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ABSTRACT

The realization of a shift from traditional energy sources towards more environmentally
friendly alternatives has led to an exgowing need for essential raw materials such as rare
earth elements (REES)luclear energy, catalysis, phosphors, superconductors, permanent
magnets, and optical materials rely heavily on REEsmsequently, a crucial area of technology
is the extraction and isolation of REEEem complex mixturesChemical homogeneity causes
various REEs to accumulate in source minerals, making it more challdogthgir separation
and dotaining commercially feasible pure elements requires multistage extractions and repeated
separation techniques. Solvent extraction is a commercially employed technique for separating
rare earth metal&xtractants are crucial to the separation process because they can form
conplexes with the watesoluble REE cations and switch their solubility into the organic phase.
Many extractants have been developed, includi
diketones, phosphorous esters, phosphine oxides, and various.domesercial extractants,
however, have low selectivity, which renders processing-tierergy, and solventntensive.
Recently, promising REE separation results have been reportedamophosphorus
extractantsincludingasymmetric dialkylphosphinic acids, motigdphosphinic acids, and

styryl phosphonate monoesters

In this work, wo generations of aryl vinyl phosphonic acid esters were designed and
synthesizedThe synthesis optimization resulted in a t8tep reaction allowing various high
purity aromatic vinyl phosphonic acid monoesters. UtilizatiotheHeck coupling reaction
enabled functionalization of vinyl phosphonic acid with differ@m@maticand photoswitchable
moieties. The employment of Steglich esterification led to the formatiomoofenerations of
organic solublaonsymmetricmonocestersThe 15 generation of extractants was complexed
with El** and studied compared to traditional extractants, resulting in an unexpected finding: the
order of increasing extraction strength matched the order of decreasing calculated dipole moment
of the synthesized ligands rather than pRae 2" generation of extractants included phosphonic
acid esters containing photoswitchable moietied are currently being studied their

extractionproperties

In another applicationhe employment of a versatile Heck coupling approach resulted in

synthesizingl4 diverse anionic monometcsa pabl e of mo-dtablizadanighc y anost a



dimerization.The optimizedsyntheic approach toinyl phosphonic acids and corresponding
vinyl phosphonates allowed access to solubtlityed ditopic monomers for preparing

supramolecular polymers.

Finally, the broad scope of applicability of aryl vinyl phosphonic acids was evident from
the evaluation of carbazeleasedPA derivatives aself-assembled monolayeSAM)-based
hole transpoféextractionlayers (HTM) in perovskite solar cell§.he introduction of stronger
bonding molecules at the buried interface reduced the amorphous phase around
perovskite/HTM/ITOinterfacesand increased the stability of fabricated devidd® champion
minimodule with the hybrid HTM retained operational efficiency 026 after 10 weeks of
outdoor testingthe first to achieve thigropertyto our knowledge, aimdependently measured

by the Perovskite PV Accelerator for Commercializing Technolocgeser.
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CHAPTER 1
INTRODUCTION AND THESIS STATEMENT

1.1 Anintroduction to the Rare Earth Element Separation and Extractants

The necessary shift from traditional energy sources towards more environmentally
friendly alternatives has led to amergrowing need for essential raw materjaisch as rare
earth elements (REEs). Seventstategicelementsncludinglanthanides, ScandY are
referredtoas REEs?’The REEs are comprised of two classe
(LREE) and R EeREEsyintludé ¢ldEnEs )with atomic numbers 57 (lanthanum)
through 64 (gadolinium). Terbium with atomic number 65 through lutetium (71) are classified as
HREEs.Despite ytrium havingan atomic number 3% is classified as a heavy REE due to their
similarities in chemical and physical properttd2EEs possess unique properties and play a
crucial role in nuclear energy, catalysis, phosphors, glass industry, ceramics, superconductors,

permanent magnets, optical materials,>&t€able 1 illustrates the application fields of REEs.

The 2017 European commission report identified neodymium, dysprosium, and terbium
as themost criticalandthat neodymium is projected to be in high demand over the next few
decade$.For example, manufacturing of neodymiiron-boron (NdFeB) magnets is crucial to
select energy technology due to their high magnetic strength, leading to efficient electricity
generation. Furthermore, addition of dysprosium and terbium to NdFeB enabgsetiation of
the magnets at elevated temperatdf@ermanent magnets are very important in modern and
future electronic products such as electric vehicles (EVs), generators, and wind ttirbines.

The steady supply of REESs is critical to the development and success of maigchigh

industries'? thus, extraction and separation of REEs is an important area of techfibfdgy.



Table 1.1Applications of REE®

Element Atomic #

La
Ce
Pr
Nd
Pm
Sm

Eu
Gd
Tb
Dy
Ho
Er

Tm

Yb
Lu
Sc
Y

57
58
59
60
61
62

63
64
65
66
67
68

69

70
71
21
39

Main application field

Camerdens, studio lightning and projector lamp, electroc
Catalyst, colored glass, steel production, refined crude ¢
Strong magnet, welded goggle, laser, aircraft engine
Strong magnet, microphone, wind turbine, hybrid car, las
Radioactive, currently used only for scientific research
Cancer treatment, nuclear reactor control roda)laser

Color TV screen, computer screen, fluorescent glass, ge
screening
X-ray and MRI scanning system, nuclear reactor protect

TV and computer screen, fuel cell, solar system
Lighting, hard drive equipment, sensor

Laser, glass coloring, high strength magnet

Glass colorant, light signal amplification, metallurgy

High efficiency laser, portable-¥ay, high temperature
superconductor

Stainless steel, laser, ground monitoring equipment,
industrial catalysis

Crude oil refining, hydrocarbon cracking

Solid fuel cell, aluminurscandium alloy used in aerospac

TV and computer screens, LED light, cancer doagalyst

Over 30 REE minerals have been identified, however, only few are of significant

economic importanc¥. Among them are bastenaesite, xenotime and monazite. Bastenaesite is a

common rare earth fluorocarbonate mineral containing up to 75% of rare eartA’dotitlé

general REEs are found at low concentratiri3ue to this, recovery of REEs from mineral

sources is a time and energy consuming process that is barely economicall§ Siablarities

in physicochemical properties of lanthanides remain the main challenge during the separation of

REEs mixtures? Obtaining commercially feasible pure elements requires multistage extractions

and repeated separation techniques (Figule $olvent extraction is a commercially employed

technique for the separation of rare earth métafsThe process is based on mass transfer

2



between aqueous and organic phases. Upon mixing the two phases, the desired compound is

transferred to the organic layer that can be separated due to density and physical property

differences. Schematic industrial processing of REEs by means of solvetiextis

demonstrated in Figure2.2* Multiple stages are required to achieve the desired high purity of

the final product® Thus, such cumbersome processing is associated with several drawbacks,

including using a large volume of solvents and limited selective extraction capability.

In-situ

lon-adsorption clays
(Southern China)

Bastnasite/Monazite
(Bayan Obo/China)

Leaching l

Open-pit Mining &
Beneficiation

§

Concentrated REE
Solution

Precipitation &
Calcination

Bastnasite/Monazite
Concentrate

Acid Roasting

Mixed REOs

l Solvent Extraction

Individual REOs

1 Molten Salt Electrolysis

REE metals,
Mischmetal, Alloys

Figure 1.1General scheme of hydrometallurgical REEs purification procé$ses



A Extractants B Bastnésite (LRE) Monazite (LRE) Clays (HRE)

O .
"Bu 0 'I"\ & "By "Bu - !I' - q ' Xenotle (HR)
f 0 /\( J/\ 1 : K , 2
o
5 HDEHP HEH[EHP] y é}é!?}i:i}é:
1
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nBu” HO .
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Dilution in solvent, saponification Dissolution in aqueous acid, ores beneficiation )
c
1 Extracti 3 gi’/
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< :E S T - G A
= 2 : S "&'X\/a u"':” :‘;? .:,o & 30
N “H. o o(i\o a'\)_i M’Q’ 't—l
= —~ \ = "0y, Vol . oy
-t ; \\(B\ [RE(H(DEHP),)3]
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ok T g =L~ W i e B
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traces LRE
. ; | Scrubbing
.g solution :
Purified * Scrubbed Recycd 5 Purified
LRE ) : LRE )~ Extractant g |5 HRE
Extraction stage Feed Scrubbing stage Stripping stage

LRE + HRE

Figure 1.2Solvent extraction.X) commercial extractantsBf REE minerals.@) Mixer settler
unit. (D) Extraction equilibria. ) Schematiéndustrial processinéf

Extractants are crucial to the separation process due to their ability to form complexes
with the water soluble REE cations and switch their solubility into the organic phase. Many types
of extractants have been developed including carboxylic and phosphoroa cdiketanes, b
phosphorous esters, phosphine oxides and various afhiffeExamples of commonly used

commercial extractants can be found in Table 1.2.



Table 1.2Commonly used extractarftsr REE separatiofl
\
Name IUPAC name Structure

Di(2-ethylhexyl) phosphoric acid

2-Ethylhexyl phosphonic acid \/\)\/
P507 monao-2-ethylhexyl ester /\C\/\
[o]
Cyanex 272 SEas S K
trimethylpentyl)phosphinic acid OH
TBP Tributyl phosphate H\
\/\/0\2/0\/\/
(I_'I)
Di-(2-ethylhexyl) 2ethylhexyl
P503 phosphonate
\/\j\/o\p/o\/(/\/
g
NH,
N1923 Primary amines H2n+1cn)\an2n+1

n=9-11

Acidic organophosphorus extractants such g2-@thylhexyl) phosphoric acid
(D2EHPA or P204) and-8thylhexylphosphinic acid mor&ethylhexyl ester (HEHEHP or
P507) are the primary extractamtsized in industrial processing. However, low separation
factor, high stripping acidity and poor selectivity demonstrate the need to develop more efficient
extractants. Thus, despite the widespread use of existing commercial organophosphorus
extractantsthe possibility of exploring alternative separation approaches can fill in gaps in state

of-the-art technology.



1.2 ThesisStatement

This work describes a systematic collaborative approach to designing, synthesizing, and
testing aromatic vinyl phosphonic acid monoesters for REE extraction. We successfully
optimized synthetic and purification methods to obtain targeted organophospbimpsunds
with various functionalities. The created library of vinyl phosphonic acid derivatives allowed us
to test several hypotheses. A literature review evaluating the current progress in emerging
extractants for REE separation was performed and isgedvn Chapter 2. Besides covering
various synthetic routes to obtaining organophosphorus compounds designed for solvent
extraction and describing their performance, there is an overview of alternative approaches to

REE separation leading to the proposedat lightdriven separation technique.

Hypothesis 1Extraction strength of the ardinyl-phosphonic acid monoesters can be
tuned by controlling dipole moment of the ligand.

Rare earth elements (REE) are increasingly important in manytéegghindustries. The
ongoing shift from fossibased energy sources toward a green economy creates a need for a
steady supply of REE. However, the statéhe-art industrial processing ofE is costly and
challenging because of the similarity in physicochemical characteristics of these el@ents.
economic and environmental concerns posed by the current commercially available extractants
has prompted investigations into alternative REgas&tion approachekigands that combine a
systematic sizaselectivity with functionalities that target the electronic properties of specific
REE would greatly boost the separation efficiency of REE. In Chapter 3 we demonstrate that
varying dipole moments of asymmetric amwhyl phosphonic acid monoesters allows for tuning

extraction performance.

Hypothesis 2The dipole of the styryl phosphonic acid monoesters affects the flow of
energy in excited state lanthanide complexes.

Ligands can serve as an absorptive antenna for light, which is particularly significant for
metal centers with limited-d or #f electronic absorption. The electronic coupling governs the
outcome of the ligandentered excited state with the metal cergecomplished via dipole or
exchange mechanisms, thus leading to the transfer of charge or energy. In numerous
photosensitization processes, the Hiigand interactions are intentionally restricted to eliminate
potential harmful pathways. Duetoelectrost i ¢ I mpacts from aromati c

arenes tend to engage in Aopvalent intermolecular coupling. In Chap8&mwe study such
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intermolecular forces tailored to the geometry of a Meahd complex and evaluate whether

regulating them could prove advantageous in various applications, such as metal separation.

Hypothesis 3Functionalization of vinyl phosphonic acid monoesters with
photoswitchable moieties allows REE separation based on changes t#romitara-ligand
strain energyinduced by photoisomerism.

Solvent extraction is the commercially employed technique for the separation of REESs.
However, commercial extractants suffer from poor selectivity, which results in ensotpent
and time intensive processing. To alleviate this issue and develop emereonmentally
friendly separation processes, researchers have investigategisasiel extractiof > biomass
based*3” and redox separaticfiselective crystallizatiorr>** use of ionic liquids as
extractant$?4® Among these various techniques, photoisomerization is emerging as a potential
approach to lanthanide separatféincorporating photoswitchable moieties into complexing
ligands offers unique capabilities to control the properties using various wavelengths of light as
stimuli. The ability to switch the ligand's conformation allows for influencing the metals' optical
properties. In Chapterwe describe functionalization of vinyl phosphonic acid monoesters with

photoswitches and their evaluation as potential extracting ligands.

Hypothesis 4Vinyl phosphonates can be used as versatile building blocks for synthesis
of modular” -systems that support anion dimerization inside cyanostar macrocycles.

Supramolecular assemblies refer to structures formed through weak interactions such as
van der Waal$orces, hydrogen bonding, and electrostatic interactions, among others, rather than
covalent bonds. These structures can be composed of various molecular or atomic building
blocks, such as organic molecules, proteins, DNA, or nanopatrticles, and canshdeeange
of shapes and sizes. Dimers are the most straightforward supramolecular units for building up
multi-molecule architectures. The-demand construction of these assemblies benefit from
reliable noncovalent linkages between modular and versaiil#irg blocks. For example,
cyanostaistabilized dimerization of phosphate and phosphonate anions i&vesih; with
application in supramolecular polymerization and the variation of organic substituents requiring
tailored synthesi& In Chaptes we demonstrate that vinyl phosphonates can be used as
versatile building blocks fortheeshe mand synt hesi s of modul ar

fidelity anion dimerization inside cyanostar macrocycles.



Hypothesis 5Aromatic phosphonic acid enhances the bonding at the
perovskite/HTM/TCO region, thus improving the UV stability of devices.

With the ongoing research into improving perovskite solar cell (PCS) technologies, it is
well known that phosphonic acid derivatives have been stdolietse as hole transport layers
(HTL). We hypothesized that our VPAs could be used as efficient HTL by controlling the
position of PA moiety attachment to an electron rich carbazole ring and subsequently improve
the PSC efficiency and stability. Chapter &ch#bes the synthesis of VPA carbazole derivatives
and presents preliminary stability device testing results. The functionalized VPAs were obtained
by utilizing the optimized Heck coupling conditioms.addition, thevinyl bond reduction
enabled us to copare the two linkersethyland vinyl. The preliminary testing indicated that
attaching phosphonic acid group to the aromatic ring of the carbazole resulted in higher device

stability due to CzPA'stronginteraction with botHTO and perovskite layer.

To summarize, utilization of versatile Heck coupling and Steglich esterification allowed
the creation of a library of aromatic vinyl phosphonic acids and monoesters that proved to be

applicable in various fields such as extraction, supramolecular assantbpolymerization.
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CHAPTER 2
SYNTHESIS AND APPLICATIONS OF ORGANOPHOSPHORUS COMPOUNDS AS
EXTRACTANTS FOR RARE EARTH ELEMENT SEPARATION

Anastasia Kuvayskayand Alan Sellingéer®3

2.1 OrganophosphorusExtractants

Phosphorugontaining compounds are heavily utilized in maoynmercial processing
industries and have become indispensable in the rapidly growing production of REES.
Therefore, it is not surprising that a considerable amount of research is dedicated to investigating
the potential of extractants containing phosphorus moidttesfollowing section will highlight

various organophosphoraempoundshat have been evaluated as extractants.

Commonly used organophosphorus compounds vary in structures and, based on these
differences, can be divided into four major groups: 1) phosphinic acids and phosphinates, 2)
phosphoric acids and phosphates, 3) tertiary phosphine oxides, 4) phosphoraocécids
phosphonate$Many examples of these extractant groups are commercially available and have
been studied extensively. P507 has been known since the 1970s and is used for commercial
separation of REEs. The wddhown Cyanex 923 mixture has a low water solubility and is
readily soluble in various organic solvents such as kerosiheptane, and dodecane helping in
its costeffective separation properti&s Evaluation of extraction abilities of P204 and Cyanex
272 indicated significant selectivity where Das et al. were able to isolate Sc in 99.999 purity.
Introduction of amino groups in alkyl chains of phosphonic acid diesters was found to increase
the degree of coordinat i opAmibophospeorsates Tamk2 | i gand
(Figure2.1) were tested for extraction of Ce achieving equilibriuminvithmin. ’- 8

!Affiliated with Colorado School of Mines, Department of Chemistry, Golden CO
2Affiliated with Colorado School of Mines, Material Scierféegram Golden CO
SAffiliated with National Renewable Energy Laboratory (NREL), Golden CO
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Figure 2.10-aminophosphonatassed in REE separations.

2.2 Synthetic Approaches toNovel OrganophosphorusExtractants

Novel organophosphorextractants that have been recently developed include
asymmetriadialkylphosphinic acids, monoalkylphosphinic acids and styryl phosphonate
monoester§!! The following section will highlight synthetic routes to some of the novel

organophosphorus compounds and their performance as potential extractants.
2.2.1Macrocyclic Oligomers

Macrocyclic oligomers offer unique thregmensional pockets acting as medpkcific
coordination sites. One family of macrocycles that have been investigated for extraction

purposes are calixarenes (Figure 2.2).

— CH,

Figure 2.23- and 2D representation of calixarenes

Ohto et al. synthesize2b,26,27,28&etrakis(butyl hydrogen phosphoryloxy) methexy
5,11,17,23etrakis(1,1,3,3etramethylbutyl) calix[4]arenéA) and tutyl hydrogen[4(1,1,3,3
tetramethylbutyl)phenoxymethyl]phosphoné®) (Figure 2.3) followed by evaluation of their
extraction abilities of the nine REEs: Y, La, Pr, Nd, Sm, Eu, Gd, Ho aMiSeheme 2.1 shows

the overall synthesis of extractakthat took over 11 days (6 days reflux to obtain the diester
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intermediate followed by additional 5 days of continuous reflux). The calix[4]arene
demonstrated higher extraction capability compared to its monomeric analog as well as

commercially employed P507, however, it had limited separation efficiency.

a2
OCH,P—0"Bu
]
OH
B
Figure 2.3Calix[4]arenes used for REE separations.
o (o}
Bu"O— |'=H Ly Buno—P—cHoH —1Ck n o
" K,CO; wRT T Pyridine Bu"0—P—CH,0
o"Bu 1-BuOH O"Bu O"Bu
1 2
CH
2 4 2—> KOHaq.soln >
OH K,COs EtOH
Acetonitrile
2 KOH H*
= ag.soln -
K,CO;, > CH, EtOH > CH,
. o) (o]
Acetonitrile 1] 1]
OH OCH,P—0"Bu OCH,P—0"Bu
)
O"Bu OH

B

Scheme 2.Byntheticprocedurdor compoundsA andB.!?

Extraction efficiency of the phosphonic adighctionalizd p-tert-butylcalix[4]arenecan
be tuned by varying the length of a spacer. Synthesized calix[4]arenes demonstrated improved
extraction performance with decreased length of the spacer while evaluation as potential
extractants for La, Eu, Yb and ThThe general synthetic scheme and target compounds are
shown in Scheme 2.2. It was found that the extraction abilities increased with decreased length

of the alkyl spacer, however, all three ligands demonstrated high extraction efficiency towards
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Yb. This could be explained by ionic radius of the metals: spatial proximity of the electron
donating groups of P®and ArO-CH,- may be responsible for stronger interaction with metal

cation.

POEY, _(cnysinr

BrCH,CH,Br
—_— 2 2
CH,

4
OCH,CH,OP(QH),

4 4
OCH,CH,Br OCH,CH,0P(QEt),

OH

CF,80,0CH ZP(O)(OEt)Zl

Scheme 2.38yntheticprocedureof compound<-E.*3

Another example o macrocyclic phosphorus compound,
bis(chlorophosphoryle)decahydiy4-di(2-hydroxyphenyl) benzo[d][1,3,6]oxadiazepi(i2PO,

Scheme 2.3) has been utilized for the extraction of Eu and Th and demonstrated preference for

Th while extracting from nitric acid aqueous phase into ionic liquid (IL) medfum.

Macrocyclic phosphorus compounds offer some advantages over traditional extractants

such as high extraction and selectivity efficien¢fes> 1®However, they are also associated with
high cost mostly due to the raw materials cost of the calixarenes and complicated synthetic

approaches.
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Scheme 2.Bynthesis of DPO by intramolecular cascade cyclization reattion

2.2.2 U-aminophosphonicAcid Derivatives

Anotherrecenth s t udi ed family of -aminoghosphonicacida.r e b as
Aminophosphonates are utilized as herbicides, anticancer agents and exttadtants.
Combination of the phosphorus group and amino moieties resulted in enhanced extraction
performance towards metals, including rare earths. Scheme 2.4 (entries 2 and 3) illustrates the
synthetic approach utilizing the Kabachfilelds reactioff of bis(2ethylhexyl)hydrogen
phosphite, paraform andt hy | h e x y | a ramimaphosphonatel with & yield of 80%
(Scheme 4, Cextrant 230 {(®-ethylhexyl)[N-(2-ethylhexyl)aminomethyl]phosphonate) and
DEHAMP (di(2-ethylhexyl)Nheptylaminomethyl pbsphonate)). HEHAPP {2thylhexyt3-(2-
ethylhexylamino)pentaB-yl-p hosphoni ¢c acid) was obtained by
aminophosphonates (Scheme 2.4, entry 1) with a yield of 78% and purity >96%. HEHAPP has
been used for the extraction of heawseraarths and has demonstrated the ability to separate
adjacent metal&. One of the main challenges in lanthanides purification is the low selectivity of
neighboring elements that stems from their physical and chemical similarities. Thus, the ability
to differentiate between adjacent REEs might improve the economics of tfiegion process.
The extraction evaluation performance of DEHAPP has demonstrated a high affinity for Ce(1V),
and the extraction equilibrium was achieved in less than a minute. Upon evaluation of Cextrant
230, it was found that the introduction of amgreup improved the extraction of Ce and Th

from sulfate medium. Cextrant 230 underwent a fist that resulted in Ce and Th products of
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99.9% and 99% purity, respectivéfT h u saminophosphonic acids provide a novel

separation approach.

(o] [o) (o]
1] TsOH 1. KOH 1]
/\/)/\O’E\O/\(\/\ i \/\/i/NHz + \)]\/ —> S > Ho—P—-Q

NH

N

HEHAPP

TsOH, toluene, |

(o] o o]
i P
—— 0
/\/)/\O’H\o/\(\/\ + NH, + )J\ reflux /\/)/\o/ \0/\(\/\
HN
DEHAPP

o o [o]
H TsOH, toluene, 1]
/\/j/\o,H\o/\i\/\ + NH, + H J\H reflux /\/)/\ O,j’\o /\(\/\
HN

Cextrant 230

Scheme 2.&ynthetic scheme of compounds HEHAPP, DEHAPP and Cextrant 230

2.2.3 Alkylphosphonic and Phosphinic Acids

Alkylphosphonic and phosphinic acids belong to another family of organophosphorus
extractants used for REEs separation. A synthetite to obtaining monalkylphosphinic and
phosphonic acids developed by KiSyanhéesvzed &l
olefin vinylidene dimers were used as a starting material. Chemical transformations were
achieved by means of hydrophosphinylation, employment of silyl ethers, hydroalumination
followed by reactions with Pghnd oxidation with SE&Cl,( Sc he me 2. 5-plefin The i ni
dimerization was based on a previously developed method that employed [G@ESECl>
and triisobutylaluminum (TIBA) solutioff: 22U-olefin dimers were obtained with a yield range
of 7894 %. Subsequent hydr op-tlgisdmnersyie)déedanoroon of obt
alkylphosphinic acids (#82% yields), followed by the alkyfLinctionalization achieved by

reaction with chlorosilanes. €Hinal products with yields of 426% yields were purified by
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means of column chromatography. Extraction abilities of the synthesized organophosphorus
compounds revealed higher nselective affinity for La, Pr, Nd, Dy and Lu as compared to

P204. Alkylarylphosphinic acid demonstrated potential for Pr/Nd separation.

Zn pre-catalyst

R
L RZ T >
2. MAO R

PhPO;H
AIBN
0 o)
R npogipron RO IMSQUNEG R~
2. 90C, AIBN NoH CHCL / “OH
R R R R’
1.TIBA
2.PCly
3.80,Cl,
4.R'OH, NEt;

R~ o
NAZ

Scheme 2.5ynthetic scheme of alkylphosphinic and disubstituted phosphonic?écids

2.2 4 Dialkylphosphinic Acids

Dialkylphosphinic acideffer the ability to tune properties by varying both alkyl chains
for extraction and separation performarfté’ Thus, careful design of nonsymmetric dialkyl
phosphonic acids (NSDAPA) enables fituming of electronic properties as well as steric
effects. Older synthetic approaches in literature utilize toxic gas lika®khe phosphorus
source, high pressure conditions, and oxidation wiB.t4More recent approaches to the
synthesis of NSDAPAs use sodium hypophosphite as the source of phosphorus. Complete
transformation is achieved in a tvgtep reaction cascade. The first step yields
monoalkylphosphinic acid which is further reacted with afimk® produce the desired

NSDAPA (Scheme 2.6}. Separation of monand dialkylphosphinic acids was accomplished
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by precipitating monoalkylphosphinic acid as the adamantanamine salt which is easily collected
by filtration (Scheme 2.6 reacti@). Isolated monoalkylphosphinic acid was reacted with

another alkene to yield the final target extractant@8% overall yield).

R CH,COOH, THF R || _OH R, II _OH
1. R1 >= NaHzPOz DTBP 135C > 1 j\
2
2
Ry

Rz RZ
R R4

fo) (o]
R, LI/OH + R1Y\H/OH adamantanamine Y\” ~OH*NH, _Ha g, R " ~OH
2. “H j\ Y\

(o) (o}
R, il_OH R I1_OH
P. _CH;COOH Y\P’
3. Syt R3/\ DTBP 135C ﬁ
RZ R2 R
3

Scheme 2.®yntheticprocedureof nonsymmetric dialkylphosphinic acidfs

Three synthesized organophosphorus compounds were evaluated as extfgtaets (
2.4). The novel extractants performance was compared to P507 and Cyanex 272. Cdrhpound

demonstrated high extraction efficiency in separation of heavy REEs.

Figure 2.4Structures of three synthesized NSDAPAS

2.2.5 Styryl Phosphonates

Many newly synthesizedovel organophosphorus compounds follow the structural trend
set by the commercially employed extractants: polar phosphoryl group surrounded by
solubilizing alkyl chains of various lengths and branching. One absiues associated with
industrial REEs processing is the formation of gel or emulsions during the separation process. In

an attempt to overcome these limitations, researchers investigated the effect of diluent Zddition.

