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ABSTRACT

This work systematically investigates structure-stability relations in various polymer
derived ceramic (PDC) systems and metal organic frameworks (MOFs), both of which
are hybrid materials. The investigation of silicon carbides (SiC) confirms thermodynamic
stabilization of PDCs with increasing mixed bonding (Si bonded to both C, O and/or N).
The study of more complex silicon oxycarbide (SiOC) structures shows stabilization of
SiOCs with increasing pyrolysis temperature (between 1200 and1500 °C), and points to
dissimilarities in the stabilizing effect of different mixed bonding environments (SiO3C,
Si02C2, or SiOC3) and their relative amounts. Analyses of quaternary silicon
oxycarbonitride (SiC(N)(O)) materials suggests increased stabilization with increasing N
content, and superior stabilization due to SiNxCa4.x compared to SiOxC4-x mixed bonds.
Investigation of the energetics of metal filler (Nb, Hf, Ta) incorporation in SiOCs shows
that choice of metal filler influences the composition, structural evolution, and
thermodynamic stability in PDCs. Ta fillers can stabilize otherwise unstable SiO3C mixed
bonds. Independent of metal incorporation or lack thereof, in SIOC systems, higher
pyrolysis temperature (1200-1500 °C) forms more stable ceramics. The stabilizing effect
of order/disorder of the free carbon phase is system-dependent. The work on (MOFs)
highlights stabilization trends obtained from the investigation of zeolitic imidazolate
frameworks (ZIFs) and boron imidazolate frameworks (BIFs) based on azolate linkers.
Study of the energetics of metal (Co(I), Cu (II), and Zn (II) ) substitution in isostructural
Z1Fs shows that in MOFs the stabilizing effect of metal is dependent on both framework
topology (diamondoid (dia) > sodalite (SOD)) and dimensionality (2D > 3D).

Thermodynamic analyses of metal substitution (Ag(I), Cu(l), and Li (I)) in isostructural
i



SOD and dia BIF systems confirm increase in density as a general descriptor for
increased stabilization in MOFs. The study of energetics of guest-host interactions during
CO2 incorporation in azolate frameworks (i.e., ZIF-8) shows strong dependence of
energetics of adsorption on choice of linker and metal. Additionally, several energetically
favorable reaction pathways for the formation of CO3-ZIF-8 have been identified. Both
PDCs and MOFs show a complex energetic landscape, with identifiable system-
dependent and general structural descriptors for increased thermodynamic stabilization

and tunability of the energetics of guest-host interactions.
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CHAPTER 1

INTRODUCTION

Reference: Navrotsky A, Leonel GJ. Thermochemistry of hybrid materials. Philos Trans

R Soc Math Phys Eng Sci. 2023;381(2259):20220334.

1.1 General Remarks

Over the past century, the human population more than quadrupled to ~8 billion. !-
2 Industries now face a growing challenge of maintaining a steady supply of food,
electricity, transportation, and other essential goods and services.? To meet the current
demands of a still-growing population, industrial facilities continue to scale up their
production capacity.* However, due to increasing concerns over climate change,
industries must opt for greener production strategies.> These include increasing
production yield by employing appropriate catalysts, utilization of porous materials for
capturing evolved greenhouse gases, and other carbon-negative approaches.®> 7 This has
fueled efforts in the research and development of materials with properties suitable for
catalysis, molecular sieving, and high temperature applications. Current candidates with

such desired properties include hybrid materials.?- °

The term “hybrid materials™ refers to solids that contain both inorganic and
organic moieties. Though their stability at high temperature is generally more limited
than that of purely inorganic phases, varying their composition and dimensions by
incorporating different organic functional groups opens an exciting field of properties and

applications near room temperature. Structurally and compositionally, hybrid materials
1


https://www.americanprogress.org/wp-content/uploads/2013/12/GreenIndustrial.pdf

can be placed mainly into three categories. The first class is metal organic frameworks
(MOFs) in which metal nodes are connected by organic linkers to form open porous
reticular frameworks. ® ° The second consists of refractory ceramics made from metal -
organic polymer precursors and hence called polymer derived ceramics (PDCs). 1911 The
third contains compounds in which large organic cations take the place of smaller
inorganic cations to extend the field of conventional structures (e.g. perovskites) with

predominantly ionic bonding.!?~'* This work entirely focuses on MOFs and PDCs.

To date, only few studies investigate the thermodynamic stability of these
materials, which is an important consideration for their long-term application.!> Although
many hybrid materials are thermodynamically stable with respect to simpler components,
others are metastable but the energetic metastability is seldom prohibitively large. 1617
Therefore, synthetic pathways can be designed to make the desired products and, in many

cases, the materials will persist at ambient conditions until they are heated or exposed to

corrosive environments.

One must distinguish thermal stability from thermodynamic stability. The former
refers to decomposition on heating (often accompanied by oxidation) and the latter to
formation from simpler constituents (elements or a mixture of metal oxide or halide plus
organic compound). Thus, thermal and thermodynamic stability refer to different
chemical reactions and their thermodynamic trends with composition are often different.
Currently, knowledge of structural descriptors for increased stabilization is lacking, and

that is the focus of this work.



1.2 Scope of Dissertation

Despite a wide variety of structures and compositions, hybrid organic-inorganic
materials share many commonalities. Both hybrid subclasses contain carbon, present in
the form of organic bridging linkers in MOFs,® or as carbide and/or free carbon domains
in PDCs,!8 1921 and like pure carbon materials, both PDCs and MOFs can exist in
amorphous, intermediate, or crystalline states, depending on choice of constituents and
processing history.!0-22: 23 The large and tunable porosity in PDCs and MOFs
differentiates them from other hybrid materials.?* 2> The size, shape, structure and
porosity of MOFs can be tuned by employing appropriate metal-ligand combinations.?4> 26
In PDCs, tuning employs sacrificial fillers to the initial polymer blend.?” Both MOFs and
PDC:s offer the possibility of constructing hierarchical porous structures, with surface
areas much higher than activated carbon.!”- 2428, 29 Sych structural modifications are
accompanied by changes in macroscopic properties, including thermodynamic stability.!!-
20

There are many opportunities for future work linking thermodynamics and
structure. The increasing power of theory offers new opportunities to deal with large unit
cells and, simultaneously, organic and inorganic constituents.3? Understanding
thermodynamic stability is a necessary starting point to make hybrid materials and assess
their persistence and performance. To this end, this dissertation work presents a series of
already published (or in press) chapters (2-9), systematically exploring structure-stability
relations in various PDC systems and MOF structure types. The work has been done as

different projects due to dissimilarities in the source of the samples.



Specifically, chapter 2 investigates systematics in the thermodynamic stabilization
of SiC materials, including assessment of the effect of mixed bonding, resulting from
addition of elemental constituents (O and/or N) to the structures. Chapter 3 expands the
work on SiCs through the investigation of thermodynamic stabilization in a series of
SiOC specimens. The work identifies dissimilarities in the stabilizing effect of different
Si0xC4-x mixed bonding environments and studies correlation between ordering of the
free carbon phase and thermodynamic stability in SiOCs. Additionally, chapter 4
explores the energetic landscape in more complex SiC(O)(N) quaternary systems,
identifies differences in the stabilizing effects of SiOxC4.x and SiNxCs.x mixed bonds, and
reports the energetic trend associated with ordering of the free carbon phase in these
nitrogen-containing ceramics. Considering the popular use of fillers to tune the
physicochemical properties in PDCs, ! chapter 5 explores dissimilarities in the structural

evolution, energetics of formation, and temperature-stability trends from choice of metal

filler (Hf, Nb, Ta) incorporated in SiOC precursors.

In the same vein, the work on MOFs explores framework descriptors for
increased stabilization. Specifically, chapter 6 probes the stabilizing effect of various
metal atoms (Cu(Il), Zn (I), Co(Il)) across different ZIF topologies (SOD and dia) and
dimensions (3D and 2D). Chapter 7 expands the work on ZIFs by exploring the
energetics of metal substitution in topologically similar BIFs, and this enables
confirmation of specific correlations seen in ZIFs and BIFs as general descriptors for
thermodynamic stabilization in other MOF systems as well. Considering the increasing
interest in the use of MOFs for CO2 capture, !> the work is expanded to explore the

energetics of guest (CO2)-host (frameworks) interactions in BIF and ZIF structures, and
4



this is presented in chapter 8. Lastly, MOFs can undergo decomposition by carbonation
reaction during long-term exposure to CO2 and moisture.3! The work in chapter 9
quantitates the energetic drive for the formation of mixed linker carbonate MOF, and
identifies several energetically favorable reaction pathways for the formation of
carbonate MOFs. This is done through combination of experimental calorimetric

techniques and theoretical prediction from atomistic models, including DFT calculations.

This work is a valuable addition to our current understanding of thermodynamic
stabilization in these materials. The rest of this chapter is a brief description of MOFs and

PDCs, as reported in a previous publication.3?

1.3 Metal Organic Frameworks (MOFs)

MOFs are highly tunable, crystalline, porous, self-assembled frameworks
containing metal nodes linked by organic ligands (see Figure 1 for two examples). Both
linker and metal nodes are active components in MOF structures, contributing to the
surface and bulk functionality of the framework and to its thermodynamic properties.
Generally, longer linkers lead to larger pores. 26-32-33 A popular subclass of MOFs is metal
azolate frameworks (MAFs). Because many MAFs have topologies (e.g. RHO, ANA,
SOD, QTZ) similar to those familiar in zeolites, '¢ 34 they are often called zeolitic
imidazolate frameworks (ZIFs). ZIFs often employ tetrahedrally coordinated, divalent
metal nodes such as Zn(Il), Co(Il), or Cu(Il) bridged by azolate ligands such as 2-

methylimidazole or 2-ethylimidazole.!®- 35 The formation of strong metal-nitrogen bonds



which tie the organic linker to the metal node results in structurally persistent ZIF

frameworks, even upon removal of guest molecules used in synthesis. 6> 3>

Figure 1. Examples of porous MOF structures; HKUST-1 (left) and ZIF8 (right).

Color scheme: Cu is blue, O is red, N is purple, C is gray, and Zn is green.

Whereas inorganic zeolitic frameworks, sometimes called zeotypes, of a constant
composition such as SiO2 or Alp.5Po.502 can be called true polymorphs (phases of
different structure with the same composition), early work on MOFs emphasized making
as many different structures as possible using a variety of linkers,?> these materials do not
represent true polymorphs and their thermodynamics would reflect differences in both
structure and composition. A breakthrough in MOF synthesis came through the use of
controlled mechanochemistry. 3¢ This enables synthesis of true polymorphs, and in some
cases, the observation of phase transformations among several polymorphs with further

grinding.ms 34,36

The syntheses of a large set of MOFs has led to two fundamentally important
thermodynamic questions. (1) Is there a trend in energetic stability with pore volume (or

density) in MOFs similar to that seen in inorganic zeolitic materials? (2) When



mechanochemistry produces a series of denser MOF polymorphs with extended grinding
time, are they more stable (grinding enables progression down an energy landscape) or
are they less stable (grinding puts extra energy into the system and causes damage-driven
transformation to higher points on the energy landscape). These questions inspired the
Navrotsky group to perform a systematic calorimetric study of a number of ZIF

polymorphs and other MOFs, 15, 16,34, 35, 37-44

previously Navrotsky investigated, using high temperature oxide melt solution
calorimetry, the thermodynamic stability of an extensive set of zeolites with different
porosities.*>~47 Zeolites are energetically metastable with respect to dense structures (e.g.
quartz for SiO2, berlinite for AIPO4), thus confirming the existence of a thermodynamic
penalty resulting from an increase in porosity.*>~*’” The energetic metastability increases
with increasing molar volume in a nonlinear fashion (see Figure 2a), with some
indication that the energetics level off at high porosity, suggesting that the interior of
larger pores has little effect on energetics, supporting the observation that ultraporous

zeolitic frameworks are attainable.
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Figure 2. (a) Enthalpies of formation of zeolites, aluminum phosphate zeotypes,
mesoporous silicas, ZIFs, and MOFs relative to their dense assemblages. (b) and (c)
enthalpies of formation of ZIFs relative to their densest polymorphs. Reproduced with

permission from references 16, 17.

The calorimetric trend for MOFs (Table 1 and Figure 2a) indeed is similar to that
for zeolitic phases. The systematic offset for zeolites and MOFs seen in Figure 2a may
relate to the choice of dense phase reference states but the important point is the
similarity in magnitudes and slopes of the two sets of data. A firm conclusion is that
although MOFs become less stable with increasing porosity, the destabilization is of the

same magnitude as for zeolites.

Figure 2b gives a closer look at the energetics of true ZIF polymorphs based on
zinc and 2-methyl or 2-ethylimidazole. In both cases, the calorimetric results confirm
that the sequence of phases formed during mechanochemical synthesis trend downward
on their energy landscapes, that is, increased grinding leads to more energetically

favorable ZIFs.'® Cryogenic heat capacity measurements on several crystalline and
8



amorphous polymorphs provide standard entropies of these ZIFs but show that details of
low frequency vibrations appear to preclude a systematic variation of entropy with molar

volume.37: 38

The pendant groups on the organic linker in a family of isostructural ZIFs
seriously affect the measured enthalpy of formation (see Table 1).3% 3> These effects can
be considered as arising from changes in electron density distribution, including at the
linker-node interface.?> They can also be understood using a concept familiar to organic
chemistry, namely the Hammett function.?> In addition, theoretical calculations using
dispersion-corrected periodic DFT provides energetic differences among different
structures, including a fluorinated analogue of ZIF-8, in good agreement with
calorimetric measurements. 3% 33 Such calculations can be used to predict the topological
and energetic landscape of possible new ZIFs and suggest appropriate peripheral
substituents on the organic linker to modify thermodynamic stability and tune physical

properties.

The energetic effect of the nature of the metal on thermochemical stability within
a given structure with the same linker has been studied by calorimetry in two systems. In
“paddlewheel” MOFs, namely Cu- and Zn-HKUST-1. 39 Interaction with the solvent,
dimethylformamide, greatly stabilizes both compounds, while their desolvated forms are,
at best, of marginal thermodynamic and kinetic stability.3% 4> The MOF-74 family of
compounds shows promise in post-combustion CO2 capture from coal fired power
plants.*® Unfortunately, these MOFs appear to be very sensitive to hydrolysis in the

presence of water vapor, and calorimetric studies have confirmed that this instability is



driven by thermodynamically very favorable hydrolysis, probably limiting their

applications 3.

Several MOF minerals have been found in nature.*3- 44 4% These include paceite,
zhemchuznikovite, and stepanovite (see Table 1).43- 4449 Calorimetric measurements
confirm the thermodynamic stability of these minerals in their geologic settings and
enable calculation of possible corrosion and decomposition reactions.
Zhemchuzhnikovite and stepanovite exhibit high proton conductivity, enabled by
hydrogen-bonding networks involving interstitial water molecules, hydrated metal cation
guests and the oxalate framework.4? All the MOF minerals studied are very stable in
enthalpy, and substitution of iron by aluminum improves the energetic stability of
zhemchuzhnikovite.** Upon heating, stepanovite polymorphs lose included water guests
without disrupting their 2-dimensional open framework layers.*® Overall, these
thermodynamic results are significant in the context of both geochemistry and materials
chemistry, as they demonstrate that naturally occurring MOFs containing small ligands
are thermodynamically stable phases that exhibit functional properties comparable to

previously reported values for more complex advanced synthetic materials.*°

The work done thus far addresses some of the fundamental questions needed for
the design of thermodynamically more stable MOFs. Nevertheless, a better understanding
of the free energy landscape of MOFs requires more systematic studies. Results from
such work will help incorporate thermodynamic stability in the predictive design of novel

MOFs.

10



Table 1. Enthalpies of formation of frameworks relative to endmembers: metal oxide plus

linker and guest solvent (if present).

MOF compositions Cation Enthalpy of Ref
formation from
endmembers
AHs (kJ/mol)
SOD-Zn(Melm)2 Zn*? —20.45+0.94 16, 35
SOD-Zn(CHOIm)2 Zn*? 10.01 +1.03 35
SOD-Zn(VIm)2 Zn*2 ~16.58 + 1.11 35
SOD-Zn(AlIm) Zn*? —20.31£0.90 3
SOD-Zn(Clim)2 Zn*? —-19.48 + 0.67 35
SOD-Zn(Brim). Zn*2 —6.19 + 0.50 35
SOD-Zn(l1m)2 Zn*2 —6.44 +0.79 21,23
SOD-Zn(CF3lm); Zn*2 ~3.97 +0.57 35
qtz-Zn(CF3lm)z Zn*2 ~19.60 + 0.27 34
qtz-Zn(EtIm)2 Zn*2 —41.25+0.33 16
SOD-Zn(Melm)-0.29CO> Zn*? - 50
SOD-Zn(Melm)-0.56CO> Zn*? - 50
SOD-Zn(Melm)-0.80CO> Zn*? - 50
SOD-Zn(Melm)-0.87CO> Zn*2 - 50
SOD-Zn(Melm)-0.99CO> Zn*2 - 50
ANA-Zn(EtIm)2 Zn*? -31.63+1.26 16

11



RHO-Zn(EtIm): Zn*2 23.64+0.85 16
dia-Zn(Melm) Zn*? -31.09+1.17 16
kat-Zn(Melm) Zn*? -28.75+0.62 16
Cu-HKUST-H20 Cu*? -158.11 £ 0.95 39
Cu-HKUST-dg Cut? 49.97 + 1.53 39
Zn-HKUST-DMF Cu*? -162.66 + 1.72 39
Zn-HKUST-amorph Cu*? -10.71 £ 0.63 39
Mg-MOF-74 Mg*2 303.89+17.21 |15
Ni-MOF-74 Ni*2 264.38 £ 19.44 15
MOF-5 (DEF) Zn*2 78.64 +2.95 40, 41
MOF-5 (DG) Zn*2 99.47+3.62 40
MOF-5-DMF Zn*? 16.69 £ 1.21 42
MOF-5 Zn*2 99.47 + 3.62 41,42
ZIF-zni Zn*2 —33.60 £ 1.60 a1
ZIF-4-DMF Zn*? —27.60 £ 1.90 41
ZIF-4 Zn*? —24.60 £ 1.80 41
CoZIF-4 Co*2 -18.40 £ 1.70 41
ZIF-1 Zn*2 —26.70 £ 1.60 41
ZIF-7 Zn*? —19.50 + 3.00 4l
Cu-HK-1-H20 Cut*? —52.70 £ 0.30 41
Cu-HKUST-1 Cu*? 16.70 £ 0.50 4l
Zn-HK-1-DMF Zn*2 —54.20 £ 0.60 4l
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Zn-HK-1-amorph Zn*? -3.60+0.20 4l

CuCa(CH3CO0)4-6H20(s) Ca?*and | -31.45+0.25 a4

(synthetic paceite) Cu?*

CdCa(CH3CO00)4-6H20(s) | CaZ* and | —20.46 % 0.32 a4

(synthetic paceite) Cd?*

Abbreviation of linker ions: Melm: 2-methylimidazolate, CHOIm: 2-carbaldehyde: VIm:
2-vinylimidazolate; Alm: 2-acetyleneimidazolate; Cllm: 2-chloroimidazolate; BrIm: 2-
bromoimidazolate; IIm: 2-iodoimidazolate: CF3Im: 2-trifluoromethylimidazolate; Etlm:

2-ethylimidazolate.

1.4 Polymer Derived Ceramics (PDCs)

™Y -SiC nanodomain

Y -5i0, nanodomain

§ -Free carbon network or graphite

Ceramic matrix

Figure 3: Illustration of a SiOC microstructure in high temperature semi-

crystalline SiOC ceramics, synthesized from the pyrolysis of polysiloxane. (a) Packing
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of tetrahedra in SiC domains; (b) Local dominant (other configurations may exist) six-
membered ring structure in SiO2 regions; (c) graphene layers in carbon rich regions in the
PDC structure. In the crystal structures shown above: Si (tetrahedra) are blue, carbon is

grey, oxygen is red. This figure is modified from reference 20

PDCs have complex microstructures (see Figure 3) and are attractive materials
due to their high thermal stability, oxidation, and creep resistance,!! resulting in their
current and potential application in several industries, including aerospace, energy, and
transportation.'% ' PDCs are attainable from the controlled thermolysis and ceramization
of Si-containing preceramic polymers (PCPs) like polysiloxanes, polycarbodiimides, and
polycarbosiloxanes.!! Pyrolysis under an inert atmosphere results in the formation of SiO,

SiC, SiCN, and SiOC ceramic systems. 0> 1!

Typically, high temperature pyrolysis of PCPs at temperatures below 1200 °C
yields amorphous PDCs but by increasing pyrolysis temperature, their structure can
evolve from amorphous to crystalline.!!> 3! In PDCs with excess carbon, phase
transformations compete with carbothermal reduction (decomposition reactions). 1052
During carbothermal reduction in systems such as SIOCN, non-carbonaceous
components like Si3N4 and SO2 react with excess free carbons to yield evolved CO, N2,

and crystalline SiC.!0>33.54

SiBCN systems have some of the highest decomposition temperature (~1950
°C ).!9 The high thermal stability probably stems from the formation of CBN

nanodomains in their microstructure, which reduces the reactivity of carbon within the

14



network at temperatures below ~2000 °C.!0 Similarly, adding elements such as Al, Ti, Zr,
and Hf into the microstructure of SIOC and SiCN PDCs leads to the formation of PDCs

persistent to ~2000 °C.!% 35 Tt is not clear whether this enhanced apparent thermal stability

is thermodynamically or kinetically driven.

We explored the thermochemistry of numerous PDC systems, including powders
and fibers.2?- 356-38 Enthalpies of formation can be calculated from enthalpies of
dissolution.?0- 33.36. 5% Table 2 presents a summary of chemical formulas and enthalpies of
formation. The work quantifies enthalpies of formation of the ceramic structures relative
to crystalline components (B-SiC, SiO> (cristobalite), p-SizN4 and C (graphite)).°® This
permits assessment of energetic stability arising from interdomain interactions within
microstructures. More exothermic enthalpies relative to components indicate
energetically more favorable interdomain interactions and/or more mixed bonding (Si
bonded to C as well as O or N) in the PDCs.2% 33 The investigations showed that most
PDCs are energetically stable relative to binary components, which was initially not
expected. >3- ¢! Variations in the composition and bonding speciation result in significant
thermodynamic variations.®?-%5 Current findings suggest comparable stability in SICN
and SiOC PDC systems (see Table 2). The results from previous work indicate decreased
thermodynamic drive for the formation of oxygen-free silicon carbonitride PDCs from
binary components. However, SiC(O)(N) PDCs with moderate amounts of alloyed N and

O show greater energetic stability. >

Recently, the effect of boron (B) on the thermodynamic stability of oxycarbide

ceramics with various SiO(B)C compositions was studied.®® There is superior resistance
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to crystallization of structures with increasing B content, but this appears to be a kinetic
effect at the cost of enthalpic destabilization.®® Typically, B-containing oxycarbides
ceramics (SiO(B)C), display great stabilization from microstructural modifications
resulting from higher pyrolysis temperatures 4. It should be noted that in simple SiOCs
the temperature — stability trend is not so obvious, as some structures synthesized at 1200
°C are less thermodynamically stable than specimens pyrolyzed at higher (1450 °C) and
lower (1000 °C) temperatures.®’ In addition to SiOCs, we investigated the
microstructure and energetics of SiCNs derived through the polymeric route.? Structural
characterization by NMR points to formation of H-terminated mixed bonds at the
interfaces of stoichiometric domains in the SiCN specimens.®% 8 Enthalpies of formation
point to decreasing stabilization of the SiCN microstructures with increasing synthesis
temperature.®® Higher pyrolysis temperatures results in loss of residual hydrogen, and the

calorimetric results may point to decreased stability of the mixed bonds with loss of

terminal H.

The trends found so far vary significantly across PDC systems (SiOCs, SiCNs,
SiCs), and are not simply dependent on synthesis temperature, but on compositional and
microstructural variations in the ceramics as well.>® This points to the need for further
investigation of more compositions, for identification of descriptors in the chemistry and

structure contributing to greater thermodynamic stabilization in PDCs.

Many aspects of the relationship between microstructure and thermodynamic
stability of PDCs remain unexplored. Which features in PCPs (pendant groups, length of

polymer chain) contribute to the formation of thermodynamically more stable PDCs, how

16



strongly and by what mechanism(s)? How does the thermodynamic stability of PDCs

with dispersed mixed bonding units (not networks) compare to that of structures with

mostly mixed bonding networks, in the form of nanodomains? What is the cost and

benefit in terms of enthalpy, entropy, and free energy associated with structural

modifications in PDCs?

Table 2. Enthalpies of formation of PDCs from binary crystalline components.
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1.5 Concluding Remarks

Many aspects of the relationship between chemistry, structure, and
thermodynamic stability of PDCs and MOFs remain unexplored. How does the
thermodynamic stability of MOFs relate to different lattice vibrational modes?, in PDCs
how does thermodynamic stability of the structures correlate with the size of individual
nanodomains? Lastly, In what ways is the thermodynamics of PDCs similar to that of
MOFs? Such understanding is necessary for the development of a framework for the
predictive design of materials with high thermodynamic stability and desired
functionality. Perhaps more answers may be attainable through combination of
calorimetry and advanced characterization methods, including neutron and small angle x-

ray scattering techniques. Thus, much research remains to be done.
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CHAPTER 2

THERMODYNAMIC STABILIZATION OF CRYSTALLINE SILICON CARBIDE

POLYMER DERIVED CERAMIC FIBERS

Reference: Leonel GJ, Mujib SB, Singh G, Navrotsky A. Thermodynamic stabilization of
crystalline silicon carbide polymer-derived ceramic fibers. Int J Ceram Eng Sci.

2022;4(5):315-326.

Abstract: Three crystalline SiC fibers were studied: Tyranno, Hi-Nicalon, and
Sylramic™. Thermodynamic stability of the SiC fibers was determined by high
temperature oxide melt solution calorimetry. Results shed light on the thermodynamic
penalty or benefit associated with microstructural modification of the ceramic fibers and
how energetics correlate to mechanical properties. Enthalpies of formation from
components show greatest stabilization of the Sylramic™ microstructure. In contrast, the
microstructure in Tyranno is the least stable. The thermodynamic stability of the fibers
increases with increasing mixed bonding (Si bonded to both C and O). From mechanical
testing, Young’s moduli of Tyranno, Hi-Nicalon, and Sylramic™ are 112, 205, and 215
GPa, respectively. Greater thermodynamic stability is correlated with a higher Young’s

modulus.

2.1 Introduction

Polymer derived ceramics (PDCs) refer to a class of ceramic materials obtained

through pyrolysis of preceramic organometallic polymers .! Under appropriate synthesis
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conditions, PDCs such as silicon oxycarbide (SiOC), silicon oxycarbonitride (SiCN), and
silicon carbide (SiC) can be synthesized via controlled pyrolysis of preceramic polymers
such as polycarbosiloxanes, polycarbodiamides, and polycarbosilanes (see Figure.1).?
PDCs are notable due to their high thermal stability,?> as well as corrosion and creep
resistance. They have potential use in mechanical and aerospace technologies 24
including manufacturing aircraft turbine engine components,>~’ and are proposed as
anode materials in lithium ion batteries.®
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Figure 1. Schematic illustration of synthesis of SIOC PDCs through pyrolysis of

polycarbosiloxane.

PDC:s are distinct from other high temperature materials because of the ease in
tunability of their microstructure® and the resulting mechanical properties.!% ! Previous
studies have consistently shown that the microstructure of the final PDC depends on the
structure of the initial preceramic polymer!? and also on pyrolysis conditions.!® The final
composition of PDCs can be readily tuned by varying the organic groups in the backbone

of the preceramic polymer!“ to ease manipulation of each species’ content in the

32



pyrolyzed PDC.!> This allows facile synthesis of compositionally similar materials with

different microstructures such as those observed in SiOC systems. '

The resulting PDC microstructure is intrinsic to the nanodomains (1-3 nm)!’
present in the ceramic matrix.'® Depending on the ratio of different domains present in
the form of free carbons(C), silica (Si0O2), silicon carbide (SiC), and mixed bonding
silicon oxycarbide (SiOC), the properties of the PDC vary significantly.!® Pyrolysis
temperature can determine which nanodomains are present and whether they are
amorphous or crystalline.?? This variability of PDCs allows tunability of their
microstructure,>! which influences macroscopic properties such as porosity?2. Although
previous studies have reported the synthesis,?? potential applications,* and kinetics?* of
bulk PDCs and PDCs in fiber form, very few studies have investigated the
thermodynamic stability of these materials. Due to the increasing potential applications of
PDCs,? 23 now more than ever, it is important to understand the free-energy landscape of
these systems. Thermodynamic studies permit distinction of metastability and real

stability, which is important for understanding PDC reactivity and properties.

The engineering of PDC fibers is an area of interest within the ceramic
community. A popular method for the synthesis of ceramic fibers involves the pyrolysis
(under inert atmosphere) of electrospun preceramic polymers such as polymethyl-
silsesquioxane.?® Often, metal additives such as aluminum and titanium are grafted into
the microstructure of PDCs as sintering aids during crosslinking.?”- 28 PDC fibers such as
Hi-Nicalon, Tyranno, and Sylramic™ are commercially available.” The synthesis

temperature for the manufacturing of these ceramic fibers can be as high as > 1700 °C,
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which is higher than typical pyrolysis temperature for the synthesis of PDC powders.’
Previous reports have focused on investigating the mechanical properties of these fibers
and their composites.?%- 3° The energetic landscape of PDC fibers is still poorly
understood. It is important to systematically investigate and identify factors that
contribute to an increase in the thermodynamic stability of these materials. In PDC fibers,
the microstructure changes depending on the species (Si, C, O, N) present in the bulk.3! If
different domains interact with one another, it is important to assess whether such
interactions are energetically favorable or destabilizing. Depending on the ceramic fiber,
the microstructure and interactions can be stabilized through the presence of mixed
bonding (silicon bonded to both carbon and oxygen) in domains or in interdomain
regions.3? On the other hand, differences in the domains and their interactions could have

a significant energetic cost, which could ultimately affect the free energy and stability of

the fiber.32: 33

This study analyzes three different commercial SiC crystalline PDC fibers,
Tyranno, Hi-Nicalon, and Sylramic™. All are nominally crystalline SiC fibers, with Hi-
Nicalon and Sylramic™ containing small amounts of oxygen and/or nitrogen within the
bulk. Structural characterization was performed by scanning electron microscopy (SEM),
X-ray diffraction (XRD), Raman spectroscopy, X-ray photoemission spectroscopy (XPS),
and combustion analysis. We describe the effect of mixed bonding and interdomain
interactions on the thermodynamic stability of PDCs. We explore possible correlations

between the microscopic and macroscopic properties of the three fibers.
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2.2 Experimental Methods

The samples were obtained from commercial sources. The synthesis of
commercial fibers has been described in previous studies.”> 3% 3% The main steps in their
synthesis involve curing (in air or by electron beam irradiation) of polycarbosilanes,
polycarbosilazanes, or polysiloxanes preceramic polymers followed by their high
temperature controlled pyrolysis.3¢-37 SEM of the fibers was carried out on a Carl Zeiss
EVO MA10 system with incident voltage of 5 kV. Raman characterization was performed
by use of a confocal Horiba Jobin Yvon LabRam ARAMIS system equipped with 633 nm
HeNe laser at a laser power of 17 mW with a 50 X microscope objective. XRD was
conducted at room temperature using a Bruker D2 Advance powder diffractometer with
nickel-filtered CuKo. radiation (\=1.5418 A) . The chemical composition of the surface
was studied by XPS using a Thermo Scientific instrument with an Al Ko+ ion beam
(beam energy = 1486.6 eV and spot size =400 um). To remove any surface
contamination, the surface was sputtered with Ar+ at 3.0 keV for 2 min prior to
measurement. The bulk elemental composition of the three fiber types was measured by a
LECO Analyzer model CS844 or model ONH-836 following procedures described in
the literature .3® Tensile tests on fiber tows (untwisted multifilament bundles) were
conducted using a Shimadzu AGS-X 5 KN Universal Testing Machine. Combustion
analyses of bulk components were performed using LECO Analyzers (model No. ONH -
836 and model No. CS844). Calorimetric measurements of enthalpy of dissolution were
performed in a Setaram Alexsys calorimeter at 800 °C with molten sodium molybdate
(3Nax0-+4Mo003) as solvent under an oxygen atmosphere. Additional details are given in

the discussion.
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2.3 Results and Discussion

It is important to identify the existence/absence of crystalline phases in the
microstructure of PDCs. In this study, XRD is used to confirm the presence of crystalline
grains within the bulk of the PDC fibers. Well-defined peaks in the XRD patterns confirm
the presence of SiC crystalline phases mainly of the 3C polytype; typical of the three
fiber types.3® Minor shifts in the main B-SiC peak are likely a result of differences in
lattice strain.*? Similarly, the breadth of the main B-SiC peak in Hi-Nicalon may be a
result of slight differences in crystallite size compared to the other two fibers. All three
fibers show unidentified peaks at around 29 °© (20) (see Figure 2), likely corresponding to

substrate material.
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Figure 2. XRD patterns show presence of polycrystalline SiC grains in all three fibers.
Graphite reflections are not observed; free carbon is present as amorphous carbon

domains.
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Darkfield SEM images at lower magnification allow identification of their
geometry as shown in Figure 3. All three crystalline fiber types appear to be uniform in
shape with smooth surfaces. The fibers show uniform diameters along the length of the
fibers and no apparent cracks, cleavage, or pores were present in the fibers. A high
magnification image (Figure 3) allows identification of differences in the diameter of

individual fibers.

Hi-Nicalon Sylramic™

Figure 3. Scanning electron micrographs of (a) Hi-Nicalon, (b) Tyranno, and (c)
Sylramic™ individual fiber. (d-f) High magnification images show uniform morphology

but some variation in diameter of fibers.

Raman spectra are shown in Figure 4. The peak at ~790 cm™! is assigned to
the transverse optical (TO) mode and that at ~950 cm™! is ascribed to the longitudinal
optical (LO) mode vibration of B-SiC.#! Raman surface analysis also allows identification
of D (~1330 ecm™!), G (~1600 cm ™), and G'(~2680 cm™!) bands which correspond to

disordered sp? carbon, graphitic sp? carbon, and resonant phonon scattering from
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disordered sp? carbons, respectively. The integrated intensity of the full width at half
maximum corresponding to the D (Ip) and G (Ig) bands allows identification of the ratio
between disordered sp? and graphitic sp? carbons. Figure 4 suggests that Ip/Ig ratios
increase from Sylramic™ to Tyranno to Hi-Nicalon, thus indicating a decrease in the
amount of sp? graphitic carbon relative to disordered sp? carbons in that order. The
absence of D, G, and G' bands suggests the absence of free carbons in the Sylramic™
fiber, this agrees with the results from bulk chemical composition by combustion
analysis, see below. Lack of a turbostratic carbon phase in Sylramic™ fiber has been

reported by other groups as well 4243
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Figure 4. Raman spectra of fibers.

