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ABSTRACT 
 
 

 
SYNTHETIC CONTROL OF MAGNETIC RESONANCE PROPERTIES TOWARDS 

METAL-BASED ELECTRON PARAMAGNETIC RESONANCE IMAGING 

 
 

 Electron paramagnetic resonance imaging (EPRI) is the electron-spin analogue to 

conventional biological (nuclear) magnetic resonance imaging (MRI) whereby unpaired electron 

spins are probed in order to generate an image. The greater sensitivity of electron spins to their 

environment can thus be leveraged to capture detailed chemical information from the 

surroundings, producing an image of the local physiology that adds an extra dimension to the 

already powerful anatomical information gained from MRI. To move EPRI a step closer to 

common utilization, paramagnetic probes must be developed to sense the local environment using 

safe low-frequency microwaves at high (ca. 1.5 T) magnetic fields. Paramagnetic metal complexes 

are ideal candidates due to their electronic structures but have not been investigated for such 

purposes. The goal of this dissertation is to develop fundamental design principles to improve the 

utility of metal complexes as EPRI probes. Presented herein is the first comprehensive collection 

of experimental investigations to this end. Firstly, a method for improving signal sharpness is 

investigated, where exhaustive spectroscopic and computational studies suggest differences in 

relaxation dynamics as being a key factor in spectral linewidth (Chapters 2 and 3). A highly tunable 

clathrochelate structure is developed, inducing an unusual coordination geometry around the Ni(II) 

ion affording an 11 cm−1 control of zero-field splitting (Chapter 4). The temperature dependence 

of zero-field splitting is examined in a series of Mn(II) complexes where an unusually high 

temperature sensitivity is found in the solid state (Chapter 5). Finally, the utility of metal 
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complexes as environmental sensors is demonstrated with a pair of Mn(II) complexes showing 

that increasing magnetic anisotropy is a design strategy for enhancing microviscosity sensitivity 

(Chapter 6). The learned design principles will serve as a foundation for the design of metal-based 

EPRI agents towards improving the non-invasive diagnostic capabilities. 
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CHAPTER 1 – Introduction 

 

1.1. A Brief History of Magnetic Resonance Imaging 

 Magnetic resonance imaging (MRI) is an extremely useful and common medical diagnostic 

technique responsible for identifying ailments from tumors to a torn anterior cruciate ligament 

(ACL). This imaging technique was built on the same fundamental spin physics principles as 

nuclear magnetic resonance (NMR) spectroscopy, with Lauterbur initially proposing NMR could 

be used as a tool to form three-dimensional images in a 1973 publication,1 and Mansfield 

describing how to selectively excite nuclear spins to form images.2 In summary, magnetic field 

gradients allow for magnetic resonance signals from 1H atoms to be differentiated spatially as they 

are probed with radiowaves to measure their relaxation dynamics. Image “slices” can thus be 

generated and combined into a three-dimensional image. These innovations were combined with 

a discovery by Damadian in 1971 that certain tissues and tumors in mice,3 and later humans,4 

possess different 1H relaxation times (T1 and T2), resulting in groundwork that made it clear that 

NMR could be leveraged for bioimaging. The first human head image was produced in 1978,5 

albeit nothing like the quality we are used to seeing today (Figure 1.1), and advances through the 

80s and early 90s brought MRI to the point where over 10,000 were in use worldwide by 1996.6 

In one of the biggest recognitions that scientists can receive, Lauterbur and Mansfield received the 

Nobel prize in physiology or medicine for their discoveries related to MRI in 2003, illustrating 

how important MRI has become in medicine. Advances continue to be made, with the first image 

being generated in a 0.1 T magnetic field,6 to most common MRI scanners operating at 1.5 or 3 T 

now,6 a 7 T MRI scanner being approved by the FDA in 2020,7 and a 11.7 T in development as of 

2021.8 
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1.2. Limitations of MRI and Electron Spin Advantages  

As MRI has proven itself to be useful over the past 30 years, there is still a limited scope 

of what it can measure. 1H nuclei, found most commonly in water and lipid molecules, make up 

62% of atoms in the body,9 and are the target of this imaging technique. The differences in the 

relaxation dynamics of these nuclei across tissue types are what is used to create a detailed 

anatomical image. For example, the 1H nuclei on water molecules in normal breast tissue have an 

average T1 time of 0.367 seconds, but a cancerous tumor in the same area has a T1 time of 1.080 

seconds as a result of the different cellular makeup.4 This ability to determine tissue types is 

powerful, however, there is a lot of additional fundamental physiological information that is not 

detected. Indeed, contrast agents can improve sensitivity and make harder to visualize tissues 

 
Figure 1.1. (Left) First MRI image of a human head from EMI Central Research Laboratories 
1978. Image is used with permission from MRI from Picture to Proton. (Right) Recent MRI 
image of the head of Zadrozny Lab member Roxanna Martinez using a 3 T MRI scanner at the 
Colorado State University BRAiN Laboratory. Greater anatomical detail, such as folds in the 
brain tissue, can be resolved with current instrumentation technology. Image was obtained and 
used with permission from Roxanna Martinez. 
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“brighter”, but the detection of specific chemical signatures that could be evidence of biological 

disfunction are largely still in their infancy and limited in scope.10 For example, physiological 

indicators like oxygen concentration,11 local pH,12 and redox stress11 can be used as metrics to aid 

in the diagnosis of disease. Even beyond diagnosis capabilities, noninvasively imaging these 

chemical metrics would provide new fundamental insight into biochemical processes.13 

Detailed chemical information can instead be obtained by taking a fundamentally different 

approach to magnetic-resonance-based imaging. 1H, or more broadly nuclei, are not the only spin-

bearing quantum objects that can be probed. Electron spins possess some differences that can be 

leveraged to produce a more sensitive imaging technique, known as electron paramagnetic 

resonance imaging (EPRI). Comparing these types of spins, an immediate major difference is the 

size their magnetic moments. The gyromagnetic ratio, which reflects the difference in the magnetic 

moments for nuclear and electron spins, is 42.5 MHz/T for a nuclear spin and 28.0 GHz/T for an 

electron spin. This nearly 700-fold difference implies that an electron spin can be thought of as a 

“big magnet” and a nuclear spin as a “small magnet”. Having a “big magnet” in this case means 

one needs less of it in order to sense the environment and be detected by an instrument, which is 

reflected in the nanomolar sensitivity of electron spins with current instrumentation, whereas 

nuclear spins have sensitivities on the order of millimolar.14 EPRI techniques have been 

investigated over the past 25 years, showing promise for directly measuring important chemical 

markers like oxygenation,11,15,16 pH,17–19 redox stress,20–22 and microviscosity.23  

It is worth noting that EPRI should not replace MRI, as these techniques ultimately convey 

different information. However, these two techniques could work in tandem to produce a 

combination of anatomical and physiological images of the human body, ultimately providing an 

additional dimension of new information for medical professionals to use. As such, the ideal 
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scenario would be to take MRI and EPRI images nearly simultaneously, perhaps using some shared 

instrumentation. Much of the work to implement EPRI as described still needs to be developed. 

