity. Note the split x-axis at
x = 0.1.

grinding, and no marcasite was detected after 24 hours, indicating that the reaction re-

mains under kinetic control. Above 150 °C, the formation of marcasite CuSe2 is observed.

Thus, 150 °C was determined as an appropriate reaction temperature to study the effects

of the organic additive.

A number of reactions were executed with varied amounts of added Ph3P. The phase

fractions of NaCl, CuSe, and pyrite CuSe2 derived from Rietveld refinements of the PXRD

data are shown in Figure 5.4. The amount of pyrite observed after 24 hours reaches a

maximum with ≈ 0.1 molar equivalents Ph3P added per mole of reactants. As the amount

of Ph3P is further increased, the phase fraction of pyrite CuSe2 decreases while CuSe in-

creases, suggesting that the Ph3P is consuming a significant amount of the selenium in

the reaction mixture to form Ph3PSe. Yields of NaCl are approximately quantitative in all
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reactions, but the formation of CuSe, Se, and CuCl intermediates prevents quantitative

formation of CuSe2 without longer reaction times. In the reaction without added Ph3P,

NaCl is observed because it forms upon preparation for the PXRD measurement, as we

have previously shown.98 Marcasite CuSe2 was not detected at any level of added Ph3P.

The formation of CuSe instead of CuSe2 at increased Ph3P levels suggests selenium

uptake by Ph3P. While this may slightly alter the yield of CuSe2 at all concentrations, the

fact that such small fractions of added Ph3P still promote the formation of pyrite CuSe2

suggests that the Lewis base may act as a selenium shuttle, either continually binding and

transferring Se from the Na2Se2 reactant, or allowing enough sodium ions to be dissociated

to induce NaCl nucleation and growth, as well as bulk dissociation of Cu2+ cations. While

the energy of a Cu–Se bond is weaker than that of a P–Se bond (70(9) kcal mol−1 vs.

87(2) kcal mol−1),156 the lattice enthalpy will be greater than formation of relatively few

phosphorus selenium bonds, driving the reaction to form the crystalline CuSe2 products

(∆Hlattice = −190 kcal mol−1).98

While our previous report indicated that annealing the air-exposed reaction mixture at

100 °C was sufficient to promote pyrite CuSe2 formation, small additions of Ph3P in lieu

of air exposure yielded no CuSe2 formation after reaction at 100 °C. We hypothesize that

the slightly higher temperatures used in these reactions are necessary to induce further

mixing and diffusion of the reactants when the amount of Ph3P is limited, whereas the air-

exposed reactants were most likely exposed to an excess of H2O vapor and not limited by

its availability as a partial solvent. The increased temperatures may also aid in explaining

the observation of CuCl in the reaction mixture, which was not observed in the previous

work. Increasing the reaction temperature above 100 °C may stabilize the CuCl, as we
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have shown that a number of intermediates may form depending on reaction temperature

and that it is feasible to observe redox activity in solid-state metathesis reactions.63

Figure 5.5: (a) The aromatic region of the 1H NMR spectra shows the Ph3P (black) and benzene-soluble
products of the reaction CuCl2 + Na2Se2 + 0.97 Ph3P (red), with shifts of each resonance indicated. (b) The
corresponding 31P NMR spectra of the same solutions shows no Ph3P remaining in the reaction mixture,
indicating the presence of Ph3PSe, Ph3PO, and Ph2PCl.

The formation of a selenium-Ph3P adduct is supported by IR, 1H NMR, and 31P NMR

spectroscopies. The IR spectrum shows a characteristic absorption at 560 cm−1, corre-

sponding to the P=Se stretch (Figure 5.2c).157 The 1H NMR spectra of Ph3P and the

metathesis reaction products with 0.97 equivalents of Ph3P in deuterated benzene are

shown in Figure 5.5b. The resonances in the neat Ph3P centered around 7.39 ppm (corre-

sponding to the ortho protons) shift to ≈ 7.8 ppm, while those centered around 7.05 ppm

(corresponding to the meta and para protons) shift to 6.95 ppm. The introduction of the

electronegative Se atom onto the phosphorous atom deshields the ortho protons by with-

drawing electron density. Further, the meta and para protons are less affected due to the
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overall distance of the change that was made in the molecule and show minimal changes

overall. Integrations of each set of peaks correspond to a 2:3 ratio accordingly, and agree

with reported literature values.158 Chemical shifts in the 31P NMR spectra (Figure 5.5c)

indicate full consumption of the starting material (Ph3P), and the presence of Ph3PSe, as

well as small signals attributed to Ph3PO and Ph2PCl.159

Figure 5.6: PXRD patterns of the products of CuCl2+Na2Se2+0.1 X where X is the organic molecule indicated
at right. The expected reflections for NaCl and pyrite CuSe2 are shown above. Strongest reflections present
from CuCl (∗) and Se (◦) are marked.

