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CHAPTER 1: DIVALENT LANTHANIDE LUMINESCENCE IN SOLUTION

1.1 Introduction

The luminescence of divalent lanthanides has seen extensive use in phosphors and
lighting, especially in the solid state, which will be discussed briefly in this chapter. The
luminescence of molecular complexes of divalent lanthanides also has great utility in
applications such as sensing and imaging, but far fewer research endeavors have been focused on
these complexes, especially in solution. This limited amount of research stems from the
propensity of the divalent states of lanthanides to oxidize to their trivalent counterparts. Until
recently, it was thought that the only lanthanides that formed discrete, isolable molecular
complexes in the divalent state were those with the most positive Ln"'/Ln"" electrochemical
couples. However, in 2013, isolation of a nearly complete series of divalent lanthanide
complexes was reported (except for Pm'").t Although solution-phase luminescence studies have
not been performed on molecular complexes of most of the divalent lanthanides, isolation of the
complexes is a promising start towards what are sure to be interesting and informative studies.
This chapter describes the luminescence of divalent lanthanides with a predominant focus on

molecular complexes of divalent lanthanides in solution.

1.1.1 4f-5d Transitions

The luminescence of divalent lanthanides is dominated by 4f-5d transitions, but 4f-4f
transitions can also be observed with these ions (Figure 1.1).2°> However, because 4f—4f
transitions often occur simultaneously with 4f-5d transitions in divalent lanthanides, the 4f—4f
transitions are usually obscured by the more intense parity-allowed 4f-5d transitions that occur
in the same energy range. Divalent lanthanides exhibit 4f-5d transitions that are typically located

in the UV to IR range of the electromagnetic spectrum. This range of energies, spanning the



visible region, makes the 4f-5d transitions of divalent lanthanides distinct from the same
transitions of trivalent lanthanides that typically have 4f-5d transitions at energies associated
with UV light. Unlike 4f electrons that are shielded from the surrounding environment by the full
5s and 5p orbitals, electrons in the 5d orbitals of lanthanides are influenced by ligand fields.
Because of this vulnerability of 5d electrons, 4f-5d transitions display broad, intense peaks that
are prone to vibronic coupling due to the spatially accessible 5d electron in the 4f"15d! excited

state.

SDO_)7F3

‘D,—'F,

°D,—"F,

405d —4f°

7
700 725 750 775
Wavelength (nm)

Figure 1.1 Part of the emission spectrum of a solid sample of the Sml, complex of 18-crown-6
recorded at 77 K. The 4f—4f emissions—°D1—'Fs, °Do—'F1, and °Do—'Fs—overlap the broader
5d—4f emission (4f°5d'—4f%) (adapted from reference 6).

The configurational-coordinate diagrams of 4f—4f and 4f-5d transitions demonstrate the
physical characteristics of the excited states that give rise to the peak widths and Stokes shifts
associated with each type of transition (Figure 1.2). Bond lengths of the ground and excited
states of 4f—4f transitions do not vary considerably.?* The similarity in bond lengths between

ground and excited states is indicative of alignment of the ground- and excited-state energy wells



and consequent narrow line widths and small Stokes shifts. In contrast, 4f"'5d* excited states
move to shorter bond lengths than 4f" ground states.>” This decrease in bond length is caused by
an expansion of the electron charge distribution due to an electron being promoted from a 4f
orbital to a 5d orbital, resulting in a slightly more positive effective nuclear charge for the
lanthanide ion with respect to the ground state.? The change in charge distribution leads to the
lanthanide ion interacting more strongly with coordinated atoms or ions, shortening bond
lengths. As excited states relax to their lowest vibrational states, they move radially from the
center of the ground-state potential energy wells, lowering emission energies with respect to
excitation energies. Another feature of note in these diagrams is the wider parabola representing
the 4f"15d! excited state with respect to the 4f" ground and excited states. This widening is due
to the interaction of the 5d orbitals with the surrounding ligand field and accounts for the broad

peaks associated with 4f—5d transitions.

ry ry
(a) (b)
0 B 2 B0
g o =
45 . = g,
g[8 7|8
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A& |2
8 |2 =
7 5o A g0
T ML bond length 1797 7* M-L bond length

Figure 1.2 Schematic configurational-coordinate diagram for (a) 4f"—4f" and (b) 4f"—4f"15d*
transitions for a lanthanide ion. The lengths of the excitation and emission arrows represent the
magnitude of energy associated with that transition and the difference in energy between them is
the Stokes shift.



The increased intensity of 4f-5d transitions relative to 4f—4f transitions arises from 4f-5d
transitions being parity allowed, giving the 4f-5d transition a higher probability of undergoing
excitation and emission. Another feature of 4f—5d transitions is their broad peaks that arise from
interaction of the 5d orbitals with ligand fields based not only on subtle geometric differences
from vibronic coupling and solvation-layer structure but also coordinating atom identity in the
case of labile solvents. The coordinating atoms of a complex also have an effect on the centroid
shift of the 5d orbitals, which is the shift in 5d orbital energy with the respect to the 4f orbitals
due to the nephelauxetic effect. The nephelauxetic effect induces centroid shifts of the 5d orbitals
to lower energy with increasing covalency of metal-ligand bonds.?® Consequently, not only are
4f-5d transitions broad, but they also can be tuned throughout UV, visible, and IR energies. This

tunability makes 5d-4f emissions of divalent lanthanides useful in luminescence applications.

1.1.2 Nonradiative Deactivation

As described in section 1.1.1, the 5d orbitals of lanthanide ions are more susceptible than
the 4f orbitals to ligand environment. Although this susceptibility enables modulation of 4f-5d
transition energies, it also leaves 4f"15d! excited states vulnerable to nonradiative decay via
energy overlap with oscillators in the coordination sphere of the lanthanide ion. Similar to the
luminescence quenching observed with some trivalent lanthanide ions, O—H and N-H oscillators
can quench the 5d—4f luminescence of divalent lanthanides.® Because of this quenching, it is
generally desirable to avoid solvents containing these oscillators when performing spectroscopic
measurements pertaining to luminescence intensity. Aside from nonradiative quenching from
energy overlap with solvent oscillators, the photo-induced reaction between divalent europium
and protic solvents has also been shown to nonradiatively generate trivalent europium and

hydrogen gas.'® Similar electron transfers from excited Eu'" and Sm' ions to organic substrates



have been shown to compete directly with radiative decay of the excited state of these divalent
lanthanide ions.** When coordinated to divalent lanthanides, ligands containing O—H and N-H
oscillators have also been shown to nonradiatively extinguish the excited state of luminescent
lanthanide ions.>*®> A common technique for avoiding nonradiative quenching of the excited
states of divalent lanthanides is to coordinatively saturate the ions with ligands that do not
contain quenching oscillators. This saturation also eliminates open coordination sites for solvent
molecules containing O—H and N—H oscillators. Some of the most effective ligand scaffolds used

for this purpose are multidentate macrocyclic ligands like crown ethers and cryptands.

Another phenomenon that can cause nonradiative decay of the excited state of lanthanide
ions is thermal quenching.? At higher thermal energy levels, the potential wells of ground and
excited states cross, introducing a direct, nonradiative path from the excited state to the ground
state (Figure 1.2). Narrowing of the excited-state energy well in the configurational-coordinate
diagram pushes the crossing of the ground- and excited-state parabolas to higher energies,
resulting in higher temperatures for the onset of thermal quenching. Additionally, at higher
temperatures, there is more available vibrational energy in solvent and ligand molecules;
therefore, the quenching caused by O-H and N-H oscillators becomes a more prevalent issue.
For these reasons, it is common for luminescence experiments to be performed below room

temperature.

1.1.3 Solid-State Doping

The divalent oxidation state is more stable for lanthanides in the solid state, and all the
divalent lanthanides (excluding Pm') have been observed as molecular complexes. Most
applications requiring the luminescence of divalent lanthanides, such as solid-state lighting and

lasing materials, use the elements in the solid state. Because of the increased stability of divalent



lanthanides in the solid phase and the prevalence of materials applications, a great deal of
foundational knowledge and most of the available research on divalent lanthanide luminescence

has been accumulated in the solid state.

The electronic transition energies of hundreds of inorganic compounds of divalent
lanthanides were compiled by Dorenbos.’® He determined that each host matrix invokes a
characteristic red shift and Stokes shift compared to the free ion energy for each divalent
lanthanide. Using this knowledge, he successfully created a model in which the lowest-energy
4f-5d transition of any divalent lanthanide can be predicted if the energy of another divalent
lanthanide 4f-5d transition in the same host lattice is known. An example of the predictive power
of the Dorenbos model is presented in Figure 1.3 that demonstrates the good agreement between
predicted and experimental values for divalent lanthanides in CaF2.}” For thorough discussions of
the luminescence of divalent lanthanides in the solid-state, readers are referred to several review

articles.>'*'® The remainder of this chapter is focused on the luminescence of discrete

complexes in solution.
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Figure 1.3 Energies of 4f-5d transitions for divalent lanthanides in CaF, plotted versus the
number of 4f electrons of the Ln'" ion. Circles represent empirical data on spin-allowed
transitions and triangles represent empirical data on spin-forbidden transitions. The dashed curve
represents the calculated values for the lanthanides (adapted from reference 17).



1.2 Complexes of Divalent Europium

Europium, having the most positive Ln'"'/Ln" electrochemical potential of the
lanthanides, has been the most studied divalent lanthanide with respect to luminescence in
solution. This section is divided into subsections describing different types of Eu''-containing

salts and coordination complexes including macrocyclic and sandwich complexes.

1.2.1 Divalent Europium Salts

In general, divalent europium salts are excited by UV irradiation and weakly emit blue
light in solution. The intensity and wavelength of emission for Eu' varies slightly as a function
of solvent and counteranion.'®-?* Promotion of Eu"' to the excited state through irradiation with
light is the most common method of excitation, but chemiluminescence has also been
reported.>?%2425 The system of EuXs-6H20 (X = Cl or NOs) in tetrahydrofuran (THF) with
various alkylaluminum complexes has been shown to produce Eu' luminescence through
chemical excitation (Figure 1.4).2%2° The trivalent europium salt is reduced by the excess
alkylaluminum complex, forming the divalent salt that can be roughly approximated as
EuX2(THF)2-R3xAlHyx in solution where R is i-butyl, ethyl, or methyl. Unreacted alkylaluminum
complex in solution reacts with residual molecular oxygen to form triplet-excited aldehyde that
transfers energy to divalent europium to induce Eu'' luminescence. As a specific example, the
chemiluminescence of EuX(THF).-i-BuAlIH display similar emission wavelengths for the
chloride and nitrate salts (447 and 454 nm, respectively), but the chemiluminescence of the
chloride-containing system is approximately six times more intense than the nitrate-containing
system. It was hypothesized that the difference in emission intensity was due to a more efficient
energy transfer between triplet excited isobutyric aldehyde and EuCIl2(THF)2-i-Bu2AlH relative

to the nitrate salt.%°
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Figure 1.4 (a, black) Chemiluminescence and (b, dark blue) photoluminescence spectra of the
reaction solution containing Eu(NO3)3-6H.O and i-BuAlH in  tetrahydrofuran.
Photoluminescence spectra of (c, red) crystalline and (d, blue) solid Eu(NO3)3-6H2O (adapted
from reference 20).

Another chemiluminescent system involving divalent europium was reported with EuCls
in dimethylformamide.?* In this system, dimethylformamide replaces one or two chlorides in the
inner coordination sphere of solvated EuCls. Under UV irradiation, dimethylformamide becomes
excited, and electron density is directed from the oxygen atom of the excited dimethylformamide
to Eu". With the donated electron density, Eu'' is reduced to an excited Eu' ion that
subsequently emits at 530 nm and transfers the electron back to dimethylformamide, reforming

the ground-state complex of Eu'".

1.2.2 Macrocyclic Complexes of Divalent Europium

Macrocyclic ligands, such as crown ethers and cryptands, are some of the most widely
studied ligands for luminescence enhancement of divalent europium. One benefit of these
ligands is that many of them have been shown to positively shift the electrochemical potential of

the Ln""/Ln" couple of europium in protic solvents, including water and methanol.® This shifting



of electrochemical potential makes the Eu'-containing complex less prone to reduction by
solvent molecules, making the complexes easier to study in solution. Although the
electrochemical shift is not positive enough to prevent oxidation of complexes in the presence of
molecular oxygen, it provides a larger range of conditions in which the complexes can be
studied. Also, macrocyclic ligands generally tend to increase the luminescence intensity of
coordinated Eu'" ions with respect to the uncomplexed ion. This increase in luminescence
intensity has been attributed to a shielding effect that macrocyclic ligands impart on coordinated
ions.* The shielding effect refers to the ability of a macrocyclic ligand to saturate the
coordination sphere of a metal ion. By blocking sites at which the metal ion could interact with
O-H and N-H oscillators from solvent molecules, the ligand effectively lowers the frequency of

interactions that lead to nonradiative quenching of the excited state of Eu''.

An early set of systematic investigations of the enhancement of the luminescence of Eu"
by macrocyclic ligands was conducted by Adachi and co-workers.>?%?531 They used several
properties to compare the luminescence of Eu''-containing complexes (Figure 1.5 and Table
1.1). The main benchmark used for comparison was the relative luminescence intensity of each
divalent europium complex with respect to an equimolar solution of EuCl,. After reporting a
large (690x) enhancement of the luminescence intensity of Eu' through complexation with a
series of macrocyclic ligands, Adachi and co-workers explored the effects of other crown ether
derivatives on the luminescence of divalent europium (Figure 1.5).°2' The selection of
macrocyclic ligands in this study consisted of crown ethers and cryptands with various cavity

sizes, denticities, coordinating atom identities, and functionalities.
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Figure 1.5 Macrocyclic ligands studied by Adachi and co-workers.?1:26-31
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To explain the differences in relative emission intensities among Eu'-containing
complexes, other luminescence properties of these complexes were compared with an emphasis
on radiative and nonradiative rate constants.® In general, Eu"-containing complexes in the series
studied by Adachi and co-workers displayed radiative rate constants within an order of
magnitude of EuCl.. The nonradiative rate constants, however, varied significantly with the
lowest values belonging to ligands with the highest luminescence enhancement. This correlation
between nonradiative rate constant and luminescence enhancement suggests that the most
important factor in luminescence efficiency is the ability of a ligand to adequately encapsulate

the Eu' ion to protect it from interactions with O—H and N—H oscillators.®
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Table 1.1 Luminescence properties measured in methanol at a europium concentration of 4
mM.°

Complex Maximum  Relative Luminescence Luminescence Radiative Nonradiative

emission emission quantum yield lifetime (ns) rate rate constant

wavelength  intensity (%) constant  (x107°s)

(nm) (x107°s)
EuCl, 489 1.0 0.036 2.1 2.1 5900
Eu'1l 428 93 3.6 300 1.2 32
Eu'2 432 690 28 800 35 9.0
Eu'3 446 160 9.4 142 6.6 64
Eu'4 417 95 1.5 143 1.2 69
Eu''s 447 9.2 0.2 28 0.72 360
Eu''6 448 2.2 0.05 NR NR NR
Eu''7 423 690 2.1 761 2.8 12
Eu's 445 120 6.7 143 47 66
Eu'9 440 87 3.8 89 4.3 110
Eu''10 443 180 2.9 290 0.099 3.4
Eu''11 460 130 7.1 42 1.7 21
Eu''12 469 6.8 4.6 16 0.29 62
Eu''13 488 410 14 810 1.7 11
Eu''14 472 13 0.31 16 1.9 620
Eu''15 445 1.0 0.05 NR NR NR
Eu''16 445 29 1.4 24 0.58 41
Eu''17 468 270 9.3 200 0.47 4.5

NR = not reported

Of all the ligands in Adachi’s studies, 15-crown-5 (2) induced the largest enhancement of
luminescence intensity of Eu'' relative to EuCl..° Two other sizes of crown ethers were included
in Adachi’s studies, 12-crown-4 (1) and 18-crown-6 (3), but they did not induce as large of a
luminescence enhancement as 2. The success of 2 in terms of luminescence enhancement was

ascribed to two factors: cavity size of the ligand and ligand-to-metal ratio of the resulting Eu"
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complex. Crown ether 2 has the cavity size (0.9-1.1 A) closest to the ionic radius of Eu" (1.09
A), and the europium ion sits just above the plane of the crown ether.2%2” Two more equivalents
of 2 sit above the exposed side of the Eu' ion (Figure 1.6), making the ligand-to-metal ratio 3:1
(based on Job plot and *H-NMR studies of the Sr''-containing analogue), effectively blocking O—
H oscillators of methanol from interacting with the inner sphere of the excited Eu" ion. The
smaller size of 1 forces the Eu'' ion to sit farther above the equatorial plane of the crown relative
to 2, but a binding ratio for this complex was not reported. Although the larger cavity size of 3
enables the Eu'" ion to sit in the equatorial plane of the crown ether, this ligand forms a 1:1
complex with Eu'" based on H-NMR studies of the Sr'-containing analogue and, therefore,
leaves open inner-sphere coordination sites above and below the plane of the crown for

interactions with methanol.2

Figure 1.6 Schematic representation of the 3:1 coordination of crown ether 2 to Eu'.