However, to set this technique up for ultimate future success, researchers must fundamentally 

design and optimize EPRI towards this ultimate goal. Some of that groundwork is described in this 

dissertation. 

 

1.3. Current EPRI Probes 

A question one might ask is: Why is EPRI not in widespread use when there are such clear 

uses for it? Importantly, it relies on paramagnetic material (a stable radical molecule or 

paramagnetic metal ion) to be detected in order to produce a signal. The human body does not 

naturally contain enough paramagnetic species to be detected with EPRI, relative to the abundance 

of 1H in water, and as a result, a paramagnetic probe molecule has to be introduced.14 Historically, 

that probe has been a “stable” organic radical, like a tri-aryl methyl radical or a nitroxide radical 

with ground state spins of S = 1/2.16,24 Though these molecules often have long relaxation times 

and sharp linewidths,25,26 they are also relatively reactive and require high frequency microwave 

radiation to be addressed at the magnetic fields of typical MRI. Specifically at 1.5 T, those electron 

spins would need microwaves on the order of 40 GHz to be spectroscopically detected (Figure 1.2 

Left). Radiation in this frequency regime is readily absorbed by water, precluding deep tissue 

measurements,27 and can result in tissue heating.28 As measurements beyond skin level are desired 

and microwave-induced heating would pose a safety hazard to patients, EPRI utilizing organic 

radicals is currently not viable in an MRI scanner. The frequency of the EPR transition for an S = 

1/2 system scales directly with magnetic field, meaning a low (safe) frequency regime can only be 

achieved at very low magnetic field, wherein 1H MRI resolution would be limited. To design a 
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useful probe to merge EPRI and MRI, new frequency dependences need to be discovered that 

enable low frequency analyses at high field. However, the diagrams of the EPR transitions for all 

organic radicals look like those in Figure 1.2 Left. Hence, organic radicals can only be expected 

to require high frequency microwaves at higher fields. Thus, new probes built on non-organic 

radical spin systems need to be developed. 

 

1.4. Metal Ions as EPRI Probes 

 Paramagnetic metal ions with S > 1/2 present themselves as a possible solution to 

conducting low-frequency EPR at high magnetic fields. As a consequence of the higher spin 

quantum number and spin-orbit coupling that is present in these complexes, zero-field splitting 

(ZFS, D) splits the multiple |MS| levels at zero magnetic field (Figure 1.2 Right).29,30 Importantly, 

the presence of ZFS uniquely results in some EPR transitions that decrease in energy with 

increasing magnetic field. An increasing the magnitude of D will push an EPR signal to occur at 

 
Figure 1.2. (Left) Zeeman diagram of a typical organic radical with S = 1/2. The gray arrow 
illustrates where low-frequency spin transitions will occur in these systems. (Right) Zeeman 
diagram of a typical S = 1 octahedral Ni(II) complex with positive ZFS. The red arrows show 
where low-frequency spin transitions will occur between MS = 0 and MS = −1 levels, which are 
at higher magnetic fields in these systems. 
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higher magnetic fields, and since D can vary 100s of cm–1 in magnitude depending on the 

molecule,31,32 it is possible to generate low-frequency EPR signals from 0 to 10s, if not 100s of T. 

Importantly, D is an extremely tunable aspect of metal ion electronic structure,29,30 which in 

principle, would give the synthetic inorganic chemist the ability to control the low-frequency 

(biologically safe) EPR signal. Metal ions have typically been studied with high-frequency high-

field EPR, so these studies represent a blind-spot in EPR. Indeed, the first report of metal ions 

being studied with low-frequency (L-band, 1-2 GHz) EPR was in 1992 by Utsumi and coworkers33 

where the spectra of aqueous Mn2+ and VO2+ ions were collected. This first study demonstrated 

the challenges presented by low-frequency EPR of metal ions, like resolving hyperfine splitting. 

Later in 2019, Antholine was able to resolve hyperfine splitting in a Co2+ ion in an aqueous 

environment,34 which serves as a testament to the advances that have been made in low-frequency 

EPR instrumentation, which ultimately will allow for the better detection of S > 1/2 metal 

complexes for EPRI. 

 However, there still remains hurdles to metal-ion implementation for EPRI. One of those 

hurdles is that metal ions typically exhibit broad spectral linewidths which could inhibit the 

resolution needed to detect subtle chemical changes. In addition, a robust coordination 

environment must be designed to sequester the metal ion to guarantee safety in vivo. That platform 

should be tunable for controlling the electronic structure of the embedded metal.  

 

1.5. Dissertation Organization 

 The research described in this document is based on the author’s own published and 

unpublished work during his doctoral research, which spans six first author manuscripts (including 

a review article), three having been published in peer-reviewed journals, and three in preparation. 
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As such, each chapter is organized like a journal article with its own abstract, introduction, 

description of experiments, discussion of results and conclusions. While each chapter can be a 

stand-alone publication, collectively they contribute to the broader knowledge advancing metal-

based EPRI. The six manuscripts, lists of authors/contributors, and associated publication 

information are listed here: 

Campanella, A. J.; Üngör, Ö.; Zadrozny, J. M. Quantum Mimicry With Inorganic Chemistry 

Comment. Inorg. Chem. 2023. (DOI: 10.1080/02603594.2023.2173588) 

Campanella, A. J.; Nguyen, M.-T.; Zhang, J.; Ngendahimana, T.; Antholine, W. E.; Eaton, G. R.; 

Eaton, S. S.; Glezakou, V.-A.; Zadrozny, J. M. Ligand Control of Low-Frequency Electron 

Paramagnetic Resonance Linewidth in Cr(III) Complexes. Dalton Trans. 2021, 50, 5342-5350. 

(DOI: 10.1039/D1DT00066G) 

Campanella, A. J.; Makos, M. Z.; Nguyen, M.-T.; Sterbinsky, G. E.; Glezakou, V.-A.; Zadrozny, 
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Chapter 2 details the first L-band EPR investigation of the Cr(III) ion. In this study, a series 

of Cr(III) tris-diamine complexes were studied to understand how to use ligands to sharpen EPR 

signal linewidths. The results of this study suggested that minimizing bond-length distributions 

through structural distortions may be one mechanism for achieving sharp linewidths. 