To experimentally test the importance of Lewis basicity in mediating the metathesis,

we performed the metathesis reaction with triphenylamine (Ph3N), which is a non-basic

analog of Ph3P.160,161 Both pyrite and marcasite were detected via PXRD after 24 hours,

as well as much larger amounts of CuSe and elemental selenium (Figure 5.6). Since it

is not likely that a Ph3NSe adduct is forming with the nonbasic amine, we hypothesize

that the Ph3N is providing an alternative reaction pathway that does not involve complex

intermediate formation, and therefore does not provide control over the polymorph of the

CuSe2 product.
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Since Ph3P and Ph3N are both liquid at 150 °C (Tm = 80 and 127 °C, respectively),

it is likely that diffusion of the reactants are increased due to this fact alone. Because

Ph3P is a Lewis base, it forms the Ph3PSe adduct, which is not possible for the nonbasic

Ph3N. We suggest that the adduct formation simultaneously slows the propagation of the

reaction and allows the pyrite polymorph of CuSe2 to be formed before the marcasite

polymorph. Reaction propagation of the Ph3N-containing reaction is not slowed by any

adduct formation, and polymorph selectivity is lost.

Triphenylmethane (Ph3CH, Tm = 92 °C) and tetraphenylmethane (Ph4C, Tm = 272 °C)

are both nonbasic, and were each combined with the reaction mixture CuCl2 + Na2Se2 to

test the necessity of a melt (Figure 5.6). With Ph3CH, both polymorphs of CuSe2 were

detected, in a similar fashion to the Ph3N. In the case of Ph4C, only NaCl and selenium

were detected in the products, reminiscent of the reaction mixture with no additive. These

control reactions indicate that the addition of a liquid to the reaction mixture is required

to allow any reaction to proceed.

Eicosane (C20H42, Tm = 36 °C) was also introduced to test a completely nonpolar, un-

reactive molecule that will melt. After 24 hours at 150 °C with 0.1 molar equivalents of

eicosane, very little CuSe2 was detected; instead much more Se and CuSe were observed

(Figure 5.6). This again indicates that the reaction is promoted by the presence of the

liquid phase additive, but again polymorph selectivity is lost because the eicosane is unre-

active with respect to the reaction mixture.

While these controls indicate that a melt may promote reaction in the solid matrix,

they do not specifically attest to the influence of the Lewis-basic phosphine. Tris-ortho-

methoxyphenylphosphine [(o-CH3OPh)3P, Tm = 200 °C] is a Lewis base but will be solid
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under the reaction conditions. Therefore, (o-CH3OPh)3P was mixed with CuCl2 + Na2Se2

and reacted at 150 °C. After 24 hours, NaCl, CuCl, Se, and pyrite CuSe2 were observed via

PXRD (Figure 5.6). However, much less pyrite CuSe2 was observed compared to a reaction

at 150 °C with Ph3P. As a positive control of a Lewis base that is liquid under the reaction

conditions, tris-ortho-tolylphenylphosphine [(o-CH3Ph)3P, Tm = 123 °C] was added to the

reaction mixture and reacted at 150 °C for 24 hours, yielding the pyrite polymorph of

CuSe2 (Figure 5.6). These results indicate that a melt works in concert with the presence

of a Lewis base to provide polymorph selectivity of CuSe2.

The organic adducts detected, Cu(Ph3P)+
n and Ph3PSe, may be reacting with one an-

other to form CuSe or pyrite CuSe2. Their reaction would replenish the Ph3P after doing

so and allow the solid-to-solid reaction to propagate. To test this alternative hypothesis,

the reactions (Ph3P)2CuCl2 + 2 Ph3PSe and (Ph3P)3CuCl + 2 Ph3PSe were both executed

in the solid state at 150 °C and in toluene at reflux (T = 110 °C); no crystalline products

were formed in either case. Additionally, reactions of the molecular intermediates seeded

with pyrite CuSe2 resulted in no further product formation. These controls indicate that

the intermediates alone are not forming the products and that a solid interface or mixture

must first be present for the products to form.

Taken together, these data suggest a distinct reaction mechanism compared to our

previous report using air exposure to provide polymorph selectivity. We previously hy-

pothesized that the pyrite polymorph was formed through a topochemical selenium inser-

tion and slight structural rearrangement from CuSe to pyrite at low temperatures, then

forming marcasite as the temperature increased. Here, Ph3P serves as a selenium shuttle.

The significantly slower kinetics and higher thermal activation barrier relative to the air-
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exposed reaction suggest that the presence of multiple organic-inorganic moieties (Ph3PSe,

Cu(Ph3P)+
n ) may be stabilizing the surface of pyrite CuSe2 while reacting with the inor-

ganic reactants and intermediates. As the concentration of Ph3PSe and Cu(Ph3P)+
n adducts

decrease and the NaCl and CuSe2 products form, stabilization of the pyrite surface is lost

and rapid conversion to the thermodynamically-stable marcasite polymorph is observed.

This embodies Ostwald’s Step Rule, which states that as a product crystallizes it will form

metastable intermediates before the thermodynamically stable product.135,136 The hypoth-

esized reaction pathway is summarized in Scheme 1. Initial reaction of CuCl2 + Na2Se2

yields a range of intermediates after addition of Ph3P and heating (reaction 1). Further

heating induces formation of pyrite CuSe2, formed by the organic intermediates a and b

on a crystalline template (e.g., Se intercalation into CuSe, reaction 2). It is likely that

reactions 1 and 2 occur repeatedly as x decreases and y increases. As the inorganic inter-

mediates are consumed, conversion to the marcasite polymorph begins to occur (reaction

3).

