ABSTRACT

WILCOX, ROBERT JOSEPH. Sorptia Dissolution: TheReactivity of Small Molecules
with CondensedPhaseMetal Halide Networks. (Under the direction of James D. Martin).

The work in this dissertation focuses on tleeactivity and structure of iatactions
between small molecules and metal halides in the condensed phEse. reaction
mechanisms for gas sorption into solid frameworks are also defined and discBssedal
small molecule interactions were investigated such as ethylene with GuAittdbenzene
with AICl3, waterwith ZnClL and ammonia with Zn@Gland templated Znglwith CuCl
called haleozeotype materials. The liquid structure of a one equivalent adduct of ethylene
with CuAlICl, was investigatedsing neutron diffractiomo determie similarity between the
molten and crystalline phases. The reactivity of nitrobenzene withy Aidler solvothermal
conditions led to a new polymeric species being synthesized which is characterized as well as
its luminescent properties investigated. mMechanism for reaction is proposed that is
consistent with the characterization as well as Wheland intermediates. The hydration of
ZnCl, was intensively investigated to determine sorption capacities at varying temperatures.
A new phase diagram was mappedt using modern technology including Differential
Scanning Calorimetry and single crystal diffraction. This led to a new crystallographically
determine 3 equivalent ZnLClhydrate. Studying both the diffraction using the Pair
Distribution Technique anthfrared Spectra of a series of these aqueous hydrates, the first
experimental evidence of solvation spheres beyond the first shell was seen’™ ahe &
solvation spheres were able to be mapped out by determining at what level new spheres were

populded. Proposed structures for these spheres were mapped out. A comparison study



between ZnGl and ammonia was completed to determine if the haleozeotype materials,
CzX-1, CZX-2, and CZX3 were suitable sorbents for ammonia showing similar sorption

levelsto ZnCh, but fast initial sorption rate
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Chapter 1.
Introduction:

Defining Reaction Mechanisms for Small

Molecule Sorption into Solid Framework



1.1 Introduction

Solid state chemistry has played an increasing role in the materials world since the
discovery and development tfe transistor and integrated circtitWhile traditional solid
state chemistry focused on the discovery of new crystal structures as well as their structure
property relationship$the evolution of solid state chemistry has led to addressing complex
problems such as the design of new materials with specifically targeted properties or
structures:*> For example, current solid state research ventures are looking to find better
catalysts to increase efficiency and reactifif§ discover new sorbentsseful for
separationg;® or design new materials for gas stordg&™® Utilizing the latest in modern
technology suclassynchrotron and neutron diffraction techniques, single crystal and powder
diffraction, microscopy, BET, solidtate NMR, spectrospy and others as well as advances
in modeling, solid state chemists can harness a variety of techniques to further the
understanding of how small molecules are interacting with solid frameworks in order to
design new systenfer targeted uses

Reaction mechanisms are critical in the understanding of inorganic and
organometallic reactions both in determining reaction pathways as well as understanding the
kinetics. There are several basic types of reaction mechanisms seen in inorganic reactions
such as dostitutions, electrophilic and nucleophilic attacks, and oxidation/reduction(s).
These are well chronicled and discussed in several books on th&*tSphile there exists
extensive literature on these reaction mechanisms of solution based chehestrys hardly
any literature on solid state reaction mechanisms. The little that is known is reviewed by

Banford and Tipper, and discusses the kinetics used to determine if the reaction proceeds via



a diffusion controlledor phase boundary controllédan be acceloratory or decelloratory)
mechanisnt?

Solid state rate |l aws typically incorporeé
product formed where U=0 before the reactior
completely transformednto product. Several analyses of a reactions progress can be
monitored such as-ray diffraction, weight gain or loss using a gravimetric balatieamal
analysisand others to apply the solid state rate 1&%68. Utilizing equations defining
reactionmechanism and dimensionalis seen in Tablé.1 such as those from Avrarfii,

Erofeev?® Jander?® GinstlingBrounsteir’* DunwardWagner?® etc; one can apply their
experimental results for the f@fUO tethenm to d
reaction proceeds€One technique that encompasses all of the possible mechanisms and
dimensionalities of solid state mechanismshe SharpHancock method® This method

plots the followingin(-In (1-U vs.Intimet o extract a | inear regi o]
of which the slope is used to determine the reaatiechanism and dimensionaliffhese

methods can be useful for determiningaton kinetics and mechanisms, however, many
probl ems can surface such as deatsessueswthng ho
dimensionality’”” While these reaction mechanisms are useful for the full understanding of

the reactionincluding rate liniting step they provideno insight into the structurevhat

bonds are formed or broken, and what causes the reaction to proceed.



Table 1.1. Solid State Rate law@dapted from Akhtar, N. et al. J Mat. Sci. 1996, 31, 3053.)

Reaction models Kinetic equations

One-dimensional diffusion kEt = o?

Two-dimensional diffusion kEt =0+ (1 —a)In(l — a)

Jander equation, three-dimensional  kEt = [1 — (1 — o)'/?]*
diffusion '

Dunwald-Wagner equation kEt = 6/Inm?*(1 — &)

Ginstling-Brounstein equation, EkEt ={1 —2/3a) — (1 — a)*?

three-dimensional diffusion
Two-dimensional phase boundary  kEt = [1 — (1 — o)'%]

reaction

Three-dimensional phase boundary  kEt = [1 — (1 — a)']
reaction

First order kinetics kEt =[ —Inf1 — )]

Random nucleation, Avrami kEt = [ —In(1 — a)]"?
equation

Random nucleation, Eroleev kEt = [ —In(1 — )]
equation

kEt = reaction raie constant, { = reaction titne (min)
o == fraction of the reaction completed.
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Figure 1.1. Sorption mechanism continuum ranging from rigid framework to dissolution.



In order to enable the design of new systems, a fundamental knowledge of the
reaction pathways is needed for solid state reactions. The research presented in this
dissetation focuses on the structure and reactivity of small molecules with condensed phase
metal halide networks. This work aims to further the understanding of how sorption into
solid networks proceeds via a variety of reaction mechanisms. This introduclicerve
as a review and classification of sorption mechanisms defining and citing examples of a
variety of possible mechanisms ranging from a rigid framework sorption, where the solid
framework serves as a host to small molecules and no chemical drenfidsmed or broken,
to the dissolution of a solid by small molecules, where the small molecules completely break
apart a solid structure effectively dissolving it into a liquid.

The continuum in Figur&.1l depicts the possible mechanisms associatdd ssitall
molecule sorption; rigid framework (RF), flexible framework (FF), sorptive reconstruction
(SR), sorptive destruction (SD), and dissolution (D). These mechanistic classifications
provide a conceptual framework from which to understand sorptionaneschs. Clearly
within this contiunuum hybrid mechanisms are also possible. To further classify these
mechanisms, the reactions identified as inorganic or organometallic reaction mecHanRisms
can be applied; such as physisorption (P), substituttonekchange (IE), nucleophilic (N) or
electrophilic (E) attack) as well as oxidation (O) or reduction (R) and are listed in T2ble 1.
and identified if valid for that solid state reaction mechanism. The dimensionality of
structural change can also be irqmarated into this identification as a subscript for an even
more complete labeling of the soktlte reaction mechanism. For example, a common

flexible framework material used in batteries is the intercalation*dbhs into a framework



of TiS, causilg a kdimensional expansiowhere lithium ions are inserted between layers of
TiS,.  This type of mechanism would be labeled;-RFwhere FF stands for flexible
framework, the subscript 1 shows this is a 1 dimensiomattstal change, and R for
reductionas the type of reaction via which the reaction mechanism proceeds. Each of the
mechanisms found on the continuum will be briefly defined, discussed, and examples given

to illustrate the principles of each mechanism.



Table 1.2. Classification of solid state reaction mechanisms based on traditional reaction types.

Solid State Reaction

Reaction Type Rigid Framwork | Flexible Framework |Sorptive Reconstiuction | Sorptive Deconstruction | Digzolution
[Physisorption X X
Substitution
Ion Exchange X X
Nucleo/Electrophilic X X X
Host/Guest X
Oxid/Reduction X X X X




1.2 Defining Sorption Mechanisms
Rigid Framework. The Rigid Framework mechanism is classified by sorption into a porous
material where no (<5%gtructural expansionccuss and no covalent bonds are broken or
formed during sorption. This is most often but not limited to a phyptionprocess where
small molecules are of the correct size to fit into pores of a network mateddlave weak
interactions such as van der Waal interactions or hydrogen bomdoxj often a zeolite or
metal organic framework (MOF). However, ion excharggalso a common rigiaddmework
reaction where these rigid framework matercaa be used to exchange metal cations.

Diffraction can be difficult to analyzthese sorptionas these materials do not adapt
new structural formations and little change ascupon sorption to the parent crystalline
lattice. Other characterization techniques such as gravimetric amahetoic studie® to
determine the amount of sorbate present as well as utilizing BET to determine adsorption on
the external surfaé&need o be investigated for a thorough understanding of the sorption
capacity of these materials. As this mechanism does not proceed by the formation of bonds
to chemically bind the sorbate, low temperatures are often needed in order to achiede desir
sorptioncapacity*°

Rigid framework materials are utilized for separations, chromatography, ion
exchange, storage, and can contain reactive metal centerqusadlysis. Separations are
possible due to the ability to select rigid frameworks with the corret pize allowing
incorporation of only specifically sized materials. Molecular sieves are a type of zeolite
often used to trap water out of organic solvéht€hromatography is commonly completed

using porous silica and alumina because binding doesceat allowing complete elution of



product materialé? lon exchange mechanisms are important for trapping heavy metal ions as
they can exchange with ions of the rigid framework material acting as a purifier for water and
soil contaminatior®> Storage ofgases such as hydrogen using rigid framework zeolites and
MOFs has ao been studied in detdfl. Zeolites have especially been useful in the cracking
of petroleunt® and are used extensively as catalysts for organic reactidisamples of the
rigid framework mechanism will be discussed to clearly illustrate this reaction pathway.

The MOF, [Mg(O.CH)s*DMF], has been fully characterized via single crystal
crystallography in both its solvated and desolvated formtlaadorms areshown in Figure
1.2.3% Thermal gravimetric analysis of the solvated species shows complete loss of solvent
from the structure and subsequent powder diffraction pattern for theahaated material
demonstrateshe complete formation of the nmolvated species. Further IR aNMR
measurements confirm the loss of the solvent. It has also been demonstrated that numerous
other guests including DMF, THF, &, acetone, benzene, ethanol, and methanol are
reversibly sorbed by this material. All were crystallographically deterntmée isomorphs
of the parent structure with one solvent molecule per psaddmantane cavity. No
structural changes occurred to the parent upon sorption classifying this example as a rigid
framework sorption mechanism. This example should be labele® ®RFrigid framework

physisorption.
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(a)

(b)

Figure 1.2%  Stuctures of a.) solvated M@.CH)s*DMF and b.) norsolvated
Mgs(O.CH)s. Structures show rigid framework sorption mechanism as they are isomorphs of

one another.
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In recent work, ion exchangecurring reversibly between Pb(Il) and Cd(ll) ions has
been reported without any degradation of a single crystal for the firstinféie MOF,
Cdy 5(H30)3[(Cd4O)s(hetty] * 6H,O can undergo exchange of the central metal ions when
immersed in an aqueou®b(N(y), solution for a week. Exchange was verified using
inductively coupled plasma atomic emission spectroscopy and single crystallography. The
crystal structures of these isomorphs can be seen in FigBralong with the powder
diffraction of the exbhanged samples showing no changes occurring in the structure. Single
crystal determinations reveal identical structures with changes only occurring in-he M
bond distance reflecting the larger size of'Rbns compared with Cdions. This example

should be labeled RHE for rigid framework ion exchange.

While these examples clearly depict the idea of a rigid framework sorption
mechanisms, there are too numerous examples to be listed found in the literature especially
for zeolites. This mechanismfigirs from the flexible framework sorption that will be
discussed next in that no or very small lattice expansions occur upon sorption of small
molecules. While we have set a limit to 5% expansion, this mechanism limits sorbates due to
fixed pore sizes ofhe parent material and while slight expansions can exist from slight
swelling, it should be nominal to be considered in this mechanistic class. Lastly, no

dimensionality of the structure changes can be discussed as no changes occur.
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Figure 1.3% (a) Structure of MOF Cgs(H30)s[(CdsO)s(hetty] * 6H,O that undergoes
reversible ion exchange without losing crystallinity. (b) Powder diffraction patterns

depicting Cd ion MOF (1), exchanged Pb ion MOF (2), and reformed Cd MOF (1a).
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Flexible Framewak. The Flexible Framework sorption mechanism can be defined as a
swelling (>5%) or expansion of the parent material to facilitate sorption. The mechanism
occurs without breaking bonds but does result in a structural change from the parent material,
i.e. lattice expansions, shifts in bond angles, etc. This can range from a fully connected
network that expands to a layered or chain structure that intercalates guests. Swelling is
known to occur in several examples of materials upon hydration such asyrchags®® In
MOFs this type of phenomend has been refered
These materials can be characterized using diffraction to elucidate structural
information, modeling for fitting, and gravimetric and/or volumetric studies for sorption
cgpacity determination. A change should be clear in either powder diffraction or single
crystal diffraction. While volume expansions of the large scale may result in a visual size
expansion, microscopy could also be used to monitor physical expansios the@esystals
are fracturedwhere theincrease inamount of material should be clearly seeihese
expansions have been detected normally upon hydration or solvation of the parent material.
Flexible frameworks are utilized for intercalation of reusuddaltteries, swelling in
clays useful as barriers to radioactive waStamong other things, and for the separation and
storage of gases. The intercalation of into TiS, structures is responsible for many of the
current lithium ion batteries on the rkat today. Understanding the swelling in clays has
long been research®dbecause of their extensive applications; drug and agrochemical
delivery, purification and recycling of water streams, disposal of radioactive wastes, and in
cosmetics? MOFs are o seen to undergo this flexibility or breathing and designing

systems with varying sizes of linkers can change the total flexibility allowing targeting of
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molecules based on size as depicted in recent work completed by Ferey et al that shows some
interesing and large swelling occurring in the MOF, {®(H,O).X(dicarbox}guest, where
M=Fe, Cr and X= F, Cl, acetaf?.

This MOF undergoes a reversible sorption
This expansion allows for sorption to take place withibiet breaking of any bonds. The
diagram seen in Figurgé4 depicts such expansions which can vary in magnitude up to 5
angstroms. It is reported that increased cell volumes of up to 270% based on sorbent can
occur in the materials. The results were deiteed using powder diffraction data coupled
with modeling using an ab initio structudetermination method. This reversible process
occurs upon solvation/desolvation and other MGwdergoing similar breathing phenomena
have been reportéd*® This example should be labeled &P as this is a flexible framework
phystsorption but the structural changes amdirBensional.

The swelling seen in sodium montmorillonites is another classic example of flexible
framework sorption mechanisffi. These naturalclays are comprised of negatively charge
pyrophyllitelike sheets separated by sodium catiBnsAn expansion of the layers occurs
and carbe monitored using the shifts diffraction peaks. The layers are seen in Fiduba
separated by a partially tsated layer and sodium ions. The swelling is dependent on the
external conditions and as seen in FiglirBb displaying both modeled (solid line) and
experimental (dashed) layer spacing as the amount of water in the system is varied. This is a
reversibé processnd drying of the clays causasdehydration returning to the anhydrous
form. As the structure is unaltered and only an expansion occurs, this material should be

labeled as FFP as it is a flexible framework whose structure undergoeslianénsonal

15



change/swelling. This is considereglaysisorption as no covalent bonds &wemed butit
is stronger than basic physorption asvan der Waals interactions can occur as well as
hydrogen bonding.