Despite the smaller cavity size of 2 with respect to 3, the greater luminescence
enhancement of Eu" by coordination to 2 was ascribed to its superior ability to block interactions
between solvent molecules and the coordinated Eu' ion. To investigate the ability of 2 and 3 to
block interactions between coordinated Eu'' ions and solvent further, the luminescence of the
complexes was compared in four protic solvents: water, methanol, ethanol, and n-propanol.?8

The maximum wavelength of the emission band of the Eu'' complex with 3 shifted to higher
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energy with increasing molecular weight of solvent, whereas the emission wavelength was
unaffected with 2. A decrease in the luminescence lifetime and quantum yield with increasing
solvent molecular weight was also observed with 3, while the quantum yield observed with 2
was hindered only by water and remained unaffected by the alcohols. Lastly, the quantum yield
and luminescence lifetime for both complexes were compared in methanol and deuterated
methanol. The values for 2 were unchanged while the quantum yield and lifetime both increased
for 3 in the deuterated solvent. The diminished influence of solvent effects on the luminescence
of Eu''2 relative to Eu''3 is evidence that 2 is more capable of minimizing interactions between

coordinated Eu' ions and solvent molecules.

Adachi and co-workers also studied derivatives of crown ethers containing benzo (4-6)
and alkyl groups (7-10).2126272% The benzo-containing crown ethers 4-6 resulted in less
luminescence enhancement relative to nonfunctionalized crowns 2 and 3. This decrease in
enhancement for 4-6 was attributed to the decreased flexibility of the crown ether with the
addition of a benzo group. With lower flexibility, the ligand cannot as effectively encapsulate
Eu'' and provide protection from solvent-based oscillators. Although electronic effects from the
benzo group might be expected, the researchers claim that no intramolecular sensitization was
observed.?®?® Crown ethers 7 and 8 adorned with octyl moieties displayed luminescence
enhancement similar to their nonfunctionalized analogues, indicating that the alkyl chains have
little effect on the efficiency of these ligands to exclude the coordination of solvent molecules to
Eu'l. Along the same vein, crowns 9 and 10 bearing cyclohexyl groups displayed more
luminescence enhancement than the benzo-containing crown ethers. Although crowns 5 and 9

have different numbers of functionalities, comparison of these two ligands suggests that non-
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aromatic moieties impart less rigidity on the ligand and therefore better encapsulation of the Eu"

ion.

To investigate the effects of nitrogenous donor atoms relative to ethereal donors in a
comparably sized cavity, ligands 11-14 were complexed with Eu" for comparison to the Eu''-
containing complexes of ligands 1-3.263 In general, the ligands containing coordinating nitrogen
atoms induced less luminescence enhancement of Eu'. Only ligand 13 outperformed its ethereal
counterpart, 1, in terms of luminescence enhancement, which was found to be a result of its 2:1
ligand/metal ratio that enabled greater insulation of the Eu' ion from methanol. The lower
luminescence enhancement imparted on Eu' by 11 and 12 was attributed to the coupling of the
N-H oscillators from the secondary amines on the ligands to the excited state of Eu''. These
nitrogen-containing crown ethers also induced broader emission bands and red shifts in emission
wavelengths for Eu'' with respect to 1-3. Because nitrogen is a stronger donor than oxygen, a
greater splitting of the d orbitals leads to a greater curve of the 4f"15d! excited state in the
configurational-coordinate diagram. The greater d-orbital splitting increases the width of the 5d—

4f emission band and moves the transition to slightly lower energies.

Three cryptands were also investigated by Adachi and co-workers including [2.1.1] (15),
[2.2.1] (16), and [2.2.2] (17).2° Cryptands 16 and 17 form complexes with EuCl, (Figure
1.7),%2%® put 15 was too small to encapsulate the Eu" ion adequately and provided no
luminescence enhancement with respect to EuCI».%® Although 16 has the cavity size closest to the
ionic radius of Eu'", it did not provide the highest luminescence enhancement, indicating that
cavity size compatibility is not the only determining factor for luminescence enhancement.
Cryptand 17 has a slightly larger cavity and one more coordinating atom than 16, enabling 17 to

occupy more coordination sites where solvent molecules might nonradiatively interact with the
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excited state. These factors result in 17 inducing the greatest luminescence enhancement of Eu"

among the three cryptands studied by Adachi and co-workers.

Figure 1.7 Molecular structures of the divalent europium complexes with cryptands 16 (left) and
17 (right).32% Thermal ellipsoids are drawn at 50% probability. H atoms and non-coordinated
solvent molecules and counteranions are omitted for clarity. Grey = carbon; red = oxygen; blue =
nitrogen; seagreen = europium; and green = chloride.

A separate study was conducted to determine the effects of added anions on the
luminescence of divalent europium complexes of 3 and 17.3* Solutions of Eu"3 and Eu'"17 were
prepared through the reduction of Eu(OTf)s by zinc metal in methanol in the presence of either 3
or 17 and five equivalents of the respective anion to be studied (CI-, Br-, I, NOs~, SCN-, OAc",
or none). For both complexes, no change in the emission wavelength was observed, but a
decrease in the Eu" luminescence intensity was observed with the addition of NOs~, SCN-, and
OAc™. No explanation of these results was given, but because there was no change in the
emission wavelength, there was likely no change in the geometry of the complex between the
anions. The differences in luminescence intensities could be related to the presence of
intramolecular vibrations in the NO3z~, SCN-, and OAc™ anions, which could potentially overlap

with the energy of the Eu'' excited state leading to nonradiative decay.

An interesting observation regarding emission intensity and wavelength was made with

the Eu'-containing complexes of ligands 18-22.3' Crown ethers 18-20 contain bromoalkyl
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groups, whereas 19 and 20 contain nonhalogenated alkyl chains. Over extended periods of
irradiation, the emission intensities of the bromo-containing complexes increased, while the
nonhalogenated complexes did not. A shift in emission to shorter wavelengths was also observed
for the bromo-containing complexes but not for the nonhalogenated complexes. It was
hypothesized that the cause of the shift in wavelength and increase in intensity of emission
resulted from chelation by the alkyl chain through coordination of the terminal bromide.
Chelation would change the donor from solvent to alkylbromide, thus reducing nonradiative

quenching from coordinated solvent molecules.

In addition to the studies of Adachi and co-workers, the luminescence of several other
cryptates of divalent europium have been reported.'>**% A common method for the modulation
of Eu'' luminescence with respect to Eu''17 is the substitution of ethereal donors with softer
nitrogenous donors (Figure 1.8).15%%% The Eu" complex with 23 in basic water (pH 12) was
found to have a luminescence quantum vyield three times higher (26%) and a maximum 5d-4f
emission peak that is bathochromically (to longer wavelengths) shifted into the yellow region of
the electromagnetic spectrum (580 nm) with respect to its isostructural analogue, Eu''17.%®
Computational studies confirmed that the shift to a lower energy 4f-5d transition is a result of
greater d-orbital splitting by the nitrogen donors of 23 with respect to the oxygen donors of 17.7
The increase in quantum yield was attributed to the lack of solvent molecules directly bound to
Eu''in the crystal structure of Eu''23. Eu''23 was also characterized in methanol for the purposes
of photoredox catalysis,® and an increase of quantum yield to 37% was observed with no
appreciable shift in the 5d-4f emission peak. The increase in quantum yield was attributed to a

decrease in the concentration of O—H oscillators in methanol relative to water.



17

Figure 1.8 (Top) Nitrogenous cryptands used in the luminescence studies of divalent europium
and (bottom) molecular structure of corresponding Eu'-containing cryptates.®3¢ Thermal
ellipsoids are drawn at 50% probability. H atoms and non-coordinated solvent molecules and
counteranions are omitted for clarity. Grey = carbon; blue = nitrogen; seagreen = europium;
purple = iodide; and green = chloride.

Eu'-containing complexes with 24 and 25, which are derivatives of 23, were also studied
to probe the effect of electronics on the luminescence of Eu'.33¢ The electron withdrawing
nature of the benzo groups on 24 was expected to shift the 4f-5d transitions of Eu" to higher
energies and the methyl groups on 25 were expected to shift the 4f-5d transitions of Eu' to lower
energies with respect to 23. However, both ligands induced shifts to higher-energy emissions
with respect to 23. The addition of benzo groups on 24 raised the energy of the 5d orbitals,
leading to a hypsochromic (to shorter wavelengths) shift.>> Cryptand 25, however, was expected
to induce a longer wavelength emission than 23 based on larger d-orbital splitting by the tertiary
amines compared to secondary amines. Computational studies confirmed that the tertiary amines
cause larger d-orbital splitting, but a change in geometry between Eu''23 and Eu''25 increased

the energy gap between the 4f and 5d orbitals of Eu" that overshadowed the effects of d-orbital
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splitting. Another interesting aspect of Eu''25 is the remarkably large (47%) luminescence
quantum yield that was attributed to the lack of N—H oscillators coordinated to Eu'' and the
preclusion of innersphere interactions between Eu" and solvent molecules by the sterically

hindering methyl groups of 25.%

1.2.3 Sandwich Complexes of Divalent Europium

Aside from macrocyclic complexes, another popular coordination motif for divalent
lanthanide luminescence is sandwich or sandwich-like complexes. Sandwich complexes of
divalent lanthanides have been known for their increased reactivity, but these complexes of
divalent europium also have been shown to give rise to intense luminescence at longer

wavelengths in the visible region of the electromagnetic spectrum (Figure 1.9 and Table 1.2).3"

42
Eu—0(CH,CHa),

vy

Figure 1.9 Eu''-containing sandwich complexes.
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Table 1.2 Luminescence properties of the Eu''-containing sandwich complexes.

Eu'' sandwich ~ Maximum emission Luminescence Solvent Reference
complex wavelength (nm) quantum yield (%)

26 730 4 toluene 38

27 616 45 toluene 37

28 645 41 toluene 37

29 623 2.4 toluene 39

30 594 21 toluene 39

31 516 1.0 toluene 40

32 509 <0.1 tetrahydrofuran 41

33 552 NR n-pentane 42

NR = not reported

The divalent europium sandwich complexes 26-28 are similar in that they are
cyclopentadienyl complexes that display 5d—4f emission in toluene.®”*® The Eu'' ions in 26 and
28 are also coordinated by diethyl ether and dimethoxyethane, respectively, presumably giving
them a slightly bent geometry compared to the linear geometry reported for 27. Assuming 26 and
28 maintain the same geometries in solution, the main difference in these complexes would be
the electronics of their substituents. The methyl groups on 26 should donate more electron
density than the aromatic moieties of 28, resulting in greater d-orbital splitting and a longer-
wavelength transition, consistent with the observations. Comparison of 26 and 28 to 27 revealed
that the two bent complexes have more red-shifted emissions. More distorted geometries, such as
bent versus linear in this case, lead to larger centroid shifts and, therefore, lower energy 5d—4f

transitions.'®

The luminescence of the structurally similar Eu" sandwich complexes 29 and 30 have
been examined in toluene.®® The emission wavelengths for these two complexes are comparable

at 623 and 594 nm for 29 and 30, respectively. However, the peak width and Stokes shift are
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larger for 29 than for 30, indicating that 29 experiences a greater structural change between the
ground and excited states. This difference in excited-state reorganization is explained by the
steric bulk of the trimethylsilyl groups of 30 limiting the shortening of Eu'-ligand bonds in the
excited state. Additionally, the greater rigidity imparted by the trimethylsilyl groups and the
restriction of bond shortening in the excited state cause an increase in luminescence quantum
yield by approximately an order of magnitude for 30 relative to 29. Another divalent europium
sandwich complex with 5d—4f luminescence in toluene is 31.%° The coordinating rings are
expanded by one carbon; there is an absence of lithium ions when compared to 29; and 31
exhibits an emission at 516 nm that is blue shifted from 29 and 30. Computations suggest that
this shift to a higher energy transition is a result of a centroid shift of the 5d orbitals to energies
farther from the 4f orbitals. This centroid shift is caused by a more widely distributed
electrostatic potential for 31, whereas the electrostatic potential in 29 is contained by the lithium

ions capping each ring.

The weakly luminescent bimetallic Eu'" sandwich complex 32 was reported to display a
5d-4f emission at 509 nm in THF.** Although this complex has an emission wavelength in a
similar range as the other Eu" sandwich complexes, the much smaller luminescence quantum
yield sets it apart. The smaller quantum yield stems from nonradiative interactions between the
two Eu' ions in 32, similar to the concentration quenching observed in solid-state luminescence
when luminescent species occupy sites close enough together to promote nonradiative energy

transfer.

Although it is not a traditional sandwich complex, sandwich-like 33 shares structural
similarities to Eu''-containing sandwich complexes.*? With a slightly bent geometry similar to 26

and 28, the Eu'" ion in 33 displays a 5d—4f emission centered at 552 nm in n-pentane. The high
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electron density of the borate ligands, nitrogenous donors, and lower symmetry of the bent
geometry of 33 are likely responsible for the red-shifted emission with respect to other Eu''-

containing complexes.

1.2.4 Other Complexes of Divalent Europium

The solution-phase luminescence of two multimetallic Eu'-containing complexes
(Figure 1.10) have been reported.**4* The mixed-valent trimetallic complex 34 contains two
divalent europium ions and one trivalent europium ion coordinated by a field of bridging
hexafluoroisopropoxide ligands (Figure 1.10a) and several molecules of dimethoxyethane.*® The
heterobimetallic trinuclear complex 35 consists of two Eu'" ions and one Y'"' ion with a
coordination sphere consisting of bridging hexafluoroisopropoxide and dimethoxyethane
molecules, similar to 34.* The electronics of the coordination spheres in these two complexes
appear similar; however, 34 has a Eu'-centered 5d—4f emission band at 330 nm whereas the
same emission band for 35 is centered at 485 nm. This large discrepancy in emission
wavelengths is likely due to differences in the coordination environments around the emissive

Eu''ions that influence splitting and centroid shift of the 5d orbitals.

(a)

Figure 1.10 (a) hexafluoroisopropoxide ligand and molecular structures of (b) 34 and (c) 35.434
Thermal ellipsoids are drawn at 50% probability. H atoms and non-coordinated F atoms are
omitted for clarity. Grey = carbon; seagreen = europium; red = oxygen; green = fluorine; and
blue = yttrium.
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Along with the examination of macrocyclic ligands discussed in section 1.3.2, Adachi
and co-workers explored the effects of polyethylene glycols on the luminescence of divalent
europium.?+%® A series of five polyethylene glycols containing three to seven ethers were
complexed with EuCl, and compared to the ligands in Figure 1.5. The polyethylene glycols
enhanced Eu" luminescence with respect to EuCl, but fell short of the enhancement observed
with the macrocyclic complexes. The smaller enhancement was attributed to the absence of the
macrocyclic effect in the polyethylene glycols and the presence of O—H oscillators on the
terminal oxygens of the glycols. Longer polyethylene glycol chains imparted larger
luminescence enhancement on Eu' than the shorter chains, and this difference was attributed to
larger denticities associated with the longer chains enabling closer to coordinative saturation of

Eu'' and lower likelihood of coordinating to a terminal hydroxide.

The solution-phase luminescence of a Eu'-containing complex with a trigonal planar
geometry (Figure 1.11) was reported.*® The Eu' ion is coordinated by three equivalents of 36
and displays a 5d-4f emission centered at 540 nm in tetrahydrofuran. This emission wavelength
for Eu'" is relatively long compared to many of the other complexes discussed so far and is
probably due in part to the d-orbital splitting induced by the trigonal planar geometry. Another
aspect that likely affects this bathochromic shift is the covalency of the metal-ligand bonds that

shifts the energy of the 5d orbitals closer to the energy of the 4f orbitals.
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H,C  C(CHa);
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Figure 1.11 (Left) Structure of ligand 36 and (right) the molecular structure of the corresponding
Eu'"-containing complex from a crystal.*® Thermal ellipsoids are drawn at 50% probability. H
atoms and non-coordinated countercations and solvent molecules are omitted for clarity. Grey =
carbon; seagreen = europium; orange = silicon; and blue = nitrogen.