The role of Ph3P in this reaction is twofold: (a) the Ph3P melts, and increases the dif-

fusion and activity of the reactants, and (b) Cu(Ph3P)+
n and Ph3PSe adducts form, slowing

the propagation of the reaction and allowing kinetic stabilization of the pyrite CuSe2 prod-

uct. If a molten, non-adduct forming molecule is added, the reaction progresses without

polymorph selectivity.

The intermediate stability and thus potentially the reaction kinetics could potentially

be tuned by altering the electron donating or withdrawing properties of the organic func-

tionality on the phosphine center.145,162 In general, the formation of these intermediate

adducts seems integral to the controllable propagation of the reaction CuCl2 + Na2Se2,
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CuCl2 + Na2Se2 
+ 0.1 Ph3P NaCl

CuCl, CuSe, Se Cu(Ph3P)n,!
 Ph3PSe

pyrite CuSe2 marcasite CuSe2+

heat time time

(a)

CuCl2 + Na2Se2
(2—x) NaCl + (x—y) CuCl + (1—x) CuSe + (1—x)Se 
+ x Ph3PSe + y Cu(Ph3P)n  + y Cl   + (x / 2) Na2Se2

reaction 1!
basic melt, Δ

(2—x) NaCl + x CuCl + (1—x—y) CuSe + (1 — y) Se 
+ (x / 2) Na2Se2 + y p-CuSe2|a,b

Δ, t

2 NaCl + (1—z) p-CuSe2 + z m-CuSe2

(a) (b)

reaction 3

+ —

reaction 2!
Δ, tnonbasic melt, Δ

(b)

Figure 5.7: (a) A cartoon summarizing the polymorph-selective pathway of CuSe2 formation, mediated by
Ph3PSe and Cu(Ph3P)+n . (b) The hypothesized reaction pathway yielding polymorph selectivity of CuSe2.
Formation of a and b allow the stabilization of the pyrite polymorph before conversion to marcasite at
longer reaction times. Without the addition of the Lewis base, no selectivity is observed and direct formation
of marcasite occurs. (e.g., direct, dashed arrow)

and Lewis-base adducts provide a new pathway for solid-state chemistry to take place in a

controlled manner.

5.4. Conclusion

In conclusion, we have demonstrated Lewis-base mediated solid-state chemistry at low

temperatures for the reaction CuCl2 + Na2Se2, which selectively forms the nominally high-
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pressure, high-temperature pyrite polymorph of CuSe2. Formation of multiple copper- and

selenium-containing intermediates alters the reaction pathway and stabilizes the pyrite

polymorph. Addition of other organic molecules that are either nonbasic or non-melting at

the reaction temperatures tested do not allow for polymorph selectivity between pyrite and

marcasite CuSe2. The formation of the organic intermediates Ph3PSe and Cu(Ph3P)+
n are

integral to the formation of one polymorph over the other, but are unable to react on their

own to yield a crystalline product. Inclusion of small amounts of non-incorporating small

molecules with the ability to form complex intermediates with the solid-state reactants

into solid-state chemical reactions has the potential to yield a range of metastable products

previously unobtainable through traditional solid-state synthetic means.

79



6. Outlook and Proposed Future Directions

6.1. Introduction

This body of work focused on the development of kinetic control of solid state metathe-

sis reactions. To this end, we have presented the observation of kinetic intermediates,63

pathway control,95 and polymorph control98,99 to produce transition metal dichalcogenides

through solid state metathesis and under kinetic control.1

Moving forward, it will be important to understand the precise nature of the chemical

interactions that allow these examples of kinetic control. This will in turn yield a greater

understanding of how kinetic control can be exercised over a wider range of solid state

chemical reactions.

6.2. Materials and Methods

Note on author contributions: The following work is currently in preparation for publi-

cation, and stems from the work of multiple scientists. Andrew J. Martinolich performed

triphenylphosphine flux and solid state metathesis reactions, executed in situ synchrotron

experiments, and optimized sample preparation for impedance spectroscopy. Joshua A.

Kurzman executed in situ synchrotron experiments. Maxwell C. Schulze optimized and ex-

ecuted impedance spectroscopy measurements. Amy L. Prieto provided helpful discussion

and supervised the impedance studies. James R. Neilson supervised the project.
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FeS and FeSe in Ph3P flux reactions: Elemental Fe powder was purified via heating to

980 °C in an evacuated (< 10 mtorr) amorphous silica ampoule for several hours. Surface

oxidation of the iron was driven off to form silicates on the glass surface and the resulting

iron powder had a bright metallic luster. Selenium shot was purified by sealing in an

amorphous silica ampoule, heating above the melting point, and slowly cooling through

the transition temperature. The resulting ingot was sanded to remove any noticeable oxide

layer. Sulfur was purified via vapor transport; after sealing under vacuum in a tube approx.