XPS is a surface sensitive technique which generally probes the structure to only

about 5 nm in depth.** *>Therefore, XPS results are mainly representative of the surface
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compositions. Bulk chemical compositions and estimated phase percentages are provided
in the combustion analysis section below. Therefore, in the discussion that follows, we

make a distinction between surface and bulk compositions, especially since the XPS

assignments of speciation are semiquantitative at best.

Spectra in Figure 5 show that all three fiber types contain a significant amount of
C, Si, and O, with additional small amount of Ti observed in Sylramic™. Ti was likely
added as a sintering aid (in the form of TiB2) or catalyst during crosslinking of the
preceramic polymer. High resolution XPS spectra show the Si2p, C 1s, and O 1s bonds.®
For all three samples the spectra under Si 2p indicate the presence of Si-C (99.7 eV) and
small amounts of Si-O (101.7 V) character.*® For the C Is band, C-C (283.7+0.5 eV),
C-Si(282.1 eV), and C-O (284.8 €V) peaks are observed.?% 46, Raman spectroscopy and
bulk chemical analysis indicate that the amount of free carbon in the bulk of Sylramic™
fibers is negligible, therefore the high C 1s peak (see Figure 5) is likely indicative of
surface contamination or reflects a gradient in the C concentration. Similarly, from XPS
deconvolutions, high C-C peaks compared to C-Si peaks are also evident in Tyranno and
Hi-Nicalon fibers. Bulk compositions suggest that all three fibers are mostly SiC. To form
Si-C, C atoms must be bonded to Si. Therefore, because in these fibers, the surface
carbon (from C 1s peak) and oxygen (from O 1s peak) content are significantly higher
than those in the bulk, deviations of surface from bulk compositions may be attributed to

high surface contamination arising from oxidation or other factors.

Because the size of the individual domains is likely variable and not well known,

we refrain from referring to them as nanodomains (1-3 nm). The areas under the fitted
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XPS curves provide semiquantitative estimation of the relative abundance of different
bonds on the surface. Figure 5 shows that in all three samples, Si-C bonds are present in
significantly larger amounts than Si-O, thus confirming that the microstructure of all
fibers contains significant amounts of SiC grains, which have been confirmed to be
crystalline from XRD analysis. Previous studies have reported the B-SiC grain size in
Tyranno, Hi-Nicalon, and Sylramic™ to be ~100 nm’- #7438 Figure 5 also shows that both
on the surface of Tyranno and Hi-Nicalon the amount of O-C bonds is higher than that of
O-Si bonds. C in mixed bonds is only bonded to either Si or another C atom, hence the
formation of O-C bonds in SiCxO4.x mixed bonding units is yet to be reported in the
literature. Therefore, it is likely that most of the surface oxygen is present as C-O or C=0
bonds in the free carbon phase rather than in SiOC mixed bonding domains. Similarly,
the remaining oxygen in O-Si bonds may be present either as SiO2 or in silicon
oxycarbide mixed bonding networks. However, in Sylramic™ | instead most of the
oxygen atoms are bonded to Si (O-Si bonds) and the remainder to C (O-C bonds). On the

surface of Tyranno, the content of Si-O bonds relative to Si-C bonds is greatest.

Figure 5 shows that relative to Si-C, the surface microstructure of both Hi-
Nicalon and Sylramic™ contains significantly lower amounts of Si-O bonds than
observed in Tyranno. XPS analysis (Figure 5) show that the surface of Hi-Nicalon fibers
have a higher content of C-C relative to C-Si bonds than Tyranno and Sylramic™. XPS
results suggest that the surface microstructure of Tyranno mainly consists of SiC grains
surrounded by some C-C and a significant amount of Si-O containing units or networks.
Similarly, it can be inferred that the surface of Hi-Nicalon and Sylramic™ consists of

crystalline SiC grains surrounded by some C-C and a small amount of Si-O bonds (as
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amorphous SiO2 or SiIOC mixed bonding domains). In Hi-Nicalon and Tyranno, C-C
bonds could be partly attributed to the presence of amorphous free carbon regions.
However, the absence of free carbon in the bulk of Sylramic™ is confirmed by Raman
analysis and estimated bulk phase assemblages, therefore, in Sylramic™ the C-C bonds
resulting from surface contamination must not be attributed to the presence of free carbon
phases. Similarly, the absence of oxygen in the bulk of Tyranno fibers, suggests that
unlike in Hi-Nicalon and Sylramic™, the Si-O bonds on its surface cannot be partly

attributed to the formation of amorphous SiO2 or SIOC mixed bonding domains, instead

Si-O bonds are likely a result of significant surface contamination.
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Figure 5. XPS analysis of fiber samples. Elemental survey and corresponding high

resolution scan of the elements: (a-d) Hi-Nicalon; (e-h) Tyranno; (i-1) Sylramic™. Trace

amounts of Ti are observed in Sylramic™.
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2.3.1 Mechanical Tensile Properties

Tensile strength of the SiC fiber bundles (multifilament tows) was determined at
room temperature in ambient atmosphere using a Shimadzu AGS-X 5 KN Universal
Testing Machine. The load was applied at a rate of 0.2 mm/min to provide a quasi-static
tensile condition and epoxy was used to glue the fiber bundles onto carboard with
approximately 30 mm slot as shown in Figure 6.4° The cardboard coupons were cut on the
sides after gripping in the test machine prior to application of the load as shown in Figure
6b. Figure 6¢ shows the samples mounted in the tensile tester. Previous works were
conducted in a similar fashion where fiber bundles were mounted on cardboard or
fiberglass tabs using epoxy.>% 3! The cross-sectional area of the fiber bundle was calculated
from the mass density and the mass of 30 mm fibers in individual tow similar to as reported
by Callaway and Zok.3? According to the manufacturers, the mass density of Hi-Nicalon

type S, Tyranno, and Sylramic™ are 3.1, 3.1, and 3.2 g cm™3.”

Cardboard Paper

SiC Fibers —_|
Bundle .

K.

70 mm
30 mm

25 mm

Figure 6. Tensile test set-up for the SiC fiber bundles or tows. (a) Cardboard paper

dimensions with a 30 mm slot for the fiber bundle; (b) Fibers are glued onto the cardboard
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using epoxy resin; (c) Fiber sample being pulled in the tensile tester. The sides of the

cardboard are cut after mounting samples on the tester before application of load.

The tensile behavior (stress — strain response) of all three fiber bundles is shown in
Figure 7 and the corresponding results (e.g. breaking strength and modulus) are presented
in Table 1Table 1. Summary of the tensile properties of SiC fiber bundles.. Tyranno SiC
fiber bundles provide the highest average ultimate tensile strength of 990 MPa, whereas
the Hi-Nicalon and Sylramic™ fiber bundles have tensile strengths of approximately 790
and 845 MPa, respectively. The Sylramic™ fiber bundles have the highest Young’s
modulus of approximately 215 GPa, compared to Hi-Nicalon at 205 GPa and Tyranno at
112 MPa. However, Tyranno fibers have the highest strain-to-failure ratio (0.83 %)
compared to that of Hi-Nicalon (0.45 %) and Sylramic™ (0.47 %) fibers. The cross-
sectional areas of the fiber bundles were also determined using average fiber diameter and
number of fibers in individual tow. The tensile strength of the fibers calculated using this
cross-sectional area were found to be approx. 10% lower compared to the strength
calculated using cross-sectional area determined from mass density of the fiber bundle.
However, the variation of diameter in an individual fiber tow makes it difficult to determine
a mean diameter at a bundle cross-section,’? therefore, may not be suitable for the
calculation of bundle cross-sectional area. Notably all the fiber bundles showed a non-
linear region, especially Tyranno and Sylramic™ fibers, following the initial linear portion
in the stress-strain curve. Similar trends in mechanical test data have been reported for
individual fiber filaments, in which Sylramic™ was shown to have highest breaking
strength, followed by Tyranno and Hi-Nicalon. *3 Typically, the modulus of the SiC fibers

provided by the manufacturer are in the range of (380-420) GPa, which is higher than the
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values in Table 1.Table 1. Summary of the tensile properties of SiC fiber bundles.”> >
Tensile modulus of the fibers is usually reported as the pristine filament measured in air at
room temperature.’>> The reported values here are lower than the values reported by the
manufacturer for monofilaments. In general, the classical fiber bundle theory predicts that
all fibers are loaded uniformly, and the fibers do not interact mechanically with one
another.>% 37 However, mechanical instabilities at or near the load maximum in a bundle
test, as well as non-uniform strains on the bundle surface present challenges in determining
the modulus and strength of fiber bundle. In addition, the diminished mechanical property
response of fiber bundles could be attributed to the surface defects that generally get
introduced during bundle-forming process,”>> and environmental effects over a period of
time % (the SiC fiber bundles tested in this work were not pristine and they had a shelf-life
of approx. 3 years after buying from the manufactures). The elastic moduli reported in the
literature for SiC, SiOC, and SiCN ceramic fibers are usually in the range of 150 to 450

GPa depending on the pyrolysis temperature during synthesis. !?> 2639, 60
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Figure 7: Tensile stress versus strain response of the fiber bundles.
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We sought possible correlation (not causation) between mechanical behavior and
bulk microstructural features of the samples. This would permit assessment of whether
some structural modifications are consistent with differences in their mechanical
properties. Hi-Nicalon and Sylramic™ fibers appear to have very similar tensile
properties. Estimated phase assemblage from bulk composition suggests that both fiber
types consist of crystalline SiC grains surrounded by small amounts of XRD amorphous
domains. Bulk compositions indicate that both in Hi-Nicalon and Sylramic™, the
amorphous domains include minor amounts of SiO2, with Sylramic™ containing
additional Si3N4. However, unlike Hi-Nicalon which includes free carbon phases in its
microstructure, Sylramic™ has excess Si, which may be incorporated in mixed bonding
units and/or networks. Since in both fibers the amorphous domains are minor in amount
(relative to SiC) compared to Tyranno, this might correlate with similarities in the

mechanical properties of Hi-Nicalon and Sylramic™ fibers.

Compared to Hi-Nicalon and Sylramic™, the microstructure of Tyranno consists
of smaller amounts of crystalline SiC grains surrounded by significantly larger amounts
of amorphous free carbon phases. Such bulk microstructural modifications are consistent
with significant differences in the mechanical properties of Tyranno compared to Hi-
Nicalon and Sylramic™ fibers. The lower elastic modulus and higher strain to failure of
Tyranno fiber bundles is consistent with the significantly smaller amount of crystalline
SiC grains and larger amounts of amorphous free carbon phases. Under tension,
amorphous domains are less resistant to elastic deformation (lower Young’s modulus)
compared to crystalline SiC, which makes up a larger portion of the microstructure in Hi-

Nicalon and Sylramic™ fibers. The lower strain to failure and higher modulus of
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Sylramic™ fiber may be associated with the predominantly stoichiometric SiC phase,
which is known to have higher elastic modulus than free or disordered carbon containing

SiOC and SiCN microstructures.!?

Table 1. Summary of the tensile properties of SiC fiber bundles.

SiC Fibers Average Average Average
Ultimate Young's strain to
tensile modulus failure
strength (GPa) (%)
(MPa)
Hi-Nicalon 790 205 0.45
Tyranno 990 112 0.83
Sylramic™ 845 215 0.47

Morphology of the tested fibers was obtained using an SEM Zeiss MA 10. The
cross-section of each fiber type was evaluated to delineate the fractures in the fibers
during tensile tests. Figure 8 shows micrographs of the studied fibers. Although the fiber
bundles demonstrated similar morphology, their fiber average diameter size and
distribution differed. As shown in Figure 8 (d-e), the high-strength Hi-Nicalon fiber
bundles have diameter varying in the range from 13-16 pum, whereas for Tyranno and
Sylramic™ fibers have diameters between 10 and 13 pm. The strength of fibers usually

reflects the diameter distribution and flaw size. However, no obvious mirror zone or
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fracture behavior was identified for these ceramic fibers.’* We conclude that the
morphology variation in these samples does not strongly influence mechanical behavior,
and other factors such as the presence of microcracks and sparsely distributed impurities

(dust, lint, etc.) which get carbonized during processing, may be more important.

Hi-Nicalon Tyranno Sylramic™

Figure 8. SEM micrographs of (a) Hi-Nicalon, (b) Tyranno, and (¢) Sylramic™ SiC
fibers obtained after tensile tests. (d through f) are the corresponding high-magnification

images.

2.3.2 Combustion Analysis

Combustion analysis allows determination of bulk composition,*® which is
essential to the thermodynamic analysis. Analysis suggests that Tyranno mainly consists
of C and Si species, while Sylramic™ and Hi-Nicalon both have relatively higher
amounts of O and Si species present in the bulk. A summary of the analytical results is

shown in Tables 2 and 3. XPS results suggest that Tyranno has small amounts of oxygen
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(relative to Siand C). It is possible that in the bulk of Tyranno fibers, oxygen is present in
amounts below the detection limit for combustion analysis, which is typically ~0.1 at%.
Such small quantities of oxygen would have a negligible effect on the calculated enthalpy
of formation discussed in the section that follows. XPS analysis also suggests the absence
of N species near the surface of Sylramic™ fibers. This is possibly a result of N species

being present in amounts below the detection limit of XPS (typically ~0.1 at %).°!

Table 2. Summary of combustion analyses

Sample Atomic %
C O N Si
Tyranno 53.18 - - 46.53
Hi-Nicalon | 51.38 1.17 - 47.44
Sylramic™ | 47.56 0.2 0.3 | 51.82

Thermodynamically, in PDCs, clusters of C-N or C-O bonds are not favorable.
Instead, clusters of Si-C, C-C, Si-O, and Si-N bonds are preferred.®?- ¢3 From their bulk
compositions, it is suggested that Tyranno mainly consists of crystalline SiC and free
carbons in the form of amorphous or sp? turbostratic domains. Bulk composition also
suggests that Hi-Nicalon is mainly crystalline SiC with some amorphous SiO2 — rich
domains which may contain some carbon leading to mixed bonding ,and free carbon
domains.®* In addition to Si, O, and C, Sylramic™ also contains some nitrogen. The

addition of nitrogen and/or oxygen to the bulk is considered in the thermodynamic cycle
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for the respective fibers (see Table 4). The analyzed bulk composition is consistent with

the presence of crystalline SiC, amorphous SiO2, and Si3N4 domains.

Table 3. Bulk composition and estimated phase amounts obtained from combustion

analysis. The reported quantity is mol%

Sample Bulk composition SiC SiO; SisNg | C Si
based on SizOLC:Ny,

(atb+c+d=2) basis

Tyranno Si0.93C1.06 87.74 - - 12.26 -
Hi-Nicalon Si0.95 00.02C1.03 90.38 | 0.96 - 8.66 -
Sylramic™ | Si1.040 O0.004Co0.95No.0os | 91.30 | 0.19 | 0.14 - 8.37

2.3.3 Thermochemistry

Enthalpies of formation were obtained using thermochemical cycles (Table 4)
incorporating measured enthalpies of dissolution in a molten oxide solvent. Each of the
three samples was dropped into 20 g of a sodium molybdate (3Na20+4MoOs3) melt at 800
°C in a commercial Setaram Alexsys calorimeter. To prepare the samples for dissolution,
first, each of the three SiC fibers was individually ground into powders using a mortar
and pestle. Using a Mettler Toledo microbalance with 10 pg accuracy, 3 mg of sample
were weighed and pressed into a pellet using a 1.5 mm tungsten die. For each drop,

pelletized samples were dropped into the isothermal calorimeter, where samples
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underwent oxidative dissolution at 800 ©C. To help stir the sample into the oxide melt,
and ensure a continuous oxidative environment, the melt was continuously bubbled with
30 mL/min of oxygen. During dissolution, to prevent baseline shifts resulting from the
buildup of evolved gases such as CO2, flushing at 100 mL/min was used. For each
sample, during dissolution, a peak emerged from the initial baseline in the heat flow vs.
time curve. Within 60 minutes of dropping the sample, the peak returned to the initial
baseline. Integration of area under the curve, using the appropriate calibration factor,
produced the heat of dissolution. This procedure is similar to that used in previous
experiments on PDCs.% The final products of the oxidative dissolution experiment were
cristobalite (Si0O2) precipitated from the sodium molybdate melt in which silica, evolved

COz2, and N2 have very limited solubility.

Enthalpies of formation at 25 °C are calculated relative to components and
elements  namely Si, C (graphite), Oz , and/or N2, as shown in the reaction below:

aSi (s, 25 °C) + ¢C (s, 25 °C) + 2 02 (g, 25°C) +5 N2 (g, 25 °C)— Sia OpCeNa (5, 25°C)
AHof, elem

(1)

The oxidative dissolution reaction is described by

Sia ObCeNa (5,25 °C)+ £ (2at 2¢ -b) 02 (g, 800 °C)— aSiOz (s, 800°C) +cCOx (g, 800 °C)
+ N2 (g, 800 °C)

)
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Enthalpies of dissolution AHgis of Tyranno, Hi-Nicalon, and Sylramic™ have
been determined to be -1,271.97+ 8.71, -1194.11 £ 6.91, and -1031.82+ 4.34 kJ/mol Si,
respectively. As expected, enthalpies of dissolution become more exothermic as the
amount of C present in the fiber, increases. This is due to the high exothermic effect
resulting from oxidation of C to CO2 (g, 800 °C) which is expelled from the melt.®® With
known initial and final state of our system, thermodynamic cycles (Table 4) allow

calculation of enthalpies of formation from elements and binary components (Table 5).

Table 4. Thermochemical cycles and data used for calculating enthalpy of formation from

elements AH®f, elem and from components AH®f,comp

Enthalpies of formation from the elements (AHs gjem) AH (kJ/mol)
a Si(s, 25°C) + ¢ C(s, 25°C) + b/2 O3 (g, 25 °C) + d/2 N,

(g9 25 OC)_’ Sia,0pCcNa (S, ZSOC) (Ss 25°C) AHOf, elem =7

S1a0ObCcNa (s, 25 °C)+ ((2(atc)-b)/2) O2 (g, 800 °C) — a SiO2 | AHuis, sic(N)(0)

(s, 800 °C) + ¢ CO2 (g, 800 °C) + d/2 N2 (g, 800 °C)

Si (s, 25 °C) + Oz (g, 800 °C) — SiO2 (s, 800 °C) AH1=-883.13 + 2.1
C (s, 25 °C) + Oz (g, 800 °C) — CO2 (g, 800 °C) AH,=-381.35 + 0.13
02 (g, 25 °C) — O2 (g, 800 °C) AH3= 2534 +0.10
N2 (g, 25 °C) — N2 (g, 800 °C) AH4=24.77 +0.10

AHC%, elem = - AHgis, sic(ny0) + @ AHy + C AH + 2 AH3 + g AH, | AH%, etem
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Enthalpies of formation from components (AHfcomp) AH (kJ/mol)
(a-(b/2)-(3d/4)) SiC (s,25 oC) + (b/2) SiO; (s, 25 0oC) +
(d/4) SizNy (s, 25 0C) + (c-(a-(b/2)-(3d/4))) C (s, 25 0C) —
Si,0,CcNq (s, 25°C) (s, 25°C)

SiaObCcNy (s, 25 °C)+ ((2(a+c)-b)/2) O2 (g, 800 °C) — a AHydis, sic (N)(0)

SiO2 (s, 800 °C) + ¢ CO2 (g, 800 °C) + d/2 N2 (g, 800 °C)

Si02 (S, 25 °C) — SiO2 (s, 800 °C) AH1=50.1 £ 0.10

SiC (S, 25 °C) + 202 (g, 800 °C)— SiO2 (s, 800 °C) + CO2 | AH2=-1192.28 + 2.15
(9, 800 °C)

SisNa4 (s, 25 °C) + 302 (S, 25 °C)— 3Si02 (s, 80 0°C) + | AH3=-1770.95 + 4.0
2N (g, 800 °C)

C (s, 25 °C) + 02 (g, 800 °C) — CO: (g, 800 °C) AH4 = -381.35 + 0.13

AHf, comp = 'AHdis, Sic(N)(0) T (b/Z)AHl + (a-(b/2)- AHOf,comp
(3d/4))AH; + (d/4)AH3 + (c-(a-(b/2)-(3d/4)))AH4

Table 5: Summary of enthalpies of dissolution, enthalpies of formation from elements

and enthalpies of formation from components

Samples Composition AHgis sic AH®% clem AH® comp
(kJ/mol Si) (kJ/mol Si) (kJ/mol Si)
Tyranno | Sio.93C1.06 -1,271.97+ 8.7 | -45.80+ 8.9 +26.40 + 8.9
Nicalon | Sio.95 00.02C1.03 -1194.1 +£6.91 | -102.22+7.2 |-21.22+7.2
Sylramic | Si1.040 O0.004Co.95Nooos | -1031.82 +4.34 | -199.42 + 4.8 | -124.84 +6.7

Uncertainty is two standard deviations of the mean.

2.3.4 Interdomain Interactions, Energetics, and Trends

From bulk compositions, for each of the three fibers, the expected domains

present in the PDC are summarized in Table 3. The silica domains in Hi-Nicalon may
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also contain some carbon, resulting in mixed bonding (silicon bonded to both oxygen and
carbon) both within the domains and at their interfaces with carbon domains. The
different domains may interact with one another.%3 To explore these interactions,
enthalpies of formation are determined relative to crystalline components (AHf,comp at 25
°C), namely: B-SiC, SiO2 (cristobalite), C (graphite), and B-S3Na4. Values for AH®¢,comp
close to zero indicate weak interdomain interaction and they could also point to the
absence of mixed bonding domains. AH,comp < 0 indicates energetically favorable
interaction between the different domains, this could also point to the formation of a
significant amount of mixed bonding domains. AH¢,comp for Tyranno, Hi-Nicalon, and
Sylramic™ have been determined to be +26.40 + 8.9, -21.22 + 7.2, and -124.84 £ 6.7
kJ/mol Si, respectively. These exothermic values suggest favorable interactions in the
samples with stronger interdomain interactions and/or formation of more mixed bonding

domains in Sylramic™ compared to Tyranno and Hi-Nicalon.

Tyranno, which contains mainly crystalline SiC with some free carbon (from
combustion analysis), and possibly very low amounts of oxygen relative to Siand C
(from XPS), has an enthalpy of formation (AH®f, clem) closest to that reported for pure
crystalline SiC. The thermodynamic stability of these structures appears to be related to
their composition. The addition of O and N leads to increasing thermodynamic stability.
Mixed bonding (silicon bonded to both carbon and oxygen) whether present in the
domains or interdomain regions allows greater flexibility/less strain in bonds.?® As shown

in previous studies, less bond strain is consistent with greater thermodynamic stability.3!

53



2.3.5 Link between Microscopic and Macroscopic Properties of Fibers

Results from thermodynamic measurements, structural characterization, and
mechanical testing permit identification of some trends. From bulk compositions,
thermodynamic stability of the fibers has been assessed. Although all three fibers contain
crystalline SiC grains in their microstructure, their thermodynamic stability differs
depending on the other domains present within the bulk. Addition of O and N to the bulk
results in greater thermodynamic stability due to the formation of SiO2, mixed bonding
SiOC, and Si3N4 amorphous domains. The trend in the thermodynamic stability of the
fibers is Sylramic™ > H-Nicalon > Tyranno. In this study, greater thermodynamic
stability of the fibers is associated with a higher Young’s modulus. There appears to be a
correlation between the mechanical properties of the PDC fibers and their bulk
microstructure. The observed decreased resistance to elastic deformation of Tyranno
fibers compared to both Hi-Nicalon and Sylramic™ can be correlated to Tyranno fibers’
smaller diameter and an increase in the amount of amorphous free carbon phases relative
to crystalline SiC grains in the bulk of Tyranno fibers. Amorphous free carbon phases

contain significantly less bond strain compared to crystalline SiC, thus resulting in

greater flexibility.

2.4 Conclusions

This study stresses the relation of composition, microstructure, thermodynamics,
and mechanical properties. From these results, it can be concluded that bulk

microstructural modifications can have significant implications on the tensile strength

54



and thermodynamic stability of PDC fibers. Thermodynamic stability appears to
systematically increase with the inclusion and increase in concentration of additional bulk
species. Less resistance to elastic deformation of the fibers is consistent with increasing
amounts (relative to SiC) of amorphous domains, which is also consistent with decreased
thermodynamic stability. These results may serve as a bridge between microscopic and
macroscopic properties of PDCs. Results from this study could serve as a useful tool for
building a framework linking both microscopic and macroscopic properties of
multicomponent ceramic fibers. To extend this work beyond the investigation of simple
SiC systems, the next chapter is dedicated to the study of stabilization trends in complex

SiOC materials.
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CHAPTER 3
CHEMISTRY, STRUCTURE,AND THERMODYNAMIC STABILIZATION OF SIOC

POLYMER DERIVED CERAMICS MADE FROM COMMERCIAL PRECURSORS

Reference: Leonel GJ, Guo X, Singh G, Navrotsky A. Chemistry, structure, and
thermodynamic stabilization of SIOC polymer derived ceramics made from commercial

precursors. Open Ceram. 2023;15:100402.

Abstract: This study explores the energetics and structure of polymer derived ceramics
(PDCs) derived from the pyrolysis of preceramic polymers: SPR-212 (SPR),
polyhydromethylsiloxane (PHMS) blend, and 1,3,5,7-tetravinyl-1,3,5,7-
tetramethylcyclotetrasiloxane (TTCS) at 1200 and 1500 °C. There are close similarities
in the composition of PDCs derived from PHMS (blend) and SPR-212 at 1200 °C, but
high-resolution X-ray photoelectron spectroscopy shows notable differences in their
microstructure. Enthalpies of formation from components (SiC, SiO2, and C, AH, comp)
show that PDCs derived from low-cost commercial precursors (PHMS blend) appear to
be more thermodynamically stable than those derived from an industrial preceramic
polymer (SPR-212). Thermodynamic stability of the SiOCs increases with pyrolysis
temperature. The results suggest that differences in silicon mixed bonding environments
and their relative amounts (Si03C, Si02Cz, or SiOC3) lead to differences in

thermodynamic stabilization.
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3.1 Introduction

Recently, there has been significant increase in research for ultrahigh temperature
materials, especially for application in the aerospace industry, !-? where stable materials
capable of withstanding high temperatures during re-entry are needed - 4. SIOC ceramics
are suitable candidates due to their robust chemical, structural, and thermal stability. >~7
One method for the synthesis of such ceramics, relies on the high temperature sintering of
silica and graphite ceramic powder mixtures.®~'° This reaction requires high synthesis
temperatures.' =13 This approach does not provide efficient tunability of the shape,
composition, microstructure, and properties. These factors make it less attractive for the

industrial scale.

A significant advantage of the PDC route is the ease in tunability of composition,
microstructure, and dimensionality of the ceramic material. '4-2° Tunability of
microstructure can be achieved simply by varying the chemistry of the polymeric
precursor. 2> 22 Tunability in the dimensions of the precursor permits efficient
manufacturing of low dimensional structures such as thin films and ceramic fiber mats.
This is possible by use of electrospinning, chemical vapor deposition, 3D printing, and
other additive manufacturing techniques.??- 24 Additionally, the PDC route permits
efficient design and synthesis of various systems including SiCN and Si(B)CN, which

cannot easily be synthesized by conventional ceramic powder processing methods.>>~27

The thermal and chemical stabilities of PDCs are only some of the features
contributing to their recent increase in popularity.®> 28 As the application of these materials

in different industries gains more significance, it is important to understand how different
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preceramic polymers affect the composition and microstructure of pyrolyzed ceramic.
These differences are likely to result in the formation of different nanoscale domains and
interfacial interactions. 2% 2%-30 These modifications can be associated with changes in the
free energy of systems.3! Currently, it is understood that greater amounts of mixed
bonding (Si bonded to both C and O) in the microstructure of precursor derived ceramics,
like SiOC, SiCN, and SiOCN is consistent with greater thermodynamic stability.32- 33
However, only few reports have investigated the stabilization promoted by different

mixed bonding configurations.?!> 33

Not many studies have investigated whether similar compositions and
microstructure of SiOC PDCs derived from industrial precursors can be achieved from
pyrolysis of low-cost commercial preceramic polymers. In this work we investigate the
composition, structure, and thermodynamic stability of SiOCs derived from industrial
precursor (SPR-212), as well as two low-cost preceramic polymers:
polyhydromethylsiloxane (PHMS) polymer blend and tetramethylcyclotetrasiloxane
(TTCS). Polymer derived SiOC ceramic is a general term that describes ceramics that
contain free carbon in the SiOxCs-x mixed bonds (where, 0 < x<4) matrix. It should be
noted that some SiOCs can have near stoichiometric compositions while others can have
excess silicon. 34737 This investigation permits assessment of how structure of polymeric
precursors translates to compositional and microstructural differences in the SIOC
ceramics. SPR-212 is a linear polymer and single source industrial precursor of SiOCs.
The as obtained polymer can undergo low temperature curing at ~230 °C without the
addition of a catalyst. The low viscosity of the precursor permits its use in applications

including molding, coatings, and matrix composites. 3840 TTCS is a cyclic single source
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commercial precursor for development of PDCs with potential application as Li-ion
battery anodes.*!>4? Different PHMS polymer blends have been explored and are of

interest for the synthesis of high temperature ceramics.*3~4>

In this study, six SiOC samples are investigated, SPR-1200, TTCS-1200, PHMS-
1200, SPR-1500, TTCS-1500, and PHMS-1500. This work reports the synthesis,
characterization, and thermodynamic analysis of the PDCs synthesized at 1200 and 1500
°C. All samples wereo btained from pyrolysis of polymeric precursors under inert
atmosphere. There are systemic differences in the composition and microstructure of the
samples, which lead to differences in thermodynamic stability. By systematically
exploring these samples, it is possible to identify structural descriptors in preceramic
polymers and PDCs contributing to the formation of SiOCs with thermodynamically
more stable microstructures. This investigation identifies differences in the stabilization
promoted by SiO3C, SiOCs, and SiO2C2 mixed bonding configurations. Structural
characterization of the samples is done by Fourier transform infrared spectroscopy
(FTIR), X-ray photoemission spectroscopy (XPS), high resolution XPS (HR-XPS), and
Raman spectroscopy. High temperature oxide melt solution calorimetry is employed for

assessment of thermodynamic stability of the materials.

3.2 Experimental Methods

3.2.1 Materials
Ceramics were derived from polymeric precursors: SPR-2012 (SPR) from Starfire

Systems, 1,3,5-trivinyl-1,1,3,5,5-pentamethyltrisiloxane (TPTS), 1,3,5,7-tetravinyl-
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1,3,5,7-tetramethylcyclotetrasiloxane (TTCS), and polyhydromethylsiloxane (PHMS),
from Gelest, Inc. The Si : O ratio in SPR, TPTS, PHMS, and TTCS are 4 :5,3:2,3:2,
and 4 : 4, respectively. dicumyl peroxide (DCP) and platinum(0)-1,3- divinyl-1,1,3,3-
tetramethyldisiloxane (DVD) were used as crosslinking catalysts. Structure of the

oligomers is shown in Figure 1.

o] 0 THS i $H3 N O s
/\Si/\slf\s/\ | 5 o
/| /) DR st inavincAica) BEAE s
/ TS o7y
_
CHj CH;y /nCH; I%\
TPTS PHMS TTCS

Figure 1. Structure of oligomers used for synthesis of the ceramic powders at 1200 and

1500 °C, under argon atmosphere.

3.2.2 Crosslinking

A blend of two oligomers: PHMS plus 40wt% TPTS and 1 wt% DVD, was
employed as precursor for PHMS-derived SiOCs. SPR-212 was used as a single source
industrial precursor (without the addition of catalyst) for synthesis of the SPR PDCs.
TTCS-derived ceramics were obtained from mixture of TTCS plus 1 wt% DCP. All
oligomers are crosslinked into infusible solid precursors at ~300 °C, under inert

atmosphere.
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3.2.3 Pyrolysis

Pyrolysis of the crosslinked precursors used a Netzsch STA 409 differential
scanning calorimeter cell, using alumina crucibles. This allows accurate temperature
control with low temperature gradients. The samples were heated from ambient to the
final pyrolysis temperature at a ramp rate of 2 °C/min, under flowing argon (~50
mL/min). During temperature ramping, each sample was held at 400 °C for one hour, this
ensures complete crosslinking of the precursor. Thermolysis of precursors was
investigated at 1200 and 1500 °C, and resulted in the formation of SPR-1200, TTCS-
1200, PHMS-1200, SPR-1500, TTCS-1500, and PHMS-1500 SiOCs. The PDCs were

then ground into powders.

3.2.4 Characterization

FTIR experiments were performed by employing a bench-top Bruker TENSOR

with platinum ATR accessory. Spectra were collected in the range of 4000-500 cm-2. X-
ray diffraction (XRD) experiments were conducted at ambient temperature using a
bench-top Bruker D2 powder diffractometer employing a nickel-filtered CuKa radiation
(wavelength= 1.5418 A). Elemental analysis of the ceramic powders employed X-ray
photoelectron spectroscopy (XPS). XPS experiments were performed by use of a Kratos
AXIS Supra+ with a monochromatic Al Ko+ ion beam (beam energy = 1486.6 eV).
Raman spectroscopy used a custom-built multi-wavelengths system with a 532 nm green
laser at a power of 74 mW with a 50 X microscope objective. TG-DSC experiments

employed a Setaram LABSYS Evo DTA/DSC.
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3.2.5 Thermochemistry

In this study, the thermodynamic stability of the PDCs is assessed by

thermochemical calculations of enthalpies of formation from elements (AH® ) and

f, elem

crystalline components (AH® ). Enthalpies of dissolution (AHdis) were obtained from

f, comp
calorimetric experiments by employing a commercial twin Calvet type Seteram Alexsys
calorimeter. Due to the high solubility of the PDCs in the oxide melt, 20 g of sodium
molybdate (3Na20+MoO3) melt, at 800 °C were employed for oxidative dissolution. For
each experiment, about 5 mg of sample were weighed using a Mettler Toledo
microbalance with 10 pg accuracy. The weighed samples were pressed into a pellet using
a 1.5 mm tungsten die. The pellets were then inserted into the melt for oxidative
dissolution. The melt was continuously bubbled with 40 mL/min of oxygen, to maintain
an oxidative environment. The gases evolved from dissolution of the sample were
evacuated from the calorimeter by utilizing oxygen flushing at a flowrate of 100 mL/min.
To ensure reproducibility, the experiments were repeated at least four times. This is a

well-established technique that has been previously used to investigate similar systems.*6-

49

Reaction (1) describes the oxidative dissolution of SiOCs.