Chapter 3 follows up on the first L-band EPR study of the Cr(III) ion. EXAFS and Raman 

spectroscopies, as well as molecular dynamics simulations, were employed to deeply study how 

the ligand dynamics affect the vibrational and EPR spectra. The results of this study suggest that 

the observed spectral broadening is likely rooted in homogeneous broadening from differences in 

T2 relaxation times. 

Chapter 4 describes an investigation of five nickelous cage compounds in the exotic 

trigonal prismatic geometry. It was found that small changes at the periphery of the ligand resulted 

in large changes to ZFS, over an 11 cm−1 range. This study also highlighted the effects that 

molecular and electronic structure can have on the magnetic properties of molecules. 

Chapter 5 provides an investigation into the temperature response of ZFS in three Mn(II) 

cage complexes, one of which exhibited a surprisingly large change in D upon cooling. This study 

provides an insight as to how the tunability of metal complexes can be leveraged to reach a desired 

sensing property, in this case the sensitivity of temperature.  

Chapter 6 demonstrates the utility of metal complexes as viscosity-sensitive EPR probes. 

Two Mn(II) complexes were tested to assess their sensitivity to molecular tumbling as assessed by 

EPR. Comparable viscosity sensitivities were achieved by the tested metal complexes compared 

to the state-of-the-art organic radical sensor molecule, and a new design principle for increasing 

sensitivity by increasing magnetic anisotropy was discovered. 
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It should be noted that the numbering schemes for referencing the molecules discussed 

herein refer to only the chapter that they appear in. Thus, complex 1 in Chapter 2 may refer to a 

different molecule than complex 1 in Chapter 3.  
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CHAPTER 2 – Ligand Control of Low-Frequency Electron Paramagnetic Resonance 

Linewidth in Cr(III) Complexes 

 
 

2.1. Overview 

 Understanding how the ligand shell controls low-frequency electron paramagnetic 

resonance (EPR) spectroscopic properties of metal ions is essential if they are to be used in EPR-

based bioimaging schemes. In this work, we probe how specific variations in the ligand structure 

impact L-band (1-2 GHz) EPR spectroscopic linewidths in the trichloride salts of five Cr(III) 

complexes [Cr(RR-dphen)3]3+ (RR-dphen = (1R,2R)-(+)-diphenylethylenediamine, 1), [Cr(en)3]3+ 

(en = ethylenediamine, 2), [Cr(me-en)3]3+ (me-en = 1,2-diaminopropane, 3), [Cr(tn)3]3+ (tn = 1,3-

diaminopropane, 4) [Cr(trans-chxn)3]3+ (trans-chxn = trans-(±)-1,2-diaminocyclohexane, 5). 

Spectral broadening varies in a nonintuitive manner across the series, showing the sharpest peaks 

for 1 and broadest for 5. Molecular dynamics simulations provide evidence that the broadening is 

correlated to rigidity in the inner coordination sphere and reflected in ligand-dependent distribution 

of Cr–N bond distances that can be found in frozen solution. 

 

2.2. Introduction 

 Electron paramagnetic resonance imaging (EPRI), the electron spin analogue of nuclear 

magnetic resonance imaging (colloquially referred to as MRI), could greatly augment the chemical 

sensing capabilities of MRI.1–3 For example, EPRI can track redox status,4–7 pH,8–11 and 

oxygenation,12–14 thereby delivering local biochemical information that conventional 1H MRI has 

considerable difficulty in doing. Merging EPRI with MRI would potentially permit the 

development of new imaging methodologies that integrate detailed anatomical and chemical 



 
14 

 

information to produce comprehensive physiological maps. However, several key hurdles need to 

be overcome to mesh EPRI with MRI. 

 One of the main challenges of merging MRI and EPRI is that EPRI requires microwave 

radiation. The state-of-the-art EPRI probes are organic radicals with ground state spins of S = 1/2.1 

These probes offer sharp linewidths (< 0.1 mT) and long relaxation times (T1 10–6 s),15,16 but 

require high-frequency microwaves (ca. 40 GHz) in a typical MRI magnetic field (1.5 T). 

Microwaves of this frequency do not efficiently penetrate water-rich tissue and increased 

microwave power to overcome this challenge can cause local heating of the biological tissue,17–19 

thus limiting the utility of these probes in current MRI systems.  

Metal complexes with electronic spins greater than 1/2 may provide a solution to these 

challenges. These complexes typically exhibit zero-field splitting (ZFS),20,21 which can produce 

low-frequency EPR transitions at high magnetic fields (Figure 2.1). When combined with the 

 
Figure 2.1. Overview of EPRI Probe classes and advantages. 
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widely tunable chemistry of metal ions,20 it becomes clear that they may provide a highly versatile 

and useful EPRI probe class to develop novel imaging methodologies. To realize this vision, 

however, we need to understand structure-function relationships for metal complexes and EPR 

properties at low frequency. This region of electron spin dynamics is especially under-explored 

compared to higher frequency/higher field domains and constitutes a clear “blind spot” in the 

analysis of metal-ion complexes via magnetic resonance. 

A particular challenge to harnessing metal ions for EPRI and related techniques is the 

extraordinary sensitivity of zero-field splitting to metal ion-electronic structure. A consequence of 

this sensitivity is a strong inhomogeneous broadening of EPR signals stemming from structural 

variations in solution.22 In theory, these broad linewidths (typically greater than 1 mT) could 

prevent spectral resolution of subtle chemical changes. A broad linewidth would also necessitate 

large magnetic field gradients for the MRI scanner which presents an engineering barrier to 

implementation. Hence, understanding how to sharpen linewidths by molecular design is a 

pressing challenge. One path to sharpen linewidths is to install steric bulk in the coordination 

sphere of a metal ion and hence suppress inhomogeneous broadening due to structural 

distributions. This tactic is used in manipulating photophysical emission lifetimes23–26 but has 

never been tested for manipulating low-frequency EPR linewidths. 

Herein we present the first investigation of the ligand-dependence of the spectral 

broadening of the L-band (ca. 1.3 GHz) EPR spectra of a series of S = 3/2 metal complexes. We 

specifically analyzed a series of Cr(III) tris-diamine complexes (Figure 2.2) [Cr(RR-dphen)3]Cl3 

(1, RR-dphen = (1R,2R)-(+)-1,2-diphenylethylenediamine), [Cr(en)3]Cl3 (2, en = 

ethylenediamine), [Cr(me-en)3]Cl3 (3, me-en = 1,2-diaminopropane), [Cr(tn)3]Cl3 (4, tn = 1,3-
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diaminopropane), and [Cr(trans-chxn)3]Cl3 (5, trans-chxn = trans-(±)-1,2-diaminocyclohexane). 