The final example of a fixed framework materiabessed on intercalation as seen in
many rechargeable batteries. A reversible intercalation of lithium into thgCRd\dtructure
causes the expansion of the framework as seen in the powder diffraction pattern as a shift to
| ower 2d v alef &hisiraversible gracess is seen in the crystal structure upon
oxidation or loss of the lithium to return to the parent structure. The lattice expansions
occurring are greater than 10% denoting a flexible framework reconstruction as is seen in
Table1.3 The expansion of the-&xis causes these changes with slight variations in the
other axes with an increase in volume from-a430 &. This example should be termed
FF-R for a flexible framework that changes in 3 dimensions as all lattice parameters are
affected upon uptake and the process proceeds by reduction of the Nb as the intercalation of

lithium occurs.
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Figure 1.4 Pi ctorial of the f#Abreathingd expansic
Expansions to cell volumes up to 270% are seenis fdversible process belongs to the

breathing mechanism for sorptions.
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Figure 15.% A.) Model of the layered sheets present in clays separated by hydrated layer.
B.) Layer spacing of experimental (dashed) and model (solid) of the montmorillayte cl

based on water content.
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As shown by the examples, the flexible framework mechanism encompasses a variety
of chemical applications. Differing from the rigid framework mechanism due to expansions
of the crystalline lattice, the flexible framework megisan varies from the sorptive
reconstruction mechanism in the fact that the expanslon®t causebond breaking and
only expansions occunot arearrangement to allow sorption of the sorbaféhe flexible
frameworkinteractions are mainly weak bondimgeractions and can mostly be considered
as physisorption whereas the sorptive reconstructive mechanism procetbasfbymation
more covalent bonds with the sorbate as chemisorioow required whera the previous

mechanisms it was possible but hygical.
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Figure 16.* X-ray diffraction of the reversible intercalation of lithium showing a shift of

the diffraction peaks in more than one dimension.
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Table1.3.° Space group, cell parameters, volume and compositions for the varicus phases of lithium intercalation into LiP, ,Nb, z0

5. G. a(d) ¢ (A) 7 (A% x
A I-4 15.62-15.65 3.82-3.85 035-943 0-0.40
A+ B 0.40-0.70
B I-4 15.52-15.44 3.96-4.16 054-992 0.70-2.05
B+C 2.05-2.20
C P-4 15.49-15.56 4,25-4.26 1020-1030 2.20-2.60
Lij 56PpNb; 305 (B) I-4 15.52 4.03 971 1.26
Li; 74Py 2Nby 305 (B) I-4 15.46 4.14 990 1.76
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Sorptive Reconstruction The Sorptive Reconstruction mechanism is defined by a
rearrangment of the parent structure upon sorption resulting in both bond breaking (of the
parent material) and bond making (of the sorbate) while maintaining topological similarity
between the sorbed species and the parent materials. Because bonds neednedbeitior

the sorbate this mechanism represents the first mechanism that reqemesocption. This
mechanismhas been observed when structural similarities exist between the parent material
and the sorbed structure where the parent network is brokerbapat least -dimension of

the original network remains intact such that a pathway exists for reconstruction of the parent
material to occur upon desorption.

These differing phases can be studied by diffraction to understand structural
rearrangemest that occur upon sorption. Sorption studies can be conducted using
volumetric or gravimetric analysis to determine sorbent capacities. By knowing how much
sorbate is sorbed into the structure, the reaction kinetics can be studied using the Sharp
Hancock analysis utilizing sorption isotherms. These reactions usually persist due to a
substitution of ligands about a metal center via nucleophilic or electrophilic attack but red/ox
reactions can also be applied here. By utilizing various reactive metars;emiaterials for
gas sorption or separation can be designed to target specific gas molecules. This type of
mechanism proceeds either by an associative process where the small molecule binds first
causing rearrangement or by a dissociative process \@herspen site becomes available on
the metal center to instigate binding.

The sorptive reconstruction mechanism has been established by previous members of

the Martin group utilizing the crystalline solid CuMGlystems (M=Al, GAf® The sorption
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of ethylene and carbon monoxide by CuM@iroceed via tis mechanism as seen in Figure

1.7. The sorptive reconstruction mechanism is depicted in this figure, demonstrating the
CuMCl, frame work rearranging to a ladder structure upon sorption-ejuivalent of

reactive gas, and further sorption forming a 2 equivalent adduct proceeds via an unzipping of
this | adder at the Arungso to form single cl
the lattice to allow for sorption of the small molecules. In the CuMtBis process is
completely reversible where desorption at low pressures or vacuum conditions lead to the
Areconstructiono of parent materi al. Thi s
the reaction proceeds via an Sipe nucleophilic badide attack of the Cu(l) metal center
causing an inversion of configuration to open the framework. Kinetics studies have
determined this to be an associative process. This example should be lahehede&tRuse

it is an example of the sorptive reconstron mechanism that proceeds via a nucleophilic

attack causing a reversible rearrangement of the crystalline lattiegime®isions.
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1-etCUAIG|

2-etCuAlC|

Figure 1.7. Sorptive reconstruction mechanism based on the pressure of ethylene gas with
the parent CuAlGlstructure on the left and the &nd 2equivalent adducts on the right. The
1-equivalent adduct forms a ladddrain structure and the-&juivalent forms by an

unzipping of the rungs.
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Figure 1.8°° Sorptive reconstruction mechanism of the reversible isorpf HCl. The
square planar Cu undergoes a bowing to form a tetrahedral species upon sorption. The time
resolved powder diffraction pattern is also seen showing the transition from the yellow

sorbed species back to the parent material upon desorption.
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A second example of the sorptive reconstruction mechanism has been shown in the
rearrangement of CugB-Clpy),, where 3Clpy = 3-chloropyridine, upon sorption for-gl
gas>® Interestingly, the HC| bond is broken and sorption take place to form (3
ClpyH),[CuCls). As a distinct color change from blue to yellow occurs, the reaction can be
monitored by UWVis. Since the materials remain crystalline, diffraction has been utilized to
determine the structure of both parent material and sorbed speciesn 3ihe desorption
diffraction experiment can be seen in Figdr8 along with the crystal structures of the 2
materials, parent and sorbed species. While the Cu has undergone a change from square
planar to tetrahedral upon sorption, the allestructureof the sorbed species is similas
only a bowing occursesulting in a pathway to reform the parent matenmdrudesorption.
This exampleshould be labeled as $E as this is a sorptive reconstructive mechanism that
undergoes electrophilic attack by H&ausing a dlimensional rearrangement of the solid

The sorptive reconstruction mechanism has not been widely réportike literature
but is mainly seen in nonporous crystalline materials. This type of sorption fisl dse
separations as often tleeispreferred binding of a target gas species by modifying the active
metal center. CuAlGlis actively used in the COSORB proc&swhich is used in the
separation of carbon monoxide from festbck gases. The mechanism differs from the
flexible framewvork in that the parent material undergoes a rearrangement where bonds are
broken upon sorption. While sorptive destructive and dissolution will also undergo a similar
bond breaking and bond forming process, the materials that undergo a sorptive recamstruc

mechanism will have a similar topological structure which creates a pathway to reform the

parent material upon desorption.
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Sorptive Destruction. The sorptive deconstruction mechanism can be defined where
sorption causes the breaking of bonds in teevork structure to form new bonds with the
sorbate breaking apart the structure so that it does not retain a similar structure to the parent
material and hence has no pathway to reform the original structure. Tlusaawhen a 3
dimensional networksi broken apart into a-@mension molecular structure and reforming

the parent network is not possible without a total rearrangement and reconstruction typically
seen with recrysta#lation from melting or sublimgn This type of mechanism would often
emlody a decomposition reaction and are difficult to find in the literature.

Sorption proceeding via this mechanisan be studied by diffraction ihe material
remains crystalline as well as with spectroscopy to determine the sorbed species. Volumetric
and gravimetric analysis will lead to an understanding of sorption capacity. As this
destructionmechanism usually occurs upon therbate being strongly bonded to a metal
center, materials that undergo this mechanism would be useful as purifiers to scanveéng
irreversible bind harmful gases even at low concentrations. Gases such as ammonia, carbon
monoxide, and sulfur as well as other greenhouse gases and poisonous species would be
target molecules.

Research described in this dissertation (Chapterd@)iges a noteworthy example of
the sorptive destruction mechanism. The sorption of ammonia by &&dks to a complete
destruction of the parent network and the formation of a molecular species. Ammonia
adducts formed with Zn@lvary based upon pressuwath the formation of a 2and 4
equivalent adduct being identified via diffraction and thermal gravimetric analysis (TGA)

where the stable form at ambient conditions is the molecular speciefNIHg}.>*> Figure
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1.9 shows the molecular structure of theduct compared with the network structure of the
parent ZnGl where no similarities exist. The reformation of the parent material does not
occur unless the ammonia is driven off at ~200and with further heating past the melting
point at 317°C of Znd, to allow for the recrystallization to occur. This mechanism can be
labeled as SPN because if represents the sorptive destruction mechanism most likely
proceeds by a substitution reactiwhere ammonia acts as a nucleophile egattion of a

Lewis bae and Lewis acithkes place

The sorptive destruction mechanism differs from the sorptive reconstruction because
it does not form a sorbed species with a similar structure to that of the parent whereby no
pathway to reform the parent structure is lde. Dissolution will also include a similar
mechanism but with the sorptive destruction, intermediates are formed with stoichiometric

equivalents of materials based on amount sorbed.
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Figure 19. Structural change from the ZnOhetwork (lef) to the molecular structured

ZnCly(NHz3), (right) upon sorption demonstrating the Sorptive Destructive Mechanism.
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Dissolution. Defining dissolution of a solid would consist of the breakdown of the crystal
lattice into individual ions, atoms,ranolecules and their transport into the solvent. The
definition and structural mechanism are quite similar to the sorptive destructive mechanism
di scussed previously with the exception th
breakdown instead of abate and also that a solvent or solution is normally regarded as a
liquid and in gross excess to the solute.

Understanding how materials are dissolved in solvents is an extensively researched
area in pharmaceuticals and agrochemitafs.Determinirg how a medicine is broken apart
during hydration is critical in the design of species that will be active when adsorbed in to the
body. Similarly, chemicals used in agriculture as pesticides or fertilizers need to be well
understood in their solvated s&ato ensure proper recommended concentration and to
understand their affect on the surrounding environment and soil.

Interestingly, there are several examples of sorption or adduct formation where upon
binding, an extreme lowering of the melting pointws; in turn, causing the solid to melt
forming a liquid>>generally a way to determine if a material has been dissolved. However in
these cases, it can be difficult to determine if the sorbate is acting as a solvent or sorbed
species. As will be disssed in future chapters, the molten form of these materials (and
other liquids in general) can be highly ordered and retain structure similar to that of their
solid crystalline counterpart as discussed in Chaptér2.

At what point a sorbate becomesalvent can be a difficult question to answer. For
example, ZnGlis known to sorb extreme amounts of water; we have seen greater than 20

equivalents being sorbed in a controlled environment to prevent condensation as will be
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discussed in Chapters 4 and We have also seen ZnQhat is dissolvedn greater than 2
molar equivalents of water or around 3.75 grams per mL water. This high solubility coupled
with the ability to sorb such high quantities raises the question of at what point is water
considerd a solvent and not a sorbate simply causing a lowering in the melting point and
where does this mechanism fit on the continuum.

This example represent and exampla the sorptive mechanisncontinuum
intermediate between sorptive destructive and dissoluti We have been able to
crystallographically determine a 3 equivalent structure which shows formation of separate
molecular ion species, ZngB)** and ZnCj*, upon hydration. Thigollows the sorptive
destructionmechanismand can be labeled $ID asa breaking apart of the parent network
occurs forming an ionic molecular dimensionless species that does not reform the parent
structure upon desorption as will be discussed in Chapter 4. However, sorption continues to
a much greater extent than the 3ieglent and further work discussed in Chapter 5 will
experimentally demonstrate the presence of solvation spheres formed around #@)Zh(H
ion which evidence suggests at least three shells exist up to the 21 equivalent mole ratio or
95% water; where &dr, water would begin to act more like a solvent as it would be in excess
and this sorption/solvation labeled as D for dissolutiédnreactivity scheme for Znghnd
water can be seen in FigufielO depicting the breaking apart of ZnCliorming the 3
equvalent which can proceed to form higher coordination shells of water. Desorption leads

to a 1.5 hydrate and previously characterized1.3 hydtate.
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1.5 adduct

Outer Solvation

Figure 1.10. Structural changes that occur in the hydration of Zm®lere hydration lead to
the 3 equivalent and outer hydration shells and desorption does not reform the parent material

but forms a 1.5 adduct and previously characterized 1.3 adduct.
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1.3 Scope

Understanding structure is critical in obtaining a better comprehension of the
interactions of small molecules with crystalline solids so that the design of materials for
targeted properties and reactivity can be achieved. A continuum of mechanisms by which
reactions can proceed has been gme=d, defined, and discussed so that usaler
terminology exists when describing solid state reaction mechanis®esveral of the
mechanisms have bedpterminedy work completed in the Martin lab and are presented in
this dissertation.

My work has investigated the reactivity and structurese¥eral molecules upon
sorption by metal halide frameworks to facilitate new ideas about sorption mechanisms. The
gas sorption of ethylene with CuAlGVill be presentedn Chapter 2 focusing on the liquid
structure of the 1 equivalent with hopes of shait is a condensed phase by which solid
state rate laws still apply certifying previous studies on the kinetics of sorption. Ultilizing
neutron diffraction and pair distribution analysis, | have completed studies to investigate the
structural relationspi between the solid and liquid phases of theqtivalent ethylene
adduct with CuAIC). Further research into the reactivity of CuAlGInd substituted
aromatics led to the discovery of a new polymeric material discussed in Chapter 3. The
synthesis, charcterization, and study of its optical properties are presented along with a
proposed structure and mechanism. The hydration of,Arsig a newly selflesigned and
built gravimetric microbalance has lead to work presented in Chapter 6. This chapesfoc
on the hydration, crystallagraphically determinegddBivalent adduct, and the first phase

diagram in over 100 years. Pair distribution analysis and Raman spectroscopy are used to
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understand the local binding environments of the Z00f* and ZnCj}* ions seen in the 3
equivalent structure upon further hydratiorThese results have shown the ZfClon

present even at high water concentratiof/dration shells surrounding Zn will discussed

and experimentally determined using a combination of ARRpair distribution function
analysis, and Raman spectroscopy coupled with analysis of the techniques using Singular
Value Decomposition to study changes in a series of Zh@lrates in Chapter 5. Initial
ammonia sorption analysis of ZnGlompared wh the haleozeotype materiatemplated
zeolitielike structures composed mainly of a Zp@hamework,is completed in Chapter 6

along with a structural analysis of the prodowterials utilizing powder XRD in order to

determine if these materials aretable in the application of ammonia sorption.
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Chapter 2:
An Investigation into the Liquid Structure of
CUAlICl4*(C,H,4): Determining if solid state rate

laws apply.

39



2.1 Introduction
Background

The sorption of gases and small molecules into solid state materials have been of
utmost importance rendy as they are considered for the next generation of stotage
sensing*” materials. While much work has been focused on the application and study of
these properties, little is known about how the small molecules interact with the framework
on amolecular level.