18 inches in length, the sulfur charge was placed in a three-zone tube furnace at 550 °C.

The two other zones were set at 400 °C and the recrystallization setup was left for several

hours. After cooling, all the sulfur was found at the cold end of the tube, with black,

carbonaceous impurities left in the hot end.

The elemental reactants were ground homogeneously and mixed with a specified amount

of Ph3P. The entire mixture was transferred to a silica ampoule, heated at 10 °C to 325 °C,

and allowed to dwell for 12–24 hours. The reactions were shaken occasionally once at the

reaction temperature to further promote mixing and diffusion in the then-liquid media.

The reactions were then either quenched in ice water, removed to ambient atmosphere, or

controllably cooled at 10 °C per minute.

NiCl2 + A2S2, A = Na, K: The reactants Na2S2, K2S2, Na2Se2, and K2Se2 were prepared

from the elements in an argon-filled glove box. The alkali metal and chalcogen were

physically separated, each in a separate alumina crucible, and placed in a 14 mm i.d. silica

tube, evacuated to <10 mtorr and sealed. The reactions were then heated at 1 °C per

minute to 400 °C and held for 24 hours. The products were subsequently collected in

an argon-filled glove box, ground, pelleted, and resealed under vacuum, and annealed at
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400 °C for 24 hours. The resultant yellow (for Na2S2 and K2S2) or red-brown (for Na2Se2

and K2Se2) powders were stored in a dry, argon filled glove box.

The reaction mixtures of NiCl2 + A2S2, A = Na, K were combined in 1:1 stoichiomet-

ric ratios and ground homogeneously. They were then evacuated and sealed in extruded

silica capillaries (o.d. = 0.7 mm). For air-exposed reactions, the reaction mixtures were

ground homogeneously in an Ar-filled glove box, then removed to a fume hood in ambi-

ent atmosphere. The reaction mixtures all begin to darken in appearance within seconds

and are completely black after ca. 60 seconds of grinding. Exact humidity levels were

not controlled, but were generally ≤ 50% as monitored by an ambient humidity sensor.

The reactant mixtures do not deliquesce. The reaction mixtures were then evacuated to

<10 mtorr and sealed in extruded silica capillaries. In situ synchrotron X-ray diffraction

data was collected using beamline 17-BM-B (λ = 0.75009 Å) at the Advanced Photon

Source at Argonne National Laboratory. The samples were heated at 3 °C min−1 from

room temperature to 400 °C using a resistive heater as previously described.100 Diffraction

data were continuously collected using a 2048×2048 pixel Perkin-Elmer 2D plate detector

in 30 second increments, each pattern consisting of three 10 s subframes, while the sample

was continuously rotated by 5° along its long axis. The 2D diffraction patterns were then

radially integrated using GSAS-II.101 A LaB6 standard (NIST 660b) was used to calibrate

the sample-to-detector distance, which was nominally 300 mm.

Impedance spectroscopy was collected using a Gamry Reference 3000 potentiostat.

Temperature was controlled using a Cincinnati Sub-Zero MicroClimate atmospheric cham-

ber. High density ingots of Na2S2 and K2S2 were prepared for impedance spectroscopy by

placing either “Na50S56” (that is, Na2S2 + 0.24 S) or K2S2 powders in carbon-coated 4 mm
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i.d. silica ampoules and sealed under vacuum. The tubes were placed upright in a box

furnace and heated at 5 °C per minute to 550 °C and allowed to dwell for 6 hours. The re-

actions were then cooled at a rate of 15 °C per hour to either 145 °C (for Na2S2) or 260 °C

(for K2S2). The products were collected in a dry, argon-filled glove box. The top of the

Na2S2 ingot was cut off to remove any sulfur-rich material. The dense, yellow-brown in-

gots were sanded flat on either side and painted with conductive carbon paste, which was

allowed to cure overnight. The ingots were then placed in Swagelok cells with stainless

steel current collectors as the contacts.

Laboratory powder X-ray diffraction patterns were collected with a Bruker D8 Discover

X-ray diffractometer using CuKα radiation and a Lynxeye XE-T position-sensitive detec-

tor. Differential scanning calorimetry data were collected on a TA Instruments DSC 2500

on homogeneously ground reaction mixtures (approx. 10 mg) hermetically sealed in alu-

minum cans. The temperature ramp was 3 °C min−1 to replicate the reaction collected in

situ.

6.3. Using Molecules to Control Solid State Material Formation

Perhaps the most advanced application of kinetic control presented in this work is the

use of a small amount of triphenylphosphine to the metathesis reaction CuCl2 + Na2Se2 to

selectively form pyrite CuSe2 before the thermodynamically stable marcasite polymorph.

It was determined that the Lewis basicity of the phosphine was necessary to form a triph-

enylphosphine selenide adduct which acted as an atom transfer agent.
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We thus sought to extend the utility of triphenylphosphine as an atom transfer agent to

different reactions, and motivated by the various uses of tertiary phosphines in the synthe-

sis of transition metal chalcogenide nanomaterials,154 instituted it as a flux for elemental

solid state reactions. Triphenylphopshine melts at 80 °C and does not boil until 380 °C,

affording a large stability window in which reactions may occur. It will also readily form

adducts of sulfur and selenium, and is thus well suited to activate the solid reactants and

promote reactivity.