In this series, the ligand backbones were selected to test how steric effects in the secondary 

coordination shell impact EPR linewidth. Our focus here lies on Cr(III) because of the half-integer 

spin and observable EPR signals for study, as well as the essential potential for low-frequency 

signals at higher magnetic fields (Figure 2.3). We also finally note that this ion might be a useful 

base for a functional agent due to its low toxicity, if an appropriate ligand scaffold were chosen.27  

We hypothesized that the systems with the greatest steric congestion in the ligand shell (1 

and 5) would exhibit the sharpest linewidths. Yet, diamino complexes are known to display 

multiple structural configurations28–30 even when bound to the metal ion. Thus, we envisioned that 

steric congestion in the ligand scaffold, stemming from intramolecular repulsive interactions 

between ligand functional groups, would lessen the isomer distribution, consequently sharpening 

 
Figure 2.2. Bond-line structures of the S = 3/2, Cr3+ complexes 1-5 used in this study. Cl– 
counterions and most H-atoms are omitted for clarity. For complex 1, the enantiopure (1R,2R)-
(+)-1,2-diphenylethylenediamine ligand was used with the depicted geometry. For 5, the 
racemic trans-(±)-1,2-diaminocyclohexane ligand was used and the R,R isomer is depicted. 
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spectra. We did not observe a direct correlation between steric congestion on the ligand shell and 

EPR spectral sharpness. However, through spectral and molecular dynamics studies, we found that 

ligand-dependent distributions of Cr–N bond distances appear to correlate to spectral sharpness, 

underlining a new design strategy for affecting low-frequency EPR linewidths in these and future 

complexes. 

 

2.3. Experimental Section 

2.3.1. General Considerations 

 Reagents used throughout were purchased from commercial sources and used as received. 

Syntheses were adapted from a previously reported procedure.31 All techniques were performed at 

atmospheric conditions unless otherwise specified. Elemental analyses were performed by 

Roberson Microlit Laboratories (Ledgewood, New Jersey, USA). Infrared spectra were recorded 

 
Figure 2.3. Calculated MS-level diagram for an S = 3/2 species with positive zero-field splitting 
(D = +0.7 cm–1, g = 2) and field aligned with the molecular z-axis (approximately the viewing 
angle in Figure 2.2). Potential ground-state low-frequency transitions for these parameters 
occur near 0.05 T and 1.5 T and are highlighted with small pink boxes.      
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on a Nicolet 6700 FTIR spectrometer using a diamond window ATR. Electronic absorption spectra 

of all complexes were recorded on aqueous with a Hewlett-Packard 8453 spectrophotometer using 

standard quartz cuvettes with a 1 cm path length. Mass spectral analyses were performed on an 

Agilent 6224 Accurate Mass TOF LC/MS in positive ion mode using direct injection. Peak 

assignment was on the basis of m/z, interpeak spacing, and isotopic distribution. Emission spectra 

were obtained on an Edinburgh FS5 Spectrofluorometer using a quartz cuvette with a 1 cm path 

length in a temperature-controlled sample holder. Samples were prepared as 30 mM solutions in 

water and held at 20 °C. Steady state emission spectra were obtained by exciting each sample at 

460 nm with a 6.0 nm slit width and collecting from 480—800 nm. Spectra were averaged over 

three scans with a 0.5 s integration time. Time resolved emission spectra were obtained over a 500 

ns time range with a repetition frequency of 2 MHz. Samples were excited with a 450 nm EPL 

picosecond pulsed diode laser and collected at 670 nm with a bandwidth of 20 nm. 

 

2.3.2. Preparation of Compounds 

 Synthesis of [Cr(RR-dphen)3]Cl3•EtOH (1). In a 5 mL round-bottom flask, 160 mg of 

CrCl3•6H2O (0.602 mmol, 1 eq.) were added to 0.5 mL of DMSO and heated to 200°C with 

stirring. Upon reaching temperature, the mixture was cooled to 110°C. While that mixture cooled, 

400 mg (1.88 mmol, 3.1 eq.) of (1R,2R)-(+)-1,2-diphenylethylenediamine were placed in a vial 

with ca. 0.5 mL of DMSO and warmed until dissolved. The diamine solution was added to the 

CrCl3 solution, the temperature was raised to 150°C for 1 hour, then cooled to room temperature. 

A small amount of a dark yellow powder was visible. 1 mL of ethanol followed by 1 mL of ethyl 

ether were added to encourage precipitation. The solid was filtered, washed once with 5 mL of 

ethanol, then three times with 5 mL of ethyl ether, yielding a shiny, yellow-orange microcrystalline 
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powder. This solid was further purified by recrystallization from aqueous ethanol and dried under 

vacuum. The final yield was 125.7 mg (26%) of 1. Crystals suitable for single-crystal x-ray 

diffraction were grown by the slow evaporation of a saturated methanol solution of 1. IR (cm-1, 

diamond ATR): 3032, 2905, 1579, 1497, 1455, 1401, 1310, 1238, 1180, 1076, 1024, 1000, 952, 

915, 867, 764, 699. UV-vis (H2O); λmax (εM, M−1cm−1): 354 nm (85.7); 464 nm (94.5). LC-MS 

(m/z): positive ion mode: {[Cr(RR-dphen)3Cl2]}+, 758.27;  {[Cr(RR-dphen)2Cl]}++, 214.63. 

Elemental analysis for C42H48Cl3CrN6•C2H6O calculated (found): %C: 62.82 (62.88), %H: 6.47 

(6.39), %N: 9.99 (9.72). 