Bi nnemands research gr ou 3(2eahylbedylplosphoecidcidact i on
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(P204) in the presence of aliphatic, aromatic and mixed diluents. It has been found that the
addition of aromatic compounds resulted in minimizing emulsion formation, thus leading to the
higher separation efficienci€&Such discovery prompted design and synthesis of extractants
containing both aliphatic and aromatic moieties. One of the first studies reporting novel aromatic
organophosphorus extractants referred to the evaluation of styryl phosphonate monoester (SPE).
The synthesis utilized styrene, phosphorus pentachloride and alcohol as starting materials. The
threestep synthetic procedure is illustrated in ScheméZFihal SPEs were obtained with

yields of 4050%.

(|: ~ E/Rm || _OH
©/\ _PCls, CHCL, ©/\/(';|\ ROH ©/\/(!;I\CI 150 ©/\/ “OR
Scheme 2.Byntheticprocedurdo styryl phosphonate monoester

Three SPEs were synthesized, fully characterizedeaaldiatechs potential extractants
(Figure 2.5.

II _OH II _OH

©NP\ oL O

Figure 2.5Structures of three synthesized SPEs

ExtractantK outperformed commercial commonly used P204 and R&6Rowed high
extraction efficiency and was able to separate adjacent lanthanides (Ce, Pr, Nd, Sm). Based on
the performed DFT calculations it was concluded that increased extraction performance was due

to the elevated electreaccepting ability.
2.3 Alternative Separation Approaches

Despite the abundance of commercially available extractants, the environmental concerns
associated with the statd-the-art separation processing revealed the urgent need to develop
novel approaches to REE purification. The following section will reviesearch work aimed at

investigating alternative separation techniques.
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2.3.1 SolidphaseExtraction

All the previously mentioned extractants isolate REEs based on the principles of liquid
liquid phase separation, thus requiring large volumes of solvents leading to waste generation. In
an attempt to alleviate this issue and develop more environmentetylfr separation
processes, researchers have investigatedgbade extraction. Polymers are of interest due to
their ability to be insoluble in water and the ease of separation from the processed solution. Well
known organophosphorus compounds have li@regnated on solid supports and tested as
potential extractants. Commercially available hydrophobic styrenic resins (Amberlite XAD)
demonstrated extraction potential after impregnation with P507 and tributyl phosphate.
Researchers were able to sepaidePr, Sm, and Ce from a mixture of lanthanides and
transition metals using XA functionalized with P50% 33Zhang and colleagues successfully
separated Sc from the other REEs by adsorption onto mpacoais silica polymer (Si&P)
impregnated with HDEHP* Regeneration studies indicated that some of the polymers retained

high absorption ability after four consecutive cyces.

2.3.2 Chromatographic Separation

Another example of a more environmentally friendly strategy for lanthanides processing
is employment of the stationary phases for chromatographic separationb8g®@é mesoporous
adsorbents have been studied for REEs separation. The functionalizatieradsorbent
surfaces can be achieved by employing different techniques such as grafting the extracting
ligands onto the pore$ Dy-imprinted mesoporous silica was synthesized bgammensation

and was applied in selective adsorption of the templated metal from the NdFeB waste $blution.
2.3.3 lonicLiquids

Another alternative to wasteful and polluting ligdiguid separation processing is ionic
liquids (ILs). Nonflammability, low vapor pressure, and low toxicity are just a few examples of
advantages offered by ILs. Phosphonium cation based ILs have bearchesl extensively for
metal separation extraction purpo$asover a decade. Phosphonioontaining ILs Cyphos 101
and Cyphos 104 (Figure 2.6) are the most studied and proniisig.
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Figure 2.6Structure ofonic liquidsCyphos 101 (A) and Cyphos 104 (B)

Dy, Nd, and Eu were successfully separated from a mixture of metals by employment of
ILs.**%5 |Ls offer an alternative greener REE separation stratégpwever, their
implementation into industrial processing is limited by complicated synthesis and resulting cost

inefficiency.
2.3.4 BiomassbasedSeparation

It has been established that some microbes and plants accumulate lanthanides and utilize
them in enzymatic biological proces$é$’ Cotruvo and colleagues were able to identify the
protein lanmodulin (LanM) that demonstrated remarkable affinity f8f.1%LanM is one the
most selective biological macromolecules for REEs even at small concentrations o metal.
Immobilization of LanM on solid support allowed-alfjueous separation into light and heavy
REEs from a complex mixture of metals in one adsorption/desorption cycle, and only two cycles
were needed for separation of Nd and°®gnother example of the use of biomass for REE
processing was demonstrated by utilization of engineered bacteria. Improved extraction was

enabled by functionalizing proteins with lanthanlading tags?
2.3.5 SelectiveCrystallization

Selectivecrystallization is a recent novel approach to REE separations. Coordination
polymers such as metafganic frameworks (MOF) have been utilized in numerous applications.
Employment of dibutyl phosphoric acid led to separation of Nd and Dy via fractional
precipitation in acidic aqueous soluti6hDespite the insignificant differences in ionic radii of

lanthanides, it was shown that the use of predesigned MOFs with different auxiliary ligands
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demonstrates selectivity towards specific metals. Thus, considering coordination environment,

camphorate MOFs were used to successfully separate REES.

Studies of the cooperation of coordination and crystallization resulted in developing the method
for separation of Dy and Nd. Employment of tripodal Schiff base as a complexing ligand enabled

onestep selective crystallization of the Dy from the mixturigie 2.7)%°

LnL
Dy(NO,), DIEA crystal
Hol flltratlon < Y
filtrate y

DMSO/IPA (1:3)

Figure 2.7Selective crystallization approatdr REE separatioff

2.3.6 RedoxSeparation

Most of the abovenentioned separation strategies rely on ionic wdiffierences of the
REEs. Furthermore, the industrial catisine based solvent extraction process remains prevalent
despite limited selectivity towards adjacent REES, thus resulting in relatively poor separation
between neighboring metals. Although REEs motorious for similarities in their
physicochemical properties, they possess unique electronic properties: the very reason for their
many applications in fields critical for development of the Higth and energy sectors.
Researchers exploited some leés$e characteristics for separation purposes including redox
chemistry that has been employed to separate individual lanthanides. Rare earths predominantly
exist in a trivalent oxidation state. However, under specific electronic configurations, Er and Ce
are known to be stable in the divalent state even under ambient conditions. Computational and
experimental studies performed by Fieser and colleagues revealed that all lanthanides can exist
in the divalent state in solutiori AlImost four decades ago Donohue isolated Ce from the
agqueous mixture of REEs via photochemical separ&tisSc hel t er 6s research gr
the 50:50 Y/Lu mixture in a orgtep redox process based on the differences in Lewis acidity of
the lanthanide® Since the acidity of the metal determined the electron transfer rate, the

researchers selectively oxidized the desired complex that was then separated by filtration.
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2.4 PhosphonicAcid Derivatives asPotential Novel Extractants

Previously conducted work indicates that it is possible to base separation protocols on
controlling the chemical environment of the metal by manipulating the ligand $ffigfide
coordinating ligands can be used to adjust the photophysical properties of thigdieE
complexes and change the metals reduction potéhfiair example, the workunctions of
various materials based on indium tin oxide (ITO), zinc oxide (ZnO), nickel oxide (NiOx),
gallium indium phosphide (GalnP2), and silicon have been tuned over a 2 eV range using
various vinyl aromatic phosphonic acf¥8! Furthermore, recent work has indicated that REE
separation can be achieved by exploiting the unique electronic structures of lanthanides with the

aid of designer ligands.

As has been previously reported, styryl phosphonicacidoesters demonstrated
promising extraction and separation efficiency. Nevertheless, the proposed synthetic route
limited the choice of the aromatic moiefyHowever, previously conducted studies revealed a
possibility of functionalizing vinyl phosphonic acid (VPA) with an array of aromatic groups by
utilizing versatile Heck coupling conditiof%*Se |l | i nger 6 s gr o-stgp devel ope
reaction to produce a variety of functionalized styryl phosphonic acids. The general synthetic

approach can be found in Scheme®.8.

N 9 Pd[P(-Bu);], 0
- NCy,Me, THF P
T + \/Fl,\OH NCy,Me, THF X oH
X OH R4~ OH
£
Scheme 2.&yntheticprocedurdo styryl phosphonic acids

Utilization of the Heck coupling conditions allows the functionalization of VPA with a
range of aromatic groupbkalogenated, chromophores, and photoswitches for example. Modified
VPASs have been successfully applied to tuning surface energies as well as electrode work
functions, as described earlfér/*Thus, they might serve as a potential feedstock for designing
separation procedures based on targeting specific REEs by exploiting metals optical and
electronic properties.

As was mentioned previously, potential extractants contain solubilizing aliphatic chains.

Consequently, proposed aromatic vinyl phosphonic acids would have to be alkylated. The
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|l iterature concerning direct monoal kyl ati on

developed a microwavassisted approach to obtaining monoalkylated pheplgbsphinic and
phosphonic acids with catalytic addition of [omim][BE> "8 Scheme 2.9 demonstrates the
general synthetic approach.

(o] O
1l MW ROH ||
H

Scheme 2.8yntheticprocedurdo alkylated phenylphosphonic acid

The main drawback associated with this synthetic methtiekisse of alcohol aa
reagent and a solvent, thus limiting choices offtimetionalizedohosphonic acids due to
solubility issues.The solubility limitations can be resolved by utilizing Steglich esterification.
This method was developed and first reported in 1978 by Wolfgang Steglich (Schem@ 810).
The reaction employs carbodiimide and organocatakgstrgthylaminopyridine (DMAP) and
proceeds under mild and neutral conditions. The esterification proceeds by initial reaction of
carbodiimide with an acid to form an&ylurea intermediate; DMAP reaawith acylurea
forming a highly reactive amide that undergoes rapid reaction with alcohol (Scheme 2.11).
Steglich esterification yields a variety of esters including those containing bulky, sterically

hindered groups. Though this method was originallyetted for transformations of carboxylic

acids, it has been successfully applied to organophosphorus compounds such as phosphoric and

phosphinic acid8%®2

o) DCC/DMAP 0
R |
R~ “OH R~ TOR'

Scheme 2.1&ynthetic scheme of Steglich esterification

26

o



| |
T Ny L SGRseh
o~
0 V/\:N\ fo) N N H/g\

AL

O N

L Q10 |7 X/\

’ | u A o
O . '
7N\ H H o X H-OR
N N - —_— '
ﬁ\)\% Q \ | — d = -DMAP, -H* R)J\O/R
PN S
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2.50utlook

Organophosphorus compounds show superior extraction ability; however, their use in
industrial processing is associated watiortcomingsuch as limited selectivity towards
individual REEs and the generation of large volumes of waste -&t#te-art cation sizébased
separation has promeo be a time and energyonsuming process. Thus, there is a need to
exploit different properties of lanthanides to develop an efficient and economically feasible
purification method. Each lanthanide possesses uniquiecgliecand optical properties;
consequently, exploitation of photophysical characteristics of REEs could result in developing a
novel separation technique. Future research should target the development of organophosphorus
extractants with designer moietigt can be tuned to the photophysical properties of individual
REEs.
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CHAPTER 3
CONTROLLING EXTRACTION OF RARE EARTH ELEMENTS USING
FUNCTIONALIZED ARYL-VINYL PHOSPHONIC ACID ESTERS
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studies.
3.1 Introduction

Rare earth elements (REE) are increasingly important in manytéaghndustries.
These strategic elements possess unique optical, magnetic and electronic properties that make
them indispensable for the glass industry, superconductors, lighting, permeamgrets,
catalysis, and nuclear energy to name a few applicatibhe.ongoing shift from fosshased
energy sources toward a green economy creates a need for a steady supply of REE. However, the
stateof-the-artindustrial processing of REE is costly and challenging because of the similarity in

physicochemical characteristics of these elements.

The chemical similarity of REE causes them to occur together in nature, and since
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differentapplications require particular rare earths, the naturally occurring mixtures of rare
earths are currently painstakingly separated in hundreds of individuatliquid extraction

stages that generate significant amounts of waste at a considerableeexergvironmental
cost?* Liquid-liquid extraction separations are easily deployed and readily scalable to
accomplish high materighroughput in a continuous separation. Nevertheless, the inefficiency of
current REE separations arises from the limited selectivity of therbekiss extracting ligands
such as zthylhexyl phosphonic acid motiethylhexyl ester (HEHEHP), di{2
ethylhexyl)phosphoric acid (HDEHP), diis(2,4,4trimethylpentyl)phosphinic acid (Cyanex

272), all of which rely on the consistent, small differences indhie radii of adjacent REE to
achieve the separatidThe size selectivitpf these ligands for REE arises from the particular
hydrogerbonded dimer motif of the RO:H ligand$ and interligand repulsion between the
organic substituents of the complexed ligands, while the overall complexation strength is often
correlated to the ligand basicity?

The economic and environmental concerns posed by the current commercially available
extractants have prompted investigations into alternative REE separation approaches. Ligands
that amplify or substantially alter the sigelectivity for REE have been caered**° but
separation systems that can exploit other characteristics of REE for separations also have been
reported, for example separation protocols based on redox chéfitistnymagnetic field$®2?

In addition to these systems, photo responsive separations that exploit the unique electronic
structure of individual REE or REE complexes have also been desétiSeBecent work

revealed that small changes in the conformation of coordinated ligands could tune the

photophysical properties of REE compleXe¥ and thatoordinating ligands can alter both the
photophysical properties of the REE c¢%®%pl exes

Ligands that combine a systematic ssstectivity with functionalities that target the
electronic properties of specific REE would greatly boost the separation efficiency of rare earths.
Asymmetric arylvinyl phosphonic acid monoesters, such as the spyrgsphonate esters
described by Huang et &P.represent a ligand platform that could combine both strategies for
REE separation. Based on the wehracterizedPO:H REE coordinating group, aryiinyl
phosphonic acid monoester ligands also incorporate a synthetically flexib\aradysubstituent
attached to the phosphorus atom that provides opportunities to incorporate additional

37



functionalities to modulate the extraction strength and selectivity of the phosphonic acid for

specific REE, which would greatly simply REE separations.

However, incorporating functionalities that improve the selectivity of the ligands for
certain REE is also likely to alter the extraction strength of the ligands. Consequently, new
functionalized ligand designs also need to incorporate mechanisms to KEegxiRaction
strength in a range useful for separations. Prior work withvanyl substituted phosphonic
acids! suggests that the dipole moment of such ligands could be used to control the strength of
metatligand interactions. In those experiments, carefully designedsanyll substituted
phosphonic acids altered the electronic properties of the phosplommattated metals in
several photocathode materids>3In those instances, the change in the work function of the
materials was correlated with the dipole moment of the coordinated styryl phosphonic acid
ligand perpendicular to the surfatelhe possibility of tuning the overall REE complexation
strength of these phosphonic acid extractant by altering the ligand dipole makes the ligands
additionally attractive candidates for n@dneration separations agents because it would give a
new mechaism to compensate for unwanted changes in REE extraction strength when-the aryl

vinyl substituents are coupled with redpmagnetie, or photeresponsive moieties.

Herein, we report modifications to the base styryl phosphonic acid metiy/Rexyl
ester ligand intended to alter the dipole moment of the ligand and thereby alter their REE
extraction strength. The performance of three styryl phosphonic acid methgitZexyl ester
ligands as extractants for the REE europium was studied relative to the common industrial
extractant HEHEHP to understand if this strategy is applicable to REE ligands. The styryl
substituted extractants form complexes similar to those afdhenon phosphonic acid
extractants, but they are substantially stronger extractants than the dialkylphosphonic acid
ligands. While the extraction strength is commonly correlated with ligand acidity for
dialkylphosphoric;phosphonic, anegphosphinic acidghe extraction strength of the styryl
substituted ligands for REE is better correlated to the order of the dipole moment of the
coordinated ligands along the@bond than to ligand acidity, and manipulation of the ligand

dipole offers a new design pathyvéor tuning the extraction strength of such ligands.
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3.2 Experimental Section
3.2.1 Materials

Reagents were obtained from commercial suppliers and usedesged unless otherwise
indicated. Solutions of extractants were prepared by diluting known masses of extractant in
chloroform (099%). Aqueous solutiongwateere pre
and standardized by titration with NaOH to the phenolphthalein endpoint. Radidattiieu
was produced by neutron activation of solid@uusing the U.S. Geological Survey TRIGA
reactor’*and was then dissolved in nitric acid and found to be radiochemically pore by
spectroscopy. Aliquots of this stock solution were evaporated to dryness and redissolved in nitric

acid to prepare radiotracer solutions'8f*>€u for these experiments.
3.2.2 Ligands

Mono 2ethylhexyl phosphonic acid&hylhexyl ester (HEHEHP, 98%) was purchased
from BOC Sciences and purified by the third phase methdte styryl phosphonic acid mono
2-ethylhexyl esters were synthesized by functionalizing vinyl phosphonic acid with the
appropriate aromatic moiety followed by monoesterification (Scheme 3.1). The addition of the
aromatic moiety employed Mizorokleck coufing conditions3! and the subsequent alkylation
used the Steglich esterificatidReagents were obtained from commercial suppliers and used as
received unless otherwise indicated. Flaper chromatography (TLC) was performed onpre
coated silica gel plates (0.25 mm thick) and observed under UV light (254 nm). Nuclear
magnetic resonand®lMR) spectra were recorded on JEOL EGB0 (500 MHz) spectrometers
at room temperature. The WVis spectra were recorded 8eckman Coulter DU 800
spectrophotometer, samples were prepared using methanol as solvent. IR spectra were recorded
on neat samples using a Thermo Electron Nicolet 4700 FTIR with Attenuated Total Reflectance
(ATR).

3.2.3 GeneralProcedure for Synthesis ofStyryl PhosphonicAcid

A Schlenk flask was charged with bromoaryk() and bis(trtert
butylphosphine)palladium(0) (0.025 eq), followed by three vacuum ameffil cycles. Vinyl
phosphonic acid (VPA) (1.2 eq) was dissolved in anhydrous dioxane and gently bubbled with N
for 20 min. Anhydrous dioxane and the solution of VPA was added to the Schenk flask via

syringe with stirringN,N-Dicyclohexylmethylamine (3 eq) was added to the reaction mixture
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dropwise via syringe. The reaction was heated to 80 °C for 20 h. The progress was monitored
with thin layer chromatography (EtOAc/hexanes 1:4). Upon completion, the reaction mixture
was cooled to room temperature. The product was extracted with EtOA&hsbe times

with 5% HCI, dried over MgS&) and filtered. The obtained organic phase was condensed to a
few mL by rotary evaporation and the product was precipitated into dichloromethane (DCM).
The filtered precipitate (white flaky crystals) was drie@mght at 45°C under vacuum. The
purity of the synthesized ArVPAs was verified 1y, 1°F, and®'P NMR.

(E)-styrylphosphoniacid (1a)

A 250 mL Schlenk flask with stir bar was oven dried. The Schlenk flask was charged
with bromobenzene (1.74g, 11.1 mmol) and bigéributylphosphine)palladium(0) (0.142g,
0.276 mmol), followed by vacuum ana Mfill cycles (3x). Vinyl phosphonic acid (VPA)

(1.449, 13.3 mmol) was dissolved in 10 mL of anhydrous dioxane and bubbledféth2§

min. 70 mL of anhydrous dioxane and solution of VPA was added to the Schenk flask via
syringe with stirringN,N-Dicyclohexylmethylamine (7.10mL, 33.3 mmol) was added to the
reaction mixture dropwise via syringe. Reaction was heated to 80°C for 20 h. The progress was
monitored with thin layer chromatography (EtOAc/hexanes 1:4). Upon complétenreaction
mixture was ooled to room temperaturé€he productvas extracted with EtOAc and washed

with 5% HCI (3x). Organic phase was dried over Mga@d filtered. Obtained organic phase

was condensed to a few mL by rotary evaporator. Product was precipitated into DCM. Filtered
precipitated (white flaky crystals) was dried overnight at 45°C under vacuum. 1.79g {B8%).
NMR (500 MHz,DMSQGds) U 10. 25 (JIs6.2Hz2H), 7.37 (1 5 82 Hz,BH),

7.21 (ddJ=22.0, 17.5 Hz, 1H), 6.51 (dd= 17.4, 16.5 Hz, 1H}P NMR (202 MHz, DMSQ

d) U 14.37.

(E)-(2,6-difluorostyryl)phosphonic acid (1b)

A 250 mL Schlenk flask with stir bar was oven dried. The Schlenk flask was charged
with 1-bromeo2,6-difluorobenzene (4.28g, 22.2 mmol) and bisigrit-
butylphosphine)palladium(0) (0.284g, 0.555 mmol), followed by vacuum amelfil cycles
(3x). Vinyl phosphonic acid (VPA) (2.88g, 26.6 mmol) was dissolved in 10 mL of anhydrous

dioxane and bubbled withoXor 20 min. 150 mL of anhydrous dioxane and solution of VPA was
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added to the Schenk flask via syringe with stirridgN-Dicyclohexylmethylamine (14.2mL,

66.6 mmol) was added to the reaction mixture dropwise via syringe. Reaction was heated to
80°C for 20 h. The progress was monitored with thin layer chromatography (EtOAc/hexanes
1:4). Upon completion reaction mixture wamted to room temperature. Product was extracted
with EtOAc and washed with 5% HCI (3x). Organic phase was dried over Mgy&{filtered.
Obtained organic phase was condensed to a few mL by rotgrgratar. Product was
precipitated into DCM. Filtered precipitated (white flaky crystals) was dried overnight at 45°C
under vacuum. 3.34g (67%) NMR (500 MHz, DMSGds) U  7J.=4.8 Hz( 1H), 7.26

7.09 (m, 5H), 6.57 () = 17.6 Hz, 3H)3'P NMR (202 MHz, DMS@Js) U IPRNMR4471
MHz, DMSO-ds) -1111.92.

(E)-(4-(trifluoromethyl)styryl)phosphonic acid (1c)

A 250 mL Schlenk flask with stir bar was oven dried. The Schlenk flask was charged
with 4-bromabenzotrifluoride (5.01g, 22.2 mmol) and bisfeit-butylphosphine)palladium(0)
(0.2849, 0.555 mmol), followed by vacuum angrsfill cycles (3x). Vinyl phosphonic acid
(VPA) (2.88g, 26.6 mmol) was dissolved in 10 mL of anhydrous dioxane and bubbled,with N
for 20 min. 150 mL of anhydrous dioxane and solution of VPA was added to the Schenk flask
via syringe with stirringN,N-Dicyclohexylmethylamine (14.2mL, 66 mmol) was added to the
reaction mixture dropwise via syringe. Reaction was heated to 80°C for 20 h. The progress was
monitored with thin layer chromatography (EtOAc/hexanes 1:4). Upon completion reaction
mixture was cooled to room temperature. Produas extracted with EtOAc and washed with
5% HCI (3x). Organic phase was dried over Mga@d filtered. Obtained organic phase was
condensed to a few mL by rotary evaporator. Product was precipitated into DCM. Filtered
precipitated (white flaky crystals) wasied overnight at 45°C under vacuum. 4.71g (84%4).

NMR (500 MHz,DMSGds) U 9. 59 ( 3514.2HE)2H), 7773 @,2H)(7847.19
(m, 1H), 6.760 6.62 (m, 1H)3'P NMR (202 MHzDMSO-ds) U 1RNMR 9471 MHz,
DMSO-ds) -61.07.

3.2.4 GeneralProcedure for Synthesis ofM onoesters ofStyryl PhosphonicAcid

A Schlenk flask was charged with styryl phosphonic acid (1 egfand
dimethylaminopyridine (DMAP) (1 egjollowed by three vacuum and: kefill cycles. DMF
was added to the solution via syringe and stirred at room temperature until solids dissolved.
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N,N'-Diisopropylcarbodiimide (DIC) (1 eq) was then added to the solution via syringe. 0.75 mL
(1 eq) of 2ethylhexanol was dissolved in DMF and added to the reaction mixture dropwise. The
resulting solution was heated to 40 °C for 72 h #edprogress was monitored with thin layer
chromatography (EtOAc/hexanes 1:4). Upon completion, the reaction mixture was cooled to
room temperature and the DMF was removed by rotary evaporation. The crude product was
dissolved in DCM and placed in a freepeernight. Preipitated 1,3diisopropylurea byproduct

was filtered out and the DCM was removed under reduced pressure. The crude material was
washed twice with hexanes, extracted with diethyl ether and washedatithicE0% NaOH,

followed by five washes with 5% HCI. The organic phase was dried over Mgy&iltered.

The resulting organic phase was condensed by rotary evaporator. The obtained proeduct (off
white oil) was dried for 5 h &0 °C under vacuum. The purity of the compounds obtained was
verified by!H, 1%, 3P and®*C NMR and potentiometric titration. FIR spectra of all the
synthesized materials (Supplemental Figure S11) have characteristic bands of phosphonic acids:
1622 (RO-H), 737 and 864 (@), 1380 (P=0) cm In addition, a peak at 978 crwas

evidence of esterification and was ditried to the presence of?C bond.

2-ethylhexyl hydrogen (Etyryl phosphonate (HEHSP) (2a)

A 50 mL Schlenk flask with stir bar was oven dried. The Schlenk flask was charged with
(E)-styrylphosphonic acid (1.68 g, 9.10 mmol) ahdimethylaminopyridine (DMAP) (1.11 g,
9.10 mmol) followed by vacuum and Nefill cycles (3x). 30 mL of DMF was added to the
solution via syringe and stirred at room temperature until solids dissdléd.
Diisopropylcarbodiimide (DIC) (1.41 mL, 9.10 mmol) was added to the solution via syringe.
1.56 mL (10.00 mmol) of -2thylhexanol was dissolved in 10 mL of DMF andied to the
reaction mixture dropwise. Solution was heated to 40°C for Th2 progress was monitored
with thin layer chromatography (EtOAc/hexanes 1:4). Upon completion reaction mixture was
cooled to room temperature. DMF was removed by rotary evaporator. Crude was dissolved in 20
mL of DCM and placed in freezer overnight. Patzited urea was filtered out. DCM was
removed under reduced pressure. Crude was washed with 40 mL hexanes (2x). Product was
extracted with diethyl ether and washed with 100 mL@8%6INaOH (2x), followed by wash with
5% HCI (5x). Organic phase was dried over Mga@d filtered. Obtained organic phase was

condensed by rotary evaporator. Obtained product (light yellow oil) was dried for 5h at 80°C
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under vacuum. Yield: 1.28 g (48%). #R: 978 (RO-C), 1622 (PO-H), 737 and 864 (&),

1380 (P=0), 285@990 (GH, ethylhexyl chain) cr. *H NMR: (500 MHz, DMSQd) (i 7.63

(d, 2H), 7.39 (d, 3H), 7.27 (t, 1H), 6.51 (t, 1H), 3.76 (s, 2H), 1.544 (m, 1H), 1.35 1.19 (m,
8H), 0.85i 0.79 (m, 6H)3P NMR: (202 MHz, DMS@Qds) U1 16.71.%C NMR (126 MHz,
DMSO-De) 160.10, 127.05, 125.60, 112.18, 67.95, 22.95, 15.01, 14.21, 13.78, 11.12, 10.68.