The Martin group has worked to understand the sorption of ethylene with the
CUAICI, system using detailed diffraction studieand volumetric sorption studies to
elucidate the reaction mechanism. As previously discussed in Chapter shrptien of
ethylene into CuAlClproceeds by an SRN associative mechanism. The reaction scheme in
Figure2.1 shows that by varying the pressure of ethylene over the Cyutd@iework both a
1 equivalent I-et) and a 2 equivalent addu@-¢t) are postble with ethylene bound to the
copper(l) metal center. THeetis formed using pressures lower than 50 Torr an@4bEs
formed through the 1 equivalent using pressure greater the 50 Torr or a direct path using
greater than 200 Torr.

To gain a moreomplete understanding of the reaction mechanism and elucidate the
rate determining step, recent kinetic studies have been performed betttee2-et sorption
depicted in Figure2.2, as control of pressures below 50 Torr is unachievable. Using the
Shap-Hancock analysison sorption isotherms collected at°B5(the lowest isothermal
temperature achievable on the available instrumentation), it has been concluded that the

reaction of thel-et Y 2-etis a phase boundary controlleedimensional process. It is
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noted that isothermal and isobaric conditions are required for kinetic studies of solid state
reaction mechanisnisHowever, it was also determined using microscopy thatltbeis

molten at this temperature, 85 Sorption into liquids is typicallthought to proceed via a

di ffusion controlled process as fAemptyo spac
for diffusion® but the kinetic studies in this case are consistent with a phase boundary
controlled process. Interestingly, that leadshe question of whether the solid state rate

laws are applicable to materials of condensed phases and not justodidlichteractions. An
investigation of the structure of the moltéret has been completed to further investigate
similarities betweenhe solid and liquid phase of this material in order to determitigeif

liquid possesses similar structure to the solid
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(C,H,)CuAIClI,

> 0.5 atm

CuAIClI, » (C,H,),CuAlIClI,
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Figure 2.1. Reaction Scheme of ethylene sorption into the CuAi€twork.
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Figure 2.2. Thelegui val ent et hyl ene adduct | adder st

chain structure upon sorption to the@Quivalent ethylene adduct.
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Liquid Structure Studies

That liquid structure is related to crystalline structure is an idea that has been
discussed for nearly a century. Even early studies into the liquid structure of benzene by
Debye and ScherrErshow structural organization over larger length scales than just local
molecular order that is similar to the packing of benzene in its crypgtdtirm. Recent work
reported by Martin plunges even further into this issue by designing structure into liquids and
glasses using crystal engineering stratetiés™® This type of extended structural
organization is known as intermediate range orthRe@, and is somewhere between long
range order as seen in crystalline materials with infinite repeating structure and molecular
short range order. IRO has been identified in several amorphous materials such as liquids
and glasses and is important in simywthe structure that can exist in a liquid beyond just the
molecular level. Most often IRO is evidenced by a first sharp diffraction peak, FSDP, seen
in the diffraction structure factor S(Q) below 2 Q)&°'"!® FSDPs seen below 2 Q are
referred toas IRO as they represent a distance in real space beyond which diffraction planes

can be formed for local structure, suggesting a more ordered species present.

To further elucidate the structure of liquids, it is possible to convert the diffraction
S(Q) via an inverse Fourier Transform to get real space -aimm distances using the

following equation'®

sin01 |
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This transformation process is called a pair distribution function (PDF) and the resuljant G(
is definedas the probability of the length of an atatom contact whereis the distance in

A and is weighted by the scattering length of both atoms involved. While this technique is
used on solids with weak crystallinity or diffractidnit can be also be uséfin
demonstrating order in amorphous materfalsBy using both the diffraction S(Q) and
transformed G(r) as complimentary techniques to investigate the structure of a molten
species, more concise conclusions can be drawn. Neutronrayddifractioncan both be

utilized for PDF analysis.

Neutron diffraction has several advantages oveayxdiffraction as pertained to our
investigation. Neutron diffraction has the advantage of being able to detect hydrogen atoms
unlike xray diffraction due to scat from the nucleus rather that the electron cloud. A
second advantage of using neutron diffraction to investigate the structure is that the scattering
of different isotopes of similar atoms may have opposite signs. This is the caskl aitd
’H where their corresponding scattering lengths aB7423 and 6.674 respectivély.
Because of this difference it is possible to synthesize materials using stoichiometric amounts
of the different i sotopes of hydregenmt dot pe
scattering properties of a particular element; in this case hydrogen. This technique allows for
the investigation into particular pair correlations because the null sample, sample loaded to
negate scattering, shows diminished pair correlationenwcompared to the traditional
sample. This will be valuable in our study using PDF analysis of the diffraction to determine

if there are hydrogen contacts beyond local order.
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2.2 Results
Neutron Diffraction

Neutron diffraction data was collected fomalten deuterated and nulet sample, loaded at

a 2:1 ratio ofi*-ethylene and ethylene, in order to probe the liquid structure for similarities to
the crystalline material. The S(Q) diffraction is plotted in Figure 2.3 and shows a good
correlation betwen the calculated diffraction of the 1 equivalent crystalline material the

liquid diffraction. Several peaks are seerbwoth diffraction plots but theintensities are

varied including those at 1.1, 1.5, 2.0, 2.8, 3.7 and 5.2 Q. The FSDP codegposely

with the Bragg diffraction peak of the calculated structure for the 110. This peak also
possesses a slight shoulder that is most likely due to the 020 plane. The peak at 1.5 Q varies
dramatically from the deuterated to null sample as it ishmmore intense in the null sample

and corresponds to the 121 diffraction plane. The peak at 2.0 Q as well as 3.7 encompass
several Bragg diffraction peaks and are at a spacing typically seen for tetrahedral close
packing of halide$® Finally, the peakat 5.2 Q which is again larger in the null sample
envelopes several peaks but a dominant feature in the crystalline pattern in that region

represents the 434 diffraction plane.
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Figure 2.3 S(Q) plot for the molten deuterated and nuditl The FDSP seen at 1.05 Q
represent IRO present in the melt structure.
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PDF Analysis

The liquid S(Q) diffraction plots of both the fully deuterated and null sample were
Fourier Transformed into real space G(r) plots. A difference plot was generated by
subiracting the null G(r) from the deuterated G(r) and can be seen with the original plots in
Figure 2.4 as well as the assignment of atdom contacts. The deuterated sample depicts
scattering due to all atoms and the peaks are representative edtatorrontacts in the real
space while the null sample depicts the scattering for all atom except the contributions from
hydrogen as the scattering effects for hydrogen have been voided due to the opposite
scattering effect ofH and *H as discussed previouslyThe difference plot then is the
depiction of contacts where hydrogen is involve@ihe null scattering sample has major
peaks at 1.45, 2.56 and less intense ones at 4.01 and 4.80 A, indicatimgdrmyen atom
contacts, and are distances consistent @#8 and CuCl for the more intense peaks and
likely Cu-Al and the CuCu diaganol distance for the less intense ones, respectively. The
difference plot shows sharp peaks at 1.05, 2.11, 2.5, 3.5, 4.1 A consistent-Dith C
(bonded), @D (other carbon of &ylene), CuD, CI-D (adjacent chain), AD and broad
peaks at a higher spacing of 6.7 and 13.55 A corresponding to distances betvizeiov@u
the chain. There is also a distance in the difference plot at 9.3 A which is difficult to assign

as many distares for hydrogen contacts exist at this range.
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Figure 2.4 The PDF analysis of deuteratedleand the null sample. The difference plot
shows what contacts hydrogen is involved in. The peaks are labeled based on assignment of

atomatom contact.

49



2.3 Discussion

The rate limiting step for thd-et Y 2-et has been demonstrated to be a phase
boundary controlled mechanism of sorption utilizing solid state rate laws. As it has been
determined that thé-et was a liquid based on the isothermal temperature at which these
reactions progressed, a changethe applicability of solid state rate laws to only include
solid-solid reactions needs to be addressed. Based on these results, and that they differ from
classic thinking that only diffusion would occur through a ligYiit is conceivable that solid

state rate laws are valid for all condensed phases of materials including liquids.

S(Q) Diffraction

The amorphous diffraction from the molten samples-ef, both deuterated and null,
show a remarkable similarity to that of the calculated crystalliffiadiion. The FSDP, seen
at 1.1 Q, is found below 2 Q and represents IRO of the liquid. Further investigation of this
peak demonstrates it encompasses the 020 and 110 diffraction planes of the crystalline
material. These diffraction planes, seen inuFeg2.5, are formed from theet ladders
adopting a specific geometry with respect to one another. This FSDP would not be possible
unless these ladder chains persisted into the melt. Similar results have been reported for
chain structures of templatedufl;” whereby the diffraction planes formed by 1
dimensional CCls™ chains are shown to produce a FSDP around 1.0 % AFigure 2.6a
shows the sray diffraction of a molten and crystalline NMedemplated CpCls that has a

FSDP around 0.75 Q corpnding to the 200 and 101 diffraction planes.
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Figure 2.5 The 020 and 110 planes of thelestructure. These are most likely the planes

seen in th&SDPand represent the planes of the ladder structures.
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Figure 2.6%* a. Diffraction of thecrystalline and molten [NM&Cu,Cls. b. The 200 and

101 diffraction planes responsible for the FSDP of the liquid diffracti
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Figure 2.6b shows th&00 and 101 diffraction planes are due to the chain structure of
the CuyCls consistent with those seen in thetldiffraction. It is also possible to see the
diffraction caused by the closed packing of the chlorides in the molten diffratfibhe
peaks seen around 2.0 and 4.0 Q are representative of this halide packing as displayed in
Figure 2.7 and are similar to the peaks seen in the diffraction of the rhadten Figure 2.3.

This is indicative of the local bonding order persisting intortiten state and not being

dissociated.

PDF Analysis

The atomatom contacts that can be seen in the G(r) of the null and deuterated
samples have been assigned based on similar distances seen in the crystal structtre of the
et. By conducting the nullxperiment, we have been able to concisely assign the contacts
where hydrogen is involved as well as determine and assign contacts fagydrogen

atoms. There are several key contacts that need to be discussed.
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Figure 2.8. Two adjacent ladets of thel-et structure and distances between atoms that

have been assigned in the liquid structure based on the PDF analysis
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First, that we are able to see signals for large distances including 6.7 and 13.5 A,
distances of hydrogen to copper of thensachain, we are able to show that ket does
maintain chain structure into the melt and order beyond local bonding environments is
consistent even the liquid state. Interestingly, we also see a distance of 3.5 A in the
difference plot which has beessigned to a GD distance of an adjacent chain. That we are
seeing distances related between chains further corroborates that even the chains maintain
some organization between them as evidenced previously by the FSDP in the S(Q)
diffraction plot. Findl, as we have been able to assign contacts for all the local bonding
atomatom distances shown in Figure 2.8, also depicting IRO distances, it is clear that the

chain structure must remain pieced together in the mel-éte

2.4. Conclusions

Utilizing the same techniques used to study the structures of solids, it has been
determined that the liquitlet is possesses similar structure to the sahd thereby validates
the use of solid state rate laws to determine the reaction mechanism for the sofrption
ethylene from thd-etY 2-et. The FSDP seen in the S(Q) diffraction plot is consistent with
diffraction planes that are formed by theliinensional ladder chains and gives evidence of
IRO and a persistent coordination of the chains even into the Rair distribution function
analysis further corroborates this evidence as the assignment of almost all local bonding
distances has been been completed as well as distances representisbaihamteractions
and several rungs of the same ladder cliaiact in the liquid form. Further studies to
elucidate the kinetics of the same reaction, but below the melting point bithaeed to be

completed to verify that the reaction proceeds via a similar mechanism in botscwlid
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reactions as well ashe previously studied liquidolid reaction. However, it can be
concluded that the liquidl-et maintainsa similar structure to the crystalline form even in the

molten state and that solid state rate laws are applicable to all condensed phase reactions.

2.5 Experimental

Neutron Diffraction Experiments.

Deuterated Zquivalent ethylene CuAl¢lwas formed using the most current
understanding of pressures of formation discussed in the paper. By first forming the 2
equivalent structure at high pressuyrasout 1000 Torr, of ethylene gas monitored by a home
built gas line with a barometric readout, the powdered CuANzls allowed to react to
completion. By holding the temperature at 40 just above the melting point of the 1
equivalent adduct, and lesing the pressure of ethylene in the sample apparatus, the molten
1-equivalent adduct formed. The sample apparatus, depicted in Figure 9 was then tilted to
allow the liquid adduct to flow into the fused silica sample tube of the right size for neutron
diffraction experiments, flat bottom 2 mm inner diameter tubes. These tubes were then
flamed sealed using ice water to freeze the sample and not condense any ethylene that might
increase the pressure in the tube. The null sample was prepared in the sai@ewita the
exception that first, deuterated and rawuterated ethylene gas were trapped at desired
pressures, 1000 Torr-Bx to 500 Torr Het, in different glass bulbs connected via stopk
to a central tube running to the sample apparatus. The im@ie then opened to each other

and allowed to mix via condensing the ethylene by dipping one bulb into a dewar of liquid
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nitrogen. After mixing, the gas was then exposed to the sample, allowed to equilibrate and

then the pressure reduced to form thegjtivalent ethylene adduct.

Neutron experiments were conducted at the former IPNS (Intense Pulsed Neutron
Source) at Argonne National Lab in Chicago using the GLAD (Glasses, liquids and
amorphous diffraction) beatine. Samples were heated to %D to ersure complete melt
and collected for 8 hours or 16 hours for the deuterated and null sample respectively. Data
was then processed to obtain raw I(Q) plots which were corrected and processed to obtain the
S(Q) plots seen. The S(Q) data was Fourier Tram&fd to obtain the G(r) plots. The two
G(r) plots, deuterated and null, were normalized using the 1.45 angstfino@d distance
set to equal intensity as it would be the same for either species. The difference plot was then
obtained by simply doing aubtraction of the two plots. G(r) plots were created using the
ISAW 1.8.0 software, created September 2006, and specific macros written for the GLAD
beamline at the IPN®. A smoothing of the S(Q) data was completed for appearance only

and not used whegmerforming the Fourier Transformation.
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Figure 2.9, Apparatus design built tetlmake deut el

Apparatus with CuAlGlsample is pressurized with the correct amount with ethylene to
makeet-1 which melts and runs to ot of sample tube. The sample is frozen and tube

sealed for neutron diffraction experiments.
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Chapter 3:

Synthesis of a luminescent nitroxobenzene polymer by

aluminium chloride catalyzed dehydration of nitrobenzene.

Robert J. Wilcox, Jacob C. W. Folméustin G.KennemurandJames D. Martih
Department of Chemistry, North Carolina State University, Raleigh, North Carolina 27695

jdmartin@ncsu.edu

ABSTRACT. Under solvothermal reaction conditions, nitrobenzene is heated in the
presence of aluminum chloride to yield a luminescent and paramagnetic low molecular
weight polymeric material along with AI(Q§#Cls. MALDI mass spectral analysis
demonstrates that the polymeric repeat unit consists of the biphenyl m@&EHs-
ONGCsH,). Four distinct polymer fractions are isolated based on differential solubility
characteristics. The primary differentiating features of these fractions appear to be their
considerably different conjugation and branching characteristics. A radicdlamsa,
consistent with the formation of Wheland intermediates is proposed to account for the
observed mass spec, IR, UV/Vis, EPR and size exclusion chromatographic data.
Luminiscence spectroscopy data is also provided demonstrating the white lightoemissi

exhibited by these polymers.
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3.1 Introduction

We and others have been interested in exploring the reactivity of Cu(l)Cl towards
olefins, aromatics and carbonyls in the presence of strong Lewis acids such asnaCl
ZrCla.t#34>Under such condbns, the & copper center reacts in a rofassical fashion
acting as a-acid, bonding through its lolying 4s/4p LUMO, as opposed to acting ag-a
base with bonding through its 3d HOMO. It already being demonstrated that bémnehe,
the more elecon donating toluerfeform stable adducts with CUAI§Iwe were curious to
understand whether or not such raassical Cearomatic bonding could also be observed
for the electron deficient nitrobenzene. As will be demonstrated by this work, nitrobenzene
does not form an adduct with the copper (I). Instead the oxygen of thegmitrp
preferentially interacts with the aluminum, which in turn facilitates a dehydigmerization
of the nitrearomatic. The products of this reaction, whereby the alumirhlanide extracts
water from the nitrobenzene, are luminescent nitroxoaromatic polymers. Their synthesis and
characterization is discussed herein.