 Synthesis of [Cr(en)3]Cl3 (2). In a 50 mL round-bottom flask, 4 g of CrCl3•6H2O (15 mmol, 

1 eq.) were added to 8 mL of  DMSO and heated to 200°C with stirring. Upon reaching 

temperature, the mixture was cooled to 110°C. While that mixture cooled, 4 mL (60 mmol, 4 eq.) 

of ethylenediamine were placed in a vial with ca. 2 mL of DMSO and warmed. The diamine 

solution was added to the CrCl3 solution and the temperature was raised to 150°C for 1 hour, then 

allowed to cool to room temperature. A small amount of a dark yellow powder was visible. 5 mL 

of ethanol and 2 mL of ethyl ether were added to encourage precipitation. The solid was filtered, 

washed several times with 10 mL of ethanol, then once with 10 mL of ethyl ether, yielding a shiny, 

yellow-orange microcrystalline powder. This solid was further purified by recrystallization from 

aqueous ethanol and dried under vacuum. The final yield was 4.63 g (91%) of 2. IR (cm-1, diamond 

ATR): 3180, 3121, 3066, 2984, 2950, 2938, 2898, 2890, 1575, 1560, 1537, 1459, 1364, 1331, 

1304, 1275, 1214, 1158, 1141, 1121, 1059, 1010, 881, 867, 745. UV-vis (H2O) spectra matches 

prior reports31; λmax (εM, M−1cm−1): 351 nm (60.6); 458 nm (76.5). LC-MS (m/z): positive ion 

mode: {[Cr(en)3Cl2]}+, 302.08;  {[Cr(en)2Cl2]}+, 242.01.  Elemental analysis for C6H24Cl3CrN6 

calculated (found): %C: 21.28 (21.26), %H: 7.14 (7.17), %N: 24.82 (24.47). 
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 Synthesis of [Cr(me-en)3]Cl3•0.25H2O (3). In a 50 mL round-bottom flask, 4 g of 

CrCl3•6H2O (15 mmol, 1 eq.) were added to 8 mL of dimethyl sulfoxide (DMSO) and heated to 

200°C with stirring. Upon reaching temperature, the mixture was cooled to 110°C. While that 

mixture cooled, 5 mL (59 mmol, 3.9 eq.) of 1,2-propanediamine were placed in a vial with ca. 2 

mL of DMSO and warmed. The diamine solution was added to the CrCl3 solution and the 

temperature was raised to 150°C for 1 hour, then allowed to cool to room temperature. A small 

amount of a dark yellow powder was visible. 5 mL of ethanol and 2 mL of ethyl ether were added 

to encourage precipitation. The solid was filtered, washed three times with 10 mL of ethanol, then 

once with 10 mL of ethyl ether, yielding a yellow-orange powder. This solid was further purified 

by recrystallization from aqueous ethanol and dried under vacuum. The final yield was 2.98 g 

(58%) of 3. IR (cm-1, diamond ATR): 3163, 3054, 2965, 2938, 2880, 1538, 1456, 1393, 1372, 

1343, 1310, 1236, 1126, 1101, 1042, 1015, 836, 730. UV-vis (H2O) matches reported spectra32; 

λmax (εM, M−1cm−1): 352 nm (59.5); 459 nm (74.1). LC-MS (m/z): positive ion mode: {[Cr(me-

en)3Cl2]}+, 344.13;  {[Cr(me-en)2Cl2]}+, 270.04. Elemental analysis for C9H30Cl3CrN6•0.25H2O 

calculated (found): %C: 28.06 (28.21), %H: 7.98 (8.13), %N: 21.82 (21.65). 

 Synthesis of [Cr(tn)3]Cl3 (4). In a 50 mL round-bottom flask, 4 g of CrCl3•6H2O (15 mmol, 

1 eq.) were added to 8 mL of dimethyl sulfoxide (DMSO) and heated to 200°C with stirring. Upon 

reaching temperature, the mixture was cooled to 110°C. While that mixture cooled, 8 mL (94 

mmol, 6.2 eq.) of 1,3-diaminopropane were placed in a vial with ca. 2 mL of DMSO and warmed. 

The diamine solution was added to the CrCl3 solution and the temperature was raised to 150°C for 

1 hour, then allowed to cool to room temperature. A small amount of a dark yellow powder was 

visible. 5 mL of ethanol and 2 mL of ethyl ether were added to encourage precipitation. The solid 

was filtered, washed three times with 10 mL of ethanol, then once with 10 mL of ethyl ether, 



 
21 

 

yielding a shiny, yellow-orange microcrystalline powder. This solid was further purified by 

recrystallization from aqueous ethanol and dried under vacuum. The final yield was 2.53 g (49%) 

of 4. Single crystals suitable for single-crystal X-ray diffraction were grown from layering ethanol 

onto an aqueous solution of 4. IR (cm-1, diamond ATR): 3277, 3129, 3072, 3032, 2960, 2942, 

2946, 2887, 1596, 1568, 1546, 1479, 1464, 1444, 1401, 1390, 1352, 1303, 1285, 1259, 1228, 1218, 

1186, 1171, 1034, 1025, 932, 917, 897, 877, 806, 731, 691, 673. UV-vis (H2O) matches prior 

reports31; λmax (εM, M−1cm−1): 355 nm (47.2); 464 nm (55.3). LC-MS (m/z): positive ion mode: 

{[Cr(tn)3Cl2]}+, 344.13;  {[Cr(tn)2Cl2]}+, 270.04.  Elemental analysis for C9H30Cl3CrN6 calculated 

(found): %C: 28.39 (28.36), %H: 7.94 (8.06), %N: 22.07 (21.89). 

 Synthesis of [Cr(trans-chxn)3]Cl3•0.25H2O•0.25EtOH (5). In a 25 mL round-bottom flask, 

1.5 g of CrCl3•6H2O (5.63 mmol, 1 eq.) were added to 4 mL of dimethyl sulfoxide (DMSO) and 

heated to 200°C with stirring. Upon reaching temperature, the mixture was cooled to 110°C. While 

that mixture cooled, 2.7 mL (22.5 mmol, 4 eq.) of trans-1,2-diaminocyclohexane were placed in a 

vial with ca. 1 mL of DMSO and warmed. The diamine solution was added to the CrCl3 solution 

and the temperature was raised to 150°C for 1 hour, then allowed to cool to room temperature. A 

small amount of a dark yellow powder was visible. 4 mL of ethanol and 2 mL of ethyl ether were 

added to encourage precipitation. The solid was filtered, washed three times with 10 mL ethanol, 

then once with 10 mL ethyl ether, yielding a shiny, yellow-orange microcrystalline powder. This 

solid was further purified by recrystallization from aqueous ethanol and dried under vacuum. The 

final yield was 1.25 g (44%) of 5. IR (cm-1, diamond ATR): 3041, 2933, 2864, 1590, 1574, 1459, 

1449, 1409, 1397, 1359, 1303, 1240, 1211, 1152, 1122, 1051, 1024, 946, 921, 859, 751. UV-vis 

(H2O) match reported data31; λmax (εM, M−1cm−1): 352 nm (55.9); 460 nm (71.1). LC-MS (m/z): 

positive ion mode: {[Cr(trans-chxn)3Cl2]}+, 464.22;  {[Cr(trans-chxn)2Cl2]}+, 350.10; {[Cr(trans-
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chxn)2Cl]}++, 214.63. Elemental analysis for C18H42Cl3CrN6•0.25H2O•0.25C2H6O calculated 

(found): %C: 42.98 (42.90), %H: 8.58 (8.94), %N: 16.26 (16.53).  