As an extension of the divalent-europium-chemiluminescence system described in
section 1.2.1, a series of europium complexes with B-diketonate ligands 37—-39 and carboxylate
ligand 40 was investigated (Figure 1.12).° The reduction and excitation of the europium
complexes by i-BuAlH follows the same mechanism described in section 1.2.1, but some
interesting changes in chemiluminescence were observed. The emission intensities of the
complexes of Eu'" with B-diketonate ligands 37—-39 and carboxylate ligand 40 were smaller than
that of EuCl2(THF)2-i-Bu2AIH, and the emission wavelengths were shifted from the blue to the
green region of the electromagnetic spectrum with maxima between 550 and 565 nm. These
shifts to longer wavelengths are indicative of increased d-orbital splitting and more covalent

character of the bonds between Eu'' and 37-40 relative to the chloride salt.

o O O O O O o)
) ) P

CHy  (HC)C™ ™7 “C(CHg)s  (HaClC™ ™7 S(CFp)CF3  HC™ 70

37 38 39 40

Figure 1.12 Ligands 37—40 used in chemiluminescence studies of divalent europium.®
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1.3 Complexes of Divalent Ytterbium

Ytterbium has the most positive Ln"'"/Ln" couple after europium, but at roughly 800 mv
more negative, Yb' is more challenging to stabilize than Eu".! Consequently, there are fewer
reports of Yb' luminescence in molecular complexes than for Eu'". One of the interesting aspects
of Yb'" luminescence is that it does not display 4f—4f transitions due to its full 4f*4 ground state
configuration and, therefore, only displays 4f-5d transitions. Yb" tends to have 4f-5d transitions

in a similar range as Eu" but at lower intensities,®'” and divalent ytterbium halides luminesce

with peaks between 400 and 515 nm depending on anion and solvent,?2234647

The majority of studies of Yb' luminescence use macrocyclic ligand scaffolds for the
same reasons discussed for Eu'. In one of the earliest solution-phase luminescence studies of
Yb''-containing complexes, Adachi and co-workers investigated the effect of crown ethers 1-3
on YbCl, in methanol.*® Contrary to analogous studies with Eu", 1 and 2 had no effect on the
spectroscopic properties of YbCl.. When complexed with 3, however, the emission band
maximum for YbCl, (~425 nm) was hypsochromically shifted to approximately 375 nm. An
increase in quantum yield from 0.03 to 1% was also observed upon complexation that was
ascribed to the coordinative girth of 3 limiting nonradiative interactions between solvent

molecules and Yb'" ions.

The effects of cryptands 17, 23, 25, and 41 on the luminescence of Yb' in methanol were
also explored.*” All four cryptands induced a bathochromic shift in emission with respect to Ybl,
through a combination of d-orbital splitting and centroid shift (Figure 1.13). Following the well-
established trends of the electrochemical series, the nitrogenous donors of 23 and 25 induced
larger red shifts in emission than the oxygen donors of 17 and 41. The Yb" complexes with 17,

23, and 41 exhibited weak luminescence intensity, as is normal for Yb" in solution; however,
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Yb''25 displayed luminescence that is visible to the naked eye and approximately three orders of
magnitude more intense than the other complexes. The lack of N-H oscillators coordinated to
Yb" and the preclusion of solvent-Yb'" ion interactions by the steric hindrance of the methyl

groups was used to explain this enhancement of luminescence intensity.
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Figure 1.13 (a) Structure of cryptand 41; (b) molecular structure of Yb''25; and (c) luminescence
spectra of Ybl, (black), Yb'"17 (yellow), Yb'23 (blue), Yb"25 (red), and Yb'"41 (green).’
Thermal ellipsoids are drawn at 50% probability. H atoms and non-coordinated iodides are
omitted for clarity. Grey = carbon; seagreen = europium; and blue = nitrogen. Emission spectra
of Ybl,, Yb'"17, Yb'"'23, and Yb''41 are plotted against the left y-axis, and the emission spectrum
of Yb''25 is plotted against the right y-axis.

The trigonal planar ligand scaffold consisting of three equivalents of 36 described earlier
for Eu' was also applied to Yb'".* Unlike with europium, exciting at different peaks in the
excitation spectrum for the divalent ytterbium complex led to 5d-4f emission at different
wavelengths (Aem = 340 nm when excited at 280 nm, Aem = 650 nm when excited at 320 or 480
nm) in tetrahydrofuran. This dependency of emission wavelength on excitation wavelength
indicates that the emission process from higher energy levels in the excited-state manifold is

faster than nonradiative relaxation to the lowest energy level of the excited state. The longer
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emission wavelength at 650 nm compared to the divalent ytterbium salts and macrocyclic
complexes suggests that 36 may induce centroid shift and large splitting of the 5d orbitals of
Yb". The bathochromic shift induced by 36 with respect to 23 and 25 follows expected trends
based on the increased donor strength of the amides of 36 with respect to the amines of 23 and

25 (Figure 1.14).
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Figure 1.14 Maximum emission wavelengths of Yb'-containing complexes classified by donor
type.45749

Divalent ytterbium has also been shown to display 5d—4f luminescence when coordinated
in a sandwich complex with pentamethylcyclopentadiene, 26.%8%4° The emission of this
complex appears at wavelengths (900 and 935 nm) just outside the visible spectrum in toluene
and tetrahydrofuran, respectively. This shift to longer wavelengths compared to other Yb'-
containing complexes is indicative of a more covalent interaction between the metal ion and
ligand. Overall, the complexes of Yb' that contained the strongest donors experienced the largest

bathochromic shifts in emission wavelength.
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1.4 Complexes of Divalent Samarium and Other Divalent Lanthanides

As with ytterbium, there are few reports of solution-phase luminescence of divalent
samarium, largely due to its tendency to oxidize in solution. Because of its utility as a reductant
in organic synthesis, a significant portion of the available research regarding the luminescence of
divalent samarium in solution revolves around Sml; in tetrahydrofuran. The 5d—4f emission for
the Sml,—THF adduct has been well-documented to occur at ~760 nm.423°0 With the addition of
hexamethylphosphoramide, a common additive to enhance the reactivity of Smlz, the emission
intensity of Sm" decreases and the emission peak shifts to 820 nm.>® This shift in luminescence
to longer wavelength and lower quantum yield suggests that Sm' forms a complex with
hexamethylphosphoramide that has more covalent character than the complex without

hexamethylphosphoramide because it a strong donor.

One report of Sm''-based luminescence in solution involved chemiluminescence systems
similar to those described for europium in sections 1.2.1 and 1.2.4.%! The researchers found that
i-Bu2AIH was capable of reducing SmCls-6H20 in tetrahydrofuran and promoting
chemiluminescence of the resulting complex of divalent samarium. Under the same mechanism
described in section 1.2.1, SmCI(THF), was generated in situ giving rise to a Sm'' 5d-4f
luminescence band centered at 780 nm. The Sm'' chemiluminescence was lower in intensity than
that of EuCI2(THF)2-i-Bu2AlH by five orders of magnitude, but the photoluminescence intensity
was only two orders of magnitude smaller than that of the europium system. This difference is
due in part to the inherently smaller luminescence efficiency of Sm'' relative to Eu'" in general.
However, the greater difference between chemiluminescence intensities arises from the
decreased energy overlap between triplet-excited isobutyric aldehyde (Amax = 23,256 cm™) and

Sm" (max = 12,821 cm?) with respect to Eu" (Amax = 21,505 cm™).
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In a study reporting the effect of macrocyclic ligands on the luminescence of Sm'', 2 and
3 were complexed with Sml, in acetonitrile.> Isothermal titration calorimetry, NMR
spectroscopy, and crystal structure analysis revealed that Sm' formed 2:1 and 1:1 ligand-to-
metal complexes with 2 and 3, respectively. Similar results to the studies regarding Eu"
luminescence were observed,® with both crown ethers providing enhancement of luminescence
with respect to Sml,, which does not luminescence in acetonitrile. Complexes of Sm" with 2 and
3 exhibited quantum yields of 30 and 0.04%, respectively. This enhancement by complexation

with crown ethers was attributed to solvent exclusion.

While reports of divalent samarium luminescence in solution are scarce, there are even
fewer reports for divalent lanthanides with more negative Ln"'/Ln" electrochemical potentials
than samarium. However, the luminescence of complexes of Sm'' and Tm" coordinated by three
equivalents of 36 have been reported (Figure 1.15).* These two complexes are structurally
analogous to the trigonal planar complexes described earlier for Eu" and Yb'". The Sm'-
containing complex displays 5d-4f emissions at 360, 560, and 610 nm, depending on the
wavelength of excitation. The dependence on excitation wavelength indicates that the 5d-4f
emission for this divalent samarium complex originates from different energy levels within the
excited state manifold much like the Yb'-containing complex. The Tm'-containing complex
displays a 5d—-4f emission band with a maximum at 545 nm that is not dependent on excitation

wavelength.



29

(@)
1,\‘\
,
' v \
/ \
s \
/ S
J =
2(® A
= : \
- \ N
g / '\
= \ . / ~
s s
= e
= S =
=
=
Ef () \ P
2 3 "
B \ s |
= \ '\\' ‘|
D L. 9°%
~— N:d \
=i Se \
— v
N
(d) \
Pa
g\
g oy
L
v ! \
?\, l'\ ' \ ,'\
| v} \ 1
(=8 \
s ! s I
“’ kN

200 300 400 500 600 700
Wavelength (nm)

Figure 1.15 Excitation (dashed line) and emission (solid line) spectra of the complexes of (a)
Eu", (b) Yb", (c) Sm", and (d) Tm" with 36 in tetrahydrofuran (adapted from reference 45).

1.5 Summary

In summary, several coordination motifs have been described in relation to the
luminescence divalent europium, ytterbium, samarium, and thulium in solution. The divalent
lanthanide luminescence described in this chapter is dominated by 5d-4f transitions bearing
broad, intense peaks compared to the 4f—4f transitions that dominate the luminescence of their
trivalent counterparts. Strategies for the modulation of emission wavelength and enhancement of
luminescence intensity were also described, with a focus on preventing interactions between
solvent molecules and excited Ln'" ions primarily using principles of coordination chemistry. The
observations made for these few lanthanide ions are likely translatable to complexes of other
divalent lanthanides in solution, and as the study of those complexes becomes increasingly

common, we expect that a rich body of luminescence studies will be reported.
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1.6 Thesis Overview

The Iluminescence of divalent lanthanides, especially in solution, remains an
underrepresented field in lanthanide chemistry. While the luminescence of divalent lanthanides
in the solid state has been well studied, controlling the luminescence properties in solution
presents a unique set of challenges. To improve upon the body of knowledge in the field of
solution-phase divalent-lanthanide luminescence, this thesis describes the use of a luminescent
divalent-europium-containing complex as a photoredox precatalyst, the effects of structural
modifications on the luminescence properties of a divalent-europium-containing complex, and
the effects of coordination environment on luminescence properties across the divalent-

lanthanide series.

In Chapter 2, the use of a divalent europium complex in visible-light-promoted bond-
forming reactions is reported. Stoichiometric and catalytic reductions using Eu' and blue light
are reported, and a substrate scope demonstrating the thermodynamic window of reactivity of the
catalyst is discussed. The properties of the Eu'-containing complex pertaining to photoredox
catalysis including spectroscopic and electrochemical characterization are also explored. Finally,
a catalytic cycle based on empirical evidence is proposed. The results of this chapter are
foundational for future studies involving Eu'-based photoredox catalysis.

In Chapter 3, | report a new luminescent Eu'-containing complex that is based on the
photoredox precatalyst discussed in Chapter 2. The complex is structurally modified to provide
more steric bulk around the Eu' ion, inciting surprising changes in the spectroscopic properties.
The effect of structural properties on the spectroscopic properties of the complex are discussed.
This chapter provides insight regarding structural factors that can lead to the enhancement of Eu'"

luminescence intensity in solution.
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In Chapter 4, the influence of coordination environment on complexes of Yb' are
reported and compared with analogous complexes of Eu'. Four ligands with systematically
varied electronic and steric characteristics are used to probe the coordination environment and
electronic and redox properties of the corresponding Yb'-containing complexes. Trends in
properties across the series of Yb'-containing complexes were compared to trends reported for
the analogous Eu'-containing complexes, revealing the translatability of coordination
environment effects across the divalent lanthanide series. These studies provide valuable
information regarding the behavior of small and medium-sized divalent lanthanides outside of
the solid state.

In Chapter 5, a brief summary of the findings in Chapters 2-4 is provided and future

directions in which this research can be directed is discussed.
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CHAPTER 2: FIRST USE OF A DIVALENT LANTHANIDE IN VISIBLE-LIGHT-
PROMOTED PHOTOREDOX CATALYSIS

Parts of this chapter were reproduced or adapted with permission from: Jenks, T. C.;
Bailey, M. D.; Hovey, J. L.; Fernando, S.; Basnayake, G.; Cross, M. E.; Li, W.; Allen, M. J.
“First use of a divalent lanthanide for visible-light-promoted photoredox catalysis” Chem. Sci.

2018, 9, 1273-1278. — Published by The Royal Society of Chemistry.

In this chapter, “we” and other first-person plural pronouns are used in reference to all
authors of this publication. My individual contributions to the research include execution of the
photoredox reactions, cyclic voltammetry, and gas chromatography—mass spectrometry. Figures
and tables containing data contributed by researchers other than me will contain a disclaimer in
the caption; figures and tables with no disclaimer in the caption contain data collected by me.

The materials and methods section represents my individual contributions to the publication.

2.1 Introduction

Metal-assisted photoredox catalysis uses light to promote the reactivity of metal-
containing complexes in reactions such as halogen-atom abstractions, functional-group
reductions, and carbon—carbon bond formations.>*’” Most reported metal-assisted photoredox
systems rely on transition metals,%"> with a small number of photoredox systems involving
lanthanides that are either catalytic via the +3/+4 redox couple’®®° or noncatalytic starting from
the +2 oxidation state.'?145081%1 Among these metals, Eu'" is unique in that it is the mildest
reducing agent of the divalent lanthanides. It can be handled in protic solvents including water; it
can be produced from Eu', which is inexpensive relative to second and third row transition
metals commonly used in photoredox catalysis; and it undergoes metal—orbital-based electronic

transitions that are not susceptible to photobleaching like organic dyes.®>* Recently, we reported
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a luminescent, aqueous, Eu''-containing complex that had a high quantum yield (26%) for a 5d—
4f transition that occurred in the visible region of the electromagnetic spectrum using a ligand
that can be prepared on large scale in two steps.”*>%% \We hypothesized that because this
complex is luminescent and contains a redox-active metal, it could be employed in photoredox
reactions with a sacrificial reducing agent to make the reaction catalytic in europium. Here, we
report the first catalytic example of carbon—carbon bond formation using a europium-containing

complex and visible light. Further, we evaluate the mechanism of the catalytic system.

2.2 Results and Discussion

Our  photoredox  system  relies on  azacryptand 1,4,7,10,13,16,21,24-
octaazabicyclo[8.8.8]hexacosane, 23, to encapsulate Eu", inducing a bathochromic shift in the
UV-visible absorption of Eu'' from the UV to the visible region of the electromagnetic spectrum
(Figure 2.1). This bathochromic shift arises from d-orbital splitting, caused by the nitrogen
atoms of the cryptand, that results in a lower-energy 5d-4f transition relative to transitions
induced by weaker field ligands.” Upon absorption of blue light by Eu''23, an electron is excited
into an emissive state that has a luminescence lifetime of 0.98 + 0.03 ps and a quantum yield of
37% in methanol. The quantum yield of Eu'"23 in methanol is 11% higher than the previously
reported value for the same complex in a pH 12 aqueous solution,®® and the difference in the
quantum yield is likely caused by the change of solvent. The luminescence lifetime of Eu''23 is
in the range of typical photoredox systems.® Interestingly, both Eu' and Ce'" are known to be
emissive through 5d—4f transitions with typical lifetimes on the order of 1 ns to 1 ps.%127677.97
This range of lifetimes for similar electronic transitions suggests that these lifetimes are largely
dependent on ligand field and not necessarily intrinsic to the metal ions. The values for lifetime

and quantum yield are toward the long and high end, respectively, of reports for solvated
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Eu'#% Due to the photophysical properties of Eu'23, including the efficient conversion of
visible light to a long-lived excited state, we hypothesized that Eu''23 would be a good promoter

of photoredox reactions.
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Figure 2.1 Structures of ligand 23 (left) and Eu"'23 (right).

When a redox-active metal complex is excited to an emissive state, the Ei, of the
complex changes.#°%°3-%0 Tq estimate the E1, of Eu''23 in the emissive state, the excited-state

potential (E,,) was calculated by means of the Rehm-Weller formalism (Equation 2.1) using

the ground-state potential (E12) and the energy of the emission band (Eo,), which is the energy
of an electron in the excited state relative to the ground state as determined by the maximum
emission wavelength (Figure 2.2).%%1% There is an additional work-function term that has been
omitted from Equation 2.1 because it was assumed to be negligibly small.”® To determine the
ground-state potential of Eu'23, cyclic voltammetry was performed with Eu''23 in N,N-
dimethylformamide. A reversible Eu'""'23 couple was observed with an Ei, of —0.90 V vs.
Ag/AgCl, which represents a negative shift in the E1 potential relative to the solvated Eu'""
couple, and the negative shift is consistent with other reported Eu'' complexes that contain
nitrogen donors.1%*1% Eq, was estimated to be 2.14 V by dividing the product of Planck’s
constant and the speed of light by the maximum emission wavelength (580 nm) in meters (hc/4).