Here, the phase-selective syntheses of tetragonal, superconducting FeSe as well as sto-

ichiometric troilite-structured FeS, from the elements in a triphenylphosphine flux is pre-

sented. Both are the thermodynamically stable phases at low temperature, and are other-

wise difficult to produce from the direct combination of the elements.

Figure 6.1: Phase-decomposed Rietveld refinements of the products of the reaction Fe + Se (a) with and (b)
without the triphenylphosphine flux. It is clear that the flux promotes the phase selection of the supercon-
ducting β-FeSe phase, while the neat reaction yields a mixture of phases.
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The synthesis of tetragonal FeSe via a triphenylphosphine flux was achieved by sealing

approx. 100 mg of elemental Se with approx. 70.7 mg of Fe and approx. 333 mg of Ph3P

in a 10 mm i.d. silica tube under vacuum and heating to 325 °C at 10 °C per minute. After

allowing the reaction mixture to dwell at temperature for 24 hours, the furnace was cooled

at 10 °C per hour to room temperature. The resultant mixture yielded a black solid after

repeated washes in benzene to remove the excess triphenylphosphine. A ferromagnetic

impurity (likely small amounts of unreacted elemental iron) was magnetically separated

from the FeSe.

Powder diffraction of the products of reaction Fe + Se at 325 °C in a flux of Ph3P after

wash with benzene is shown in Figure 6.1a. The data indicate the formation of a single

phase, tetragonal FeSe. When executed in the absence of the triphenylphopshine flux un-

der the same heating conditions, the elemental reaction yields FeSe2, Fe3Se4, and elemen-

tal selenium (Figure 6.1b). It is likely that Fe metal was also left in the reaction mixture

but not detected by PXRD because of its ductility and resistance against powdering.

When the reaction Fe + S was attempted in a phosphine flux, the stoichiometric troilite

phase of FeS was produced (Figure 6.2). This phase is only stable below 150 °C, above

which the material disproportionates to a range of iron-poor phases (Figure 6.3a). This

phase is not easily accessible from traditional solid-state reactions, instead reqiuring the

application of non-hydrolytic sol-gel methods163 or can be found in nature.164

In an effort to understand the reason why these reactions were successful, a number of

control reactions were explored. Firstly, the FeSe product of the flux reaction is sensitive

to the cooling rate. Tetragonal FeSe alone is observed if the reaction is cooled at 10 °C per

hour from the reaction temperature to room temperature. If the reaction is quenched or
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Figure 6.2: Rietveld refinement of the PXRD data of the products of the reaction Fe+S in a triphenylphosphine
flux. The FeS troilite phase is the lone product. Elemental silicon was included as an internal standard for
PXRD.

allowed to ambiently cool, both the tetragonal and hexagonal phases of FeSe are detected

in the products. When quenched, there is significantly more of the hexagonal polymorph

than the tetragonal. This result is somewhat surprising because the reaction remains below

T = 457 °C, which is the temperature at which the hexagonal polymorph of FeSe becomes

thermodynamically stable (Figure 6.3b).

Additionally, the tetragonal FeSe product phase seems to be uniquely insensitive to the

input composition. Even if up to two equivalents of selenium are reacted with a single

equivalent of iron, the only crystalline product found after washing with benzene is tetrag-

onal FeSe. The product always appears to have the optimal c:a ratio for maximum Tc.

This insensitivity is a striking feature of this synthetic method, especially considering the

previous challenges surrounding the sensitivity of FeSe to stoichiometry derived from tra-

ditional solid state reactions.125 The product seems generally insensitive to amount of Ph3P
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Figure 6.3: Partial phase diagrams of (a) Fe–S and (b) Fe-Se. The products of the reaction of iron with the
respective chalcogenide in a triphenylphosphine flux yields stoichiometric FeS or FeSe in the structure stable
at low temperatures, highlighted in red. Phase diagrams are adapted from Adapted from reference 10 and
reference 165, respectively.

flux used as well, though less ferromagnetic impurity is observed as the ratio of Ph3P to Se

increases.

It should also be noted that in the reactions using the triphenylphosphine flux, no

gaseous chalcogen was observed, either directly as gas in the tube while hot, or indirectly,

by the deposition of a elemental chalcogen layer towards the cooler end of the tube. It

is possible that the phosphine flux spatially sequesters the chalcogen reactant, which in

turn makes it more available to corrode the iron. When no triphenylphosphine flux is

used, there is clearly gas evolved in the tube as the chalcogen reactants volatilize, and a

large amount of chalcogen can be observed separated from the metallic reactant once the

reactions have cooled.