The purity of freshly dried ligand was determined from the NMR. The single observable
peak in thé!P NMR and the absence of resonances attributable to the Ask#BAg material
combined with the integration oftidl NMR i ndi cates |l igand purity
weight of stored ligand was determined by potentiometric titration prior to extraction
experiments as 309.3 g/mol. The expected molar mass of HEHSP is 296.34 g/mol, expected
molar mass of HEHSP 4@ is 314.36 g/mol, giving a composition of HEHSP-0.7QH(For
comparison, titration of purified HEHEHP with
325.3 g/mol. The expected molar mass of HEHEHP is 20§/4hol, expected molar mass of
HEHEHP-HO is 324.43 g/mol, giving a composition of HEHEHP-1.08H

2-ethylhexyl hydrogen (ER,6-difluorostyryl)phosphonate (HEHDFSP) (2b)

A 50 mL Schlenk flask with stir bar was oven dried. The Schlenk flask was charged with
(E)-(2,6-difluorostyryl)phosphonic acid (1.01 g, 4.55 mmol) d@ndimethylaminopyridine
(DMAP) (0.61 g, 5.01 mmol¥ollowed by vacuum and Nefill cycles (3x). 20 mL of DMF was
added to the solution via syringe and stirred at room temperature until solids diskighed.
Diisopropylcarbodiimide (DIC) (0.71 mL, 4.55 mmol) was added to the solution via syringe.
0.75 mL (4.78 mmol) of &thylhexanol was dissolved in 10 mL of DMF and added to the
reaction mixture dropwise. Solution was heated to 40°C for i progress was monitored
with thin layer chromatography (EtOAc/hexanes 1:4). Upon completion, the reaction mixture
was cooled to room temperature. DMF was removed by rotary evaporator. Crude was dissolved
in 20 mL of DCM and placed in freezer overnightecipitated wa was filtered out. DCM was
removed under reduced pressure. Crude was washed with 40 mL hexanes (2x). Product was
extracted with diethyl ether and washed with 100 mL of 10% NaOH (2x), followed by wash with
5% HCI (5x). Organic phase was dried over Mga@d filtered. Obtained organic phase was
condensed by rotary evaporator. Obtained producibite oil) was dried for 5h at 80°C under
vacuum. Yield: 0.81 g (54%). FIR: 978 (RO-C), 1622 (PO-H), 737 and 864 (), 1380
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(P=0), 1194 (€F), 28502990 (GH, ethylhexyl chain) cm. *H NMR: (500 MHz, DMSGds) i
7.561 7.09 (m, 4H), 6.54 (s, 1H), 3.78 (s, 2H), 1i5%.40 (m, 1H), 1.37 1.14 (m, 8H), 0.83 (s,
6H).3P NMR: (202 MHz, DMS@Js) U PP@NMR{126 MHz,DMSGDs) U 129. 92,
126.46, 125.68, 123.01, 121.83, 120.35, 67.87, 22.98, 15.04, 14.63, 14.21, 13.80, 11.10, 10.67.
F NMR (471 MHz, DMSGds) -1i11.93.

The purity of freshly dried ligand was determined from the NMR. The single observable
peak in thé!P NMR and the absence of resonances attributable to the ArVPA stating material
combined with the integration oftidl NMR i ndi cates |l igand purity
weight of stored ligand was determined by potentiometric titration prior to extraction
experiments as 345.4 g/mol. The expected molar mass of HEHDFSP is 332.32 g/mol, expected
molar mass of HEHDFSP B is 350.54 g/mol, giving eomposition of HEHDFSP-0.738.

2-ethylhexyl hydrogen (E@-(trifluoromethyl)styryl)phosphonate (HEHTFSP) (2¢)

A 50 mL Schlenk flask with stir bar was oven dried. The Schlenk flask was charged with
(E)-(4-(trifluoromethyl)styryl)phosphonic acid (1.15 g, 4.55 mmol) dnd
dimethylaminopyridine (DMAP) (0.61 g, 5.01 mmd®)lowed by vacuum and Nefill cycles
(3x). 20 mL of DMF was added to the solution via syringe and stirred at room temperature until
solids dissolvedN,N'-Diisopropylcarbodiimide (DIC) (0.71 mL, 4.55 mmol) was added to the
solution via syringe. 0.75 mL (4.78 mmol) oethylhexanol was dissolved i) mL of DMF
and added to the reaction mixture dropwise. Solution was heated to 40°C fdh&Zirogress
was monitored with thin layer chromatography (EtOAc/hexanes 1:4). Upon completion reaction
mixture was cooled to room temperature. DMF was removed by rotary evaporator. Crude was
dissolved in 20 mL of DCM and placed in freezer overnight. Bitateéd urea was filtered out.
DCM was removed under reduced pressure. Crude was washed with 40 mL hexanes (2x).
Product was extracted with diethyl ether andiveaswith 100 mL of 10% NaOH (2x), followed
by wash with 5% HCI (5x). Organic phase was dried over Mg8@ filtered. Obtained organic
phase was condensed by rotary evaporator. Obtained produathjtéfoil) was dried for 5h at
80°C under vacuum. Yield: 1.09 g (66%).-K: 978 (RO-C), 1622 (PO-H), 737 and 864 (€
P), 1380 (P=0), 1120 and 1325-E, 2860-2990 (GH, ethylhexyl chain) cn. *H NMR: (500
MHz, DMSOds) U 7J.=86.6 Hg,diH), 7.35 (t, 1H), 6.72 (t, 1H), 3.78 (s, 2H), 1.3741
(m, 1H), 1.40 1.14 (m, 8H), 0.83 (s, 6HY'P NMR: (202 MHz, DMS@ds) U FGNMR5 .
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(126 MHz, DMSQD¢) 145.15, 130.54, 128.69, 128.17, 119.48, 118.01, 116.83, 67.68, 28.87,
22.99, 15.06, 14.27, 13.85, 10.96, 10’B.NMR (471 MHz, DMSGds) -61.15

The purity of freshly dried ligand was determined from the NMR. The single observable
peak in theé!P NMR and the absence of resonances attributable to the ArVPA stating material
combined with the integration ofthel NMR i ndi cates | i qugaedt puri ty
weightof stored ligand wadetermined by potentiometric titration prior to extraction
experimentas377.2g/mol. The expected molar mass of HEHFEP is $4.35g/mol, expected
molar mas®f HEHTFSP-RO is382.35g/mol, givinga composition oHEHTFSP-0.1H0.

3.2.5 PotentiometricTitrations

All solutions for the potentiometrititrations were prepared in 75 vol% EtOH/25 vol%
H20, and all potentiometric titrations were conducted undearid thermostatted at 25.0 °C.
Solutions of 0.1 M NaOH were standardized by titration of dried primary standard potassium
hydrogen phthalate in water to the phenolphthalein endpoint. Solutions of 0.01 M HCI were
standardized by Gran titration with the stardized NaOH using a Mettldioldeo InLab semi
micro combination pH electrode filled with aqueous 3 M KCI. After the standardizations were
compkte, the electrode was calibrated to read pcH (peldg{H"*] on the molar scale) by
titration of known amounts of standardized HCI and NaOH. Dilute solutions of each ligand were
prepared by dissolving measured amounts of ligand in known volumes of 75 vol% EtOH/25
vol% H>O with or without 0.01 M HCI to give solutions of 0.009.017 M ligand. These
solutions were titrated with standardized NaOH to determin&4lo¢ each ligand. Each titration
consisted of 60 70 individual pcH measurements and thetions of the three styryl
phosphonic acid mono-&hylhexyl esters were conducted in duplicate. The electrode was
calibrated with solutions of 75 vol% EtOH/25 vol%®icontaining known concentrations of
HCI prior to each titration, and with this procedure the pcH readings for the ligand solutions
were reproducible to +0.007 pcH units (or £0.4 mV). All uncertainties are reported at the 95%

confidence level.
3.2.6 Liquid-liquid Extraction

The stoichiometries of the extracted europium(lll) complexes and the relative
complexation strengths of the extractants were measured throughligguetextraction.
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Chloroform solutions of the ligands were contacted with equal volumes of aqueous HNO
solutions (0.01 0.1 M HNG;) spiked with?>2>Eu" by vortexing for 5 minutes at 22 + 1 °C
followed by centrifugation for 2 minutes. The two phases from each extraction condition were
separated and an aliquot was taken from each phase to determine the Eu content by measuring
the 1215y o-emission rate between 40 and 225 keV with a Packard Caotv@olinter. The
europium distribution ratid)ey, was then calculated as the ratio of the total concentration of Eu
in the organic phase to the total concentration of Eu in the aqueous Phas¢E Ui/ [Eu],

where the overbar indicates species in the organic phase. The uncertainty in the distribution
ratios was calculated from the uncertainties in pipetting and radioactive counting. When
necessary to account for the change in activity coefficieritsiamic strength, aqueous acidities
were converted to the pH scale (pHleg H' activity) using the single ion activity coefficient

for H" calculated with the extended Debbéickel equation for the relevant ionic strength.

o
1l Il
P_ DIC/DMAP, \/\/(,OH o P_

Br
] PA[P(tBu);],, NCy,Me X 1oH 2N
T > R / 1o
\/ZEOH R P dioxane, 75C, 20h RY P 1 OH DMF, 45C, 72h RIL D 2 OH

f f f f
P. P P.
X1 X1 OH X1 OH
©/\/0HOH o /@/\/OH
F FsC
1a, 88% 1b, 67% 1c, 84%
0
1 £ Q 1
P_ P P,
©/\/| OH ©j\/ﬁ0ﬂ /©/\/| OH
o o
F F;C
HEHSP (2a), 48% HEHDFSP (2b), 54% HEHTFSP (2¢), 66%

Scheme 3.1 Synthetic approach to obtair@reghylhexyl hydrogen styryl phosphonates (top)
and obtained ligands (bottom)
3.2.7 ComputationalM ethods

To gain insight into the effect of the phosphonic acid ligand dipole moments on the Eu
extraction reaction, density functional theory (DFT) calculations were performed using the
Gaussianl8®s ui t e of pr ogr apammeten ybrit fuectioBdcanbieed s 3
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with the norlocal correlation functional provided by Perdew/W#&tghe Eu and P atoms

were represented with a smatire StuttgarDresden relativistic effective core potential
associated with their adapted basis’$&tAdditionally, the P basis set was augmented by a d
pol arizati on f?tomeprésendthe vledce orbitals. All8h@ yther atoms C, F, O
and H were described with aAG (d,p), doublée qu a |l i t**y** Hoeadl ligandssamdt .
complexes, geometries were optimized two ways: in the gas phase and with polarizable
continuum solvation. The desired properties were computed under the same conditions as the
optimizations (e.g., solvated optimized geometry andldipmment from electronic structure
computed with solvationChloroform was chosen as the solvent to mirror the experimental
conditions, with solvation treated as a polarizable continuum using the default Gaussian16 self
consistent reaction field methdd*6The nature of the extrema (minimum) for the ligand and
ligand/REcomplex were established with analytical frequency calculations and geometry
optimizations were computed without any symmetry constraints. To gain insight into the nature
and behavior of thbonds around the Eu, we performed Natural Bond Orbital (NBO) analysis
and computed the Wiberg Bond Index (WBTf°

3.3 Results andDiscussion
3.3.1 Ligandsynthesis

Two synthetic routes to the target styryl phosphonic a@thglhexyl ester compounds
were investigated. Complete conversion to the monoester could be achieved either by
functionalizing vinyl phosphonic acid with the desired aromatic moiety followed by
monoesterification or by initial alkylation of the vinyl phosphonic acid followed by the reaction
with aryl bromide (Scheme 3.2). Evaluation of the two approaches revealed that the first route
was the more viable reaction scheme because of the ease ahguthify intermediate ArVPAs

by precipitation from DCM and the ease of purifying the monoesters byiquid extractions.
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Scheme 3.2 General reaction scheme

Previously reported syntheses of styryl phosphonic acids used THF as a ¥blvent.
However, replacing THF with dioxane increased yields of aryl vinyl phosphonic acids by 5
16%. This increase could be explained by the higher boiling point of dioxane, resulting in

running reactions at an elevated temperature.

We began optimizing conditions for monoesterification of ArVPAs by comparing two
synthetic approaches. Microwawassisted approach to obtaining monoalkylated phenyl
phosphinic and phosphonic acids with catalytic additiob-béityl-3-methylimidazolium
tetrafluoroboratgbmim][BF4]°% >'was evaluated for esterification of phosphonic acids. Initial
esterification reactions were performed using phenyl phosphonic acidethgllRexyl alcohol
(Scheme 3.3).

(0]

[o)
\ OH bmim|[BF \ _OH
RO+ [bmim][BF,]| > L
OH OH MW, 180C, 45 min ©/ %

Scheme 3.3 Esterification of phenyl phosphonic acid via microwave approach

Reaction progress was monitored with NMR. The reaction mixture was washed with
5% HCI upon completion, and the product was extracted into ethyl acetate. Excess alcohol was
removed by Kugelrohdistillation. The same experimental procedure was applied to VPA.
However, the abovdescribed conditions could not be utilized for the esterification of ArVPAs
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since they have minimal solubility inréhylhexanol. Thus, limited choices of functionalized
phosphonic acids due to solubility issues led us to investigate alternative synthetic routes to
obtaining the monoesters. The solubility limitations can be redakging Steglich

esterificatiom? >*We began our optimization with the screening of 3 different carbodiimides:
N,N élicyclohexylcarbodiimide (DCC\,N édiisopropylcarbodiimide (DIC), and-(3-
dimethylaminopropybNéethyl carbodiimide (EDC). Despite the ease of removal oNtaeyl

urea byproduct when using EDC, it performed poorly regarding the conversion rate. Both DIC
and DCC demonstrated high conversion rates. The DG@dwuct,N,N-dicyclohexylurea is
waterinsoluble and partially soluble in organic solvents resulting in-teme solvent

consuming purification,N éiisopropylurea is more wataoluble and can be removed by

solvent extraction. Consequently, we selected DIC as the most suitable carbodiimide.

We evaluated various polar solvents (dimethylformamide (DMF, acetonitrile (ACN), and
tetrahydrofuran (THF)). Traditionally, Steglich esterification is performed in DCM. Since
ArVPAs are not soluble in DCM, only polar solvents were selected for reactimnizgdion.

Based on the G®IS analysis of the reaction composition after 72 hours, we selected DMF as

the solvent of choice. (Table 3.1).

Table 3.1 Solvent optimization

Entry Carbodiimide Organocatalyst Solvent Conversiof
1 DIC DMAP DMF 97%
2 DIC DMAP ACN 56%
3 DIC DMAP THF 81%

dConversiordetermined by G@/S after 72 h

Optimization of the purification method to obtain target extractants resulted in the
employment of liquidiquid extractions with different solvent systems. After completing
Steglich esterification, DMF was removed under vacuo. The remaining crude wagedisa
DCM and left overnight in the freezer to precipitate the ureprbguct. Precipitated urea was
filtered out and DCM removed under reduced pressure. The crude was washed with hexanes to
remove unreacted alcohol. The product was extracted withytither and washed with 10%
NaOH, followed by a wash with 5% HCI.
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3.3.2 Determination ofAcid DissociationConstants of theL igands

The acid dissociation constants of gtgryl phosphonic acid moneéhylhexyl esters
and HEHEHRwere determined by potentiometric titration in 75 vol% EtOH/25 volid it
25.0 °C. The titration data demonstrate that HEHEHP is a weaker acid than angtgfithe
phosphonic acid mon®-ethylhexyl esters, as HEHEHP displays clear buffering actioKat.
4.3 after an initial rise in pcH as the excess HCI added to the solution was consumed at

approximately 0.4 equivalents of added base.

To determine the dissociation constants, the titration data were converted to buffer

capacitiesp,®

QO DI QO Qw
Qn 00 ®an OO @9p

wherecy is the concentration of base added from the burétts,the total volume of the
solution in the titration cup, ardlV/dpcHis the reciprocal of the derivative of the pesl

volume titration curve. The acid dissociation constants were calculated by fitting the buffer
capacities as a function of thé Ebncentration according to the general buffer capacity

equatiorm* °°

In Eq.3.2, Ka,iis the acid dissociation constant of specjesis the total molar
concentration of species regardless of protonation stat&.aisdhe autodissociation constant
of water under the solvent conditions used. Khdiad been measured during the electrode
calibration titrations and was determined to Bg p 14.97 + 0.02. The data from all the
titrations of a given ligand were combined into a single data set that was fit using a simplex

minimization algorithm with jackknife estimation of the uncertainty of the fitted pararritiers
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determine the liganHla that best reproduced the measured buffer capacities (Figure 3.1). The

results are summarized in Table 3.2.

0.025

0.020 +

0.0154

0.010 +

0.005

0.000 -+

pcH

Figure 3.1 Fitting the buffer capacities of the ligands to determine the acid dissociation constants
in 75 vol% EtOH/25 vol% KD at 25.0 °C.A) HEHTFSP, ¥ ) HEHSP, ( ) HEHDFSP, ()

HEHEHP, and{- -) 0.00953 M HCI. Fits to Equation 2 using theswalues in Table 2 are

indicated with solid lines.

The Ka measured for HEHEHP is in agreement with previously reported values
determined in 75 vol% EtOH/25 vol%:8 (pKa = 4.10%7 4.48 and 4.8°%). Replacing the 2
ethylhexyl group attached to the phosphorus atom of HEHEHP with styryl groups increases the
l iganddés acidity by more than one order of ma
withdrawing fluorine or trifluoromethyl moieties furtherdigces the Ka values compared to
HEHSP. The resultingka values for the styryl ligands are even lower than those of
dialkylphosphoric acids such as bistthylhexyl)phosphoric acid Ka = 3.49") and din-
octylphosphoric acid (. = 3.306°).
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Table 3.2 Acid dissociation constants of phosphonic acid ligands in 75 vol% EtOH/25 y01% H
at 25.0 °C.

Ligand Number of PKa
points fit
HEHTFSP (2c) 133 2.99 +0.03
HEHDFSP (2b) 120 3.13+0.04
HEHSP (2a) 140 3.25+0.02
HEHEHP 61 4.31 £ 0.02

3.3.3 Rare EarthExtraction

The extracting strength and composition of thé'Eomplexes extracted by the styryl
phosphonic acid mono esters were studied by radiotracer-liquid extraction experiments.
The aqueous phases were composed ofi01 M solutions of nitric acid, while the styryl
phosphonic acid mono-&hylhexyl esters were dissolved in CHCIAt the ligand concentrations
studied, the phosphonic acids are expected to existtamtied dimers in the CHE3olutions®®
®1 The extraction of Eu from the nitric acid solutions was studied as a function of the extractant
concentration at constant aqueous acidity (Figure 3.2) and as a function of the aqueous acidity at
constant extractant concentration (Figure 3.3). The thyed shosphonic acid mono esters are
all much stronger extractants that HEHEHP, as indicated byitt#drder of magnitude
decrease in extractant concentration required to achieve the same degree of Eu eX@agaon (
constant acidity for HEHSP, HEHESP, and HEHTFSP compared to HEHEHP (Figure 2). The
extraction strength decreases in the order HEHTFSP > HEHSP > HEHDFSP >> HEHEHP.

While these particular extractants have not been systematically studied before, studies of
extraction by other mixed alkyl/aryl organophosphorus extractants are consistent with the greater
extraction strength that we observe for the styryl substitutedopbag acid mono esters.

Peppard and coworkers compared HEHEHP tetl®lhexyl) phosphonic acid phenyl ester
(HEH[PhP]) and found that HEH[PhP] outperformed HEHEHP by about 2 orders of magnitude
in extracting Prif and Cni*.%2 Ju and coworkers observed similar results when examining di(2
ethylhexyl)phosphoric acid (HDEHP), where they found both HEH[PhP] and a methylheptyl

analog extracts Ctfiand CF* 2 orders of magnitude more strongly than HDEFI. another
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study, Peppard compared extraction by HDEHP and(di[4,3,3
tetramethylbutyl)phenyl]phosphoric acid (HDOPhP), a diaryl phosphoric acid extractrant, where
they found HDOPhP also outperformed HDEHP by several orders of magffitude.

The composition of the Eticomplexes formed with the ligands in CH@lere
determined by erreweighted linear regression analysis of thelbgs. log ['O0 ] or pH data
(Table 3.3), as previously describ®df®with A- representing one deprotonated phosphonic acid
monoester. Under the conditions of these extractions, nitrate anions weakly compete with the
phosphonic acid ligands for Elin the aqueous phase, with I8gos= 1.22 for Equilibrium 3 at
| = 0 M ionic strengtl¥/ This aqueous nitrate complexation was accounted for in the analyses as
described in the Supplemental Information. The analysis of the pH dependenc® giles
slopes between 2.86 and 3.14 for all the ligafidble 3.3 indicating that while nitrate does
complex Ed'in the aqueous phase, the extracted complexes contain no nitrate because the
electroneutrality of both the aqueous and the organic phases is maintained by the exchange of 3
H* into the aqueous phase for eacH'Extracted rather than bpextraction of nitrate. Huang et
al. report similar results for Baextraction by HEHSP in kerosene (h = 3.83Consequently,

the general equilibria affecting the extraction are expected to be

Knos
EW*+NOs z Eu(NOG)?* (3.3
and
Kex
%O & 00 z QO (! Y (34)

Where the overbar indicates species that are present in the organic phaset Ais
required for the mass balances of the ligand and the acidic protorts=dhds determined from

the slope of the pH dependence.
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Table 3.3 Slope analysis of the extraction data in Figure 3.2 and Figure 3.3

Ligand pH log Deu=mlog[ 00 ]+ C:?
HEHSP (2a)  2.037 (2.88 + 0.09)-log [O0 ]+ (7.26 + 0.24)
HEHDFSP (2b) 2.037 (3.01 + 0.09)-log [0 ]+ (6.69 +0.21)
HEHTFSP (2c) 2.037 (2.86 + 0.12)-log [0 ]+ (7.92 +0.32)
HEHEHP 2.037 (2.88 + 0.16)-log [0d ]+ (3.08 + 0.18)
[ CO |, M log Dcorr T mlog [ 00 ] =hpH + log Kex
HEHSP (2a) 0.016 (3.09 £ 0.11)-pH + (1.19 8.17)
HEHDFSP (2b) 0.022 (2.86 + 0.09)-pH + (1.08 + 0.14)
HEHTFSP (2c) 0.0079 (2.88 + 0.07)-pH + (2.05 + 0.11)
HEHEHP 0.283 (3.14 + 0.15)-pH (3.06 + 0.23)
2C1 = logKex+ h pH + logr ilogp 0 T r .
25 . ——
2.0 .
1.5 .
1.0 .
0.5 .
2 0.0- .
2 051 -
S 1.0 ]
1.5 _
2.0 .
257 A"8_/c D 1
3.0 il
3.5 ; :

40 35 30 25 20 15 10 05 00
Log [(HA),] / M
Figure 3.2 Extraction of E{iby phosphonic acid ligands in CHGtom 0.01005 M HNG. (A)

A: HEHTFSP, ¥ ) B: HEHSP, ( ) C: HEHDFSP, () D: HEHEHP. Uncertainties in the
distribution ratios are shown at the 95% confidence level if they are larger than the data point
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Figure 3.3 Extraction of Efiby phosphonic acid ligands in CHGtom HNQ; solutions with
varying acidity. A) A: 0.0079 M (HEHTFSP) (* ) B: 0.016 M (HEHSP) ( ) C: 0.022 M
(HEHDFSP}, ( ) D: 0.283 M (HEHEHP). Uncertainties in thdistribution ratios are shown at
the 95% confidence level if they are larger than the data.point

The equilibrium constants for these reactions can be combined with the metal distribution

ratios, as described in the Supplemental Information, to provide quantitative information on the

composition of the extracted complexes. The slopes of thBdegs. log [ 'O0 ] measurements

give the value omin Eq. 4% which ranges between 2.86 and 3.01 for each of the ligands (Table

3.3). Our experimentally determined valuewin the HEHEHP system, 2.88 + 0.16, also agrees

well with the value found a recent report, 2.86 + G8Bivenh = 3 from the pH dependence

and an extractant dependencercf 3, mass balance requir@s 3. This result is commonly

found for many extracting acidic organophosphorus ligands in €8This Eu:A stoichiometry

further implies that three hydrogen bonded phosphonic acid dimers;, (ld#9 a single Hto

form a pseudmctahedral Eu complex with three dimers (Figure % &either incorporation of

the styryl moiety into the extractant framework, nor addition of electron withdrawing groups to

the aryl substituents alter the stoichiometry of these Eu complexes ins Coipared to

HEHEHP, our reference ligand.
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Figure 3.4 Schematmtructure (left) of the extracted EugfA)z complexes and the gabhase
optimized structure (right) of the HFHHEHSP complex with hydrogen atoms not shown. In the
optimized structure grey spheres are carbon, red spheres are oxygen, orange spheres are
phosphorous, and the central green sphere ipieumo See Appendix B Tables BS3lfor
coordinates of optimized geometries of the ligands and TablesSB@rcoordinates of
optimized complexes.

3.3.4 ComputationalResults

Because theoretically calculated gas phase dipole moments have been good predictors of
the ability ofconjugatedphosphonic acids, such as the precursor ArVPAs 1ig to modify the
properties of materials when complexed to surfAtt®e dipole moment was calculated for the
threestyryl phosphonic acid monceeéthylhexyl ester ligands (HEHSP, HEHDFSP, and
HEHTFSP), versions of thesleree ligandsvith methyl substituents replacing thesthylhexyl
groups (compounds 3a, 3b, and 3c; APPENDIX B Tables B8.1, B8.2, and B8.3), and the
reference extractant HEHEHP. The dipole moment calculations were made for both the neutral
uncomplexed ligands and ¥oordinated dimers of HEHSP, HEHDFSP, HEHTFSP, and
HEHEHP in the gas phase and with implicit solvation in GHThe methyl esters (3a3c)
were studied to speed the initial set of dipole calculations of the free lighledsave found
previously that thelectronic properties of aryl containing and fusin) conjugated molecules
are not appreciably changed when linear and branched alkyl chains are replaced by methyl

groups’®

Forfree ligandsthe dipole moment projected along th€ Bond was computed and is
reported in Table 3.4. This representation of the dipole moment is approximately aligned with
the length of the ligand, and it is the same metric previously used to understand surface

conplexation of ArVPA. Itallows direct evaluation of the impact of changing the substituents on
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the phosphorus atom, which in turn affects the properties of the oxygen atoms that coordinate the
REE ions).