 Synthesis of [Cr(SS-chxn)3]Cl3•H2O (5-SS). In a 25 mL round-bottom flask, 707 mg of 

CrCl3•6H2O (2.65 mmol, 1 eq.) were added to 2 mL of dimethyl sulfoxide (DMSO) and heated to 

200°C with stirring. Upon reaching temperature, the mixture was cooled to 110°C. While that 

mixture cooled, 1 g (8.76 mmol, 3.3 eq.) of (1S,2S)-(+)-1,2-diaminocyclohexane were placed in a 

vial with ca. 1 mL of DMSO and warmed. The diamine solution was added to the CrCl3 solution 

and the temperature was raised to 150°C for 1 hour, then allowed to cool to room temperature. A 

small amount of a dark yellow powder was visible. 2 mL of ethanol and 1 mL of ethyl ether were 

added to encourage precipitation. The solid was filtered, washed three times with 5 mL of ethanol, 

then once with 5 mL of ethyl ether, yielding a shiny, yellow-orange microcrystalline powder. This 

solid was further purified by recrystallization from aqueous ethanol and dried under vacuum. The 

final yield was 539 mg (40%) of 5-SS. Crystals suitable for single crystal x-ray diffraction were 

grown through the slow evaporation of a saturated aqueous solution of 5-SS. IR (cm-1, diamond 

ATR): 3138, 3036, 2930, 2857, 1576, 1448, 1401, 1364, 1346, 1303, 1240, 1211, 1145, 1051, 

1020, 948, 919, 862, 754. UV-vis (H2O) match reported data31; λmax (εM, M−1cm−1): 352 nm (65.7); 

461 nm (83.6). LC-MS (m/z): positive ion mode: {[Cr(SS-chxn)3Cl2]}+, 464.22;  {[Cr(SS-

chxn)2Cl2]}+, 350.10; {[Cr(SS-chxn)2Cl]}++, 214.63. Elemental analysis for CrC18H42Cl3N6•H2O 

calculated (found): %C: 41.66 (41.69), %H: 8.55 (8.88), %N: 16.19 (15.81). 

 Synthesis of [Cr(RR-chxn)3]Cl3•0.75H2O•0.25EtOH (5-RR). In a 25 mL round-bottom 

flask, 707 mg of CrCl3•6H2O (2.65 mmol, 1 eq.) were added to 2 mL of DMSO and heated to 

200°C with stirring. Upon reaching temperature, the mixture was cooled to 110°C. While that 

mixture cooled, 1 g (8.76 mmol, 3.3 eq.) of (1R,2R)-(-)-1,2-diaminocyclohexane were placed in a 
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vial with ca. 1 mL of DMSO and warmed. The diamine solution was added to the CrCl3 solution 

and the temperature was raised to 150°C for 1 hour, then allowed to cool to room temperature. A 

small amount of a dark yellow powder was visible. 2 mL of ethanol and 1 mL of ethyl ether were 

added to encourage precipitation. The solid was filtered, washed three times with 5 mL of ethanol, 

then once with 5 mL of ethyl ether, yielding a shiny, yellow-orange microcrystalline powder. This 

solid was further purified by recrystallization from aqueous ethanol and dried under vacuum. The 

final yield was 812 mg (60%) of 5-RR. Crystals suitable for single crystal x-ray diffraction were 

grown through the slow evaporation of a saturated aqueous solution of 5-RR. IR (cm-1, diamond 

ATR): 3141, 3038, 2932, 2857, 1576, 1450, 1402, 1366, 1345, 1304, 1240, 1211, 1146, 1050, 

1020, 949, 919, 862, 754. UV-vis (H2O) match reported data31; λmax (εM, M−1cm−1): 352 nm (74.5); 

460 nm (93.0). Elemental analysis for C18H42Cl3CrN6•0.75H2O•0.25C2H6O calculated (found): 

%C: 42.25 (42.26), %H: 8.62 (8.38), %N: 15.98 (15.98). 

 

2.3.3. X-ray Data Collection, Structure Solution and Refinement for 1, 4, 5-SS, and 5-RR. 

 The diffraction data were collected at the X-Ray Diffraction facility of the Analytical 

Resources Core at Colorado State University. Data for 1, 4, 5-SS, and 5-RR were collected on a 

Bruker D8 Quest ECO single-crystal X-ray diffractometer equipped with Mo Kα (λ = 0.71073 Å). 

Data were collected and integrated using Bruker Apex 3 software. Absorption correction were 

applied using SADABS. Space group assignments were determined by examination of systematic 

absences, E-statistics, and successive refinement of the structures. Crystal structures were solved 

using SHELXT and refined with the aid of successive difference Fourier maps by SHELXL 

operated in conjunction with OLEX2 software.33–35 None of the crystals demonstrated decay by 

X-ray radiation over the course of the experiment. Hydrogen atoms were placed in ideal positions 
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and refined using a riding model for all structures. In 1, carbon atoms in their respective phenyl 

groups were restrained to be coplanar and C−C bond lengths were restrained to be within a standard 

error of 0.01 Å. In one of the methanol solvent molecules, disordered molecules freely modeling 

two positions yielded occupancies of 0.60(6) and 0.30(6). In one of the methanol solvent 

molecules, a disordered carbon freely modeling two positions yielded an occupancy of 0.62(4) and 

0.38(4). In two methanol solvent molecules, disordered molecules were modeled with fixed 

occupancies of 0.50 and 0.50. In 4, four 1,3-diaminopropane ligands were freely modeled over 

two positions yielding occupancies of 0.54(7) and 0.46(7), 0.51(6) and 0.49(6), 0.57(2) and 

0.43(2), 0.66(4) and 0.34(4). In one ethanol solvent molecule, the disorder over two positions 

yielded occupancies 0.51(3) and 0.49(3). In two water solvent molecules, disordered molecules 

were modeled with fixed occupancies of 0.50 and 0.50. And finally, in one chloride counterion, 

disorder modeled over two positions yielded occupancies of 0.580(11) and 0.420(11). In 5-RR, 

two disordered water molecules free modeling two positions yielded occupancies of 0.687(20) and 

0.313(9) for each. A disordered chloride counterion freely modeling two positions yielded 

occupancies of 0.684(9) and 0.316(9). Crystallographic information files for 1, 4, 5-SS, and 5-RR 

are available in the CSD at accession numbers 2041467-2041470. 