Using these values for the ground-state potential and the emission-band energy, the Ej,, of

Eu''23 was calculated to be —3.0 V vs. Ag/AgCl. This calculated excited-state potential is among
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the most negative excited-state potentials reported to date for metal-based catalytic photoredox
agents and is more negative than the potential of the potent reducing agent Sml; in the presence
of hexamethylphosphoramide.’®1% With a sense of the redox properties of Eu''23 in hand, we
were interested in probing the reactivity of Eu''23. On the basis of a recent report from the
Schelter group describing photocatalytic reductive couplings using a Ce'"""V' system,’®”” we
expected that Eu''23 would display similar reactivity.

Equation 2.1 Ej;, =Ei2—Eoo
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Figure 2.2 UV-visible absorption spectrum of Eu"23Cl, (—, left y-axis) and emission spectrum

(ex = 460 nm, &: 1044 Mtcm™) of Eu"23Cl; (s», right y-axis). Spectra were acquired in
methanol. Data collected by Matthew D. Bailey.

To study the reactivity of Eu'"23, we attempted to reductively couple alkyl halides to
form carbon—carbon bonds. A solution containing EuCl> (1 equivalent), 23 (1 equivalent), and
benzyl chloride (1 equivalent, 0.027 mmol) in methanol was illuminated with blue light (~7.6 W,
Aem = 460 nm) using a strip of light-emitting diodes. We observed the formation of 1,2-

diphenylethane (85 + 2%) and toluene (4.7 + 0.4%) within 30 minutes (Figure 2.3A).1%
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Figure 2.3 Formation of products and disappearance of starting material as a function of time for
(A) stoichiometric and (B) catalytic (10 mol%) benzyl chloride coupling reactions (squares =
1,2-diphenylethane, diamonds = benzyl chloride, and circles = toluene). Each point is the mean
of three independently prepared reactions, and the error bars represent the standard error of the
means.

Yield (%)

To determine whether the reaction was promoted by the excited state of Eu''23, we
performed three control reactions (Table 2.1). When the coupling of benzyl chloride was
attempted in the absence of light, no product was observed. This observation indicated that for
the reaction to proceed, light must be present, suggesting that the excited state of Eu''23 was
promoting the reaction and not the ground state of Eu''23. When ligand 23 was omitted, no
product was observed. This observation indicated that uncomplexed europium ions are incapable

of performing the reductive coupling. When EuCl> was omitted, no product was observed,
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indicating that europium is an active participant in the reduction of benzyl chloride. The control
reactions demonstrate that light, ligand 23, and europium are all necessary to reduce benzyl
chloride. To test for reactivity with methanol, fluorescence spectroscopy was performed before
and after 12 hours of light exposure on samples of Eu'"23 (Figure A2.1). Based on these studies,
the excited state of Eu''23 reacts with methanol, but no reaction with methanol was observed
over the same time period in the dark. Despite the reactivity of the excited state of Eu''23 with
methanol, the observation of 1,2-diphenylethane in excellent yields in 30 minutes indicates that
the reaction with methanol is relatively slow. To further understand how Eu''23 promotes light-
induced bond formation, we attempted to determine the mechanism of electron transfer.

Table 2.1 Stoichiometric control reactions.

Conditions Yield?
Unmodified 85+ 2%
Dark No reaction
No 23 No reaction
No Eu No reaction

aDetermined by gas chromatography—mass spectrometry.

The emissive state of Eu''23 is responsible for the observed reactivity, and it is unlikely
that energy transfer occurs between the emissive state of Eu''23 and benzyl chloride as shown by
the lack of spectral overlap between the absorption of benzyl chloride and the emission of
Eu''23; therefore, the reductive coupling of benzyl chloride must occur through a photoinduced
electron transfer, which would be expected to quench luminescence. We sought to investigate the
mechanism of photoinduced electron transfer using substrates to quench luminescence with
Stern—\Volmer analyses.'%” We measured the rate of quenching (kq) of the excited-state intensity

(I) as function of concentration of substrates (Table 2.2). Additionally, we measured kq at three
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different temperatures for benzyl chloride and attempted to obtain lifetime quenching data.
Entries 1 and 2 showed no detectable quenching of luminescence with Eu''23, unlike entries 3
and 4 (Table 2.2). For entries 3 and 4, plots of lo/l versus concentration of quencher resulted in
the observation of linear relationships (Figure A2.2). The linear relationships are indicative of
well-behaved bimolecular quenching interactions that can be either collisional or static in
nature.?” Furthermore, kq increased with increasing temperature, suggesting that the quenching
is likely due to a diffusion-limited, collisional mechanism and is not static in nature (Figure
A2.3). The collisional mechanism eliminates the possibility of the participation of a preorganized
benzyl chloride adduct of Eu''23 in the reaction. These results are consistent with the reaction of
benzyl bromide with divalent europium in the presence of crown ethers.!? In both cases, the
values of kq differ from the idealized collisional bimolecular quenching constant (10° M s~
1,27 These differences are likely due to coordinative saturation of Eu', causing a lower
frequency of productive collisions between Eu' and substrates compared to idealized
lumophores.

Table 2.2 Stern—\Volmer data.

Entry  Quencher Epc of quencher  kq (10’ Mts1)  Product Yield® (%)
(V vs Ag/AgCl)

1 (CHzs)sCCl 3.05 o° ((CHa)C).  1.9%0.1

2 CeHsCl -2.93 o° CeHe 54+04

3 CH2CHCHCI  —2.35 8.5 (CHo.CHCH,), 46+ 2

4 CoHsCHCl 234 73 (CsHsCHp), 852

2Data collected by Matthew D. Bailey.
bDetermined by gas chromatography—mass spectrometry.
°No quenching of the excited state was observed.
To explain the apparent selectivity observed in the Stern—Volmer analyses, cyclic

voltammetry was performed for the complex and substrates (Table 2.2). The peak cathodic



39

potentials of the substrates that showed no quenching of luminescence (Epc of entries 1 and 2 in

Table 2.2) are close to or more negative than the calculated Ej, of Eu''23. Because reliable

cyclic voltammetry of Eu'"23 could not be obtained in methanol, the E12 of Eu''23 recorded in
N,N-dimethylformamide might have resulted in a more negative value of Ei» than would be

present in methanol, propagating to a more negative estimation of E7,,. However, the Epc of the

substrates that quenched the luminescence of the excited state of Eu''23 (entries 3 and 4 in Table

2.2) are between the calculated E;,, and ground-state Ei of Eu''23, consistent with the

difference in reactivity of Eu''23 with benzyl chloride in the light and dark. Furthermore, allyl

chloride, which has an Epc more positive than the Ej, of Eu''23, also shows expected product

formation in the light (Table 2.2). Based on the cathodic potentials and lack of observed
luminescence quenching, we would not expect chlorobenzene and 2-chloro-2-methylpropane to
react with the excited state of Eu''23; however, products were observed for these two substrates
in yields of 1.9 and 5.4%, respectively. These data point toward a thermodynamic window of

selectivity (-0.9 to approximately -3 V vs. Ag/AgClI) that is unique for Ey ;.

With an understanding of the electron transfer mechanism of Eu''23, we were interested
in moving from reactions that were stoichiometric in Eu to reactions that were catalytic in Eu. To
enable catalysis, a sacrificial reducing agent was needed, and it is known that Eu"' can be
reduced to Eu" in situ with Zn°341% To ensure that Eu''23 could be assembled in situ from Eu'"",
23, and Zn®, UV-visible and fluorescence spectroscopies were performed on a mixture of EuCls,
Zn® and 23. Absorption at wavelengths >400 nm and a broad emission between 500 and 700 nm,
which are both characteristic of Eu''23, indicated that Eu''23 can be assembled in situ (Figures
A2.4 and A2.5). Furthermore, X-ray diffraction of material nucleated from a mixture of EuCls,

Zn° and 23 in methanol provides direct evidence that Eu''23, as well as oxidized zinc species,
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are formed under the reaction conditions (Figure 2.4). The crystal structure in Figure 2.4 is from
a crystal isolated from the reaction mixture. Although several crystals formed, a yield was not
determined. However, because it nucleated from a reaction mixture in which Eu" was not
directly added, this structure demonstrates that Zn° is able to complete the catalytic cycle by
either reducing EuCls followed by metalation with 23 or by reducing Eu'"'23 to Eu''23. Direct
evidence of the reduction of Eu""' to Eu" can be found in the Eu-N bond distances between Eu
and the ligand [2.7116(10)-2.7484(10) A for secondary amines and 2.8030(11)-2.8333(10) A
for tertiary amines] that are in the expected range for Eu'"-N bonds.'®>**% In the structure in
Figure 2.4, unlike with the previously reported structure of Eu''23, there was no inner-sphere
chloride, and the associated anion was ZnCls* instead of two equivalents of CI-, indicating

oxidation of Zn® and demonstrating the formation of Eu''23 via reduction of Eu"' by Zn°.

Figure 2.4 Crystal structure of [Eu'"17][ZnCls] generated from a mixture of EuCls, Zn°,
and 17 in methanol. Thermal ellipsoids are drawn at 50% probability. Crystallographic data for
this structure has been deposited at the Cambridge Crystallographic Data Centre under
deposition number CCDC 1539923. H atoms and an outer-sphere molecule of methanol have
been omitted for clarity. Grey = C; blue = N; seagreen = Eu; green = Cl; and brown = Zn. Data
collected by Matthew D. Bailey.

To ensure that Zn°® could not promote the reductive coupling of benzyl chloride, a control
experiment was performed with Zn° light, and benzyl chloride. Only the formation of toluene

was observed after six hours, indicating that Zn® does not promote the reductive coupling of


http://xlink.rsc.org.proxy.lib.wayne.edu/?ccdc=1539923&msid=c7sc02479g
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benzyl chloride. To probe whether Zn® promoted the formation of toluene, another control
experiment was performed that only included benzyl chloride, methanol, and light. This
experiment showed no formation of toluene, indicating that Zn° induces the reduction of benzyl
chloride to toluene.

Knowing that Eu'"23 can be formed in situ and that Zn® does not promote the reductive
coupling of benzyl chloride, we wanted to probe the catalytic activity of Eu''23. A benzyl
chloride coupling reaction was performed starting from EuClz (10 mol%) and 23 (10 mol%).
This reaction yielded 1,2-diphenylethane (80 £ 10%) and toluene (11 + 2%) in six hours (Figure
2.3B). The variation in yields is likely due to the heterogeneity of the reaction mixture and small
differences in stir rate, causing a variability in light penetration. These experiments demonstrate
that the photoredox reaction can be rendered catalytic (~8 turnovers) in europium.

To determine how catalyst loading influenced product formation, the loading of EuCls
and 23 were systematically varied, keeping ten equivalents of Zn° relative to benzyl chloride
constant, and yields were compared at six hours. Benzyl chloride coupling reactions were
performed at catalyst loadings of 5, 1, and 0.5 mol%. Yields of 1,2-diphenylethane of 71 + 5%
(~14 turnovers), 70 + 5% (~70 turnovers), and 60 £ 3% (~120 turnovers), respectively, were
observed. Toluene was also formed at yields of 12 + 2, 21 + 2, and 26 + 1% for 5, 1, and 0.5%
catalyst loadings, respectively. This trend demonstrates that decreased catalyst loading correlates
to increased toluene production. At a much lower catalyst loading (0.005%), only toluene
formation was observed. These results indicate that the precatalyst operates efficiently at low
concentrations but is likely in competition with zinc for reduction versus reductive coupling.

After examining the catalytic utility of Eu''23, we were interested in examining the effect

of water on the system because all of the reactions to this point were performed under anhydrous
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conditions. To introduce water into the system, EuCls-6H.0 was used as the Eu'"' source and the
samples were prepared in a wet glovebox (water allowed but no molecular oxygen). Reactions of
the catalytic reductive coupling of benzyl chloride under these wet conditions were prepared at
10 mol% catalyst loading, and the formation of 1,2-diphenylethane in yields of 80 + 3% was
observed. These yields are not different from those of reactions performed under anhydrous
conditions, indicating that small amounts of water have no significant effect on the performance
of the precatalyst.

To determine if Eu" remains complexed after the oxidation of Eu', luminescence
intensities were compared of solutions containing EuCls, EuCls in the presence of 23, and Eu''23
that was opened to air to oxidize (Figure A2.6). The spectra were normalized to the °Do — F1
transition at 591 nm that is insensitive to ligand environment, and the emission intensities of the
spectra were compared at the °Dg — ’F transition (610-630 nm) that is hypersensitive to ligand
environment.%1% The change in spectral profile of the Do — ’F, transitions indicates that there
is an interaction between Eu"' and 23, but the exact nature of this interaction is ambiguous.

Based on the data presented here, we propose that the photocatalytic reductive coupling
of benzyl chloride using Eu''23 proceeds through the catalytic cycle shown in Figure 2.5. From
luminescence experiments, Eu''23 is excited by blue light into an excited state (Eu'23*). Two
molecules of Eu'"23* reduce two molecules of substrate through a collisional electron transfer
based on Stern—\Volmer analyses, followed by reductive coupling of substrate molecules. The
electron transfer also generates Eu'""' that interacts with 23 to some extent. Zn° reduces Eu'"' to
Eu'' either as the complex or the uncomplexed ion. Spectroscopic evidence (Figure A2.6)
supports the presence of interactions between Eu'' and 23, but this evidence is not conclusive

with respect to the nature of speciation of the trivalent ion. Regardless of the extent of
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encapsulation of Eu'""' by 23, reduction by Zn° regenerates Eu''23, evidenced by spectroscopy and

the crystal structure in Figure 2.4, restarting the catalytic cycle.

2(Eu“ + 23) hv

N

2 Eul'23 2 Eu'23*

, ©/\CI

2(Eutt +23)
Figure 2.5 Proposed catalytic cycle.

2.3 Summary

We have described the first report of photoredox catalysis based on europium. Exposure
of Eu''23 to visible light forms an excited state with a calculated electrochemical potential that
rivals Sml; in the presence of hexamethylphosphoramide, has a long luminescence lifetime, is
tolerant of protic solvents and some H20, and can be assembled in situ starting from air-stable
and relatively inexpensive EuClz-6H.O. We expect that the mechanistic insight provided here
will open the door for the study of visible-light-promoted photoredox catalysis using Eu''23 in
reactions that require large negative electrochemical potentials between —0.9 and approximately
-3V vs. Ag/AgCl, including challenging systems like unactivated halides such as aryl bromides.
Furthermore, studies from our laboratory have shown that ligand modifications to Eu''23 can

influence its spectroscopic properties,® and these modifications are likely to impact excited-state
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redox properties. Studies exploring ligand modifications and the scope of reactivity of Eu''23 are

underway in our laboratory.
2.4 Materials and Methods

2.4.1 Experimental Procedures

Commercially available chemicals were of reagent-grade purity or better and were used
without further purification unless otherwise noted. DriSolv anhydrous methanol and liquid
substrates were degassed under reduced pressure prior to being brought into gloveboxes. Non-
degassed substrates and ACS-grade methanol were used for reactions prepared outside of the
gloveboxes. Water was purified by using a PURELAB Ultra Mk2 water purification system
(ELGA). Azacryptand 1,4,7,10,13,16,21,24-octaazabicyclo[8.8.8]hexacosane (23) was prepared

by following a published procedure.®*%

Photoreactors (Figures A2.7 and A2.8) were assembled using strips of multicolored light
emitting diodes (LEDs) purchased from Lighting Ever (SKU 4100053-US,
http://www.lightingever.com/rgb-led-strip-non-waterproof-4100053-us-a.html,  accessed on
08/26/2016). Each reactor consisted of approximately 47 LEDs (0.16 W per LED) resulting in a
total of ~7.6 W of light for each reactor. Reactors were placed on top of stir plates and fans

(Vornado Flippi V6 Personal Air Circulator) were used to cool the reactors.