The calculated dipole moments of the methyl ester$ @3 and the 2thylhexyl esters
(Table 3.4) follow the same order previously reported for the precursor ArVPA diacids (1a
1c) 23 and while substitution of a methyl ore2hylhexyl group for one of the acidic hydrogens of
the precursor diacid gives larger dipole moments for the monoester ligands, the change is similar
across the series. Substitution of a singt®/Ihexyl group ioreases the calculated dipole
moment by 0.1110.16 Debye in the gas phase calculation andi0.08 Debye in CHGI In
addition, regardless of the solvation state of the free ligands, the dipole moment vectors projected
along the RC vector direction of theaew styryl extracting ligands follow the order HEHDFSP >
HEHSP > HEHTFSP. The dipole moments for the free ligands projected alongtherl are
shown in APPENDIX B Figures B8.&8.4. Interestingly, despite the approximate octahedral
symmetry of the land shell around the RE metal, the magnitude of the total dipole moment of
the Eucomplexeslso follows this trend, presumably because asymmetry induced by side chains
leads to a dipole moment that must be roughly proportional to the dipole moment of the
individual ligands. We will see later that the ordering of the ligand dipole vector projection and
of the dipole moment of the complexes correlates with extraction strength.

Unlike the trend of dipole and extraction efficiency seen for the three aryl ligands, the
position of HEHEHP in the order of calculated dipole moments (Table 3.4) is not reflective of its
relative extraction ability toward rare earth elements. Replacagdhjugated vinyl aryl groups
attached to the phosphonate P with a saturatttiyZhexyl group in HEHEHP creates a ligand
with substantially different properties than the other extractants. Prior work observed that the
correlation between calculated dipanoments and materials properties breaks down when
ArVPAs are replaced with phosphonic acids bearing equivalent saturated substtlretits.
case of HEHEHP, substituting aethylhexyl group for the unsaturated, conjugated styryl
substituents of our three new extractants creates an extractant with a low dipole moment due to
the flexibility of the 2ethylhexyl group, the lower electroraiyity difference across the
molecule, and a strongly diminished ability for electronic communication between the
phosphonate and thel#®und substituent. In addition, HEHEHP has a much higkgtypde
suprg and a substantially different solubility in organic solvents. Together these properties of

the phosphonic acids suggest thatdipmwle moments alongf dialkylphosphonic acids such as
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HEHEHP will not be reliable predictors of their abilities as complexants or extracting agents, but
that for closely related ligands the dipole moment can be used to predict and control extraction

efficiency.

Table 3.4 Computed dipole moments (Debye) of free ligands (projected alOrpid

direction) of the mono methyl or&hylhexyl esters of the styryl phosphonic acids and of mono
2-ethylhexyl esters complexed to Eu in B@#AA)s complexes (total dipole moment), in both the
gas phase and in chloroform.

Free Ligand Eu-Complexed Ligand

Ligand Gas Phase  CHCls GasPhase CHCls
3a 1.54 2.06

3b 2.45 3.25

3c -1.45 -1.36

HEHSP (2a) 1.68 2.12 3.40 4.35
HEHDFSP (2b) 2.61 3.34 4.54 7.05
HEHTFSP (2¢) -1.34 -1.31 2.32 2.63
HEHEHP 0.32 0.40 1.34 1.68

While the computed dipole moments of the extracting ligands vary significantly even
among the three styryl substituted ligands, the DFT calculations reveal no significant difference

in the binding strength and bond type between europium and the ligands.

Table 3.5 Computed Wiberg bond index of the@bonds in the EuAHA)s complexes in
chloroform.

Wiberg Bond Index

Ligand ExOl Eu0O2 Eu0O3 Eu0O4 EuO5 EwO6
HEHSP (2a) 0.3858 0.3591 0.3768 0.3397 0.3821 0.3458
HEHDFSP (2b)  0.3594 0.3857 0.3813 0.3421 0.3488 0.3715
HEHTFSP (2c) 0.3851 0.3553 0.3739 0.3364 0.3800 0.3450
HEHEHP 0.3811 0.3540 0.3816 0.3597 0.3845 0.3510
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The calculated bond indices (Table 3.5) are reflective of mostly ionic interactions
between the metal and each of the ligands. Furthermore, the average values of the Wiberg bond
index vary by less than 1% around the mean value for the four ligands, eohwish similar
degrees of electrostatically driven metighnd interactions across the series. This suggests that
ligand binding to the Eu is a localized process with no substantial modification due to the overall
dipole moment of the ligand. Hence, tlipole moment design of phosphotcid based ligands
will have little effect on complexatioper sebut as noted, it can alter REE complex/solvent

interactions sufficiently to systematically affect extraction efficiencies.

3.3.5 Influence ofLigand Dipoles onM etal Extraction

The extraction reaction expressed by Equilibrium 4 describes the overall reaction
between the metal cation and protonated ligand dimers in terms of the predominant species in the
two phases. It is very useful for understanding the chemical species @tesequiliibrium and
modeling the extraction efficiency for many acidic organophosphorus extractants. However,
breaking this overall equilibrium into a thermodynamic cycle of descriptive subreactions brings
deeper insight into the processes and energetrob/ed in rare eartligand extraction
reactions. As suggested in Figure 3.5, EquilibrBuhfor a rare earth ion, ¥ can be

decomposed into six subreactions, each with its own equilibrium corstant,

(! zc(! Kol (35)
(tz (! ; Ka™ (36)
(tz ( ! ; Ka (37)
ol 2 z2! ; ¥ (38)
21z 2! K (39)
o(! 2!z 21 (! ; %bg (3.10)

In order to obtain Equilibrium 4 by summing Equilib8& 1 3.10, Equilibria3.5, 3.6,
and3.7 each must be multiplied by 3, so the resulting equilibrium constants will each be cubed,
giving K23, Kq3, andKz3. Then, the resulting expression for the overall extraction equilibrium

constantKey, is
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Values ofKex for each extractant are readily calculated from the pH dependence of the
europiumdistribution ratios (Table 3.4). As expected from the extraction data (Figure 3.2), the
styryl phosphonic acid monoesters show sinflarvalues, whileKex for the reference dialkyl
phosphonic acid, HEHEHP, isZlorders of magnitude smalldistribution ratios (Table 3.4). As
expected from the extraction data (Figure 3.2), the styryl phosphonic acid monoesters show
similar Kex values, whileKex for the referene dialkyl phosphonic acid, HEHEHP, isdorders

of magnitude smaller.

R3* +3(HA), = RA;(HA); +3H*

Organic
. /_\ "

3((HA), = HA+HA) 3 HA + RA; = RA;(HA);

K‘] 4|L Krl.{.’ 4|IP

>

a “ﬁ
3(HA = H*+A~) 34~ +R¥* = RA,
\_/’

Aqueous

Figure3.5 Thermodynamic cycle for extraction of trivalent rare earth catidhg)Rphosphonic
acid monoester ligands.

While the final complexes formed in CHre the same for all four ligands studied, the
three styryl phosphonic acid ligands extract Eu more strongly than does HEHEHP, the dialkyl
phosphonic acid most commonly used to separate rare earths. The relative ability of similar
ligands to extract rarearth cations from acidic solutions by exchangifigdd R®* is often
attributed to differences in the acidity of the ligands whereby more acidic ligands extract metal
cations more strongl{%. This is understood to result from a more favorable competition between
the metal cation and protons for the more acidic ligand in the overall reactioB4Eince the
ligand starts the reaction as a neutral, protonated species in the low dielectric constant organic
phase. A more acidic ligand favors production ofnithe deprotonation equilibrium, giving
more A for the rare earth to react with. Our results follow this general trend, for the styryl
phosphonic ligands are substantially more acidamtHEHEHP (Table 3.2), and they achieve
the same degree of Eu extraction at much lower ligand concentrations than HEHEHP (Figure 3.2
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and Table 3.3). There is one important deviation in this trend for the Eu extraction strengths.
The extraction strengths of the styryl derivative, HEHSP, and the difktgrgl derivative,
HEHDFSP, as represented by theix values, are reversed compared to the acidity. HEHSP,
with a Ka of 3.25, is a stronger extractant than HEHDFSP, which h&sa®13.13. The

opposite of the observed trend would be expected based on the usual correlation detween p

and extraction strength.

Our selection of these styryl phosphonic acid monoester ligands as targets for new
extraction reagents was not, however, suggested based on systematic variations in the ligand
acidity. Rather, the styryl phosphonic acid monoesters were selected bakedbility of the
parent diacid ArVPAs (1& 1c) to systematically alter the properties of conducting oxides when
coordinated to the surface of materials such as zinc oxide and indium tirfoXlekey ligand
parameter influencing the ability of the ligand to alter surface work functions was the dipole
moment of the ligand. When the experimental extraction strengths of threebstged ligands
are compared to the gas phase dipole moment digdnds, or any of the other calculated
dipole moments in Table 3.4, the anomalous reversal observed in the extraction strerigth vs. p
(Figure 3.6), instead follows the order of decreasing dipole moment for the three styryl
phosphonic acid mono este@n the other hand, the extraction strength of HEHEHP, which
completely lacks styryl substituents and features only saturag¢iaythexyl groups and
relatively symmetric alkylation of the phosphonate, does not follow the trend in dipole moments.
Neverthelss, this was expected from the earlier studies of surface functionalization, where only
ArVPA ligands followed the dipole moment correlatiSiFor the styryl substituted ligands, we
observe that the order mfcreasingEu extraction strength, HEHDFSP < HEHSP < HEHTFSP,
matches the order ofecreasingalculated dipole moment, both with the complexed ligand

dipole moment and the projected dipole moment for the free ligands.
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Figure 3.6 Correlation of Etiextraction strength of thetyryl phosphonic acid mone 2
ethylhexyl esteligands with (A) the ligand g, and (B) the dipole moment of the neutral ligand

Substantial insight into the contributions &4mnd dipole moment to the extraction of
rare earth elements by these ligands can be gained by examining the extraction cycle suggested
by Equation 11. Each of the three groups of terms in Equation 11 represents a different aspect of
the extraction proceskirst, the ratidka/K> considers the competition between acid dissociation
and ligand dimerization through hydrogen bonding. This term represents chemical reactions
intrinsic to the ligand alone. Both ofdlequilibrium constants in this term are expected to be
strongly dependent on the polarity of theHbond in the ligand, and it is generally observed for
acidic organophosphorus extractants that the magnituideintreases als, increase$® %
Given the substantial differences in tH&palues between HEHEHP and the styvglaring
ligands, this term is particularly important in understanding the much lower vakug of
observed for HEHEHP.

Second, the rati#q /K describes the relative solubilities of the protonated monomeric
ligand and the neutral Ln"complex in the two phases, which is principally determined by the
physicochemical properties of the ligand and the solvents. Ligand polarity, as reflected in the
dipole moment, certainly plays a role in determining the relative values of these equilibriu
constants, but specific intermolecular solstdvent interactions as well as general properties
such as the free energy of solvent tation will also affect the importance of this term in

determining the relative selectivity of extractants. Of the three groups of terms in Equation 11,
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this term is expected to be influenced more by the changes in the overall free ligand dipole
caused by substitution of the styryl moieties than the dipole moment alongZttv®®d in the

monoester ligands.

The thirdterm, T T , represents the affinity of the deprotonated ligand dimeg;,HA
for the rare earth cation. Since the mdigdnd bonding in these complexes is predominantly
electrostatic in nature, the magnitude of the negative charge on the phosphonate oxygens is key.
Increasing this negative charge on the oxygens will increasel¢lotrostatic bond strength
between the metal cation and deprotonated ligand. But the effect increasing the negative charge
on the oxygens will have on the dipole moment of the ligand wpkdd on the magnitude and
direction of the dipole moment of the ligand framework. When the dipole moment vector is
directed away from the oxygens, increasing the negative charge on the oxygens will decrease the
magnitude of the dipole moment. This is tase for the styryl phosphonic acid mono ester

ligands.

3.4 Spectroscopictudies

Justin C. Johnson performed spectroscopy experiments, data collection and interpretation.
Anastasia Kuvayskaya synthesized ligands and prepared samples for experiments. The work in
this section is intended for publication titl€bntrolling ligand shell excimer formation with

dipole changes in emissive ragarth/phosphonic acid complexes

We investigated aggregation of the ligand shell of the three styryl ligand complexes with
Eu. Two of the synthesized ligands were substituted widmB Ck groups, resulting in steric
and electrostatic differences within the series. These alterations led to both dipolar and halogen
phenyl electrostatic interactions, which drove stacking into exelikeefaceto-face geometries
that were evident in transieabsorption spectroscopy (TAS). Unique photophysical
consequences in terms of energy transfer to Eu and its subsequent emission were the result of

various excimer formation routes.

Figure 3.7 illustrates absorption data. The compounds dissolved in chloroform exhibit
characteristic UV absorption of styryl derivativé8esides the primary absorption band around
250-270 nm, we also observed less pronounced side bands in the region fr@002&0. The

peak absorption of HEHDFSP is slightly blue shifted as compared to the other two ligands. Such
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absorption shift could be the result of electron withdrawing from the phenyl ring, or a slight
twisting of the phenyl with respect to the vinyl, caused by steric hindrance of thadsian the

meta positior* We note that Eu/ligand solutions were prepared with excess of ligand of roughly
8:1, which complicated the interpretation of the comydp&cific absorption properties.

However, deviations in the line shape at the low energy side of the ligand absagrton

evident in concentratiedependent experiments (FiglB&b). A broad shoulder beyond 300 nm

is observed and is particularly strong for the EU/HEHTFSP complex. The features were much
weaker for EWUHEHSP and Eu/HEHDFSP solutions. The bands beyOnth8®ere assigned

to ligandligand coupling within the Eu complexes.
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Figure 3.7(a), Phosphonic acid ligand structures and absorption at 1 mM concentration in
CHCls. (b), UV-Vis absorption of (b) HHEHSPand (c) EHtHEHTFSP complexes vs.
concentration.

Photoluminescence (PL) spectra was collected at two different excitation wavelengths
and revealed a varying ratio of liganelated (broad, < 550 nm bands) to-telated emission
(sharp, various bands from 5300 nm) (Figure 3.8). The latter waminly the result of ligand
Eu energy transfer, while the former could be attributed to a combination of fluorescence and
phosphorescence, as the Eu absorption coefficient is too low in tH&1P8@m region to cause
notable direct excitation. As a result, theaatf ligand to Eu emission measures the

effectiveness of two processes: (1) photoexcitation of complexes vs. free ligands; and (2) energy
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transfer from the triplet state of the ligaffdhe stronger relative Etiemission in

EUu/HEHTFSP complexes upon 310 nm excitation is likely due to a higher photoexcitation
efficiency of the complex. The weaker emission upon 280 nm excitation suggests a less efficient
energy transfer from a ligand to metal than the other coreplébhe competitive formation of
excimers would likely reduce the efficiency of the direct ligand to Eu energy transfer pathway,

yielding the observed suppressed Eu emission.
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Figure 3.8(a), Steadystate photoluminescence of Eu complexes in chloroform with 310 nm
excitation. Edbased emission at (b) 280 nm goy310 nm excitation.

3.5 Conclusions

Styryl phosphonic acid mono esters represent a promising class of extracting ligands for
rare earth elements. For the three ligands developed here, incorporatingranyhuploiety into
a phosphonic acid mone&hylhexyl framework lowers thada of the ligand and greatly
increases the extraction strength of the phosphonic acid, but it does so without altering the
extraction equilibria or the stoichiometry of the extracted complexes. This suggests that this class
of extracting ligands can provi@eplatbrm for further tunindlex or other properties of the

extracted complexes by varying the aryl substituent. Such alterations might be used to improve
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the intralanthanide selectivity of the extraction while maintainindg<th@alues within an ideal
window for a given separation or to impart particular photophysical or electrochemical properties

to the complexes.

In addition, the utility of the gas phase dipole moment for describing the surface
chemistry of diacidic aryVinyl phosphonic acid ligands, first described by Koldemir et®al.,
alsoextends to describing the extraction strength of thexanyl phosphonic acid mono-2
ethylhexyl esters for Bl The observation of a correlation between extraction efficiency and the
dipole moment of isolated ligands may be useful for computational ligand design within families
of molecules because the dipole of a single ligand can be calculated with much less
computational expense than is needed for a full complex. Moreover, the computational expense
of calculations with flexible &thylhexyl groups gpears unnecessary because the methyl esters
display similar dipoles to the longer chain branched alkyl substituents. Although the ligand
dipole moment can affect all of the key equilibria that affect metal extragtitnn the series of
aryl-vinyl ligands we studied, the ligand dipole moment appears particularly important in
determining the relative solubilities of the protonated extractant and neutral metal complex in the
two phases and also in determining the overall affinity of HAe singlydeprotmated ligand
dimer, for a given metal cation. As such, the gas phase dipole moments\ohgryphosphonic
acid mono esters should be considered as a useful supplement to the free energy correlation

between logKexand Ka for understanding the extraction strength of these compounds.
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CHAPTER4
SYNTHESIS AND CHARACTERIZATION OF PHOTOACTIVE VINYL PHOSPHONIC
ACID MONOESTERS

Anastasia KuvayskayaAlan Sellinget?3

4.1 Introduction

Rare earth elements (REE) are among the fundamental raw materials that are increasingly
neededlue tothe recognition that a transition from conventional energy sources to more
environmentally friendly alternatives necessary. Nuclear energy, catalysis, phosphors,
superconductors, permanent magnets, and optical materials rely heavily on REEs. Consequently,
a crucial area of technology is the extraction and isolation of REE&e lanthanides have
comparable physicochemical properties across the series. Chemical homogeneity causes various
REEsto accumulate in source minerals, making it narallengingo separate them. The
method for separating REEs that is commercially used is solvent extraction. Commercial
extractants, however, have low selectivity, which renders processing énexgy, and solvent
intensive.To alleviatetheissuef inefficient solvent extraction processsasd develop more
environmentally friendly sepation processes, researchers have investigatedmuwse
extraction®® biomassbased'® and redox separatidt selective crystallization?* use of ionic
liquids as extractant$® Among these various techniques, photoisomerization is emerging as a
potential approach to lanthanide separatfdncorporating photoswitchabtaotifsinto complex
ligands offers unique capabilities to control the properties using light as a stimulus.
Photoswitchable ligands are molecules that undergo reversible shanigeir structure or
properties upon exposure to light. Here are a few examples of different tyghes of
photoswitchable molecule: azobenzene, stilbene, spiropyran and spirooxazine, and diarylethene
(Figure4.1).

1Affiliated with Colorado School of Mines, Department of Chemistry, Golden CO
2Affiliated with Colorado School of Mines, Material Scierféegram Golden CO
SAffiliated with National Renewable Enerdyaboratory (NREL), Golden CO
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Figure4.1l Photoswitches: azobenzene (A), stilbene (B), spiropyran/merocyanine (C),
spirooxazines/merocyanine (D), diarylethene (E).

Research dedicated to studying compounds formed by complexing rare earth metals with
these dynamic moieties an emerging and active study ar€he lightinduced transformation
can alter the coordination environment around the rare earth ion, changing the complex’s
physical and chemical properties. This makes them intriguing for the development of smart
materials and devices. Complexes formeddrg earth elements with photoswitchable ligands
have attracted significant attention due to their potentigliGiions in optoelectronics, sensing,
and information storage:?® In our previous worKChapter 3)we used VPA as a ligand
platform that was functionalized with aryl moieties with different dipoles. We have shown that
such an approach enableahtrol of the extraction performance of the synthesized ligands. In
order to evaluate the possibility of combining the photophysical properties of individual
lanthanides with separation chemistry, we decided to couple photoswitches with VPA esters. The

following molecular switches were investigated: azobenzene, stilbene, angysairo

4.1.1 Azobenzene

The azobenzene group is a prominent example of a photoswitchable ligand used in rare
earth element complexes. Azobenzene consists of two phenyl rings connected by-a double
bonded nitrogen bridgeN=N-). The transsomer of azobenzene has a linear structure, while the
cis isomer has a bent conformation. Upon irradiation with specific wavelengths of light,

azobenzene can undergo an isomerization process, converting between the trans and?¢is forms
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27 Light-induced isomerization can trigger various effects when azobenzene is incorporated into
the ligand structure of a rare earth complex. For example, it can modify the coordination
geometry around the central rare earth ion, leading to changes in loemoegproperties or
magnetic behavio®® This property has been utilized in the design of ligisponsive materials

and molecular switche$: 30

The interaction between the rare earth ion and the photoswitchable ligand in these
complexes is typically coordinated through donor atoms such as oxygen, nitrogen, or sulfur. The
ligand's structure can be tailored to achieve specific photochemical pespaltbowing for
control over the switching mechanism and respdhB&otoswitching of coordinated ligands can
be used to control lanthanide fluorescéhe@md mediate energy transfer to selected métals.
Funct i on ad{dikemmrates wotmazabdénzebe enabled transfer of the excited state energy

to specific lanthanides upon appropriate energy levels matéhitig.
4.1.2Stilbene

Stilbene is a molecule that belongs to the class of organic compounds known as alkenes.
It consists of two benzene rings connected by a central ethylene (C=C) double bond. Stilbene and
its derivatives have attracted significant attention due to theiestiag photophysical
properties, including strong absorption in the ultraviolet and visible regions of the

electromagnetic spectrum and efficient fluorescence emigsitn

REEshave unique electronic configurations that result in remarkable optical properties.
When combined with stilbene or its derivativB&Escan enhance or modify these molecules'
fluorescence properties, forming rare eatitbene complexe¥=° The interaction between
stilbene and rare eagin these complexes typically occurs through coordination with the
carboxylate groups or oxygen atoms of the stilbene derivative. The coordination can involve the
rare earth ion binding to multiple stilbene molecules, forming polymeric stru¢floes
interacting with a single molecule in a monomeric compféhe presence dREEsin stilbene
complexes can influence several properties, including fluorescence emission, absorption spectra,
and exciteestate dynamics. The energy transfer processes between the rare earth ion and the
stilbene chromophore are crucial in these effecte Q@rable phenomenon observed in rare
earthstilbene complexes is the sensitization of the rare earth ion's lumineét&titmene
derivatives can act as efficient ligharvesting antennas, absorbing photons and transferring the
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excitation energy to the rare earth ion, emitting light of a different wavelength. This sensitization

process can enhance the luminescence efficiency and control the emitted color
4.1.3Spiropyran

Spiropyran is a type of photoswitchable molecule that undergoes reversibtsenimg
and ringclosing reactions upovarious stimuli, includindight irradiation. It exists in two
isomeric forms: the closed form, known as the spiropyran (SP), and the open form, called the
merocyanine (MC). The interconversion between these forms can be achieved by exposure to
specific wavelengths of lighit **Spiropyran molecules are composed of a central spiropyran
core, typically consisting of a pyran ring fused with an aromatic moietySPferm is non
polar and colorless, while tidC form is polar and colored, often exhibiting absorption in the
visible regiort®. The two photoisomers of spiropyran exhibit structural, electronic, and optical
differences that have led to extensive study and implementation in polymer science to produce
photocontrolled stimulation, changes in viscosity and polarity, and-ligghicedopto-chemical

response&&4®

When combined with spiropyran ligands, rare earth ions can interact with the ligand's
photochromic behavior, resulting in interesting optical effects and potential applications.
Incorporation ofacomplex of lanthanum and spiropyran into polymer fibers resulted in catalytic
cleavage of phosphate estéBwitching the conformation of the ligand allows it to influence the
optical properties of the metals. For example, the photoisomerization of merocyanine was shown
to alter the electronic structure of lanthanide complé%ésiother area where rare earth
spiropyran complexes have been explored is in the field of molecular switches. The ability to
control the structural and luminescent properties of the complex through light irradiation allows
for the development of responsin®lecular systems that has a potential to be employed for
pharmaceutical applicatiof$>® Furthermorelanthanidesspiropyran complexes have been
investigated for their potential application in bioimaging and sensing. The reversible
photochromic behavior of spiropyran ligands, combined with the unique luminescent properties
of rare earth ions, offers opportunities é@signing fluorescent probes with tunable emission

and sensing capabilitié$.>®

In summary, rare earth element complexes with photoswitchable ligands offer the

potential for dynamic control over their physical and chemical properties througimiyitted
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isomerization Herein, we report the design and synthesghaisphonic acid monoesters
functionalized with photoswitchable moieties. The objective of this work is synthesis,
characterization, and extraction performance evaluation of the novel organophosphorus ligands
containing stilbene, azobenzene and spiropyran.

In chapter 3 we presented the optimized synthetic procedure to obtaining styryl
phosphonic acid monoesters. The evaluation of the two possible synthetic routes to obtaining the
target molecules revealed that the initial alkylation of VPA followed by thetien with aryl
bromide was the most viable approach. This sequence of the synthetic steps enabled the
development of an easy purification method. VPA monoester was obtained by employing
Steglich esterification described in Chapter 3. The brphmmtoswithies used for the Heck

coupling had to be synthesized.
4.2 Experimental Section
4.2.1 Materials

Reagents were obtained from commercial suppliers and used as received unless otherwise
indicated.The photoswitchable phosphonic acid moretiylhexyl esters were synthesized by
monoesterification followed by functionalizing vinyl phosphonic acid with the appropriate
aromatic moietyThin-layer chromatography (TLC) was performedpe-coated silica gel
plates (0.25 mm thick) and observed under UV light (254 nm). Nuclear magnetic resonance
(NMR) spectra were recorded on JEOL E680 (500 MHz) spectrometeas room
temperature. The UWis spectra were recorded 8eckman Coulter DU 800
spectrophotometer, samples were prepared usiloggoformas solvent. IR spectra were
recorded on a Thermo Electron Nicolet 4700 ETIR

4.2.2 LigandSynthesis

(E)-1-bromo4-(4-(tert-butyl)styryl)benzene

The synthesis of (E)-bromo4-(4-(tert-butyl)styryl)benzene was adopted from a
procedure described in the literatdfed 100 mL Schlenk flask with stir bar was oven dried. The
Schlenk flask was charged withbtomo4-iodobenzene (2.01g, 7.00 mmol) and palladium
acetate (0.078 g, 0.35 mmol), followed by vacuum anteNl| cycles (3x). Terdbutyl styrene
(2.32 mL, 7.00 mmol) was dissolved in 5 mL of anhydrous acetonitrile and gently bubbled with
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N2for 20 min. Anhydrous acetonitrile (45 mL) and solution of-bertyl styrene was added to the
Schenk flask via syringe with stirring. Triethylamine (1.96 mL, 14.0 mmol) was added to the
reaction mixture dropwise via syringe. The reaction was stirred°&t fé@ 20 h. The progress

was monitored with thin layer chromatography (EtOAc/Hexanes 1:4). Upon reaction completion,
the mixture was cooled to room temperature. 5% aqueous HCI (150 mL) was added to the
reaction mixture under stirring. The product wasacted with EtOAc. Organic phase was dried
over MgSQ and filtered. Solvent was removed under vacuo. The product was precipitated into
methanol and filtered precipitate (white flaky crystals) was dried overnight at 45°C under
vacuum. Yield of 1.62 g (70%)H NMR (500 MHz, DMSGds) U 7.63 (s, 4H),
7.41 (s, 2H), 7.26 (d, 3H), 6.50 (s, 1H), 3.76 (s, 2H), 1.48 (s, 1H), 1.28 (s, 17H), 0.83 ¢{4P6H).
NMR (202 MHz, DMSGds) U @ NMRY126 MHz,DMSGds) U 151. 30, 147.
134.28, 29.87, 128.19, 127.11, 126.80, 126.54, 125.78, 114.65, 113.08, 67.84, 40.18, 34.77,
31.38, 29.95, 28.96, 23.30, 23.07, 14.16, 10.99.