 

2.3.4. Electron Paramagnetic Resonance Measurements 

 EPR spectra collected herein were simulated using Easyspin36 with the function pepper 

(frozen solution and solid) and were refined using the function “esfit” or simulations of the 

experimental data. All samples were prepared at atmospheric conditions as 30 mM aqueous 

solutions in ethylene glycol (1:1 v/v) the same day that the measurements took place. X-band CW 

EPR data were collected for all compounds on a Bruker ESR-300 spectrometer and was carried 
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out at 80 K using a liquid nitrogen cooled cryostat or at 77 K in a liquid nitrogen filled quartz 

finger dewar. 

Perpendicular-mode L-band EPR spectra were performed on two different instruments. L-

band CW EPR was performed on compounds 1, 2, 3, 4, and 5 on a low-frequency spectrometer 

station assembled at the National Biomedical EPR Center at the Medical College of Wisconsin 

(Milwaukee, WI, USA). The station incorporates an in-house-built L-band (1–2 GHz) bridge, 

Varian V-7200 Electromagnet, Varian V-7700 Magnet Power Supply, and Bruker BH-15 

Magnetic Field Controller. The 100 KHz field modulation and signal phase-sensitive detection 

were provided by a Varian E-109 System EPR console. EPR signals from the phase-sensitive 

detector were recorded on a PC with Windows 7 running a custom LabVIEW program. The 

program also controlled the BH-15 Field Controller and performed multiple-scan signal averaging, 

when needed. The L-band bridge in the spectrometer utilizes a low-phase-noise, mechanically and 

electronically tunable fundamental transistor oscillator capable of 50 mW power output to the 

sample resonator port at 0 dB main power attenuator setting. A cylindrical loop-gap resonator was 

used to collect sample measurements. The oscillator microwave frequency was locked to the 

sample resonator frequency by a 70 KHz automatic frequency control system in the bridge, 

operating through the electronic tuning port of the oscillator. A low-noise amplifier in the 

microwave signal receiver prior to signal mixing improved the overall bridge sensitivity. The 

measurements were taken at 112 K, which was the lowest temperature achieved by the cooling 

system consisting of a stream of nitrogen gas that was passed through a coil submerged in liquid 

nitrogen. Samples were placed in the center of the cavity.  

Perpendicular mode L-band CW EPR analyses were also performed on 5-SS on a locally-

constructed 1-2 GHz spectrometer described in Quine et al., 1996.37 Major changes include 
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collecting the signal in a Bruker Specjet digitizer, controlling the magnetic field with a BH15 field 

controller, and replacing a Varian power supply with a Bruker EMX080 power supply. The 

resonator was a Bruker ER4118L-MS5 splitring module mounted on an ER4118SPT Flexline 

probe head support. 4 or 5 mm diameter sample tubes can be used. The Flexline mounted resonator 

was in a Bruker/Oxford CF935 continuous flow cryostat, through which liquid nitrogen was passed 

to achieve the 112 K operating temperature. When sample size is kept constant and the frequency 

is lowered from X-band to L-band, sensitivity decreases by about a factor of 50 if the sample size 

and resonator size are kept constant.38 Consequently, signal-to-noise at 1 GHz using standard 4 

mm o.d. quartz sample tubes is very low relative to normal X-band CW EPR experience. The 

signal-to-noise specification for this resonator, if used with a Bruker bridge, was 300:1 for Bruker 

strong (not weak) pitch, using 6 G modulation amplitude. 

 

2.3.5 Computational Details 

 The structures of complexes 1, 2, 4, 5, each micro-solvated by 20 water molecules were 

determined using NWPEsSe,39 a global optimization method based on the artificial bee colony 

algorithm.40,41 For each system, the search included 500 structures with the xTB method, and the 

lowest 10 structures were further optimized at the TPSSh+D3/def2-TZVP level of theory. The 

most stable one was taken as the minimum. These most-stable clusters are shown in Figure A1.11. 

Using the most stable structures determined from the global optimization above, four 

simulation boxes were set up with the following contents. For 1, the box contained [Cr(RR-

dphen)3]3+, 3  Cl– anions, and 300 H2O molecules. For 2, the box contained [Cr(en)3]3+, 3  Cl– 

anions, and 150 H2O molecules. For 4, the box contained [Cr(tn)3]3+, 3  Cl– anions, and 180 H2O 

molecules. For 5, the box contained [Cr(trans-chxn)3]3+, 3  Cl– anions, and 180 H2O molecules.  
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The boxes were first equilibrated under P = 1 atm and T = 300 K. The OPLS force fields42 were 

used as implemented in the GROMACS program.43 Following the NPT simulation, the cell 

parameter were fixed at 21.8 Å, (complex 1), 17.1 Å (complex 2), 18.1 Å, (complex 4), and 19.2 

Å, (complex 5) and the four systems were equilibrated and allowed to run for about 10 ns in the 

NVT ensemble. These trajectories were used for the analysis of the results. 

 

2.4. Results and Discussion 

 Compounds 1-5 were synthesized in a similar manner following a previously reported 

synthetic pathway of refluxing CrCl3•6H2O in DMSO, followed by the addition of 3.1 equivalents 

of the diamine.31 In the case of 5, we prepared two additional isomers of the [Cr(chxn)3]3+ complex, 

using enantiopure ligand starting materials, 5-SS and 5-RR. The resulting powders for all syntheses 

were yellow-orange in color and the UV-visible absorbance spectra matched previous reports.31,32  

 Surprisingly, the crystal structures of 1, 4, 5-SS, and 5-RR were unreported at the time of 

this study, despite the long history of diamine complexes of Cr(III).31,44–48 We found that single 

 

Figure 2.4. Molecular structures of [Cr(dphen)3]3+, [Cr(tn)3]3+, and [Cr(SS-chxn)3]3+
, as 

determined in the crystal structures of 1, 4, and 5-SS, respectively. Note that complex 5-SS 
contains the enantiopure (1S,2S)-(+)-1,2-diaminocyclohexane) ligand. Pink, blue, and grey 
spheres represent Cr-, N-, and C-atoms, respectively. H-atoms and Cl− counterions are omitted 
for clarity. Selected mean interatomic distances and angles can be found in Table 2.1.        
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crystals can be grown via the slow evaporation of a concentrated MeOH solution (1) or layering a 

concentrated aqueous solution with EtOH (4, 5-SS, and 5-RR) (Figure 2.4, Tables A1.1-A1.4).  