A search of the literature finds that a nitrobenzene/aluminum chloride adduct is
known and has been crystjraphically characterizéd. In that compound,
(CeHsNOL)AICI 3, an oxygen from the nitro group is coordinated directly to the aluminum.
There are further reports of a two equivalent adduct phase, however, such a compound has
never been reliably isolatech@ characterizell. An early report notes of the explosive
reactivity of aluminum chloride and nitrobenzene, suggesting that a chlorinated
nitroxobenzene polymeric tar is the resultant produte polymer that we report here is

chlorine free, and undeeaction conditions examined no explosions occurred.
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We find relatively few literature reports of the polymerization of nitrobenzene.
Polymerization to yield a proposed nHsabstituted triarylamine is reported to be catalyzed
by a cupric ferrocyanideey’® Cavitation* and plasm¥ excitation induced polymerization
of nitrobenzene are also reported. Nitrification of polyanalines has successfully yielded
better characterized nitroaromatic polymers that contain a polyphenylene batklfone.
However with increasing interest in electronic modification of conjugated polymers for
conducting and light emission applications, there is clearly value in developing such
materials. The nitroxoaromatic polymers reported here exhibit broad emission across the

visible spectrum and thus may be interesting candidates for lighting applications

3.2 Results and Discussion

3.2a Synthesis and Purification

In an attempt to grow crystalline adducts of rodaromatics with CuAIG|

solvottermal reactions were empley sincethe CuUAlCkL used in reactions was o
completely soluble in nitrobenzene at room temperatu@uAICl, anddried nitrobenzene
were placed int@ thick walled(2 mm)fused silica tubeinder a N atmosphere. The sample
in the reaction tube was thdrozen in liquid N, evacuated, andealedusing a torctsuch
that the reaction vessel was filled less than 5@aution: filling a solvothermal reaction
vessel to greater than 80% fill is dangerous and can lead to explosion upon heavieg.
with lower fill volumes appropriate shielding should be in place around any solvothermal
reaction as a precaution in the event of vessel ruptufieatingthe reaction mixtureat

180°C in an oven for 50 hours yielded a blue-lijje¢ materialwith a few colorlessingle
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crystals dispersed throughout)pon further characterization basedintependent reactions
of nitrobenzene withCuCl and AIC}, respectively,it was determined that CuCl was
unnecessary for the reaction, and that the dlrd&color was not a rest of oxidized copper.

Upon addition of only AIG to nitrobenzene, its pale yellow color changes to a
brighter yellow. Monitoring the progress of this reaction we observed that the bright yellow
solution began to darken to a brownish color after aB6umin at 180 °C. The reaction
mixture had turned a deep red after 2 h, and the dark blue color was observed within 24 h.
After about 50 h the reaction was cooled to room temperature at five deg/min with the
product being a dark blue gel along with @ feolorless crystalsinterestingly in the MSDS
for AICI3 as well as in literature repoytalCls is reported to be explosive when combined
with nitrobenzene at elevated temperatireslowever, those reports do not indicate that
inert reaction conditiom were employed. Though precaution was taken, in over twenty
reactions we have had no explosion. We presume that the closed system and inert
atmosphere of the solvothermal reaction preclude explosion. Instead these reaction
conditions induce dehydypolymeiization. Analogous reactions with nitrotoluene as the
solvent/reactant resulted in the formation of a similar, dark blue polymer, and reaction with
nitromethane resulted in the formation of a colorless solid product. The products of the
nitrotolueneand nitromethane reactions have not yet been significantly characterized.

To obtain a sufficient quantity of product from the polymerization of nitrobenzene for
characterization studieshe reaction wascaled up using a Teflon lined stainless steel
autaclave reactor. Anhydrous Algand dried nitrobenzene were combirzed sealed in the

autoclavein anitrogen filledglove box and reacted at 180 for 50 hours. The product gel
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is not air sensitive and can be handled on the btagh After drying thegel undervacuum
or by evaporation in a hood to remove thereacted nitrobenzenéhe resulting yield of
isolated product from reactions of6al nitrobenzene:AlGImixture was consistent with a
conversion of about5% of thenitrobenzene No significan efforts to optimize the yield of
this reaction have yet been pursued.

Thermal gravimetric analysis (TGA) and elemental analyses of the bulk product
indicated the presence of an inorganic component. However, the mass spectra described
below, showed no édence of the inorganic aluminum or chloride. To remove any inorganic
by-products from the materiahé¢ solid wasvashed with 6 MHCI. The HCI washing was
followed bywashing withdeionized water to remove any acilGA measurements, shown
in Figure3.1 confirm the successful removal oktinorganic componefs). As shown in
Figure3.1, both (a) bulk and (b) acid washed product were heated to 500 °C under a nitrogen
stream and exhibited weight loss of 50 and 30%, respectivl0C, the purge @s was
switched to oxygen to burn up any organic mateaiad convert any inorganic material to
ash. As shown ifrigure lathenonacid washegample left ash of about a 30% mass of the
original materigl the ash likely being ADs;. By contrast, no redue remained after thermal
oxidation of the acidvashed sample, Figure 3.1b, confirming the removal oirtbieganic
component While acid washing successfully separates residual inorganic components from
the nitroxobenzene polymer, further solubility dies indicate that the material can be
separated into at least four fractions. Attempts to dissolve the material in acetone in order to
obtain NMR spectra resulted in the extraction of a red/purple solution from the dark blue

solid. No meaningful NMR chiacterization was possible because the material proved to be
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paramagnetic due to nitroxyl radicals. Using a 50:50 acetone/methanol solvent mixture two
independent fractions, one red and one purple, eluted through a silica gel column. A third
blue componet eluted with pure methanol, having also deactivated the silica gel. The fourth
fraction was the residue that was not soluble even in pure methanol, presumed to be the
largest molecular weight and/or crosslinked polymer fraction. The three solublensact
were later found to be as readily separated using different solvents, as by column
chromatography. Extraction of the bulk acid washed product with diethyl ether or benzene
uniquely separates the red fraction, recovered as 47% of the bulk mixtutesseg8ent
extraction with THF or acetone uniquely separates the purple fraction, recovered as 22% of
the bulk mixture. Finally, a subsequent methanol extraction uniquely separates the blue
fraction, for which a quantity of 8% of the bulk mixture was recede The remaining 23%

is the insoluble dark fraction.
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Figure 3.1. TGA Analysis ofthe (a) as synthesizednd (b) acidwashednitroxobenzene
polymer. At 500 °C the purge gaswas switcled from N, to O, to burn upany organic
material 30% inorganic ash remained in the as synthesized sample, whereas no ash

remained in the acidiashed sample
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3.2b Characterization

XRD. One of the colorless single crystals wasked out of the original reaction
mixture and characterized by single ¢aysx-ray diffraction. Refinement of the unit cell
confirmed the identity of the crystal as AiEH,0)."> The anhydrous reaction condition
guarantee that origin of the water molecules must be the chemical reaction itself. The only
source of oxygen in th reaction is the nitro group, and the only source of hydrogen is from
the aromatic ring. The net removal of water from nitrobenzene is thus determined critical for
the polymerization and formation of the nitroxo radicals, described below.

NMR and EPR Evaluation ofa sample othe bulk reaction product extracted info d
acetone revealednly nitrobenzene; reactedstarting material. HoweveEv ands met ho
NMR experimers'® revealed the bulk material as well as #md washedand separated
fractionsto beparamagnetic species. An EPR spectrum of the bulk solid sample reveals a
signal at a field strength &373G as seen in Figurg2. This result confirms the presence
of a paramagnetic species amd attribute its appearance to feemation of a pramagnetic
nitroxo radical*’

IR Spectroscopy IR spectra were measurasing attenuated total reflectance (ATR)
for each of the soluble fractions. A solid sample of the bulk acid washed material and drops
of extract slutionswere placednto an ATR cystat the latter were air dried to evaporate
the solvent. Excluding the residual solvenisjilar spectravere observedor all fractions
with the most prominent absorptiobging thosearound1460 cm* and 1260 cml. The
spectraof the acid washeduk solid and the three solvent isolated fractiomshownin

Figure3.3, along with tle spectrum ofitrobenzendor comparison.
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Figure 3.2. EPR spectrunof a bulk sampleof the nitroxoaromatic polymetonfirming

paramagnetic speciéisat is cmsistent with a nitroxo radical
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Figure 3.3. IR spectra of nitrobenzerngreenline) andacidwashedbulk solid (dark blue),
ether soluble fraction (red), acetone soluble fraction (purple) and methanol dohatiten

(brightblue).
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The peds assignable téthe symmetric and antisymetritretching of the N@bonds
(1517 and 1341 cih respectivelyfor neat nitrobenzenere notably diminished or absent in
the new products. By contrast the new product exhibits a sharp absorpti¢Batni for
the red fraction; the peak is significantly broadened and shifte®D2fm' higher in energy
for the larger blue fractions. This bandclgaracteristiof anN-O stretch corroborating the
assignment of the nitroxo radical by EPR spectroscdjhye peak at 1262 cih(red fraction)
and broad absorptions between 1150 and 1350 observed for the purple and blue
fractions are attributed -8 stretches. The IR spectrum further reveatsoadening of the
aromatic stretchéisends/wagscompared to that ohitrobenzene The strong aliphatic
stretching at 2900 and 2850 ¢nis most likely due to residual solvent in the solvent
deposited samples These spectra are notably different from those reported for the
polymerized product of nitrobenzene using a uferro-cyanide catalyst’ While the GN
stretching region around 1250 ¢ris related between the two materials, our materials clearly
show the presence of NO rather than,d@etches. The difference between these respective
nitrobenzene polymerizain products is accounted for by the chemistry induced by the
respective inorganic catalysts. Polymerization with the feyamide catalyst results in the
evolution of CQ and N whereas our aluminum chloride catalyst causes the evolution of
H,0.

MALDI -tof Mass Spectrometry MALDI (matrix assisted laser desorption
ionization) mass spectrometry was employed to further characterize the products. The
spectrum of the blue extract is shown in Figdd. Surprisingly all three extracted

fractions as well @ the mass spectrum of the bulk raand washed material, exhibit similar
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mass spectra. The dark blue fraction bikionly a slightly higher proportion of the high
mass fraction peaks The most notablefeature of the mass spectrum is {hettern of a
repeating clusteof mass peaks with intervals of 211 Daltons to masses of gteated ®0
Daltons. The repeating w@ss fraction of 211 is consistent with polymer with anonomer
formula of (C12H/N2O2), and the repeating of up to at least .6Evaluation of the fine
structure about the lowest mass cluster of peaks finds peaks at 212 and 234, and
corresponding peaks at 228 and 260 Daltons (inset to FiguTd&d)mass peakat 234and

260 Daltons are&22 Daltonslarger, respectively, than the primary peaks212 and 234
Daltons, whichs a result ofionizationof the primary ion with sodiurmstead of hydrogera
phenomenorcommonly observed with the MALDI techniqife. The masspeaks 212 and
228, and 234 and 260 Daltons, respectively, are each sepayatednhss of l@laltons
corresponding tdahe difference of one oxygen atom, likely associated with certain of the
nitrogenrroxo groups being Ngnstead of NO groupst shouldalsobe noted that no isotopic
distribution due to chlorine isbserved in any dhe mass spectra confirming removal of any

residual aluminum chloride and no chlorination of the polymer.
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Figure 3.4. Mass spettum of the acidwashed methanol soluble dark blue fractiomset

showsa blowup of the region around the prary ion of 212 m/z.
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Figure 3.5. Size exclusiorthromatography ohte redether extractefraction fed line), and

the purpleacetone extractefdaction @urple line). Each fraction was redissolved in THF for
compatibility with the size exakion column. Thelark blue tracecorresponds to a sample
directly extracted into THF from the aewashed bulk materialVertical lines represent the
elution times for the polystyrene standards with molecular weights of 377,400; 96,000;

19,720; 2,290 ah 1,180 Daltons, respectively.
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Size ExclusionChromatography To gain a better undganding of the polymeric
nature of this material, the two THF soluble fractions (red and purple) were analyzed by size
exclusion chromatography using Styragel columiise measurement was calibrated using a
fit to a series ofinear polystyrene staratds with molecular weights ranging frayl80 to
377,400Daltons The internal calibration of the instrumeagainst the standaresasutilized
to evaluatanasses above@O0Daltons. However, because the majority of the material was
apparently quite low molecular weight, regression fitwas performedto extend the
calculated molecular weights based on elution time to below 3,000 ntassh analysis
introduces additioaerror into the results, but does provide a valuable qualitative
comparison of the respective fractiorigaces of the elution data agzen Figure3.5.

This size exclusion datenustbe interpreted with cautiowith respect to the actual
molecular weift of the fractionsince without knowing thactual structure of the polymer
its elution characteristics with respect to the standards are not krideth. low molecular
weight and highly branched fractions are anticipated to elute with longer retemtesntbhan
higher molecular weight and less branched fractiddsvertheless, the relative distribution
differences of theariousfractionsis insightful The red fraction isomprised of specidhat
exhibit the longest elution times. If the size cadiibn based on the polystyrene standards is
reasonably correct, the smallest fraction observed by size exclusion chromatography is
consistent with the primary peaks of 212 and 234 Daltons observed in the mass spectrum,
and the secondary peak around 40@de is consistent with the n = 2 oligomer. However,
because the mass spectrum of the red fraction exhibits essentially the same distribution of

higher mass peaks as do the other fractions, we suspect that the longer retention times are as

76



likely to be aresult of a highly branched, as opposed to a low molecular weight species. The
purple material exhibits elutiopeals around 400 and 900 dltons which if directly
consistent with the linear polystyrene would correspond to n = 4 or 5 oligomers. Timg leadi
edge for theelution of this purple fraction extends to significantly shorter elution times
suggestive of alistribution of species with molecular weights up to 4,a01000 Daltons
The different elution times of this fraction could equally be a teddn intermediate extent
of polymer branching. The fraction extracted into THF directly from the bulk contains a
mixture of the red and purple fractions, albeit with a greater proportion of the longer elution
time fractions. The blue fraction which is not soluble in THF and thus could not be
analyzedis assumed to contain significantly largerd/or less branchgumblymeric units.

UV-Vis. UV-Visible spectra were taken @&ach ofthe three separated fractions
redissolved in methanolEach fractiorexhibited a boad absorption feature with,ax at 577
nm, 517 nm, and 501 nm for the blue, purple and red fractions respectively as shown in
Figure3.6 . This absorptitoon its adsdtikgfiorp codjugationt o
between the nitrogeand the aromatic ringS The red shift in the absorption energy from
the red to the blue fraction is consistent with increasegugation length of the polymers;

the longer the conjugation distance of the polymer backbone the smaller HOMO gap
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Figure 3.6. UV-Vis spectra of theether(red line), acetone (purple line) and methanol
(blue line) separatedractions of the polymer redissolved in methanol.The inset is a

photograph of each of these fractions redissolved in methanol.
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Figure 3.7. Photograph of the emission resulting from excitation by a hand held UV &amp (
= 254 nm) of methanol solutions tife ether(red), acetone(purple) and methano(blue)

separated polymer fractions.
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Luminescence When solution®f each fraction are exposed to UV light using a hand
held I amp (&=254 nm) a broad, near white
illuminated color of solution is observe(Compare the colors of the fractions pictured in
Figure 3.6 with that in Figre 3.7.)