2-ethylhexyl hydroge((E)-4-((E)-4-(tert-butyl)styryl)styryl)phosphonate {(SVP)

A 100 mL Schlenk flask with stir bar was oven dried. The Schlenk flask was charged
with (E)-1-bromao4-(4-(tert-butyl)styryl)benzene (0.701g, 2.22 mmol) and bigéri-
butylphosphine)palladium(0) (0.0586g, 0.111 mmol), followed by vacuum anefill cycles
(3x). Vinyl phosphonic acid monoester (VP) (0.586g, 2.66 mmol) was dissolved in 10 mL of
anhydrous dioxane and bubbled withfdl 20 min. 40 mL of anhydrous dioxane and solution of
VP was added to the Schenk flask via syringe with stirfipy-Dicyclohexylmethylamine
(0.944 mL, 4.44 mmol) was added to the reaction mixture dropwise via syringe. Reaction was
heated to 80°C for 20 h. The progress was monitored with thin layer chromatography
(EtOAc/hexanes 1:4). Upon completion, the reaction mixture waled to room temperature.
Dioxane was removed under reduced pressure. 40 mL of 10% NaOH was added to the remaining
crude, the mixture was mixed under sonication. The formed oily precipitate was separated by
centrifugation. Separated precipitate was washidd 30 mL acetone (2x), followed by the
addition of 5% HCI. The product was extracted into EtOAc. Organic phase was dried over
MgSQs and filtered. Obtained organic phase was condensed to a few mL by rotary evaporator.
Product was precipitated into cold hexanes. Filtered precipitated/it# crystals) was dried
overnight at 45°C under vacuum. Yield of 0.723g (73%)NMR (500 MHz, DMSGds) U 7 . 6 3
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(s, 4H), 7.53 (s, 2H), 7.41 (s, 2H), 7.26 4& 31.1 Hz, 3H), 6.50 (s, 1H), 3.76 (s, 2H), 1.48 (s,
1H), 1.28 (s, 17H), 0.83 (s, 6H}P NMR (202 MHz, DMS@ds) U 13 NMF9(126 MHz,
DMSOd) U 151.30, 147.27, 139.46, 134.28, 12
114.65, 113.08, 67.84, 40.18, 34.77, 31.38, 29.95, 28.96, 23.30, 23.07, 14.16, 10.99.

(E)-4-((4-bromophenyl)diazenyl)phenol

(E)-4-((4-bromophenyl)diazenyl)phenalas prepared analogously to a procedure
described in the literatufé Bromoaniline (3.44 g, 20.0 mmol) was added to an aqueous solution
(20 mL) containing 5 ml of conc. HCI. The prepared aniline solution was added dropwise into
another aqueous solution (5mL) containing NaNDQ.77 g, 25.6 mmol) at 0°C with strong
stirring. After mixing, the resulting solution was stirred for 40 minutes at 0°C to form a diazo salt
solution. A separated aqueous phenol solution (20 mL) containing phenol (1.88 g, 20.0 mmol)
and NaOH (8.00g) waggpared. The diazo salt solution was added t@tigmol solution slowly
under ice water bath. The resulting reaction mixture was stirred at 0°C for 1 hour. The final
solution was acidified by adding 20 % HCI. The formed precipitate was filtered, washed with DI
water. The collected crude was dissolveddetone and thgroduct was precipitated into cold
DI water. Filtered precipitate (bright orange crystals) was dried overnight at 45°C under vacuum.
Yield of 2.18 g (78%).

(E)-1-(4-bromophenyh2-(4-((2-ethylhexyl)oxy)phenyl)diazene

Thedoublenecked rounéottomflask fit with condensewas charged witkE)-4-((4-
bromophenyl)diazenyl)phendll.41g, 5.02mmol) K2COs (0.866g, 6.27mmol), followed by
vacuum and Brefill cycles (3x).30 mL of anhydrous DMF was added to the flask via syringe
while stirring. The reaction mixture was heated to 100°C. After 30 sirofhcethylhexane
was added to the solution dropwise. Reaction was kept at 100°C for 1.5 h. The progress was
monitored withthin layer chromatography (EtOAc/Hexanes 1:4). Upon reaction completion, the
mixture was cooled to room temperature. The formed solid was separated by filtration, followed
by removal of the DMF under vacuo. The product was purified by flash chromatography
(EtOAc/Hexanes 1:4). The product (clear liquid) was dried overnight at 45°C under vacuum,
Yield of 1.86 g (97%)).
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2-ethylhexyl hydrogen ((E5-((E)-(4-((2-ehylhexyl)oxy)phenyl)diazenyl)styryl)phosphonate (Az
VP)

A 100 mL Schlenk flask with stir bar was oven dried. The Schlenk flask was charged
with (E)-1-(4-bromophenyB2-(4-((2-ethylhexyl)oxy)phenyl)diazen@®.867g, 2.22 mmol) and
bis(tri-tert-butylphosphine)palladium(0) (0.0586¢g, 0.111 mmol), followed by vacuum and N
refill cycles (3x). Vinyl phosphonic acid monoester (VP) (0.586g, 2.66 mmol) was dissolved in
10 mL of anhydrous dioxane and bubbled widfd¥ 20 min. 40 mL of anhydrous dioxane and
solution of VP was added to the Schenk flask via syringe with stifkiji.
Dicyclohexylmethylamine (0.944 mL, 4.44 mmol) was added to the reaction mixture dropwise
via syringe. Reaction was heated to 80°C for 20 h. The progress was monitored with thin layer
chromatography (EtOAc/hexanes 1:4). Upon completion, the reaction enixaig cooled to
room temperature. Dioxane was removed under reduced pressure. 40 mL of 10% NaOH was
added to the remaining crude, the mixture was mixed under sonication. The formed oily
precipitate was separated by centrifugation. Separated precipitateastasd with 30 mL
acetone (2x), followed by the addition of 5% HCI. The product was extracted into EtOAC.
Organic phase was dried over Mg&d filtered Solvent was removed under vacilibe
collected producfdarkred viscous o)lwas dried overnight at 45°C under vacuum. Yield of
1.01g (86%).H NMR (500 MHz, Chlorofornrd) G 9. 32 ( 3524.2H¥)4H), 7598 7 ( d,
(s, 2H), 7.50 (s, 1H), 7.01 (s, 2H), 6.40 (s, 1H), 3.96 &118.8 Hz, 4H), 1.77 (s, 1H), 1.33 (s,
18H), 0.92 (d,) = 31.8 Hz, 12H)3!P NMR (202 MHz, Chloroforrd) 0 2@ NMR§126
MHz, Chloroformd) G0 162. 65, 153. 87, 147. 17, 136. 87, 1
115.11, 71.22, 68.17, 40.38, 39.67, 30.82, 30.20, 29.41, 29.20, 24.16, 23.54, 23.38, 23.30, 14.41
(d,J=4.0 Hz), 11.46, 11.23.

2-ethylhexylhydrogen (ER-(1'-hexyt3',3-dimethylspiro[chromen&,2-indolin]-6-
yl)vinyl)phosphonate (SFP)

A 100 mL Schlenk flask with stir bar was oven dried. The Schlenk flask was charged
with 6-bromao1-hexyt3',3-dimethylspiro[chromen&,2tindoline] (1.02y, 234 mmol) and
bis(tri-tert-butylphosphine)palladium(0) (B01g, 0585 mmol), followed by vacuum and2N
refill cycles (3x). Vinyl phosphonic acid monoester (VPH{@y, 281 mmol) was dissolved in

10 mL of anhydrous dioxane and bubbled widfd¥ 20 min. 40 mL of anhydrous dioxane and
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solution of VP was added to the Schenk flask via syringe with stifxijg.

Dicyclohexylmethylamine (200mL, 468 mmol) was added to the reaction mixture dropwise

via syringe. Reaction was heated to 80°C for 20 h. The progress was monitored with thin layer
chromatography (EtOAc/hexanes 1:4). Upon completion, the reaction mixture was cooled to
room temperature. Dioxanwas removed under reduced pressure. 40 mL of 10% NaOH was
added to the remaining crude, the mixture was mixed under sonication. The @olyned

precipitate was separated by centrifugation. Separated precipitate was washed with 30 mL
acetone (2x), followed by the addition of 5% HCI. The product was extracted into EtOAC.
Organic phase was dried over MgSAd filtered. Obtained organic phase was condensed to a
few mL by rotary evaporator. Product was precipitated into cold hexanes. Filtered precipitated
(bright-orange powdgmwas dried overnight at 45°C under vacuum. Yield 6.0y (47%). H

NMR (500 MHz, DMSQds) U 11. 87 ( s,8.40(8 LH), 7.86.(§ IH), 7.80,(s, 1 H)
1H), 7.81 (s, 2H), 7.64 (s, 2H), 7.29 (s, 1H), 7.22 (s, 1H), 6.50 (s, 1H), 4.65 (s, 2H), 3.78 (s, 2H),
1.86 (s, 2H), 1.79 (s, 6H), 1.32 (tF 93.2 Hz, 16H), 0.83 (s, 9H)'P NMR (202 MHz, DMSO

d) U 1PCNMR (126 MHz,DMSGds) U 181.83, 163.03, 143.40,
129.37, 126.25, 126.06, 122.60, 120.59, 118.80, 114.70, 111.66, 67.99, 52.45, 48.23, 40.13,
31.39, 29.87, 28.91, 28.31, 27.25, 26.81, 23.23, 23.02, 22.50, 14.14, 10.95.

4.3 Results andDiscussion

4.3.1 Synthesi©ptimization

In Chapter 3, we reported the optimized synthetic approach to the styryl phosphonic acid
monoesters. The described route consisted of two synthetic steps: Heck coupling to functionalize
starting VPA followed by the Steglich esterification to achieve mdytation. However,
optimizing the purification method led us to revise the order of reaction steps. Upon evaluation
of the two approaches, it has been established that functionalization of VPA monoester enabled
easy purificationThe initial two synthesiz&compounds were stilbene and azobenzene

functionalized phosphonic acid monoesters (Figure 4.2).
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Figure4.2 Structures of 2thylhexyl hydrogen ((E3-((E)-styryl)styryl)phosphonate (left) and
2-ethylhexyl hydrogen ((E¥-((E)-phenyldiazenyl)styryl)phosphonate (right)

However, we encountered solubility issues while preparing the ligand&3dldtionfor
initial extraction testing. Thus, the synthesis had to be revised to include an alkyl chain to
improve solubility.The alkylation of bromestilbene was adopted from the experimental
procedure published previous§The model reaction between-Bbenzene and telutyl
styrene was performed under microwave conditions. Additionally, upon upscaling the products
the reaction was run using the traditional Schlenk line approagh2iethylhexane was chosen
for Br-azob@&zene functionalization. The addition of tertyl and 2ethylhexyl chains to the
stilbene and azobenzene respectively greatly improved soluBiihemesgl.1and4.2

demonstrate the optimized synthetic approach to the stilbene and azobenzene furetionali

ligands.
|
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Schemed.1 Optimized synthetic route to&hylhexyl hydrogen ((E3-((E)-4-(tert
butyl)styryl)styryl)phosphonate
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Schemet.2 Optimized synthetic approach teethylhexyl hydrogen ((E3-((E)-(4-((2-
ethylhexyl)oxy)phenyl)diazenyl)styryl)phosphonate

The bromespiropyran precursor was synthesizelogously to a procedure described in
the literature® After initial 3 reactions the desirédbromo1-hexyt3',3-
dimethylspiro[chromen&,2-indoline] was obtained in 79% vyield. The last step followed the
same reaction conditions as stilbeaad azobenzer@hosphonic acid monoesters. Scheme 4.3

illustrates the finalized reaction cascade to the target spiropyran containing extractant.
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Scheme 4.®ptimized synthetic approach 2eethylhexyl hydrogen (Ef2-(1-hexyt3',3*
dimethylspiro[chromen&,2-indolin]-6-yl)vinyl)phosphonate

Initial unsuccessful attempts to separate the photoswitchable phosphonates via column
chromatography led us to develop the purification approach based on solubility differences
between starting materials and the final product. Therefore, we utilizecea stsdlvent
washesAfter reaction completion, the solvent was removed under vacuo, and the obtained crude
was mixed with 10% NaOHhe formed oily crude containing Na salts of the phosphonic acid
monoesters was watersoluble and could be easily separated by centrifugation. Afterward, the
addition of acetone resulted in the precipitation of the Na salts of the target compounads and th
removal of the starting VPA monoester. The obtained precipitate was acidified with 5% HCI and
extracted into ethyl acetaf€he final products were characterized with NMR and-\4¥

spectroscopy.
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4.3.2 UV-Vis Spectroscopy

The absorption spectra tife three synthesized ligands are shown in Figure 4.3. The
maximum absorption wavelengths and corresponding extinction coefficients are listed in Table

C.1 (see Appendix C).

0.8
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240 290 340 390 440 490 540
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—Az-VP —5til-VP —5P-VP

Figure 4.3 UV spectra of ligands in CHCI

The AzVP ligand has a characteristic azobenzene absorption band in the region of 300
400 nm; a higher intensity-band aantsi3t7 00 nn m |wanse
band at 280 nm was assigned to tHeh t r &°rAlssorptiondoand in the region of 2880
nmoftheSti-VP | i gand was *evtirdemdgi toifont FEWhedV-vis t he s
spectrum of the SWP ligand shown in Figurd.3 has a peak around 300 nm, indicative of the
closed spiropyran fornT.he broad band in the 48D0 nm region could be explained by
isomerization to merocyanine (M&The presence of MC could be explained by the use of the

polar solvent for sample preparatith.
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4.3 3 trans-to-cis Photoisomerization ofL igands Stil -VP and Az-VP

We looked closer at the photoisomerization behavior of stilemed azobenzene
containing ligands. Since spiropyran is known to undergo isomerization under a various stimuli
such as light, pH, temperature, and solVétite SPVP ligand will be the subject of future
studies. Figure 4.4 illustrates spectral changes in UV absorption of Bj&\P in chloroform
solution under irradiation at 365 nm. The decrease in absorption intensity of the peak at 341 nm
and the increase of the broad band at 271 nm indicated the confirmational changyarfsdo:

cisisomer.

240 260 280 300 320 340 360 380 400
Wavelength (nm)

Figure 4.4 UV spectral changesSiil -VP in chloroform solution upon irradiation with 365 nm
as a function of time.

Figure 4.5 demonstrates the absorption spectra &zhiéP. We could observe spectral
changes upon irradiating ligand solution with 365 nm within secdrdsdisappearance of the
absorbance band at 370 nm and increase of the peak at 286 nm was attributed to the complete
isomerization of the ligand frotmansto cis conformatior:® Following irradiation with 450 nm

resulted in complete recovery of ttransisomer.
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Figure 4.5 UV spectral changesAi-VP in chloroform solution upon irradiation with 365 nm
(a) and 450 nm (b) as a function of time.
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Absorption (a.u.)

Figure 4.6UV spectral changes &il-VP in chloroform solution upon irradiation with 254 nm
(a) and 365 nm (b) as a function of time.

Stil-VP ligand was chosen to determine the extraction perform@heepreliminary
extraction experiments with Nd were monitored with-W\8. Stil-VP chloroform solution was
contacted with aqueous Nd(N@for 1 min.The spectral changes of the aqueous Nd solution
before and after extraction indicated the transfer of the metal from the agueous to the organic
phase (Figure C6.1 Appendix Qe complexation of the extractéldl was evident from the

absorption spectroscofifigure 4.6).The spectral changes in the region from-660 nm are
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attributed to the lanthanide complexation with the ligands. The shift in the peak intensities
correlates with previously reported trascis photoisomerization of the stilbefinctionalized
di-b-diketonates with lanthanidé%.2°

4.4 Conclusion

Three organophosphorus extractants containing photoswitchable moieties were
synthesized and characterizé&tie optimized synthetic armlrification approach allowed us to
obtain stilbene, azobenzene, and spiropyran derivatives of VPA monoesters in good yields and
high purity. The UWVis spectroscopy studies indicated the photoisomerization behavior
consistent with previously published v#is. Based on the preliminary extraction experiments, it
was concluded that the synthesized photoswitchable ligands extraction performance was

comparable to the first generation of the styryl extractants presented in Chapter 3.
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CHAPTERS

VERSATILE AND ON-DEMAND VINYL PHOSPHONATES FORM ANION DIMERS AND
MODULAR SUPRAMOLECULAR POLYMERS WITH CYANOSTARS

The original version of this work was originally published in the jou@tamical Sciencex
publication of theRoyal Society of ChemistyypOI:10.1039/D3S03685E
Copyright 2023 The manuscript has been modified for this dissertation.

Yusheng CheR Anastasia KuvayskayaMaren Pink? Alan Sellinger?*>" and Amar H. Floot/

Anastasia Kuvayskaya under the supervision of Alan Sellinger synthesized and
characterized all phosphonic acids; Yusheng Chen under the supervision of Amar H. Flood
prepared all phosphonates and conducted assembly and crystal growing experiments; Maren
Pink collected XRay diffraction datasolved,and refined the crystal structures; Yusheng Chen,

Anastasia Kuvayskaya, Alan Sellinger and Amar H. Flood analyzed the data.

5.1Introduction

Phosphonic acid derivatives are employed in various reséalds) including but not
limited to agriculture, chemistrynetal separatiorbiology, pharmacology, and medical imaging.
Phosphonic acids are used for the functionalization of surfatestalysis® agroecological crop
protection? organic corrosion inhibitorsfuel cell applicationsetc. Incorporating phosphonic
acid functional groups into molecules introduces specific characteristics like coordination and

supramolecular properties.

Supramolecular assemblies refer to structures formed through weak interactions such as
van der Waals forces, hydrogen bonding, and electrostatic interactions, among others, rather than
strong covalent bonds. These structures can be composed of variooslanale atomic
building blocks, such as organic molecules, proteins, DNA, or nanopatrticles, and can have a

IReproduced with permission froBhemical Sciencand ceauthors

2Affiliated with Indiana University, Department of Chemistry, Bloomington IN
SAffiliated with Colorado School of Mines, Department of Chemistry, Golden CO
4Affiliated with National Renewable Energy Laboratory (NREL), Golden CO
SAffiliated with Colorado School of Mines, Material Scierfeegram Golden CO
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wide range of shapes and sizes. Supramolecular chemistry allows the manipulation of molecular

interactions talevelop novel functional materials. These materials enable control over dynamic
characteristics due to the possibility of integrating functionalities using noncovalent linkages,
thus resulting in numerous applications as probes in medidyes in optoelectronicsgatalysts

in chemicalreactions, and switches in molecular machin€3.he performance optimization of
large, sophisticated assemblies requires an understanding of physical and chemical properties.
Therefore, there is a need for the systematic study of simpler models such as supramolecular
dimers. They are formed by constrizig two molecular entities in close proximity due to the
noncovalent interactions. Broad applicability of the supramolecular assemblies can be assured
using building blocks with various functionalities combined with a universal linkage. Dimers are

the mos straightforward supramolecular units for building up molblecule architectures.

Well-established dimers are characterized by reliablecosalent linkages offering high
stability and predictable stoichiometries. EX
arrays*3terpyridine ligands driven by metabordinatiod* °a n dstacked dimers
encapsulated by cucurbit[n]uril hosts!’ The discovery of reliable linkage chemistries has
paved the way to use dimers in various applicatffisnd to elaborate a variety of molecular
structures for constructing sophisticated assemblié52%! The versatility of supramolecular
dimerization is further amplified when reliable noavalent linkages can be combined with a
variety of molecular building block<: 3234 For example? various honeycomb network
assemblies were created by using different guest molecules with each prepared using the same
synthetic route. Modular systems like these are distinguished as being privileged supramolecular
dimers. We recently discovered that@mdimers offer reliable linkage chemistt§® and now
seek to establish if they also confer the modularity needed for the easy replacement of

components to access a variety of structural and functional targets.

Receptorstabilized anioranion dimers are connected by agitctrostatic hydrogen
bonds (AEHB)**3 that form inside receptors like cyanostar macrocyé§Ca b al | er 00 s
halogerbond dono44 and other$? #*4° These dimers have also been used to construct
supramolecular polymets*4leading to tunable, thermaligversible adhesivéS A key
bottleneck, however, is preparation of a variety of molecular building blocks. The synthesis and

purification of organic building blocks bearing hydrophilic headgroup$iffRO4 , Rif HPO3)
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is sometimes unpredictabi&®® As an example, only two organophosphztegre synthesized

for exploring their dimerization with eight othété”>* coming from commercial sources. These
modest numbers suggest that these hydroxyanions fall short of the mark needed for conferring
versatile and modular access to subunit variation. Recently, Baran developed a phosphorylation
method to access phosphorids >3 However, the reagent has limited substrate scope (aliphatic
alcohols) and a cost ($500 / g) that inhibits prototyping ofasdembled materials. Ideally,

these building blocks should be accessible in one or two efficient synthetic steps from a diversity

of commercial building blocks.

Herein, we report the synthesis and dimerization of 14 anions by Heck coupling and
guantitative deprotonation (Figubel), which exceeds the handful we examined in the prior six
publications®>37 0. 54 55They were each shown to produce hiigielity complexes with 2:2
linkage stoichiometry at the equivalence point as observed usiag 3tructures, 1H NMR
spectroscopy and mass spectrometry. As a demonstration of the facile modularity, we were able
to prepare a series of ditopic monomers to overcome solubility limits of a supramolecular
polymer. As expectet!; *°polymerization is concentratietiriven with a critical polymerization
concentration (CPC) of 1.6 mM. Interestingly, this CPC sits between that of a more flexible
diphosphonate (5 mM) and more rigid diphosphate (< 1 mM), which is consistent with the
rigidity-dependence predicted using polymer phy¥i&@verall, we lay the groundwork for the
on-demand synthesis of multiple phosphonates using Heck coupling to facilitate reliable and
modular cyanostastabilized anion dimerization for versatile and programmable airioen

selfassembly consistent withipileged supramolecular dimers.

5.2 Experimental Section
5.2.1 Materials

Reagents were obtained from commercial suppliers and used as received unless otherwise
indicated. Column chromatography was performed on silica gel 2080mesh, Sorbent
Technologies, USA). Thilayer chromatography (TLC) was performed on-goated silia gel
plates (0.25 mm thick) and observed under UV light. 1D Nuclear magnetic resonance (NMR)
spectra and titrations were recorded on Varian Inova (500 and 600aviByuker Avance
Neospectrometers (500 MHz) at room temperature (298 K). ROESY NMR wadedwmn
Bruker Avance Neospectrometés)0 MHz) spectrometer at room temperature (298 K).
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Chemical shifts were referenced to residual solvent peaks. Samples for high resolution ESI mass
analysis were directly infused into a ThermoFisher LTQ Orbitrap XL at a raté d2&iL/min

from THF/DCM. The HESI Il source was kept at&0with a spray voltage of 2.7 k®heath

and Aux gases were set to 20 and 5 (arbitrary units) but were varied as needed to maintain a
stable spraylon transfer tube was held at 2€5 Tube lens and capillary voltages were varied to

ensure transmission of ions to the daiect
5.2.2 Synthesis o¥inyl PhosphonicAcid Library

The acids were synthesized by Heck coupling between vinyl phosphonic acid and various
aryl bromides (Schent1).>” %8 The general procedure for the synthesis of-amttionalized
phosphonic acid is described in Chapter 3 (Section 3’ 2h&.modular synthetic approach
produces target compounds in good to excellent yields and on gram scales from a variety of

aromatic halides, including halogenated chromophores and photoswkane®5.1).

Q _oH

o Br R
A\ _OH X2 Pd[P(Bu)y], | NCy,Me S S
LU > R-.
xR 7 RO/ dioxane /80 °C /20h . RT OH

=

Scheméb.1 General synthetic route to the functionalized vinyl phosphonic acids

(E)-Styrylphosphonic acidgbenyl vinyl phosphonic acid))

A 250 mL Schlenk flask with stir bar was oven dried. The Schlenk flask was charged
with bromobenzene (1.74 g, 11.1 mmol) and bigéri-butyl phosphine)palladium(0) (0.142 g,
0.276 mmol), followed by vacuum ana Mfill cycles (3x). Vinyl phosphonic acid (VPA) (1.44
g, 13.3 mmol) was dissolved in 10 mL of anhydrous dioxane and gently bubbledxfoth2d
min. Anhydrous dioxane (70 mL) and the solution of VPA was added to the Schenkidlask
syringe with stirring. N,NDicyclohexylmethylamine (7.10 mL, 33.3 mmol) was added to the
reaction mixture dropwisea syringe. The reaction was stirred to 80°C for 20 h. The progress
was monitored with thin layer chromatography (EtOAc/Hexanes 1:4). Upon reaction completion,
the mixture was cooled to room temperature. The product was extracted with EtOAc and washed
with 5% HCI (3%). Organic phase was dried over Mg&ad filtered. Obtained organic phase
was condensed to a few mL by rotary evaporator. The product was precipitated into DCM and

filtered precipitate (white flaky crystals) was dried overnight at 45°C under vacuum. Yield of

1.79 g (88%)*H NMR (500 MHz, DMSGds) & 10. 25 (Js6.2HzRH), 7.37®M59 ( d,
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= 8.2 Hz, 3H), 7.21 (ddl = 22.0, 17.5 Hz, 1H), 6.51 (dd= 17.4, 16.5 Hz, 1H}'P NMR (202
MHz, DMSO-ds) U P@NMRT126 MHz, DMSGds) U 1 4J33-.6.% Fz), 1356.48,
135.30, 129.57, 128.92, 127.48, 121.19, 119.73.
The purity of the compound was determined fidin'*C, and®*!P NMR. Integration of
theH NMR in addition to the single peak in thf® NMR and the absence of the signal
attributed to the starting VPA indicated high compound purity (>99%). The doublet at 143.17
ppm in3C NMR is assigned to the carbon adjacent to the phosphorus, the splitting is attributed
to the3!P-C coupling.

(E)-(4-(Trifluoromethyl)styryl)phosphonic acid (@bhenyl vinyl phosphonic acid®)

A 250 mL Schlenk flask with stir bar was oven dried. The Schlenk flask was charged
with 4-bromabenzotrifluoride (5.01 g, 22.2 mmol) and bisfert-butyl phosphine)palladium(0)
(0.284 g, 0.555 mmol), followed by vacuum angr&fill cycles (3%). Vinyl phosphonic acid
(VPA) (2.88 g, 26.6 mmol) was dissolved in 10 mL of anhydrous dioxane and gently bubbled
with N2for 20 min. Anhydrous dioxane (150 mL) and the solution of VPA was added to the
Schenk flask via syringe with stirring. NsBicyclohexylmethylamine (14.2 mL, 66.6 mmol)
was added to the reaction mixture dropwise via syringe. Thaaraeas stirred at 80°C for 20
h. The progress was monitored with thin layer chromatography (EtOAc/Hexanes 1:4). Upon
reaction completion, mixture was cooled to room temperature. The product was extracted with
EtOAc and washed with 5% HCI (3x). Organicagh was dried over MgQ@nd filtered.