Stoichiometric reactions were prepared in a dry glovebox under an atmosphere of Na.
Samples of Eu''23 were prepared by mixing solid 23 (103.0-107.9 mg, 0.2779-0.2912 mmol, 1
equiv) with solid EuCl, (62.1-63.9 mg, 0.279-0.287 mmol, 1 equiv) and diluting with methanol
to a total volume of 10.0 mL. The resulting solution was stirred for two hours to yield a solution
of Eu''23 (27.8-28.7 mM). Benzyl chloride solutions were prepared by diluting benzyl chloride

(30.7-37.9 mg, 0.243-0.299 mmol, 1 equiv) with methanol to a total volume of 10.0 mL to make
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a benzyl chloride solution (24.3-29.9 mM). Reactions were prepared by adding the benzyl
chloride solution (1.00 mL), the Eu''23 solution 1.00 mL), and methanol (1.00 mL) to a 20 mL
vial equipped with a Teflon-coated stir bar. Vials were sealed with electrical tape, brought out of
the glovebox, and placed in photoreactors to be illuminated with blue LEDs. For time
progression studies, eight identical reaction vessels were set up simultaneously from the same
stock solutions. Starting at zero min (before irradiation), one reaction was stopped every five min
for 35 min. After completion, each reaction mixture was removed from the photoreactor and
diluted to 10.0 mL in ACS-grade methanol for analysis by GC-MS using method A (see GC-MS

section 2.4.2 below).

Substrate scope reactions were performed at stoichiometric catalyst concentrations as
described in the stoichiometric reaction section and were prepared in a dry glovebox under an
atmosphere of N.. Eu''23 stock solutions were prepared as described in the stoichiometric
reaction section. Substrate solutions were prepared by diluting the requisite amount of substrate
(18.4-23.6 mg, 0.240-0.308 mmol, 1 equiv allyl chloride; 27.8-33.8 mg, 0.247-0.300 mmol, 1
equiv chlorobenzene; and 25.3-39.5 mg, 0.273-0.427 mmol, 1 equiv 2-chloro-2-methylpropane)
with methanol to a total volume of 10.0 mL. Reactions were prepared by the respective substrate
solution (1.00 mL), the Eu'23 solution (1.00 mL), and methanol (1.00 mL) to a 20 mL vial
equipped with a Teflon-coated stir bar. Vials were sealed with electrical tape, brought out of the
glovebox, and placed in photoreactors to be illuminated with blue LEDs for 30 min. Each
reaction was extracted with GC-MS-grade n-pentane (5x3 mL) and the n-pentane extract was
used for GC-MS analysis using method B for the allyl chloride and 2-chloro-2-methylpropane

reactions and method C for the chlorobenzene reactions (see GC—MS section 2.4.2 below).
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Catalytic reactions (10% catalyst loading) starting from EuCls were prepared in a dry
glovebox, and catalytic reactions starting from EuCls-6H.O were prepared in a wet glovebox.
Both the dry and wet gloveboxes operate under an atmosphere of N». Separate stock solutions of
23 (101.2-105.7 mg, 0.273-0.285 mmol, 0.1 equiv), EuClz (71.9-73.6 mg, 0.278-0.285 mmol,
0.1 equiv), and EuCl3z-6H20 (103.1-113.0 mg, 0.281-0.308 mmol, 0.1 equiv) were prepared by
dissolving the respective solid in methanol and diluting to 10.0 mL. Benzyl chloride stock
solutions were prepared by diluting benzyl chloride (337.1-364.4 mg, 2.663-2.879 mmol, 1
equiv) with methanol to a total volume of 10.0 mL. Reactions were prepared by adding the
benzyl chloride solution (1.00 mL), the respective Eu'" solution (1.00 mL), and the solution of
23 (1.00 mL) to a 20 mL vial containing approximately 176 mg of zinc dust (~10 equiv vs
substrate) and a Teflon-coated stir bar. Reaction vessels were sealed with electrical tape before
removal from the glovebox. Reactions were stirred for two hours in the dark prior to being
illuminated by blue LEDs. For time-progression studies, eight identical reaction vessels were
prepared simultaneously from the same stock solutions. Starting at zero hours (after the two-hour
stirring period but before irradiation), one reaction was stopped every hour for seven hours. After
completion, each reaction mixture was removed from the photoreactor, filtered through Celite to
remove zinc, and diluted to 100.0 mL in ACS-grade methanol for analysis by GC-MS using

method A (see GC-MS section 2.4.2 below).

Catalytic loading reactions (5, 1, and 0.5% catalyst loadings) were prepared in a dry
glovebox under an atmosphere of N»>. Benzyl chloride stock solutions were prepared by diluting
benzyl chloride (344.8-351.3 mg, 2.724-2.775 mmol, 1 equiv) with methanol to a total volume
of 10.0 mL. Separate stock solutions of 23 (50.0-55.0 mg, 0.135-0.148 mmol, 0.05 equiv) and

EuCl3 (33.8-35.2 mg, 0.131-0.136 mmol, 0.05 equiv) were prepared by dissolving the respective
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solid in methanol and diluting to 10.0 mL. The 5% loading reactions received 1.00 mL of each
stock solution; the 1% loading reactions received 1.00 mL of the benzyl chloride stock solution,
0.20 mL of the EuClz and 23 stock solutions, and 1.60 mL of methanol; and the 0.5% loading
reactions received 1.00 mL of the benzyl chloride stock solution, 0.10 mL of the EuCls and 23
stock solutions, and 1.80 mL of methanol. Reactions were prepared in 20 mL vials containing
approximately 176 mg of zinc dust (~10 equiv vs substrate) and a Teflon-coated stir bar, then
sealed with electrical tape prior to removal from the glovebox. Reactions were stirred for two
hours in the dark prior to being illuminated by blue LEDs for six hours. After completion, each
reaction mixture was removed from the photoreactor, filtered through Celite to remove zinc, and
diluted to 100.0 mL in ACS-grade methanol for analysis by GC-MS using method A (see GC—

MS section 2.4.2 below).

Control reactions were prepared in a dry glovebox under an atmosphere of N2. The
control reaction omitting light was prepared as described in the stoichiometric reaction section
above, but the reaction vessel was wrapped in foil inside the photoreactor and stirred for 30 min.
For the control reaction omitting europium, solid 23 (11.1 mg, .0300 mmol, 1 equiv) was
weighed into a 20 mL vial with a Teflon-coated stir bar along with a solution of benzyl chloride
(27 mM, 1.00 mL) and methanol (2.00 mL), and the reaction was stirred under irradiation from
blue LEDs for 30 min. For the control reaction omitting 23, solid EuCl; (14.4 mg, .0646 mmol, 2
equiv) was weighed into a 20 mL vial with a Teflon-coated stir bar along with a solution of
benzyl chloride (27 mM, 1.00 mL) and methanol (2.00 mL), and the reaction was stirred under
irradiation from blue LEDs for 30 min. All control reactions were sealed with electrical tape

before being removed from inert atmosphere. After completion, each reaction mixture was
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removed from the photoreactor and diluted to 10.0 mL in ACS-grade methanol for analysis by

GC-MS using method A (see GC-MS section 2.4.2 below).

For the control reaction showing that zinc alone does not promote the coupling of benzyl
chloride, zinc dust (~176 mg, 10 equiv) was weighed into a 20 mL vial with a Teflon-coated stir
bar. To this vial was added a solution of benzyl chloride (114 mM, 3.00 mL). For the control
showing the reaction of benzyl chloride with light, benzyl chloride (35.9-36.1 mg, 0.2863-0.285
mmol) was weighed into a vial containing methanol (3.00 mL). The reactions were stirred for
two hours in the dark before being exposed to blue LEDs for six hours. All control reactions
were sealed with electrical tape before being removed from the glovebox. After completion, each
reaction mixture was removed from the photoreactor and diluted to 100.0 mL with ACS-grade
methanol for analysis by GC-MS using method A (see GC-MS section 2.4.2 below). The

reactions containing zinc were filtered through Celite to remove the zinc prior to dilution.

2.4.2 Gas Chromatography—Mass Spectrometry

Gas chromatography—mass spectrometry (GC-MS) analyses (Figures A2.9-A2.17) were
performed on a Shimadzu GC 2010 Plus gas chromatograph with a Shimadzu SH-Rxi-5Sil MS
30 m column and Shimadzu GCMS-QP2010 SE mass spectrometer with an electron impact
ionization source. All GC methods used an injection temperature of 250 °C and split injection
mode with a 5.0 split ratio. All MS methods used an ion source temperature of 200 °C, an
interface temperature of 300 °C, an event time of 0.10 s, and a scan speed of 20,000 amu s™.
Three separate methods (A, B, and C) were prepared to analyze the reactions and their

specifications are listed below:

A. The temperature gradient for the GC method for the benzyl chloride coupling reaction

starts at 50 °C and holds for 2.5 min, ramps to 300 °C at 50 °C per min, and holds at 300
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°C for 1 min. MS acquisition time was set from 2.5 to 8.5 min. Calibration solutions for
the starting materials [benzyl chloride (2.394-0.5984 mM)] and potential products
[toluene (0.4027-0.1007 mM); 1,2-diphenylethane (1.569-0.3923 mM)] for the benzyl
chloride reactions were prepared from commercially available materials in ACS-grade
methanol. Integrated peak areas from the chromatograms were used to prepare standard
curves and calculate yields of reactions.

. The temperature for the GC method for the allyl chloride and 2-chloro-2-methylpropane
coupling reactions holds at 26 °C for 6 min. MS acquisition time was set from 1.95 to 6
minutes. Calibration solutions for the starting materials [2-chloro-2-methylpropane
(1.997-0.09987 mM)] and potential products [1,5-hexadiene (1.0229-0.05115 mM);
2,2,3,3-tetramethylbutane (1.0225-0.05113 mM)] of the allyl chloride and 2-chloro-2-
methylpropane reactions were prepared in GC-MS-grade n-pentane. Allyl chloride did
not yield a linear GC-MS response vs concentration, so its calibration curve was not
utilized. Integrated peak areas from the chromatograms were used to prepare standard
curves and calculate yields of reactions.

. The temperature gradient for the GC method for the chlorobenzene coupling reaction
starts at 30 °C and holds for 5.5 min, ramps to 250 °C at 80 °C per min, and holds at 250
°C for 2 min. MS acquisition time was set from 2.05 to 8.69 min. Calibration solutions
for the starting materials [chlorobenzene (2.213-0.1107 mM)] and potential products
[benzene (1.061-0.05307 mM); biphenyl (1.010-0.05049 mM)] of the chlorobenzene
reactions were prepared in GC-MS-grade n-pentane. Integrated peak areas from the

chromatograms were used to prepare standard curves and calculate yields of reactions.
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2.4.3 Cyclic Voltammetry

Cyclic voltammetry (CV) was performed on a Pine Wavenow USB potentiostat under an
atmosphere of N2 with a glassy carbon working electrode, a platinum wire counter electrode, and
a Ag/AgCI reference electrode. For the CV of Eu'"23 (Figure A2.18), a solution of Eu(OTf)s
(4.97 mM), 23 (28.7 mM), and tetraethylammonium perchlorate (48.1 mM) in anhydrous N,N-
dimethylformamide (DMF) was used for the analysis, and the potential was found to be —0.90 V.
Acquisition parameters were eight segments, an initial potential of —1.5 V (rising), an upper
potential of 0 V, a lower potential of —1.5 V, and a sweep rate of 100 mV s, For the CVs of the
substrates (Figure A2.19), solutions of the substrates (90 mM) were prepared in anhydrous DMF
with tetraethylammonium perchlorate (5 equiv) as the supporting electrolyte. Each acquisition
consisted of eight scans with a sweep rate of 100 mV st Acquisition parameters and cathodic

potentials for each substrate are as follows:

1. Benzyl chloride: The cathodic potential was found to be —2.34 V. Acquisition parameters
were an initial potential of —2.75 V (rising), an upper potential of 0 V, and a lower
potential of -2.75 V.

2. Allyl chloride: The cathodic potential was found to be —2.35 V. Acquisition parameters
were an initial potential of —2.75 V (rising), an upper potential of 0 V, and a lower
potential of —2.75 V.

3. Chlorobenzene: The cathodic potential was found to be —2.93 V. Acquisition parameters
were an initial potential of —3.25 V (rising), an upper potential of 0 V, and a lower

potential of -3.25 V.
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4. 2-chloro-2-methylpropane: The cathodic potential was found to be —3.05 V. Acquisition
parameters were an initial potential of —3.25 V (rising), an upper potential of 0 V, and a

lower potential of —-3.25 V.
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CHAPTER 3: PHOTOPHYSICAL CHARACTERIZATION OF A HIGHLY
LUMINESCENT DIVALENT-EUROPIUM-CONTAINING AZACRYPTATE

Parts of this chapter were reproduced or adapted with permission from: Jenks, T. C.;
Bailey, M. D.; Corbin, B. A.; Kuda-Wedagedara, A. N. W.; Martin, P. D.; Schlegel, H. B.;
Rabuffetti, F. A.; Allen, M. J. “Photophysical characterization of a highly luminescent divalent-
europium-containing azacryptate” Chem. Commun. 2018, 54, 4545-4548. — Reproduced by

permission of The Royal Society of Chemistry.

In this chapter, “we” and other first-person plural pronouns are used in reference to all
authors of this publication. My individual contributions to the research include synthesis, crystal
growth, and spectroscopic characterization of Eu25l,. Figures and tables containing data
contributed by researchers other than me will contain a disclaimer in the caption; figures and
tables with no disclaimer in the caption contain data collected by me. The materials and methods

section represents my individual contributions to the publication.

3.1 Introduction

Luminescent materials and complexes have numerous applications in displays,*1°1%
lighting,**>%° imaging,'?%1%? sensing,'?*1?° and catalysis.>"81%0-13 Two of the most desirable
traits for luminescent materials are tunability and high quantum efficiency. Recently, a highly
efficient Eu'-containing complex, Eu23Cl, (Figure 3.1), was reported that displayed yellow
luminescence that is bathochromically shifted from typical Eu'-based excitations and
emissions.’® These large shifts prompted us to explore the ligand-induced tunability of emission
for Eu'. Here, we report a new Eu'-containing complex that advances the understanding of the

effect of ligand design on the enhancement and tunability of Eu' luminescence in solution.
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Figure 3.1 Structures of (left) Eu23Cl> and (right) Eu25I5.

3.2 Results and Discussion

Our design was based on experimental and computational studies that demonstrated that
an increased splitting of 5d-orbital energies results in decreased f-d transition energies.”*® The
influence of a strong-field ligand on f—d transitions was demonstrated by the bathochromic shift
observed with Eu23Cl; relative to a Eu'-containing [2.2.2]-cryptate.*'> We hypothesized that
conversion of the secondary amine donors of Eu23Cl, to tertiary amines would increase the
ligand field splitting of the 5d orbitals, inducing a smaller f—d transition energy and a further red-
shifted emission.

The conversion of secondary amines on ligand 23 to the tertiary amines of ligand 25 was
accomplished following a reported procedure that used an Eschweiler—Clarke reaction to
functionalize the secondary amines with methyl groups.!®*® Hexamethylated ligand 25 was
metalated by mixing solutions of Eul, and 25 in tetrahydrofuran, resulting in the precipitation of
Eu25l,. Complex Eu25I, is soluble and luminescent in degassed water, but attempts at
crystallization from water were unsuccessful. However, vapor diffusion of tetrahydrofuran into a
concentrated methanolic solution of Eu25I; yielded yellow crystals that were suitable for X-ray
diffraction.

X-ray crystallography was performed to explore the geometry of Eu25I,, revealing a unit

cell containing four units of [Eu25]?*, eight outer-sphere iodide ions, and four disordered outer-
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sphere molecules of methanol (Figure 3.2). The europium ion is coordinated by each tertiary
nitrogen atom of the ligand in a distorted bicapped trigonal antiprism, and Eu—N bond lengths
range between 2.822 A and 2.975 A, which are within the expected range for divalent europium
with tertiary amines,3:15333%102136-139 \When viewing the complex along the Cs axis (Figure 3.2,
right), the three anterior methyl groups are oriented in the opposite direction as the three
posterior methyl groups. As a result of this orientation, two methyl groups from adjacent arms
are situated in front of the Eu'" ion between each pair of arms of the cryptate. These methyl
groups sterically block the sites at which anions or solvent molecules coordinate to Eu'! in other
cryptates, 153335138139 ynlike Eu23Cl, that contains one inner-sphere chloride, Eu25l, has no
inner-sphere anions or solvent molecules, likely due to the alignment of the methyl groups.
However, because of the difference in anions between Eu23Cl, and Eu25l,, we could not rule
out the possibility that the larger iodide anion precluded coordination instead of the methyl

groups.

Figure 3.2 Crystal structure of Eu25I, oriented (left) perpendicular to and (right) along the C3
axis. Hydrogen atoms, two outer-sphere iodide ions, and one molecule of methanol are omitted
for clarity. Thermal ellipsoids are drawn at 50% probability. Crystallographic data for this
structure are available at the Cambridge Crystallographic Data Centre under deposition number
CCDC 1826978. Blue = nitrogen; grey = carbon; and seagreen = europium. Data collected by
Matthew D. Bailey.
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To study the relative influence of methyl groups and counteranions on geometry, we
crystallized Eu23l,. The structure of Eu23l, revealed a similar nine-coordinate hula-hoop
geometry as Eu23Cl, with iodide replacing chloride (Figure 3.3).)® The iodide structure
indicates that the methyl groups, and not the size of the anion, were responsible for the change in
coordination of Eu25I> relative to Eu23Cl, or Eu23l,. After observing the structural features of

Eu25I, we characterized its photophysical properties.