Sia Ob Ce (5, 25 °C) + (((2a) + ((2¢)-b)/2) Oz (g, 800 °C) — a SiO2 (5, 800 °C) + ¢
CO2 (g, 800 °C) AHyis, sioc

(1)
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Enthalpy of formation of the SiIOCs from the elements (Si, C, and O>) is described by:

a Si(s, 25 °C) + b/2 02(g, 25 °C) + ¢ C (s, 25 °C)— Si.0,C, (s, 25°C)

AH f, elem

)

Enthalpy of formation relative to crystalline components (B-SiC, SiO2 (cristobalite), and

C (graphite)) is described by:

(a-(b/2)) SiC(s, 25 °C) + (b/2) SiOa(s, 25 °C) + (c-(a-(b/2))) C (s, 25 °C)—

SiaOch (S, ZSOC) AHof, comp

€)

During dissolution, Si is oxidized and precipitates as cristobalite and C is oxidized
into CO2. Both CO2 and O2 evolve from the melt as gases.?3- 3% 3! The gaseous oxides
have very low solubility in the melt.333%-3! By identifying the initial and final state of the
system, enthalpies of dissolution (AHuis, sioc) and thermodynamic cycles (see Tables 1-2)

were employed to calculate enthalpies of formation.
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Table 1. Thermochemical cycle for calculation of enthalpy of formation from elements

AH'%, elem.
Enthalpies of formation from the elements (AHg, ¢lem) AH (kJ/mol)
a Si(s, 25 °C) + b/2 Oz(g, 25 °C) +c C (s, 25 °C)—
Si 0,C_(s, 25°C) AH', elem="
Sia Ob Cc (5, 25 °C) + (((2a) + (2c)-b))/2) O2 (g, 800 °C) — | AHuis, sioc

a SiO (s, 800 °C) + ¢ CO2 (g, 800 °C)

Si (s, 25 °C) + O3 (g, 800 °C) — SiO2 (s, 800 °C)

AH2=-883.13+2.1

C (s, 25 °C) + O2 (g, 800 °C) — CO2 (g, 800 °C)

AH3=-381.35+0.13

02 (g, 25 °C) — 02 (g, 800 °C)

AH4=25.34 +0.10

AH% elem = - AHis, sioc +a AHz + ¢ AH3 + (b/2) AHy

AHof, elem

Table 2. Thermochemical cycle for calculation of enthalpy of formation from

components AH', comp.

a SiO (s, 800 °C) + ¢ CO2 (g, 800 °C)

Enthalpies of formation from components (AHt, comp) AH (kJ/mol)
(@-(b/2)) SiC(s, 25 °C) + (b/2) SiO4(s, 25 °C) + (c-(a-
(b/2))) C (s, 25 °C)— Si. O, C_ (s, 25°C) AH%, comp="?
Sia Ob Cc (5, 25 °C) + (((2a) + (2c)-b)/2) O2 (g, 800°C) — | AHuis, sioc

Si02 (S, 25 °C) — SiO2 (s, 800 °C)

AH2=50.1+0.10

SiC (S, 25 °C) + 202 (g, 800 °C) — SiO (s, 800 °C) +

CO2 (g, 800 °C)

AH3z =-1192.28 £ 2.15
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C (S, 25 °C) + Oz (g, 800 °C) — CO2 (g, 800 °C) AH4=-381.35+0.13

AHOf, comp = 'AHdis’ SiOC + (b/2) AHZ + (a'(b/Z)) AH3 + (C' AHOf, comp

(a-(b/2))) AHa

3.3 Results and discussion

FTIR permits identification of functional groups in the structure of pre-ceramic
polymers and corresponding PDCs.52-%4, The high energy of the beam identifies
vibrations corresponding to strong bonds with low polarizability like C-O and O-H,
which are otherwise hard to observe by Raman spectroscopy. The spectra of crosslinked
precursors (see Figure 2A) suggest presence of Si—-O-Si (~1060 cm™) and Si—

CHs (~1260 cm™) bond stretching, as well as other functional groups consistent with
structure of the preceramic polymers.52-54 The results point to evolution of organic groups
during high temperature treatment of the polymeric precursors, as peaks corresponding to
C-H and Si-H bonds are not detected in the spectra of samples pyrolyzed at 1200 and
1500 °C (see Figure 2b). Spectra of the ceramic powders (Figure 2b) suggest the presence
of C=C (~1600 cm™?), Si-O-Si (~1060 cm™), and Si-C (~800 cm™) bond stretch

vibrational bands. These results are consistent with the structure of SiOCs.%5-60
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Figure 2. FTIR spectra of a) crosslinked polymeric precursors and b) SiOCs synthesized

at 1200 and 1500 °C.

Thermal analysis of the precursors was conducted by use of TG-DSC (50 mL/min
flowing argon atmosphere, 10 °C/min temperature ramping). The analyses were only
conducted up to 1000 °C due to equipment limitations. The results in Figure 3 point to
significant mass loss in all specimens up to ~800 °C, which results from evolution of
volatile organics. SPR-212 and PHMS (blend) display comparable TG-DSC curves, with
major mass loss occurring near ~ 500 °C. In contrast TTCS displays greatest mass loss at
a lower temperature (~ 425 °C). The exothermic DSC peaks near ~300 °C likely
correspond to crosslinking.6! Other exothermic peaks beyond 400 °C may result from the
ceramization step.%? The results suggest that the trend in ceramization temperature is:
PHMS (~550 °C) > SPR (~450 °C) > TTCS (~425 °C). This highlights the lower
ceramization temperature in TTC precursors. The specimens do not display significant
mass loss beyond ~800 °C, which is typical in PDCs.%2 The larger mass loss of TTCS

may in part result from the release of greater amounts of hydrogen and/or water during
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ceramization. We cannot determine other specific reasons for the greater mass loss in
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Figure 3. TG-DSC curves of crosslinked precursors

We employed XRD for detecting the presence or absence of crystalline (or poorly
crystalline) phases in samples synthesized at high temperatures. The patterns (see Figure
4) confirm the formation of amorphous structures in samples synthesized at 1200 °C.
The broad peaks in the spectra of PDCs synthesized at 1500 °C suggest nucleation and
growth of poorly crystalline B-SiC grains upon increase in pyrolysis temperature.3? The

exposure of SIOC PDCs to high temperatures (>1400 °C) typically results in
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carbothermal reduction, which occurs in parallel to growth of crystalline domains.64-66

These results are in line with previous studies investigating similar materials.33. 67. 68
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Figure 4. XRD patterns show growth of beta-SiC crystals in PDCs synthesized at 1500
°C. The spectra do not show peaks corresponding to graphite. This suggests that any free

carbon may be present as amorphous domains.

Raman spectra (Figure 5) can identify the types of carbon present in the
microstructure of PDCs. D (~1330 cm™) and G (~1600 cm™) bands correspond to sp?-
hybridized disordered and graphitic-like carbons, respectively. 23 30 The integrated
intensity of the full width at half maximum (FWHM) of the D(Ip) and G (Ig) bands

permits identification of the ratio of disordered carbon D(Ip) to graphitic carbon G (lg).
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30,31 There is significant increase in the relative amount of graphitic (well-ordered)
carbon with synthesis temperature (see Table 3). Curve fitting of the spectra permits
identification of T (1204-1232 cm™) and D” (1490-1504 cm™) bands, which correspond
to considerable amounts of sp2-sp® bonds and amorphous carbon, respectively.?® Figure 5
suggest significant decrease in the relative amount of sp2-sp® bonds and amorphous
carbons in the microstructure of samples synthesized at 1500 °C. Disorder induced D’

bands (~1620 cm™1) are only observed in the spectrum of SPR-1200.6°

Table 3. Summary of D/G in the PDCs.

sample D (Ip)/G (Ig)

(FWHM)

SPR-1200 1.57

TTCS-1200 | 1.94

PHMS-1200 | 1.77

SPR-1500 1.00

TTCS-1500 | 1.33

PHMS-1500 | 1.11
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Figure 5. Raman spectra of a) SPR-1200, b) TTCS-1200, c) PHMS-1200, d) SPR-1500,

e) TTCS-1500, f) PHMS-1500.

XPS permits elemental analysis as well as identification of bonding speciation in

the structure of fine powders 30, Identification of speciation and semi-quantitative

assessment of their relative amounts was achieved by probing Si 2p, O 1s, and C 1s

bonds.”® Coupled with other characterization techniques such as Raman, XPS allows

identification of differences in the microstructure of the PDCs synthesized at varying

temperatures.3° By employing appropriate curve fitting, the area under each convolution

represents the relative amount of the types of bonds. HR-XPS spectra of the samples are

shown in Figure 6.
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C 1s convolutions show that all samples contain considerable amounts of C-O
(~286.5eV) and C-C (~285 eV) and C-Si (283.7 eV) bonds. 1 72 In mixed bonding C is
bonded to Si or to another C, and typically free carbon does not bond with significant
amounts of oxygen. Therefore the C-O bonds may correspond to bond signatures from
foreign carbon-containing impurities such as lint, pollen, or strongly bound CO2, as
previously reported.”3-75> This makes semiquantitative analysis of C 1s bonds by XPS
alone challenging. 3 It is likely that C-Si convolutions also include bonds formed in SiC
domains. Similarly, the presence of C-C bonds is consistent with Raman spectra (see
Figure 1) and may correspond to free carbon or to C-C terminated mixed bonding. Si 2p
convolutions of samples pyrolyzed at 1200 °C suggest the presence of significant
amounts of SiO4 (~104 eV), SiO2C2 (~102 eV), and SiO3C (~102.9 eV), and SiOCs (~
101 eV) bonds.” 76 SiO4 correspond to amorphous SiO2 (silica) domains and SiOxCa-x
correspond to mixed bonding networks (Si bonded to both C and O).”” From the samples
synthesized at 1200 °C, SPR-1200 appears to have the greatest relative amount of SiO4
bonds, while PHMS-1200 and TCCS-1200 display greatest relative amount of SiOxCa-x
mixed bonding environments. The spectra further show that for samples synthesized at
1500 °C, the relative amount of SiOg4 (silica) bonds is greatest in PHMS-1500, although
SPR-1500, and TTCS-1500 also display large relative amount of SiO4 bonds compared to
their analogues synthesized at lower temperature. This may indicate significant phase
separation in the amorphous structures to form stoichiometric domains (SiO2 and SiC)
with increase in synthesis temperature. Additionally, the results in Figure 6 point to a

decrease in the amount of SiOsC relative to SiO2C2 and/or SiOC3 mixed bonds, between
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1200 and 1500 °C. This may suggest lower stability of SiO3C compared to other mixed

bonding networks.
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Figure 6. HR XPS of SPR, TTCS and PHMS derived ceramics.

3.3.1 Elemental Analysis

Thermodynamic analysis of PDCs requires accurate elemental compositions. XPS
survey scans are useful in obtaining compositional information of fine ceramic powders
synthesized at high temperatures, when residual hydrogen (if any) is scarce. The results
from elemental analysis are summarized in Table 4. It is apparent that the Si : O ratio
increases with pyrolysis temperature. In contrast, the Si: C ratio decreases with
temperature. These results likely correspond to carbothermal reduction in the samples
pyrolyzed at higher temperature (1500 °C). During carbothermal reduction SiO2 domains
react with excess free carbon phase to produce CO: (gas) and SiC. These results are

consistent with the XRD pattern (see Figure 4) of samples pyrolyzed at 1500 °C, which
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point to growth of B-SiC grains. XPS compositions are employed for thermodynamic

analysis discussed in the section that follows.

Table 4. Elemental analysis of SiOC samples from XPS survey scan.

Elemental Composition by XPS
Elements (at.%)
SiOC sample Cls O1s Si2p
SPR-1200 3547+ 1.11 30.56 +1.21 33.97+0.1
SPR-1500 37.12 £0.04 2732+ 148 [35.56+1.46
TTCS-1200 50.28 + 0.44 2529+ 1.24 2443 +0.49
TTCS-1500 48.76 £ 1.04 1937+£0.1 [31.87+0.94
PHMS-1200 | 38.16 £0.61 30.25+2 31.62 + 1.07
PHMS-1500 | 40.35+2.55 28.57+296 [31.15+0.11

TTCS, and PHMS at 1200 and 1500 °C.

Table 5. Composition and estimated phase assemblage of SiOCs derived from SPR-212,

Sample Composition SiO; SiC C
Siy0,C, (mol%) (mol%) | (mol%)
(x+y+z=1)
SPR-1200 S10.3400.31Co.35 30.69 36.63 32.67
TTCS-1200 | Si0.2500.25Co.50 20 20 60
PHMS-1200 | Si0.3200.30Co.38 28.30 32.07 39.62
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SPR-1500 S10.3600.27Co0.37 26.73 44.55 28.71

TTCS-1500 Si0.3200.19Co0.49 16.24 38.46 45.30

PHMS-1500 | Si0.3100.290C0.40 26.60 30.27 43.12

The results from elemental analysis suggest that pyrolysis of the PHMS (blend) at
1200 °C results in formation of SiOC with a composition and phase assemblage closest to
that of the sample derived from SPR-212 industrial precursor (see Table 5). In contrast,
there is significant difference of bonding speciation in their microstructure (from HR-
XPS Si 2p convolutions). No obvious similarities in composition and phase assemblage
are observed in the samples synthesized at 1500 °C. Calorimetric experiments permit
systematic assessment of the effect of composition and microstructure (including phase
assemblage) on the thermodynamic stability of SiOCs. These results indicate that PDCs
derived from the PHMS blend display the smallest change in composition, between 1200

and 1500 °C, even compared to samples derived from industrial precursor (SPR-212).

This could point to higher stability of the PHMS-1200.

3.3.2 Energetics of Formation and Interdomain Interactions

The results from thermodynamic analysis of the SiOCs are summarized in Table
6. Overall, enthalpies of dissolution become more negative with increasing C and Si
content, which results from highly exothermic oxidation of these elements. Enthalpies of
formation permit identification of trends in the thermodynamic stability of the samples.

More exothermic enthalpies of formation correspond to greater thermodynamic stability,
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as entropic effects are relatively small in comparison to the highly exothermic enthalpies
of formation from the elements.3%- 3!, For samples synthesized at 1200 and 1500 °C,
enthalpies of formation from elements (AH'f, elem) are most exothermic for samples
derived from the PHMS (blend) precursor and least for PDCs derived from TTCS. This
points to greatest enthalpic drive for the formation of the microstructure in PHMS-
1500.The results further suggest that pyrolysis of the industrial SiOC precursor (SPR-
212), results in formation of microstructures (SPR-1200 and SPR-1500) with
intermediate stability relative to elements.

Table 6 also presents enthalpies of formation relative to components (AH, comp),
namely B-SiC, SiO: (cristobalite), and C (graphite). More exothermic enthalpy of
formation from components corresponds to energetically more favorable interdomain
interaction and/or greater amount of mixed bonding (supported by XPS convolutions).3%:
31, Mixed bonding promotes greater stabilization of microstructures as a result of less
bond strain compared to the interface between stoichiometric crystalline domains. The
results show that for samples synthesized at 1200 °C, AH'f, comp is most exothermic for
PHMS-1200 and least for TTCS-1200. Similarly, the results point to little energetically
favorable interdomain interactions in SPR-1200. However, increasing synthesis
temperature to 1500 °C, results in structural evolution suggesting highly favorable
interdomain interaction and/or mixed bonding in the microstructure of SPR-1500, TTCS-
1500, and PHMS-1500. At all temperatures PDCs derived from low-cost preceramic
polymers PHMS (blend) result in structures with highest thermodynamic stability, even
compared to samples derived from industrial precursor (SPR-212). Note that the positive

enthalpy for the formation of TTCS-1200 could indicate unfavorable interdomain
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interactions, however, it appears that the interactions become less unfavorable at 1500 °C,
hence the more exothermic formation enthalpy in TTCS-1500. This complexity, perhaps
related to both changes in domain structure and coarsening, may explain the superior
stabilization of TTCS-derived SiOC in this temperature range. Structural characterization
suggests that compositional changes are driven by carbothermal reduction. Compared to
the other samples synthesized at 1200 °C, the higher C content and O/Si ratio in TTCS-

1200 may provide greater drive for that reaction.

Table 6. Summary of enthalpies of dissolution (AHuis), enthalpies of formation from

elements (AH® ), and enthalpies of formation from components (AH®f, comp).

f, elem

Sample | Composition AHgis AH"f, elem AH;, comp

Six Oy C(x+y+z=1) (kJ/mol) (kJ/mol) (kJ/mol)
SPR- S10.3400.31Co.35 -275.41£2.40 -154.40 £3.19 | -0.31 £3.23
1200

TTCS- | Si0.2500.25Co0.50 -291.94+£2.77 |-116.35 +£3.48 | +6.16 £ 3.51

1200

PHMS- | S10.3200.30Co.38 -226.92+£221  |-197.55+3.05 | -48.34+3.09

1200

SPR- Si0.3600.27C0.37 28491 +2.78 |-170.12+3.50 | -31.88 +3.52

1500

TTCS- S10.3200.19Co0.49 29976 £2.60 |-167.29 £3.35 | -64.80 + 3.38

1500
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PHMS- | Si0.3100.29C0.40 -21021£1.70  |-212.43 £2.71 | -68.87 £2.74

1500

3.3.3 Link between Microstructure and Thermodynamic Stability of PDCs

FTIR, XRD, Raman, and XPS all show that SiOCs derived from all three
polymeric precursors undergo significant structural modifications between 1200 and 1500
°C Similarly, thermodynamic analysis (Table 6), shows increase in thermodynamic
stability of the SIOCs with increasing pyrolysis temperature, independent of initial
precursor. This shows that between 1200 and1500 °C, the PDCs evolve towards
thermodynamically more stable structures. For all synthesis temperatures, greater O

content is consistent with greater thermodynamic stability (see AH® ). This may result

f, elem
from greater amounts of SiO2 and/or SiOxCs-x mixed bonding domains (supported by HR-
XPS convolutions). This highlights correlation between bonding speciation and

thermodynamic stabilization.

It is important to stress the decrease in the O content of PDCs synthesized at 1500
°C (from elemental analysis), which occur in parallel with growth and nucleation of -
SiC grains (from XRD). The thermodynamic analysis suggests that growth/crystalization
of B-SiC domains is thermodynamically favorable and occurs in parallel with increase in
favorable interdomain interactions. This points to significant thermodynamic drive for

carbothermal reduction in SiOCs to form more SiC.
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Similarly, results from Raman spectroscopy (see Figure 5) indicate significant
decrease in the relative amount of sp2-sp3 carbon bonds (T bands) as well as disordered
carbons (from the ratio of D (Ip)/G (lc) at FWHM) in samples synthesized at 1500 °C.
This may point to consumption of amorphous free carbons during carbothermal reduction
and/or formation of well-defined carbon networks at higher pyrolysis temperature.
Additionally, HR-XPS convolutions and the phase assemblages suggest presence of
significant amount of C-C bonds in all samples. This may imply that decrease in intensity
of D” bands for high temperature (1500 °C) samples mainly result from formation of
well-defined carbon networks. These observations could indicate significant stabilization
of structures with decreasing amount of sp?-sp® carbon bonds and with increase in
ordering of the carbon network. HR-XPS convolutions (see Figure 6) permit
identification of variation in bonding speciation with pyrolysis temperature. The results
suggest an increase in the amount of SiO2C> and/or SiOCs3 (relative to SiO3C) mixed
bonding with temperature. The increase in thermodynamic stability of the samples with
pyrolysis temperature may point to higher stabilizing effect of SiO2C2 and/or SiOC3
compared to SiO3C mixed bonding environments. This is important as it permits the
identification of an additional descriptor for increased thermodynamics stabilization in

PDCs.

3.3.4 Link between Structure of Preceramic Polymers and Composition of PDCs

The compositions reported in Table 6 show that SiOCs derived from TTCS (cyclic

structure) have the highest carbon content, in contrast, samples derived from SPR-212

86



(linear structure) display the lowest. TTCS and PHMS (linear polymer blend) precursors
have large amounts of less hydrogenated (vinyl compared to methyl) carbonaceous
pendant groups (see Figure 1). Such groups (vinyl, allyl) are expected to form more
carbon rich SiOCs upon high temperature pyrolysis, as less carbon is expected to evolve
as organics during thermal treatment.”® Hence, the large amount of methyl instead of
vinyl side-groups in the backbone of SPR-212 oligomers may explain the lower C
content of SPR-1200 and SPR-1500 samples. Similarly, O content appears to be greatest
in Si0Cs derived from PHMS blend and SPR-212, and lowest in samples derived from
TTCS. The results are consistent with significant loss of low molecular weight
carbonaceous side groups (CH3) in the PHMS blend and SPR-212, which ultimately
results in increase in O concentration in the PDCs. We do not identify any obvious trends

between thermodynamic stability (AH® ) and overall composition (Si, O, and C

f, comp
content) of the precursors. This is not surprising, as the amounts of different phases and
strength of interdomain interactions, which determine the thermodynamic stabilization,

are more strongly related to processing history than to bulk composition.

3.4 Conclusion

We report the structure and energetics of SiOCs derived from different preceramic
polymers. PDCs derived from PHMS blend have a composition closest to SiOCs
synthesized from SPR-212 industrial precursor. The results suggest greatest
thermodynamic stability and more favorable interdomain interactions in the

microstructure of samples derived from the PHMS blend. For each precursor the increase

87



in energetic stability of specimens synthesized at 1500 °C is also consistent with a
decrease in the relative amount of SiO3C compared to SiO2C2 and/or SiOC3 mixed bonds.
The results highlight increased stabilization of SiOCs with formation of a well-ordered
carbon network and decrease in relative amount of sp?-sp3 carbon bonds. This
information could serve as a framework for the design of thermodynamically more stable
SiOCs. Following investigation of the systematics for thermodynamic stabilization in SiC
and SiOC materials, this dissertation work is expanded to the study of quaternary
SiC(N)(O) PDC systems as well. This enables determination of stabilization trends in
more complex systems, as well as assessment of the energetic effect resulting from

addition of nitrogen to SiC(O) systems, as seen in the next chapter.
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CHAPTER 4

ENERGETICS AND STRUCTURE OF SIC(N)(O) POLYMER DERIVED CERAMICS

Reference: Leonel GJ, Guo X, Singh G, Gervais C, Navrotsky A. Energetics and structure

of SiC(N)(O) polymer-derived ceramics. J Am Ceram Soc. 2023;106(8):5086—-5101.

Abstract: This study presents new experimental data on the thermodynamic stability of
SiC(O) and SCN(O) ceramics derived from the pyrolysis of polymeric precursors: SMP-
10 (polycarbosilane), PSZ-20 (polysilazane), and durazane-1800 (polysilazane) at 1200
°C. There are close similarities in the structure of the polysilazanes, but they differ in
crosslinking temperature. High-resolution X-ray photoelectron spectroscopy shows
notable differences in the microstructure of all PDCs. The enthalpies of formation from
components (SiC, SiO2, Si3N4, and C, AH, comp) show that PDC derived from durazane-
1800 displays greatest thermodynamic stability. The results point to increased
thermodynamic stabilization with addition of nitrogen to the microstructure of PDCs.
Thermodynamic analysis suggests increased thermodynamic drive for forming SiCN(O)
microstructures with an increase in the relative amount of SiNxCa-x mixed bonds and a
decrease in silica. Overall, enthalpies of formation suggest superior stabilizing effect of
SiNxC4-x compared to SiOxCas-x mixed bonds. The results indicate systematic stabilization
of SiICN(O) structures with decrease in silicon and oxygen content. The destabilization of

PDCs resulting from higher silicon content may reach a plateau at higher concentrations.
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4.1 Introduction

Recent technological advances continue to fuel research and development of
materials for application under extreme conditions.!— Typically, materials like polymer-
derived SiOCs, and SiCNs with high chemical, thermal, and mechanical stability are
desired, as they may possess properties comparable to refractory ceramics such as ZrB>
for which single-source precursors are not commercially available.* This has led to
increase in the popularity of ceramics in various industries, including their application as
sensors, mechanical seals, ceramic bearing.!%~!2 By convention, ceramic systems are
produced by high temperature sintering of powder mixtures. '3-15 Such techniques may
not permit swift tunability of the microstructure and dimensions of the ceramics, thus
deeming the synthesis process inefficient. '9~1° Other common approaches for synthesis
of binary SiC and ternary SiOC systems include chemical vapor deposition and spark
plasma sintering. The former is typically preferred for the production of thin films in the
semiconductor industry.2%-24 Recently, polymer derived ceramics (PDCs) became a

popular synthesis route to overcome conventional limitations.

The low viscosity of preceramic polymers permits their use as precursors for
polymer infiltration and pyrolysis (PIP) in the development of ceramic matrix composites
(CMCs).?>-28 Recent studies demonstrated tunability in the dimensions of PDCs through
utilization of molding techniques.?® This permits development of polymeric shapes that
can be patterned by photolithography, plasma etching, and laser ablation techniques.
These shapes can then be pyrolyzed into ceramics. 3% 3! The viscosity of the polymer can

be adjusted for extrusion-based 3D printing, and this permits more controlled tunability
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of the dimensions of PDCs during processing.3>-3* The ease in tunability of
microstructure and dimensions of the ceramics makes the PDC route attractive for large

scale application.

Typically, the microstructure of PDCs consists of regions containing X-ray
amorphous free carbon and domains of the SiOxCas-x or SiNxC4.x mixed bonding network,
where 0 < x<4.33-36 This complexity makes assessment of structure-property relation
challenging.?’—3° Nonetheless, spectroscopic techniques like Fourier transform infrared
spectroscopy (FTIR), X-ray photoemission spectroscopy (XPS) and Nuclear Magnetic
Resonance (NMR) can be used to determine bonding speciation in the structure of

PDCs.40: 41

Recently, PDCs fueled the development of commercial and industrial polymeric
precursors for the synthesis of high temperature ceramics with tunable compositions.*>~4>
Typically, SiC PDCs are less thermally stable than SICN and SiOCs ceramics, which
results in early crystallization of amorphous domains in binary SiC ceramics.*® Most
PDC studies emphasize the application of PDCs,*’- 48 only few investigate the free-energy
landscape of ceramic materials derived through the polymeric route. As ceramics derived
from industrial precursors increase in popularity, it is essential to understand their
structure-property relation, especially the influence of chemistry and structure on the
thermodynamic stability of PDCs. Such systematic studies help in the development of a
framework for the predictive design and synthesis of PDCs with high thermodynamic

stability and desired functionality.
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This work investigates three ceramic samples derived from preceramic polymers:
SMP-10, PSZ-20, and durazane-1800. We report the synthesis, characterization, and
thermochemical analysis of the PDCs synthesized at 1200 °C, in flowing argon
atmosphere. Systematic variations in the composition of the samples leads to differences
in enthalpies of formation. This permits quantitative assessment of the interconnectivity
between the chemistry, structure, bonding, and thermodynamic stability in PDCs.
Chemical and structural characterization of the specimen are performed by XPS, high
resolution XPS (HR-XPS), Raman spectroscopy, FTIR, and NMR. High temperature
oxide melt solution calorimetry is employed to assess thermodynamic stability of the
materials. The new compositions explored in this work fill-in gaps of composition-

stability relations in PDCs.

4.2 Experimental Methods

4.2.1 Materials

The ceramics were derived from polymeric precursors: SMP-10 (SiC precursor,
from Starfire Systems), PSZ-20 (SiCN precursor, from KiON CERASET®), and
durazane-1800 (SiCN precursor, from Merck). SMP-10 only contains Si-C-H bonds,
while durazane-1800 and PSZ-20 contain additional Si-N bonds. The SiCN precursors
have comparable structures, the only difference could be in the ratio of Si-vinyl to Si-CH3
groups. Structure of the oligomers is shown in Figure 1. We did not use crosslinking

catalysts during synthesis of the PDCs.
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Figure 1. Structure of oligomers used for synthesis of the ceramic powders at 1200 °C,

under flowing argon atmosphere.

4.2.2 Crosslinking

The single-source precursors (without the addition of catalyst) were employed for
synthesis of the SiC and SiCNs. The as-received precursors were stored in a laboratory
refrigerator, the specimens were left to equilibrate at room temperature before
crosslinking. Crosslinking was performed in a beaker using a Benchmark hotplate (Tmax
~300 °C) under magnetic stirring.SMP-10 (polycarbosilane) and PSZ-20 (polysilazane)
oligomers were crosslinked into infusible solids at ~250 °C, using ~5 °C/min ramping
rate, and 4 hr hold at the final crosslinking temperature, in a glovebox employing
nitrogen atmosphere (~0.1 ppm oxygen). Durazane-1800 (polysilazane) has a higher
curing temperature (~300 °C). The crosslinked polymers were then processed for
pyrolysis. This procedure was decided based on curing requirements (time, atmosphere,
raping rate) of the precursors, comparable to experimental parameters used in previous

works.45: 49,50
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4.2.3 Pyrolysis

A Netzsch STA 409 differential scanning calorimeter cell, using alumina crucibles
was employed for pyrolysis of the crosslinked precursors. The instrument permits precise
temperature control and a low temperature gradient in samples. The specimens were
pyrolyzed under flowing argon (~50 mL/min). The samples were heated from room
temperature to 1200 °C at a ramping rate of 2 °C/min. During heating, the samples were
held at 400 °C for one hour, this ensures complete crosslinking of the precursor, since the
hotplate used for crosslinking can only achieve Tmax ~300 °C. The ceramics formed

during high temperature pyrolysis were then ground into fine powders.

4.2 .4 Characterization

XPS experiments were performed by use of a Kratos AXIS Supra+ with a
monochromatic Al Ka+ ion beam (beam energy = 1486.6 eV). Raman spectroscopy
experiments employed a custom-built multi-wavelengths system with a 532 nm green
laser at a power of 74 mW with a 50 X microscope objective. X-ray diffraction (XRD)
experiments were performed at ambient conditions by use of a bench-top Bruker D2
powder diffractometer (nickel-filtered CuKa radiation, wavelength= 1.5418 A). FTIR
experiments were performed by employing a bench-top Bruker TENSOR with platinum
ATR accessory. Thermal analyses were performed in a LABSYS evo DTA/DSC, under
flowing argon atmosphere. Solid-state 2°Si MAS NMR spectra were recorded on a Bruker
AVANCE 300 spectrometer (Bo = 7.0 T, vo('H) = 300.29 MHz, vo(*°Si) = 59.66 MHz)

using a 4 mm Bruker probe and spinning frequency of 12 kHz. Single-pulse 2°Si NMR
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MAS spectra were recorded with recycle delays of 60 s. Chemical shift values were

referenced to tetramethylsilane. The spectra were simulated with the DMFIT program.>!

4.2.5 Calorimetry

Enthalpies of formation from elements (AH', ciem) and components (AH, comp)
were obtained by use of thermochemical cycles and enthalpies of dissolution (AH gis)
obtained by high temperature oxide melt solution calorimetry at 800 °C. The calorimetric
experiments were conducted by use of a commercial twin Calvet type Setaram Alexsys
calorimeter, employing molten sodium molybdate (3Na>0+*4MoQ3) as solvent. ~5 mg of
sample was weighed using a Mettler Toledo microbalance with 10 pg accuracy. The
weighed sample was pressed into a pellet using a 1.5 mm tungsten die. The palletized
sample was then dropped from room temperature into the melt in the hot calorimeter for
oxidative dissolution. To maintain an oxidative environment, the melt was continuously
under oxygen bubbling (40 mL/min). Oxygen flushing (100 mL/min) above the melt was
used to expel any gases evolved during dissolution; ensuring a constant environment in
the reaction chamber. This is a well-established technique, and more details are provided
in previous studies.’? 33 During dissolution of SiC(O) and SiCN(O) samples, N, and C
evolve as N2, and COg, respectively, and Si is oxidized and precipitates as high

temperature cristobalite (SiO2). 40

The dissolution of SICN(O) is described below:

Si,06CeNa (5, 25 °C) + ((2(a+c)-b)/2) Oz (g, 800 °C) — a SiO2 (s, 800 °C) + ¢ CO2 (g,

800 °C) + d/2 N2 (g, 800 °C) AHuis, sicN(0)
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(1)

Reaction (2) describes dissolution of SiOC in the melt:

Sia Ob Cc (5, 25 °C) + ((2(a+c)-b)/2) O2 (g, 800 °C) — a SiO2 (s, 800 °C) + ¢ CO2

(9, 800 °C) AHydis, sic(o)

2)

Enthalpy of formation of SiC(O) and SiCN(O) from elements is described by reactions

(3) and (4), respectively:

a Si(s, 25 °C) + b/2 02(g, 25 °C) + ¢ C (s, 25 °C)— Si. 0, C, (s, 25°C) AH'E, ctem="

)

a Si(s, 25 °C) + ¢ C(s, 25 °C) + b/2 02 (g, 25 °C) + d/2 N2 (g, 25 °C)— SiaObCcNq (s,
25°C) (s, 25°C) AH®f clem =?

(4)

Reactions (5) and (6) describe formation of SiC(O) and SiCN(O) relative to crystalline

components (B-SiC, SiO: (cristobalite), B-SizN4 and C (graphite)):
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(a-(b/2)) SiC(s, 25 °C) + (b/2) SiO2(s, 25 °C) + (c-(a-(b/2))) C (s, 25 °C)— Si,0,C, (s,
25°C) AH®, comp="?
)
(a-(b/2)-(3d/4)) SiC (5,25 °C) + (b/2) Si02 (s, 25 °C) + (d/4) Si3N4 (s, 25 °C) + (c-(a-(b/2)-
(3d/4))) C (s,25°C) — SiaObCcNa (s, 25°C) (s, 25°C) AH®f, comp =?
(6)
By identifying the initial and final state of the system during dissolution, we

employed thermodynamic cycles (Tables 1-4) for thermochemical calculation of

enthalpies of formation.

Table 1. Thermochemical cycle for calculation of enthalpy of formation of SICN(O) from

elements AH'%, elem.

Enthalpies of formation from the elements (AHs ¢jem) AH (kJ/mol)
a Si(s, 25°C) +c C(s, 25 °C) + b/2 Oz (g, 25 °C) + d/2 N3

(9, 25 °C)— Sia0pCcNy (s, 25°C) (S, 25°C) AH%, ejem =72

SiaOpCcNy (5, 25 °C)+ ((2(a+c)-b)/2) O2 (g, 800 °C) — a | AHais, sicn(O)

SiO2 (s, 800 °C) + ¢ CO2 (g, 800 °C) + d/2 N2 (g, 800 °C)

Si (s, 25 °C) + Oz (g, 800 °C) — SiO2 (s, 800 °C) AH,=-883.13 £ 2.1
C (s, 25 °C) + Oz (g, 800 °C) — CO2 (g, 800 °C) AHz = -381.35 % 0.13
02 (g, 25 °C) — 02 (g, 800 °C) AHa= 25.34 +0.10
N2 (g, 25 °C) — N2 (g, 800 °C) AHs= 24.77 £0.10
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AHO%, ¢lem = - AHgis, sicy + aAH; + ¢cAH3 + (b/2)AH4 + AH% elem

(d/2)AHs

Table 2. Thermochemical cycle for calculation of enthalpy of formation of SICN(O) from

components AH', comp.