The reactivity of phosphines with chalcogenides has been well-studied; the Lewis-basic

phosphine readily forms adducts with the chalcogenide (i.e., R3P + Q −→ R3PQ). This

mechanism has been widely applied in the preparation of transition metal chalcogenide
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nanoparticles, either to partially extract the chalcogen from nanoparticles,144 or serve as

chalcogenide transfer agents with tunable physical properties and reactivity.145,162 We re-

cently presented the utility of triphenylphosphine as an atom transfer agent to promote

the polymorph-selective preparation of cubic CuSe2, by adding the triphenylphosphine to

the solid state metathesis reaction CuCl2 + Na2Se2 in small amounts.99

In this case, it appears that these features are working in tandem to facilitate the re-

action Fe + Q. The equilibrium Se + Ph3P −−⇀↽−− Ph3PSe is influenced by the driving force

to form FeSe, consuming the Ph3PSe and replenishing the Ph3P. However, there is rela-

tively little driving force to produce FeSe2 from FeSe (∆Hf(FeSe)=37 kJ mol−1 atom−1,

∆Hf(FeSe2)=41 kJ mol−1 atom−1).166 The thermodynamic favorability of the FeSe+Ph3PSe

vs. FeSe2 + Ph3P is further supported by a report that utilizes trioctylphosphine to trans-

form FeSe2 and Fe3Se4 nanoparticles into tetragonal FeSe, which suggests a mechanism

depending on selenium uptake by the phosphine.144

The open question remains: why are the low-temperature polymorphs of FeSe and

FeS produced, even when the temperature at which the reactions are executed does not

correspond to the range at which the products are thermodynamically stable? This is

especially clear in the case of the quenched reaction that produces hexagonal FeSe. It is

possible that the thermodynamic ground state is altered and allows the kinetic trapping

of the various phases.1 If indeed the thermodynamic ground state is being altered, it is

possible that under the right conditions it will be possible to form metastable materials,

such as the recently discovered tetragonal FeS, which is isostructural to tetragonal FeSe,

and is a superconductor.167,168
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In summary, we have presented a new method for the preparation of phase-pure, su-

perconducting tetragonal FeSe, as well as the low temperature troilite phase of FeS. The

syntheses depend on the use of triphenylphosphine as a flux, which likely functions as a

chalcogen shuttle as well as solvent to promote corrosion of the iron and diffusion through-

out the reaction simultaneously. The apparent insensitivity to input composition and phase

dependence on cooling rate suggests that the triphenylphosphine flux promotes a thermo-

dynamic equilibrium in which the tetragonal FeSe or troilite FeS is the thermodynami-

cally stable phase, rather than any other polymorph or stoichiometry. This new synthetic

method has the potential to form a range of desired functional materials, as small organic

molecular fluxes can be tuned to react with a range of transition metal and main group

elemental constituents.

6.4. Expanded Considerations for Precursor Selection

Returning to the reactivity of solid state metathesis reactions, a number of factors

should also be explored to maximize the opportunities for kinetic control. While we previ-

ously have explored the variation of reaction pathway when the targeted functional mate-

rial (i.e., the transition metal chalcogenide) is changed, the possibility to tune the reaction

pathway by altering the spectator ions has not. Preliminary results in this light are promis-

ing, which will be outlined below.

Chapter three discusses the in situ PXRD data of the reaction NiCl2 + Na2S2 between

room temperature and 400 °C. The reaction first slowly forms NaCl as well as Na2S4 at ca.

100 °C before reaching a highly reactive period at ca. 230 °C. In this reactive zone, a num-
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ber of intermediates are observed, including Na2S5, Ni3S2, and both known polymorphs of

NiS. These intermediates are surprisingly quite crystalline in this reactive zone before NiS2

formation, as indicated by relatively narrow FWHM of Bragg features. Once NiS2 forms

the intermediates disappear rapidly and no further reactivity is observed.

If instead K2S2 is used as a sulfur source for the reaction, the reaction pathway is clearly

altered. KCl does not form until ca. 210 °C, and does so rapidly. No K-S intermediate

phases are observed. Ni3S2 is not observed either, and NiS2 forms shortly after KCl along

with both polymorphs of NiS. The monosulfides are quickly consumed, and do not form

as large crystalline domains as in the case of the reaction Na2S2 + NiCl2. Interestingly, the

ternary phase K2Ni3S4 forms after NiS2, and is observed to slowly grow in intensity until

the end of the in situ experiment.

400 °C

213 °C

253 °C

1            2            3           4 1            2            3           4

(a) (b)

(c) (d)

Na2S2 + NiCl2 K2S2 + NiCl2

30 °C

Figure 6.4: In situ powder X-ray diffraction of the reactions (a) Na2S2+NiCl2 and (b)K2S2+NiCl2. Difference
powder X-ray diffraction of the highlighted regions of each are shown in (c) and (d), respectively.
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Reactants, intermediates, and products are all present in the potassium-containing

reaction simultaneously, indicating much faster reaction kinetics once the critical reac-

tion temperature is reached, despite the delayed formation of KCl compared to NaCl.

The delayed formation of KCl may be attributed to the slightly higher stability of K2S2

(∆Hf = −447.5 kJ mol−1) compared to Na2S2 (∆Hf = −398.0 kJ mol−1), as we have

shown previously for the differing metal chloride salts, though the total enthalpies of both

reactions are very comparable.