Obtained organic phase was condensed to a few mL by rotary evaporator. The product was
precipitated into DCM and the filtered precipitate (white flaky crystals) was dried overnight at
45°C under vacuum. Yield of 4. 71(84%).'H NMR (500 MHz, DMSGds) U 9. 59 ( s,
(d,J=14.1 Hz, 2H), 7.73 (s, 2H), 7.347.19 (m, 1H), 6.76 6.62 (m, 1H)3'P NMR (202

MHz, DMSOds) U PQNMR9126 MHz, DMSGds) U 1 4J=.6.2 Bz), 139.51,

139.34, 129.42, 129.17, 128.12, 125.68, 124.75, 123.32.

The purity of the compound was determined fiéin'3C, and®*P NMR. Integration of
theH NMR in addition to the single peak in th® NMR and the absence of the signal
attributed to the starting VPA indicated high compound purity (>99%). The doublet at 141.26
ppm in3C NMR is assigned to the carbon adjacent to phosphorus, the splitting is attributed to

the3'P-C coupling.
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(E)-(2-(Naphthalerl-yl)vinyl)phosphonic acidngphthyl vinyl phosphonic acid3)

A 250 mL Schlenk flask with stir bar was oven dried. The Schlenk flask was charged
with 1-bromonaphthalene (4 g, 19.32 mmol) and bigéributyl phosphine)palladium(0) (0.394
g, 0.770 mmol), followed by vacuum and iéfill cycles (3x). Vinyl phosphonic acid (VPA)
(2.50 g, 23.2 mmol) was dissolved in 10 mL of anhydrous dioxane and gently bubbled with N

for 20 min. Anhydrous dioxane (175 mL) and the solution of VPA was added to the Schenk flask

via syringe with stirring. N,ADicyclohexylmethylamine (8.22 mL, 386nmol) was added to
the reaction mixture dropwise via syringe. The reaction was stirred at 80°C for 20 h. The
progress was monitored with thin layer chromatography (EtOAc/Hexanes 1:4). Upon reaction
completion, the mixture was cooled to room temperafiiie.product was extracted with EtOAc
and washed with 5% HCI (3x). Organic phase was dried over MadDfiltered. Obtained
organic phase was condensed to a few mL by rotary evaporator. The product was precipitated
into DCM and filtered product (white cryds) was dried overnight at 45°C under vacuum. Yield
of 3.499 g (77%)*H NMR (500 MHz, DMSGds) U 8. 08 ( 356.3HH3H),7.83. 9 3
(d,J=9.4 Hz, 1H), 7.55 (d] = 7.2 Hz, 2H), 7.40 7.30 (m, 1H), 6.66 (d] = 16.7 Hz, 1H)3P
NMR (202 MHz, DMSGds) U PTGNMR3J126 MHz, DMSGds) U 1 433=.6.1Hz),( d,
133.45, 133.06 (dl = 2.2 Hz), 132.90, 128.50, 128.40, 127.71, 126.95, 126.69, 123.62, 121.64,
120.19.

The purity of the compound was determined fidin'3C, and®*P NMR. Integration of
theH NMR in addition to the single peak in tAf® NMR and the absence of the signal
attributed to the starting VPA indicated high compound purity (>98%). The doublets at 143.18
and 133.06 ppm i®’C NMR are assigned to the vinyl linkage carbons adjacent to phosphorus,
the splitting is attributed to th&P-C coupling.

(E)-(2-(Anthracen9-yl)vinyl)phosphonic acidapthracene vinyl phosphonic aci@))

A 100 mL Schlenk flask with stir bar was oven dried. The Schlenk flask was charged
with 9-bromoanthracene (1.20 g, 4.7 mmol) and bisér-butyl phosphine)palladium(0) (0.096
g, 0.19 mmol), followed by vacuum and éfill cycles (3x). Vinyl phosphonic acid (VPA)
(0.61 g, 5.64 mmol) was dissolved in 5 mL of anhydrous dioxane and gently bubbled faith N
20 min. Anhydrous dioxane (35 mL) and the solution of VPA was added to the Schenk flask via
syringe with stirring. N,NDicyclohexylmethylamine (2.0 mL, 9.4 mmol) was added to the

100

(d



reaction mixture dropwise via syringe. The reaction was stirred at 80°C for 20 h. The progress
was monitored with thin layer chromatography (EtOAc/Hexanes 1:4). Upon reaction completion,
the mixture was cooled to room temperature. The product was extvathedtOAc and washed
with 5% HCI (3x). Organic phase was dried over Mga@ filtered. Obtained organic phase
was condensed to a few mL by rotary evaporator. The product was precipitated into DCM and
filtered product (bright yellow crystals) was driedeonight at 45°C under vacuum. Yield of
0.962 g (72%)'H NMR (500 MHz, DMSGdg) U 8.61 (s, 1H), 8.17 (d,
1H), 7.56 (p, 1H), 6.31 (t, 1H}!P NMR (202 MHz, DMS@ds) U 1a NMRQ126 MHz,
DMSO-ds) U 1 3J=5.148z),13d.61,131.11, 130.91 §d; 7.2 Hz), 130.22, 128.81,
128.38, 127.29, 126.35, 125.53, 124.93.

The purity of the compound was determined fidin'3C, and®’P NMR. Integration of
the'H NMR in addition to the single peak in th® NMR and the absence of the signal
attributed to the starting VPA indicated high compound purity (>98%). The doublets at 139.75
and 130.91 ppm i*C NMR are assigned to the vinyl linkage carbons adjacent to phosphorus,
the splitting is attributed to th&P-C coupling.

(E)-(2-(Pyren1-yl)vinyl)phosphonic acidpfrene vinyl phosphonic acig)

A 250 mL Schlenk flask with stir bar was oven dried. The Schlenk flask was charged
with 2-bromopyrene (4 g, 14.22 mmol) and bis{ait-butyl phosphine)palladium(0) (0.394 g,
0.770 mmol), followed by vacuum ana Mfill cycles (3%). Vinyl phosphonic acid (VPA) (2.50
g, 23.2 mmol) was dissolved in 10 mL of anhydrous dioxane and gently bubbledfoth2d
min. Anhydrous dioxane (175 mL) and the solution of VPA was added to the Schenk flask via
syringe with stirring. N,NDicyclohexylmethylamine (8.22 mI38.64 mmol) was added to the
reaction mixture dropwise via syringe. The reaction was stirred at 80°C for 20 h. The progress
was monitored with thin layer chromatography (EtOAc/Hexanes 1:4). Upon reaction completion,
the mixture was cooled to room temperattb00 mL of 5% HCI was added to the reaction
mixture and mixed well. Solid was filtered and washed with MeOH, followed by filtration with
celite plug. Organic phase was dried over Mg&a filtered. Obtained organic phase was
condensed to a few mL bytewy evaporator. The product was precipitated into DCM and
filtered product (olivegreen solid) was dried overnight at 45°C under vacuum. Yield of 3.12 g
(52%).*H NMR (500 MHz, DMSQGds) U 1 8.94%M, 10H), 6.80 (s, 1H}'P NMR (202
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MHz, DMSO-ds) U PQNMRZ126 MHz, DMSGds) U 1 3X9-.6.8 Hz), (3d.45,
130.85, 130.14, 129.12 (d= 7.2 Hz), 128.35, 128.18, 128.02, 127.29, 126.48, 125.89, 125.56,
125.26, 124.27, 123.98, 123.83, 122.83, 122.00.

The purity of the compound was determined fidin'*C, and®*!P NMR. Integration of
theH NMR in addition to the single peak in thf® NMR and the absence of the signal
attributed to the starting VPA indicated high compound purity (>97%). The doublets at 139.23
and 129.12 ppm i*C NMR are assigned to the vinyl linkage carbons adjacent to phosphorus,
the splitting is attributed to th&P-C coupling.

(E)-(2-(9,9-dimethyt9H-fluoren-2-yl)vinyl)phosphonic acid (Dimethyl fluorene vinyl phosphonic
acid) (9)

A 250 mL Schlenk flask with stir bar was oven dried. The Schlenk flask was charged
with 2-bromo9,9-dimethyl9H-fluorene (4 g, 19.32 mmol) and bis{tert-butyl
phosphine)palladium(0) (0.394 g, 0.770 mmol), followed by vacuum amefiN cycles (3x).

Vinyl phosphonic acid (VPA) (2.50 g, 23.2 mmol) was dissolved in 10 mL of anhydrous dioxane
and gently bubbled with Nor 20 min. Anhydrous dioxane (175 mL) and the solution of VPA

was added to the Schenk flask via syringe with stirring.-Di¢yclohexylmehylamine (8.22

mL, 38.64 mmol) was added to the reaction mixture dropwise via syringe. The reaction was
stirred at 80°C for 20 h. The progress was monitored with thin layer chromatography
(EtOAc/Hexanes 1:4). Upon reaction completion, the mixture wasatole®om temperature.

500 mL of 5% HCI was added to the reaction mixture and mixed well. The product was extracted
with EtOAc and washed with 5% HCI (3x). Organic phase was dried over Magy&iltered.
Obtained organic phase was condensed to a few nbathgy evaporator. The product was
precipitated into DCM and filtered product (light grey solid) was dried overnight at 45°C under
vacuum. Yield of 3.42 g (59%)H NMR (500 MHz, DMSGds) U 7. 88 i(798(m2H) ,
2H), 7.54 (s, 1H), 7.39 7.30 (m, 2H), 7.26 (dd, 1H), 6.59 (t, 1H), 1.45 (s, 169.NMR (202

MHz, DMSO-ds) U P@NMRG126 MHz, DMSGds) U 1 5J3-.9.8 Hz), 148.47,

139.99, 138.00, 134.73, 134.55, 127.85, 127.38, 127.19, 122.89, 121.47, 120.52, 120.46, 119.03,
46.51, 26.74.

The purity of the compound was determined fidin'*C, and®}P NMR. Integration of
theH NMR in addition to the single peak in tAf® NMR and the absence of the signal
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attributed to the starting VPA indicated high compound purity (>98%). The doublet at 153.94
ppm in**C NMR is assigned to the carbon adjacent to phosphorus, the splitting is attributed to

the3!P-C coupling.

( (AE,1'EX}(9,9-dimethyt9H-fluorene 2, 7-diyl)bis(ethene2,1-diyl))bis(phosphonic acid)
(dimethyl fluorene bis(vinyl phosphonic acid}))

A 100 mL Schlenk flask with stir bar was oven dried. The Schlenk flask was charged
with 2,7-dibromo9,9-dimethyt9H-fluorene (2.00 g, 5.68 mmol) and bis{tert-butyl
phosphine)palladium(0) (0.116 g, 0.23 mmol), followed by vacuum amdfM cycles (3x).

Vinyl phosphonic acid (VPA) (1.35 g, 12.5 mmol) was dissolved in 5 mL of anhydrous dioxane
and gently bubbled with Nor 20 min. Anhydrous dioxane (55 mL) and the solution of VPA

was added to the Schenk flask via syringe with stirring.-Bi¢yclohexyimethylamine (3.62

mL, 17.04 mmol) was added to the reaction mixture dropwise via syringe. The reaction was
stirred at 80°C for 20 h. The progress was monitored with thin layer chromatography
(EtOAc/Hexanes 1:4). Upon reaction completion, the mixture waleddo room temperature.

The product was extracted with EtOAc and washed with 5% HCI (3x). Organic phase was dried
over MgSQ and filtered. Obtained organic phase was condensed to a few mL by rotary
evaporator. The product was precipitated into DCM alteréid product (light grey solid) was

dried overnight at 45°C under vacuum. Yield of 1.43 g (6266NMR (500 MHz, DMSGds) Ui
7.89 (d, 1H), 7.75 (s, 2H), 7.61 (d, 1H), 7.26 (dd, 1H), 6.53 (t, *tA)NMR (202 MHz, DMSO

d) U TPANMRII26 MHz,DMSGds) U 154 . 57=6.0H2),3393%F 136.1D,
134.93, 127.46, 121.48, 120.84 J&; 6.1 Hz), 119.41, 46.55, 26.60.

The purity of the compound was determined fiéin'3C, and®*P NMR. Integration of
theH NMR in addition to the single peak in th® NMR and the absence of the signal
attributed to the starting VPA indicated high compound purity (>97%). The doublets at 143.25
and 120.84 ppm i®'C NMR are assigned to the vinyl linkage carbons adjacent to phosphorus,
the splitting is attributed to th&P-C coupling.
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((1E,2'EX(9,9-dihexyt9H-fluorene2,7-diyl)bis(ethene2, 1-diyl))bis(phosphonic acid)d{hexyl
fluorene bis(vinyl phosphonic acidpl)

A 100 mL Schlenk flask with stir bar was oven dried. The Schlenk flask was charged
with 2,7-dibromo9,9-dihexyl9H-fluorene (2.80 g, 5.68 mmol) and bistert-butyl
phosphine)palladium(0) (0.116 g, 0.23 mmol), followed by vacuum amdfM cycles (3x).

Vinyl phosphonic acid (VPA) (1.35 g, 12.5 mmol) was dissolved in 5 mL of anhydrous dioxane
and gently bubbled with Nor 20 min. Anhydrous dioxane (55 mL) and the solution of VPA

was added to the Schenk flagk syringe with stirring. N,NDicyclohexylmethylamine(3.62

mL, 17.04 mmol) was added to the reaction mixture dropwésyringe. The reaction was

stirred at 80°C for 20 h. The progress was monitored with thin layer chromatography
(EtOAc/Hexanes 1:4). Upon reaction completion, mixture was cooled to room temperature. The
product was extracted with EtOAc and washed with 5% (3€). Organic phase was dried over
MgSQs and filtered. Obtained organic phase was condensed to a few mL by rotary evaporator.
The product was precipitated into DCM and filtered prodligit grey solid) was dried

overnight at 45°C under vacuum. Yield of 1.74 g%®3'H NMR (500 MHz, DMSGds) U 7. 80
(s, 2H), 7.74 (s, 2H), 7.55 (s, 2H), 7.21 (s, 2H), 6.58 (s, 2H), 2.04 (s, 4H), 0.97 (s, 12H), 0.70 (s,
6H), 0.45 (s, 4H)*'P NMR (202 MHz, DMS@ds) U 1@ NMR9126 MHz, DMSQdg) U
151.43, 143.49, 141.44, 134,91, 134.73, 127.14, 121.60, 120.58 (.2 Hz), 119.19, 54.81,
39.24, 30.93, 28.98, 23.45, 21.99, 13.83.

The purity ofthe compound was determined froid, 13C, and®*P NMR. Integration of
the'H NMR in addition to the single peak in th® NMR and the absence of the signal
attributed to the starting VPA indicated high compound purity (>98%). The doublet at 120.58
ppm in**C NMR is assigned to tHecarbon, the splitting is attributed to th&-C coupling.

((1E,1'E)}(9,9-bis(2-ethylhexyB9H-fluorene 2, 7-diyl)bis(ethene2, 1-diyl)) bis(phosphonic acid)
(di(2-ethylhexyl) fluorene bis(vinyl phosphonic acil))

A 100 mL Schlenk flask with stir bar was oven dried. Boalenk flask was charged
with 2,7-dibroma9,9-bis(2-ethylhexyl}9H-fluorene (1.00 g, 1.89 mmol) and bis{tert-butyl
phosphine)palladium(0) (0.024 g, 0.047 mmol), followed by vacuum amdfiN cycles (3x).
Vinyl phosphonic acid (VPA) (0.51 g, 4.73 mmol) was dissolved in 5 mL of anhydrous dioxane
and gently bubbled with Nor 20 min. Anhydrous dioxane (55 mL) and the solution of VPA
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was added to the Schenk flask via syringe with stirring.-Bi¢yclohexylmethylamine (2.01

mL, 9.45 mmol) was added to the reaction mixture dropwise via syringe. The reaction was
stirred at 80°C for 20 h. The progress was monitored with thin layer chrgraphy

(EtOAc/Hexanes 1:4). Upon reaction completion, mixture was cooled to room temperature. The
product was extracted with EtOAc and washed with 5% HCI (3x). Organic phase was dried over
MgSQs and filtered. Obtained organic phase was condensed to alfdwy notary evaporator.

The product was precipitated into DCM and filtered product (light grey solid) was dried

overnight at 45°C under vacuum. Yield of 0.950 g (6644)NMR (500 MHz, DMSGds) U 7. 8 2

(s, 3H), 7.57 (dd, 2H), 7.26 (dd, 1H), 6.54 (t, 10H), 2.07 (s, 8H),i08B97 (m, 27H), 0.48
0.42 (m, 7H), 0.36 (hept, 2H'P NMR (202 MHz, DMS@ds) U . @ NMR§126 MHz,
DMSOds) U 151. 2357.4H2),341%Q@ 134.26,(dt=23.6, 12.0 Hz), 126.84 @,=
10.4 Hz), 123.02 (1) = 17.0 H), 120.38 (dJ = 13.4 Hz), 118.97, 54.55, 43.24, 34.12, 33.09,
33.04, 27.44, 26.56, 22.09, 13.86, 10.25, 10.22.

The purity of the compound was determined fiéin'3C, and®*P NMR. Integration of
theH NMR in addition to the single peak in thf® NMR and the absence of the signal
attributed to the starting VPA indicated high compound purity (>98%). The doublet at 143.52
ppm in3C NMR is assigned to the carbon adjacent to phosphorus, the splitting is attributed to
the3'P-C coupling. The presence of tweethylhexyl chains increased MPA solubility and
resulted in a saturated NMR sample, thus, the splittingophatic carbons is attributed to the

formation of polymeric species in the solution.

(E)-(2-(9-(2-ethylhexyR9H-carbazot2-yl)vinyl)phosphonic acid 2thylhexyl carbazole vinyl
phosphonic acidj8)

A 250 mL Schlenk flask with stir bar was oven dried. Bohlenk flask was charged
with 2-bromo9-(2-ethylhexyl}9H-carbazole (4.01 g, 11.2 mmol) and bis(énit-butyl
phosphine)palladium(0) (0.286 g, 0.560 mmol), followed by vacuum amefiN cycles (3x).
Vinyl phosphonic acid (VPA) (1.45 g, 13.4 mmol) was dissolved in 10 mL of anhydrous dioxane
and gently bubbled with Nor 20 min. Anhydrous dioxane (175 mL) and the solution of VPA
was added to the Schenk flask via syringe with stirring.-Bi¢yclohexylmethylamine (7.15
mL, 33.6 mmol) was added to the can mixture dropwise via syringe. The reaction was

stirred at 80°C for 20 h. The progress was monitored with thin layer chromatography
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(EtOAc/Hexanes 1:4). Upon reaction completion, the mixture was cooled to room temperature.
500 mL of 5% HCI was added to the reaction mixture and mixed well. Solid was filtered and
washed with MeOH, followed by filtration with celite plug. Organic phase dvaed over
MgSQy and filtered. Obtained organic phase was condensed to a few mL by rotary evaporator.
The product was precipitated into DCM and filtered product (pale blue solid) was dried
overnight at 45°C under vacuum. Yield of 2.34 g (54BbNMR (500MHz, DMSO-ds) U 8. 1 4
(s, 2H), 7.84 (s, 1H), 7.577.32 (m, 4H), 7.20 (s, 1H), 6.62 (s, 1H), 4.29 (s, 2H), 1.23 d,
76.8 Hz, 8H), 0.85 (s, 3H), 0.77 (s, 3Ef/P NMR (202 MHz, DMSGds) U @ NMR1 .
(126 MHz, DMSQds) U 1 4M4=.7.218z), 14d4.12, 140.76, 133.00 Jd; 23.2 Hz), 126.19
(d,J=17.9 Hz), 123.02, 121.79, 121.36, 120.51, 119.85, 119.12, 11817 (8.8 Hz),
109.60, 108.87 (dl = 22.2 Hz), 46.44, 38.59, 30.08, 27.98, 23.62, 22.56, 13.90, 10.61.

The purity of the compound was determined fidin'3C, and®!P NMR. Integration of
the!H NMR in addition to the single peak in th® NMR and the absence of the signal
attributed to the starting VPA indicated high compound purity (>96%). The doublet at 144.18
ppm in**C NMR is assigned to the carbon adjacent to phosphorus, the splitting is attributed to

the3!P-C coupling.

((1E,1'EX(9-(2-ethylhexyl9H-carbazole2, 7-diyl)bis(ethene2,1-diyl))bis(phosphonic acid) (2
ethylhexyl carbazole bis(vinyl phosphonic acid)

A 100 mL Schlenk flask with stir bar was oven dried. The Schlenk flask was charged
with 2,7-dibromo9-(2-ethylhexyl}9H-carbazole 1.0g, 2.4mmol) and bis(tAtert-butyl
phosphine)palladium(0) (0.84, 0.6 mmol), followed by vacuum and:Nefill cycles ().

Vinyl phosphonic acid (VPA) (87 g, 5.3mmol) was dissolved ih5 mL of anhydrouslioxane
andgentlybubbled with Nfor 20 min.Anhydrousdioxane(35 mL)andthe solution of VPA

was added to the Schenk flask via syringe with stirring.-Di¢yclohexylmethylamine Z.0 mL,
9.5mmol) was added to the reaction mixture dropwise via syrifige leaction wastirred at

70°C for 20 h. The progress was monitored with thin layer chromatography (EtOAc/Hexanes
1:4). Upon reactiocompletion the mixture was cooled to room temperature. The product was
extracted with EtOAc and washed with 5% HCI (3x). Organic phase was dried oven sig&O
filtered. Obtained organic phase was condensed to a few mL by rotary evapdratpoduct

was precipitated into DCMnd fltered product (bright yediw crystals) was dried overnight at
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45°C under vacuun¥ield of 0.714g (61%) *H NMR (500 MHz, DMSGds) U 8. 08 (d, 2

7.69 (s, 2H), 7.45 (s, 2H), 7.36 (s, 2H), 6.62 (s, 2H), 4.18 (s, 2H), 1.96 (s, 1H), 1120746
Hz, 8H), 0.78 (dJ = 24.3 Hz, 6H)3'P NMR (202 MHz, DMSG&ds) U 1@ NMRZ126

MHz, DMSOds) U 1 434=-.8.6 Hz), 4d.37, 133.51, 133.33, 122.69, 120.73, 118.27 (d,
= 18.6 Hz), 1021, 46.26, 38.44, 29.96, 27.84, 23.55, 22.58, 13.93110.

The purity ofthe compound was determined froid, 13C, and®*P NMR. Integration of
theH NMR in addition to the single peak in tA® NMR and the absence of the signal
attributed to the starting VPA indicated high compound purity (>96%). The doublets at 144.04
and 118.27 ppm i*C NMR are assigned to the vinyl linkage carbons adjacent to phosphorus,
the splitting is attributed to th&P-C coupling.

((E)-4-((E)-styryl)styryl)phosphonic acidtflbene vinyl phosphonic acidy)

A 100 mL Schlenk flask with stir bar was oven dried. The Schlenk flask was charged
with 4-bromostilbene (0.8Q, 3.1 mmol) and bis(ttert-butyl phosphine)palladium(0) (0.040
0.078 mmol), followed by vacuum ana Mfill cycles (3). Vinyl phosphonic acid (VPA) (0.40
g, 3.7 mmol) was dissolved in 5 mL of anhydrous acetonitrilegantdy bubbled with N for 20
min. Anhydrous acetonitril€35 mL)andthe solution of VPA was added to the Schenk flask via
syringe with stirring. N,NDicyclohexylmethylaming1.3 mL, 6.2 mmol) was added to the
reaction mixture dropwise via syringehe reaction wastirred at70°C for 20 h. The progress
was monitored with thin layer chromatography (EtOAc/Hexanes 1:4). Upon reeactiguietion,
the mixture was cooled to room temperatditee product was extracted with EtOAc and washed
with 5% HCI (3«). Organic phase was dried over MgS(d filtered. Obtained organic phase
was condensed to a few mL by rotary evapordibe poduct was precipitated into DCihd
filtered productbright white crystals) was dried overnight at 45°C under vacutield of
0.615g (69%)'H NMR (500 MHz,DMSGds) UG 7.62 (s, 6H), 7.39 (s,
1H), 6.51 (s, 1H)*'P NMR (202 MHz, DMSGds) U @ NMRY126 MHz, DMSQds) U
142.41, 138.05, 136.82, 134.55 Jd; 21.5 Hz), 129.19, 128.61, 127.70, 126.79, 126.51, 120.94,
119.48.

The purity ofthe compound was determined froid, 3C, and®*P NMR. Integration of
theH NMR in addition to the single peak in th® NMR and the absence of the signal
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attributed to the starting VPA indicated high compound purity (>98%). The doublet at 120.58
ppm in**C NMR is assigned to tHecarbon, the splitting is attributed to th&-C coupling.