Enthalpies of formation from components (AHt, comp) AH (kJ/mol)
(a-(b/2)-(3d/4)) SiC (5,25 °C) + (b/2) SiO; (s, 25 °C) +
(d/4) Si3Ny (s, 25°C) + (c-(a-(b/2)-(3d/4))) C (s, 25°C) —

SiaOchNd (S, 25°C) (S, 25°C) AHOf' comp :7

SiaOpCcNy (5, 25 °C)+ ((2(a+c)-b)/2) O2 (g, 800 °C) — a AHuis, sicN(o)

SiO2 (s, 800 °C) + ¢ CO2 (g, 800 °C) + d/2 N2 (g, 800 °C)

SiO2 (s, 25 °C) — SiO2 (s, 800 °C) AH2=50.1% 0.10

SiC (s, 25 °C) + 207 (g, 800 °C)— SiO: (5, 800 °C) + CO2 | AH3 =-1192.28 +

(g, 800 °C) 2.15

Si3Na (s, 25 °C) + 302 (g, 800 °C) — 3Si02 (5, 80 0°C) + | AH4=-1770.95 + 4.0

2N2 (g, 800 °C)

C (s, 25 °C) + Oz (g, 800 °C) — CO2 (g, 800 °C) AHs = -381.35 + 0.13

AHC%, comp = -AHdis, sicno) + (0/2)AH2 + (a-(b/2)-(3d/4))AH3 | AH%, comp

+ (d/4)AH4 + (c-(a-(b/2)-(3d/4)))AHs
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Table 3. Thermochemical cycle for calculation of enthalpy of formation of SiC(O) from

elements AH', elem.

Enthalpies of formation from the elements (AHs, ciem) | AH (kJ/mol)
a Si(s, 25 °C) + b/2 O,(g, 25 °C) +c C (s, 25 °C)—

SiaOch (S, 25°C) AHOf’ e|em:?

Sia Ob Ce (5, 25 °C) + (((2a) + (20)-b))/2) Oz (g, 800°C) | AHais, sioc

— a Si02 (s, 800 °C) + ¢ CO2 (g, 800 °C)

Si (s, 25 °C) + Oz (g, 800 °C) — SiO2 (s, 800 °C) AH,=-883.13+2.1
C (s, 25 °C) + Oz (g, 800 °C) — CO2 (g, 800 °C) AH3 = -381.35 £ 0.13
02 (g, 25 °C) — 02 (g, 800 °C) AH4= 2534 +0.10
AHC eiem = - AHgis sioc + a AHz + ¢ AHs + (b/2) AHy AHC elem

Table 4. Thermochemical cycle for calculation of enthalpy of formation of SiC(O) from

components AH', comp.

Enthalpies of formation from components (AHt, comp) AH (kJ/mol)
(a-(b/2)) SIC(s, 25 °C) + (b/2) SiOy(s, 25 °C) + (c-(a-

(b/2))) C (5, 25 °C)— $i,0,C, (5, 25°C) AH, comp="?

Sia Ob Cc (5, 25 °C) + (((2a) + (2¢)-b)/2) O2 (g, 800 °C) — | AHdis, sioc

a SiO (s, 800 °C) + ¢ CO2 (g, 800 °C)

Si02 (S, 25 °C) — SiO2 (s, 800 °C) AH2=50.1£ 0.10

SiC (S, 25 °C) + 202 (g, 800 °C) — SiO2 (5, 800 °C) + | AH3 =-1192.28 + 2.15

CO:2 (g, 800 °C)
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C (S, 25 °C) + 02 (g, 800 °C) — CO2 (g, 800 °C) AH4=-381.35+0.13

AHOf’ comp = 'AHdiS, SiOC + (b/2) AHZ + (a‘(b/Z)) AHS + (C' AHOf' comp

(@-(b/2))) AHa

4.3 Results and discussion

FTIR experiments permit identification of functional groups in the structure of
crosslinked polymeric precursors and corresponding ceramics. The results in Figure 2a
confirm presence of organic groups in the structure of crosslinked precursors. The
functional groups in the spectra are consistent with structure of the oligomers. The
intensity of peaks in the spectra is proportional to the relative amounts of the
corresponding bonds. The crosslinked polysilazanes (PSZ-20 and durazne-1800) have
comparable structures, and the higher intensity of Si-CH2-Si stretching vibrational peaks
(1020 cm™!) in durazane-1800 may indicate higher relative amounts of Si-CH2 bonds per
unit volume.>* 33 Figure 2b summarizes results from FTIR of the PDCs pyrolyzed at 1200
°C. The spectra in Figure 2b suggest absence of C-H, N-H and Si-H bonds, which is
consistent with evolution of H as organics during high temperature pyrolysis. The results
in Figure 2b further point to the presence of C=C (~1600 cm™!) and maybe some Si-O-Si
(~1060 cm ™) bonds in the samples.’® 37 Additionally, Si-N bonds are identified in PDCs
derived from durazane-1800 and PSZ-20. PDCs derived from SMP-10 yield SiC
ceramics, while each PSZ-20 and durazane-1800 are precursors for SiCN. It is well
known that it is difficult to obtain oxygen-free SiCNs and SiCs, especially since it is in

part an impurity in the precursors.>® 3 The peaks assigned to Si-O bonds in the structure
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of the polymeric precursors and corresponding PDCs may indicate oxygen contamination
during processing, therefore, to acknowledge presence of oxygen we refer to the

pyrolyzed materials as SiC(O) and SiCN(O) ceramics.

a) b) —— SiC(0)-SMP-10
—— SMP-10 SICN(O)-PSZ-20

PSZ-20 —— SiCN(0)-Durazane 1800

% Transmittance

% Transmittance

T T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500 2750 2500 2250 2000 1750 1500 1250 1000 750

Wavenumber (cm'l) Wavenumber (cm™)

Figure 2. FTIR spectra of (a) crosslinked polymeric precursors, SMP-10, PSZ-20, and
durazane-1800 (b) PDCs derived from preceramic polymers at 1200 °C, in flowing

argon.

Thermogravimetric (TG) and differential scanning calorimetric (DSC) curves
during pyrolysis are shown in Figure 3. To account for buoyancy effect of the carrier gas,
baseline TG-DSC signal (empty crucible) was subtracted from the sample run. All
precursors undergo ~76 wt % loss between ambient temperature and 1200 °C. Overall,
the crosslinked precursors display acceptable ceramic yields of about 76 %, even without
the use of crosslinking catalysts, and this is in good agreement with previous work.3? The
exothermic peaks near 200 °C likely correspond to further crosslinking of precursors.? In
these samples, the initiation of polymer to ceramic conversion may be indicated by the

exothermic DSC peak near 400 °C.%! Durazane-1800 displays the highest crosslinking
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temperature (~ 300 °C) and lowest ceramic yield relative to the crosslinked precursor
(~75.8 wt%). In contrast, PSZ-20 crosslinked polymers display lower thermal stability
with an onset decomposition temperature of ~250 °C. Figure 3 further shows that SMP-
10 (polycarbosilane) has the greatest ceramic yield and lowest crosslinking temperature
(~200 °C). The crosslinking temperature suggested from DSC curves (Figure 3) are
consistent with initial crosslinking temperatures of the oligomers, which point to PSZ-20
as a lower-temperature curing polysilazane. These results show significant differences in
the thermal behavior of crosslinked polymers, even in polysilazanes (PSZ-20 and
durazane-1800) with comparable chemical structures (see Figure 1 and Figure 2).
Overall, major changes in mass conclude near 900 °C, however, SMP-10 undergoes
minor secondary exothermic mass loss between 900 and 1150 °C, which may indicate
carbothermal reduction of silica networks (SiO2) by free carbon and this results in the

crystallization of SiC domains.%% 63
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Figure 3. TG-DSC curves of crosslinked precursors during pyrolysis (from ambient

conditions to 1200 °C), at ramp rate of 2 °C/min, in flowing argon.

XRD permits identification of crystallization and can help determine structural
differences in crystalline materials including some SiC PDC fibers.*° Typically, PDCs
pyrolyzed at lower temperatures are amorphous.®* %3 At high temperatures,
crystallization in PDCs is promoted by carbothermal reduction.®®-6® The XRD patterns of
the PDCs are summarized in Figure 4 and the results point to growth of poorly crystalline
B-SiC grains in the SiC(O) derived from SMP-10. This may indicate carbothermal
reduction, which results in phase separation and crystallization of amorphous domains. %%
69,70 The XRD patterns suggest amorphous microstructures in SiICN(O) samples derived

from PSZ-20 and durazane-1800. The results summarized in Figure 4 suggest superior
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resistance to crystallization in SiICN(O)s than in SiC(O)s PDCs, which is expected, as
addition of N to SiC structures has been found to result in higher persistence to thermal
degradation and crytalization.*¢ Differences in the crystallization temperature/rates of
these materials likely result from kinetic rather than thermodynamic factors, since in
general PDCs evolve towards thermodynamically more stable structures with increasing
pyrolysis temperature 2> 64 7173 Some kinetic factors for consideration may include
difference in the activation energy for carbothermal reduction of distinct oxides and

nitrides domains, as well as dissimilarities in the diffusion rate of different species.%* 7!

¥ B-SiC
SMP-10 sic(o)
—— PSZ-20 sicN(0)
v Durazane sicn(o)

A\ v

Intensity ()a.u.)

30 40 50 60 70 80

20 (deg)

Figure 4. XRD patterns show growth of semicrytalline B -SiC in SiC(O) synthesized from
SMP-10 at 1200 °C. The SiCN(O) samples derived from PSZ-20 and durazane-1800 are

X-ray amorphous.
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The types of carbon in the microstructure of the ceramic powders can be
identified by Raman spectroscopy. The spectra are collected between 900 and 1900
Raman shift (cm!) and the results are summarized in Figure 5. D (~1330 cm™!') and G
(~1600 cm™") bands correspond to presence of sp?-hybridized disordered and graphitic-
like carbons, respectively. 3%-40 The integrated intensity of D (Ip) and G (Ig) bands at full
width at half maximum (FWHM) permit assessment of the D (Ip)/G (Ig) ratio of bonding
speciation.>? It appears that all samples contain greater amounts of disordered (relative to
graphitic) carbons. D (1490-1504 cm™!) and T (1204-1232 ¢cm™!) bands, which are
obtained from curve fitting, indicate presence of significant amounts of amorphous
carbon and sp?-sp? bonds, respectively, in the microstructure of all specimens. For the
SiCN(O)s, the sample derived from durazane-1800 displays largest integrated intensities
of D” and T (relative to G and D) bands. 3% 7475 This points to lower relative amount of

amorphous free carbon and sp?-sp® bonds in SICN(O) derived from PSZ-20.

SMP-10 SiC(O) PSZ 20 SiCN(O)

D band

T T v N v v - v
200 1000 1200 1_400 11600 1800 800 1000 1200 1400 1600 1800
Raman Shift (cm™) Raman Shift (cm™)

D band

Durazane 1800 SiCN(O)

‘G band

T T T T T T
800 1000 1200 1400 1800 1800
Raman Shift (cm1)

Figure 5. Raman spectra of PDC powders pyrolyzed at 1200 °C.
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XPS is efficient for identification of different Si 2p, C 1s, O 1s, and N 1s bonds,
however, it is challenging to identify different SiNxCs.x bonds by XPS alone. NMR is
powerful for characterization of short range order in ceramics, and analysis of the spectra
permits differentiation of SiNxCs-x mixed bonding environments in PDCs.52: 63,74
Typically, 2°Si MAS NMR peak shifts are associated with different coordination
environments (oxygen in SiOxC4-x or nitrogen in SiNxCs-x mixed bonds).”® 2°Si MAS

NMR experiments are performed on all samples and results are shown in Figure 6.

The spectrum of the SiC(O) specimen derived from SMP-10 shown in Figure 6, is
characterized by a relatively broad peak centered around -18 ppm that confirms presence
of SiC domains and is consistent with poor crystallinity (The breadth of NMR peaks
increases with loss of crystallinity).””> 7® The NMR spectrum of SMP-10 does not suggest
presence of significant amount of Si04 bonds, which contrasts results from XPS
(discussed in the next section) and could suggest greater sensitivity of XPS to SiO4 sites
(or may indicate surface effects). The 2°Si MAS NMR spectra of samples derived from
PSZ-20 and durazane-1800 are characterized by a relatively broad signal centered
around —30 ppm attributed to signature distribution of SiNxCa-x (0 < x < 4) units.”®
Appropriate peak fitting (with SiC3N, SiC2N2, SiCN3 and SiNy signals at [(>?Si) = -
lppm, -16 ppm, -32 ppm and — 49 ppm respectively) permits identification of possible Si
coordination number and bonding environments. The integrated area under each NMR
peak is proportional to the amount of each environment it represents within the
microstructure.8? As expected, the results in Figure 6 suggest presence of significant
amounts of Si3N4 domains (from SiN4 bonds) in the SICN(O) PDC:s. It appears that the

samples have significant amounts of tetrahedrally coordinated Si in SiN2C», SiN3C, and
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SiN4 environments, which are typical of localized mixed bonding domains in PDCs.”%- 81
Mixed bonds can exist as isolated units, connected two or three dimensional networks or
at the interface between domains (C, Si3Na, SiC).”*7® The convolutions further suggest
presence of only minor amounts of SINC3 mixed bonds in the samples. Overall, the
relative amount of specific mixed bonds (from convolutions) appears to increase with
greater N and less C per formula unit, as SIC3N (~2%) < SiN4 (~24%) < SiN3C (~25%) <
SiN2C2 (~40%) (see Figure 6 ). The minor peak near ~ -110 ppm is observed across all
samples, which may indicate presence of SiO4 species (~9% in SICN(O) systems) in all
the specimens,?! and this is consistent with results from HR-XPS. The results do not

suggest significant difference in the relative amounts of different SiNxC4-x bonds across

the SiCN(O) specimens.

Typically, 2°Si CPMAS NMR can identify H termination in mixed bonding
domains, especially in samples pyrolyzed at lower temperatures (H-rich samples).?!
However, samples pyrolyzed above 1200 °C typically have very low H content, which

makes identification of H-terminated mixed bonds impractical.”®
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Figure 6. 2°Si MAS NMR of SiC(O) derived SMP-10 as well as SICN(O)s derived from

PSZ-20 and durazane-1800 at 1200°C, in flowing argon atmosphere.

The bonding speciation in the microstructure of the PDCs can be identified by
HR-XPS. The deconvolutions are obtained by performing appropriate curve fitting, and
the area under the curve is proportional to the relative amount of corresponding bonding
character. HR-XPS curves of the specimens are summarized in Figure 7. C Is
convolutions confirm presence of C-C (~285 eV), C-O (~289 eV), and C-N (~288.30 eV)
bonds in the PDCs.%2-%4 The presence of C-C bonds is consistent with results from Raman

spectroscopy (see Figure 5) and may correspond to free carbon and/or C-C terminated
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mixed bonding domains. It is probable that C=0, C-O, and C-N convolutions correspond

to bonding character in the free carbon phase.

The Si 2p deconvolutions identify presence of Si-C (~101 eV), Si-O (~103 eV),
and SiO4 (~104 eV) bonds in all PDCs. 3+ 85 The results further confirm presence of Si-N
(~101.8 €V) bonds in the SICN(O) specimens.?* Typically, in mixed bonding, C is only
bonded to Si or to another C. Therefore, SiO4 bonds may correspond to formation of
amorphous silica (SiO2) domains. Only a small portion of Si-C and Si-O convolutions are
expected to represent SiOxCs-x mixed bonding networks in the microstructure of the
PDCs, as their respective NMR peaks are not observed (see Figure 6). It is likely that Si-
C and Si-O bonds mostly include contributions from SiC (silicon carbide) and SiO2
amorphous domains, respectively. Unfortunately, the Si-O and Si-C bonds from mixed
bonds cannot be differentiated from those present in the corresponding stoichiometric
domains. Additionally, Si-N bonds may represent formation of amorphous Si3zN4 and/or
SiNxCs-x mixed bonding domains. The results in Figure 7 may indicate that the SiC(O)
sample contains larger relative amount of SiC domains (from Si-C convolutions)
compared to SICN(O)s. It is also apparent that SICN(O) derived from durazane-1800
displays greatest amounts (relative to Si-O bonds) of Si3sN4 and/or SiNxC4-x mixed
bonding domains compared to the SICN(O) specimen derived from PSZ-20. It should be
noted that C 1s spectra suggest only minor amounts of N bonded to C in SiCN(O)
samples, and this may imply that there are two chemical states in N Ls, specifically, N-Si
and N-C. However, the sharp peak in the N Ls spectra of SICN(O)s suggests negligible
amounts of N-C relative to N-Si bonds. This would be consistent with scarce N-

termination in the free carbon phase, relative to stoichiometric domains and mixed bonds.

116



S i
= 3+ sio
Q [ JRA
n P % s 5
=y S$i-0 ¢ 0Si-0 ¢/ |
- &\ i/ \ »
1 \ |
-9 f [\ \
eyt B g g e o
108 106 104 102 100 98 538 536 534 532 530 528
Binding Energy (eV) Binding Energy (¢V)
S_—
- O1ls
=) Sizp A Nis  k o b
6 Si-O ’%- no H ‘°
S .
7 Il se ! s sio
HNL . ol e (A
- 8 \¢ Si-N 1 § 0Si-0 2 °
a 3 At IR ZE 1\ %
N /R sic 3 t
%) o ﬂ\ ; \
£ =S
7 ST o e, e, s e s — T Wy ————
e i ra @ 292 200 200 2R 25 18 0 b Hh R R 808 050 534,02 030 a8
=)
N’
z : ;
&) . l 9 L
7 L A L :t c-C N1s ¢ N-Si Ols 33
=) [ 23 4 (11 s
=3 2 b ¢ 14 o0 s .
R Si-0 ¢ ¢ SLN ,; I8t 0-Si-O0 e Si-O
™ N T $ PR s
Y i . ° o * :
= % C-N C-Si 332 )4
g J/\\ sic 4
- = o
= ——
Q N S ——
108 ity End R (50 % O rdine Eacrgy ) o ey Gy 292 5% pi%ise e aerey (V3

Figure 7. HR XPS of SiC(O) and SiCN(O) PDCs derived from SMP-10, PSZ-20, and

durazane-1800.

4.3.1 Elemental analysis

Thermochemical calculations of enthalpies of formation require well
characterized compositions. XPS is an efficient tool for characterization of PDCs
pyrolyzed at high temperatures, when H from residual organics is scarce. In this work we
employ XPS (Si2p, C Is, O Is, and N Is) survey scans for quantitation of Si, C, N, and
O content in the samples. The results from survey scans confirm significant Si, C, and O
content in all samples, and additional N is present in the microstructure of SICN(O)

PDCs. The calculated phase assemblages suggest greater relative amount of free carbon
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in the SiC(O) compared to SICN(O) ceramics. The results are summarized in Table 5.
There are similarities in compositions derived from PSZ-20 and durazane-1800. The
minor compositional differences may result from dissimilarities in curing temperature

and the ratio of Si-vinyl to Si-methyl groups in the oligomers.

Table 5. Elemental analysis of SIOC samples from XPS survey scan. Crree/C is
determined from C1s convolutions, by assuming that all C-C bonds are part of free

carbon phase, and not mixed bonds.

Elements (at.%)
Pyrolysis Ciree/C
SiC(N)(O) Ideal PDC
temperature C |N| O] Si (%)
Precursor o System
(O

SMP-10 1200 SiC 48.24 |- 17.90(33.85 40
PSZ-20 1200 SiC(N) 33.50|15.77|115.51]35.22 (74.74
Durazane-1800({1200 SiC(N) 34.6316.63|12.77)35.97(78.32

4.3.2 Systematics of Thermodynamic Stabilization in PDCs

The discussion that follows addresses thermodynamic stabilization in SiOC and
SiIOCN ceramic systems. Samples derived from the industrial precursors (PSZ-20, SMP-
10, and durazane-1800) permit investigation of SIOCN compositions outside the range of
structures previously explored by high temperature calorimetry. Thees data are valuable
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additions to the thermodynamic database of PDCs previously investigated. The results
validate past knowledge on structure-stability trends in PDCs, and further suggest
possible systematic differences in the stabilizing effect of different mixed bonding
environments (oxygen or nitrogen). Additionally, this work identifies trends/correlations

between elemental content (composition) and thermodynamic stability of the ceramics.

Table 6. Summary of enthalpies of dissolution (AHuis), enthalpies of formation from

elements (AH ,,,), and enthalpies of formation from components (AH®f, comp), Of

samples derived from industrial precursors.

Sample Composition AH . AH° AH®

dis f, elem f, comp

i, 0,C N, (kJ/mol) (kJ/mol) (kJ/mol)

(A+B+C+D=1)

SMP-10 | Siy3,0p1sCous | -461.12£4.12 [ 20£4.63 | 80.12 £4.65

PSZ-20 | Sij 500 1<CosaNose | -352-51+ 0.98 | -78.55+2.32 | 33.89 + 4.66

Durazane- | Siy 10y :CossNg 7 | -362.31 % 0.56 | -85.09+2.18 | 21.4+4. 58

1800

The results from thermodynamic analysis are summarized in Table 6. The
enthalpies of dissolution (AH ;) are most exothermic for the SiC(O) sample. This results
from highly exothermic enthalpies for the oxidation of greater amounts of C and Si, and
has been seen in previous studies.’?> 7> 8 Enthalpies of formation permit quantitation of

relative thermodynamic stabilities. The results in Table 6 show that enthalpies of
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formation from elements (AH', clem) are most exothermic for SICN(O) PDCs compared to
the SiC(O) specimen. The enthalpy of formation from elements includes the energetics
for forming stoichiometric compounds (SiO2, SiC, Si3N4) from the elements and are more
exothermic than enthalpy of formation from those crystalline components. The entropy
of formation from elements has a negative (destabilizing) contribution arising from
confining N2 and O2 gas into stoichiometric solids. However, the highly exothermic
enthalpies of formation from elements overcome the entropy effect and stabilize the
structures. Considering the enthalpy of formation of the SiaObCcNy specimens from
binary crystalline components SiO2, SiC, SisN4 (AH', comp) allows one to focus on the
interdomain interactions in the microstructure. Across all structures studied by
calorimetry, each with a different composition, enthalpies from components range from
-128 to +20 kJ/mol (see Table 7), note that results in Table 7 are in terms of per one mol
of Si (kJ/mol Si).4052. 86,8683 Since PDCs are amorphous, their entropies of formation
from crystalline components are expected to be positive, arising from disorder. Such
positive entropy effects add to the stabilization relative to binary crystalline components.
Thus most PDCs have negative free energies of formation from the binary crystalline
components and are thermodynamically stable with respect to an isocompositional
mixture of these components and would not decompose to them. However,
decomposition because of carbothermal reduction (under reducing conditions) or oxide
formation (under oxidizing conditions) limit their stability at high temperature. Structural
and chemical characterization in this study point to notable differences in the chemistry
and structure of SiC(O) compared to the SCN(O), as expected. The microstructural

modifications result in significant difference in the thermodynamic drive for the
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formation of their corresponding structures (see Table 6). This permits identification of
the influence of chemical species (Si, C, O, or N) on structure and stability. The results in
Table 6 suggest that SiC(N)(O) structures, with alloyed amounts of both O and N (N/O <
2) can be more stable than SiC(O) specimens. Previous studies on PDC fibers and
powders also point to greater stability of SIOCN samples with alloyed amounts of O and
N species in the structure.*?> 87 The increased stabilization likely results from inclusion of

both SiNxCs-x and SiOxC4-x mixed bonds in the PDCs.

Table 7. Summary of enthalpies of formation of amorphous SiOC and SIOCN PDCs,
synthesized between 800 and 1200 °C. This data summarizes thermochemical analysis of
some compositions previously investigated by high temperature calorimetry. The

enthalpies are in terms of per one mol of Si.

(SiaOpCH4Ne) compositions
where a+b+c+d+e=1
Sample a b c d e
name
(as

referred in Pyrolysis AH’t, comp

the cited temperature | (kJ/mol of Si)
literature) (deg C)
S1 0.364 | 0.513 [ 0.123 | O 0 1200 -54.489
S2 0.295 | 044 |[0.265 |0 0 1200 -24.78°
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S3 0.271 | 0.374 1 0.355 | O 0 1200 -126.289
S4 0.278 | 0.278 | 0.444 | O 0 1200 -64.089
S5 0.259 | 0.238 | 0.503 | O 0 1200 -495.08°
W1B 035 (042 (0231 1|0 0 1200 -78.8%
w2B 0.364 [ 0.378 | 0.258 | O 0 1200 -111.0%
W3B 0.299 | 0.311 | 0.386 | O 0 1200 -111.799
Ww4B 0.235 | 0.209 | 0.556 | O 0 1200 -65.9%
SioC 0.314 | 0.467 | 0.22 |0 0 1200 -68.5%
S1200 0.307 [ 0.461 | 0.232 | O 0 1200 -16.0%2
CS1200 0.085 [ 0.144 | 0.771 | O 0 1200 84.192
Si 0.345 | 0.523 | 0.088 | 0.044 | O 1200 -60.9%1
PhSiO15_S | 0.112 | 0.227 | 047 |0.191 |0

G 800 -22.3%2
HQ4_SG 0.283 | 0.588 | 0.078 | 0.052 | O 1100 -11.3%2
PhSiO15_S [ 0.142 | 0.23 | 0.568 [0.06 |0

G 1100 -97.9%2
SiOC 0.313 (0473 |0.213 | O 0 1100 -48.5%3
GM35 0.096 | 0.041 | 0.346 | 0.273 | 0.244 | 800 -441.781
GM35 0.134 | 0.015 | 0.435 | 0.13 | 0.285 | 1100 -192.581
HN1 0.121 | 0.02 | 0.594 | 0.119 | 0.149 | 800 -264.581
HN1 0.126 | 0.019 | 0.671 | 0.034 | 0.151 | 1100 -205.58¢
S3 0.204 |0 0.556 (0 0.239 | 1100 -13.7°%4
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Black 0.318 | 0.485 | 0.192 | 0.005 | O 1100 -13%

An important factor in the thermodynamic stabilization of PDC structures
includes mixed bonding which can occur at the interface of stoichiometric domains
(Si3sN4, SiO2, C, and SiC). 7% 7® Previous investigations show that more mixed bonding
can stabilize structures by as much as 20 kJ/mol. Nonetheless, there is still a lingering
question whether SiNxCa-x and SiOxC4-x mixed bonds differ significantly in their
stabilizing effect. In this work, the Si 2p convolutions and NMR spectra confirm presence
of significant amounts of SiNxC4.x mixed bonds in SICN(O) specimens, but not in the
SiC(O) derived from SMP-10. There is systematic thermodynamic stabilization of the
PDCs with addition of SiNxC4-x bonds, as Table 6 highlights the lower thermodynamic
stability of the SiC(O) specimen. This indicates significant (~60 kJ/mol) enthalpic
stabilization from addition of SiNxCas.-x mixed bonds to SiC(O) systems, which is ~10 kJ/
mol higher than stabilization from addition of SiOxCs-x mixed bonds to SiC PDC fibers.*?
Furthermore, Si2p XPS convolutions of the SICN(O) samples (see Figure 6) also suggest
the greatest relative amount of SiO2 and/or SiOxCas-x (from Si-O bonds) as well as the
lowest amount of Si3N4 and/or SiNxC4.x mixed bonds (from Si-N bonds) in the SiICN(O)
derived from PSZ-20 (compared to durazane-1800). The enthalpies of formation in Table
6 highlight the lower stability of the SICN(O) structure derived from PSZ-20 (compared
to durazane-1800). Overall, the results may indicate a greater stabilizing effect from
SiNxC4.x compared to SiOxC4-x mixed bonds. This could imply significant stabilization of
quaternary SiOCN structures by tuning the ratio of SiOxCa-x to SiNxC4-x mixed bonds. It

is likely that there exists an optimum ratio that promotes greatest stability.
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The SiICN(O) specimens in Table 6 are outside the compositional range of
structures previously studied. This permits assessment of systematics in the correlation
between elemental content and thermodynamic stability in PDCs. This is important since
only few studies explored enthalpic stabilization in quaternary SiCN(O) structures (see
Figure 8(a-b)). Overall, the results in Figure 8(a-b) point to increased stabilization
relative to binary crystalline components of quaternary SiIOCN systems with decrease in
Si and O content. In contrast, greater O content appears to destabilize ternary SiOC
systems (see Figure 8(c-d)). In both systems (SiOC and SiOCN), destabilization at higher
Si content may reach a plateau, which could imply only minor/negligible further
destabilization of the structures with much higher Si content (see Figure 8(a and c)). The
effect of O content on thermodynamic stability (see Figure 8(b and d)) may reach a
plateau as well. No obvious correlation is observed between enthalpy of formation and C
content. The results show that the addition of significant amounts of N species to SIOC
structures can significantly impact the systematic trend for increased stabilization in the
ceramics. This implies that the correlations are system dependent (SiOC or SICNO). The
semicrystaline structure of the SiC(O) specimen (confimed from XRD) may contribute to
its more positive enthalpy of formation, compared to the other amorphous samples

synthesized at 1200 °C (Figurues 8(c and d)).
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Figure 8. Correlation between enthalpy of formation of SIOCN structures as function of
a) Si and b) O content. Enthalpy of formation of SIOC PDCs synthesized at 1200 °C as
function of c) Siand d) O content. This includes data from references 81, 89,90, 92 in

Table 7.

The effect of synthesis temperature is an important factor to be considered in the
thermodynamic stabilization of PDCs, however, in this current work we constrain the
synthesis temperature to 1200 °C due to equipment limitations. Typically, there are
microstructural modifications associated with pyrolysis time and temperature.32 71, 88,91
The accumulated thermochemical data indicate overall increase in the thermodynamic

stability of PDCs with increasing pyrolysis temperature (800-1450 °C).%%-°! Some
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samples synthesized at intermediate temperature (1200 °C) are energetically less stable
than specimens synthesized at lower (800-1000 °C) and higher (1400 °C) temperatures. °%
o1, Such lower stability may reflect decrease of H-terminated mixed bonds, due to
evolution of residual (H) up to ~1200 °C, as previously reported.”* This highlights the
significant stabilizing effect of H termination in low-temperature samples, especially
those containing nitrogen. It is expected that the SICN(O) quaternary systems would
display a temperature-stability trend similar to that of SIOC and SiCN parent structures,
as previous works indicate.®! However, several fundamental questions still remain. Does
the stability of PDCs depend on porosity, and if so, how? How does the stabilizing effect
of different metal fillers depend on ionic radius and/or electronegativity of the metal, and
1s it temperature dependent? How do ionic radius, electronegativity and other metal
descriptors influence, temperature-stability relation, including thermodynamic resistance
to carbothermal reduction and crystallization in PDCs. To what extent do such trends
differ for SiOC, SiCN, and SiIOCN systems? What factors, thermodynamic and/or kinetic
limit the compositions at which PDCs can be made? Thus, much systematic work still
remains to be done. Future investigations require more thermodynamic measurements
and perhaps the use of softwares like CALPHAD to compare with experimental data and

predict thermodynamic properties of multicomponent PDC systems. % °7

4.4 Conclusions

In this study, we measured the energetics of SiC(O) and SiICN(O) PDC compositions

derived from industrial preceramic polymers. The structure-stability trends are consistent
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with the current understanding of thermodynamic stabilization in PDCs observed across
other structures derived from both commercial and other tailor-made precursors. Overall,
the thermodynamic stability of the quaternary SiCN(O) PDCs increases with increase in
N content and decrease in the relative amount of O. New observations suggest greater
stabilizing effect of SiNxCa-x compared to SiOxC4.x mixed bonds. This study poses new
questions for the rigorous understanding of thermodynamic stabilization in PDCs. This is
important in understanding the effect of composition and microstructure (independent of
synthesis method) on the thermodynamic drive for phase separation and decomposition
(into binary carbides, oxides, nitrides) in amorphous ceramics structures, including
CMCs developed by PIP technique. Considering filler incorporation as an important
consideration in the development of PDCs, often providing tunability of porosity, thermal
stability, and mechanical properties, it should be acknowledged that not much is known
about how different fillers influence the structural evolution and thus the thermodynamic
stability of PDCs. To this end the next chapter investigates the energetics of metal filler
addition in SiOC precursors (polysiloxanes) and predicts the most stable filler

incorporation, based on thermodynamic analyses.
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CHAPTER 5
STRUCTURAL AND THERMODYNAMIC ANALY SIS OF METAL FILLER

INCORPORATION IN SI:Op(M).Ca POLYMER DERIVED CERAMICS

Reference: Leonel GJ, Scharrer M, Singh G, Navrotsky A. Structural and thermodynamic
analysis of metal filler incorporations in SiaOb(M)cCd polymer derived ceramics: Ta, Hf,

Nb. Int J Appl Ceram Technol. 2023

Abstract: This work systematically investigates the thermodynamic stability of
S1206(M)cCq structures derived from polymeric precursors incorporating metal fillers: Ta,
Nb, and Hf, at 1200 and 1500 °C. Structural characterization of the polymer derived
ceramics (PDCs) employs X-ray diffraction (XRD), Fourier transform infrared
spectroscopy (FTIR), and X-ray photoelectron spectroscopy (XPS). Enthalpies of
formation relative to crystalline components (metal oxide, silica, silicon carbide, and
graphite) are obtained from thermodynamic measurements by high temperature oxide
melt solution calorimetry. The enthalpies of formation from components (SiC, SiO2,
Si3N4, and C, AH®, comp) show that incorporation of Hf results in most thermodynamically
stable structures at all synthesis temperatures. SiaOb(M)cCd specimens employing Nb
fillers undergo the most stable structural evolution in this temperature range. The results
indicate strong thermodynamic drive for carbothermal reduction of metal oxide domains.
Incorporation of Ta provides the greatest stabilization_of SiO3C mixed bonding
environments. Ultimately, the choice of metal filler influences composition, structural

evolution, and thermodynamic stability in PDCs.
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5.1 Introduction

The processing of organometallic precursors such as polysilazanes,
polycarbosilanes, and polysiloxanes at elevated temperatures permits attainability of
SixCyNz, SixCy, and SixOyC; refractory materials with high chemical, thermal, and
mechanical stability.!: 2 Over the past five decades the synthesis of carbide, nitride, and
oxide ceramic materials through the polymeric route has increased in popularity. !
Polymer derived ceramics (PDCs) are especially attractive due to spinnability of the
precursors, which permits attainability of ceramic fibers.>—> Additionally, appropriate
processing of preceramic polymers permits development of high temperature ceramic
films.% 7 This is especially important in response to current interest for the development

of protective coatings for application in aerospace systems.?!!