The emission spectras a function of the excitation wavelengththese materials
weremeasured from 20000 nm Excitation/emissiorcontour plots are shown in Figuses.

These luminescence data are also consistent with the synthesizedlrhateg a conjugated
polymer with the respective isolated fractions exhibiting various conjugation lengths. The
striking feature along the diagonal of the excitation/emission contour plots is a result of the
scatteed excitation beam.

The second ordescattering is also observed for the large blue fractidhe off

diagonal features correspond to the emission of the sample iid&df.relative intensity of

the scattered beam with respect to the mat el

blue fraction than in the red fraction consistent with the blue fraction also being the largest
size particles. There are three primary exitation/emission maxima (lkB=dn Figure3.8)

that are essentially common to all three isolated polymer fractidhe most intense feature,

A, common to all three isolated fractions is very broad in both the emission and excitation.
Just as the absorption spectra of Figdifedemonstrated a red shift with increasing polymer
conjugation length, the maximum of shexcitation feature shifts by about 50 nm, from about
600 nm in the red fraction to abo®50 nm in the blue fraction once again indicating an
increasing conjugation length of the polymer. The emission from this excitation is observed

to extend from thenear IR into the green portion of the visible spectrum. A second
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maximum, B, observed at the higher energy excitatiod0@-nm) with the same, albeit
slightly narrower emission maximum as tAepeak, is observed for all fractions. The blue
fraction alsoexhibits a relatively sharper excitation maximuy, at about 500 nm. The
maximum,C, is observed at higher energy (410 nm emission, 450 nm excitation for the red
fraction). This emission is also fairly broad, extending from the green into the bluenport

of the visible spectrum. This peak also shows a significant red shift in both the emission and
excitation between the red and blue fractions likely indicative of the polymer conjugation
length. The combined emission from featufesind C result in tle observed white light

emission.
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Figure 3.8. Exitation/emission spectraontour plots of theether (ed), acetone (purple)
purple methanol (blue) and bulk polymer fractioreglissolved in methanolThe maxima

along the diagonals are andtmsnental artifact fronscatterof the excitation.
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3.3 Structure and Polymer Formation

The inablility to perform NMR on this material provides a considerable challenge to
the elucidation of its structure and a possible formation mechanism. Neverthvedess
propose a possible structure and mechanism to account for this polymerization of
nitrobenzene taking into consideration all of our observations to dateas well as Wheland
intermediated® The loss of a nitro oxygen (N{to form nitroxo radical(s) (N, along
with the formation of AICIGH.O is likely the result of a radical mechanism in which the
aluminum chloride facilitates polymerization by dehydration of nitrobenzene. The mass
spectral analysis indicates that the repeating unit of the polgxhésits a molecular weight
of 211, consistent with a bisnitroxobiphenyl moiefjjo exhibit the observed fragmentation
pattern, the biphenyl moiety must effectively be the monomer which, subsequently linked via
nitroxo radical bridges to form the polymemterestingly, each of the red, purple and blue
fractions exhibits a very similar mass spectrum (Figd4¢ indicative of at least six biphenyl
repeats. The mass spectrometric data suggests that the apparent lower molecular weight for
the red fraction imlied by the size exclusion chromatography is actually an indication that it
is more highly branched than the linear polystyrene standards, whereas the blue fraction
which appears to be larger by size exclusion chromatography may be of similar size to the
red fraction but just less branched. The absorption and luminescence spectral
characterization (consistent with the observed color of the materials) clearly points toward
the formation ofpolymers for which nitroxo radicals exhibit a varying extent ofjegation;
the red material having a shorter conjugation length than the blue material. Together, these

data suggest that the conjugation | engt h,
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correlated to the physical size of the polymer. To adcdan this, it is likely that
polymerization may proceed such that the nitroxo radicals are conjugated into the polymer
backbone, or such that they are electronically isolated by a biphenyl linkage.

Consideration of the intraand intermolecular hydgen bonding from an analysis of
the crystal packing in the previously characterized AITINCsHs)’ species provides
possible insight into the mechanism and likely connectivity of these polymers. Jable
summarizes all of the€H and Ci-H contacts irthe crystal structure that are less than 3.5A.
A ball and stick drawing of four neighboring molecules is given in Fi@8e Of course
care must taken when comparing crystalline structures to structures of molecules in the
melt/solution. However, liqds also being a condensed phase of matter, often exhibit
significant correlation between liquid and crystalline structéiresntramolecular contacts
are most reliable when inferring structural information about a liquid from its crystal
structure. Butsis apparent from the example of diffraction studies of liquid benzene itself,
intermolecular interactions in the liquid are often quite analogous topthtaking
arrangements in its crystalline foff. Thus, crystalline structures can provide relevant
models of liquid/solution interactions, particularly for short and intermediate distances which
are pertinent to reaction mechanisms. Of particular interest in the structure of the addust
AICI 3(0O.NC¢H5s) is the 8membered ring formed by the pair of molexulA andB in Figure
3.10) which includes the intramolecular contacts between O(1) and theH(@h@nd the
shortest intermolecular hydrogéond contact, between CI(2) and the ofH@). A
similarly short hydrogetbond contact between CI(3) and thetesH(3) (molecule8 andD

in Figure3.10) is observed. We suggest that these hydrogens, activated by the aluminum
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chloride, are likely candidates for abstraction during the dehydiymerization of

nitrobenzene.
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Table 3.1 H--X distances calculated the from the crystal structure of sNE,CeHs).’
Atoms indicated with an * represent intramolecular distances. Thésmétd/norbonded

distancesvere not reported in the original manuscript.

H2 o2* 2.38

CI3 3.13
Cl1 3.26
02 3.28

H3 CI3 2.92
Cl2 3.09
Cl2 3.42

H4 Cl1 3.25

02 3.27
H5 Cl1 3.24
CI3 3.33
H6 o1+ 2.46
Cl2 291
CI3 3.12
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Figure 39. Ball and stick drawing of the crystal packing of four neighboring
AICI3(O,NCgHs) molecules, labeledd-D, which exhibit G-H (green) and GiH (red)
hydrogenbond contacts of less than 3.3 A Atom labeling is that given in the original

crystal structure repoft.
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We propose that the solvothermal heating of nitrobenzene and aluminum chloride
may result in te abstraction of Bfrom the ortho position on the aromatic ring (H(6) above)
and its addition to the nitro group to give the diradibal, The AICk may stabilize such a
phenylnitronic radical even more so than was demonstrated®@¢®)NCsHs), a,%° the

result of adding Ko nitrobenzene.

_AIC,

O'\N/O_H O.‘N’O\H
a b

Based on Whel &ntoedpbenyp radical iiscmost dikely to attack another
molecule of nitrobenzene in either an ortho or para position. The structural arrangement of
the pair of AlG3(0O.NCsHs) moleculesA andB in Figure 10 is almost prerganized for such

an ortheattack to form the bphenyl linkage with the corresponding®ttacking the N@of

the added molecule to form the biphenylbisnitronic radedyhich effectively becoms the
monomer for subsequent polymerization. Alternatively, radical attack at theqsitieon,

also with a viable model from the crystal packing of molecAlesdC in Figure9, would

result in the biphenylbisnitronic radicald 6

| .
N
[ \ or O-
O- .

CI CII H
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Being weakened by coordination to the strong Lewis acid, the solvothermal
conditions afford abstraction of OFtom one of the nitronic radicals leaving an electrophilic
nitrogen intermediate,d, that can undergo electrophilic addition to a neighlgorin
biphenylbisnitronic radical. Deprotonation by the [(HO)AICfinally yields the nitroxo
bridged oligomer along with # and the Al({ catalyst. Propagation of this reaction, steps
d-f, result in the final observed products represented in Fig& If the propagation
proceeds using the phenylnitronic radical on the same aromatic ring to which the last nitroxo
radical bridge was formed then the aromatic/nitroxo radical conjugation length is increased.
By contrast propagation using the phenylnitcoradical on the other side of the biphenyl
linkage breaks further conjugation. These two possible propagation pathways are

represented by the blue and red brackets in Figidte respectively.

/AICI
o= Y /A'C' O Flio AlCI,
CIAI/\ Q ClAI— ONo ClAI— N/
+

H
I
" a RN +NH(ﬁ

N-o- A, o N~q.
AICI
O- /O N O

N
A CIAI ‘_ aA’ o
©d

B

H,O + AICl,

’l‘
O

Cl,Al

89



CLAl

Cl

Figure 3.10. Proposed connectivity of the nitroxoaromatic polymer. Propagation as
represented by the blue brackets results in increasing length of conjugation of the aromatic
system. Propagation represented by the red brackets results in growth of the polymer,

however the biphenyl linkage will break conjugation
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The formation of each biphenyl link, and each nitroxo radical bridge generates one
equivalent of water, which results in the formation of AlREIl;, and corresponding
deactivation of the aluminum Idride catalyst. The acidiash for purification of the
polymer, to remove the inorganic component, likely protonates any remaining pendent
(HOAICI3) units resulting in the loss of @ and termination of the polymer with nitroso
group. That the TGA expenients clearly showed the AlQbersisted with the polymer, yet
the mass spectrum provided no evidence of any Cl was initially perplexing. However, the
MALDI experiment utilizes an acidic matrix for the soft ionization, and thus effectively

provides an adiwash which removed the aluminum chloride from the bulk product.

3.4 Conclusions

Because of its potential as a conducting and/or luminescent polymer, there have been
numerous attempts over the years to directly polymerize nitrobenzene, but with limited
success. Here we demonstrate that the solvothermal reaction of nitrobenzene in the presence
of an aluminum chloride catalyst results in the direct polymerization of nitrobenzene to yield
chlorine free paramagnetic, yet luminescent materialfie aluminumchloride forms a
Lewis acid adduct to an oxygen of nitrobenzene, and has an inductive effect on the aromatic
system Proceeding through Wheland intermediates, a radical mechanism is proposed
whereby a nitro oxygen atom and two aromatic hydrogens ardodstrm water in the
process of forming € and CGN polymer linkages. Preliminary experiments with
nitrotoluene and nitromethane suggest that this reaction mechanism may be generalized to

many organiaitro compounds. The polymerization as reported heppears to be limited
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by deactivation of the aluminum chloride catalyst as water is produced and AJCDHs
formed. Developing further control of this dehyghrolymerization reaction promises to

yield the ability to engineer important luminescent/andonducting polymers.

3.5 Experimental Section

General. All reaction preps were completed under inert atmospheres utilizing a nitrogen
filled glove box. AIC}was purchased from Fluka was sublimed under dynamic vacuum and
characterized using powdex-ray diffraction. Diffraction was completed on an Inel
instrument with a Cu radiation source. Nitrobenzene from Aldrich was distilled and dried
over molecular sieves or the anhydrous material from Aldrich was just stored over molecular
sieves. Reaains wereloaded in a 6:1 nitrobenzeAdCl; ratio and sealed in either thick
walled fused silica tubes under vacuum or in an autoclave. Reactions took place in ovens
heated to 180C for 50 hours. Upon completion, vessels were opened in air and sample
removed using methanol solution if necessary. Reaction was then dried to remove excess
nitrobenzene. The sample wasrnhwashed 3 times using 1:1 HOl: water washing
followed by 3 washing with DI water. The material was then dried. Separations were done
using a silica gel column with a 2:1 acetone:methanol mixture followed by pure methanol to
elude the last portion. Separations were also completed by first using several fractions of
solvent, starting with ethyl ether and dissolving the smaller redidraeind filtering solid
undissolved aliquot with filter paper by gravity. This process was repeated with the same
solvent until no further material would dissolve. The filtered solid was then dried and

dissolved with acetone following the same proceduFenal separation was done using
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methanol as a solvent. These separated fractions were then dried using a rotovap. The
separated fractions were then used for analysis. Any solution analysis was done by
dissolving all three fractions in methanol. Bulkalysis was done using the bulk washed
material dissolved in methanol.

TGA Analysis. Initial analysis of the bulk material was performesthg a Thermal Analysis

TGA Q50 device with an auto switching gas flow. The unwashed dried bulk powder and
washeddried bulk powder samples were both heated to°&0at 5/min. At 500°C, purge

gas was switched fromJNo an Q stream to burn organic material leaving inorganic ash.

Single Crystal Unit Cell Determination. Unit cell determination of AlIG{H.O)s was
completed using a Bruker Nonius X8 Apex2 diffractometer. A single crystal was picked
from reaction after quickly breaking the fused silica tube open and finding a nice, clear
crystal. Matching of the unit cell dimensions was done by completing ar@igalbatabase
search revealinglCl3(H20)s.

NMR. NMR *H proton analysis were completed using a 300 MHz Varian Mercury. Samples
were dissolved in -@hloroform with TMS. Bulk reaction material matched the signal for
nitrobenzene. Further analysis was compded using the Evanos me
paramagnetism. A melting temperature capillary was used as in insert filled with d
chloroform and TMS. The spectrum showed a separated TMS peak proving a paramagnetic
material was present.

EPR. Continous wave (@) X-band (9.89.5 GHz) EPR Spectra were acquired with a
Century Series Varian-EQ9 (varian Associates, Palo Alto, CA) EPR spectrometer and

digitized to 2000 data points/ spectrum. Typical settings were as follows: microwave power 2
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milliwatts, field moduation frequency 100 kHz,and amplitube less than 1 G to a avoid over
modulation. The specific range of the magnetic field scan can be seen in the spectrum, 100
G centered on 3373 G. The solid washed bulk material was used for analysis by EPR.

IR. Sampés were dissolved in methanol and the solution was dropped onto the ATR crystal
where the solvent was allowed to mostly evaporate. All spectra were collected using a Bio
RadDigilab FTS3000 Fourier transform infrared (HR) spectrometer using a mounted
crystalline Germanium, attenuated total internalection (ATR) sampling attachment (Pike
Technol ogies inc., Ml RacleE Single Reflect]i
650 to 5500 ci. The infrared light is focused onto the photodiode of a liquid nitrogen
cooled, narrow band mercucadmiumtelluride (MCT) detector with a normal spectral
response of 650 to 7000 &mThere is nominally one reflection with a spot size of
approximately 100 microns. The spectrometer and attachment where purged with dry
compressed air, which reduces the possibilitgtaiospheric water or GQ@ontamination of

the spectra and samples.

MALDI Mass Spec. Mass spectrometry analysis was completed using a Bruker Daltonics
(Billerica, MA) Omniflex MALDI TOF Mass Spectrometer. Samples were dissolved in
methanol and 30 micralier s of sol uti on were miCyaecd- wi t h
hydroxycinnamic acid solution and allowed to dry on a Omniflex sample disc. The disc was
then loaded into the instrument for analysis. The instrument is equipped with a 337 nm
nitrogen lasr.

Size Exclusion Size Exclusion chromatography was completed using a Waters 2695

Seperations Model Chromatograph utilizing three Styragel columns in the following order;
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HR4, HR2, HR1. Each column has an 11 minute time for elution. Asid\detector 2996

PDA, with a range from 38@80 nm was employed for analysis of elutants. THF was used as

a solvent at a rate of 1.00 mL/min and the columns were kept°@t 3% regression was
applied to the retention time vs. the ldagan of the molecular weight® obtain a rough
estimate of weightbecause the software, Empower Pro, could not extrapolate below 3000
daltons with confidence. This fit is a rough estimate and not an exact weight.