((E)-4-((E)-phenyldiazenyl)styryl)phosphonic acekz¢benzene vinyl phosphonic adif)

A 100 mL Schlenk flask with stir bar was oven dried. The Schlenk flaskcharged
with 4-bromazobenzenél.0g, 38 mmol) and bis(tktert-butyl phosphine)palladium(0) (0.04
g, 0.6 mmol), followed by vacuum and-Nefill cycles (3«). Vinyl phosphonic acid (VPA)
(0.41 g, 38 mmol) was dissolved in 5 mL of anhydradisxaneandgently bubbled with N for
20 min.Anhydrousdioxane (35 mLandthe solution of VPA was added to the Schenk flask via
syringe with stirring. N,NDicyclohexylmethylamine (6.mL, 7.6 mmol) was added to the
reaction mixture dropwise via syringehe reaction wastirred at80°C for 20 h. The progress
was monitored with thin layer chromatography (EtOAc/Hexanes 1:4). Upon reactigsietion,
the mixture was cooled to room temperatdiiee poduct was extracted with EtOAc and washed
with 5% HCI (3<). Organic phase was dried over MgSd filtered. Obtained organic phase
was condensed to a few mL by rotary evapordibe poduct was precipitated into DCihd
filtered product (bright yellow crystals) was dried overnight at 45°C under vadiald.of
0581 g (53%) 'H NMR (500 MHz, DMSGds) U 7J.=8.Q Hz( 2H), 7.84 (d] = 8.3 Hz,
1H), 7.60 (dJ = 7.2 Hz, 1H), 7.28 () = 21.6, 17.5 Hz]H), 6.67 (t,J = 16.7 Hz,1H). 3P NMR
(202 MHz, DMSQds) U P¥GNMR7{126 MHz,DMSGds) U 152.12, 152.01,
141.69 (dJ = 9.0 Hz), 138.34 (d] = 22.0 Hz), 131.85, 129.55 (di= 18.2 Hz), 128.61 (dl =
23.1 Hz), 127.99 (d] = 17.0 Hz), 123.40 122.90 (m), 122.76, 122.63

The purity ofthe compound was determined froid, 13C, and®*P NMR. Integration of
theH NMR in addition to the single peak in th® NMR and the absence of the signal
attributedto the starting VPA indicated high compound purity (>98®e to the solubility
limitations, we were unabl® saturate the NMR sample to obtain high intensity signal spectrum.
In addition,'3C NMR was collected sometime aftbe sample was prepared, which could lead
to the presence of E and Z azobenzene isomers that wetetacted while collectingH and>P
NMR.
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5.2.3 Synthesis oVinyl PhosphonateL ibrary

All the anions were prepared from the corresponding vinyl phosphonic acids. The acids
were converted to the phosphonates by addition of stoichiometric amounts of
tetrabutylammonium hydroxide (TBAOH) to yield ttetrabutylammonium (TBA salts3’: 59 59

The salts were dried under vacuum before complexation with cyanostar macrocycle.
5.2.4Experimental Method for NMR Titration

A solution of cyanostar macrocycle was prepared in an NMR tube sealed with a silicone
septum and an initial spectrum was taken. A solutigghoSphonate salt was also prepared and
added to the solution of cyanostar macrocycle with known quantities, the spectrum was recorded

after each addition. All the spectra data were analyzed by using MNova software.
5.2.5 ExperimentalM ethod for Diffusion NMR

The diffusion coefficients were then obtained based on the method of pulse gradient spin
echo (PGSE) experiments. Aromatic regions were analyzed in this way to determine diffusion
coefficients using Vnmrjds analrgyweregenerated er ag e

from multiple peaks used in analyses.
5.2.6 ExperimentalM ethod for Viscosity Experiments

A series of solutions of cyanostar macrocycle with 0.5 equiv. of fludresed
diphosphonate as tetrabutylammonium salt were prepared. Every sample was filtered with a
syringe filter membrane before collection. Each sample was measured three time agddaver

for comparison. Efflux times were collected and converted to specific viscosity.
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5.3 Results andDiscussion

5.3.1 Dimerization ofFluorene Vinyl Phosphonate withCyanostar M acrocycle
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Figure5.2 (a) Titration of dimethyl fluorene vinyphosphonate into cyanostar (1 mM,

CD2Cl2, 298 K, 600 MHz). (b) Structure tétrabutylammonium salt of dimethyl fluorene

vinyl phosphonate. (&P NMR spectrum at equivalence point (1 mM, £, 298 K,
202 MHz).

The formation of higHidelity receptor:anion complexes basedamti-electrostatic
hydrogen bonding was examined usMefluoreneVP (Figure 5.2b). Addition oMexfluorene
VP to a cyanostar solution (1 mM, dichloromethane) confirmed formation of the 2:2
cyanostar:phosphonate complex at the equivalence point (1.0 equiv.). The appearance of the

14.78ppm signal confirm® *formation of sefcomplementary hydrogen bonds between
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phosphonate head groups inside the cyanostars (Figure 5.2a). \Wbsasee the typical-Bne
NMR pattern of the cyanostar dim&mDimerization slows exchange betwedrandP chiral
forms of the cyanostar with botheso(MP) andchiral (MM/PP) combinations observed here in
a 57:43% ratio (e.g., H H° P89 We also observe these two diastereomers reflected #iRhe
NMR signals in a 55:45% ratio (Figure 5.2c). Similar relative peak intensities support the

encapsulation of the two phosphonates inside the pair of cyanostars.

The 2:2 cyanostar:phosphonate complex was unambiguously confirmed using single
crystal structure determination (Figure 5.3). The single crystal was obtained by vapor diffusion
of n-hexane in a dichloromethane solution. The anion dimer is located inside the pair of
stacked cyanostars with two tetrabutylammonium cations situated close to the anionic center.
The two aprotons of TBA are hydrogen bonded (2.20 and 2.47 A) with the external oxygen
atom (Figure 5.3a). The geometry of the phosphonate dimershowsai r of short OH
hydrogen bonds. The distance between donor and acceptor oxygens (2.46 A), is consistent with
the classification of very strong hydrogen bon@trand in the range that is typical of hydrogen
bonds between anionic dimers (Figure 58b%The long and short bond lengths between
phosphorous and oxygen atoms can be used to assign single and double bonds (Figure 5.3b).
Thus, the negatively charged oxygen atom is the hydrogen bond acceptor despite the greater
Coulomb repulsion produced from twegatively charged centers so close together. We note
that the cyanostar displays the whatelecular disorder typical of their crystal packing
preference&® We observed a 60:40 ratio betwedrandP isomers, which is consistent with the
ratio of diastereomers seen'td NMR, i.e.,mesochiral = 57:43%. We also observe two
positions of the fluorene moiety with a 75:25% occupancy possibility, differing modestlyby 11

in their tilt angle.
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Figure5.3 (a) Crystal structure of 2:2 cyanostar:phosphonate complex with the presence of two
tetrabutylammonium cations. (b) The pair of sgdimplementary hydrogen bonds are observed

at a OAAAO distance of 2 -pdadhydrogenBtaness disoodérl e ct e d
of cyanostarand phosphonate omitted for clarity (CCDC 2263985).

5.3.2 Testing theSteric Limits of Assembly withCyanostar Using Vinyl Phosphonate

Less bulky substituents on phosphateptasphonates are known to produce a mixture
of 2:2 stoichiometric and other 3:2 complexes that lower the reliability of dimeriZation.
Therefore, and to evaluate the limits of reliability, we tested the smallest analogue in the series,
vinyl phosphonate\(P). When 1.0 equivalent of this anion was added to cyanostar, a clear
signature for the diastereomeric cyanostar dimer and tppidhydrogen bonding shows
formation of the 2:2 cyanostar:anion complex (Figure 5.4a) consistent with the larger
MesfluoreneVP. The hydrogen bonding signal at ~14.5 ppm has low intensity. This
phenomenon was also observed in the 2:2 bisulfate dimer in wia@nmton possesses minimal
sterics®®
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All evidence supports formation of the target complex with 2:2 stoichiometry.
Consistently, the diastereomeric phosphorous signals for the 2:2 complex can be obs&Red by
NMR spectroscopyHigure 54b) and the parent ion is observed in the higbolution mass
spectrum at 2288.3198/z(Figure5.4c). Furthermore, addition of excess anion does not change
the 8line pattern seen in the aromatic region of tHeNMR spectra, indicating the 2:2 complex
is the exclusive cyanostatabilized assembly beyond 1.0 equivalent. Prior to the equivalence
point, we observe a high degree of exchange broadening. The broadened NMR spectra could
result from exchange betweeretd:2 complex and either 3:2 speéte¥ or the uncomplexed
macrocycle. The absence of any peaks around 6.9 and 72 apwmell as the absence of a
downfield shifted Hoond signature at around 13 pprexclude formation of the higher order 3:2
species (Figuré.4a).Therefore, we attribute the broadening of aromatic signals from 0.2 to 0.6
equivalents to exchange between complexed and uncomplexed macrocycle that occurs at rates
close to the NMR time scale. This faster rate of exchange, relative to the larger fluoatote

(Figure 5.2)likely results from the low steric profile of the smaller vinyl group.

5.3.3 SolventDependence oCyanostar-Vinyl PhosphonateDimers

Solvent polarity is knowtt *°to affect the stoichiometry of complexation between
cyanostar and anion dimers. In the more polar acetonitrile solvent, the solvophobic effect favors
formation of a triplestack of macrocycle to form the 3:2 macrocycle:anion confjl€r.test if
this behavior also emerges with vinyl phosphonates, the titration was performed in a polar
solvent mixture selected to ensure solubility of all components/(2dichloromethane:
acetonitrile)®® >4Instead of the vinyl phosphonate anion, which displays broad proton signals,
phenyl vinylphosphonatephenytVP) was selected. This anion shows distinct signals and
maintains a highidelity 2:2 signature in pure dichloromethane. Consistent with previous
reports®® >4the titration shows signatures for both 3:2 and 2:2 complexes that maximize at their
respective equivalence points, i.e., 0.67 and > 1.0 equivalents (Figure S57). These results show
solvent polarity plays the same role in directing assembly outcomeybfpfinosphonate systems

as with other cyanostatabilized anion dimers.
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Figure 5.4 (a) Titration of vinyphosphonate into cyanostar (1 mM, £, 298 K, 600 MHz),

the downfield region was applied to exponential apodization to make hydrogen bond signals
easier to observe. (B NMR spectrum at equivalence point (1 mM,CD, 298 K, 202 MHz).
(c) Highrresolution mass spectrum of cyanostar:vpiypsphonate complex, ratio of cyanostar
and vinylphosphonate is 1:1.
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Figure 5.5 Stack ofH NMR spectra of 2:2 dimers of cyanostar with 1 equivalent of the aryl
vinyl phosphonate anions (1 mM, &L, 298 K, 600 MHz). Peaks from cyanostar are shown in
blue, peaks from phosphonates are shown in black, and the hyda@gding signal is colored

red. The downfield region (~ 14 ppm) was subjected to exponential apodization (3 Hz) to
improve the signalo-noise ratio of the hydrogemond region. The remainder of the spectrum
apodization was set to 0.3 Hz. All countatiors are tetrabutylammonium. Higksolution
electrospray ionization mass spectra of 2:2 dimers of cyanostar with aryphiogphonate

anions (1 mM, CBClI») at the 1:1 equivalence point. Samples for high resolution ESI mass
analysis were directly infused tia constant spray voltage of 2.7 kV.

5.3.4 Demonstrating theVersatility of Vinyl Phosphonates a€yanostar-stabilized Dimers

The reliable formation of 2:2 complexes motivated us to examine if the versatility of the

vinyl phosphonates also supports their use as a general platform for supramolecular dimerization.
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A series of monosubstituted aryl vinyl phosphonates were prepared using a variety of p systems,
e.g., benzene -tifluoromethyl benzene, naphthalene, anthracene, pyrene, carbazole,

azobenzene and stilbene.

Assembly of 4trifluoromethylphenyl vinyl phosphonat€EPhenytVP), with cyanostar
is exemplary of dimerization. Upon addition of 1 equivalent of the phosphonate to the cyanostar
solution, we observed the characteristic aromatic and hydrogen bonding pattern of the 2:2 dimer
(Figure 5.5, top). The proton assignmentstiie complexed dimers were based on their splitting
pattern and coupling constants. Interestingly, these pimysphonate signals are also subject to
the influence of thenesoandchiral cyanostar dimers with intensity ratios for the diastereomers
that match cyanostar. Consistent with the complexed architecture, ROESY NMR experiments
show correlations between macrocycle protons assigned togbadimer (e.g., H, at 8.62 ppm)
and themesodform of the aryvinyl phosphonate (e.g.,;Ht 6.68 ppm). Similar correlations
were observed between the macrocycle and phosphonate @irhledsomers. These
correlations confirm that the splitting observed in the aromatic signals for theiraylyl

phosphonate anion stems fronescandchiral forms of the cyanostar dimers.

All other vinyl phosphonates showed identical signatures with-tafghity formation of
2:2 cyanostar:anion complexes at the equivalence point (Figure 5.5). Diastereomeric peaks for
the cyanostar dimers of these complexes are located in the same aregiati¢7.3 9.1 ppm).
The assembly of anthracene vipylosphonate with cyanostar also shows visible splitting of
proton H into its diastereomers. This enhanced splitting is carried over to splitting in the
resonance for the hydrogen bond between each phosphonate dimer. All others show a single
broaden peak and are located in a rang&5.8 ppm.

The highresolution electrospray ionization (ESI) mass spectra (Figure 5.5) are all
consistent with 2:2 dimer formation. The parent ions of these complexes were all observed in the
range from 2400 to 290f)/zas a consequence of different substituents. In the case of a few, we
also observe multimers that are attributed to aggregation in the electrospray experiment.

5.3.5 Crystatto-crystal Transition of the 2:2 Dimer Upon Desolvation
We obtained the crystal structure finenytVP dimer in both its solvated and fully
desolvated state. The single crystal was obtained by slowly evaporating its mixed solution in

dichloromethane and acetonitridd\(, 3:2). Desolvation of cyanostaased crystals typically
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deteriorates the quality of the diffraction data. In the present case, however, we observed a
crystatto-crystal transition upon loss of four molecules of acetonitrile per unit cell. The packing
shows modest changes in relative location of the two cyasp#te two anions and two cations.
TheP_1 space group does not change, and the unit cell parameters only slightly changed. The
unit cell volume contracted 88*Awhich is less than the loss of four acetonitrile molecules (53
A3/per molecule). In generahe structures are loosely packed such that the volume change is

not exactly the volume of the solvent molecules. Consistently, the distance between the two
cyanostar planes is 3.6 A for the solvated structure and expands a little to 3.7 A for the
desolvaed one. The distance between donor and acceptor oxygen atoms also extends from 2.49
A to 2.50 A for the desolvated structure. Both of them are classified as very strong hydrogen
bond?, and in the range that is typical of hydrogen bonds between anionic dinféiale still

observe the hydrogen bonding between twwatons of TBA and the phosphonate oxygen

atom. In the solvated structure, we observe the nitrogen atom from acetonitrile interacts with two
b-protons from TBA (2.7 A) and the hydrogen atom from acetonitrile interacts with the nitrogen

atom from cyanegroup on the macrocycle (2.7 A).

5.3.6 Polymerization of theDitopic Vinyl Phosphonatewith Cyanostar M acrocycle

The modular synthesis and reliable dimerization of aryl vinyl phosphonates provide an
opportunity to consider formation of supramolecular polymers. For this pugibsemno
fluorenebased building blocks were subjected to Heck coupling to yield thimyliphosphonic
acid analogues. The diacid was ionized with TBAOH to obtain the dianion as a divergent ditopic
monomer, then mixed with cyanostar macrocycle in a 1:2 ratio to mataietiestoichiometry
of polymers (Figure 5.6a). The first ditopic monomer prepared was dimethyl fluorene
bis(vinyl phosphonate) (\VMMe2fluoreneVP). The solubility of the resulting polymer, however,
is quite low with irreversible precipitation appearing at about 1 mM, which was also observed in
a prior polymer driven by anion dimerizatidand in other supramolecular polymét<3By
taking advantage of the modular synthesis, we prepared the fluorene monomer with two hexyl
chains in the osition but observed precipitation at 2 mM. Subsequently, we prepared a ditopic
monomer based on a substituted carbazole bearing-etig/lBexy side chain but again
precipitation occurred at 1 mM. Ultimately, use of a fluorene monomer with branched alkyl

chains, i.e.2-ethylhexyl, significantly improved polymer solubility. As a consequence, variable
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concentration studies were performed without precipitation to help determine the likely

mechanism of polymerization.

As observed previousf/; *°a key signature of supramolecular polymerization is the
observation of threshold behavior in viscosity as a function of concentration. To determine this
threshold concentration, i.e., critical polymerization concentration (CPC), the specific viscosity
of the polymer solutions was recorded from 0.1 to 10 mM based on the cyanostar concentration.
The doubleogarithmic plot of specific viscosity versus concentration (Figure 5.6b) shows a
linear relationship with an initial slope of 0.29, indicating nonintimgcassemblies in
solution®* °However, at a higher concentration range, the slope changes to 1.31. This stronger
concentration dependence indicates the formation of polymers with increas&d®size.
Consistently, the diffusion coefficient derived from NMR peaks @, Hc and H) assigned to
the polymers decreases from 9.6 + 0.3t0 6.2 + 0.1 ¥mB/ s at 2 and 10 mM, respectively.

Based on the StokdSinstein equation for a spherical partiégfaye calculated that the

normalized volume of the average solution species increasdd #om 2 to 10 mM. (Figure

5.6b) Consistent with previous repottsjariable concentratiotH NMR spectra also provide

evidence of the existence of oligomers below CPC (Figure 5.6¢). At 0.1 mM, multiple peaks
appear in the range from 7.3.1 ppm, instead of typicatlée pattern, which indicates the
coexistence of oligomers and polymers. Asa@ntration increases, the intensity of peaks

assigned to polymer gradually increases concomitant with the disappearance of peaks assigned to

oligomers beyond 2 mM, consistent with the CPC.

The intersection of the two trendlines determines the CPC as 1.6 mM based on
cyanostaP® This concentration lies between the previously reported critical polymerization
concentration of rigid ditopic phosphate (below 1 ref\énd flexible ditopic phosphonate
system (5 mM¥’ According to the relationship between monomer rigidity and critical
polymerization concentration predicted by polymer physics, the more rigid monomer gives lower
polymerizationconcentratior?® Therefore, this moderate critical polymerization concentration is

consistent with semiigid property of the fluorenbased monomer.
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Figure 5.6 (a) Scheme of fluorebased monomer synthesis and supramolecular polymerization.
(b) Characterization of polymerization using double logarithmic plots of specific viscosity versus
cyanostar concentration with 0.5 equiv. of diphosphonate (reowpdrature, C¥Cl2) and the
normalized species size in 2 and 10 mM solution based on diffusion NMR. (c) StathIbR
spectra of variable concentrations complex solution with 2:1 stoichiometry of
cyanostar:phosphonate (&L, 298 K, 600 MHz).

5.4 Conclusion

Aryl-vinyl phosphonates fulfill all the hallmarks of a versatile platform for aiioion
dimerization inside a pair of cyanostar macrocycles including modular access to 14 examples of
small molecules and macromolecules. All the assemblies form 2:2 linkalgegghifidelity as

confirmed by characteristiti NMR signals, mass spectra anday crystal structures. The -on
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demand synthesis of vinyl phosphonic acids and corresponding vinyl phosphonates allowed
access to solubilitfuned ditopic monomers for preparing supramolecular polymers. The
concentratiordriven polymerization exhibits a critical polymerization concerdradf 1.6 mM,
which is consistent with prediction from polymer physics prediction for-sggg monomer in

our aniondriven supramolecular polymerization system. The versatility of vinyl phosphonates
based on modular Heck coupling opens up cyanastdifized anion dimers as a platform for

prototyping functional supramolecular materials.
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CHAPTER 6

SYNTHESIS ANDCHARACTERIZATION OF CARBAZOLEDERIVATIVES OF
VINYL PHOSPHONIC ACIDS FOR SOLAR CELL APPLICATION

This chapter was partially adapted from the manuscript fRiedlicing UMdriven
degradation of g-n perovskite solar cells using strobgnding hole transport layershe
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6.1 Introduction

The fight against climate chanfgasprompted the need to generate electricity from
renewable sourcesich as safe and abundant solar radiatibias been estimated that the
average yearly consumption of electricity on Earth can be supplied by an hour of sudlgiht.
the lastfew decadegphotovoltaic PV) technologiehaveevolved through generations of
manufacturinghatcan be divided into four main categories. THey&neration includes PV cells
based on monocrystalline and polycrystalline silicdfig2neration was designed as a lower
cost replacement for crystalline silicon cells and includes thin film cells based on gallium
selenide, cadmium tellurideppper indium gallium (di)selenid€{GS) and amorphous silicon.

39 generation cells include orgarpbotovoltaics (OPVs), dysensitized solar cells (DSSCs),
perovskite solar cells (PSCgnd quantum dot solar cells. Hybrid inorganic cells are classified
as4™generation of PV technologies and combine the flexibility of thin films with the stability of
organic nanostructurésAlthough solar cells made out of silicon dominate the market due to
their high efficiency and long lifetimes, their manufacturing requires high purity silicon and
processing at elevated temperatures making it energy and cost infefisarefore, the sought
after PV technologies should not only have lower manufacturing cost but have improved stability
and high efficiencyAmong them, the perovskite solar cells have emerged as adwnger

due to their lowcost, controllable band gap, ease of fabrication and high absorption coefficient.
By altering the material composition, perovskites can be tailored to respond to yeaitsusf

the solar spectrupand numerous formulations have shown excellent perform&ncé.

versatility allows perovskites to be combined with different absorber material giving rise to
tandem device architecture. In additiamai short period of time PSCs improved in efficiency

from 3.8%to approaching 269%2

Figure 6.1 demonstrates the operation principle of the solar cell, using a PSC example
employing a perovskite absorbing layer for light harvesting. Three operational steps ensure the
functioning of a photovoltaic system: (1) photon absorption followedegiation of free
charge, (2) charge transport, (3) charge extraction. When PSC is exposed to sunlight, perovskite
absorbs light, followed by generation of excitons. Dissociation of excitons that takes place at the
boundary between the chargansportindayer and the perovskite layer results in the formation
of electrons and holes (charge carriers), which are injected in eléareporting (ETL) and

hole-transporting layers (HTL) respectively.
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Anode ETL HTL Cathode

Figure 6.1 Operational principle of PSC.

In recent years our research group has developed a synthetic route to obtaining efficient
and low cost polymeric HTM to compete with commercial polymers sucblg&raryl amine)
or poly[bis(4-phenyl)(2,4,6trimethylphenyl)amine[PTAA).1%1* Despite high reported
efficiencies of PSCs fabricated using polymeric HTM, their stability remains a challenge. Self
assembled monolayers (SAM) are another example of HTM that have anchoring groups that can
be covalently linked to the transparent conchgoxide (TCO), i.e. indium tin oxide (ITO), tin
oxide (SnQ), and zinc oxide (ZnO) to name a féwJnlike traditional small molecule and
polymer HTMs, SAMs chemically attach to the substrate, thus in principle forming a much
stronger interface for charge injection and transport. The formetirsggihg ordered array of
the SAM molecules on the surfaakso creates a smooth surface for the growth of perovskite
layers?® The structure of the small moleculgically usedfor SAM-HTL containsan
arylamine holetransporting moiety, an anchoring group capable of forming chemical bonds with
aTCO like carboxylic or phospimic acid(PA), and a linker betwedhe moieties Some

example PAs are shown in Figure 6.2.
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Recent studies demonstrated the potential benefits of usingl@&8BHTMs in single
junction PSCs and perovskig& tandem solar cells. The advantages includedost potential,
low material consumption, easy tunability of energy levels, and uniform coating on rough
substrates® 2% 2!Devices containing SAMs bearif®RA groupsachievedvery highpower
conversion efficiencies (PCEs) of over 24%. The reported&fednoleculegpossess similar
structural characteristiéscluding acarbazole group attached at th&l @osition via an alkyl
linker of various length&’: 1% 22 ZDespite reported high PCE efficiency, the stability tests
indicated significant degradation of the fabricated deyiesgecially in the presence of selar

derived UV radiation

Understanding the degradation mechanism is the key to alleviating poor outdoor
durability and ensuring commercialization of PSCs. The race towards mass production of PSCs
has been gaining momentum in recent yé&%SWith the improved perovskite intrinsic stability
and encapsulation, some devices reagtaffer over 10,000 hours (hr) of light exposure, not
only for small perovskite cells, but also for perovskite minimodt/légwever, almost all the
light-soaking stability tests were conducted using inorganic light emitting (LEDS) as light
sources, which do not have a substantial UV compd¥éhThere is no demonstration of
outdoor stability showing perovskite modules with area >15that still have an efficiency
above 15% after ten weeks of outdoor testing. Thus, a considerable gap exists between the

indoor and outdoor durability testing results, ameblequate outdoor stability remains the main

131



obstacle towards commercialization of PSTsus, much better outdoor durability is needed

perovskite cells to be a viable neggneratiorphotovoltaic technology.

Outdoor conditions are different from indoor ligdaaking or maximum power point
(MPP) tracking in several ways. Temperature, irradiance, and UV light intensity constantly
change outdoors. We speculate that the indotdoor durability gap mainly comé®m the
lack of or weak UV light from most LED lamps for indoor tests, because perovskite devices are
frequently reported to pass the IEC61215 thermal cyclingt€$tJV light has been reported to
accelerate the degradation of perovskite solar cells, but there is still no consensus yet on the
mechanismsPhotocatalytic effects have been considered as the main reason-fodltéd
perovskite degradation inirp structured perovskite solar cells with T’®and Sn@3%* as

electron transport layers.

In this study we investigate the mechanism of UV lightduced degradation in-ipn
structured PSCs with organic HTMs and develop a method to narrow down the gap between
indoor and outdoor durability. The trap density of the perovskite/indium tin oxide (ITO)
superstree interface in the devices was found to increase with the exposure under UV light,
leading to the generation of more positively charged iodine interstitials, which accelerated the
cation migration and phase segregation at the buried peres#K® interface. Using the new
HTM with improved bonding in the PSCs, the perovskite/ITO interface was stabilized leading to

minimodules with demonstrated record outdoor stability.

We hypothesize that the weak interaction of perovskites with polymeric HTM (PTAA)
and ITO at the bottom is damag for the devices under UV light. Thus, enhancing the
interaction of perovskites with I TO and HTM i
outdoor stability. To this end, we chdSAM molecules that can anchor to ITO at one end and
bond to perovskites at the other e@dir synthetic approach allowed the functionalization via a

vinyl or alkyl linker and control over the regiochemistry of the target carbdAte

6.2 Experimental Section
6.2.1 Materials

Reagents were obtained from commercial suppliers and used as received unless otherwise
indicated.3-Bromocarbazole, dicyclohexylmethylamine were purchased from Ambeed. Acetone,
dioxane, and triethyl silane were obtained from Sigma Aldrich. Bromoethane was purchased
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from TCI Chemicals. Palladium catalysts were purchased from Strem Chemldaltayer
chromatography (TLC) was performed e coated silica gel plates (0.25 mm thick) and
observed under UV light (254 nm). Nuclear magnetic resonance (NMR) spectra were recorded
on JEOL ECA500 (500 MHz) spectrometers at room temperature. Th&/I$\spectra were
recorded orBeckman Coulter DU 808pectrophotometer, samples were prepared using
chloroformas solventEmission spectra were obtained using a Horiba Jovin Yanmohdg

spectrofluorometer with THF as solvent.
6.2.2 Synthesis

(4-(trifluoromethyl)phenethyl)phosphonic acid (model reaction)

The doublenecked rounébottom flask fit with condenser was charged with
(trifluoromethyl)styryl)phosphonic acid@FSPA (0.201 g, 0.800 mmaol), 5% Pd/C (0.020 g,
0.0010 mmol), followed by vacuum and féfill cycles (3x). Tetralin (3.00 mL, 22.0 mmol) was
added to the flask via syringe while stirring. The reaction mixture was heated to 200°C and
refluxed for 3 h. Reaction progress was monitored WRhNMR.Upon completion, the reaction
mixture was cooled to room temperature. Pd/C was separated by using a short silane plug. DCM
was added to the crude, mixed and placed irirdezer. After 2h the resulting precipitate was
collected by filtrationFiltered poduct(white flakes) was dried overnight at 45°C under vacuum.
0.147g (786).'"H NMR (500 MHz,DMSGds) & 7.63 (d, 1H), 7.47 (d,
(dd,J=16.7, 7.2 Hz, 1H®'P NMR (202 MHz, DMS@ds) G 25. 1 3.