Recent PDC works highlight incorporation of fillers (sacrificial, active, passive)
in ceramic structures.!'? 13 The use of sacrificial fillers like
polymethylmethacrylate (PMMA) typically results in increased porosity of the final
ceramics.'* Similarly, active metallic or intermetallic fillers can reduce volume shrinkage
of preceramic polymers during thermal treatment.! Other studies have also demonstrated
greater resistance to crystallization in PDCs incorporating boron.!> As the use of PDC
fillers increases, it is essential to understand how choice of filler influences composition
as well as microstructure. 9720 It is especially important to identify the effect of filler
and corresponding structural modification on the thermodynamic stability of the
respective ceramics, since stability determines propensity for phase separation and

decomposition in PDCs. 21-25
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In the past, thermodynamic works investigated structure-stability relations in
various PDC systems, including the effect of composition, mixed bonding, and pyrolysis
temperature on the thermodynamic stability.>> 22> 2> To this end, the present work is the
first work to systematically investigate the structural evolution and thermodynamic
stabilization in PDCs incorporating Hf, Nb, and Ta. We report the synthesis,
characterization, and thermodynamic analysis of the structures synthesized at 1200 and
1500 °C. Structural and chemical characterization are done by X-ray diffraction (XRD),
Fourier transform infrared spectroscopy (FTIR), and X-ray photoelectron spectroscopy
(XPS). Thermodynamic measurements employ high temperature oxide melt solution
calorimetry. This work permits assessment of the influence of choice of metal filler as
well as of synthesis temperature on the composition, structure, and thermodynamic
stability of SIO(M)Cs (where M = metal), thus permitting identification of the energy

landscape for metal filler incorporation in PDCs.

5.2 Experimental Methods

5.2.1 Materials and Crosslinking

The liquid siloxane SPR-2012 (stored in a laboratory freezer) from Starfire
Systems was used as polymeric precursor for the PDCs. Structure of the precursor is
shown in Figure 1. The preceramic polymer (equilibrated to ambient temperature for ~12
hrs) was mixed with 30 wt % of either Hf, Nb, or Ta metal powders (from Fisher

Scientific), under magnetic stirring for one hour in a glovebox employing a nitrogen
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atmosphere (~0.1 ppm oxygen content). This results in Hf, Nb, and Ta modified SPR-212
precursors. Crosslinking of the precursor mixtures was done in a beaker on a hotplate,
under inert atmosphere (in glovebox). The hotplate employed a temperature ramping of
~5 °C/min. Before pyrolysis, the precursor mixtures were each crosslinked into rigid
solids at 300 °C (Tmax of hotplate) for 3 hrs. It should be noted that during crosslinking
(under stirring) significant metal content settled on the bottom and sticks to the walls of
the beaker. Localized aggregation of metal powders could be observed throughout the
precursors and this results in metal distribution inhomogeneity across the final
crosslinked specimens. We did not employ the use of any crosslinking catalysts in the

synthesis of the specimens.

(|:H3 (|:H3 (|3H3 CH,
|
HO— si —O si —0 S|i —0 si —OH
CH, CHs i CH,
n m
SPR-212¢H,

Figure 1. Structure of single source industrial precursor (SPR-212) for SiOCs.

5.2.2 Pyrolysis

High temperature pyrolysis of the crosslinked precursors was done in a Netzsch
STA 409 differential scanning calorimeter cell, using alumina crucibles, under flowing
argon atmosphere (50 mL/min). Pyrolysis of precursors was investigated at 1200 and
1500 °C. The pyrolysis employed a temperature ramping of 2 °C/min to final pyrolysis

temperature. This resulted in the formation of Hf-1200, Nb-1200, Ta-1200, Hf-1500, Nb-
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1500, and Ta-1500 specimens. The resulting ceramics were then ground into fine powders
by the use of an agate mortar and pestle, in the glovebox operating at ambient

temperature. During milling each specimen was manually ground for at least 10 minutes

to ensure homogenous mixing in each powdered sample.

5.2.3 Characterization

XRD experiments employed a table-top Bruker D2 powder diffractometer (nickel-
filtered CuKo radiation, wavelength= 1.5418 A). FTIR employed a Bruker TENSOR
instrument with platinum ATR accessory. XPS experiments were done using a Kratos
AXIS Supra+, employing monochromatic Al Ka+ ion beam, with beam energy = 1486.6

eV. For each fine powder, three different locations were selected for XPS experiments.

5.2.4 Thermochemistry

Calorimetric measurements were done by oxide melt solution calorimetry in a
commercial Seteram Alexsys calorimeter. Dissolution of the PDCs occurs in 20 g of
sodium molybdate (3Na20+*MoO3) melt, at 800 °C. This technique measures enthalpies of
dissolution (AHuis) and permits quantitation of enthalpies of formation relative to
elements (AH®f, clem) and components (AH®t, comp). In the first step ~ 5 mg of the sample
was weighed using a Mettler Toledo microbalance (~10 pg accuracy) and then pressed
into a pellet using a 1.5 mm tungsten die. In the second step the pellet was inserted into

the calorimeter, where it undergoes oxidative dissolution in the melt. The melt was
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continuously bubbled with 40 mL/min of oxygen, this ensures continuous oxidative
environment. The samples employed oxygen flushing (~ 100 mL/min) to evacuate any
evolved gases resulting from dissolution of the specimen. During dissolution Si is
oxidized to cristobalite (SiO2), which precipitates from the melt, C is oxidized to CO2
(evolves from melt), and the metal is oxidized to metal oxide (Ta20s5, HfO2, Nb20s)
which dissolve in the melt.>> 25-27 For each sample the experiments were repeated at least

six times. More experimental details are provided in previous work.?’

Reaction (1) describes the oxidative dissolution of SiaOb(M).Cq specimens, where M =

Hf, Nb, or Ta

Sia0bMcCy (s, 25 °C) + ((2a + 2d +(c/e)f)-b)/2 O2 (g, 800 °C) — a SiO2 (s, 800 °C) +d
COz2 (g, 800 °C) + (c/e) MOt (sol, 800 °C) AHOis

(1)

Enthalpy of formation of SiaOp(M):Cd from the elements (Si, C, M and O2) is described

below:

aSi (solid, 25 °C) + b/2 O2 (gas, 25 °C) + d C (solid, 25 °C) + ¢ M (gas, 25 °C)—
SiaOchCd (S, 25 OC) AH® f, elem

)

Reactions (3-4) describe enthalpy of formation relative to crystalline components (B-SiC,

SiO; (cristobalite), C (graphite), and most stable metal oxide MxOy or carbide MxCy :
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(a-((b-(c/e)f)/2)) SiC (s, 25 °C)+ ((b-(c/e)f)/2) SiO2 (s, 25 °C)+ (c/e) McOr (s, 25 °C)+ (d-
(a-((b-(c/e)f)/2))) C (s, 25 °C) — S1aObMcCu (s, 25 °C) AHC%comp , where MeOr= Ta20s,
HfO2, or Nb2Os.

)

(a-(b/2)) SiC (s, 25 °C)+ (b/2) SiO2 (s, 25 °C) + ¢ MC (s, 25 °C)+ (d-(a-(b/2))- ¢) C (s,
25 °C) — S1a06McCl (5, 25 °C) AHf,comp, where MC= TaC, HfC, or NbC.

(4)

Given that the initial and final states of the system are known, enthalpies of formation
were determined by employing enthalpies of dissolution and thermodynamic cycles

(Tables 1-4).

Table 1. Thermochemical cycle for calculation of enthalpy of oxidation AH'ox, at 25 °C

SiaOpMcCaq (5, 25 °C) + ((2a + 2d +(cle)f)-b)/2 O; AH (kJ/mol)
(9, 25 °C) — a SiO; (5, 25 °C) +d CO; (g, 25 °C) +

(cle) MOk (s, 25 °C) AHCis) AH® oy =?

Sia0bMcCa (5, 25 °C) + ((2a + 2d +(cle)f)-b)/2 Oz (g, | AHadis
800 °C) — aSiO2 (s, 800 °C) + dCOz2 (g, 800 °C) +

(c/e)MeOr (sol, 800 °C)

02 (g, 25 °C) — 02 (g, 800 °C) AH,= 25.3
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SiO2 (5, 25 °C) — SiO2 (5, 800 °C) AH3=50.1

CO: (s, 25 °C) — CO3 (g, 800 °C) AH,=37.5

M:Os (5, 25 °C) — MeOs (sol, 800 °C) AHs= 108.72 + 2 (Taz0s)
= 85.01 + 2 (HfO»)
=111.50+0.16

(Nb20s)
AH%x = AHgis + ((23. + 2d +(c/e)f)-b)/2 AH; — a AHCox
AH3 - dAH, - (c/e) AHs

Table 2. Thermochemical cycle for calculation of enthalpy of formation from elements

AHof, elem, at 25 °C

a Si(s, 25°C) + b/2 0, (g, 25°C +d C (s, 25 °C) AH (kJ/mol)

+c M (g, 25 °C)— SizOpMcCy (S, 25 °C) AH®f, elem

=7

SiaObMcCa (5, 25 °C) + ((@*2+d*2+(c*fle)-(b))/2) Oz | AHC o
(g, 25 °C) — aSiO2 (s, 25 °C) + dCO2 (g, 25 °C) +

(c/e)MeOs (s, 25 °C)

Si (s, 25 °C) + 02 (g, 25 °C)—SiO2 (s, 25 °C) AHp=—908.4 + 2.1 28

C (s, 25 °C) + 02 (g, 25 °C)—CO2 (g, 25 °C) AH3=-393.5 % 0.1 28
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eM (s, 25 °C) + (f/2) Oz (2, 25 °C)— MeOx (s, AH4=-2045.976 (Ta20s) 2
25 °C) =-1899.536 (Nb20s)28

= -1117.63 + 0.39 (HfO,) 2°
AH% ¢lem = -AHox +a AH, + d AHz + (c/e) AH, AH% ¢lem

Table 3. Thermochemical cycle for calculation of enthalpy of formation from crystalline
components (B-SiC, SiO (cristobalite), C (graphite), and metal oxide MxOy (metal oxide)

AHof, comp, at 25 °C

(a-((b-(cle)f)/2)) SiC (s, 25 °C)+ ((b-(c/e))/2) SiO, AH (kJ/mol)
(s, 25 °C)+ (cle) MOy (s, 25 °C)+ (d-(a-((b-
(c/e)f)/2))) C (s, 25 °C) — SiaO,McCq (5, 25 °C)

AHOf,comp:?

aSi (solid, 25 °C) + b/202 (gas, 25 °C) + dC (s, AHO¢ elem

25 °C) + cM (gas, 25 °C)— SiaObMcCq (5, 25 °C)

Si (solid, 25 °C) + C (solid, 25 °C)—SiC (5,25 °C) | AHo=—732+6.3 5

Si (solid, 25 °C) + Oz (gas, 25 °C)—SiO2 (5, 25 °C) | AHs= —908.4 + 2.1 28

eM (s, 25 °C) + (f/2) O2 (g, 25 °C)— MeO+ (5, 25 °C) | AH,= -2045.97 + 2.1

(Ta205)28

= -1899.536 (Nb20s) 28
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= 1117.63 + 0.39 (HfO2) 2

AHOf’ comp = AHOf’ elem - (a.‘((b'((:/e)f)/Z)) AHZ - ((b‘ AHOf' comp

(c/e)f)/2) AHs — (c/e) AH,

Table 4. Thermochemical cycle for calculation of enthalpy of formation from crystalline
components (B-SiC, SiO> (cristobalite), C (graphite), and MxCy (metal carbide)) AH',

comp, at 25 °C

(a-(b/2)) SIC (s, 25 °C)+ (b/2) SiO; (s, 25 °C) + ¢ MC (s, AH (kJ/mol)
25 °C)+ (d-(a-(b/2))- ¢) C (s, 25 °C) — SiaOpMCy (S,

25 OC) AHofycomp:?

aSi (solid, 25 °C) + b/202 (g, 25 °C) + dC (5,25 °C) + cM | AH ¢ elem

(gas, 25 °C)— SiaOpMcCq (s, 25 °C)

Si (solid, 25 °C) + C (s, 25 °C)—SiC (5, 25 °C) AH,=-732%6372%8
Si (solid, 25 °C) + O3 (g, 25 °C)—SiOz (s, 25 °C) AH3;=—908.4 % 2.1%8
M (s, 25 °C) + C (5, 25 °C)— MC (s, 25 °C) AH,=-144.007 (TaC)Z

= -138.91 (NbC)28

= -218.82 (HfC)®

AHOf’ comp = AHOf’ elem = (a'(b/Z)) AH2 - (b/2) AHg —C AH4 AHof’ comp

e s=solid, sol=solution, g=gas
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5.3 Results and discussion

FTIR permits identification of functional groups in structures. Spectra of the
crosslinked precursors and corresponding PDCs are summarized in Figure 2 (a-b). The
intensity of FTIR peaks is proportional to the amount of corresponding bonds.?!- 32 The
results in Figure 2 indicate presence of Si-O—Si (~1060 cm ™), Si—-CH3 (~1260 cm™),
C=C (~1600 cm™), Si-O-Si (~1060 cm™!), Si-C/M-O (~800 cm™!), and M-C (~600 cm™")
bond stretch vibrational bands in the specimens. 3343 The results further point to the
evolution of organic groups during high temperature pyrolysis, which is typical during
ceramization; thus C-H and Si-H bonds are not observed in the PDCs synthesized at 1200
and 1500 °C (see Figure 2). The Si-O-Si and Si-C bonds are consistent with SiOC

structures. 3641

a) b)
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Figure 2. FTIR spectra of (a) crosslinked precursors and (b) corresponding SiaOb(M)cCad

PDCs synthesized at 1200 and 1500 °C.
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XRD permits assessment of crystallinity. This allows determination of
crystallization behavior in the PDC depending on choice of metal as well as pyrolysis
temperature. Typically, SiOCs pyrolyzed below 1250 °C are X-ray amorphous,
increasing synthesis temperature above 1450 °C promotes crystallization of B-SiC
domains. 4648 All Si,Op(M).Cq samples display peaks corresponding to some identifiable
metal carbide and oxide phases. The results in Figure 3 further indicate crystallization of
B-SiC domains (main peaks at 26=35.60°, 60°, and 72°) in PDCs pyrolyzed at 1500 °C.
49,50 The unidentified XRD peaks may correspond to other crystalline metal oxide,
carbide or oxycarbide phases. Overall, all samples display increase in the relative
intensity of peaks corresponding to metal carbide with increasing synthesis temperature.
This could imply carbothermal reduction of metal oxide phases at higher synthesis

temperature (1500 °C).>1-33
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Figure 3. XRD patterns of SiaOb(M)cCqd ceramics. The results show significant

crystallization of metal oxide and/or carbide phases in all PDCs.
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HR-XPS identification of bonding environments in PDC microstructures was
done by surveying Si 2p, C 1s, O 1s, Ta 4f, Nb 3d, and Hf 4f bonds.>- 2! The results are
summarized in Figure 4. By employing suitable curve fitting, the area under the
convolution curves is proportional to the relative amount of corresponding bonds in the
microstructures.’* This permits semiquantitative assessment of microstructural
differences in samples, resulting from choice of metal filler and pyrolysis temperature.

Si 2p convolutions suggest presence of SiO4 (~104 eV), SiOCs (~101.5 eV),
Si02C2 (~102 eV) and SiO3C (~102.9 eV) bonds in all samples.>3 3¢ Generally, SiO4
bonds correspond to amorphous silica (SiO2) domains. Overall, the relative amount of
Si04 bonds appears to increase with synthesis temperature, which is consistent with
phase separation of the amorphous SiaObC. microstructure at higher temperatures. The
results further indicate presence of Si02C2, SiOC3 and SiO3C bonds and this correspond
to Si0xC4-x mixed bonding environments (Si bonded to O and C) in the samples, which is
typical in PDCs.>” The results in Figure 4 show general increase of SiOC3 compared to
Si03C mixed bonds with increasing synthesis temperature, and this may indicate greater
resistance to thermal degradation of SiOC3 mixed bonding networks. However, it should
be highlighted that addition of Ta may promote thermal stabilization of SiO3C bonds in

PDC structures, as suggested by the relative increase in SiO3C bonds with temperature in

samples incorporating Ta fillers (see Figure 4).

C 1s convolutions permit identification of C-O (~286.5 eV) and C-C (~285 eV)
and C-Si (~283 e¢V) bonds (see Figure 4). >>-38 In mixed bonding C is bonded to Si or to
another C, hence, C-O bonds may correspond to oxygen termination in free carbon

phases or adventitious carbons (e.g. absorbed CO2). C-C and C-Si bonds may correspond
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to presence of free carbon and silicon carbide (SiC) domains, respectively. It should be
noted that C-C and C-Si convolutions can be representative of mixed bonding domains as
well.>> 37 Cls convolutions in Figure 4 indicate general increase in the amount of C-O
(relative to C-C and C-Si) bonds with pyrolysis temperature, with exception of samples
employing Ta fillers. This may indicate decrease in the relative amount of C-Si and C-C
bonds in samples employing Nb, and Hf. Such a change may result from formation of
more metal-Si bonds (e.g. metal silicates), loss of SiOxCs-x mixed bonds (from phase
separation), and/or carbothermal reduction of metal oxides by free carbon to form metal
carbide at higher synthesis temperature, as suggested by Ta 4f, Nb 3d, and Hf 4f
convolutions. The weak signal corresponding to metal bonds results from the low amount
of the metal fillers in the compositions, as demonstrated below. Overall, the peak
positions in metal convolutions are consistent with previous works and the current NIST

database.”®~67 Tt is likely that C 1s convolutions do not show C-metal bonds due to their

much lower relative amounts compared to C-C, C-Si, and C-O bonds.
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Figure 4. HR XPS of the PDCs synthesized from metal modified SiOC precursors, under

flowing argon atmosphere, at 1200 and 1500 °C.

Compositional analysis of the PDCs was done by survey-XPS experiments. This
technique permits efficient elemental analysis of PDCs fine powders synthesized at high
temperature (>1000 °C), when residual hydrogen content is negligible.?! The results from
compositional analysis are summarized in Tables 5. The compositions confirm presence
of Si,C, O, and corresponding metals in all samples, it should be noted that the results
further indicate that metals are present in minor amounts. This may in part be attributed
to possible selection of metal-deficient portions of the crosslinked precursor for pyrolysis
(due to severe inhomogeneity of metal distribution), as described in the crosslinking

section. Typically, metal additives are introduced to preceramic polymers as compound
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precursors including metal oxides, metal tetrachlorides, and even organometallic acids
(‘e.g. boric acid). °8-79 The Incorporation of metal powders, which are more reactive, may
result in further loss of metal content from the formation of volatile metal complexes (e.g.
ethoxides) at processing conditions. 7173 Unreacted volatiles may continue to evolve
during pyrolysis. As expected, the results suggest significant decrease in the O : Si (and
O :M) aswellas C: Si(and C: M) ratio with increasing pyrolysis temperature. This is
consistent with carbothermal reduction of metal oxide and/or silica domains to form
evolved CO and carbides of metal and/or silicon.3!->3

Overall, incorporation of Ta metal appears to permit retention of greatest amount
of O and Ct with increasing synthesis temperature. The C content is greatest in samples
employing Hf metal fillers, in contrast O content is highest in specimens employing Ta.
These differences are likely associated with dissimilarities in the relative amount of
mixed bonds, metal carbide and oxide phases in the microstructures, as suggested by HR -

XPS spectra of the metal, including Ta 4f, Nb 3d, and Hf 4f convolutions.

Table 5. Summary of SiaOb(M)c.Cd compositions.

Elemental Composition by XPS

Elements (at.%)

Composition

Sample[Si; O,(M),C. (normalized per Si)|C 1s |O1s |[Si2p |Ta4f [Nb3d |Hf 4f

Ta- Si1101.028Tao.012 C1.375

1200 40.31(30.08 [29.26 |0.34 |- -
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Ta- S1101.009Ta0.015C1 342

1500 39.87129.97 |29.7 1045 |- -

Nb- S1101.014Nb0.006C1. 437

1200 41.56129.33 [28.92

0.18 |

Nb- Si1100.725Nb0.009C1.136

1500 39.58(25.25 |34.83

032 |

Hf- Si101.006Hf0.018C1.611

1200 44.32127.68 |27.51

0.48

Hf- S1100.855Hf0.014.C1.363
1500

42.16126.46 (30.94 0.44

5.3.1 Thermodynamic Stability and Interdomain Interactions

This investigation surveys the energy landscape for metal (Ta, Hf, Nb)
incorporation in SiaOb(M)cCd. This permits identification of any differences in the
stability trend resulting from choice of metal. Such fundamental understanding is
essential for the development of a framework for stable incorporation of metal additives

in PDC structures.

Thermodynamic analysis was done using thermochemical data obtained from
calorimetry. Enthalpies of formation from elements (AH®f, elem) and components (AH®s,
comp) Was determined using enthalpies of dissolution (AHqis) and thermodynamic cycles.
The free energy of formation depends on the change in enthalpy and entropy. Typically,
the entropy term for formation from elements is negative, which results from
confinement of gaseous Oz in the structures, however, this is compensated by a highly

exothermic enthalpy term. In contrast, the free energy of formation from crystalline
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components is dominated by enthalpy; the entropy term is of lower magnitude and may
be positive because of possible disorder, which would further stabilize the structures. The
results are summarized in Tables 6. Overall, the formation of all structures both from

elements and from binary components is thermodynamically favorable.

Table 6. Summary of standard enthalpies of dissolution (AHuis), enthalpies of oxidation
(AH°0x), enthalpies of formation from elements (AH®f, clem), and enthalpies of formation

from components (AH®f, comp).

Sample | Composition AHgis AHCoy AH% ¢lem | AH%, comp
Si;OpM:Cy (kJ/mol) | (kJ/mol) | (kJ/mol) (kJ/mol)
Nb- Si101.014Nbo.00sC1437 | -845.36 £ | -900.67 + | -578.88+ |-82.80
1200 6.62 6.62 6.94 9.82 (metal
oxide)

-81.40 £
9.82 (metal
carbide)

Ta- Si101.028Ta0.012C1375 | -770.26 + | -825.01 + | -636.72+ | -137.82 +
1200 6.48 6.78 7.10 9.72 (metal
oxide)

-135.72 +
9.72 (metal
carbide)

Hf- Si101.006Hf0.008C1611 | -749.49 + | -807.74+ | -754.70+ | -256.31 +
1200 5.27 5.64 6.03 8.97 (metal
oxide)

-257.94 +
8.97 (metal
carbide)

Nb- Si100.725Nbo.00sC1136 | -715.87 + | -763.91 + | -600.05+ | -224.98 +
1500 6.62 6.62 6.94 9.60 (metal
oxide)
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-222.84 +
9.60 (metal
carbide)

Ta-
1500

Si101.009Ta0.015C1.342

-721.20
+2.23

-775.48
+2.99

-676.34
3.65

-182.80 =
7.85 (metal
oxide)

-179.92 +
7.85 (metal
carbide)

HF-
1500

Si100.855Hf0.014.C1.363

-680.56 *
5.57

-7133.64
5.92

-7126.74
6.29

-292.54 +
9.38 (metal
oxide)

-293.43 +
9.38 (metal
carbide)

An important consideration in the application of PDC structures is their

propensity for oxidation. The oxidation enthalpies (AHox) correspond to change in

enthalpy for oxidative decomposition of the PDCs into SiO2, CO2, and metal oxide at

ambient conditions (see Tables 6). Overall, the enthalpic drive for oxidation increases in

the following order: Hf-1500 < Nb-1500 < Ta-1500 < Hf-1200 < Ta-1200 < Nb-1200.

This may indicate lower propensity for oxidation in specimens employing Hf fillers. In

contrast, for samples synthesized at 1500 °C Ta appears to be most energetically

favorable for the oxidation reaction. Nb shows greatest enthalpic drive for oxidative

decomposition in samples synthesized at 1200 °C. Overall, choice of metal fillers

appears to influence composition, microstructure, and enthalpic drive for oxidation in

PDCs.
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Since HR-XPS and XRD suggest presence of both metal carbide and metal oxide
domains, enthalpies of formation from components are calculated relative to individual
phase assemblages comprised of either metal oxide or metal carbide (see Tables 6). This
permits identification of the most stable phase assemblage. Generally, the results in
Tables 6 (AH®t, comp) do not indicate significant difference from choice of either metal
carbide or oxide as reference. The thermodynamic analysis further permits determination
of effect of synthesis temperature on the stability of samples synthesized at 1200 and
1500 °C. The more exothermic enthalpies of formation of samples pyrolyzed at 1500 °C
indicate more favorable enthalpic drive for microstructural modifications at higher
synthesis temperature. The addition of Hf forms the most stable structures at all
temperatures. Samples incorporating Nb (Nb-1200 and Nb-1500) display greatest
thermodynamic stabilization with increasing pyrolysis temperatures (see AH®f, comp in
Tables 6). In contrast specimens with Hf (Hf-1200 and Hf-1500) display the least
stabilization difference between 1200 and 1500 °C. Greater stability relative to crystalline
components suggests more favorable interdomain interactions and/or more mixed
bonding in the microstructures. The general trend of increase in stability with increasing
synthesis temperature appears to be independent of choice of metal. It should be noted
that overall, results from HR-XPS and XRD highlight consumption of metal-oxygen and
formation of metal-carbon bonds between 1200-1500 °C, perhaps implying a more stable

incorporation of metal carbide fillers.
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5.4 Conclusions

This work investigates thermodynamic stabilization in SiaOb(M)cCq structures
incorporating Ta, Hf, or Nb. Generally, higher synthesis temperature promotes increase in
the ratio of SIOC3 : SiO3C mixed bonds. Ta metal fillers stabilize the formation of Si03C
bonds. Between 1200 and 1500 °C higher synthesis temperature is consistent with greater
thermodynamic stabilization of the structures. These results indicate most stable
incorporation of Hf into SiOC microstructures, independent of synthesis temperature.
Choice of metal filler impacts the microstructure and thermodynamic stability of the
PDCs. metal carbide fillers may form more stable SiaOb(M):Cqd structures. This work

provides initial framework for stable incorporation of metal fillers in PDCs.
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CHAPTER 6

CRYSTALLOGRAPHIC AND COMPOSITIONAL DEPENDENCE OF
THERMODYNAMIC STABILITY OF [CO(II), CU(II), AND ZN(ID)] IN 2-
METHYLIMIDAZOLE-CONTAINING ZEOLITIC IMIDAZOLATE FRAMEWORKS

(ZIFS)

vvvvv

and Compositional Dependence of Thermodynamic Stability of [Co(II), Cu(Il), and

Zn(ID)] in 2-Methylimidazole-Containing Zeolitic Imidazolate Frameworks. Chem Mater.

2023

Abstract: We report the first systematic study experimentally investigating the effect of
changes to the divalent metal node on the thermodynamic stability of 3-dimensional (3D)
and 2-dimensional (2D) zeolitic imidazolate frameworks (ZIFs) based on 2-
methylimidazolate linkers. In particular, the comparison of enthalpies of formation for
materials based on cobalt, copper, and zinc suggests that the use of nodes with larger
ionic radii metals leads to a stabilization of the porous sodalite topology with respect to
the corresponding higher density diamondoid-topology polymorphs. The stabilizing
effect of metals is dependent on the framework topology and dimensionality. With
previous works pointing to solvent-mediated transformation of 2D ZIF-L structures to
their 3D analogs in the sodalite topology, thermodynamic measurements show that
contrary to popular belief, the 2D frameworks are energetically stable, thus, shedding
light on the energetic landscape in these materials. Additionally, the calorimetric data

confirm that a change in dimensionality (3D — 2D) and the presence of structural water
166



within the framework can stabilize structures by as much as 40 kJ/mol, making the
formation of zinc-based ZIF-L material under such conditions thermodynamically

preferred to the formation of both ZIF-8 and its dense, diamondoid-topology polymorph.

6 .1 Introduction

Metal organic frameworks (MOFs) have emerged over the last two decades as a
promising class of advanced materials based on metal-containing nodes bridged through
organic linkers, capable of forming two- (2D) and three-dimensional (3D) frameworks.!
The linker-node assembly offers a high-degree of tunability,>= providing access to
potentially porous materials with a wide range of applications, from catalysis, gas
sorption, to rocket propellants.b~10 A subclass of these materials are zeolitic imidazolate
frameworks (ZIFs),% 7> 11-15 based on tetrahedrally coordinated metal nodes bridged

through azolate linkers,!!> 1617 resulting in materials with analogous topologies as those

found in natural zeolites.!?

By employing different metal-ligand combinations,!”- '8 a wide range of
frameworks have been prepared with tunable material properties,'*~2! from sorption
selectivity to material porosity.® 19-22 Moreover, ZIFs and related composites also offer
exceptional thermal and hydrothermal stability, including under acidic or basic
conditions,?3- 24 which is considered a prerequisite for any wide-spread application.?>- 26
Furthermore, various ZIF polymorphs are accessible through variations of the synthesis
conditions.!3- 27-28 For example, real-time studies of the mechanochemical ball-milling

preparation of ZIF-8, a popular ZIF material based on divalent zinc nodes and 2-
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methylimidazolate linkers (Melm~), have revealed the sequential formation of the highly
porous SOD-topology material ZIF-8, followed by the appearance of katsenite (kaf) and

finally diamondoid (dia) topology polymorphs.!7- 2829

A considerable amount of effort has gone into investigating the synthesis of
MOFs, 18- 29,30 a5 well as the thermal stability®! and resistance to structural degradation in
water® of such materials, often with an emphasis on their kinetic stability.3? Despite a
focus on the kinetics of reactivity,3? thermodynamic investigations are required to assess
whether reactions can take place at all. To the best of our knowledge, the current
explorations of the driving forces underlying MOF formation remain limited to a small
number of systematic studies on the thermodynamic stability of MOFs, despite such
understanding being critical to distinguish between metastability and real stability, an
important parameter for the adoption and development of MOFs in long-term
applications. Recently, the thermodynamic stability of the MOF-74 family has been
demonstrated to be directly related to their resistance to hydrolysis.?? Our team has
previously investigated the relationship between linker substituent and thermodynamic
stability of isostructural ZIFs, suggesting that thermodynamic stability correlates with
electrostatic surface potential and Hammett 6-constants of the substituent.!” The same
study shows that variations in linker substituents of isostructural MOFs can cause

enthalpy of formation to change by as much as 30 kJ/mol.!”

In this work, we present a complementary approach to assess ZIF stability, by
investigating the stabilizing effect of metal substitution across a series of topologically

similar frameworks. Rather than investigating the effect of linker substituents in
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isostructural ZIFs,!” we investigate the enthalpic contribution of metal substitution on
topologically similar ZIFs, namely; SOD-Co(Melm)2,3* SOD-Zn(Melm),' dia-
Co(Melm)2,?* dia-Cu(Melm)2,3¢ and dia-Zn(Melm): 33 (Figure 1). This allows the direct
assessment of the thermodynamic stability of these ZIFs. This systematic study enables
better understanding of the stabilizing effects arising from the choice of metal nodes, and
what role framework topology has on metal effects. Furthermore, we expand on our work
investigating 3D materials to include 2D layered systems Zn-ZIF-L37 and Co-ZIF-L 3%
allowing us to capture the effect of framework dimension on thermodynamic stability.
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Figure 1. Structure of ZIFs in (a) 3-dimensional (3D) SOD topology, (b) 3-dimensional

Zn and Co dia topology, (c) 3-dimensional (3D) Cu dia topology with distorted
polyhedra, and (d-e) 2-dimensional (2D) ZIF-L configuration. All ZIFs contain (f)
bidentate bridging linkers, however, ZIF-L has additional (g) terminal HMelm, and (h)

free linkers between adjacent layers. Red tetrahedra represent metal (M(Il)) centers. C-H
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bonds, water, and free linkers (in ZIF-L) are omitted for simplicity. Carbon and nitrogen

are depicted by black and blue, respectively.

6.2 Experimental Method

6.2.1 Materials and Methods

All reagents and solvents were obtained from commercial sources and were used
without further purification. The materials investigated in this work have been reported in

previous studies. !> 34- 39 40

6.2.2 Thermogravimetric Analysis (TGA)

A Mettler-Toledo TGA/DSC 1 system was used to conduct thermogravimetric
analysis (TGA) on a sample weighing between 5 and 10 mg loaded in a 70 pL alumina
pan. The sample was heated from 25 to 700 °C at a rate of 10 °C/min, with a continuous
flow of air at 40 mL/min. Exceptionally, TGA data of Co-ZIF-L, Zn-ZIF-L and dia-
Co(Melm)2 were recorded on a TAS Lab TGA 5500, with samples between 5 and 10 mg,

loaded in a 100 pL platinum pan. The samples were heated from 25 to 700 °C at a rate of

10 °C/min, with a continuous flow of air at 25 mL/min.
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6.2.3 Powder X-ray Diffraction (PXRD)

A Bruker D2 Phaser powder diffractometer, equipped with a Ni-filtered Cu-Ka (A
=1.5418 A) source and Lynxeye 1D detector (Bruker AXS, Madison, WI, USA) was

used to obtain powder X-ray diffractograms.

6.2.4 Fourier-Transform Infrared Attenuated Total Reflectance (FTIR-ATR) Spectroscopy

Infrared spectra were obtained using a Bruker Alpha II FTIR spectrometer and are

reported in wavenumber (cm!) units.

6.2.5 Synthetic Procedures

Synthesis of SOD-Zn(Melm)a:

The material SOD-Zn(Melm), was synthesized using the liquid-assisted grinding
(LAG) methodology. To a 15 mL stainless steel milling jar were added ZnO (1 mmol,
81.38 mg), 2.1 mmol HMelm (2.1 mmol, 172.41 mg), NH40Ac (0.13 mmol, 10 mg), and
100 pL of ethanol with two 1.3 g stainless steel milling balls. The mixture was ball milled
at 30 Hz for 30 minutes, when PXRD analysis revealed the absence of reflections
corresponding to ZnO. The product was washed by stirring overnight in 20 mL of
methanol, was isolated by filtration, and evacuated by exposure to a high vacuum at

80 °C overnight.