UV/Vis. UV/Vis spectra were obtained using a Cary 3e spectromeide separated
fractions were dissolved in methanol and analyzed to determine absorptions. The spectra
were collected from 35000 nm.

Fluorescence Solution fluorescence spectra were obtained with an ISS PCDrfiater

with a Xenon arc lamp. Sanes weredissolved in methanol and emission spectra {200

nm) were obtained for excitatioat wavelengthsevery 5 nm between 200 and 790 nm
measuredht 90 from the excitation wavelength. Since no filters were used, it is possible to
see the excitation pks present in the fluorescence spectra. Using the Origin Program,
contour map plots of this data were created to more easily interpret the data and trends seen

in the varying excitation graphs.
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Simon Lappi, and Keith Beck for their assistant in obtaining the mass spectra, EPR data
collection, IR spectra, and size exclusion chromatography déia.IR work presented here
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4.1 Introduction

Creating a sustainable global enviremhis of utmost importance for future generations
and the overall continuance of life on the plan&educing waste as well as finding an
effective media to meet rising energy demands is contingent upon breakthrough discoveries
in the sciences. Understading fundamentalinteractions beveen small molecules and
reactive metal centeis an essential piece in the development and desigmooé efficient
systems to help reduce wasted increase energy outputCurrently, the storage and
production of H for use in fuel cells has beerhaavily researched aré4® One effective
way to store and create 4 in the splitting of watef. Understanding how water can interact
with metal centers anthe types of hydrates formeds likely critical for the desig of
catalyticwater splitting systems.

We, as others studying the condensed phases of,,Zh&le been concerned with the
matter of its hydration. We have further been interested in developing a mechanistic
understanding of how small molecules reacthwirystalline materials. Previous work
seeking to understand the hydration of ZnR4ve revealed one crystalline phase, the 1.3
hydrate> and modeling studies have proposed additional structures including a 2, 2.5, 3, and
4 hydrate®’ In the absencefa@rystalline materials additional structural information has been
extracted from liquid xay diffraction and EXAFS?

A recording microbalance with temperature and reactive gas control was constructed as

schematically described in Figu4el to measw mass of water vapor gained by the sample.
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Figure 4.1. Schematic of constructed microbalance used for sorption isotherms.
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4.2 Results
Sorption Isotherms

To elucidate the various hydration levels of ZnG@nalysis was contgted using the
abo\e described gravimetric microbalance of our own desf@ar system allows us teary
the sample temperature atackeep thevapor pressure constantilibrated hydratiotevels
for independent sample tempeena@s were obtained like the ongsen in Figte 4.2. The
Figure shows examples of the isobaric sorption ana(jiseswatervapor pressure was kept
corstant at 4.58 Torr by passing moist nitrogen through a copper coil submerged in an
isotemp bath kept at’Q) that were collected usingur constructe microbalanceat varying
sample temperatuse Sample temperatures 6f, 6°, 19, 26°, 34°, 43°, and 60 Celsius
resulting inhydrate levels 014.28,10.55,4.96,3.99 3.28, 2.55, and 0.03 molesater/ZnC}
respectively, can be seen on this gra@anple temperatures were always kept above the
dew point so no condensation could occur. When running room temperature hydration

experiments, sorption of ~21 equivalentgd#nCh took place.
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All samplesexcept those above & deliquescesoon after hydratiorsistarted. The
equilibrated sorption isotherms were plotted as sorption maxima vs. sample temperature to
better understand the hydration curve at this vapor presdurghould also be noted that
sample temperatures above 8D showed no hydration at the58 Torr vapor pressure
experimentsas seen in Figure 4.3 of the point at’60corresponding to the sorption isotherm
seen in Figure 2 for the 6C experiment This graph shows a curve leveling offaat
minimal hydrate level just below 2 equivalertisO/ZnCh, not going to zercoor the 1.3
adduct, before abruptly dropping off to no gain at@0 The graph also haan inflection
point around a hydrate level oguivalents which is pointed out in the figure.

To further investigate the possible sorptimechanism of ZnGlY 1.3 hydrate, an
experiment where at several levels of hydration below the 1.3 adduct level, the flow of wet
nitrogen was switched to dry nitrogen. Each switch is followed by a decrease in the weight
of the sample and not a levelinfithe weight. The hydration was restarted once the sample
was equilibrated and desorption had ceased seen by a leveling for at least 20 minutes. Once
the 1.3 hydrate level is reached upon desorption, any subsequent weight gain followed by
switching to dy nitrogen shows desorption to this 1.3 hydrate level. Figureshows the
experiment while the inset shows the leveling of the desorption phase which are difficult to
distinguish on the large time scale.

Differential Scanning Calorimetry (DSC) Analysis

Using the equilibrated sorption products (ranging from -113F equivalents

water/ZnC}), the samples were analyzleg DSCto determine melting point informatidaor

the construction of a phase diagram for this binary system. In order to investigaigidhe
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below the equilibrated samples, <1.7 equivalent hydrate, several samples running on the
microbalance were stopped when they reached a desired equivalence so that we could have a
more thorough range of samples for the phase diagfEme. diagramn Figure4.5 depicts

only 3 adducts of ZnGland water, therystallographically determinedaéhd1.3 equivalerg

as well as the desorption equilibrated samples at 1.5 equivalents based on the melting point
data The 1.3 hydrate has already been strudiusdlicidated but thd.5 and3 equivalent
adducts haveonly been theorized, as mentioned before. Also seen is an extremely low
eutectic point after the 3 equivalent adduct is formed from teguivalenthydrate level to

the 10.5equivalenthydrate levelwhere no melting point was obtained using DSC down to

90°C butit is possible that glassésrm in this region A melting point was theabtained for
samples with a hydrate level above 10The literature valuef themelting pointof the 1.3

adduct § 26°C was added to the chart for compari$brEutectic points are plotted for the
diagram as well and sharp jumps are seen in the eutectic lines at the 3 equivalent and 1.5
equivalent hydrates.

Thermal Gravimetric Analysis (TGA)

A sample of anhydrous Zi, was placed in a ceramic sampling cup to perform TGA
analysis on the dehydration of ZnChydrates and desorption at high temperatures
unattainable on the microbalance. Using the purge flow for the instrument, a moist nitrogen
stream with a 4.58 Torrapor pressure of water was passed over the sample at ambient
furnace temperature, ~8C. After sorption to form a hydrate level of 2.8 mole©HnCb,
the wet nitrogen was switched to dry nitrogen allowing for dehydration to occur with a sharp

leveling to approximately the 1.5 hydrate level. This was then heated under dry nitrogen
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flow to 350°C to drive of the remaining water. The dehydration experiment can be seen in
Figure4.6 and depicts gradual loss from the 1.5 hydrate starting abdDtt@d66C where
dehydration becomes faster dropping to the 0.7 hydrate level where it continues to fall from
180°C 1 260°C forming about a 0.14 hydrate level which persists to ovel@GaMen the last
water is finally driven off around 320 right before the meltfaznCl, (317°C for i-ZnCl,

used heren).
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Figure 4.4. Stepwise sorption demonstrating switching of wet fd dry N, (at maxima)
followed by desorption of 0. Once the 1.3 equivalent level is reached by a desorption
event, subsequent desaogpis all lead to the 1.3 equivalent. Inset shows zoomed in view to

establish that the desorption had leveled before sorption veasmmenced.
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A second experiment, Figuke7 was completed with slight heating to°80of the
~1.5 hydrate Bl desorbed product to show loss to approximately the 1.3 level which is a
hydrate that has been previously reported.
Time Resolved Xray Diffraction

Time resolved xay diffraction (TRXRD) was employed to look at the both hydration
and dehydration of Zn€In experiments conducted at the National Synchrotron Light Source
(NSLS) at Brookhaven National Laboratory. The hyidratvas completed by introducing a
flow of water vapor to solid Zn@linside of a capillary while the diffraction was collected
utilizing a translating image plate. The time resolved stack plot of diffraction data can be
seen in Figurd.8 showing startig material ofti-ZnCl, first transform into}ZnCl, and then
become an amorphous material.

The dehydration was completed by starting with hydrated Z{iC3 equivalent) with
a small amount of+ZnCl, present in a sealed capillary. The sample was thatedhérom
room temperature to 3Z%& and cooled back to room temperature. The stack plot in Figure
4.9 depicts the hydrate material (A) transitioningd@nCl, around 6680 °C (B) similar to
the initial weight loss of the hydrated material seen in the B®geriment, followed by the
appearance a§ 0 me&nCh (C) and eventually a mixture ¢tfieseand the appearance of
ZnCl, (D) present right before the melt region (E). Upon cooling, the growthZoiCl, (F)
is seen followed by a transition t2ZnCl, (G). Another similar experiment completed using
the same system but with the capillary under dynamic vacuum to prevent rehydration upon
cooling yields similar results with the exception of no formationJ@nCl, after the melt

phase where onl§-ZnCl, is present.
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growth of soméb-ZnCl, (green) , [D]appearance &tZnCl, (pink), [E] molten phase (light
blue), [F] crystallization of just-ZnCl,, [G] transition toU-ZnCl, as the sample is cooled in

the presence of moisture (red).
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X-ray Crystal Structures

Structural determination was completed by using the equilibrated hydrate liquids
injectedinto capillariesand flame sealedGrowth of crystals was completedsitu on anX-
ray instrument using the available Krgream. First, samples on the left side of the deep
eutecticin the phase diagranvere allowed to crystallize and a unit cell determinatias
completed fitting the unit cell for iceSamples in the deep eutectic region did not crystallize
but would form glasses by visual examination at extremely low temperatures -1ed\@.
Structural determination wa®mpleted for samples on the rigidle of the deep eutectic, 2.5
T 4 H,0/ZnCh, which all came out with the same unit cell size for the new 3 equivalent
structure presented here seefrigure4.10.

The structure showboth complete hydration around one Zn formitg(H,0)s**
cations andalso complete chlorination aroundseparateZn forming ZnC}> anions. The
compound is therefore a heagua ZA" tetrachlorozincate. No chains or networks are
formed but the hydrogen atoms are close enough to the chlorines to achieve hydrogen
bonding. The structure is an isomorph of the previously crystallized MQJk1ZnCl,
structuré?, crystallizing in triclinic space groufP-1, space group #2) witsides of 6.421,
6.503 and 14.281 angstroms aaaglesof 90.626, 99.082 and 95.490. Crystallographi
details are summarized in Talld and Atomic positions are given in Tadl2. The ionic
structure crystallizes in CsCI structure type, a body centered structure where every ion is
surrounded by eight neighboring counter ioriBhe radii of the ionsZnCl,> = 41 A and
Zn(H20)¢** = 3.7 A are of the correct sizdetween 0.732 and 1.37 t& meet the radius

ratios (¥/r = 1.1) requirements to form in the CsCl structure type.
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The lowest hydrate levels achieved by allowing equilibration, arountCé@ample
temp, were around 1.72 but no crystals could be obtained for unit cell determination even

though the DSC showed a melting point around 23.5
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Figure 4.10 Crystal structure of the 3 eq. hydrate shows Zn (pink spheresp idifferent

ions, a ZnCf and Zn(HO)**. These complex ions pack in an approximate CsCl structure

type.
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Table 4.1.

Crystallographic Data for Zn€&BH,0

Formula ZnCl,O3Hg
Space P -1 (No.
Group 2)

a, A 6.4421(15)
b, A 6.5034(15)
c, A 14.281(3)
U 90.626(3)
b 99.082(3)
9 95.490(3)
v, A 587.893
Z 2

fw 190.34
temp 208 K

&, 0.71073

R-factor, %

4.64
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Table 4.2. Atom positions for the-8quivalent hydrate.

AtomID | x y z

Cl1 -0.08808(19) 1.02424(18) | 0.11721(9)
ClI2 0.1162(2) 0.5492617) 0.22012(9)
CI3 0.45234(19) 1.0412(2) 0.25137(9)
Cl4 0.0028(2) 0.9353(2) 0.38322(9)
o1 0.2049(6) 0.3778(6) 0.0158(3)
H1A 0.147(10) 0.256(5) 0.007(5)
H1B 0.161(11) 0.389(11) 0.067(3)
02 0.3843(6) 0.5511(6) -0.1425(3)
H2A 0.260(5) 0.576(11) -0.1616)
H2B 0.432(10) 0.662(6) -0.164(5)
03 0.4237(6) 0.7882(5) 0.0438(3)
H3A 0.465(11) 0.852(10) 0.095(3)
H3B 0.348(9) 0.850(10) 0.003(4)
04 0.4221(8) 0.3976(7) 0.6302(3)
H4A 0.515(10) 0.391(13) 0.677(4)
H4B 0.336(11) 0.293(8) 0.635(6)
05 0.1914(7) 0.4066(7) 0.4377(3)
H5A 0.163(14) 0.424(13) 0.3794(18)
H5B 0.174(14) 0.281(4) 0.423(6)
06 0.4083(8) 0.7879(6) 0.5309(3)
H6A 0.312(10) 0.843(12) 0.496(5)
H6B 0.439(13) 0.846(13) 0.584(3)
Znl 0.11333(8) 0.89904(8) 0.24148(4)
Zn2 0.5 0.5 0

Zn3 0.5 0.5 05
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Raman

The 3 equivalent hydrate structure shows the formation of ZZniGhs which are
known to be stable and have no affinity for water as shown by Tossel who calculated a
133.2 kcal/mol for the hydration of the tetrachlorozincate®iofo furtherinvestigate the
idea of hydrating this ion at high concentrations of water per Zm@& completed a study
utilizing resonance Raman spectroscopy using a 406 nmttaserestigate the Z&I mode
seen around 290 ¢ht® The results of the samples ran9&®s (50:1 water:ZnG) and 97%
(30:1) water both show that a constant mode for th€liregion persists even at these high
water concentrationss can be seen in Figure 4.11
Liquid Structure

Several of the hydrated ZnCkolutions were studied using higenergy xray
diffraction at the APS (Advanced Photon Source) at Argonne National Lab to look into the
liquid structure of these hydrates using diffraction and the pair distribution function
analysis:* The amorphous material was analyzed to look ineoliduid structure of these
materials to focus on similarities and changes at the various hydrate levels. The S(Q) plots,
structure corrected diffraction data, are seen in Figul2 depicting several hydrate levels
investigated including a 1.7, 2.9, 5a6d 11.6 equivalents of water per ZaCRAll of these,
even the water rich 11.6 equivalent, look more like molten Zti@in water. What can be
seen here is that as more water is present, the first sharp diffraction peak around 1.2 Q shifts
slightly toa lower Q, while the rest of the diffraction patterns show little to no changes. The

pattern for molten ZnGlis also seen in this figure.
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Figure 4.11 Raman Spectroscopy for 98% and 97% water showing th€l Zznode

persisting at high water comts.
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Figure 4.12 S(Q) plot of the ZnGImolten hydrates: Zn¢lblack), 1.72(orange), 2.9 (blue),
5.62 (green), 11.602 (red). Black curve is molten ZaE€B3GC while others were collected

at room temperature.
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(green), 11.602 (red), showing real space contacts.
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The pair distribution functions (PDFs) of these hydrates were calculated by an inverse
Fourier Transform of the S(Q) to extraeat space atoratom contacts. The peaks represent
contacts of the molten hydrates and our analysis is in good agreement with previously
analyzed datd.The PDFs of the various liquid/tirates can be seen in Figure 4st®wing
several peaks at the follawg distances which correspond to actual contacts in the material:

2.1, 3.2, 3.6, 4.3, 5.8, and 7.3 angstroms.