3-bromo9-ethyl9H-carbazole

A 1 L multineck rounebottom flask with stir bar was oven dried. The flask was fitted
with air condenser and charged with KOH (6.83g, 0.122 mol) dmd@ocarbazole (10.1g,
0.0406 mol), followed by the vacuum and éfill cycles (3x). Acetone was gently bubbled with
N2 for 20 min and added to the flask via syringe with stirring. Bromoethane (8.85g, 0.0812 mol)
was added to the mixture dropwise via syriagéthe reactiorwas heateadt40°C for 2 h. The
progress was monitored will.C (EtOAc/hexanes 1:4)Jpon completiorthe reaction mixture
was cooled to room temperated &etone was removed under vaclibe acude was dissolved
in EtOAc and washed with 5% HCI (3»gnd the oganic phase dried over Mg%@nd filtered.
The dbtained organic phase was condensed to a few mL by rotary eva@oratbe product
was purified by flash column chromatography (EtOAc/hexanes 1:4). ProdugtH{ioé crystals)
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was dried overnight at 45°C under vacuand prity verified with GCMS and NMR. 10.6 g
(95%).*H NMR (500 MHz, DMSGds) U 8. 40 ( 357.7HH)H),7.84.75D(m,( d ,
3H), 7.48 (tJ = 7.1 Hz, 1H), 7.21 (1) = 7.0 Hz, 1H), 4.41 (q] = 7.1 Hz, 2H), 1.27 (= 7.1
Hz, 3H).

2-bromo9-ethyl9H-carbazolewas synthesized analogous3romao9-ethyl9H-

carbazole.

(E)-(2-(9-ethyl9H-carbazol3-yl)vinyl)phosphonic acid

A 500 mL Schlenk flask with stir bar was oven dried. The Schlenk flask was charged
with 3-bromo9-ethyl9H-carbazole (7.02g, 0.0222 mol) and bis(gnit-
butylphosphine)palladium(0) (0.326g, 0.640 mmol), followed by vacuum amelffil cycles
(3%). Vinyl phosphonic acid (VPA) (3.32g, 0.0266 mol) was dissolved in 25 mL of anhydrous
dioxane and bubbled witholfbr 20 min.Anhydrous dioxan€325 mL)andthe VPA solution
wereadded to the Schenk flask via syringe with stirriNg\N-dicyclohexylmethylamine
(108mL, 0.0666 mol) was added to the reaction mixture dropwise via syaimdjthe eaction
was heated to 80°C for 20 h. The progress was monitored' W@ EtOAc/hexanes 1:4). Upon
reactioncompletion the mixture was cooled to room temperatheeproduct was extracted with
EtOAc and washed with 5% HCI (3X)he aganic phase was dried over Mg§&6@ltered and
condensed to a few mL by rotary evaporator. Product was precipitated iMddeld faint
olive-green fibershatweredried overnight at 45°C under vacuum. 6.09g (73#%NMR (500
MHz, DMSOds) U 8J.=4.8 Hz( 1dH), 8.20 (d] = 7.7 Hz, 1H), 7.72 (d] = 8.5 Hz, 1H),
7.61 (dd,J=8.3, 6.9 Hz, 2H), 7.47 (8,= 8.2 Hz, 1H), 7.37 (ddl = 22.0, 17.4 Hz, 1H), 7.22 (t,
J=7.0Hz, 1B, 6.49 (tJ = 17.0 Hz, 1H), 4.44 (4l = 7.1 Hz, 2H), 1.31 (1) = 7.1 Hz, 3H)3'P

NMR (202 MHz, DMSGds) U PGNMR3126 MHz,DMSGDs) U 144. 93, 140.

140.52, 127.00, 126.82, 125.82, 123.03, 122.75, 121.15, 120.71, 119.64, 117.76, 116.29, 109.83,
37.59, 14.21.

(E)-(2-(9-ethyl9H-carbazol2-yl)vinyl)phosphonic acigvas synthesized analogous to
(E)-(2-(9-ethyk9H-carbazoi3-yl)vinyl)phosphonic acid. Yield: 0.860g (79%H NMR (500
MHz, DMSOds) U 8 J# 79, §0Hd, 2H), 7.91 (s, 1H), 7.59 {& 8.2 Hz, 1H), 7.54
7.27 (m, 3H), 7.20 (t) = 7.4 Hz, 1H), 6.65 () = 16.9 Hz, 1H), 4.48 (g1 = 7.1 Hz, 2H), 1.31 (t,
J=7.1Hz, 3H)3P NMR (202 MHz, DMS@ds) & 14. 59.
(2-(9-ethyt9H-carbazot3-yl)ethyl)phosphonic acid
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A 50 mL Schlenk flask with stir bar was oven dried. The Schlenk flask was charged with
10% Pd/C (0.063g, 0.030 mmol) and+&)(9-ethyt9H-carbazol3-yl)vinyl)phosphonic acid
(0.390g, 0.119 mmol), followed by vacuum angrdfill cycles (3x).AnhydrousTHF (15 mL)
and ethano{1.2 mL)wereadded to the Schenk flask via syrirged the resultingadution was
stirred at oom temperaturantil solids were dissolved. Afterward, the solution was placed on
ice. While on ice triethyl silane (1.11g, 9.52 mmol) adsled to the reaction mixture dropwise
via syringeand the slution was stirred for 15 min, followed by stirringrabm temperaturéor
30 min(until bubbling stopped)l'he reaction mixture was heated to 35°C and stirred for 3 h.
The reaction progress was monitored witR NMR. Uponreactioncompletion the mixture was
cooled to room temperatuamdPd/C was separated by using a short silane plugcdltected
solution was condensed under vacihe product was extracted with EtOAc and washed with
5% HCI (3x).The aganic phase was dried over Mg&@itered andcondensed to a few mL by
rotary evaporatoiThe poduct was precipitated into DCM yield white flakesthatweredried
overnight at 45°C under vacuum. 0.17@3%). *H NMR (500 MHz, DMSGds) U 8J=08 ( d,
7.7 Hz, 1H), 8.03 (d) = 7.9 Hz, 1H), 7.56 (d] = 8.1 Hz, 1H), 7.46 (s, 1H), 7.41 {t= 7.6 Hz,
1H), 7.16 (tJ = 7.4 Hz, 1H), 7.06 (d] = 7.9 Hz, 1H), 4.42 (q] = 7.1 Hz, 2H), 3.03 2.91 (m,
2H), 2.02i 1.88 (m, 2H), 1.30 (1) = 7.1 Hz, 3H)3'P NMR (202 MHz,DMS@ds) U 25. 6 8.

(2-(9-ethyt9H-carbazot2-yl)ethyl)phosphonic acidias synthesized analogous #5(9-
ethyF9H-carbazol3-yl)ethyl)phosphonic acid. Yield: 0.185§1%6). 'H NMR (500 MHz,
DMSOds) U 8J.=7.Z Hz( 1H), 7.99 (s, 1H), 7.56 @@= 8.1 Hz, 1H), 7.50 (d] = 8.4 Hz,
1H), 7.42 (tJ = 7.6 Hz, 1H), 7.32 (d] = 8.2 Hz, 1H), 7.16 () = 7.4 Hz, 1H), 4.40 (q] = 7.1
Hz, 2H), 3.01i 2.87 (m, 2H), 2.03 1.76 (m, 2H), 1.28 (t) = 7.1 Hz, 3H)3'P NMR (202 MHz,
DMSOds) U 25. 75.

3-broma9-methyt9H-carbazole

A 50 mL roundbottom flask with stir bar was oven dried. The flask wlaarged with 3
bromocarbazole (0.601g, 2.44 mmol) and KOH (0.480g, 8.54 mmol). Acetone (20 mL) was
added to the flask and solution was stirrecbatm temperaturéor 20 min. Dimethyl sulfate
(0.462¢g, 3.66 mmol) was added to the reaction solution droanigé¢he eaction mixture was
stirred atroom temperaturdor 1 h. The progress was monitored WithC (EtOAc/hexanes

1:4). Upon reaction completion 5% HQ@O0 mL)was added to the mixture under stirriitne
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product was extracted with EtOAnd the aganic phase was dried over Mg&@iltered and
solventremoved by rotary evaporattr yield off-white crystalghatweredried overnight at
45°C under vacuum. 0.578g (92%). Purity was verified by GEGMSNMRH NMR (500
MHz, DMSOds) U 8= 3.DHz(1H), 8.20 (d] = 7.8 Hz, 1H), 7.62 7.55 (m, 3H), 7.50
(t, J=8.3 Hz, 1H), 7.22 (1) = 7.5 Hz, 1H), 3.86 (s, 3H).

(E)-(2-(9-methyt9H-carbazot3-yl)vinyl)phosphonic acid

A 100 mL Schlenk flask with stir bar was oven dried. The Schlenk flaskhaged
with 3-bromo9-methyt9H-carbazole (0.578g, 2.23 mmol) and bis{énit-
butylphosphine)palladium(0) (0.0285g, 0.0558 mmol), followed by vacuum arefilNcycles
(3x). Vinyl phosphonic acid (VPA) (0.313g, 2.90 mmol) was dissolved in anhydrous di@@ne
mL) and bubbled with Bfor 20 min.Anhydrous dioxané50 mL)andthe VPA solutionwere
added to the Schenk flask via syringe with stirridgN-dicyclohexylmethylamine (1.42mL, 6.69
mmol) was added to the reaction mixture dropwise via syiamgihe reaction was heated to
80°C for 20 h. The progress was monitored WitlC (EtOAc/hexanes 1:4). Upaeaction
completion the mixture was cooled to room temperatheeproduct was extracted with EtOAc
and washed with 5% HCI (3XJhe aganic phase was dried over Mg&@iltered andcondensed
to a few mL by rotary evaporatdrhe goduct was precipitated into DCM vyield off-white
powderthatwas dried overnight at 45°C under vacuum. 0.283g (489\NMR (500 MHz,
DMSOds) U 8. 44 (3s57.7HH)H), 7.83.(®308.7H4, 1H), 7.60 (dd] = 8.4,
3.8 Hz, 2H), 7.49 (1) = 7.9 Hz, 1H), 7.37 (ddl = 22.0, 17.4 Hz, 1H), 7.23 @,= 7.4 Hz, 1H),
6.49 (t,J=17.0 Hz, 1H), 3.88 (s, 3H}'P NMR (202 MHz, DMS@dJs) U G NMRE126
MHz,DMSODs) U 141.82, 141.63, 127.05, 126.87, 12
118.12, 116.65, 109.96, 108.82, 29.64.

6.3 Results andDiscussion
6.3.1 Synthesi©ptimization
Alkylated bromaecarbazole substrates were obtained with the aid of bietimeme and

dimethyl sulfate (Scheme 6.1 a and b respectively).
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Scheme 6.2 Synthetic approach to CzVPA.

The carbazolghosphonic acidGzVPAg HTMs were synthesized by HedWizoroki
coupling betweerinyl phosphonic acidPA) and3-bromao9-ethyl9H-carbazoldScheme
6.2). We tested two different routes to reduce the vinyl linkage of the synthesized GaVPA
ethyl links We began our investigation with a model reactio(E){(4-
(trifluoromethyl)styryl)phosphonic aciFSPA)and tetralin. The choice of TFSPA as a model
compound was based on the ease of the purification and characterization of the PA pheduct.

reaction followed a previously publishptbceduré& (Scheme 6.3).

F4C F4C
(0] |: | I (0]
—>

N P\
ud OH  Pd/C,200C ugd OH

Scheme 6.3 Reduction of TFSPA with palladium in tetralin.

Upon reaction completion, TFSEPA was separated by the precipitation into DCM.
Analysis of the'H and®'P NMR indicated a successful reduction of the viioyethyl linkage
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without affecting other parts of the molecule (Figure B\NWIR clearly shows the disappearance

of the two vinyl protons at 6.68 and 7.26 ppm and the appearance of the four ethyl protons at
1.85 and 2.86 ppm. The reduction was also evident from the shift of the phosphorus peak from
12.81 ppm (TFSPA) to 25.13 ppmKRSEPA).

Despite the successful conversion of vinyl to ethyl linkage of TFSPA, the tetralin
reduction approach wamt applicable to CA/PAs since they had limited solubility in tetralin.
Thus, we had to explore different avenues for perforrtiiegereduction reactions. The
employment of hydssilanes can overcome the solubility limitations. We followad adjuste@
previously published synthetic approa€fEmployment of triethyl silane (TES)ith 10% Pd/C
in dioxane/EtOH (12.5:1) as solventsulted in reactionompletionin 3 hrs (Schemé.4). The
reduced product was purified by liquid extraction and precipitation into DCM. Such a simple
synthetic approach allows one to obtain the desired compowgabd yieldsn less than a day.
Additionally, EtCz3VPA wa®asilyscaled up t@ 10gram reactionOur optimized synthetic
approach to obtaining functionalized CzPAs is timed costeffective. The simple purification
method yields target prodgcby employing precipitation into DCM, thus eliminating a need for
labor and solventonsuming column chromatography, unlike the reported synthesis of
commercially available SAMs such 2BACzthat are also mulstep and use very corrosive

chemistry!’

h N

N N
TES, 10% Pd/C >
THF/EtOH
//0 p”o
HO” “OH HO” “oH

Scheme 6.4 Reduction of EtCzVPA with TES.

'H and®'P NMR were used to verify the chemical transformatfégure6.3 shows the
peak shifts corresponding to the double bond reductioavinyl proton peaks at 6.49 and 7.37
ppmare absent andistead, founewproton peaks in the region of 1:2497 ppm were visible,
indicatingthe ethyl linkage We also observed a downfield shift of phosphorus peak (from 15.13
to 25.26 ppm).
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Figure 63 Comparison ofH (a) and®'P (b) NMR spectra of PAs before and after the reduction
with palladium in tetralin.
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Figure 64 Comparison ofH (a) and®'P (b) NMR spectra of PAs before and aftegreduction
with TES

6.3.2 CzVPAEPA Derivatives Evaluation

Four synthesized PA derivatives were selected for initial efficiency evaluation to
determine the effect of two factors: the position of PA on the carbazole ring (2 vs. 3) and the type
of linker (alkyl vs. vinyl). The devices were prepared using EtCz2ERBzE/PA, EtCz3EPA
and EtCz3VPA as SANbased HTL. The-¥ curves of those devices are presented in Figure 6.4,

while measured PCE values are shown in Table 6.1.
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Figure 65 JV scans of devices for (A) EtCz2EPA, (B) EtCz2VPA, (C) EtCz3EPA and (D)
EtCz3VPA.

Table 6.1 PCE data comparison

Sample PCE (%) Sample PCE (%)
#1 12.91 #7 20.58
EtCz2EPA #2 14.63 EtCz3EPA #8 21.28
#3 13.86 #9 20.33
#4 11.37 #10 19.80
EtCz2VPA #5 11.52 EtCz3VPA #11 19.11
#6 11.35 #12 19.03

The reported PCEs indicated significant differences in performance based on PA
functional group position on the carbazole. Based on the results demonstrated in Table 6.1,
attaching VPA in 3osition drastically improved efficiency vs in thep@sition. One
explanatiorfor this is that substitution in the@sition (para to carbazole nitrogen) results in

less steric hindrance than thg@sition and may lead to improved favorable interactions with the
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perovskite layer. For example, it is known that the lone pair electrons on nitrogen interact with

the lead ions in perovskité.

6.33 DevicePerformance
The indepth description of the device preparation and subsequent performance
evaluation is beyond the scope of this dissertation. However, we would like to below highlight

the keytakeawaygrom the implementation of our synthesized CzPAs into perovskite solar cells.

For this study, everal new and existing molecules were selectedifdds (Figure 6.5)
andusedto replace PTAA or form linker/PTAA hybrid layer structsiess HTM, including a new
molecule [2(9-ethyl9H-carbazol3-yl)ethyl]phosphonic acid§tCz3EPA) andvell-studied [2
(9H-carbazol9-yl)ethyl]phosphonic acid (2PACZ): 34, Acid groups such a€OOH and-

PO(OH) canform covalent bond$o surfacehydroxyl groups on ITO, whileNH-, =O, halide {

X) and carbazole grosan interact with P in theadjacenperovskitdayer. The EtCz3EPA
synthesis utilizes inexpensive chemicals, mild reaction conditions, and simple purification steps.
EtCz3EPA has similar carbazole and phosphonic acid groups as 2PACz, but the side chain with
the phosphonic acid group is directly linked to #nematic rings rather than N in the carbazole.

As shown inFigure 6.6 EtCz3EPA is more flexible tla2PACz.For example2PACz can

orient vertically oranIn2Os surface, while EtCz3EP#ith a relatively small ethyl group prefers

a flat orientation after binding with 1@s surface, which allows for better interaction of N with

PI?* in the perovskite Density functional theoryDFT) calculations revealed that the binding
energies of EtCz3EPA on the (111) plane eOgwsurface and the (001) plane of FAPSUIrface

are 0.83 eV and 0.17 eV stronger, respectively, than that of 2PACz.
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Figure 66 Chemical structures of molecules used as a hole transport materials in this study.

Figure 67 Calculated binding energies of 2PACz and EtCz3EPA molecules with (A) the (001)
plane of FAPKd and (B) the (111) plane of 405 surface.
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Figure 68 JV curves of the perovskite solar cells fabricated with different bifunctional
molecular layersfA) 4PyBA, (B) Carprofen(C) 4ABPA, (D) BNDHP, (E) DBP, (F) 2PACz
and(G) EtCz3EPA Theactive area of small devices is 0.08°c(i) Light-soaking stability of
2PACz and EtCz3EPAonly basedsmalldevices undek EP lamp(100mW  ¢Zm3.5% UV
inside, 60°C, OC conditionk The stability data was collected fro@10 devices for each

group.

The use of the EtCz3EPA molecule as an interfacial binder is expected to reduce the
formation of point defects at the buried interface, leading to suppressaaduted degradation.

The device fabricated with EtCz3EPA also exhibited higher efficienciesvgrdved stability
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under the LEP lamp compared to the other molecules tested in this Btgudye(6.7. Therefore,

EtCz3EPA was selected as the linker for the continued study.

Direct use of EtCz3EP#o replace PTAA initially resulted in inferior device
performance, mainly due to lower conductivity and hole extraction capability of EtCz3EPA.
Since excess holes play a critical role in the-&¢elerated perovskite degradation, we applied a
EtCz3EPA/PTAABCP hybrid HTM, in which a layer &,9-dimethy}t4,7-diphenyt1,10
phenanthroling(BCP) doped PTAA is coated on EtCz3EPA, which was found to significantly
enhance device efficiency and stability. BCP was added into PTAA to improve the structural
stability of perovskites at the bottom interface due to the chelation of BCP with le&t ion
however BCP itself does not enhance the interaction of perovskite with ITO, as BCP does not
interact with ITO. The contact angle measurement results show thatFseRiilon has much
better wetting on EtCz3EPA than on PTAA:BCP (Figu&3j. The contact angle of the hybrid
HTM is in between, suggesting that the PTAA:Bl@fzer on the top of EtCz3EPA is likely non
continuous, as shown in Figureb, which provides enough space for the contact of perovskite
and the bottom EtCz3EPA.
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Figure 69 Molecular design for stronger bonding HTM. (A) Schematic interfacial contact of
perovskite, bifunctional molecular and ITO substrate. (B) Synthesis route of EtCz3EPA. (C)
Contact angle of FAPbkolution (1M, dissolved in-RE) on different HTM substrates. (D)
lllustration for the different HTMs on the ITO substrate.

6.4 Conclusion

The four CzPAs were synthesized and tested as-8a8¢d HTL in perovskite solar
cells. The utilized synthetic approach allowed easy control over the regiochemistry of the target
VPA derivatives; we were also able to compare alkyl and vinyl linkages. Basthe initial

efficiency screening EtCz3EPA was chosen for further studies.

The UV induced perovskite degradation mechanism was identified and a stronger
interconnection layer was introduced to the devices to improve the outdoor stability of the
perovskite minimodules. UV light directly damaged the interface of perovskite asdlibate,
which resulted in inefficient hole extraction aiicely accelerated the Aite cation migration.

The introduction of stronger bonding molecules at the buried interface reduced the amorphous
phase around perovskite/HTM/ITO region and suppresatdn migration under UV light. With

the hybrid HTM, EtCz3EPA/PTAA:BCP, in the small area perovskite solar cellsgthe T

lifetimes measured under LED and LEP lamp were increased to ~4610 and ~1780 hr,
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respectively. The champion minimodule with the hybrid HTM retained operational efficiency of

17.5% after 10 weeks of outdoor testing independently measured by PACT center.
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CHAPTERY
GENERAL CONCLUSIONS AND FUTUREOPPORTUNITIES

7.1 Introduction

This dissertation descrilsghe design,synthesis, characterization, and applications of
vinyl aromaticphosphonic acigVPA) derivatives.The main efforiimed todesign andievelop
a viable synthetic route to obtainidgpole tunable and photwitchable VPAMonoesters for
applicationin rare earth elemenREE) separation. In addition, as mentioned in the introductory
chapterd, along the way ouaromatic WWAsbecame of interest to other collaborators who used
them successfully in novelpramolecular ag@mblies ands hole transport materials in

perovskite solar cells.
7.2 General Conclusion and Future Opportunities

The original goal of this work was to design and create a library of VPA monoesters to
develop a light driven REE separation approach. Chapter 2 provides a general overview of REES,
their importance, and the challenges associated with commercial proddttesynthesis of the
novel organophosphorus extractant, their performance evaluation, and a description of alternative
separation approaches can also be found in Chapter 2.

Chapter 3 was dedicated to reporting the developed synthetic method for obtaining three
VPA monoesters; the presented research conducted in collaboration with tear@®kooado
School of MinesCSM) andNational Renewable Energy LaboratoNREL) aimed to study the
effect of changing the dipole moment of the ligand on the extraptmperties The work was
based on previously conducted research showing that the careful manipulation of the ligand
structure can be used to control the chemical environmemetaloxide™® We developed the
viable synthesis and purification procedure for obtaining targefangtionalized vinyl
phosphonic acid monoesters in high purity. The extraction and computational studies performed
by the collaborators concluded that the synthesizrahtis had a high affinity for Eu. We were
able to establish that the extraction strength depended on the molecules' dipole moment, not pKa
which was a new discovery for REE separations commuiigyhope this work will provide

new avenues for further iegtigation of using light for REEs separation.

Chapterd aimed to continue the study of the styryl phosphonic acid derivatives for the
light-induced separation of REEs. The project's main goal was the synthetic approach and
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characterization of ligands with photoswitchable moieties. We developed the synthetic route to
obtaining stilbene, azobenzene, and spiropg@mtaining phosphonic acid monoestdise

preliminary extraction experiments indicated that the synthesized ligands extraction performance
is comparable to the three styryl extractants presented in Chapter 3. Future computational and
spectroscopic studies could provide insight into itelintraligand strain energy changes

induced by photoisomerisidVe believe thacareful ligand design and understanding of its effect

on REE chemical environment will provide a route to kdhten separation.

In Chapters, we explored the ability of synthesized vinyl phosphonic acid derivatives to
form supramolecular assemblies. This work was done in collaboration with Dr. Flood's research
group at Indiana UniversitflU). In this worktogether with lUwe usedHeck coupling
conditions tadesign and prepaseverakargeted aromatic VPASVe were able to study the
complexation behavior of 14 synthesized compoumtis an electron deficient macrocycle
termed cyanostar, de vE¢targeermecubey comdained vdibus od bés gr
aromatic moieties: halogenated, chromophores, and photoswitches. These acids were then
utilized in dimer and polymer formation inside the cyanostar macrocycles. We ezigimple
synthetic approach to creating a versatile platform for aarean dimerization stabilized inside
the cyanostar macrocycles. The eas¥RA functionalization allowed uni ng of t he mor

properties, thus, enabling control oweipramolecular polymerization.

With the ongoing research into improvipgrovskite solar cellRSQ technologes it is
well known thatPAs have been studied for usghole transport layers (HTLWe hypothesiz
thatour VPAs could behave as efficient HTL by controllihg position of the PA attachmeot
an electron rich aromatic moieties and subsequénttyove thePSCefficiency andstability.
Dr. Jinsong Huangdés group at UNC Chapel Hi | |
them to prepare many PSC devic&hapter 6 describes the synthesiglettron richvPA
carbazole derivatives and presents prelanyrstabilitydevicetesting results. We obtained
carbazolefunctionalizedVPAs by utilizing the optimized Heck coupling conditions. The
selectedsynthetic approach allowed attachment of the vinyl phosphonic acid in various positions
on thecarbazolearomatic ring. In addition, theinyl bond reduction enabled us to compare the
two linkers:ethyland vinyl. The preliminary testing indicated that attaching phosphonic acid
group to the aromatic ring of the carbazole resulted in higher device stability GaPAcs

stronginteraction with botiTO and perovskite layer.
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This dissertation presented the tailored synthesis of B#ederivatives for specific
applications: separatipgupramolecular assembljesnd SAMHTL. However, the optimized
on-demand synthetic approach provided avenues for additional applications. For example, the
threeVPAs mentioned in Chapters 3 aBdire being tested for surface functionalization of
graphene2D-MXenes, carbon nanodiamonds, and molybdenum ca(MdgC). The ability to
tune the properties of phosphonic acid derivatives by using corraihe available and
inexpensive substrates allows the creation of-defined chemical systems that can be used for
numerous applications. For instance, we hypothesize that some of the previously mentioned
functionalized 2and 3D materials could be esd in the organic photovoltaic (OPV) field,
specifically perovskite solar cel{PSCs) This avenue could be explored further by
incorporating functionalized materials into the OPV devices to tune tlteidoty. Another
example ofuture opportunities ér usingVPAs is the field of catalysf® Given their
coordination properties and chemical reactiWtypA derivatives could be used in various
catalytic systems. We are interested in studying the effect of functionalizing the surfdcgCof
Transitionmetal carbides are known for their exceptional physical and chemical properties,
making them great candidates for effective catalfstsChapter 3 illustrated that the tuning of
the dipole moment influenced the changes in the chemical environment obmidésd This
finding introduced the idea of controlling the catalysts' electronic structure by varying the
surface's ligands. We anticipate that such surface modification will result in tuning the catalytic

activity of functionalized MC.
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B2.31P NMR
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B3.C NMR
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B4. 1F NMR

—-61.15

T T T T T T T T T
-57 -58 -5 60 -61 -62 -63 -B64 -65

160 140 120 100 80 60 40 0 0 220 -40  -60 80 100 -120 -140 -160 -180  -200
f1 (ppm)

Figure B10'°F NMR of HEHTFSP

170



T T T
<108 -109 -110 -111

=112

=113 -114 <115

-111.92

-1
T
T T Ll T T T ¥ T ¥ T ¥ T T T Ll T T T J T T T T T ¥ T T T ¥ T T T L T
160 140 120 100 80 60 20 0 -20 -40 -60 -100  -120 -140 -160 -180  -200
f1 (ppm)

Figure B11'F NMR of HEHDFSP

171



B5. UV-Vis
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B6. FT-IR
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B7. Potentiometric Titration
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Figure B14 Potentiometric titration of 0.0174 M HEHSP, 0.00991 M HEHDFSP, 0.00971 M
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25.0°C

174



B8. Computational Studies

2.45

Figure B15 Display of the dipole vector along the@Pbond of the 3a, 3b, and 3c free ligands in
the gas phase.

Figure B16 Display of the dipole vector along the@Pbond of the 3a, 3b, and 3c free ligands in
the CHC.
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