Synthesis of SOD-Co(Melm)::

171



SOD-Co(Meim), was synthesized according to a previous report.*!
Synthesis of dia-Zn(Melm)a:

The material dia-Zn(Melm)> was synthesized by adding ZnO (0.81 mmol, 66
mg), Hmelm (1.63 mmol, 134 mg), and 35 puL of 10% aqueous acetic acid to a 15 mL
poly(methylmethacrylate) milling jar with two 1.3 g stainless steel milling balls. The
mixture was ball milled at 30 Hz for 90 minutes, when PXRD analysis revealed the
absence of reflections corresponding to ZnO. The product was then washed by stirring for
30 minutes in water, isolated by filtration, then washed overnight by stirring in 20 mL of
benzene. The material was collected again by filtration and exposed to high vacuum at

80 °C overnight.
Synthesis of dia-Co(Melm)z:

The material dia-Co(Melm)> was synthesized according to a recent report.3°
Synthesis of dia-Cu(Melm);:

The material dia-Cu(Melm)z was synthesized according to a recent report.3®
Synthesis of Zn-ZIF-L:

For synthesis of the materials Zn-ZIF-L, a mixture consisting of Zn(NO3)2:6 H20
(1 mmol, 298 mg), HMelm (8 mmol, 656 mg) and 25 uL water was mixed by resonant
acoustic mixing (RAM) for 30 minutes at 60 g to yield ZIF-L, confirmed by PXRD
analysis. The ZIF was stirred in 15 mL of water for 60 minutes, followed by
centrifugation at 4,500 rpm for 15 mins and microcrystalline product recovered by

decanting, repeated three times.*?
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Synthesis of Co-ZIF-L:

For the synthesis of Co-ZIF-L, a mixture of Co(NO3)2:6 H2O (1 mmol, 291 mg),
HMelm (8 mmol, 656 mg) and 25 pL. water was agitated by resonant acoustic mixing
(RAM) for 30 minutes at 60 g to yield Co-ZIF-L, confirmed by PXRD analysis. The ZIF
was stirred in 15 mL of water for 60 minutes, followed by centrifugation at 4,500 rpm for
15 mins and microcrystalline product recovered by decanting, repeated three times.*?

6.2.6 Thermodynamic Measurements

A CSC 4400 isothermal microcalorimeter used for solution calorimetry was
calibrated through the dissolution of KCl at 298.15 K. For calorimetric measurements and
calculations, thermodynamic cycles (see Tables 1-3) were prepared for each of the ZIFs.
For dissolution of the samples, 25 g of 5 N aqueous HCI solution was placed in a 50 mL
Teflon cell under mechanical stirring at 0.5 Hz. The Teflon cell was inserted and
contained inside the calorimeter maintained at 298.15 K. More details on the
experimental procedure are provided in previous work.!'3 The results we report show

calculated statistical uncertainties within a 95 % confidence interval.

6.3 Results and Discussion

The prepared ZIFs were analyzed by (XRD, FTIR, and TG-DSC). The measured
Fourier-transform infrared attenuated total reflectance (FTIR-ATR) spectra (see Figure 2)
indicate the presence of expected framework bonds. Powder X-ray diffraction (PXRD),

and the results confirm formation of the desired frameworks (see Figures 3-5).
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Thermogravimetric analysis (TGA) performed in air (see Figure 6) enabled the
experimental evaluation of the metal content in the materials, with the final metal oxide

residue formed during oxidative decomposition of the MOFs consistent with the expected

chemical compositions.
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Figure 2. FTIR spectra of the prepared ZIFs.
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Figure 3. PXRD patterns of synthesized SOD-ZIFs compared to PXRD patterns
simulated from crystal structure data for SOD-Zn(Melm)z (CSD code: VELVOY), and

SOD-Co(Melm): (CSD code: GITTOT).
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Figure 4. PXRD patterns of synthesized dia-ZIFs compared to PXRD patterns simulated
from crystal structure data for dia-Zn(Melm)z, dia-Co(Melm). (CSD code: OFERUNO1),

and dia-Cu(Melm)> (CSD code: TEYZAC).
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Figure 5. PXRD patterns of synthesized ZIF-L materials compared to PXRD patterns

simulated from crystal structure data for Zn-ZIF-L (CSD code: IWOZOL).
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(Calc.) residue indicated, based on oxidative decomposition to (a, d) Co304, (b) Cu20,

and (c, e, g) ZnO.

6.3.1 Thermodynamic Analysis

Acid solution calorimetry permits quantitation of enthalpies of dissolution of each
of the frameworks as well as corresponding metal oxides and ligands. The use of
enthalpies of dissolution and appropriate thermodynamic cycles (see Tables 1-3) enables

determination of the enthalpic drive for the formation of each framework. To ensure that
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the heats of dissolution used for calculating heats of formation of the MOFs did not
include enthalpic contributions resulting from the formation of cation coordination
complexes from the interaction between dissolved linker and cation, separate experiments
are conducted. The enthalpies associated with the individual dissolution of ~5 mg of CuO
and 2-methylimidazole (HMelm) in fresh HCI solution are -53.34 + 0.95, and -

43.56 + 0.26 kJ/mol, respectively, based on four individual calorimetric runs for each
material. The average enthalpy of dissolution for 5 mg of CuO in HCI solution containing
~5 mg of already dissolved Melm is -53.03 + 0.81 kJ/mol. The average enthalpy of
dissolution for 5 mg of HMelm in HCI solution containing ~5 mg of already dissolved
CuO is -43.75 £ 0.59 kJ/mol. Itis concluded that no significant interaction occurs
between the cations and linkers in the dissolved MOFs. The enthalpies of dissolution of

the frameworks, linker, and corresponding metal oxide are summarized in Table 4.

6.3.2 Thermochemical Cycles

Table 1: Thermochemical cycle used to calculate enthalpy of formation (AH®f) of dia and

SOD frameworks relative to metal (M) oxides and organic linker 2-methylimidazole
(Hmelm) in kJ/mol.

MO (s, 298 K) + 2Hmelm (s, 298 K)—>M(Melm): (s, 298 K) + H20 (1, 298)

Reaction AH
(kJ/mol)
M(Melm), (s, 298 K) — M*2 (aq, 298 K) + 2 Melm ! (aq, 298 K) AH
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MO (s, 298 K) +2H * (aq, 298 K )— M* (aq, 298 K)+ H20 (aq, 298 K) | AHz

Hmelm (s, 298 K) — H * (aq, 298 K) + MeIm ! (aq, 298 K) AH3
H20 (1, 298 K) — H20 (aq, 298 K) AH4
AH%=-AH; +AH,; +2AH;3 - AH4 AH%

Table 2. Thermochemical cycle used to calculate enthalpy of formation (AH®f) of ZIF-L

relative to endmembers, Metal(M) oxide and organic linker (HMelm) in kJ/mol.
MO (s, 298 K) + 2 HMelm (s, 298 K) + 2 H20 (I, 298 K) —

M(Melm):(HMelm)i2(H20)312 (s, 298 K)

Reaction AH

(kJ/mol)

M(Melm):(HMelm)i 2(H20)312 (s, 298 K) — M*2 (aq, 298 K) + 2 Melm ! | AHI

(aq, 298 K) + % H20 (aqg, 298K) + %H* (aq, 298 K)

H>0 (1, 298 K) — H20 (aq, 298 K) AH>

HMelm (s, 298 K) — H * (aq, 298 K) + MeIm - (aq, 298 K) AH3

MO (s, 298 K) +2H * (aq, 298 K) — M *2 (aq, 298 K) + H20 (aq, 298 K) | AH4

AH% = -AH, + §AH2 + gAH3 + AH4 AH
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Table 3. Thermochemical cycle used to calculate enthalpy of formation (AH®¢) of ZIF-L

from SOD or dia-Co or Zn(Meim). and linker and water in kJ/mol.
SOD-M(Melm): (s, 298 K) +§HMeIm (s, 298 K) + % H20 (1,298 K) —

M(Melm)2(HMelm)i2(H20)3.2 (s, 298 K)

Reaction AH

(kJ/mol)

M(Melm)2(HMeIm)12(H20)32 (s, 298 K) — M *2 (aq, 298 K) + gMeIm AH,

1 (aq, 298 K) + + 2H20 (aq, 298K) + ~H" (aq, 298 K)
2 2

H20 (1, 298 K) — H20 (aq, 298 K) AH,

HMelm (s, 298 K) — H * (aq, 298 K) + MeIm -! (aq, 298 K) AH3

SOD-M(Melm): (s, 298 K) — M *2 (aq, 298 K) + 2Melm - (aq, 298 K) | AHa4

AH® = -AH; + % AH, + % AH; + AH, AH’

e Ag=aqueous; s=solid, I=liquid

Table 4. Enthalpies of dissolution in SN HCl at 298.15 K and formation from

endmembers (metal oxide, linker, and balance water).

Sample AHgis AH%
(kJ/mol) (kJ/mol)
HMelm -43.75 £ 0.59 -
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H2028 -0.5 -
CuO -53.03+0.81 -
Co0%? -105.82 + 0.36 -
Zn0*? -712.29 £ 0.17 -
dia-Co(Meim)2 -146.81 + 0.30 -46.01 +0.75
dia-Cu(Melm)2 -126 + 0.99 -14.03 £ 1.40
dia-Zn(Melm)z 12786 +1.26 |-31.43+1.26
SOD-Co(Melm)2 -177.5+0.51 -15.32 + 0.86
SOD-Zn(Melm)2 -137.50 £ 0.94 -21.79+0.94
Co-ZIF-L -178.52 + 0.32 -36.92+0.76
Zn-ZIF-L -120.29 + 0.52 -61.62 + 0.94

Table 5. Summary of reactions utilized for the assessment of enthalpic changes

associated with the formation of ZIF-L. All enthalpies are reported as kJ/mol.

reaction

AH%

(from end

members)

AH%

(from dia)

AH%

(from SOD)
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1.ZnO (s, 298.15 K) +

SHMeIm (s, 298.15 K) +
~H20 (I, 298.15 K) —

Zn(Melm)2(HMelm)12(H20)s»

(S, 298.15 K))

-61.62 + 0.94

2. Zn(Melm)z (s, 298.15 K) +

%H Melm (s, 298.15 K) +
%HzO (I, 298.15 K) —

Zn(Melm)2(HMelm)12(H20)ae

(s, 298.15 K)

-30.19 +1.33

-39.83 +1.14

3.CoO (s, 298.15 K) +
>HMelm (s, 298.15 K) + ~H20
(1, 298.15K) —

Co(MIm)2(HMelm)1/2(H20)3/

(s, 298.15 K)

-36.92 + 0.76

4. Co(Melm)2 (s, 298.15 K) +
~HMelm (s, 298.15 K) +
%HQO (1, 298.15 K) —

Co(Melm)2(HMelm)1/2(H20)r

(s, 298.15 K)

+9.08 £ 0.73

-21.60 = 0.84
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The heats of dissolution of all the metal oxides and linkers are exothermic (Table
4). Relative to endmembers (metal oxide and linker), the heat of formation of the 3D
ZIFs are summarized in Table 4. Examining the heat of formation in different dense-
phase dia-topology ZIFs shows that the Co(Il)-material is much more exothermic
compared to both Zn- and Cu(Il)-based analogues. Interestingly, the same trend is not
observed for the corresponding porous SOD-topology polymorphs, wherein the heat of
formation is more exothermic for the Zn-based ZIF-8 than the Co(Il)-based ZIF-67.43 In
these systems, a more exothermic enthalpy of formation translates to overall greater
thermodynamic stability with respect to hydrolysis, with the understanding that entropic
effects are small. Consequently, the enthalpies of formation can be assumed to reflect the
overall energetic landscape of these polymorphic systems. These results indicate that the
stabilizing effect of different metals is highly dependent on the framework density, which

is dictated by its topology (see Table 4).

Additionally, we use the enthalpies of reactions (1-4) (Table 5) to assess the
thermodynamic stability of the 2D ZIF-L structures. The enthalpy of formation for the
Co-ZIF-L and Zn-ZIF-L frameworks with respect to endmembers (metal oxide, linker,
and water), is strongly exothermic by 37 kJ/mol and 62 kJ/mol, respectively. Similarly,
both reactions (2) and (4) show that by starting from a 3D material with the open SOD
topology as a reactant, the enthalpies for forming Zn-ZIF-L and Co-ZIF-L are exothermic
by 40 kJ/mol and 22 kJ/mol, respectively. These results suggest that if one considers the
formation of the ZIF-L materials starting from the corresponding less dense SOD-
topology frameworks in combination with additional linker and water, the stabilizing

effect arising from a change in dimensionality from the 3D SOD-topology structure to the
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2D ZIF-L material is comparable to and can be greater than that resulting from the
formation of dense and more stable dia-polymorphs from the more porous, metastable

SOD-topology ZIFs (see Figure 7).
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Figure 7. Enthalpy diagrams for structures employing Zn(II) metal atoms as nodes,
showing: (a) higher metastability in SOD structures compared to dia polymorphs, (b)

higher enthalpy of SOD topology, water, and linker compared to Zn-ZIF-L analogues.

Subsequently, we investigate different references for assessment of stability in
ZIF-L structures (see Table 5). The results in Table 5 highlight three main aspects of the
thermodynamic stability of ZIF-L frameworks. First, the endothermic heat for reaction
(4) (AH®¢ (from dia)) shows that the replacement of SOD-Co(Melm). by dia-Co(Melm)2
as reactant significantly disfavors the formation of Co-ZIF-L, thus indicating
metastability of the 2D framework with increasing density of the 3D analogue in the
Co(Il) system. Surprisingly, a much smaller destabilization of Zn-ZIF-L frameworks is

observed upon replacement of SOD-Zn(Melm)2 by the denser and more stable
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polymorph (dia-Zn(Melm).) as reactant, hence, the formation reaction (2) remains
thermodynamically favorable (exothermic). This points not only to the discussed superior
stability of Zn- and Co-ZIF-L structures compared to the respective SOD-topology ZIFs
specimens, but also indicates that in the presence of additional linker and water,
formation of Zn-ZIF-L structure should even be preferred to the formation of the dense
3D dia-topology one. Although stabilization of a 2D structure over a denser 3D one can
be seen as counterintuitive, we note that a recent report has established that the 2D
layered polymorph of mercury(Il) imidazolate should be more exothermic than its 3D
quartz (gz) topology analogue.** Second, for reactions 2 and 4, the difference between
AH°¢ from dia and from SOD is directly related to the difference in the thermodynamic
stability (enthalpy of formation) of the 3D polymorphs. Third, the highly exothermic
formation of Co-ZIF-L and Zn-ZIF-L from anhydrous 3D ZIFs and water suggests that
the water in the structure is present as an actively participating stabilizing agent, and not
simply as a space-filling component. The addition of water and hydrogen bonding in the
interlayer space may serve as a major source for the thermodynamic stability of 2D ZIF-L
frameworks.

Previous reports have demonstrated that Zn-ZIF-L and Co-ZIF-L can undergo a
solvent-mediated transformation into corresponding SOD-topology materials ZIF-8 and
ZIF-67, respectively. 37-38-45 This may result from stabilization of Sodalite structures by
inclusion of other solvents. Typically, the stability of a material is referred to as kinetic
persistence to phase degradation, under a given set of conditions, even if allowed by
thermodynamics, often without knowledge of the energetic drive for the reaction (i.e.,

true stability). Hence, the results in this work confirm the high thermodynamic stability
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of the 2D frameworks.*% 47 This expands current knowledge of the energetic landscape in

MOFs.

This study further permits the identification of various stabilization trends. For
example, for materials with a SOD topology, Zn(II) containing materials are more stable
than Co(II), and a similar observation is made for the 2D materials. However, for the
close-packed dia topology materials, the opposite trend is observed, with stability
decreasing from Co(Il), to Zn(I), to Cu(Il). In the SOD topology materials, there is an
increase in thermodynamic stability of the framework with increasing ionic radius of the
metal, with Zn(Il) having the greatest stabilizing effect. However, in the dia topology
materials, smaller ionic radii nodes such as Co(Il) seem to promote greater
thermodynamic stability. These results suggest that the strength of organic and inorganic
interactions is significantly dependent on the framework topology and dimensionality.
The calculated enthalpies of formation further reveal that nodes consisting of larger ionic
radii metals stabilize the porous SOD topology relative to the denser polymorphs in the

dia configuration.

It should be noted that the relative thermodynamic stability of materials with
different substituents is determined by the respective bond strengths. In turn, these bond
strengths are influenced by both the electronegativity, and the ionic radius. Differences in
electronegativity of the metal atom can lead to dissimilarities in metal-ligand bond length
and/or strength,*®- 49 resulting in different thermodynamic stabilization effects. For the
metal substituents in this study, the electronegativity decreases from Cu, to Co and Zn,

with specific values being 1.90, 1.88 and 1.65 on the Pauling scale.>-32 Although the
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metal-ligand bond lengths in ZIF-8 and ZIF-67 are similar (~2 A),53-54 it is possible that
Co(Il) forms stronger bonds, which would be consistent with destabilization from lattice
strain. Additionally, it is likely that an optimum bond distance exists that permits the
favorable formation of shorter and/or stronger bonds while minimizing lattice strain, in
turn establishing a constraint on the electronegativity of metal atoms likely to stabilize

frameworks dependent on topology.

Thermodynamic analysis of the dia-topology ZIFs reveals an increase in the
stability of the structure with increasing electronegativity of the metal node upon
substitution of Zn by Co(II). Further increase in electronegativity of the metal atom, upon
substitution of Co(Il) by Cu(Il) results, however, in decreased stabilization relative to
endmembers. The electronegativity of the atoms suggests that in the close-packed
topology, there is only a minor decrease in bond strength resulting from substitution of
Co(II) by Cu(Il). These results could indicate an energetic penalty for lattice strain.
Ultimately, in the dia topology, metal atoms with electronegativity higher than ~1.88
show less enthalpic stabilization relative to endmembers. Furthermore, Cu(Il) atoms
preferentially adopt a square planar coordination, reflecting Jahn—Teller effect.>>—>7 The
highly distorted tetrahedral coordination of Cu(Il) in the herein explored dia-Cu(Melm)z
may contribute to the lower stabilizing effect of Cu(Il) metal atoms, as seen in spinels.>3~
>7 In contrast, Zn(II) promotes the greatest stabilization in the SOD-topology as well as in
the ZIF-L systems. This is apparent, as the substitution of Zn(II) by Co(II) atoms
decreases the thermodynamic drive for forming the more porous frameworks. In this

work, the stabilizing effect of metal nodes in SOD and ZIF-L frameworks decreases for

metal atoms with electronegativity higher than ~1.65. This may suggest that compared to
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their denser analogues in the dia topology, SOD and ZIF-L structures are more prone to

destabilization resulting from lattice strain.

These observations point to a tradeoff between bond strength and lattice
dynamics in framework materials such as ZIFs. Thermodynamically favorable
configurations are expected to include strong bonds and reduced lattice strain. Such
optimization of bonding can enable MOFs to be structurally flexible, allowing dynamic
processes such as gate-opening.>8-60 It should be stressed that the electronegativity-
stability relations we report, specifically the electronegativity values corresponding to
thermodynamic penalty in the SOD- and dia-topology structures may be specific to the
ZIFs and metals herein investigated. It is likely that electronegativity alone may not
completely describe energetic interplay in these materials, as the same topology-
dependent electronegativity cut-off values may not apply to other MOF systems.
Nevertheless, the trends seen here can serve as a starting point for identification and
comparison of metal descriptors for increased stabilization across different reticular

structures.

6.4 Conclusions

This study provides a thermodynamic assessment of how different choices of the divalent
metal node, from Co to Cu and Zn affect the thermodynamic stability of zeolitic
imidazolate framework materials across both the more open SOD-, as well as denser dia-
topologies. Moreover, we also provide an experimental evaluation of the thermodynamic

stability of two-dimensional ZIF-L structures based on Co(Il) and Zn nodes, compared to
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corresponding three-dimensional dia- and SOD-topology framework materials. The
results point to a possible optimum combination of bond strength and lattice strain to
maximize stability of the frameworks relative to endmembers. In the dia-topology,
incorporation of metals with electronegativity higher than ~1.88 decreases the
thermodynamic drive for forming the framework. In the SOD-topology, the
thermodynamic drive for forming the zeolitic imidazolate framework decreases upon the
inclusion of metals with electronegativity higher than ~1.65. The presented
thermodynamic analysis also reveals that the two-dimensional ZIF-L structures possess
high thermodynamic stability, which is likely to be enhanced by presence of included
water. As a result, the formation of Zn-ZIF-L and Co-ZIF-L structures is found to be
thermodynamically driven with respect to popular 3-dimensional frameworks ZIF-8 and
ZIF-67, respectively. Moreover, thermodynamic data also shows that the formation of Zn-
ZIF-L should also be thermodynamically preferred, if additional linker and water are
accessible, to the formation of the dense dia-topology polymorph of ZIF-8. These results
point to the importance of the effect of the metal, topology, and dimensionality (2D or
3D) on the design of thermodynamically more stable MOFs. The systematics observed in
the energetics of formation in these materials provide an initial framework for the
prediction and development of MOFs with greater thermodynamic stability and desired
functionality. To investigate if the stabilization trends observed in ZIFs are system-
dependent, the MOFs work in the next chapter is expanded to the investigation of metal

substitution in topologically similar boron imidazolate frameworks (BIFs).
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CHAPTER 7
EXPERIMENTAL INVESTIGATION OF THERMODYNAMIC STABILIZATION IN
BORON IMIDAZOLATE FRAMEWORKS (BIFS) SYNTHESIZED BY

MECHANOCHEMISTRY

Reference: Leonel GJ, Lennox CB, Scharrer M, Jayanthi K, Fris¢ic T, Navrotsky A.
Experimental Investigation of Thermodynamic Stabilization in Boron Imidazolate

Frameworks (BIFs) Synthesized by Mechanochemistry. J Phys Chem C. 2023.

Abstract: This study experimentally explores the energetics for the formation of boron-
imidazolate frameworks (BIFs), which are synthesized by mechanochemistry. The
topologically similar frameworks employ the same tetratopic linker based on
tetrakis(imidazolyl)boric acid, but differ in the monovalent cation metal nodes. This
permits assessment of stabilizing effect of metal nodes in frameworks with sodalite
(SOD) and diamondoid (dia) topologies. The enthalpy of formation from endmembers
(metal oxide and linker), which define thermodynamic stability of the structures, has been
determined by use of acid-solution calorimetry. The results show that heavier metal atoms
in the node promote greater energetic stabilization of denser structures. Overall, in BIFs
the relation between cation descriptors (ionic radius, electronegativity) and
thermodynamic stability depends on framework topology. Thermodynamic stability
increases with metallic character of the cation employed as metal node, independent of
framework topology. The results suggest unifying aspects for thermodynamic

stabilization across MOF systems.
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7.1 Introduction

Metal organic frameworks (MOFs) are self-assembled, highly porous structures
comprised of metal-containing secondary building units linked by organic ligands.!-? This
field of reticular chemistry has led to development of subclasses of MOFs, including
zeolitic imidazolate frameworks (ZIFs) and boron imidazolate frameworks (BIFs).3-4
These materials continue to increase in popularity due to the facile manipulation of their
electronic and transport properties, through the use of appropriate metal-ligand
combinations.’> ¢ This permits fine-tuning of material properties to meet current and
future technological demands.”-® To date, MOFs have promising application in quantum
dot semiconductors, biomedical imaging, and molecular sieving.’~!! Additionally, recent
work in actinide science has explored developing MOFs based on f-block elements
(uranium, thortum, and plutonium), which have potential use in nuclear energy and waste

management applications.!?~14

Common routes for the synthesis of frameworks include solvothermal syntheses
and mechanochemistry.*: 13-17 To reduce possible negative environmental impact from use
of large amounts of solvents, recent work continues to explore alternative synthesis
approaches.'® Solvent-free synthesis can be achieved by use of mechanochemical
synthesis methods like ball-milling, including liquid-assisted grinding, hence, the
synthesis of MOFs is no longer limited to reactants that must be completely dissolved in
liquid media. '° Fundamentally, the reaction conditions in the solvothermal and
mechanochemical approaches are different, which has in some cases enabled the

observation of materials and topologies so far only accessible by mechanochemistry.3- 20
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The sodalite (SOD) and diamondoid (dia) topologies are often observed across both ZIFs
and BIFs.* 20 Structures in the SOD topology are typically much more porous compared
to denser frameworks in the dia topology.?% 2! Past work shows that difference in the
thermodynamic stability of may be associated with differences in density of the

frameworks with longer grinding leading to denser and more stable phases. 3-20-22

Previous works investigated stability trends in MOFs. The results indicate that in
MOFs, thermal as well as thermodynamic stability is determined by both the coordination
number and local environment around the metal.? 3- 23-25 Most studies explore the
synthesis and potential application of novel structures,? 27 , nonetheless, current
knowledge of structure-property relation in MOFs is scarce, and this is an important
consideration for the long-term application of these materials. Various studies have
explored computational routes to address this problem, however, experimental data
validating the results from machine learning and/or atomistic models is lacking.?8-3!
Additionally, since thermodynamic stability is an important factor in the modular design
of MOFs, it is essential to identify structural descriptors in the linkers and metal centers
contributing to greater thermodynamic stability in MOFs. This is possible through
development of a unifying framework for systematic stabilization of MOFs across

different topologies and dimensions (2-dimensional (2D) and 3-dimensional (3D)).

Previous works employed calorimetric methods to investigate the thermodynamic
stability of MOFs, including ZIFs employing ditopic 2-methylimidazolate (Melm")
ligands.?> 3- 23 In this work we investigate the stability of four BIFs based on

tetrakis(imidazolyl)boric acid (H[B(Melm)4]) ligand (see Figure 1a): dia-LiB(Melm)a,
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dia-AgB(Melm)4, SOD-CuB(Melm)s4, and SOD-AgB(Melm)s. The structures employ the
same organic linker but different metal nodes. This systematic investigation permits
identification of structural descriptors in metal atoms as well as quantitation of their
stabilizing effect across different framework topologies. The chemical and structural
characterization of the samples is done by Fourier-transform infrared spectroscopy
(FTIR), thermal analysis (TGA-DSC), and powder X-ray diffraction (XRD). The
thermochemical analyses employ enthalpies of formation. This is the first work
employing calorimetry to explore the thermodynamic stability of BIFs based on tetratopic
linkers (see Figure 1a). This is a valuable addition to the current MOF thermodynamic
database, which permits expansion of current knowledge on structure-stability relations
in BIFs and other MOFs, as well as validation of general trends suggested from previous
DFT calculations.*

(a)

Figure 1. Illustration of: (a) the BIF ligand [B(Meim)47], (b) structure of a BIF in

the sodalite (SOD) topology, (c) structure of a BIFs in the diamondoid (dia) topology.

(pink=boron, blue=nitrogen, black=carbon, and green=metal centers).
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7.2 Experimental Methods

7.2.1 Synthesis of BIFs

All BIFs were synthesized through the mechanochemical route that was
previously reported,* and detailed description of the synthesis procedure and

characterization is provided below and in appendix A.
Synthesis of dia-LiB(Meim)a:

LiOH (0.5 mmol, 12 mg) was added to a 15 mL stainless-steel jar along with two
stainless steel balls (7mm, 1.37g), H{B(Meim)4] (0.5mmol, 170mg) and 182 pL ofa 3:1
mixture of MeCN : amb (n = 0.5 pL mg-1). The reaction was milled for 60 minutes at 25
Hz and the product was activated by stirring in 15 mL of MeCN for 18 hours, before

dried at 80 °C and reduced pressure overnight.
Synthesis of dia-AgB(Meim)s:

AgNOs3 (0.25 mmol, 42.5 mg) and K2CO3 (0.125 mmol, 17.25 mg) were added to
a 15 mL stainless steel jar with two stainless-steel balls (7 mm, 1.37 g), H[B(Meim)4]
(0.25 mmol, 85 mg) and 36 pL of MeCN (1 = 0.25 pL mg!). The reaction mixture was

milled for 60 minutes at 25 Hz and then washed with 15 mL of cold MeOH for 30

minutes and acetone for 18 hours, then dried at 80°C and reduced pressure overnight.
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7.2.2 Thermodynamic Measurements

Enthalpies of formation were calculated using dissolution enthalpies obtained by
room temperature acid solution calorimetry in a CSC4400 isothermal microcalorimeter.
Dissolution of KCI1 was employed for calibration of the calorimeter. This is a well-
established technique, and the procedure has been employed for investigation of other

MOFs and similar materials.? 32 Previous works describe the calorimetric experiments in

more detail.3> 33

7.3 Results and Discussion

XRD patterns are shown in Figure 2. The experimental patterns are consistent
with those calculated using CCDC Mercury software based on published crystallographic
data for dia-LiB(Melm)s, dia- AgB(Melm)s, SOD- CuB(Melm)4, and SOD-AgB(Melm)s
structures.* The measured Fourier-transform infrared attenuated total reflectance (FTIR -
ATR) spectra (see Figure 3) are consistent with boron-imidazolate as well as imidazolate-
metal bonds, which are expected in BIFs. Thermogravimetric analysis (TGA) enables

quantitation of metal content in the frameworks, the results are consistent with the

expected stoichiometry (see Figure 4).
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Figure 2. Experimental and simulated powder X-ray diffraction patterns of herein
investigated BIFs, from top-to-bottom: (a) measured for dia-AgB(Melm)s, (b) simulated
for dia-AgB(Melm)s (CSD: CAHWAN), (c) measured for SOD-AgB(Melm)a, (d)
simulated for SOD-AgB(Melm)s (CSD: CAHWANO1), (e) measured for SOD-
CuB(Melm)s, (f) simulated for SOD-CuB(Melm)s (CSD: MOXJOZ), (g) measured for

dia-LiB(Melm)s, and (h) simulated for dia-LiB(Melm)s (CSD: MOXKUG).
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Figure 3. FTIR Spectra of as-prepared BIFs
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Figure 4. Thermograms for prepared BIFs, with experimental (Exp.) and calculated (Calc.)
residue indicated for (a) SOD-AgB(Meim)z, (b) dia-AgB(Meim)z, (c) SOD-CuB(Meim)2
and (d) dia-LiB(Meim)2. Theoretical residue 1is calculated based on oxidative

decomposition to (a, b) Ag and B203, (c) CuO and B20s3, and (d) Li2O and B20s.

7.3.1 Thermodynamics of BIFs and other MOFs

Current knowledge of the thermodynamics of MOFs is based on previous studies
on frameworks comprised of oxygen-based linkers, including paddlewheel-type MOFs,
as well as structures employing ditopic nitrogen-based linkers, such as ZIFs.? 3 The
present work aims to expand upon these studies, investigating thermodynamic stability of
BIFs. In the present study, thermodynamic analysis employs enthalpies of dissolution

(AHuis) of the frameworks and endmembers (monovalent metal oxide as well as linker).
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L120 and Cuz0 are soluble in SN HCI, and the thermochemical cycle shown in Table 1
permits calculation of enthalpies of formation of the respective frameworks (LiB(Melm)4
and CuB(Melm)4). In contrast, Ag>O precipitates as AgCl in SN HCI (-185.32 + 0.60
kJ/mol), therefore the thermodynamic cycle describing the formation of SOD and dia

AgB(Melm)4 BIFs is modified accordingly (see Table 2).

The results are summarized in Table 3. Enthalpies of formation (AH’f) permit
determination of relative thermodynamic stability of different MOFs. In reactions
involving only crystalline solids, enthalpy is the dominant term in the free energy as the
entropy term is usually small. Since the energetics of forming these materials is
dominated by the enthalpic term, a more exothermic enthalpy of formation typically

corresponds to lower free energy, and thus, greater thermodynamic stability.

Table 1. Thermodynamic cycles for enthalpy of formation of MB(Melm)4 structures,
where M = Cu* or Li*.

¥ M20 (s, 298 K) + HB(Melm)s (s, 298 K) — MB(Melm)s (s, 298 K) + %2 H20 (1, 298K)
AH=?

Reaction AH (kJ/mol)

MB(Melm)s (s, 298 K) — M* (aq, 298 K) + B(Melm)4 - (aq, 298 AH1

K)

M20 (s, 298 K) + 2H * (aq, 298 K) — 2M * (ag, 298 K) + H20 (aq, | AH2

298 K)

HB(Melm)s (s, 298 K) — H * (ag, 298 K) + B(Melm)s - (aq, 298 K) | AH3
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H20 (1, 298 K) — H20 (aq, 298 K) AHa

AHg¢
AHs= -AH1 + % AH2 +AH3 — Y5 AH4

I: liquid phase, s: solid phase, aq: aqueous

Table 2. Thermochemical cycle for enthalpies of formation of Ag-BIFs relative to
endmembers (monovalent metal oxide and linker)
72 Ago0 (5,298 K) + HB(Melm)4 (s, 298 K) — AgB(Melm)s (s, 298 K)+ 2 H20 (1, 298K)

AHf=?

Reaction AH

(kJ/mol)

AgB(Melm)s (s, 298 K) + HCl (ag, 298 K)— AgCl (s, 298 K) | AH1

+ B(Melm)s - (aq, 298 K) + H* (ag, 298 K)

Ag20 (s, 298 K) + 2HCI (aq, 298 K) — 2AgCl (s, 298 K) + | AH2

H20 (aq, 298 K)

HB(Melm)s (s, 298 K) — H* (aq, 298 K) + B(Melm)s - (aq, | AHs

298 K)

H20 (1, 298 K) — H20 (aq, 298 K) AHq

AHs
AHs= -AH1 + % AH2 +AH3 — Y5 AHa

e Ag=aqueous; s=solid, I=liquid
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Table 3. Enthalpies of dissolution in 5N HCl at 25 °C and enthalpies of formation of BIFs

from metal oxide and linker.

Sample BET Surface area AHgis AH%
(m2/g) ( kJd/mol) ( kJd/mol)
HB(Melm)s - -144.42 + 0.43 (4) -
H2020 - -0.5 -
Li,0? - -254.036 + 0.27 (5) -
Ag20 - -185.32 + 0.60 (6) -
Cu20 - -246.80 + 0.59 (5) -
dia-LiB(Melm)a - -176.82+ 0.66 (5) | -94.35+ 0.97
dia-AgB(Melm)s - -137.54+0.62 (5) |-99.28 +0.96
SOD-AgB(Melm)s 1020* -186.93 +0.28 (5) | -49.89 + 0.79
SOD-CuB(Melm)q 9354 -206.48 £ 0.72 (5) | -61.07 + 1.02

a: enthalpy of dissolution of Li20 is calculated from dissolution of Li2CO3; error is
reported as two standard deviations from the mean; value in parenthesis () represents

number of experiments.