Figure 3.3 Crystal structure of Eu23l,. Hydrogen atoms and an outer-sphere iodide ion have
been omitted for clarity. Thermal ellipsoids are drawn at 50% probability. Crystallographic data
for this structure are available at the Cambridge Crystallographic Data Centre under deposition
number CCDC 1826977. Blue = nitrogen; grey = carbon; seagreen = europium; and pink =
iodine. Data collected by Philip D. Martin.

To probe the photophysical properties of Eu25l,, absorption, excitation, and emission
spectra were collected (Figure 3.4). Solutions of Eu25Il, were handled under inert atmosphere
because luminescence decreased in the presence of air, likely due to oxidation of Eu' to Eu'"".
The UV-visible spectrum showed two absorbance peaks centered at 261 (e = 752 Mt cm™) and
345 nm (g = 274 Mt cm™). Luminescence studies revealed a broad excitation peak at 271 nm
and another centered at 349 nm that trailed into the visible region, with an associated broad

emission peak centered at 447 nm. These broad peaks are indicative of f—d transitions.*”® With
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the addition of the electron-donating methyl groups to the coordinating nitrogen atoms of the
cryptand, we expected to see a bathochromic shift in the absorbance of Eu25I, relative to
Eu23Cl». This shift was expected because an increased splitting of the d-orbitals by the stronger-
field tertiary amine donors of 25 relative to the secondary amine donors of 23 should result in a
lower-energy f-d transition for Eu". Instead, we observed a slight hypsochromic shift that
brought the absorbance of Eu25I, to the high-energy edge of the visible region. We suspected
that this shift was due to the change in geometry of Eu25I> relative to Eu23Cl> overpowering the
splitting differences, similar to what would be expected when moving between octahedral and

tetrahedral geometries.
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Figure 3.4 Absorption (—, left y-axis), excitation (---, right y-axis), and emission (---, right y-
axis) spectra of Eu25l> (1.8 mM) in methanol.

To support our proposed explanation for the hypsochromic shift, we employed time-
dependent density functional theory (TD-DFT) calculations to identify the molecular orbitals
involved in the luminescence of [Eu25]%*. Prior to TD-DFT calculations, geometry-optimization
calculations were performed to compare the calculated ground-state geometry in solution to the
solid-state crystallographic coordinates. After optimization of [Eu25]** with the SMD implicit

solvation model in methanol, the Eu-N bond distances from the calculation (2.893-3.145 A)
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were found to be in good agreement with crystallographic bond distances (2.822-2.975 A).7:140
With the completion of the ground-state optimization, the calculation for [Eu25]** ground-state
geometry was validated, and excitation and emission calculations were pursued.

TD-DFT calculations (80 states)” 414> were performed to obtain simulated excitation
and emission spectra of [Eu25]%*. The calculated absorbance spectrum (Figure A3.1) displays
two broad peaks centered at 268 and 357 nm that are comparable to the broad peaks in the
experimental spectrum centered at 261 and 345 nm. To simulate the emissive state, we optimized
the geometry corresponding to the high-oscillator-strength transition from the lower-energy
absorbance curve. TD-DFT calculations of the emissive state were then employed to simulate the
emission.}41% The calculated emission spectrum (Figure A3.2) displayed a maximum value at
384 nm and is within the expected error of the experimental value (447 nm).” To further
understand the luminescence, natural-transition-orbital calculations were performed to
characterize the high-oscillator-strength transitions involved in the two major excitations. For the
high-energy excitation at 268 nm, natural-transition-orbital calculations revealed an expected 4f-
5d transition, specifically from a 4f;-type orbital to a 5dz.-type orbital with an oscillator strength
of 0.029. For the lower-energy excitation at 357 nm, natural-transition-orbital calculations
revealed a 4f-5d transition from a 4f-type orbital to a 5dxy-type orbital with an oscillator strength
of 0.0036. Comparison of the TD-DFT and natural-transition-orbital calculations of [Eu25]?* to
reported calculations of [Eu23CI]* revealed that both complexes involve similar orbital
transitions for both the high and low energy excitations.” Because the orbitals involved in the
transitions for both [Eu23CI]* and [Eu25]** are similar, we sought to use an orbital energy
diagram to compare the relative changes in orbital splitting energies. The orbital-energy

diagrams for [Eu23CI]* and [Eu25]** based on these calculations (Figure 3.5) are consistent with
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our measurements but display d-orbital splitting opposite to what would be expected based solely

on the change from secondary to tertiary amines.
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Figure 3.5 Orbital-energy diagram for the 5dz, 5dxy, and 4fs orbitals for (left) [Eu23CI]*,’
(middle) [Eu25]*, and (right) [Eu237%" (where [Eu237?" is [Eu23CI]" forced into an eight-
coordinate distorted bicapped antiprism, like [Eu25]?*). Dashed lines are visual guides.
Computations performed by Brooke A. Corbin.

To better understand the impact of the different intramolecular factors contributing to the
orbital energies, we developed a computational control experiment in which we forced
[Eu23CI]* to adopt an eight-coordinate distorted bicapped antiprism like [Eu25]%*, and we
calculated the excitation of the new complex, [Eu23]?*. Upon optimization and subsequent TD-
DFT calculations, we found the orbital energies for [Eu23']?* to be different from the reported
values for [Eu23CI]* in two distinct ways (Figure 3.5). The change from nine-coordinate to
eight-coordinate geometries lowered the energy of the 4f orbitals and decreased the splitting of
the 5d orbital energies. Further, comparison of the calculations for [Eu25]** and [Eu23**
revealed that the d-orbital splitting supported our original hypothesis regarding expected trends

based on the spectrochemical series: a smaller splitting energy was observed with the secondary-
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amine donors of [Eu23']?" relative to the tertiary-amine donors of [Eu25]?*. From these
calculations, we conclude that the cause of the observed hypsochromic shift in emission of
Eu25I; relative to Eu23Cl» is dominated by the change in geometry and coordination number.
While characterizing the photophysical properties of Eu25l2, we noticed that the
luminescence of a solution of Eu25l> in methanol was visible to the unaided eye in ambient
(laboratory fluorescent) light (Figure 3.6). Against a white background, the solution appeared
pale yellow, but when viewed against a black background, the solution appeared blue. The color
difference was rationalized with the assumption that light is reflected off a white surface but
absorbed by a black surface. The reflected light is absorbed by the solution resulting in the
transmission of yellow light. Without reflected light (black background), only blue luminescence
is visible. The visible luminescence with ambient-light excitation led us to expect a large
quantum vyield for Eu25l, in methanol and prompted us to characterize the excited state by
measuring the quantum yield and luminescence lifetime. Using an integrating sphere, the
quantum yields of four dilute samples (roughly 0.2, 0.4, 0.6, and 1 mM) of Eu25I, in methanol
were measured, giving a value of 47 £ 3%. This quantum yield is among the largest of any
discrete Eu''-containing complex in solution, and is, to the best of our knowledge, the largest in a
protic solvent. The lifetime of the excited state of Eu25Il, was also measured in methanol and
was found to be 1.25 ps, which is within the expected range for Eu'-containing
complexes.®12134% Because interactions with O—H or N—H oscillators from solvent molecules or
ligands cause non-radiative decay of Eu' excited states,***° the efficient luminescence of Eu25l,
in methanol is likely due to two aspects of the cryptand: the lack of N-H oscillators on the ligand
and the steric shielding of the Eu'" ion from solvent molecules by the methyl groups. Relative to

Eu23Cl,, the lack of space for inner-sphere coordination and lack of ligand-based N-H
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oscillators results in fewer vibrational modes that quench the excited state of Eu25I, via non-

radiative decay.

' ' ) . i g
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Figure 3.6 Quartz cuvette (1 cm path length) containing a solution of Eu25l; (1.5 mM) in
methanol with (a) white and (b) black backgrounds. (c) The same cuvette under irradiation from
a long-wave UV handheld lamp.

3.3 Summary

In conclusion, we have described a new Eu'-containing complex that displays blue
luminescence with a high quantum efficiency in protic solvent. This efficiency stems from the
steric bulk of the methyl groups and lack of N-H oscillators. Crystal structures and TD-DFT
calculations indicated that the blue emission is due to geometry having a larger influence on
electronic transitions than d-orbital splitting from the ligand environment. This cryptate provides
insight into the role of sterics and coordination environment that is expected to be useful for the
rational design of divalent-lanthanide-containing complexes with desirable photophysical

properties.
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3.4 Materials and Methods

3.4.1 Experimental Procedures

Commercially available chemicals were of reagent-grade purity or better and were used
without further purification unless otherwise noted. DriSolv anhydrous solvents were degassed
under reduced pressure prior to use in the glovebox. Azacryptands 1,4,7,10,13,16,21,24-
octaazabicyclo[8.8.8]hexacosane (23)**® and 4,7,13,16,21,24-hexamethyl-1,4,7,10,13,16,21,24-

octaazabicyclo[8.8.8]hexacosane (25)**° were prepared following published procedures.

UV-visible absorption measurements were performed using a Shimadzu UVmini-1240
spectrophotometer. Excitation and emission data were collected using a HORIBA Jobin Yvon
Fluoromax-4 spectrofluorometer. Excitation and emission spectra were acquired with a 1 nm
excitation slit width, 0.5 nm emission slit width, and 1 nm interval. Emission spectra were
collected with an excitation wavelength of 359 nm, and excitation spectra were collected with an
emission wavelength of 447 nm. The concentration of Eu for calculation of molar absorptivity
was determined using energy-dispersive X-ray fluorescence (EDXF) spectroscopy at the
Lumigen Instrument Center in the Department of Chemistry at Wayne State University.

Elemental analyses (C, H, and N) were performed by Midwest Microlabs (Indianapolis, IN).

3.4.2 Synthesis of Eu25I;

In a dry glovebox under an atmosphere of Nz, a solution of 25 (131.0 mg, 0.2811 mmol)
in tetrahydrofuran (8 mL) was added to a solution of Eul, (101.5 mg, 0.2501 mmol) in
tetrahydrofuran (8 mL), and a pale-yellow precipitate immediately formed. The precipitate was
washed with tetrahydrofuran (3 x 9 mL) and dried under reduced pressure to yield 211 mg (98%)

of a pale-yellow solid. Anal. Calcd for Ca4HsaNgEul2: C, 33.50; H 6.33; N, 13.02. Found: C,
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33.77; H 6.13; N, 12.71. All values are given as percentages. Crystals for X-ray analysis were

grown by vapor diffusion of tetrahydrofuran into a solution of Eu25I, in methanol.
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CHAPTER 4: SPECTROSCOPIC AND ELECTROCHEMICAL TRENDS IN
DIVALENT LANTHANIDES THROUGH THE MODULATION OF COORDINATION
ENVIRONMENT

Reprinted (adapted) with permission from Jenks, T. C.; Kuda-Wedagedara, A. N. W.;
Bailey, M. D.; Ward, C. L.; Allen, M. J. “Spectroscopic and Electrochemical Trends in Divalent
Lanthanides through Modulation of Coordination Environment” Inorg. Chem. 2020, 59, 2613—

2620. Copyright 2020 American Chemical Society.

In this chapter, “we” and other first-person plural pronouns are used in reference to all
authors of this publication. My individual contributions to the research include synthesis; crystal
growth; and all uncited spectroscopic and electrochemical characterization of the Yb'- and Eu''-
containing complexes herein. Figures and tables containing data contributed by researchers other
than me will contain a disclaimer in the caption; figures and tables with no disclaimer in the
caption contain data collected by me. The materials and methods section represents my

individual contributions to the publication.

4.1 Introduction

Advances in the fields of luminescent materials, chemical reductants, catalysis, and
imaging require new materials with unique photophysical, redox, and magnetic properties. One
class of molecules with properties suited for those fields is divalent-lanthanide-containing
complexes,8288:89.104.136.146-162 1t s critical to be able to tune the properties of Ln" ions, and
studies of the photophysical properties of molecular complexes require a series of related ligands
with systematically varied electronic and steric characteristics. Due to the relatively unexplored
nature of molecular divalent-lanthanide-containing complexes compared to their trivalent
counterparts, the translatability of these studies across the lanthanide series is not currently

generalizable. Among Ln'-containing complexes, there is a rich body of knowledge of the
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photochemical, magnetic, and redox properties of Eu'-containing cryptates relevant to
applications including chemical reductions,>!83-165  Juminescent materials,'®30.36.166.167
photoredox catalysis,**3168-170 and magnetic resonance imaging.t31*-176 After Eu", Yb'" is the
Ln'" ion with the most positive electrochemical potential, and Yb" is smaller in ionic radius than
Eu" by ~0.1 A" Because Yb" can be coordinated by 2.2.2-cryptand (17) (Figure 4.1),23%178 we
hypothesized that Yb'" could be complexed with a variety of cryptands to investigate if the
influence of ligand properties on Eu" is translatable across the series of divalent lanthanides,
specifically to Yb'". Here, we characterize a series of structurally varied Yb'"-containing

cryptates; describe how the ligand environment influences their structural, electronic, and redox

properties; and compare our findings with reported trends for Eu"".
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Figure 4.1 Series of cryptands, 17, 41, 23, and 25, displaying variations in donor atom identity,
electronic character, and steric bulk.

To study the influence of ligand structure on the physicochemical properties of Yb'-
containing complexes, we used a series of four cryptands with different coordinating atoms (N or
0O) and functionalized scaffolds, providing systematic variations in electronic and steric
character. These variations enable comparisons to previously reported Eu'-containing
analogues.” 13153336179 This comparison is important because of the size difference between Eu"
(intermediate in size among the lanthanides) and Yb' (one of the smallest lanthanides); therefore,

the comparison of these two ions will direct future studies of Ln' ions of intermediate size.
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4.2 Results and Discussion

4.2.1 Solid-State Characterization

To explore the structural properties of Yb'-containing cryptates, crystal structures of
complexes Yb'"'17, Yb'41, Yb''23, and Yb''25 were obtained (Figure 4.2). A coordinated iodide
was observed with Yb'17 and Yb'"41 but not with Yb'"23 or Yb''25. With the inclusion of the
coordinated iodides, complexes Yb'"17 and Yb'41 adopt nine-coordinate eclipsed hula-hoop
geometries. This geometry for Yb''17 is the same as for a complex recently reported with a
coordinated N,N-dimethylformamide molecule.!”® Complexes Yb''23 or Yb''25 adopt the
relatively rare eight-coordinate bicapped trigonal antiprism geometry.’®® The edges that are
highlighted in red (Figure 4.2f) of the bicapped trigonal antiprism of Yb''23 are equal in length
(4.164 A), and the two triangular planes are parallel to each other, indicating a perfect bicapped
trigonal antiprism geometry.

We compared the structures of the Yb''-containing cryptates with the structures of their
Eu'-containing analogues to look for similarities and differences. Complexes Yb''17 and Yb''41
share a nine-coordinate eclipsed hula-hoop geometry with the analogous Eu'"17 and Eu'41.%
With the exception of one M—O bond on the benzo-bearing arm of Yb'"41 (2.897(2) A), the
M-N and M—O bonds of Yb'"17 and Yb'"41 are shorter than those of the Eu'-containing
analogues, as expected for the smaller Yb'" ion. Yb'"41 exhibits a lengthening of both M—O
bonds on the benzo-bearing arm of the cryptand that is also observed with Eu''41 due to the
decreased Lewis basicity imparted by the electron-withdrawing aromatic ring.3*8* A feature of
Yb''41 that is not observed with Eu''41 is that one of the M—O bonds on the benzo-bearing arm is
considerably longer than the other. We hypothesize that this lengthening is a result of the rigidity

imposed by the benzo ring on cryptand 41 preventing the benzo-bearing arm of the cryptand
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from contorting to accommodate ideal bond lengths from the coordinating atoms to the smaller
Yb" ion. Overall, the crystal structures of Yb'"17 and Yb'"41 in comparison to their Eu'-
containing analogues suggest that ethereal cryptands impose similar structural effects on Yb''-

and Eu'"-containing complexes.

(f)

Figure 4.2 Molecular structures in crystals of (a) Yb'"17 and (b) Yb'"41; (c) schematic
representation of the eclipsed hula-hoop geometry of Yb'"'17 and Yb"41; molecular structures in
crystals of (d) Yb'"23 and (e) Yb'25; and (f) schematic representation of the bicapped trigonal
antiprism geometry of Yb'23 and Yb'"'25. Thermal ellipsoids are drawn at 50% probability.
Hydrogen atoms, non-coordinated iodide ions, and non-coordinated solvent molecules are
omitted for clarity. Blue, nitrogen; gray, carbon; red, oxygen; green, ytterbium; and purple,
iodine. Crystallographic data for these structures have been deposited at the Cambridge
Crystallographic Data Centre under deposition numbers CCDC 1977697—-1977700. Data
collected by Cassandra L. Ward and Matthew D. Bailey.