4.3 Discussion

Phase Diagram The melting points from our DSC experiments map out the phase
diagram seen in Figue5. The last known phaskagram was published in a 1923 edition
Gmelins Handbook from work completed by Mylius and Dietz in 18¢5.The previous
phase diagram predicts 5 hydrates of 2n€] 3, 2.5, 2, and 1.5 equivalent hydrates. For the
equipment and techniques beingdis¢ that time, their phase diagram is comparable to ours
except we do not see several of the possible hydrates that have been determined on their
diagram. Interestingly, they see a deep eutectic like ours and predict a 1.5 hydrate which is
comparable tothe phase diagram we have established except we also have added the
previously determined 1.3 adduct phiséJsing the modern technology of the DSC and
single crystal determinations where we saw ice formation and solved the 3 equivalent hydrate
structurewe are able to formulate a new, more accurate depiction of the phase diagram for
ZnCl, and water by completing a series of DSC analysis over the range ofi 1.3

equivalent hydrates.
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Our phase diagram depicts 5 main regions of the Zw@ler systenand three crystalline
hydrates; 3, 1.5, and 1.3 equivalent adducts. At high water concentration, we were able to
obtain melting points via the DSC for those equivalents >10 and the formation of ice as
evidenced by unit cell determinations completed o$¢hleigh water concentration samples
using single crystal XRD lead to the region that would crystallize as ice. The second region
is a deep eutectic from &% water where no crystallization or melt temperatures could be
seen in the DSC data and a regmdmere no crystallization occured using single crystal XRD
but we see did formation of glasses at extremely low temperatuéf&. The following
region is the region for the-&quivalent structure which appears to have a melting point
around 8C as detemined by DSC when the material is at composition. This is also where
we see a steep jump in the eutectic points establishing a line phase. In this regior?2 som 5
equivalent hydrates, we were able to grow mainly single crystalline material thall alle a
to be indexed to the unit cell of thee§uivalent hydrate. The fourth region of the phase
diagram is that for the 1.5 equivalent hydrate and it precedesdty@iBlent structure after a
small eutectic is seen. This phase is formed upon desoras can be seen in the TGA
experiments that equilibrate at the 1.5 equivalent adduct. The sharp jump of the eutectic
points again gives us firm evidence that a phase exists between the 3 equivalent and 1.3
equivalent solved crystal structures. Theafinegion is representative of the 1.3 adduct.
This is reached upon desorption to the 1.5 equivalent with a slight heatind@sg@&n in
Figure 4.7. While the previous phase diagram and modeling papers predict several
structures;”*® based on our meilts from both DSC and structural determinations only 3

possible structures exist in the crystalline phase, the newly determined 3 equivalent hydrate
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as well as the previously determined 1.3 equivalent hydrate and the 1.5 equivalent that has
yet to becrystallographicallydetermined.

Structure Investigating the crystalline structure of the molten hydrates had to be
completed in situ on a single crystakay diffractometer using the attached Kyhax to
slowly cool the samples and achieve crystallizabahthe discovered-8quivalent structure
and lack of others has been critical to our work on the phase diagram and understanding
some mechanistic aspects which will be discussed shortly. The formation of the ion pair
ZnCl,;# and Zn(HO)¢** seen in thenystal structure changes the classical thinking about the
dissolution of salts into aqueous solutions forming their separate ions, in this éasad@n
CI*. The organization of the structure into the CsCl structure type most likely occurs
because the dius ratios are of the correct size as discussed above and the weak hydrogen
bonding that takes place between the chlorine and hydrogen of the separiteTioas+Cl
distances seen in the structure range from 224881A which is well within the rang for
H-CI hydrogen bonding described previously to be 22380 A’

Previous works looking at the hydration of the ZAGbn predict that it is unlikely for this
ion to be hydrated. According to Tossel, hydration of Zi@$ not favorable and the
hypothetical ZnGH,0),> molecular species would be less stable than the,Zrn@h.? The
hydration energy 0f133.2 kcal/mol for ZnGF , calculated by Parchment et al, is more
evidence that the Zngl ion in fact is extremely stable and unlikelytte hydrated.

In order to investigate this idea we look at the liquid structural details obtained from

high energy synchrotron diffraction and the anaylsis using the PDF technique to investigate

real space contacts seen in the liquid, see Figuf The peaks represent the atatom
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contacts that are present in the liquid and as we are interested in th& BmClve want to

look at the ZrCl bond distance at 22 and the GICI tetrahedral distance at 3.66 The

same peaks are seen in the molte€Z PDF. The first peak at 2A in the PDF analysis

for the hydrates represents both the@ulistance at 2.08 and the ZrCl distance of 2.4

so it is not useful in this determination. However, theCCletrahedral distance of 3.66 A is

in a regionby itself and the corresponding peak at 3.64 A is in good correlation that-@le Cl
distance is present in all of the molten hydrate samples, even the higher water concentration
11.6 equivalent hydrate as it is seen in the molten ZROF.

To further ®lidify this realization, resonance Raman spectra were obtained to
investigate the vibrational mode seen for theGrbond. The ZnGF mode, as previously
determined is seen at ~290 ¢ We were able to obtain spectra showing the Zn@lode
for exremely dilute samples with 97% and 98% water content (30:1 and 50:1) seen in Figure
4.11 The decrease of signal for the 98% water content sample is due to further dilution of
the sample and not because the Zfi@n is disappearing. The presencehis peak at such
high water concentrations and the presence of thél Qistance in the PDF analysis of the
liquids is conclusive evidence that the ZfObn does not become hydrated and will remain
intact even in dilute aqueous solutions.

Previous werk with the ZnC} system coupled the Raman spectra with the liquid
diffraction data to hypothesize that aggregates or chains of ,Zw€te present in
solutions®*® By solving the crystal structure we are able to determine that this in unlikely as
nonewor k structure exists, only separate mol e

hinged on the finding of the Zng1 vibrational mode present in the Raman and a possible
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Zn-Zn distance at 4.3 A seen in the PDF analysis as this is close to the disttimecerystal

structure of ZnGl As discussed above, the Raman spectra does show this vibrational mode,
however, the reported Zin distance corresponds in distance to the trai@ distance of

the hexahydrated Zn ion. As the 3 equivalent crystattstre was unavailable for previous
considerations, the argument made sense but as the crystal structure was solved here, we are
able to make fewer assumptions in our assignments of the PDF analysis.

We are able to assign all of the major distances sedhel PDF analysis of the
molten ZnC} hydrates based on theeguivalent hydrate. Tabk3 summarizes the liquid
structure peak distances and compares them to-#wui8alent structure. The distances
corresponding to the local environments (the@rZnCl, trans GO, cis GO, and CICI) of
the ions are consistent throughout the hydrate PDFs. However, the distances between the
ions change with the higher equivalents. The distance at 5.8 A appears to shift to larger
values while the peak at 7.1 A dipmars. These changes make sense as the ions have to
move apart as more water is sorbed into the system. When looking at the first sharp
diffraction peak of the S(Q) diffraction plots for the hyratesljght shift to lower A occurs
corresponding t@ lattice expansion which is more evidence the cell expands as water is
sorbed.

Elucidating structural information of these molten hydrates is an important step in
understanding the hydration process. By determining the crystal structure of the 3 atjuivale
and using it to better understand the liquid diffraction, we have been able to discover that the
formation of ZnCJ* occurs at the 3 equivalent and is prevalent even in dilute concentrations

as shown in the PDF and Raman spectra. This differs fromopsehypothesis that Zngl
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aggregates or chains are seen in aqueous solfitidifss structural understanding provides

the foundation for the need to change fundamental thinking of the dissolution of salts or
electrolytes. In the case of ZnCthere isno complete separation into individual ions ofZn

and Cl, rather a dissociation of the network Zp@rming a ionic molecular structure of

ZnCl* ions and hydrated Zn ions.
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Table 4.3. Comparison the PDF analysis peaks to thegBvalent crystal structure
showing good correlation of the local environment of the ions.

Crystal |Liquid

Zn-O 2.08 2.1

Zn-Cl 2.2 2.1

O-O (equatorial) 2.92 3.07

CI-Cl 3.66 3.64
O-O (axial) 4.19 4.33
Zn-Zn (aquachloride) |5.9 5.84
Zn-Zn (aqua) 7.14 7.19
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Mechanism One of the main focuses of our group is the understanding of how small
molecules interact with crystalline frameworks. Sorption isotherms are used to understand
the mechanism of hydration of ZnClThe equilibrated sorptiocapacities for the 4.58 Torr
hydration plotted in Figurd.3 depict the hydration curve at varying temperatures leading to
various hydrate levels. This curve appears to be leveling off just below 2 equivalents before
it abruptly falls to no sorption &0°C. This dropoff is interesting and must mean that ZnCl
does not favor hydration at these reaction conditions. There is a known crystalline hydrate at
the 1.3 hydrate level and we predict a phase at 1.5 equivalents but this level is never reached
directly upon hydration. Zngls extremely hygroscopic and quickly deliquesces when left
out in ambient conditions so why does it not sorb water at elevated temperatures and form the
1.3 or 1.5 hydrate?

An experiment was conducted to further investigate hiydration to the 1.3
equivalent hydrate. The experiment, Figdi, shows hydration of Znght which several
points the hydrated Nlow was switched to dry Noefore equilibrium was reached. Several
of these switches were performed and every timenugwitching to dry M, a desorption
occurred. While a leveling would be expected if the hydration was proceeding through first
forming the 1.3 hydrate and then moving to higher hydrates, that does not happen in these
samples. What is seen in these experits is that once the 1.3 level is reached upon
desorption of a high hydrate species, continued cycling always results in the dehydration
falling to the 1.3 level.

The fact that no sorption isotherms equilibrated at the 1.3 level and the stepwise

graphshowed desorption upon switching to a dryfldw is evidence that the 1.3 hydrate
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cannot directly form through hydration but does form upon the dehydration of higher
equivalent hydrates. To further investigate why no direct formation of the 1.3 hiairate

a comparsion of the structures of the anhydrous Za@dl 1.3 hydrate structures seen in
Figure4.14 can be completed. First, in order to form the 1.3 hydrate, 4 water molecules for
every 3 zinc atoms have to be preferentially bound. It is uglikelt this type of preferential
binding would occur in this fashion. Also, the two structures are unable to be correlated as
there is no every third zinc pattern that would relate them. The formation of the 1.3 hydrate
must not occur directly from Zngbecause we have been unable to ascertain a sorption
isotherm depicting such a hydration event. Further evidence of no such formation can be
obtained by looking at the hydration diffraction experiment in Figuré&-&nCl, is seen at
the outset a-Bn€l, as tthe matexial is thyairatdd which then becomes an
morphous material. No structural evidence of any of the known,Zry@fates is seen.

However, sorption to the-8quivalent structure is achievabledaa structural relationship
between the two does exist as the anhydrous 48Crystallized in a pseudo CsCI structure
where pairs of ZnGltetrahedron can be seen in a body centered arrangement. As the 3
equivalent hydrate is an ionic structure with metwork, direct formation can occur by

dissociation of the ZnGhetwork.
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ZnCl,(H,0), 5

Figure 4.14. Structures of the anhydrous Za@kft) and the 1.3 hydrate (right). Hydrate
shows hydration of 4 water molecules around evétyidc atom. This typef preferential
sorption in the ZnGImost likely does not occur directly as no structural relationship exists

between the anhydrous structure and 1.3 hydrate structure.
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Desorption experiments with dry,f the hydrated samples show loss of wateh&1.5
equivalent hydrate and not the parent Zn@aterial at ambient conditions. However, it is
possible to drive off the remaining water with high temperatures as seen in the TGA
experiment, Figurd.6, that shows the final loss of water right befdre melting point. The
time resolved xay analysis also shows that upon heating of the solid hydrate, phases of the
parent ZnCJ are reformed when the water is driven off. The varying phases of Zacbe
understood by looking at this data. The hyelrist first present with somié-ZnCl, which
around 66C begins undergoing a change as most of the water is driven off forming+both
a n dzZnd.,. When appr oac hi-anglh begngto appebrtbefaneghe melti nt
and is initially reformed upon cooling as seen in Figl®e Af t er furt her <cool
ZnCl, is seen to form and occurs as some rehydration takes place since the reaction was
completed without vacuum. A similar TRXRD experiment was completed under dynamic
vacuum that shows similar results without any formatifn U-ZnCl, upon cooling.
Correlating the TGA and TRXRD experiments shows when water is lost but also what
structural transitions occur. It is apparent from the diffraction (HzCl, is the most
anhydrous f o-ram dZn@ljhhve somesmaiimdiints of water present.

These results are evidence of the mechanism of hydration and we propose that sorption
occurs by first proceeding to theeguivalent structure by dissociation of the Zn@twork
forming the ionic structure. This is similar tdvat one would consider solvation. These 3
equivalent hydrates can dehydrate at ambient temperatures forming the 1.5 hydrate but do not
dehydrate completely without excessive heating. Further hydration beyonethevalent

can lead to the higher equigat hydrates as seen in the sorption isotherms. The mechanism
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is depicted in Figurd.15. These higher hydrates are most likely due to outer shell solvation
of Zn as is discussed by Pavel et al where they use XAFS and modeling to look into higher
shell contributions of several metal ioft5.They have determined that the second solvation
shell of zrf* ions would have approximately 4128 loosely bound. We are currently
investigating these outer shell contributions and future work will dive more intsuhject
matter.

Previous work in our group has been able to determine the structural mechanism for the
sorption of small molecules with the CuMGlysten™®® Thi s fsorptive rec:
mechanism proceeds whereby sorption of small molecules leads topening up or
changing of the crystalline network to allow for sorption which is a completely reversible
process, where upon desorption, the parent
the structural rearrangements that occur upon hydratiwh dehydration, we are able to
elucidate mechanistic ideas.

The structural mechanism for the hydration of Zn@ different from the sorptive
reconstruction mechanism as the parent structure is not reformed in this case at ambient
conditions. Howevera new mechani sm, termed AsorptiVve
destruction mechanism proceeds via a breaking apart of the parent structure which occurs as
the network ZnGCl dissociates into an ionic molecular structure. Upon dehydration at
ambient conditns, the parent structure is not reformed and the 1.5 or 1.3 equivalent hydrate
is constructed instead. This mechanism is similar to the idea of solvation whereby a structure

is broken apart by a solvent into individual components.
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1.5 adduct

— 5 Qutershell

% <«—— solvation

Figure 4.15. Hydration mechanism for the ZnCéystem showing hydration first forming
the 3equivalent hydrate and/or higher hydrates. Dehydration leads to the 1.5 hydrate at
ambient temperatures. No direct formation of the 1.3 or 1.5 hydrate is seen and recovery of

the parent ZnGlmaterial only occurs at elevated temperatures.
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4.4 Conclusions

We have been able to further the understanding of the ,Zveéiér system based on
reactivity and structural properties that have been elucidated and presented here. The first
new phase diagram in over 100 years has updated the older version concluding only 3
crystalline phases of hydrates are available, 3 eq, 1.5 eq, and 1.3 eq, as well as what
concentration is needed for ice to crystallize from the reaction mixture. Usnmgptature
ramped timeesolved xray diffraction experiments coupled with TGA, we have shown the
U-ZnCl, is the most anhydrous form and that theindb-ZnCl, form in the present of some
moisture. Our structurally elucidatedeguivalent depicting an e CsCl molecular
structure of ZnCf ions and Zn(HO)** ions was critical in the understanding of the liquid
structure pair distribution functions proving both that there are not,Zagtjregates or
chains present at high dilutions and demonstratingttfeaZnC} ion stays intact even at
dilute samples; as was seen in the Raman spectroscopy at 98% water. This structural
analysis also proves experimentally that Zn@@es not dissociate to Znand Cl ions in
agueous solutions as is fundamentallycdégd for salts in solution. Future work using a
variety of spectroscopy, liquid structure studies, and sorption analysis hopes to investigate
how the water molecules are interacting in these hydrate melts and to understand the outer

shell sorption capéttes.