Table 3 shows that BIFs have enthalpies of formation between -61 and -99 kJ/mol
(relative to monovalent metal oxide and linker). These are much more exothermic than
values for ZIFs, which typically range between -30 and -4 kJ/mol, as seen in ZIFs
employing Melm- linkers.> This can result both from difference in chemistry and in

structure of BIFs compared to ZIFs. In terms of chemistry, the formation reaction can be
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viewed as an acid-base neutralization where the acidic linker reacts with the basic oxide
to form a metal oxygen linkage and release water. The monovalent oxides in BIFs are
stronger bases than ZnO. The boron-containing linker may also be a stronger acid than its
boron-free counterpart. The larger difference in acid-base character will make the
neutralization reaction more exothermic/favorable (see Figure 5). It is possible that
introduction of boron linker centers stabilizes the frameworks. This may result from
several factors, including less steric hindrance in bonds between metal centers and
organic linkers, different size and charge of cations, differences in chemical bonding, or
differences in electron distribution and bond angles in the linker. Our previous study has

reported first-principles calculations of relative stabilities of herein studied SOD- and dia-

frameworks.*

|
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Figure 5. Comparison of energetic landscape in BIFs and ZIFs, based on energetics of
formation from endmembers (metal oxide and ligand). The figure highlights greater
stability of BIFs relative to endmembers. Overall, for both ZIFs and BIFs, the more dense

dia-topology structures present greater stability than their SOD-topology counterparts.
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Despite differences in the magnitude of enthalpies of formation relative to
endmembers, increase in framework density appears to be a unifying framework
descriptor for thermodynamic stabilization across both BIF and ZIF systems (see Figure
5).20.22 The thermodynamic analysis of Ag-based frameworks (see Table 3) points to
greater thermodynamic drive for the formation of dia-AgB(Melm)s compared to SOD-
AgB(Melm)s. This is consistent with results from previous ZIF studies, which indicate
that the porous SOD-topology polymorphs are metastable relative to the denser dia-
topology counterpart frameworks.3- 20 It is also qualitatively consistent with the
conclusions of our previous computational study based on periodic density-functional
theory (DFT) calculations,* although the enthalpy difference between dia- and SOD-
topology polymorphs of AgB(Melm)s is herein measured to be ca. 50 kJ/mol, which is
significantly different from the previously calculated ca. 9 kJ/mol difference. The reason
for this difference remains unclear. Overall, it is likely that increase in framework density
is a unifying descriptor for enhanced stabilization across all MOFs (not just BIFs and
ZIFs), which would imply that any metal-ligand combination could be stabilized by

accessing denser polymorphs.

To further explore the possible systematics in the stabilizing effect of metal nodes
in BIFs, we investigate correlations between metal descriptors (electronegativity, ionic
radius, metallic character) and their corresponding thermodynamic trends across different
framework topologies. The results in Table 3 highlight three main points: (1) In BIFs:
heavier metal atoms promote further stabilization of denser polymorphs, (2) denser
polymorphs show less destabilization from choice of metal, (3) the stabilizing effect of

metal nodes increases with metallic character of the cation. Additionally, for the porous
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BIF structure in the SOD topology, monovalent Cu nodes promote the greatest energetic

stability.

The Pauling electronegativity of Li (0.98),3* Cu (1.9),3 and Ag (1.93)3¢
influences the ability of metal nodes to pull electrons from the linker, and this affects
metal-ligand bond strength and length. An optimal combination of strong (short) bonds
with reduced lattice strain is desirable for favorable interaction at the interfaces between
the metal nodes and the organic linkers. In the SOD topology, employing Ag* instead of
Cu” results in a thermodynamic penalty of ~12 kJ/mol. This indicates significant
destabilization of the porous framework with only minor increase in the electronegativity
of metal atoms, perhaps due to lattice strain, which is destabilizing.3”-3° In contrast, in the
dia-topology, the effect of electronegativity appears to be opposite and more subtle, as
significant dissimilarities in the electronegativity of Ag* and Li* only result in ~5 kJ/mol
enthalpy difference in dia-BIFs (see Table 3). This suggests only minor differences in the

thermodynamic stability of denser BIF polymorphs arising from choice of metal.

Ionic radius may also impact the interaction between metal atoms and organic
ligands Li =73 pm,** Cu =77 pm, *!-42 and Ag =115 pm.*!- 43 We define metallic character
as the ratio of electronegativity to ionic radius, with Li=0.013, Cu=0.025, and Ag =
0.016. The measured enthalpies show positive correlation between metallic character and
stabilizing effect of metal nodes for all framework topologies. Other works investigating
the thermodynamic stability of MOF-74 frameworks, using oxygen-based linkers suggest

similar correlations.?> These regularities may point to metallic character as another
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unifying descriptor for increased thermodynamic stabilization across MOFs, independent

of linker environment (oxygen or nitrogen) or coordination number.

It is known that other metals can be employed as nodes in BIF structures,**4¢ and
the results in this work shed light on possible constraints for increased thermodynamic
stabilization. In BIFs, metal (M)—nitrogen (N) as well as boron (B)—nitrogen (N) (in
tetratopic ligand) bonds (Figure 1a) should be strong enough to prevent collapse of the
framework to other more thermodynamically favorable structures. There may exist an
ideal electronegativity and ionic radius of metal atoms to make the most stable BIFs.
Deviations from ideal metal (M)—nitrogen (N) bond length and/or (strength) are
expected to result in thermodynamic penalty. This places restrictions on the favorable
electronegativity of metal nodes (depending on topology). If electronegativity of the
metal is lower than optimum, M—N bond strength will be suboptimal (weaker), and
likely less stable. In contrast, metal atoms with electronegativity greater than the
optimum (depending on topology), may form shorter and/or stronger M—N bonds, but
this may be at the cost of decreased electron density around the B—N bonds (weakening
of bonds between boron linker center and nitrogen). This is important, since electron
density in the linker influences framework stability.? It should also be highlighted that
suboptimally shorter M—N bonds can result in increased lattice strain, especially in
SOD-topology BIFs, as suggested in this work. The strength of both B—N and M—N
bonds must be considered in the rational design of stable frameworks. The present results
indicate most favorable incorporation of metal atoms with electronegativity greater than
~0.98 for BIFs in the dia topology, and lower than 1.93 in the porous polymorph (SOD).

It should be stressed that other electronic and magnetic factors may affect the trends
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identified thus far. Additionally, it is likely that some of the trends herein observed (e.g.
electronegativity limit for increased stabilization) may be system-dependent and may not

translate to other systems employing different metal-ligand combinations.

7.3.2 Practical Implications

The surface area of MOFs can be well beyond that of activated carbon, which
makes them desirable candidates for molecular sieving and storage, however, hydrolysis
of the frameworks is a challenge.*”- 48 The term “stability” is often used in two different
senses, one indicating thermodynamic stability against some decomposition reaction and
the other indicating kinetic persistence of the phase when exposed to aqueous media for a
period of time under a given set of conditions, often without knowledge of the
thermodynamics. The first case implies true stability controlled by thermodynamics, the
second implies kinetically slow decomposition, even if allowed by thermodynamics. It
should be highlighted that the reverse of the formation reaction in Tables 1-2 does not
describe hydrolysis in BIFs; hydrolytic decomposition should form thermodynamically
more stable products than the oxide and linker molecule. These hydrolysis products are
likely dominated by metal hydroxides and hydrolyzed or decomposed linker molecules.
Differences in the free energy of hydrolysis reactions determine the thermodynamic
propensity for framework degradation. The complexity of possible hydrolysis reactions
makes it difficult to unambiguously compute their energetics. Nevertheless, the added
stability of hydroxides compared to oxides will make hydrolysis thermodynamically
favorable, especially under basic conditions.
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The BET surface area (m? /g) of mechanochemically-synthesized SOD-
AgB(Melm)4 and SOD-CuB(Melm)s were previously reported to be 1020 and 935,
respectively.* The porous MOFs can be employed for gas adsorption applications.*?:>°
This and previous works indicate a tradeoff between thermodynamic stability and surface
area/porosity (adsorption capacity) of the structures.?- 20 This is an important
consideration as recent efforts continue to investigate gas storage in MOFs, especially the
capture of CO2.3! Additionally, denser MOFs can display ferroelectric properties that are
desirable for application in computer RAMs.32 33 The high thermodynamic stability of

denser MOFs, including dia-BIFs may favor their long-term applications.

7.4 Conclusions

This study investigates the stabilizing effect of metal nodes across isostructural BIFs in
the SOD and dia topology. The results confirm greater stability of all compositions with
increasing density of the framework. In the denser dia topology, BIFs employing metal
atoms with larger ionic radius and higher electronegativity are thermodynamically more
stable. Overall, across the SOD and dia topology, the thermodynamic stability of the BIFs
increases with metallic character of the nodes. The results suggest unifying systematics in
the thermodynamic stabilization of BIFs and other MOF systems, leading to the ability to
tailor, using thermodynamic constraints, stable structures with desirable properties.

Lastly, MOFs are of great interest due to their potential use in CO:2 capture, however not
much is known about the energetics of guest-host interactions during sorption processes,

and that is the focus of the next chapter.
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CHAPTER 8
SYSTEMATIC INVESTIGATION OF CO2 ADSORPTION ENERGETICS IN METAL

ORGANIC FRAMEWORKS BASED ON IMIDAZOLYL LINKERS

Reference: This work has been submitted for publication in the Journal of Physical

Chemistry C.

Abstract: This study explores systematics in the energetics of CO2 adsorption in 3-
dimentional (3D) metal organic frameworks employing imidazolyl ligands, namely
ditopic 2-methylimidazole (HMelm) in Zn(Melm)2 (ZIF-8), Co(Melm), (ZIF-67), and
tetratopic tetrakis(imidazolyl) boric acid (HB(Melm)4) in CuB(Melm)4 (Cu-BIF-3). All
frameworks have the sodalite (SOD) topology. Direct gas adsorption calorimetric
experiments enable quantitation of energetic drive for CO2 confinement in the
frameworks. The general trend in the integral adsorption enthalpy AHint (kJ/mol) is Cu-
BIF-3 > ZIF-8 > ZIF-67. In ZIFs greater porosity is consistent with more favorable CO>
incorporation. Overall, the use of larger linkers in BIFs provides greatest enhancement of
the energetics of CO2 adsorption in MOFs. The strength of guest-host interactions

depends strongly on choice of linker and metal.

8.1 Introduction

The current increase in demand for energy, transportation, and food supply
stresses the need for up-scaling production processes.'— However, in the past few

decades there has been increasing concerns over the negative effects of large-scale
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greenhouse gas emissions from industrial activity.®3 To overcome this challenge, current
efforts include the development of materials suitable for molecular sieving and gas
storage.” This necessitates the use of structures with sufficient porosity and persistence to
thermal decomposition.!?~12 Currently, materials with the desired properties include

zeolites, activated carbon, and metal organic frameworks (MOFs).!3, 14

Metal organic frameworks are reticular structures comprised of metal nodes
linked by organic ligands.!> Zeolitic imidazolate frameworks (ZIFs) and boron
imidazolate frameworks (BIFs) are special subclasses of MOFs. !¢ 17 Mechanochemically
synthesized BIFs and ZIFs can form polymorphs with different porosities.!% 18- 19 The
polymorphs differ in physicochemical properties, and this makes MOFs a versatile class
of materials with potential application in various industries.?% 2! MOFs can possess
porosity (storage capacity) far greater than activated carbon and zeolite structures, 2?2
this makes MOFs great candidates for capture of greenhouse gases, including carbon
dioxide (CO2).22-2* Additionally, porous BIFs and ZIFs can form isostructural
frameworks employing same linker but different metals and vice-versa.!6- 17-25 The choice
of metal-ligand combination permits modulation of their thermal persistence to
decomposition, porosity, as well as strength of guest-host interaction with confined guest
molecules (e.g. CO2).26-28 With increasing popularity in the use of MOFs for molecular
storage applications, it is essential to investigate the thermochemistry and identify the

energetic landscape of guest-host interactions in these materials.

To date, multiple studies investigate the synthesis and application of MOFs for

molecular sieving and storage applications, however, knowledge of systematics in the
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thermochemistry of guest-host interactions in MOFs is lacking.?® With increasing
popularity in the use of MOFs for molecular storage applications, it is essential to
identify effect of choice of metal and ligand on the energetic drive for confinement of
guest molecules.>32 Such understanding could permit identification of structural
descriptors for energetic stabilization of framework interaction with confined molecules.
This could further enable modulation of frameworks for the efficient separation of noble

gases, which is currently challenging.3?

Previous works calculated isosteric heats of CO2 adsorption in MOFs by
employing a polynomial fit to two or more adsorption isotherms at different
temperatures.34 35In addition to the propagation of large uncertainty from this multistep
process, with this method alone it is especially challenging to obtain isosteric heats of
adsorption at zero coverage, since further fitting is necessary.34 36 This problem stresses
the need for direct calorimetric measurements of heats of adsorption in materials,
including MOFs. To this end, previous thermodynamic works investigated the
calorimetry of low-pressure CO2 adsorption in CD-MOFs.34 In this work we explore
direct calorimetry of CO2 adsorption in three frameworks: Zn(Melm)z, Co(Melm)z, and
CuB(Melm)s, which are commonly known as ZIF-8, ZIF-67, and Cu-BIF-3, respectively.
This is the first work to employ direct calorimetric experiments to systematically
investigate energetics of CO2 adsorption in porous Co and Zn ZIFs based on ditopic 2-
methylimidazolate linkers, and a Cu-BIF employing tetratopic boron-imidazolate linker
(see Figure 1).16:17 This is a valuable addition to our understanding of the energetic

landscape for CO2 adsorption in MOFs.
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Figure 1. Structure of (a) tetratopic tetrakis(imidazolyl) boric acid ligand, (b) 2-
methylimidazole ligand, and framework configuration of (c) BIFs, and (d) ZIFs in the
SOD topology, white= hydrogen, black=carbon, blue=nitrogen, green=boron, red= Cu (in

figure ¢) and Zn or Co (in figure d).

8.2 Experimental Methods
8.2.1 Materials

The synthesis and characterization of the materials was performed at ASU
following procedures similar to those reported in chapters 6 and 7 of this dissertation
document, and the results agree with previous reports.'® 37-3% Phase identification was
performed by X-ray diffraction. Fourier-transform infrared spectroscopy (FTIR) spectra
confirmed presence of bonds consistent with ZIFs and BIFs, respectively. TG-DSC

confirmed metal content in the frameworks from thermal decomposition in air.
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8.2.2 Gas Adsorption Calorimetry

Direct adsorption calorimetric experiments employed a commercial gas
adsorption analyzer Micromeritics ASAP2020, coupled to a benchtop Calvet-type
Seteram Sensys microcalorimeter. For analysis ~50 mg of the sample was loaded into a
custom-made silica glass forked tube. In the first step, the top (gas inlet/outlet) of the tube
was loaded into the degassing port of the gas adsorption analyzer, and degassed for 12 hr,
at 25°C, under vacuum (<1073 Pa). The second step was determination of surface area of
degassed specimens as well as quantitation of the free space in the tube, this uses five-
point nitrogen adsorption at —195.8 °C. In the third step, the tube was loaded on the
analysis port of the volumetric dosing system (ASAP2020), simultaneously, the bottom
portion of the forked tube was inserted into the twin chambers of the microcalorimeter
see Figure 2. Before gas adsorption calorimetry the sample was evacuated for another
12hr, at 25°C this ensures complete removal of any confined species. For gas adsorption
calorimetric experiments, the ASAP 2020 analyzer used incremental dosing mode
(~0.020 mmol CO2/dose, up to 700 mmHg) and a minimum equilibration time of ~1.5
hrs. The amount of CO2 adsorbed was determined from the pressure drop. This enabled
simultaneous acquisition of gas adsorption isotherms and the heat effect corresponding to
each dose. Two trials were conducted per fresh MOF sample. This is a well-established

technique, more experimental details are provided in previous works.34 40-43
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Figure 2. Setup of instrumentation used for gas adsorption calorimetry. Reprinted with

permission from 34, Copyright 2013 American Chemical Society

8.3 Results and Discussion

8.3.1 BET Surface Area

Surface area measurements allowed identification of differences in porosity of the
samples. The results from BET (m?/g) measurement are summarized in Table 1. The
results show that ZIF-8 presents the highest porosity and Cu-BIF-3 the lowest. Overall,
the results point to comparable porosity in BIFs and ZIFs. Differences in surface area can

be expected to result in significant dissimilarities in the CO2 storage capacity of these

materials.
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Table 1. Summary of framework topology, dimension, and surface area.

Samples Common name Framework | BET area

dimension | (m?/g)

SOD-Zn(Melm), ZIF-8 3D 1570
SOD-Co(Melm), ZIF-67 3D 1510
SOD-CuB(Melm), Cu-BIF-3 3D 933

8.3.2 CO2 Adsorption Isotherms

The adsorption isotherms determine quantity (normalized per surface area) of CO2
adsorbed by the frameworks between 0 and ~1 relative pressure (Po/P), where Po= 760
mmHg. The results are summarized in Figure 3. The curves point to only minor CO2
coverage in all frameworks up to Po/P ~0.2. Between 0 and 0.6, ZIF-67 presents higher
CO2 coverage compared to ZIF-8. At higher pressure (Po/P >0.6) the difference is within
experimental error. Overall, beyond Po/P ~0.2 Cu-BIF-3 displays the highest coverage.
The results may be associated with dissimilarities in the energetics of interaction between

the frameworks and confined CO2 molecules, as discussed in the next section.

225



s ZIF-8

* ZIF-67
A Cu-BIF-3
0.6 X
A
A
A
o~ 05 i
£ it
£ 041 ye
~N A
o A é
) & @
~ 0.34 A 'f‘
Q ‘A ’.
2o A
S 024 at g
o at ®
3 ) o
®
(@] 0.1 A‘A.... u®
4o
‘.‘
004  mtlee
T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Figure 3. Summary of isotherms corresponding to CO2 adsorption in frameworks (25°C,

up to ~700 mmHg). X-axis represents relative pressure; Y -axis corresponds to CO>

coverage in the frameworks (CO2 /nm?)

8.3.3 Thermochemistry of CO2 Adsorption

Direct calorimetric measurements permit quantitation of differential and integral
enthalpy of adsorption in these materials. Differential enthalpy of adsorption (AH qifr)
refers to the change in total enthalpy of the system as a single small CO2 dose)s is
transferred from the gas phase and adsorbed at constant temperature (normalized per
mole of gas) 4446 Integral adsorption enthalpy (AHin¢) refers to total integrated heat effect
normalized per mole up to a given amount of CO2 adsorbed by the framework.
Generally, the free energy change for adsorption is dominated by the enthalpy term,47- 43
therefore more exothermic adsorption enthalpy corresponds to greater thermodynamic

drive for interactions (binding) between CO2 (guest) and the framework (host). This
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permits direct comparison of the strength of guest-host interactions in these MOF

systems.

In porous materials like MOFs the adsorption sites may differ in energy, and
generally more energetic sites interact more strongly with confined guest molecules.’* 43,
49 Integral enthalpy curves permit determination of systematic differences in the total
enthalpy of CO2 confinement in frameworks across the pressure range. Comparison of
ZIF-8 and ZIF-67 shows how choice of metal affects binding energetics. Additionally,
studying Cu-BIF-3 enables initial assessment of differences in the energetics of
adsorption in ZIFs and BIFs. The differential and integral enthalpy curves corresponding

to adsorption isotherms are summarized in Figure 4 (a-b).
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Figure 4. Enthalpy curves corresponding to (a) differential enthalpy and (b) integral

enthalpy of adsorption. The figures on the right are zoomed in versions of figures on the

left.

Figure 4a shows that the most energetically favorable confinement of guest
molecules occurs at zero coverage, as generally expected and seen in many other
systems.3* 43 The results further indicate that initial binding enthalpy is exothermic by
~120, 90, and 17 kJ/mol in ZIF-8, Cu-BIF-3, and ZIF-67, respectively. These values are
in the chemisorption range, implying strong adsorption in the bare structures. The results
highlight the energetically favorable adsorption sites in fresh ZIF-8 and Cu-BIF-3 near

zero coverage. The enthalpy curves rapidly become less exothermic with increasing CO2
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dosage, which reflects repulsion between confined CO2 molecules in the framework at
higher coverage. Eventually, all curves approach a plateau (near ~ -10 kJ/mol) with
increasing COz2 loading (see Figure 4). Most exothermic binding probably occurs in the
cages of the framework, while subsequent less exothermic adsorption can result from
surface binding.*?> Overall, at high coverage the enthalpies of adsorption (AHaiff) are
within the physisorption range, which is expected for short-range Van der Waals

interaction between the adsorption sites and confined guest-molecules.34 43

Systematic differences can be observed from integral adsorption enthalpies
(Figure 4b). Overall, across the pressure range, energetic drive for CO2 confinement
decreases in the following order: Cu-BIF-3 > ZIF-8 > Co-ZIF-67. This trend is consistent
across the entire pressure range. These results highlight increasing thermodynamic drive
for CO2 incorporation in isostructural ZIFs from substitution of Co(l1) by larger Zn(I1)
metal atoms as nodes. This may be explained by the higher porosity of ZIF-8, perhaps
implying that in 3D SOD ZIFs employing the same linker, greater porosity is consistent
with more favorable CO2 adsorption, resulting from less repulsion between confined CO2

molecules.

Figure 4b shows that in this pressure range, Cu-BIF-3 presents the most
exothermic (favorable) integral enthalpy of adsorption, which may explain its greatest
CO2 coverage compared to the other specimens (Figure 3), despite its lower porosity. We
do not observe any trends between electronegativity of the metal atoms and
corresponding adsorption energetics, which may rule-out metal atoms as main CO2

binding sites in these MOFs. Considering the lower porosity, such dissimilarities in the
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adsorption energetics of BIFs compared to ZIFs likely result from choice of linker,
especially since differences in the ionic radii of the metals is minor. The results in Figure
4b suggest enhancement of CO2 incorporation energetics in MOFs by use of tetratopic
tetrakis (imidazolyl) boric acid (in BIFs) instead of ditopic 2-methylimidazole (in ZIFs)
ligands. This shows that although greater porosity is generally consistent with more
favorable energetics CO:2 incorporation, less porous structures like BIFs can display
enhanced adsorption energetics from choice of a larger linker. This enhancement is an
important positive consideration in the design of MOFs for CO:2 storage. The high
enthalpic drive for adsorption in Cu-BIF-3 could enable superior selectivity for CO2
separation from multicomponent systems. The overall energetic landscape in these
materials is shown in Figure 5 and the results are summarized in Table 2.

ZIF-67 (Co(Melm),)

Se2e

Figure 5. Energetic landscape of CO2 adsorption in the frameworks.
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Table 2. Summary of differential and integral enthalpy for CO2 adsorption, between ~0-

0.3 CO2 coverage (CO2/nm?)

Sample CO2 loading AHdiff AHint
(CO2/nm?) (kJ/mol) (kJ/mol)
ZIF-8 ~0 -126.00 -126.00
0.1 -14.10 -15.3
0.3 -9.85 -13.6
ZIF-67 ~0 -17.30 -17.30
0.1 -11.87 -13.72
0.3 -8.83 -11.67
Cu-BIF-3 | ~0 -91.73 -91.73
0.1 -14.90 -23.26
0.3 -11.40 -15.68

8.4 Conclusions
This study investigates CO2 adsorption in 3D ZIF and BIF frameworks in the
SOD topology. In ZIFs, greater porosity corresponds to more favorable CO2 confinement,

which can be highly exothermic by as much as ~126 kJ/mol (in bare ZIF-8 structures).
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Overall, topologically similar MOFs like BIFs, employing larger tetratopic linkers can
display more energetically favorable CO2 confinement compared to ZIFs employing
ditopic linkers. These results indicate the possibility of general trends in the enhancement
of guest-host interactions in MOF topologies from choice of metal and linker. This
confirms strong interdependence between choice of constituents (metal, linker), porosity,
and energetics of molecular confinement across MOF systems. Considering the
decomposition of MOFs like ZIF-8 through carbonation reactions, upon long term
exposure to CO2 and moisture, the next chapter evaluates the energetic landscape for the

formation of the decomposition product, mixed linker CO3-ZIF-8.
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CHAPTER 9
EXPERIMENTAL AND THEORETICAL EVALUATION OF THE
THERMODYNAMICS OF CARBONATION REACTION OF ZIF-8 AND ITS CLOSE-

PACKED POLYMORPH WITH CARBON DIOXIDE

Reference: This work is in press for publication in the Journal of Physical Chemistry C.

Abstract:_We report the first experimental and theoretical evaluation of the
thermodynamic driving force for the reaction of metal organic framework (MOF)
materials with carbon dioxide, leading to a metal organic carbonate phase. Carbonation
upon exposure of MOFs to COx is a significant concern for the design and deployment of
such materials in carbon storage technologies, and this work shows that the formation of
a carbonate material from the popular SOD-topology framework material ZIF-8, as well
as its dense-packed dia-topology polymorph, are significantly exothermic. With
knowledge of the crystal structure of starting and final phases in carbonation reaction, we
have also identified periodic density-functional theory approaches that most closely
reproduce the measured reaction enthalpies. This development now permits the use of
advanced theoretical calculations to calculate the driving forces behind carbonation of

zeolitic imidazolate frameworks with reasonable accuracy.

9.1 Introduction

Over the past three decades, the chemistry of metal organic frameworks (MOF) has

become one of the central areas of advanced materials research,!~3 with a wide range of
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proposed applications, from gas storage, catalysis, and light harvesting, to extending shelf
lives of vaccines and rocket propulsion.*~7 The rapid development and high popularity of
MOFs are to a large extent due to their inherently modular node-and-linker design, & °
which permits the rational development of new materials that combine previously
unimaginable surface area and microporosity with specific chemical or physical properties,
such as color, luminescence, conductivity, sensing ability, and more.% 19-1> Whereas the
development of new MOF designs is facilitated by concepts of reticular chemistry and,
very recently, methodologies for ab initio crystal structure prediction (MOF-CSP),!¢ the
understanding and reliable design of thermodynamic stability in MOFs remains poorly
explored. This is both a significant challenge and an opportunity for the further
development of MOFs, as thermodynamic stability is the driving force underlying a wide
range of environmental behaviors important for potential applications of MOFs, such as
resistance to moisture, chemical reagents, temperature, etc.!’-2! Important insights into the
relative stability of MOF polymorphs, as well as thermodynamic relationships with respect
to metal precursors can be gained from computational methods, particularly periodic
density-functional theory (DFT) calculations. In that context, our team has recently used a
combination of solution calorimetry and periodic DFT to provide the first quantitative
insights into how the thermodynamic stability of zeolitic imidazolate frameworks (ZIFs),
a class of MOFs exhibiting zeolite-like topologies and based on imidazolate linkers and
tetrahedral ions such as Zn?>*, Co?*, or Cd?", is affected by changes in topology,
polymorphism, and of substituents on the organic linker.??~2* These studies have revealed
that thermodynamic stability of ZIFs can be assessed through simple tabulated parameters,

such as Hammett 6-constants, and even predicted from readily calculated linker parameters,
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such as the electrostatic surface potential (ESP) of the linker substituent.?? Moreover, the
combined use of periodic DFT and solution calorimetry measurements enabled quantitative
evaluation of the accuracy of the theoretical calculations and establish that dispersion -
corrected provide more accurate energies for ZIF structures than pure semi-local
functionals. This work mainly addressed thermodynamic stability of ZIFs with respect to
the parent metal oxide plus linker, providing a measure of the sensitivity of the materials
towards hydrolysis. It remains important to evaluate the stability of MOFs towards a wide
range of environmental factors, such as the presence of reactive gases (CO2, SO2, etc).2328
Although one of the most prominent proposed applications of MOF materials (including
ZIFs) is storage of CO2, there have so far been no studies of their thermodynamic stability
to reaction with CO2. Reactivity with COz2 is an important problem in MOF development
and, indeed, our group has previously reported that exposure of diverse ZIFs to moist CO2

environments leads to the formation of mixed-ligand carbonate-containing phases.?’

We now provide the first experimental and theoretical study of the thermodynamics
of the reaction of the popular, commercially-relevant framework ZIF-8 (Figure 1a), based
on Zn** nodes and 2-methylimidazolate (Melm") linkers, to form the carbonate phase
Zn2(Melm)>COs3 (Figure 1(c)) The reaction of ZIF-8 with moist CO2 was previously
reported to rapidly yield the Zn2(Melm)2CO3 phase,?® which also forms as a side product
upon mechanochemical synthesis of ZIF-8 if basic zinc carbonate is used as the metal

precursor.3?
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Figure 1. Structure of (a) SOD-Zn(Melm)z, (b) dia-Zn(Melm)z, (c) Zn2(Melm)2COs3, (d)
carbonate and imidazolate linkers, and (e) 2-methylimidazole (HMelm) ligand. Zn, oxygen,
carbon, hydrogen, and nitrogen atoms are depicted by green, red, black, grey, and blue

spheres, respectively.

The crystal structure of Zn2(Melm),CO3 was previously determined from powder
X-ray diffraction (PXRD)3? and the data presents Zn?" metal centers tetrahedrally
coordinated to two imidazolate and two carbonate linkers (Figure 1c,d). Notably, the

availability of crystallographic data for Zn>(Melm);CO3 enabled us to develop and
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compare different semi-empirical dispersion-corrected periodic density-functional (SEDC-
DFT)3!'-37 approaches to evaluate the driving force for the carbonation reaction of ZIF-8

and of dia-Zn(Melm)s.

To the best of our knowledge, this work presents the first experimental evaluation
of the thermodynamics of the reaction of a MOF with carbon dioxide. Moreover, the high
degree of agreement between experimentally determined enthalpies and theoretically
calculated reaction energies demonstrates, for the first time, the ability to theoretically

calculate with high accuracy the driving force for MOF carbonation using periodic DFT.

9.2 Experimental Methods

9.2.1 Materials and Methods

Unless otherwise indicated, all reagents and solvents were obtained from

commercial sources and were used without further purification.

9.2.2 Thermal Analysis (TGA/DSC)

Thermogravimetric analysis (TGA) was performed utilizing approximately 5 mg
of sample on a Mettler-Toledo TGA/DSC 1 system. The system was operated on a PC with
STARe software. Samples were heated from 25 to 700 °C at a rate of 10 °C/min under

constant air flow. The balance and purge flow were 40 mL/min and 25 mL/min respectively.
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9.2.3 Powder X-ray Diffraction (PXRD)

Powder X-ray diffraction (PXRD)patterns were collected using a Bruker D2 Phaser
powder diffractometer equipped with a Cu-Ko (A = 1.5418 A) source and Lynxeye detector.
The patterns were collected in the angular region between 5° and 40° (20) with a step size

of 0.05°.

9.2.4 Fourier-Transform Infrared Attenuated Total Reflectance (FTIR-ATR) Spectroscopy

Infrared spectra were obtained using a Bruker Platinum ATR spectrometer and are

reported in wavenumber (cm!) units.

9.2.5 Synthetic Procedures

Synthesis of SOD-Zn(Melm)z (ZIF-8):

A mixture of ZnO (1 mmol, 81 mg) was added to a 2.5 mL polypropylene vial along
with HMelm (2.1 mmol, 173 mg) and NH4NO3 (4 mg, 5 mol% Zn) and 75 pL of MeOH
(7 =0.30 pL mg-1). The reaction mixture was mixed by Resonant Acoustic Mixing (RAM)
at 95 g for 60 minutes to yield the microcrystalline product, confirmed by PXRD and FTIR.
The ZIF was subsequently washed by stirring in EtOH (15 mL) and centrifugation at 4 500

rpm three times, and evacuated overnight at 80 °C and 165 mmHg 38
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Synthesis of dia-Zn(Melm), (dia-ZIF-8):

A mixture of ZnO (1 mmol, 81 mg) was added to a 15 mL PMMA milling vessel along
with HMelm (2.1 mmol, 173 mg) and 29 pL of H20 and 5 pL of acetic acid (# =0.10 pL
mg-1). The reaction mixture was ball milled at 30 Hz for 90 minutes to yield the
microcrystalline product, confirmed by PXRD and FTIR. The ZIF was subsequently
washed by stirring in EtOH (15 mL) and centrifugation at4 500 rpm three times, and dried

overnight at 80 °C and 165 mmHg.

Synthesis of CO3-ZIF-8 (CO3-ZIF-8):

A mixture of ZnO (1 mmol, 81 mg) was added to a 2.5 mL polypropylene vial along with
HMelm (2.1 mmol, 173 mg) and NH4NO3 (4 mg, 5 mol% Zn) and 75 pL of MeOH (y =
0.30 pL mg-1). The reaction mixture was mixed by Resonant Acoustic Mixing (RAM) at
95 g for 60 minutes to yield the microcrystalline product, confirmed by PXRD and FTIR.
The ZIF was subsequently washed by stirring in EtOH (15 mL) and centrifugation at 4 500
rpm three times and evacuated overnight at 80 °C and 165 mmHg overnight. The ZIF was

then added to 50 mL of EtOH under a CO> atmosphere and stirred for 2 hours.

9.2.6 Thermodynamic Measurements

Room temperature acid solution calorimetry (in 5 N HCI) measures heats of
dissolution, from which heats of formation are calculated. Calorimetric measurements were
performed in a CSC4400 isothermal microcalorimeter. The calorimeter was calibrated

through the dissolution of KCI at room temperature (25 °C). The experimental procedure
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is well-established.>*#! The thermodynamic cycles employed in this study are shows in

Tables 1-6

9.2.7 Theoretical Calculations of Reaction Thermodynamics

Periodic DFT geometry optimization calculations were used to compute the
energies of all individual reaction components. All geometry optimizations were performed
using plane-wave periodic DFT in the code CASTEP 19.11.4> The input files were
generated using the program cif2cell from the experimentally determined crystal
structures.*? For calculating the energies of gas molecules of CO2 and H>O using periodic
DEFT, a cell of dimension 20x20x20 A3 was created with one molecule of H20 and CO;
inside respectively to mimic the gaseous phase of these two species. Moreover, since the
liquid phase water was involved in Equations 1-5, the experimentally measured enthalpy
of water vaporization, which is 43.9 kJ/mol at 25 °C was the energy used to convert from
gas- to liquid-phase water. Calculations were carried out with five different computational
methods in order to investigate the effect of using different functionals and dispersion
correction schemes on the resulting reaction energies: PBESOL functional; PBE functional
with Grimme D3 dispersion correction; PBE with many-body dispersion (MBD¥*)
correction scheme; PBE with Tkatchenko Scheffler (TS) dispersion correction scheme and
PBESOL with TS dispersion correction scheme.**—39 The plane-wave cutoff was set to 700
eV and the 1% electronic Brillion zone was sampled with a 2z x 0.07 A-! k-point grid
spacing. The ultrasoft pseudopotentials from the default CASTEP internal library were
used. For the convergence of geometry optimization, the criteria of maximum energy
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change 2x10-% eV/atom, maximum force on atom 0.05 eV/A, maximum atom displacement
0.001 A and residual stress 0.01 GPa were employed. The calculated energies of all reagent
and product structures for each of the periodic DFT methods are shown in Table 7. These
values were used to compute the theoretical energies for the reactions describing the

formation of Zn2(Melm)>COj3 (Table 8).