Azacryptates Yb''23 and YDb'"25 adopt the same eight-coordinate bicapped trigonal
antiprism geometry as Eu''25.3¢ Interestingly, Eu''23 adopts a nine-coordinate eclipsed hula-hoop
geometry with iodide counteranions, making Yb''23 the only Yb"-containing complex in this

study that deviates from its Eu''-containing analogue in coordination number and geometry.%
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The smaller coordination number of Yb''23 is likely due to the smaller ionic radius of Yb"
relative to that of Eu'".1"” In some cases, as observed with Eu''23 with a zinc tetrachloride anion
and Yb''17 with the [Cp'sYb]™ anion, a larger counteranion can preclude inner-sphere binding to
the Ln" ion, decreasing the coordination number of the complex.*!3 Overall, the M—N bond
lengths of Yb'"'23 are shorter than those of its Eu''-containing analogue, which is expected for the
smaller Yb'" ion. The Yb—N bond lengths in cryptate Yb'25 vary extensively, ranging from
2.687(7) to 3.010(8) A. Three of the six bonds between Yb'" and the amines on the arms of 25
measure 2.687(7) A in length, with the other three being 3.010(8) A. These discrepancies in bond
lengths demonstrate that the Yb' ion favors one side of cryptand 25 in the solid state, which
could be the result of two factors, both of which are related to the smaller ionic radius of the Yb'
ion with respect to Eu". First, the smaller Yb" ion could be coordinatively saturated by the
tertiary amine donors of 25, enabling Yb' to favor one half of the cryptand. Second, the donor
atoms of cryptand 25 might be unable to conform to the smaller ionic radius of Yb' due to the
steric bulk of the methyl groups, preventing tight packing around the ion. Overall, this data
suggests that ethereal cryptands have similar structural effects on Yb" and Eu", but the
difference in solid-state structure between Yb'"23 and Eu''23 suggests that nitrogenous cryptands
promote a lower coordination number for smaller divalent lanthanides relative to mid- to large-

sized divalent lanthanides.

4.2.2 Photophysical Characterization

To probe the photophysical properties of Yb'-containing cryptates Yb'17, Yb'"41,
Yb''23, and YDb'"25, UV-visible absorption spectra were collected (Figure 4.3). These spectra
provide insight into the nature of coordination environments in solution including ligand-field

effects and the strengths of metal—ligand interactions. Cryptates Yb'17, Yb"41, Yb'"23, and
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Yb''25 display intense absorptions at wavelengths shorter than 300 nm and other absorptions
between 300 and 550 nm that display different shifts based on the coordination environment. The
low-energy absorption maxima for Yb'"17, Yb'"41, and Yb'"25 (363, 364, and 369 nm,
respectively) were within 5 nm of Ybl, (368 nm) (Table 4.1). In the case of Yb''23, two peaks
were observed: a peak in the UV region centered at 324 nm and a lower-energy peak in the
visible region centered at 487 nm. Absorptions of the Yb'-containing complexes between 300

and 550 nm were assigned to transitions from a 4f* ground state to a 4f*35d* excited state.30182
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Figure 4.3 UV-visible absorption spectra of Ybl, and Yb'-containing cryptates (1 mM) in
methanol: Yblz (=), Yb"17 (--), Yb"41 (---), Yb"'23 (----), and YDb''25 (---).

Table 4.1 Lowest-energy absorbance maxima and corresponding extinction coefficients of Yb''-
containing cryptates.

Complex  Aas (hM) &M lcmd)
Ybl, 368 543
Yb''17 363 362
Yb''a1 364 371
Yb''23 487 716

Yb''25 369 476
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Ether-rich cryptands 17 and 41 are expected to impose relatively weak ligand-field
effects on the Yb' ion. This expectation is supported by the absorption peaks of Yb'17 and
Yb''41 that are clustered near the peak for Ybly, indicating that cryptands 17 and 41 impose
relatively weak splitting on Yb'"". These ligands induced hypsochromic shifts of absorbance from
Ybl; as they do relative to Eulz;” however, the magnitude of the shifts is much larger for Eu"
than for Yb' in the analogous complexes (Figure 4.4). Amine-rich cryptand 23, which imposes a
stronger ligand field than ethereal cryptands 17 and 41, led to a lower-energy absorption than
Ybl,, consistent with its Eu''-containing analogue but with a larger shift for Yb'.*> Cryptand 25
imposed a smaller bathochromic shift in the absorption of Yb' than cryptand 23, which is the
opposite of what is expected on the basis of orbital splitting according to the spectrochemical

series, although it is consistent with the trend seen in the analogous Eu""-containing cryptates.3®

Yb''17 Yb”<1 Ybl, Yb'25 Yb'23
| N\ L
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Figure 4.4 Absorption maxima of Yb'"-containing cryptates, Eu'-containing cryptates,’t3%
Ybl,, and Euls.

Overall, the absorption spectra for Yb'"17, Yb"41, Yb'"23, and Yb'25 display the same
trends in the direction of shifts as the absorption spectra of analogous Eu"-containing cryptates
(Figure 4.4).7133 yp!'17, Yb'"41, and Yb'"25 display smaller shifts from the solvated Ln'" ions
than their Eu''-containing counterparts, whereas Yb''23 displays a larger shift, indicating a strong
interaction between Yb' and cryptand 23. Several factors contribute to the observed differences

in absorption wavelengths between Yb''23 and the rest of the Yb'-containing complexes, and
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differences in coordinating atom identity and geometry alone might not explain the observed
shift. With cryptand 23, Yb" displayed an absorption bathochromically shifted over 100 nm
relative to that of the uncomplexed ion. The Yb'" ion is one of six Ln'" ions that are thought to
display minimal metal—ligand orbital interactions;'® however, the large shift in absorbance is
highly unlikely if the interactions within the complex are purely electrostatic. Therefore, a third
possible reason that governs the shift in absorption spectra is the presence of orbital interactions
between the ligand and metal 5d orbitals.

To further analyze the influence of ligand structure on the electronics of these metal
complexes, excitation and emission spectra were collected for Yblz and Yb'"17, Yb'41, Yb''23,
and Yb'"25 (Figure 4.5). Emission maxima for Yb'"17, Yb'"41, Yb''23, and Yb"25 occurred in
the range of 442 to 578 nm and were all shifted to lower energies relative to Ybl, (Figure 4.6).
Yb''17 displayed a broad emission between 380 and 540 nm (Amax = 467 nm), and Yb'"41
displayed a broad emission between 370 and 600 nm (Amax = 442 nm) with a maximum that is
shifted 25 nm higher in energy relative to Yb'17. This shift to higher-energy emissions of Yb''41
relative to Yb''17 is a symptom of the weaker Lewis basicity of the oxygen donors attached to
the benzo ring on 41. Complex Yb''23 displayed a broad emission between 500 and 680 nm (Amax
= 578 nm), and Yb'"25 displayed a broad emission peak between 480 and 660 nm (Amax = 558

nm).
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Figure 4.5 Excitation (---) and emission (—) spectra of Yblz and Yb'-containing complexes (3
mM) in methanol: (a) Yblz, (b) Yb'17, (c) Yb'"41, (d) Yb'23, and (e) Yb''25.
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Figure 4.6 Emission maxima of Yb'-containing cryptates, Eu'-containing cryptates,”*33¢ Ybl,,
and Euly.

Because emission wavelengths and intensities relate to the coordination environment of
metal ions, the differences in the emission spectra of Yb''17, Yb'"41, Yb'23, and Yb'25 provide
insight regarding how ligand structure affects electronic character. For example, complexes
Yb''23 and Yb''25 display emissions at longer wavelengths relative to Yb'"17 and Yb'"41 (Table
4.2). These shifts are an expected consequence of the strong-field effect of amine-rich ligands 23
and 25.% Another difference among the emission spectra is that the emission of Yb''25 is higher
intensity than those of Yb'"17, Yb"41 and Yb'"23 by approximately three orders of magnitude.

This enhancement of emission intensity was also imparted to Eu" by cryptand 25 and was
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attributed to two factors: (1) the substitution of the secondary amines of 23 with the tertiary
amines of 25 eliminates six N—H oscillators that are known to non-radiatively quench the excited
state of Ln" jons and (2) the steric bulk of the methyl groups on six of the amine donors imparts
rigidy to the complex and prevents the coordination of solvent molecules that can non-radiatively
quench the excited states of Ln'" ions.®3¢

Table 4.2 Excitation and emission wavelengths of Ybl, and Yb'-containing complexes.

Complex Aexc (M) Xem (NM)
Ybl2 328 423
Yb''17 335 467
Yb''41 341and 392 442
Yb''23 407 578
Yb''25 404 559

When comparing the effects of cryptands 17, 41, 23, and 25 on the emission of Yb' and
Eu', there is a departure from the similarities observed between the two ions thus far in this
study (Figure 4.6). Cryptand 23 is the only ligand in this set to induce a bathochromic shift in
emission from the solvated Eu' ion, whereas all four cryptands induce a bathochromic shift in
the emission of the Yb' ion. This feature might lend itself useful for applications where

selectively shifting the emission of the Yb'" ion further into the visible region is desired.

4.2.3 Electrochemical Characterization

The coordination environment influences not only the photochemical properties but also
the electrochemical properties.52103.153.179.184185 Oxjdation and reduction of metal complexes are
associated with the energy difference between the highest occupied molecular orbitals and the
lowest unoccupied molecular orbitals; therefore, a change in ligand structure that influences the

energy of either of these frontier orbitals can be probed using the redox potentials of a metal
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complex.® For complexes Yb'17, Yb"41, Yb'"23, and Yb'25, redox potentials were measured
using cyclic voltammetry, and the complexation of Yb'" with cryptands 17, 41, 23, and 25 shifted
the half-wave potentials (E1/2) to more positive values relative to those for Ybl, (—1.87 + 0.01 V)
(Table 4.3 and Figure 4.7). Compared to the aquated Yb'/Yb"' couple in aqueous acid
electrolytes (—1.72 V),187188 the electrochemical potentials of Yb''17, Yb'41 and Yb''23 are more
positive and that of Yb''25 is more negative. Our values for cryptands 17 and 41 induced the
largest positive shift of Yb' relative to Ybly, with shifts in E1, of 0.72 and 0.79 V, respectively.
In the case of amine-rich cryptands 23 and 25, the half-wave potential of the corresponding
complex experienced positive shifts relative to Ybl. by 0.37 and 0.07 V, respectively.

Table 4.3 E12 potentials of Ybl, and Yb'-containing complexes vs Fc/Fc”.

Complex Eiz (V) Eox — Ered (V)
Ybl; -1.87+0.01 0.15
Yb''17 -1.15+0.01 0.12
Yb''41 -1.08+0.01 0.21
Yb'23 -150+0.01 0.12

Yb''25 -1.80+0.01 0.26
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Figure 4.7 Cyclic voltammograms of (A) Ybl,, (B) Yb'"17, (C) Yb'"41, (D) Yb''23, and (E)
Yb''25 in N,N-dimethylformamide.

The cyclic voltammograms of Yb''17 and Yb'"41 display large anodic peaks with small
corresponding cathodic peaks at around —1.2 V and larger cathodic peaks at around —1.9 V. The
E12 values of Yb'"17 and Yb'"41 were calculated using the small cathodic peaks shifted 123 and
214 mV, respectively, more negative than the corresponding anodic peaks. The larger cathodic
peaks associated with these complexes overlap with the cathodic wave of Ybl, in solution. This
observation can be explained by two possibilities: either Yb'"" dissociates from 17 and 41 and
then remetalates after the Yb'" ion is reduced to Yb" at the electrode or after oxidation to Yb'"
the complex undergoes a structural reorganization. Cyclic voltammetry starting from an oxidized
sample of Yb'17 (Figure A4.18) displayed a separation of the anodic and cathodic waves

similar to that from cyclic voltammetry starting from Yb''17. Additionally, scan-rate-dependent
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experiments of Yb'"41 (Figures A4.19—-A4.22) revealed an increase in the cathodic peak area
with increasing scan rate. The results of the cyclic voltammetry experiments starting from
trivalent Yb and the scan-rate-dependent experiments can be employed to corroborate both the
demetallation and structural reorganization theories.

Ether-rich cryptate Yb'"41 displayed a more positive potential than Yb'17, consistent
with Eu" and cryptands 17 and 41 (Figure 4.8).17° Our E1, value for Yb'17 is slightly (163 mV)

more negative than a recently reported value,®

which is explained by the difference in anions
(I" versus OTf") and solvents (N,N-dimethylformamide versus tetrahydrofuran) used in the
experiments. The positive shift in E1> imposed by 17 on the Yb' ion is consistent across both

reports. Ethereal complexes Yb'"17 and Yb'"41 experienced slightly smaller shifts in redox

potential than their Eu"-containing counterparts.
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Figure 4.8 Ei potentials of Yb'-containing cryptates, Eu'-containing cryptates,!’® Ybl,, and
Euly. Values for Eu''17 and Eu"41 are for anodic peak potentials.

Complexes Yb'"23 and Yb'25 displayed more negative Ei values than Yb''17 and
Yb''41, which is consistent with the relationship of Eu''23 and Eu''25 with Eu'"17 and Eu'"'41 and
is due to the strong basicity of the amine-rich ligands.’®* Cryptand 25 appeared to induce a small
positive shift in redox potential for the Yb' ion relative to Yblz, but upon dissolving Yb'"25 in
N,N-dimethylformamide, we noticed that the solution appeared to be the same color as the Ybl>

solution. To probe whether Yb''25 remained complexed in N,N-dimethylformamide, UV—visible,
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excitation, and emission spectra of Yb''25 and Ybl, in N,N-dimethylformamide along with NMR
spectra of Yb''25 and cryptand 25 in N,N-dimethylformamide and methanol were compared
(Figures A4.1-A4.6 and A4.9-A4.12). The spectroscopic profiles of Yb'"25 and Yblz in N,N-
dimethylformamide are similar, but the NMR spectra of Yb'"25 in methanol and N,N-
dimethylformamide displayed peak broadening relative to the spectra of 25. The NMR
broadening observed for Yb'25 versus 25 paired with the change in electrochemical profile
versus Ybl, suggest that the Yb' ion remains associated with cryptand 25 in solution. Overall,
similar trends in the order of redox potentials of Yb'"17, Yb'"41, Yb'"23, and Yb'25 were
observed relative to Eu'17, Eu"41, Eu'"23, and Eu'"'25, with the Yb'-containing cryptates having
more negative potentials than the Eu'-containing analogues. These results suggest that similar
trends in electrochemical modulation are likely to be observed across the divalent-lanthanide

series.

4.3 Summary

This study provides the basis for understanding how the properties of Ln' ions in discrete
molecules are affected by coordination environments by comparing complexes of Yb' and Eu".
The culmination of our comparative analyses has revealed coordination-induced differences in
the solid-state, photophysical, and electrochemical properties between the small and midsized
divalent lanthanides, which reaffirms the importance of ligand effects in lanthanide chemistry.
This study is a critical step toward enabling the rational control of the properties of Ln'-
containing complexes that are potentially useful in applications including optoelectronics,

photoredox catalysis, reductions, and imaging.
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4.4 Materials and Methods

4.4.1 Experimental Procedures

Commercially available chemicals were used without purification unless otherwise noted.
Water was purified using a PURELAB Ultra Mk2 water purification system (ELGA).
4,7,13,16,21,24-Hexaoxa-1,10-diazabicyclo[8.8.8]-hexacosane a7 and 5,6-benzo-
4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo[8.8.8]hexacos-5-ene  (41) were purchased from
Sigma-Aldrich. Ligand 41 arrived as a solution (50 wt % in toluene), and the solvent was
removed under reduced pressure prior to use. 1,4,7,10,13,16,21,24-
Octaazabicyclo[8.8.8]hexacosane (23) and 4,7,13,16,21,24-hexamethyl-1,4,7,10,13,16,21,24-
octaazabicyclo- [8.8.8]hexacosane (25) were prepared following reported procedures,%495:1%
Eu'41, Eu"23, and Eu'"25 were prepared following reported procedures.®®!% Commercially
available anhydrous methanol, N,N-dimethylformamide, and tetrahydrofuran were used after
degassing under reduced pressure.

UV-visible absorption spectra were collected using a Shimadzu UV mini-1240
spectrophotometer. Molar extinction coefficients were determined from the absorption spectra at
different concentrations (1.0, 2.0, and 3.0 mM) of metal complexes between 250 and 600 nm.
Excitation and emission spectra were recorded using a HORIBA Jobin Yvon Fluoromax-4
spectrofluorometer with 1 and 5 nm excitation and emission slit widths, respectively.