R1 R2

cpe(d)

Figure 6.5: Nyquist plots of the complex impedance of (a) Na2S2 and (b) K2S2 between 40 °C and 80 °C. The
Arrhenius relationship of inverse temperature and ionic conductivity is shown in (c), derived from fits to the
data shown in (a) and (b). The equivalent circuit used to fit the data is shown in (d), where R1 corresponds
to the contact resistance, R2 corresponds to the ionic resistance, and the constant phase element (cpe)
accounts for the phase shift.

To further elucidate the origin of the varied reactivity between Na2S2 and K2S2, elec-

trochemical impedance spectroscopy was used to study the ion mobility of each material

(Figure 6.5). While the ionic resistivity is high for both materials (ca. 10s of GΩ at room

temperature), it is approx. half as resistive in the sodium sulfide than the potassium sul-

fide. Measuring the impedance as a function of temperature allows the extraction of an

Arrhenius relationship to determine activation energy for ionic conduction (Figure 6.5c).
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The Na2S2 has an activation energy of 1.04 eV and the K2S2 has a slightly lower activation

energy of 0.87 eV.

Figure 6.6: DSC curves collected at different scan rates (filled) with corresponding Gaussian fits (dashed
lines). The Na-containing reaction (a) are well-described using four Gaussian functions, while the K-
containing reaction (b) are fit using three.

Differential scanning calorimetry was used to understand the differences in reactivity

between the sulfur sources, and extract kinetic information regarding the reaction path-

ways (Figure 6.6). In both cases, there are multiple broad exotherms present. Studying the

reactions with DSC as a function of scan rate can be used to extract kinetic information in

a variety of ways. In general, the exotherms shift more quickly as function of temperature

in the Na-containing reaction than the K-containing reaction, again suggesting a higher

activation energy for the sodium if an Arrhenius relationship is extracted.
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Interestingly, while in the case of Na2S2 + NiCl2 the exotherms align approximately

with the reactive zone observed in PXRD, the onset temperature of the reaction K2S2 +

NiCl2 appears much earlier via DSC, while no major changes are observed in the PXRD.

This suggests that there are microscopic differences occurring in the reactants before bulk

reactivity, and that do not readily change the crystalline components of the reactants, or

that there is some difference in the reactants (e.g., particles size) that was unaccounted

for in these experiments.

1

what can we do to understand the kinetics 
of these reactions?
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Na2S2 + NiCl2 K2S2 + NiCl2

Figure 6.7: Proposed reaction pathways with distinct rate limiting steps of the two reactions.

From this ensemble of measurements, two different reaction pathways can be hypothe-

sized depending on the use of either Na2S2 or K2S2, which are shown in Figure 6.7. In both

cases, the first step is the formation of the alkali chloride salt. This step is followed by the

formation of various other intermediates, including Na2S4 and Na2S5 in the Na-containing

reaction, and various Ni-S phases in both reactions. This step is followed by NiS2 for-

mation and growth. In the Na-containing reaction, the salt formation occurs at relatively

low temperature (ca. 100 °C), suggesting that there is only a small energetic barrier. The

formation of KCl does not occur until approximately 200 °C, indicating a larger barrier for
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this step comparatively. Alternatively, the intermediate formation proceeds much later in

the case of the Na-containing reaction, whereas it occurs quickly after KCl formation. NiS2

formation follows quickly in both cases. These data suggest that intermediate formation

is the rate determining step in the Na-containing reaction, while salt formation is the rate

determining step in the K-containing reaction. This is likely due to the much lower mo-

bility of the potassium in the K2S2 precursor, evidenced by the electrochemical impedance

spectroscopy.

To test the resulting hypotheses regarding the pathway control of these solid state re-

actions, we sought to prepare solid-solution mixtures of NiSSe. The end members (that

is, NiS2 and NiSe2) are isostructural and have been shown to form solid solutions previ-

ously. The guiding principles for this proof-of-concept were that (a) sodium-containing

precursors will have enhanced reactivity at low temperatures and promote mixing and (b)

potassium-containing precursors will react more slowly, perhaps disallowing full chalcogen

mixing and solid solution formation.

[NiS6]

[NiSe6]

[NiS3Se3]fast

slow

+ Se
— S

+ S
— Se

(e)
(a)

(b)

(c)

(d)

Figure 6.8: (a–d) PXRD patterns (circles) and corresponding Rietveld refinements (grey lines) of the products
of the reactions 2 NiCl2 + A2S2 + A2Se2 (A = Na, K). In all cases, there is clearly splitting of the NiSSe
reflections, indicating the formation of incomplete solid-solution formation. The patterns in (a) and (d) are
less phase separated than in (b) and (c). These observations are described by the scheme in (e), whereby it
is easier to displace selenium than sulfur from the coordination sphere around a nickel center.
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The reactions 2 NiCl2 +A2S2 +A2Se2 (A = Na, K) were executed under air-free condi-

tions at 400 °C for 24 hours. PXRD patterns of the products are shown in figure 6.8a and

figure 6.8b. Both reactions achieve the formation of mixed S/Se phases, but the sodium-

containing reaction yields two more similar NiSSe phases while the potassium-containing

reaction forms two more distinct phases, as evidenced by the splitting of the NiSSe reflec-

tions. This is in good agreement with our reaction design principles that sodium-containing

reactants can indeed provide the reactivity needed to increase mixing and promote solid-

solution formation.