Table 1. Thermodynamic cycle used to calculate enthalpy of formation (AH®f) of
Zn(Melm) from ZnO and HMelm.
ZnO (s, 298 K) + 2HMelm (s, 298 K) —(dia/SOD)-Zn(Melm): (s, 298 K) + H20 (1, 298)

AH®f

Reaction AH (kJ/mol)

Zn2(Melm)z (s, 298 K) — Zn*? (aq, 298 K) + 2Melm (aq, 298 K) | AH ;s

ZnO (s, 298 K) +2H * (aq, 298 K) — Zn *2 (ag, 298 K) + H20 (ag, | AHa

298 K)
HMelm (s, 298 K) — H * (aq, 298 K) + Melm 1 (aqg, 298 K) AH3
H20 (1, 298 K) — H20 (aq, 298 K) AH4

AH% = - AH s + AH, + 2AH;3 - AHy
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Table 2. Thermodynamic cycle used to calculate enthalpy of formation (AH®f) of

Zn(Melm)COs relative to the ZnO, CO2, and HMelm.

2Zn0 (s, 298 K) + CO2 (g, 298 K) + 2HMelm (s, 298 K) — Zna(Melm)2COs (s, 298 K) +

H20 (1, 298K) AH

Reaction AH (kJ/mol)

Zn2(Melm)2COs3 (s, 298 K) + 2H*— 2Zn*2 (aq, 298 K) + 2Melm™. | AHO%s

(ag, 298 K) + CO2 (g, 298 K) + H20 (ag, 298 K)

H20 (1, 298 K) — H20 (ag, 298 K) AH>

HMelm (s, 298 K) — H * (ag, 298 K) + Melm ! (aq, 298 K) AH3

ZnO (5,298 K) +2H * (aq, 298 K) — Zn *? (ag, 298 K) + H20 (aq, AH4

298 K)

AH% = - AH s - AH; + 2AH3 + 2AH,4

Table 3. Thermodynamic cycle used to calculate change in enthalpy for formation of
Zn2(Melm)2CO3 from Zn(Melm)z2, ZnO, and COo.
(dia/SOD)-Zn(Melm): (s, 298 K) + ZnO (s, 298 K) + CO2 (g, 298 K) — Zn2(Melm)2CO3

(s, 298 K) AH dia/sop

Reaction AH (kJ/mol)

Zn2(Melm)2COs (s, 298 K) + 2H*— 2Zn*? (aq, 298 K) + 2Melm™ . | AH:1

(ag, 298 K) + CO2 (g, 298 K) + H20 (aq, 298 K)

(dia/SOD)-Zn(Melm): (s, 298 K) — Zn *2 (ag,298) + 2Melm -1 (aq, | AH2

298 K)
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ZnO (s, 298 K) +2H * (aq, 298 K) — Zn *2 (aqg, 298 K) + H20 (agq, | AH3

298 K)

AH giassop = - AH; + AH, + AH;

Table 4. Thermodynamic cycle used to calculate change in enthalpy for formation of
Zn2(Melm)2CO3 from Zn(Melm)z, and ZnCOs3.
(dia/SOD)-Zn(Melm)a (s, 298 K) + ZnCOs3 (s, 298 K) — Zn2(Melm)2COs (s, 298 K)

AH diassop

Reaction AH (kJ/mol)

Zn2(Melm)2COs (s, 298 K) + 2H*— 2Zn*2 (aq, 298 K) + 2Melm? | AH1

(ag, 298 K) + CO2 (g, 298 K) + H20 (ag, 298 K)

Zn(Melm)2 (s, 298 K) — Zn *2 (ag,298) + 2Melm -1 (aq, 298 K) AH2

ZnCOs3 (s, 298 K) +2H * (aq, 298 K) — Zn *2 (aq, 298 K) + CO2 (g, | AH3

298 K)+ H20 (aqg, 298 K)

AH% =- AH; + AH, + AH3

Table 5. Thermodynamic cycle used to calculate change in enthalpy for formation of
Zn2(Melm)2CO3 from HMelm, and ZnO, and ZnCOs.
Zn0 (s, 298 K) + ZnCOs3 (s, 298 K) + 2HMelm (s, 298 K) — Zn2(Melm)2COs3 (s, 298 K)

+ H20 (1, 298K) AH diaisop

Reaction AH (kJ/mol)
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Zn2(Melm)2COs (s, 298 K) + 2H*— 2Zn*? (aq, 298 K) + 2Melm™® | AH1

(ag, 298 K) + CO2 (g, 298 K) + H20 (ag, 298 K)

H20 (1, 298 K) — H20 (aqg, 298 K) AH>

ZnO (5,298 K) +2H * (aq, 298 K) — Zn *2 (aq, 298 K) + H20 (ag, | AH3

298 K)

ZnCOs (5, 298 K) +2H * (aq, 298 K) — Zn *2 (ag, 298 K) + CO2 (g, | AH4

298 K)+ H20 (aq ,298 K)

HMelm (s, 298 K) — H * (aq, 298 K) + Melm ! (ag, 298 K) AHs

AH% =-AH; - AH, + AH3 + AHs + 2AH5

Table 6. Thermodynamic cycle used to calculate change in enthalpy for formation of
Zn2(Melm)2COs3 from (Sod/dia)-Zn(Melm)z , CO2, and H>O. this is an true linker

exchange reaction that does not incorporate extra ZnO

(dia/SOD)-Zn(Melm)z (s, 298 K) + % CO2 (g, 298 K) + % H20 (1,298 K) — %

Zn2(Melm):COs (s, 298 K) + HMelm (s, 298 K),  AH diaison

Reaction AH

(kJ/mol)

Zn2(Melm)2COs (s, 298 K) + 2H*— 2Zn*? (ag, 298 K) + 2Melm™. | AH:

(ag, 298 K) + CO2 (g, 298 K) + H20 (aq, 298 K)

HMelm (s, 298 K) — H * (ag, 298 K) + Melm * (aq, 298 K) AH2

H20 (1, 298 K) — H,0 (aq, 298 K) AH3
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Zn(Melm)2 (s, 298 K) — Zn *2 (aq, 298 K) + 2Melm -1 (aq, 298 K) AH4

AH%=-% AH; - AH, + % AH3 + AH4

e s=solid; I=liquid; g= gas; ag= aqueous

Table 7. Calculated energies in eV per formula unit of crystallographic primitive cell for
all reactants and products in Equation 1-5. The periodic DFT calculations were performed
using the CASTEP code with the following methods: PBE+D3, PBESOL, PBE+MBD*,

PBE+TS and PBESOL+TS.

method HMelm CO2 H20 (g) Zn0O ZnCO3
PBE+D3 -1281.32 | -1036.34 | -471.56 | -2227.89 | -3264.78
PBESOL -1277.10 |-1034.02 | -470.14 | -2225.38 | -3260.06

PBE+MBD* -1281.43 |-1036.36 | -471.56 | -2227.87 | -3264.82

PBE+TS -1281.41 |-1036.34 | -471.56 | -2227.84 | -3264.73

PBESOL+TS | -1277.59 |-1034.02 | -470.14 | -2225.65 | -3260.51

9.3 Results and Discussion

XRD patterns are shown in Figures 2-4. The experimental patterns are consistent
with those calculated using CCDC Mercury software based on published crystallographic
data for the structures.’! The measured Fourier-transform infrared attenuated total
reflectance (FTIR-ATR) spectra (see Figure 5) are consistent with the expected

framework bonds. Thermogravimetric analysis (TGA) enabled quantitation of metal
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content in the frameworks, the results are consistent with the expected stoichiometry (see

Figure 6).
Synthesized dia-Zn(Melm),
c Simulated dia-Zn(Melm),
3
=
T T T

Figure 2: Powder X-ray diffractograms (PXRD) of (top) dia-Zn(Melm)2 following
activation and (bottom) simulated powder diffraction pattern from crystal structure (CSD:

OFERUNOL).

Synthesized SOD-Zn(Melm),

Simulated SOD-Zn(Melm),

intensity
>

Figure 3: Powder X-ray diffractograms (PXRD) of (top) synthesized SOD-Zn(Melm),
following activation and (bottom) simulated powder diffraction pattern from crystal

structure (CSD: OFERUNO08).
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Figure 4: Powder X-ray diffractograms (PXRD) of (top) synthesized Zn2(Melm).CO3 and

(bottom) simulated powder diffraction pattern from crystal structure (CSD: HOY QAPOQ1).
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Figure 5: FTIR spectra, from top to bottom, synthesized Znz(Melm).COs, SOD-
Zn(Melm)z, and dia-Zn(Melm)z.
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Figure 6: TGA of synthesized MOFs in air.

The results from calorimetric experiments (Table 9) are consistent with previous
measurements for ZIF-8 and its close-packed polymorph dia-Zn(Melm)z, and show that
formation of the Zn2(Melm)2CO3 is highly exothermic with respect to ZnO. Specifically,
the measured enthalpy of formation (AH°f) for Znz(Melm)2CO3 of ca. -88 kJ/mol
corresponds to the enthalpy of the reaction involving ZnO, HMelm, H20 and CO2 as
precursors (Equation 1).

Equation 1. 2Zn0O (s, 298 K) + CO2 (g, 298 K) + 2HMelm (s, 298 K) — Zn2(Melm)2CO3

(s, 298 K) + H20 (I, 298 K)
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Compared to the AHr values for ZIF-8 and dia-Zn(Melm)> (-21 kJ/mol and -31 kJ/mol,
respectively), the new calorimetric data indicate a significantly higher enthalpic driving
force for the formation of the carbonate phase Zn2(Melm)>CO3 from ZnO plus linker than
for the formation of the ZIF without carbonate. The driving force for the formation of the
Zn2(Melm)>COs3 phase becomes smaller, but still exothermic (-15 kJ/mol, Table 9), if the
reaction proceeds through a modified route (Equation 2), with CO2 being delivered in the

form of ZnCOs.

Equation 2. ZnO (s, 298 K) +ZnCOs3 (s, 298 K) + 2HMelm (s, 298 K) — Zn2(Melm)2COs

(s, 298 K) + H20 (I, 298K)

This less exothermic enthalpy simply reflects the stability of ZnCO3 relative to ZnO +

COa.

Table 8. Enthalpies of dissolution (AHudis, in kJ/mol) in 5 N HCI at 25 °C and formation
from endmembers (metal oxide and linker). For Zn2(Melm)2CO3, enthalpy of formation

(AH®¢, in kJ/mol) is calculated relative to metal oxide, linker, and CO2.

Sample AHyis AH%
( kJ/mol) (kJ/mol)
HMelm -43.75 + 0.59 -
Zn0>? -72.29 £ 0.17 -
H.053 0.5 -
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ZnCOs3 0.71 -

SOD-Zn(Melm)z -138.25+ 0.5 -21.04 £ 0.79
dia-Zn(Melm): -127.86 + 1.08 -31.09 + 1.10
Zn2(Melm)2CO3 (CO3-ZIF-8) | -143.68 + 0.43 -87.88 + 0.74

Besides establishing the enthalpies of formation for Zn2(Melm)>CO3, the obtained
thermodynamic data enable the evaluation of the thermodynamic driving force (Equation

3) for the carbonation reaction of Zn(Melm): frameworks ZIF-8 and dia-Zn(Melm),.

Equation 3. Zn(MeIm)> (s, 298 K) + % CO2 (g, 298 K) + % H20 (I, 298 K) — %

Zn2(Melm)2CO3 (s, 298 K) + HMelm (s, 298 K)

The obtained values (Table 9) show that the conversion of ZIF-8 to Zn2(Melm)2CO3 is
exothermic by ca. 23 kJ/mol, which is consistent with the observed rapid transformation
either in moist COz2, or upon exposure of an aqueous suspension of ZIF-8 to a flow of CO>
gas. The reaction enthalpy is less exothermic (-13 kJ/mol), but still significant for the dia-
Zn(Melm), phase. Having demonstrated strong enthalpic driving force for the reaction of
ZIF carbonation, we also explored the thermodynamics of other routes for the formation of
Zn2(Melm)2COs. In particular, we envisage the formation of Zn2(Melm)2COs3 from SOD-
and dia-Zn(Melm), frameworks could also take place by reaction with ZnCO3 (Equation
4) or a combination of equimolar amounts of ZnO and CO: as the source of carbonate
(Equation 5)

Equation 4. Zn(Melm)2 (s, 298 K) + ZnCO3 (s, 298 K) — Zn2(Melm)2COs3 (s, 298 K)
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Equation 5. Zn(Melm):2 (s, 298 K)+ ZnO (s, 298 K)+ CO2(g, 298 K) ) — Zn2(Melm)2COs

(s, 298 K)

The thermodynamic cycles for these alternative pathways show that the reaction of
Zn(Melm); and ZnCOs to form a carbonated ZIF phase is endothermic by ca. 6 kJ/mol (for
ZIF-8) and 16 kJ/mol (for dia-Zn(Melm)>). This means that, considering the enthalpic
driving force for the reaction, the carbonate phase Zn2(Melm):CO3 may be metastable
towards dissociating into an equimolar mixture of ZnCO3 and the corresponding ZIF.
Although the entropy associated with this reaction is not known, it is likely to be small in
magnitude for the reaction involving only solid phases and the sign of the free energy
change for the reaction is probably determined by the endothermic enthalpy term. In
contrast, the reaction of Equation 5, where the source of additional zinc and carbonate is a
combination of ZnO and CO2, is exothermic by -67 kJ/mol and -57 kJ/mol for ZIF-8 and
dia-Zn(Melm), as reactants, respectively. The entropy of reaction is almost certainly
negative since CO2 gas is consumed, but the sign of the free energy change is likely to be

dominated by the strongly exothermic enthalpy term.33
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Table 9. Measured and calculated thermodynamic data for the reactions leading to the
formation of Zn(Melm)2COg3s carbonate phase, including enthalpies of formation (AH®, in
kJ/mol), and enthalpies of reaction starting from ZIF-8 (AH,zir-g, in kJ/mol) and dia-
Zn(Melm)2 (AH®dgia, in Kj/mol), as well as corresponding energies based on periodic

SEDC-DFT calculations.

Reaction
from Reference | Experimental | PBE+D3 | PBESOL | PBE+MBD* | PBE+TS | PBESOL+TS

equation | framework (kJ/mol) (kJ/mol) | (kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol)

number
1 -87.88+0.74 | -78.06 -101.37 -88.21 -83.58 -96.79
2 -14.88 £0.70 -26.05 -38.14 -30.80 -30.76 -15.51
3 dia -12.53+£0.70 | -39.86 -36.66 -37.30 -38.30 -53.07
3 SOD -22.92+044 | -55.13 -29.05 -52.70 -61.96 -717.74
4 dia 16.53 £ 1.16 -26.88 -24.12 -23.99 -27.27 -20.19
4 SOD 6.14 £ 0.66 -42.15 -16.51 -39.40 -50.93 -44.85
5 dia -56.47+1.17 | -78.89 -87.35 -81.41 -80.09 -101.47
5 SOD -66.86 £0.68 | -94.16 -79.74 -96.81 -103.75 -126.13

With the established experimental enthalpies for the formation of Zn2(Melm)>COs
via five reaction pathways, we explored the possibility to theoretically calculate the energy
differences for the reactions described by Equations 1-5. Whereas we have previously
demonstrated high accuracy of periodic DFT for calculating energy differences between
compositionally similar crystalline solids, the calculation of energies for reactions in
Equations 1-5 are additionally challenged by the physical and chemical differences

between the reaction components. For the periodic DFT calculations, we have tested the
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performance of DFT functionals with and without dispersion semiempirical dispersion
corrections (SEDCs).47-30. 5455 The use of SEDCs has been found essential to correctly
reproduce the energy ranking of ZIF polymorphs, but it is not clear whether they will
perform equally well when modelling solid state transformations involving at the same
time crystalline metal organic phases (SOD- and dia-Zn(Melm)2, Zn2(Melm)2CO3),
inorganic crystalline phases (ZnO, ZnCO3) and non-crystalline components CO2 (g) and
H20 (). Modelling the thermodynamics of such reactions, therefore, requires treatment of
three states of aggregation, as well as balancing the interconversions between organic and
inorganic phases, where the former typically require treatment with dispersion corrections,
while the latter generally do not. We have previously highlighted the challenge of
modelling such processes, in the context of decomposition of putative metal pentazolate
frameworks and of ZIF combustion.* 3% 57 In order to achieve the best possible
understanding of the performance of periodic DFT calculations for calculating reaction
energies involving such diverse components, we decided to employ a wider range of
methods. Besides the previously used PBE#S functional, we also introduced its modified
version PBESOL,>® which is specifically tailored to the calculations for solid materials.
Alongside these functionals, we have tested the effect of various available dispersion
correction approaches, namely Grimme D3,46 Tkatchenko Scheffler (TS)*? and many body
dispersion (MBD*).#8-3% Since not all combinations of functionals and dispersion
corrections are available in CASTEP,*? we performed the calculations with the following
methods: PBESOL, PBE+D3, PBE+MBD*, PBE+TS and PBESOL+TS. Comparison of
the calculated and experimental reaction energies revealed that the PBESOL functional

without any dispersion corrections provides the best overall agreement with experiment
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(R?=0.92, Figure 7), superior to any of the dispersion-corrected methods. However, this
overall trend misses one important consideration, namely that PBESOL incorrectly ranks
the energies of the two polymorphs of Zn(Melm)2, placing the dia polymorph 7.61 kJ/mol
above the SOD polymorph, while experimentally the dia structure is found to be 10.39
kJ/mol lower in energy than ZIF-8. The dispersion-corrected methods, on the other hand,
have all ranked the stability of the polymorphs of Zn(Melm): correctly, with the best overall
match between theory and experiment displayed by the PBE+MBD* method (R?=0.88).
The PBE+MBD* that was previously found to offer the best agreement with the
calorimetrically-measured energies of ZIF polymorphs,?? is therefore shown to also

reliably characterize the energetics of the carbonation reactions of ZIFs.
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Figure 7. Linear regression plots showing the comparison between experimental and
calculated reaction energies, for the different periodic DFT methods: (a) PBESOL and

PBESOL+TS, (b) PBE+D3, PBE+MBD*, and PBE+TS.

Typically, the formation of higher density frameworks is energetically preferred
(Figure 8), suggesting that the higher density of the carbonated framework

Zn2(Melm)>CO3 compared to parent ZIFs may contribute to its energetically favorable
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formation, perhaps pointing to increase in density as a plausible driving force for the
reaction. >°-%! The results from this work might help explain previously observed facile
carbonation of other ZIF materials,? since the structures proceed towards

thermodynamically much more stable frameworks.
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Figure 8. Change in enthalpy for the formation of ZIFs relative to their endmembers
(metal oxide and linker). Note that Zn2(Melm).CO3 employs additional CO2 as

endmember. This is adapted with permission for reference 52.

9.4 Conclusions

We have provided the first experimental evaluation of the thermodynamic force
underlying a MOF carbonation reaction, and also investigated the dependence of this

driving force on the polymorphic form of the reacting framework. With experimental
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enthalpies at hand, we have also been able to conduct a unique study of how different
theoretical approaches can evaluate the energies of the targeted MOF carbonation reaction.
Our periodic DFT results match the trends for formation of Zn2(Melm)COs3 via five
reaction pathways in a challenging system which includes organic, metal organic and
inorganic crystalline materials as reactants or products. Despite these challenges, the
calculated reaction energies show a strong correlation with the corresponding experimental
values, with the best overall performance shown by the dispersion-corrected PBE+MBD*
method. This work provides an opportunity to not only understand the behavior of a single
system, but also to begin exploring and potentially even predicting different pathways

through which MOFs in general might react with COx.
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CHAPTER 10

SUMMARY

10.1 Conclusions

This dissertation investigates structure-stability relations in PDCs and MOFs. The
results from thermodynamic analyses of SiC fibers confirm that in PDCs more mixed
bonding is consistent with greater thermodynamic stability. This work enables
identification of key factors for the stabilization of SIOC systems: (1) between 1200-1500
°C the PDCs evolve towards thermodynamically much more stable microstructures, (2)
greater stability is consistent with more SiOC3 and/or SiO2C:> (relative to SiO3C) mixed
bonds, and (3) more ordering of the free carbon phase corresponds to greater energetic
stabilization. The investigation of SiC(N)(O) PDCs shows: (1) addition of N to SiC(O)
systems can stabilize the structures by as much as 60 kJ/mol, (2) SiNxC4-x may promote
greater stabilization compared to SiOxC4-x mixed bonds, and (3) unlike seen in SiOCs, in
SiOCNs greater stability (> 12 kJ/mol) is consistent with increasing disorder of the free
carbon phase. Lastly, the investigation of metal incorporation to SiOCs (SiO(M)C)
shows: (1) SIO(M)C display similar temperature-stability trends seen in SiOCs (higher
synthesis temperature forms more stable materials), (2) of the metals (Ta. Hf, Nb)
incorporated, Ta promotes stabilization of otherwise unstable SiO3C mixed bonds, and (3)
incorporation of metal carbide instead of metal or metal oxide fillers may be

thermodynamically preferred.
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The work on ZIFs shows that: (1) dense dia polymorphs are more stable than the
more porous SOD analogues, independent of choice of metal, and (2) 2-dimensional
structures present much greater stability than 3-dimensional analogues in the SOD and dia
configuration. The study of metal substitution in BIFs indicates an increase in framework
density and metallic character of the metal nodes as unifying descriptors for increased
stabilization of MOF structures. Evaluation of the energetics of CO2 sorption using MOFs
shows that: (1) in ZIFs greater porosity corresponds to most favorable incorporation of
CO2,and (2) binding energetics can be enhanced by use of larger/bulkier linkers, as in BIFs.
Lastly, Investigation of carbonation reactions in MOFs suggests: (1) carbonation reactions
proceed towards thermodynamically more stable structures, (2) beyond the carbonation of
ZIFs there exist multiple other energetically favorable pathways for the formation of
carbonate MOFs like CO3-ZIF-8, (3) increase in density is a major driving force for the

carbonation of ZIFs, and (4) we can now predict different pathways through which MOFs

in general might react with CO».

These results indicate enhancement of thermodynamic stability and more
favorable guest-host interactions in hybrid materials like MOFs, tailored by choice of
metal and linker. Results from the PDCs work point to strong interdependence between
the chemistry, structure, and thermodynamic stability of hybrid ceramics. The systematics
provide an initial framework for the prediction and development of PDCs and MOFs with

enhanced thermodynamic stability and desired functionality.
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10.2 Future work

The structure-stability relations herein reported are a valuable addition to the
current thermodynamic database, nonetheless, more work remains for the development of
a predictive framework for thermodynamic stabilization in these hybrid systems. Beyond
the effect of bonding, in PDCs it is important to understand how thermodynamic stability
corelates with the size of individual mixed bonding and stoichiometric domains. The
assessment of nanodomain size in these ceramics is challenging but can be done by use of
X-ray techniques, including small angle X-ray scattering (SAX), as seen previously, as
well as by neutron studies.! Future work comparing analysis of bonding from XPS and
NMR would be valuable. This could provide important information of differences in the
sensitivity of XPS and NMR to different bonds (stoichiometric and mixed bonds) in PDC
microstructures. Lastly, this work only investigates the incorporation of Nb, Hf, and Ta
metal fillers. Future work could systematically investigate the incorporation of many
other metals (p and f-block) and their corresponding effect on the structural evolution and

thermodynamic stability of the PDCs.

Similarly, the work on MOFs provides a starting point for assessment of the
stabilizing effect resulting from metal substitution in BIFs and ZIFs. In the ZIFs study,
Cu(Il) metal atoms only formed structures in the diamondoid (dia) topology. For greater
confidence in the trends herein reported it would be valuable to experimentally
investigate the thermodynamics of Cu(Il)-ZIFs in the sodalite (SOD) and ZIF-L
configurations as well. Additionally, in the future, the energetic landscape for

carbonation reactions in other MOFs systems, beyond ZIF-8 could be investigated. This
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may permit the identification of trends in the energetic drive for the formation of mixed-
linker carbonate frameworks through carbonation reaction of the parent structure. Lastly,
it could be beneficial to systematically explore the trends for thermodynamic stabilization
in other MOFs as well, perhaps in systems employing oxygen instead of nitrogen
(azolates) based linkers. This could enable determination of the effect of linker
environment on the stabilization trends (from choice of metal substitution or linker
substituent) in MOFs. Following these recommendations could provide valuable addition

to the current understanding of thermodynamic stabilization in PDCs, MOFs, and similar

hybrid systems.
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A.1 Powder X-ray diffraction (PXRD)

A Bruker D2 Phaser powder diffractometer, equipped with a Ni-filtered Cu-Kao (A
=1.5418 A) source and Lynxeye 1D detector (Bruker AXS, Madison, W1, USA) was

used to obtain powder X-ray diffractograms.

A.2 Fourier-transform infrared attenuated total reflectance (FTIR-ATR)

spectroscopy

Infrared spectra were obtained using a Bruker Alpha II FTIR spectrometer and are

reported in wavenumber (cm!) units.

A.3 Thermogravimetric Analysis (TGA)

All products were recorded on a Setaram Labsys Evo DTA/DSC, with samples
between 5 and 10 mg, loaded in a 100 pL platinum crucibles. The samples were heated

from 25 to 800 °C at a rate of 10 °C/min, with a continuous flow of air at 20 mL/min.

320



APPENDIX B

STATEMENT OF PUBLISHER PERMISSION

321



CHAPTER 1

Order Date: 13-Sep-2023

Includes Publisher Terms and Conditions

1. Philosophical Transactions of the Royal
Society of London. Series A: Mathematical,
Physical and Engineering Sciences

0.00 USD

Publisher Terms and
Conditions

Order License 1D Pending

ISSN 1471-2962

Type of Use Republish in a thesis/dissertation
Publisher ROYAL SOCIETY

Portion Chapter/article

5 Hide Details

Publication Title

Author/Editor
Date
Language
Country

Rightsholder
Publication Type
URL

Portion Type

Page Range(s)

Total Number of Pages
Format (select all that apply)
Who Will Republish the Content?
Duration of Use

Lifetime Unit Quantity
Rights Requested
Distribution

Translation

Copies for the Disabled?
Minor Editing Privileges?
Incidental Promotional Use?

Currency

Title

Instructor Name
Institution Name
Expected Presentation Date

Order Reference Number

The Requesting Person/Organization to Appear
on the License

Title, Description or Numeric Reference of the
Portion(s)

Editor of Portion(s)

Volume / Edition

Page or Page Range of Portion

Title of the Article/Chapter the Portion Is From
Author of Portion(s)

Issue, if Republishing an Article From a Serial
Publication Date of Portion

Marketplace

Philosophical Transactions of the Royal Society of
London. Series A: Mathematical, Physical and
Engineering Sciences

Royal Society
01/01/1997
English

United Kingdom of Great Britain and Northern
Ireland

The Royal Society (U.K.)
e-journal
https/royalsociety.org/journals/

Chapter/article

1-14

15

Print, Electronic

Author of requested content
Life of current edition

Up to 499

Main product

Worldwide

Original language of publication
No

Structure, thermodynamic stability, and energetics
of guest-host interactions in hybrid materials:
polymer derived ceramics (PDCs) and metal
organic frameworks (MOFs)

Alexandra Navrotsky
Arizona State University
2023-10-23

N/A

Gerson ). Leonel

article

N/A
381(2259):20220334
114

N/A

Royal Society

N/A

1996-12-31

Dear Gerson Leonel,

Thank you for placing your order on Marketplace.

Order Summary:
Order date: 13 Sep 2023
Order number: 1396496

No. of items: 1

Order total: 0.00 USD
Order license ID link(s): 1396496-1.

Billing Summary:

Payment method: Invoice
An invoice will be generated and emailed within 24 hours.

To view your order details, click the following link, sign in, and search for your order:
Manage Account.

How was your experience? Click here to give us feedback

Please do not reply to this message.

To speak with a Customer Service Representative, call +1-855-239-3415 toll free or +1-
978-646-2600 (24 hours a day), or email your questions and comments to
supRont@copyrigl

322



©®

Attribution 4.0 International (CC BY 4.0

This is a human-readable summary of (and not a substitute for) the license. Disclaimer.

You are free to:

Share — copy and redistribute the material in any medium or
format

Adapt — remix, transform, and build upon the material
for any purpose, even commercially.

The licensor cannot revoke these freedoms as long as you follow the

license terms.

of crystalline silicon carbide polymer-derived ceramic fibers
Author: Alexandra Navrotsky, Gurpreet Singh, Shakir Bin M, et al
Publication: INTERNATIONAL JOURNAL OF CERAMIC ENGINEERING & SCIENCE
Publisher: John Wiey and Sons
Date: Jul 6, 2022

© 2022 The Authors. Intemationaf Joumal of Ceramic Engineenng & Scence publshed by Wikey Penodicals LLC. 0n behalfof the Amedcan Ceramic Society

Open Access Article
This is an open access article distributed under the terms of the Creative Commons CC BY license, which s

. distribution, and in any medium, provided the original work Is properly cited.
You are not required to obtain permission to reuse this article.

For an understanding of what is meant by the terms of the Creative Commons License, please refer to Wiey's Open Access Terms and Conditions
Permission is not required for this type of reuse.

Whey offers a professional reprint service for high quaity

and medical fournals. Wiey's repe
« Peer reviewed research o reviews

« Tallored collections of articees.

- A professionat high quality finish

- Glossy jouma styte color covers

+ Company or brand customisation

+ Language translations

+ Prompt tumaround times and desivery directl to your office, warehouse or congress.

Please contact our Repr pal for a quotation.

com or

CHAPTER 2

Chemistry, structure, and thermodynamic stabilization of SIOC polymer derived ceramics made from
commercial precursors

Author: Gerson J. Leonel,Xin Guo,Gurpreet Singh,Alexandra Navrotsky
D; Publication: Open Ceramics

Publisher: Elsevier

Date: September 2023

© 2023 The Authors. Published by Eisevier Ltd on behalf of European Ceramic Sociely.

Creative Commons

This is an open access article distributed under the terms of the Creative Commons CC-BY license, which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.

You are not required to obtain permission to reuse this article.

To request permission for a type of use not listed, please contact Elsevier Global Rights Department.

Are you the author of this Elsevier journal article?

CHAPTER 3

323



j(}ur’nal

Thank you for your order!
Dear Mr. Gerson Leonel,

Thank you for placing your order through Copyright Clearance Center’s RightsLink®
service.

Order Summary

Licensee: Arizons State University
Order Date: Aug 24, 2023
Order Number: 5615610565350

Publication: Journal of the American Ceramic Society

Title: Energetics and structure of SIC(N)(Q) polymer-derived ceramics
Type of Use: Dissertation/Thesis

Order Total: 0.00 USD

View or print complete details of your order and the publisher's terms and conditions.

Sincerely,

Copyright Clearance Center

customercare@copyright.com o -
https://myaccount.copyright.com ccc ng htsLI n k

CHAPTER 4

324




Thank you for your order!
Dear Mr. Gerson Leonel,

Thank you for placing your order through Copyright Clearance Center's RightsLink®

service.
Order Summary
Licensee: Arizons State University

Order Date:  Aug 24, 2023

Order Number:56156107 14685

Publication:  International Journal of Applied Ceramic Technology

Structural and thermodynamic analysis of metal filler incorporations in
Sia0b(M)cCd polymer derived ceramics: Ta, Hf, Nb

Type of Use:  Dissertation/Thesis

Order Total:  0.00 USD

Title:

View or print complete details of your order a

the publisher's terms and conditions.

Sincerely,

Copyright Clearance Center

customercare@copyright.com . .
https:/imyaccount.copyright.com ccc ng htsLl n k

CHAPTER 5

Crystallographic and Compositional Dependence of Thermodynamic Stability of [Co(ll), Cu(ll), and Zn(1l)] in 2-Methylimidazole-Containing Zeolitic Imidazolate
Frameworks

Author: Gerson ). Leonel, Cameron B. Lennox, Joseph M. Marrett, et al
w ﬁ?ﬁ.,”.ﬂ."&':?&i?ﬂé Publication: Chemistry of Materials

Publisher: American Chemical Society

Date: Aug 1,2023

Copyright © 2023, American Chemical Society

PERMISSION/LICENSE IS GRANTED FOR YOUR ORDER AT NO CHARGE

This type of permission/license, instead of the standard Terms and Conditions, is sent ta you because no fee is being charged for your order. Please note the following:

- Permission is granted for your request in both print and electronic formats, and translations

- I figures and/or tables were requested, they may be adapted or used in part

- Please print this page for your records and send a copy of it to your publisher/graduate schaol,

- Appropriate credit for the requested material should be given as follows: "Reprinted (adapted) with permission from {COMPLETE REFERENCE CITATION). Copyright (YEAR) American Chemical Society.” Insert appropriate Information in place of
the capitalized words.

- One-time permission is granted only for the use specified in your RightsLink request. No additional uses are granted (such as derivative works or other editions). For any uses, please submit a new request.

If credit is given to another source for the material you requested from RightsLink. permission must be obtained from that source.

=a

CHAPTER 6

325



Experimental Investigation of Thermodynamic Stabilization in Boron Imidazolate Frameworks (BIFs) Synthesized by Mechanochemistry
Author: Gerson ). Leonel, Ca

on 8. Lennax, Manuel Scharrer, et al
ACSPublications Publication: The Journal of Physical Chemistry C
Mast Wasted, Moot (et MostRest.  Publisher: American Chemical Society

W
Date: Sep 1, 2023

2023, Amex

PERMISSION/LICENSE IS GRANTED FOR YOUR ORDER AT NO CHARGE

This type of permissionlicense, instead of the standard Terms and Condiitions, is sent to you because no fee is being charged for your order. Please note the following:

- Permission i granted for your request in both print and electronic formats, and translations.

- If figures ar were requested, they may be adapted or used in part.

- Please print this page for your records and send a copy o

propriate credit for the requeste: il should be give
ypitalized words.

raduate school
adapted) vith perr

the

ission from {COMPLETE REFERENCE CITATION}. Copyright {YEAR} American Chemical Society.” I

t appropriate information in place of
One-time permission is granted only for the use specified in your RightsLink request. No additional uses are granted (such as deriva

ve works or ather editians).

-3se submit a new request.
f credit is given to anather saurce for the material you requested from RightsLink,

missian must be obtained from that source.

OSE WIND

CHAPTER 7

The work presented in chapters 8 is currently under review in the Journal Physical

Chemistry C.

326



APPENDIX C

STATEMENT OF COAUTHORS’ PERMISSIONS

327



I, Gerson Leonel, confirm that all co-authors have granted their permissions for

the usage of previous publications in this dissertation.

328