4.5 Experimental

General. ZnCl, was purchased frorAldrich and was sublimed under dynamic vacuum.

Characterization using an Inel-Xay di f fr act ome&nGhphass preserg.d o n |
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Deionized water was used for the reactivity studies andds was used from the boil off
from a high pressure liquidtrogen tank.

Sorption Isotherms. The stainless steel microbalance head was purchased from CI
Electronics and controlled by LabWeigh Software. The fused silica gas manifold affixed to
the microbalance was constructedhimuse. This microbalance manifolths designed to
allow the reactive gas to enter at the top of the manifold, pass over the sample and exit out
the bottom of the manifold through a b#dat flow meter. Sample temperature control was
achieved with a coil of Tygon® tubing through whichxB®ol antifreeze was circulated
using a Fisher isotemp batch capable of cooling/heating {26 70 °C. A thermocouple
was inserted through thering joint in the microbalance such that it was about 1 inch above
the sample pan.

A reactive gas manifolevas constructed using stainless steel tubing, Swagelock fittings,
and pneumatically controlled valves. The gas manifold provides for switching between an
inert gas (dry nitrogen) and reactive gas. The reactive gas manifold was connected to the
microbalance using Tygon® tubing. As the reactive gas, water vapor pressure was controlled
by bubbling N through water cooled to a fixed temperature using a second bath in which a
copper coil was submerged to control the vapor pressure. For the reactionsedesdtilis
work the copper coil was submerged in a bath at a temperatuf€ giedding R0 = 4.58
Torr.

In order to correlate the isobaric sorption isotherms with DSC measurements of the
melting/freezing point, samples of ZnQlere placed into an opdngh pressure DSC pans.

Alternatively, samples of Znglwere placed on a borosilicate cover slip as a sample holder.
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In a typical experiment, 120 mg (8.8¢5 i 14.7e5 mol) of ZnC} was placed into the
sample holder. Samples of anhydrous Zn@re renoved from a N filled drybox, loaded

into the sample holder on the instrument allowing minimal exposure to the laboratory
atmosphere, <10 seconds, before being isolated in the dmidiobalance manifold. After
starting the experiment, the sample weightd temperature were allowed to equilibrate
before the dry Blgas was switched to the reactiveCHgas stream. Mass and temperature
were recorded by the LabWeigh software with a point recorded every 12 seconds and
allowed to continue until equilibrium smton was achieved.

DSC. Upon completion of a sorption isotherm, as described above, DSC was used to
analyze the equilibrated samplebds melting
from the microbalance manifold and sealed. Such samples hadhiess?20 seconds
exposure to the lab atmosphere before being hermatically sealed. DSC measurements were
performed using a Thermal Analysis Q100 DSG30 °C followed by heating to 30r 50
°C at 5/min.

TGA. Several sorption isotherms were completedguie SDT 2960 Simultaneous TGA
DSC from Thermal Analysis to study dehydration. Samples were allowed to sorb a water
vapor by utilizing the carrier gas for the instrument. After sorption was equilibrated, the
carrier gas was switch to dry,No allow delydration to occur to equilibrium. After
dehydration with N gas had equilibrated, the furnace was used to heat samples to set
temperatures dependent upon the analysis.

Time Resolved Xray Diffraction. TRXRD experiments were completed at the National

Sychrotron Light Source (NSLS) at Brookhaven National Laboratory. Capillaries were filled
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with both anhydrous Zngland the hydrated Zng&[1.3 hydrate) and placed in a sapphire
tube apparatus to conduct flow experiments using moistatd temperature rarag
experiments under dynamic vacuum. Aay beam of wavelength @= 0.9346 nm was
utilized in the experiments and data was collected using translating imagé& pfaté-d
image of the dd TRXRD was obtained and analyzed by averaging every 10 rowataf
from a 2d ascii image using Microsoft Excel. Theaxis was obtained using a linear
regression fit of a LagBstandard collected prior to the completed experiments.

Capillaries for Diffraction Experiments. Before sealing the DSC samples described
albove, a micresyringe was used to extract small aliquots of the liquid hydrate and inject the
sample into 0.7 mm fused silica capillaries which were then sealed. These capillary samples
were then used for crystal growth and synchrotron diffraction expetsme

High energy synchrotron diffraction. Liquid Structure studies were completedtla
Advanced Photon Light Source (APS)Axigonne National Lab.Capillary samples of the
molten hydrates were mounted on a goniometer and placed on a diffractometer b |
ID-B. A 90 KeV §-= 0.13702 nm) xay beam was utilized to collect an average of 100
scans at 10 seconds per scan at room temperature using a GE amorphous silicon detector.
The raw 2dimensional data was radially integrated using F&2[The diffraction data then
was sibsequently transformed into a structure factor S(Q) subtracting a background and
correcting the scattering based on the elements present using the PDFgetX2 ptobmasn.
program was also used to inverse Fourier Transform the reciprocal space S(@)dalth

space G(R) (pair distribution function).
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Crystal Structural Determination. Select capillary samples of the molten hydrates were
mounted on a goniometer placed Bnuker AXS SMART APEX CCD diffractometer
equipped with a Krydlex cryostat. Capillar samples were rapidly cooled 60 °C which
is below their melting point to afford crystallization. Single or near single crystals were
formed for which lattice constants could be determined for known phases and the single
crystal structure of the nov@equivalent hydrate presented here. The in situ crystallized
sample of ZnGIF3H,0 was grown and characterized at 208(2) K. The diffraction experiment
utilized monochromatic Mo Ka radiation with the omega scan technique. The unit cell was
determined usigp Apex2 (Bruker, 2008)) and the data were corrected for absorption using
SADABS as embedded in Apex2. The structure was solved by direct methods and refined by
full matrix least squares against F2 with all reflections using SHEL@Fuker, 20062003;
Shedtrick, 2008)). Refinement of an extinction coefficient was found to be insignificant. All
northydrogen atoms were refined anisotropically. Hydrogen atoms were placed in calculated
positions and were refined with an isotropic displacement parametemie$ that of the
adjacent oxygen atom.

Raman Spectroscopy Samples were prepared by weighing out varying amounts ot ZnCl
depending on desired molar ratio in a glove box into a vial sealed with a septum. Water was
then injected into the vial to form algtion. This liquid was then transferred into and NMR
tube for analysis.Resonance Raman spectra were obtained with 406 nm excitation using a
Coherent Mira 900 titanium sapphire (Ti:sapphire) laser. The Ti:sapplkie was pumped
using a Coherent VerdiO frequency doubled diode pumpld:Vanadate (Nd:VO4) laser

generating 10 W at 532 nm. The beam generftad the Ti:sapphire was sent through a

140



Coherent 8050 doubler to obtai®06 nm. The beam was collimated and cylindrically
focused to a verticdine of ~0.5mm on the sample. Laser power at the sample was 60 mW.
Scattered light was collected with a Spex 1877 triple spectroregtepped with a liquid

nitrogenicooled CCD detector controlled Bpectramax software.
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Chapter 5:

Transitions in the liquid structure of the ZnCl

H,O system related to solvation spheres

Robert J. Wilcox, Jacob C. W. Folmer, James D. Martin
Department of Chemistry, North Carolina State University, Raleigh, North Carolina 27695

jdmartin@ncsu.edu

Abstract. Utilizing a variety of spectroscopic techniques coupled with diffraction data, we
have been able to study changes in the liquid structure of aqueoyssghfibns that can be
understood in terms of the solvation spheres of water around ziac idsing our recent
understanding of the solid structure of the Z®H,0 hydrate, we studied a series of these
solutions and quantified at what concentrations new solvation spheres begin being populated
based on changes in the vibrational spectraedsas Xray diffraction data using Singular
Value Decomposition (SVD) analysisStructures of up to the'®solvation sphere are

presented herein.
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5.1 Introduction

The interaction of water with molecular salt ions in agueous solutions has long been
studied using a variety of techniques including IR, Raman, NMR relaxation, diffraction
studies and modeling"’ These ioAwater interactions and their implications for the
hydrogen bonding based structure of the liquid are critical in biological sysiems
understanding, for examplsolubility in ion channefsor the solubility of proteins as shown
in the Hofmeister series™ This series studies the concentration of a salt solution needed to
precipitate proteins that shows the preference for salb@ring compared to the polar
groups of proteins. The iemater interaction has wide reaching effects on both biological
systems mentioned above but also plays an important role in chemical reactions sueh as ion
exchange mechanisms and conductitityThe hydration structure of water surrounding the
ions has been extensively investigated to determine both number of water molecules per
hydration sphere as well as the degree of influence the ion has on the surrounding water
molecules in a solutioh®” While much work has been done using experimental techniques
and simulations or modeling, a thorough understanding of the outer solvation spheres still
does not exist.

A recent review of the effects ions have on the structure of water by Marcus
summarizes ramt advances in this area includingay and neutron diffraction techniques as
well as Raman and molecular modeling to investigate of the number of waters per shell,
which up to the second shell have been established and modeled for numerous cations while
only first shell contributions have been determined for anlioiork using EXAFS to look

at second shell contributions has been attempted but because of the small contributions, no
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direct experimental evidence could be quantifie®alt ions are comnmiy referred to as
structure makers (kosmotropes) or structure breakers (chaottdgés)cture makers tend to
increase viscosity and entropies of ion solvation and structure breakers have the opposite
effects. One of these salts is ZpClt is charaterized as a structure breaker but is has rather
exceptional properties; for example, it has a very high solubility in aqueous solutions.

We have been able to develop a better understanding experimentally of the role of
outer solvation shells by studyirggseries of ZnGlhydrates in aqueous solutions utilizing a
variety of spectroscopic techniques coupled with diffraction analysis. We recently reported a
new structure of a solid 3 equivalent Zp8H,O hydrate that consists of an ionic structure
of Zn(H:0)’" cations and ZnGt tetrachlorozincate anions and also showed that the
tetrachlorozincate ion stays intact even in dilute soluttdn¥he zZn(HO)’* ion in this
structure is a good example of the first solvation shell surrounding a Zn ion.

To further determine outer shell contributions, a series of varying concentrations of
ZnCl, aqueous solutions was studied using IR, Raman, aray Miffraction techniques. We
use the Singular Value Decomposition (SVD) technigte look at changes in allath at
varying hydration levels. The comparison of the SVD results allows us to correlate observed
changes in vibrational properties witthanges in structure as evidendey diffraction
techniques. It will be demonstrated using these analyses thatldeudration spheres exist
surrounding a zinc ion and at what concentrations new solvation spheres can be

distinguished.
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5.2 Results

Singular Value Decomposition Singular Value Decomposition (SVD) analysis was
completed on characterization techniquessefies of varying concentrations of aqueous
ZnCl, solutions in order to establish when changes occur and what the changes are in the
hydration of ZnCJ. SVD is an eigenvalue based statistical procedure that produces as many
component spectra as there mr@asuredpectra, but only a few thate statistically relevant.

The component spectra are linear combinations of the experimental ones and not always easy
to interpret. However, the set of Al oadingo
provide a convenient way to portray the similarity between one spectrum and another. A plot
of the loading coefficient for one component against another often presents a map that
portrays the changes in the spectral information in condensed form. It ofters dhe
samples to be grouped in ranges with similar properties as measured by the technique. If two
different techniques produce similar groupings this is a strong indication that the differences
between groups have a foundation in physical reality. Ceitipoal information is not
entered as such into the analysis, so that a plot of a loading coefficient against composition
reveals whether the changes are statistically meaningful or not.

Sometimes remixing two of the components by applying the appropoefécients
normalized to unity (a 2D rotation matrix) will produce component spectra that are more
physically sensible. Their loadings should then be rotated accordingly. By utilizing varying
concentrations of solutions for analysis, one can estabign variations occur and what
these variations are caused by. We use this analysis to help determine when the hydration

around a Zn ion changes in order to determine at what concentrations new solvation spheres
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are being populated. These analyses fentélirying techniques will be discussed under their
respective result section.
IR Spectroscopy Most IR spectroscopy technigues cannot normally be used for studying
agueous solutions. Salt platesansparent in much of the IR regiocannot be used. A
transmission cell would have to possess an unrealistically short path length given the very
high absorptivity of water. The ATHR technique overcomes these obstacles as shown in
numerous studies by Chapados and M2X"*®  The ATR crystal utilizedin our
experiments was germanium yielding a useful IR window from 55680 cm'. Ge has a
very high refractive index (n=4) in the IR region so that changes in refractive index of the
sample will not distort the ATR spectruth. The window range is pext for just the
vibrational modes of water as no Za@hodes are found in this region as they are found in
the far IR near 290 cm™®

IR spectra of a series of molten hydrates ranging fre86@ equivalents yO:ZnCh
have been obtained to investigatbat effects ZnGlhas on water vibrational modes. The
series shown in Figurg.l has 3 regions of interesth is the stretching mode region, 1c is
the bending mode region, and 1d is an overtone region which is believed to be an overtone of
the libration and bending modes. With respect to an increasing concentration oftdaCl
stretching region shows different effects for the series with the peak at 3364skifting
slightly to higher energy but the peak around 3280,canpossible overtone of ttending
mode shifting to a lower energy. Also, there appears to be a peak at 35@@osving in as
a shoulder. The bending mode shifts to lower energy as the Zo@lentrations increases,

shifting from 1639 cnf for DI water to 1612 cifor a 2 equialent HO:ZnCh sample The
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overtone region shows that the water absorption at 2112igraplit into two maxima as
water is bound to Zn@l With increasing water content, the maximum at 2200 batomes
weaker and the one at 1970°tshifts back tovard the pure water maximum at 2112°tm

In order to determine what effects are seen in the IR spectra dependent gn ZnCl
concentration a plot of the bending mode maxima vs the % of,4AnGhe sample was
constructed. The bending mode region was useduse it is less complicated to interpret
than the stretching region which has been determined to be comprised of at least 5 different
vibrational modes. The resulting curve is seen in Figzeand clearly shows a change in
the slope at 5% (21 moles®/ZnCh), 10% (9 moles kD/ZnChL) and 25% ZnGlsample (3
moles BO/ZnClL).

The SVD analysis was completed using a full series onx@litions from 2 320
molar equivalents $0:ZnCh. The full range of IR data was used from @300 cni" after
a ba&ground correction was completed to normalize the data at 188Canch 4500 cril.
Three principle components were identified where the first component P1 is essentially the
water spectrum, and components P2 and P3 show a shifting in the bending mode and
shoulder changes in the stretching region of the water spectrum as seen ib Bigure

In order to more clearly see where changes are occurring, a rotation of 87 degrees was
completed for P1 and P2 which were almost linear when plotted against eachvatigeRd
and R2. Plotting component 3 (P3) against R1 gives evidence of four clear regimes as shown
in Figure54. These regimes occur from 66.74.4% water, 76.2 90.4 % water, 90.6
96.2% water, and 961999.7 % water. The changes occur arourgd3requivalent (75%), 9

equivalent (90%), and 21 equivalent (95%) hydrate species.
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Figure 5.1 Example IR spectra of a sample series of aqueous, Aiy@iates. a. is the full

spectra, b. the stretching region, c. is the bending mode regisrthd.avertone region.
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