If instead both alkali ions are present in the reactions, via the reactions of either

2 NiCl2 + K2S2 + Na2Se2 (figure 6.8c) or 2 NiCl2 + Na2S2 + K2Se2 (figure 6.8d), the NiSSe

product phase can again be altered. In the case of the sodium sulfide-potassium selenide

case, two NiSSe phases are required to fit the data, whereas less NiSSe phase separation is

observed in the potassium sulfide-sodium selenide case. This is due to the low-temperature

reactivity of the sodium precursors. When Ni-S intermediates form, it is harder to then

mix selenium from a less-reactive potassium source due to the increased strength of Ni-S

bonds relative to Ni-Se bonds. Thus, phase separation occurs in the case of the reaction

2 NiCl2 + Na2S2 + K2Se2. If instead the low temperature reactivity of the sodium precur-

sor forms the relatively weaker Ni-Se bonds, the potassium sulfide reaction that occurs

at higher temperature allows displacement of the Se and thus greater S/Se mixing in the

homogenous NiSSe product. These concepts are illustrated in figure 6.8e.

These initial results indicate the profound impact that precursor selection may have

on reaction pathway, even when substituting what would appear to be a spectator ion.

Determining a broader understanding of what each component of a solid state reaction
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can have on the overall reaction pathway will be instrumental in deriving design rules for

new reaction pathways, and in turn new materials.

6.5. Advancing in situ Methods to Develop Kinetic Control

The previous example highlights the utility of the combination of a number of analytical

assays to better understand the differences in reactivity; no single measurement provides

the entire story. However, it is not without its shortcomings: the exotherm observed at low

temperatures and over a broad temperature range (150 – 200 °C) via DSC in the reaction

K2S2 + NiCl2 does not correspond to any changes in the bulk crystalline structure of the

reaction mixture, evidenced by PXRD. How can one determine the origin of this exotherm,

and more generally, what methods can be used to account for microscopic changes in a

solid state reaction mixture? However, the possibility that some extrinsic parameter such

as particle size must also be considered. For example, if the K2S2 is made up of larger

grains than the Na2S2, there is less bulk interface between the potassium sulfide and nickel

chloride, and thus less available reactive material at a given temperature.

Pair distribution function analysis of in situ total scattering measurements may provide

information on the local structural changes as a function of temperature. We have previ-

ously used this technique to analyze the nucleation and growth of a crystalline phase from

an amorphous phase upon heating95,98 but have yet to investigate complete crystalline-to-

crystalline chemical transformations due to the added complication of the multiple crys-

talline components present. Analysis of the local structure may however provide a greater

understanding of microscopic changes before bulk crystallographic changes occur. Addi-
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tionally, the use of spectroscopic techniques, such as infrared or Raman spectroscopy, may

prove valuable in understanding how the reactants begin to interact at the local, interfacial

level.

6.6. Applying Kinetic Control Design Rules to Real Systems

Moving beyond the realm of fundamental solid state reactivity, application of similar

studies to functional, dynamic, solid state chemical systems is the next step. Applying

advanced in situ analytical methods to gain greater understanding of the origins of perfor-

mance of specific materials and devices will be extremely informative towards the design

of next-generation materials.

The key will be identifying appropriate dynamic systems in which understanding their

kinetic mechanisms in operando will inform the principles upon which they operate. For

example, the understanding of kinetic pathways of battery electrodes upon cycling pro-

vides a wealth of information regarding their performance. Even with relatively simple

insertion electrodes, such as LiFePO4, observation of a cycling rate-dependent mechanism,

where at higher rates a single-phase, Li1–xFePO4-forming mechanism occurs rather than the

classical, thermodynamically-driven two-phase mechanism aids in explanation of the high

rate capability of the material.51 This example highlights that even in simple compounds,

in situ kinetic studies are worthwhile. As more battery technologies are being shifted to

focus on conversion-based electrodes to maximize gravimetric capacity, the mechanism(s)

controlling the transformation will become more complex (i.e., there will not be any struc-

tural similarities between a charged and discharged electrode). Studying these transfor-
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mations, for example the lithiation of iron sulfide FeS2, 4 Li + FeS2 −→ Fe + 2 Li2S, with

advanced analysis techniques and importantly under various kinetic conditions will pro-

vide the ability to design new battery materials and frameworks from which to maximize

device performance, capacity, and efficiency.
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Billinge, S. J. L. PDFfit2 and PDFgui: computer programs for studying nanostructure

in crystals. J. Phys.-Condens. Mat. 2007, 19, 335219.

112



[105] Lide, D. R. CRC Handbook of Chemistry and Physics, 87th Edition, 87th ed.; CRC

Press, 2005.
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