Cyclic voltammetry was performed using a Pine Wavenow USB potentiostat in an
electrochemical cell under an atmosphere of Ar with a Ag/AgCI reference electrode, a glassy
carbon working electrode, and a Pt wire auxiliary electrode. Acquisition parameters were eight
segments, an initial potential of —1.5 V (rising), an upper potential of 0 or 1.5 V, a lower

potential of —1.5 V, and a scan rate of 100 mV s. Solutions of complexes (5 mM) and
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tetraethylammonium perchlorate (0.1 M) in N,N-dimethylformamide were used for the analyses
and were referenced to an external standard of ferrocene (1 mM). For the oxidized sample of
Yb'"17, a sample of Yb'"17 was exposed to compressed air to oxidize Yb'" to Yb'"' until the
solution changed color from a deep yellow to a pale yellow. Potentials versus ferrocene * the
standard error of the mean of three independently prepared samples are reported.

Metal concentrations were determined using energy-dispersive X-ray fluorescence
spectroscopy with a Shimadzu EDX-7000 spectrometer at the Lumigen Instrument Center in the
Department of Chemistry at Wayne State University. Calibration curves were generated using
fluorescence intensity at 7.22—7.62 keV for a concentration range of 25-500 ppm [diluted from
the Sigma-Aldrich ICP standard, Yb2Os3 in aqueous nitric acid (2%) 998 + 5 ppm]. Elemental
analysis (C, H, and N) determinations were performed by Midwest Microlabs (Indianapolis, IN).
All values are reported as percentages. *H-NMR spectra were obtained using a Mercury 400 (400
MHZz) spectrometer.

4.4.2 Synthesis of Yb''-Containing Complexes

Metalated complexes were synthesized and handled in an oxygen- and moisture-free
glovebox under an atmosphere of N.. Solutions of Ybl, (0.075 mmol) in tetrahydrofuran (1.5
mL) were added to separate solutions of cryptands 17, 41, 23, and 25 (0.075 mmol) in
tetrahydrofuran (1.5 mL), and the resulting precipitates were washed with tetrahydrofuran (3 x 1
mL). Residual solvent was removed under reduced pressure to yield the metal complexes.
Precipitated solids (~20 mg) were used to grow crystals for X-ray analyses. Vapor diffusion of
tetrahydrofuran into methanolic solutions was used to grow crystals of Yb'17 and Yb'"41. Slow

evaporation from methanol/tetrahydrofuran (1:4) was used to grow crystals of Yb''23. Vapor
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diffusion of tetrahydrofuran into an acetonitrile/tetranydrofuran (1:1) solution was used to grow
crystals of Yb''25.

Yb'"17. A white powder (50.0 mg, 83%). Anal. Calcd for C1sH3sN20sYbl2: C, 26.91; H,
4.52; N, 3.49. Found: C, 26.31; H, 4.51; N, 3.29.

Yb'"41. A white powder (45.0 mg, 70%). Anal. Calcd for C22H3sN20sYbl2: C, 31.27; H,
4.56; N, 3.17. Found: C, 31.24; H, 4.38; N, 3.21.

Yb'"'23. A red powder (51.0 mg, 85%). Anal. Calcd for C1sHa2NsYbl2: C, 27.51; H, 5.59;
N, 13.51. Found: C, 27.88; H, 5.38; N, 13.50.

Yb''25. A pale-yellow powder (55.5 mg, 85%). Anal. Calcd for C24HssNsYbl2: C, 32.70;

H, 6.17; N, 12.71. Found: C, 32.91; H, 5.99; N, 12.42.
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CHAPTER 5: SUMMARY AND FUTURE DIRECTIONS

5.1 Summary

The luminescence of complexes of divalent lanthanides in solution, and accordingly the
applications thereof, is strongly dependent on the coordination environment surrounding the Ln"
ions. The electronics of coordinating ligands and the geometry of the resulting complexes
determine both the energy and intensity of the Ln'-containing complex with respect to the free
ion. While the amount of research regarding trivalent-lanthanide luminescence eclipses that of
divalent lanthanides, the luminescence of divalent lanthanides possesses several desirable

qualities including tunability and large intensity with respect to those of trivalent lanthanides.

In Chapter 2, the application of the luminescent complex Eu''23 in photoredox catalysis is
described. Under irradiation from blue light, Eu''23 enters an excited state that has a calculated
electrochemical potential that is more than two volts more negative than the ground-state
potential. Stoichiometric reactions run to completion in less than 30 minutes and as many as 120
turnovers were observed under catalytic conditions. A substrate scope bearing various reduction
potentials suggested an electrochemical window of —0.9 to -3 V vs Ag/AgCl where temporal
control of reactions can be achieved. The results of this study provide insight into an impactful
application for luminescent Eu''-containing complexes and laid the foundation for future studies
regarding Eu''-based photoredox catalysis.

In Chapter 3, a new Eu'-containing complex, Eu''25, is described that displays blue
luminescence with a high quantum efficiency in protic solvent. Eu''25 is a structurally modified
variant of Eu''23 with methyl groups replacing the protons on the secondary amines of 23. This
functionalization was expected to bathochromically shift the photophysical properties of Eu''25

with respect to Eu'"23 based on the trends of the electrochemical series, but the observed
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hypsochromic shift was determined to be a result of the change in geometry between the two
complexes. Although the methyl groups did not induce the expected bathochromic shift, they did
induce a substantial increase in luminescence quantum yield due to the retardation of
nonradiative encounters between solvent molecules and the Eu' ion and lack of N-H oscillators
on the ligand. The results of this study provide information on the balance between geometry and
electronics when designing a coordination field to tailor the photophysical properties of divalent
lanthanides.

In Chapter 4, the analysis of a series of Yb'-containing cryptates is described with
respect to trends in the structural, spectroscopic, and electrochemical properties that are
dependent on coordination environment. The trends found among the Yb'-containing complexes
were compared to trends among Eu'-containing analogues to establish the degree of
translatability of coordination motifs between divalent lanthanides. Differences between the
trends found within the Yb'" and Eu" series reaffirm that while some properties are affected
similarly between Ln'" complexes, coordination environment does not affect all divalent
lanthanides equally. The results of this study provide the basis for understanding how the
properties of different Ln' ions are influenced by the same coordination field and direct the
rational design of future complexes of divalent lanthanides, especially those with sizes between

those of europium and ytterbium.

5.2 Future Directions

In Chapter 2, Eu''23 was examined for use in photoredox catalysis. Because this was a
preliminary investigation seeking to establish Eu'' as a viable candidate as a photoredox
precatalyst, the reported reactivity consisted of a narrow scope meant to evaluate the

electrochemical window within which Eu"23 could catalyze chemical reductions. An avenue by
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which my research could be extrapolated is the further investigation of substrates, functional
groups, solvents, and other assorted reaction conditions under which Eu'23 can promote
reductive reactions. | expect that expanding the conditions and substrates that are compatible
with Eu'"23 will reap benefits spanning several divisions of chemistry: there will be a more
fundamental understanding of the underrepresented field of molecular complexes of divalent
lanthanides; and organic chemists will be given a relatively inexpensive and earth-abundant
reductant that exceeds the potency of Sml. with hexamethylphosphoramide yet enables temporal

control of reactions like Ru(bpy)s.

There are two major ways to augment the reactivity of a metal-based catalyst—
modulating the coordination environment surrounding the metal ion and changing the identity of
the metal. Chapter 4 explored the effects of both ligand modifications and metal selection on the
properties relevant to photoredox catalysis. While there are nearly endless possibilities in the
realm of ligand modification, it was shown in Chapter 4 that simply switching the Ln'" within a
cryptate can have a profound influence on the electrochemical potential. For example, Eu''23 and
Yb''23 have similar excitation and emission wavelengths, meaning that Yb''23 will also be
excited by visible light and will have a similar enhancement of its excited-state potential versus
its ground-state potential (Equation 2.1). However, the ground-state potential of Yb''23 is more
than 0.5 V more negative than that of Eu''23, meaning that the excited-state potential of Yb''23
should be significantly more potent than the already impressive excited-state potential of Eu''23.
For these reasons, | expect the investigation of the photoredox activity of Yb''23 to be a valuable

extension of my graduate research.

In the preceding chapters, the fundamentals of coordination effects on the properties of

divalent lanthanides was discussed with a strong emphasis on Eu' and Yb'", the divalent
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lanthanides with the most positive electrochemical potentials. These studies could reasonably be
extended to divalent lanthanides of more negative electrochemical potentials such as Sm' and
Tm'"". Not only will these studies reveal further trends in coordination effects across the divalent-
lanthanide series, but because the electrochemical potentials of Sm'' and Tm" are even more
negative than those of Eu' and Yb'", they have the potential to be even more potent reductants

than Eu''23.
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APPENDIX A: SUPPLEMENTARY FIGURES
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Figure A2.1 Emission of Eu''23 before (—) and after (---) 12 h of either darkness (left) or
exposure to blue LED light in a photoreactor (right). Data collected by Matthew D. Bailey.
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Figure A2.2 Ambient temperature Stern—\VVolmer analyses with benzyl chloride (squares), allyl
chloride (triangles), chlorobenzene (circles), and 2-chloro-2-methylpropane (plus signs). Error
bars represent the standard deviation of the mean of the measurements of independently prepared
samples. Data collected by Matthew D. Bailey.
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Figure A2.4 UV-visible spectrum of in situ generation of Eu''23. Data collected by Matthew D.

Bailey.
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Figure A2.5 Fluorescence spectrum of in situ generation of Eu''23, Aex = 460 nm. Data collected
by Matthew D. Bailey.
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Figure A2.6 Eu'" binding study. EuCls in methanol (10 mM, ---), EuCls and 23 (10 mM each,——

), and oxidized Eu'"23 (2 mM, —). Data collected by Matthew D. Bailey.



87

Figure A2.7 Picture of a photoreactor next to a cooling fan.
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Figure A2.8 Emission profile of the blue light-emitting diodes used in the photoreactors showing
a maximum emission band centered at 460 nm.
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Figure A2.9 (A) Representative GC-MS chromatogram of a stoichiometric benzyl chloride
coupling reaction. (B) Mass spectrum of the peak at 3.25 min corresponding to toluene. (C) Mass
spectrum of the peak at 5.05 min corresponding to benzyl chloride. (D) Mass spectrum of the
peak at 6.85 min corresponding to 1,2-diphenylethane.
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Figure A2.10 (Part 1) Full caption can be found on the following page.
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Figure A2.10 (Continued) Representative GC-MS chromatograms of a time progression of
stoichiometric benzyl chloride coupling reaction. Each chromatogram is of a separate reaction
stopped after (A) 0, (B) 5, (C) 10, (D) 15, (E) 20, (F) 25, (G) 30, and (H) 35 min.
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Figure A2.11 (Continued) Representative GC-MS chromatograms of a time progression of
catalytic benzyl chloride coupling reactions. Each chromatogram is of a separate reaction
stopped after (A) 0, (B) 1, (C) 2, (D) 3, (E) 4, (F) 5, (G) 6, and (H) 7 h.
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Figure A2.12 Representative GC-MS chromatogram of a catalytic benzyl chloride coupling
reaction prepared in a wet glovebox starting from EuClz-6H20.
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Figure A2.13 Representative GC-MS chromatograms of benzyl chloride coupling reactions run
at catalyst loadings of (A) 5, (B) 1, and (C) 0.5%.
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Figure A2.18 Top: Cyclic voltammogram of Eu(OTf)s and 23 in DMF. Bottom: Cyclic
voltammogram of Eu(OTf)s in DMF. Upon addition of ligand 23 to a solution of Eu(OTf)3, a
new peak arises with an E12 of 0.9 V vs Ag/AgClI.
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Figure A2.19 Cyclic voltammograms of (A) benzyl chloride, (B) 2-chloro-2-methylpropane, (C)
chlorobenzene, and (D) allyl chloride. All potentials are relative to Ag/AgCI.
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Figure A3.1 Spectrum depicting 80 calculated transitions of the absorption of [Eu25]".
Computations performed by Brooke A. Corbin.
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Figure A3.2 Spectrum depicting 80 calculated transitions of the emission of [Eu25]".
Computations performed by Brooke A. Corbin.
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Figure A4.1*H-NMR spectrum of cryptand 25 in ds-methanol.
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Figure A4.2 'H-NMR spectrum of Yb''25 in ds-methanol.
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Figure A4.3 'H-NMR spectrum of cryptand 25 in N,N-dimethylformamide-d-.



103

1.03TCJ IV 50 Yb permethyl DMF.esp

Normalized | ntensity
|

N yb N

T T T T T T T T T
50 45 40 35 3.0 25 20 15

1.0
Chemical Shift (ppm)
Figure A4.4 'H-NMR spectrum of Yb''25 in N,N-dimethylformamide-ds.
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Figure A4.5 UV-visible spectrum of Yblz in N,N-dimethylformamide.
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Figure A4.6 UV-visible spectrum of Yb''25 in N,N-dimethylformamide.
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Figure A4.7 UV-visible spectrum of Eul, in methanol.
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Figure A4.8 UV-visible spectrum of Eu'"41 in methanol.
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Figure A4.9 Excitation spectrum of YDbl> in N,N-dimethylformamide.
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Figure A4.10 Excitation spectrum of Yb'25 in N,N-dimethylformamide.
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Figure A4.11 Emission spectrum of Ybl2 in N,N-dimethylformamide.
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Figure A4.12 Emission spectrum of Yb'25 in N,N-dimethylformamide.
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Figure A4.13 Emission spectrum of Eulz in methanol.
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Figure A4.14 Emission spectrum of Eu'41 in methanol.
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Figure A4.15 Cyclic voltammogram of Eul in N,N-dimethylformamide.
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Figure A4.16 Cyclic voltammogram of Eu''23 in N,N-dimethylformamide.
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Figure A4.17 Cyclic voltammogram of Eu'25 in N,N-dimethylformamide.
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Figure A4.18 Cyclic voltammogram of oxidized Yb''17 in N,N-dimethylformamide.
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Figure A4.19 Cyclic voltammogram of Yb"41 in N,N-dimethylformamide with a scan rate of 10
mV/s.
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Figure A4.20 Cyclic voltammogram of Yb''41 in N,N-dimethylformamide with a scan rate of 1
VIs.
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Figure A4.21 Cyclic voltammogram of Yb'"41 in N,N-dimethylformamide with a scan rate of 2
VIs.
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The research projects in this dissertation pertain to the properties of molecular divalent
lanthanide complexes with a focus on luminescence properties in solution. Most available
research in lanthanide chemistry focuses on either the trivalent oxidation state or the divalent
oxidation state in solid inorganic host matrices. The results described herein contribute to the
body of knowledge regarding the effects of coordination environment on the spectroscopic and

electrochemical properties of divalent lanthanides in solvated molecular complexes.

The divalent-europium-containing complex Eu''23 was evaluated as a visible-light-
excited photoredox precatalyst. Stoichiometric and catalytic carbon—carbon bond forming
reactions of Eu''23 with benzyl chloride in the presence of blue light were performed. A substrate
scope with organic substrates of varying reduction potentials was also explored to frame the
electrochemical window within which the precatalyst can perform chemical reductions.
Spectroscopic, electrochemical, and structural characterizations of the complex add insight to the

mechanistic aspects of the reductive coupling reaction. The results of this study serve as
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foundational knowledge for future research endeavors focusing on Eu'-based photoredox

chemistry.

The divalent-europium-containing complex Eu'25, a structurally modified variant of
Eu''23, was synthesized to examine the electronic and steric effects of alkylated tertiary amines
versus secondary amines on the luminescence of the coordinated Eu' ion. The steric bulk of the
added methyl groups forced Eu''25 into a lower coordination number than Eu''23, invoking
hypsochromic spectroscopic shifts that were not expected based strictly on the electronic
character of the tertiary amine donors of 25. The steric hindrance of the methyl groups in 25
provided increased protection of the Eu' ion from nonradiative interactions with solvent
molecules with respect to 23, providing a substantial increase in the luminescence quantum yield
of the complex. The results of this study provide information for tuning the luminescence

wavelength and intensity of Eu'-containing complexes in solution.

A series of Yb'-containing cryptates with varying electronic and steric character was
synthesized and characterized. Structural, spectroscopic, and electrochemical trends among the
complexes were observed. These trends were compared to the trends observed in the analogous
series of Eu''-containing complexes, with differences and similarities between the trends being
discussed. The results of this study serve as an imperative guide as to the translatability of ligand

trends across the divalent lanthanide series

The results of these studies are expected to enhance the ability to selectively and
rationally modulate the luminescence of divalent-lanthanide-containing complexes based on
metal selection and coordination environment, ultimately improving the intrigue and impact of

the field of divalent lanthanide luminescence in solution.
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