Compounds 2 and 5 were identified some time ago.49,50 Despite numerous attempts, 

however, we were unable to grow single crystals of 3 suitable for X-ray diffraction. A summary 

of structural parameters for 1, 2, 4, and 5 are presented in Table 1. Compound 1 displayed Cr–N 

bond lengths between 2.057(7) and 2.090(7) Å with bite angles between 80.6(3)° and 82.4(3)°. 

The M–N lengths found were longer than the 1.968 Å bond lengths seen in the analogous Co(III) 

complexes.51  

Complex [Cr(tn)3]3+ has been structurally characterized with [Ni(CN)5]3– and P3O9
3– 

counterions,52–54 but not as the trichloride salt, which we present here. For 4, we found Cr–N bond 

lengths ranging between 1.930(17) and 2.35(3) Å with bite angles between 90.3(9)° and 92.2(3)° 

(average values are given in Table 2.1). The M–N bond lengths are slightly longer for 4 than 1-3 

and 5, and N–Cr–N bond angles closer to 90˚ that 1-3 and 5. Thus, the coordination geometry of 

4 more closely resembles an octahedron than the other complexes in this study. These general 

observations match prior structures52–54 and trends in analogous cobalt(III) complexes.55–57  

Finally, there does not appear to be substantial difference in bond distances and metrics for 

the Cr(III) ion in 5-SS and 5-RR. These complexes were found to have Cr–N bond lengths between 

2.077(5) and 2.085(5) Å for 5-SS, and between 2.067(5) and 2.084(5) Å for 5-RR. Bite angles 

Table 2.1. Mean structural bond distances (Å), angles (°), and shape-measure analyses from 
single-crystal diffraction experiments. aFrom ref 49. bValues computed from averaging 5 (from 
ref 50), 5-SS, and 5-RR. cUsing N atoms on the same ligand. dAdjacent N atoms of different 
ligands. eBetween N atoms that are trans to one another in the coordination shell. fShape 
measure for octahedral geometry: S(Oh) = 0 indicates perfect octahedral CrN6 structure. 

 1 2a 4 5b 
Cr−N 2.075(9) 2.078(17) 2.107(91) 2.0079(5) 
N−Cr−NBitec 81.58(59) 82.66(48) 91.35(72) 82.29(28) 
N−Cr−NAdjd 93.0(2.2) 92.58(99) 89.9(4.4) 92.8(1.6) 
N−Cr−NOppe 171(1.4) 173.1(9) 173(2.0) 172(1.1) 
S(Oh)f 0.731 0.616 0.064 0.602 
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were between 81.7(2)° and 82.4(2)° for 5-SS and,  82.10(18)° and 82.77(19)° for 5-RR. The bond 

distances and angles for these two complexes fall closely in line with those of complex 5.50 

Continuous-Shape-Measurements (CSM) analysis using the SHAPE 2.0 software was 

performed on all complexes to quantitatively assess any geometric distortions from an idealized 

geometry.58,59 We assessed each complex’s geometry relative to those of an idealized octahedron 

and trigonal prism. A shape measure value, S(Oh), of 0 corresponds to a perfect alignment with an 

octahedral geometry, whereas an S(Oh), of 16.73 corresponds to a perfect trigonal prismatic 

geometry. These SHAPE measures for 1, 2, 4, and 5 are in a tight range between 0.064 and 0.731 

for an octahedral geometry (Oh) and above 12.00 for the trigonal prismatic geometry (D3h) (Tables 

2.1, A1.5). These results indicate that the ligands enforce a nearly octahedral environment around 

the Cr(III) center. Again, no substantial difference was observed between 5-SS and 5-RR. 

 Continuous-wave (CW) EPR analyses of complexes 1-5 were carried out with L-band (1.3 

GHz) and X-band (9.5 GHz) frequencies to directly elucidate spectral linewidths (Figs. 4, S1). The 

L-band CW-EPR spectra display two notable spectral features for each complex, appearing 

remarkably similar to X-band spectra for large-zero-field splitting Co(II) complexes.60 For 1, a 

large gx,y feature is observed at 25 mT and a small, but relatively sharp gz feature at 50 mT. The 

basis of these peak assignments is discussed below. From complex 1 to 5, these features become 

broader, with the spectrum of 5 much less well-resolved than for 1. This qualitative trend is 

mirrored in the data collected at X-band frequency, where the spectra of complexes 1 to 5 were 

dominated by a sharp feature at 340 mT. While each possessed a large broad feature at 150 mT, 

this feature decreased in intensity, from very prominent in 1 to nearly unnoticeable in 5. 

EasySpin36 was used to simulate the L-band EPR spectra, which enabled the determination 

of the spin Hamiltonian parameters as well as quantify the spectral broadening in 1-5. Spectral fits 
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were achieved by simulations using the Spin Hamiltonian: 𝑯̂ = 𝑔𝜇𝐵𝑩𝑺̂ + 𝑺̂𝑫𝑺̂. Here, 𝑔 is an axial 

g-factor (gx = gy ≠ gz), 𝜇𝐵 is the Bohr magneton, 𝑩 is the external applied magnetic field, 𝑺̂ is the 

electronic spin, and 𝑫 is the axial zero field splitting term. Since Cr has only a 9.5% natural 

abundance in the I = 1/2 53Cr isotope,61 hyperfine interactions (usually denoted with A) between 

the S = 3/2 spin and the nuclear spin were neglected. To account for the observed spectral 

broadening, we employed a model that explicitly averaged simulated spectra over a distribution of 

gz and gx,y values. This model is relatively uncommon compared to typically applied isotropic 

broadening models or strains.36,62  

As depicted in Figures 2.5 and A1.13, the broadening model and spin Hamiltonian 

permitted high-quality simulations of the L-band spectra for 1-5. The determined g values for 1-5 

 
Figure 2.5. L-band (1.359 GHz) continuous wave EPR spectra for 1-5 in frozen glass solutions. 
Compounds were dissolved at 30 mM concentration in an ethylene glycol/water (1:1 v/v) 
solvent system and data collected at 112 K. Modulation amplitude was 0.8 mT, modulation 
frequency was 100 kHz, non-saturating power was used, and gain was 4 × 103 dB. Dotted lines 
are simulations that treat broadening with a distribution of g values, see main text for details. 
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are generally axial with gx,y > gz. The gx,y for 3 is the smallest of the series (1.985) and greatest for 

4 and 5 (2.300). Across 1-5, gz varies significantly less, from 1.955 for 1 to 2.000 for 5. The 

determined D values were all positive and ca. 3 GHz (roughly 0.1 cm–1) for all complexes: 3.2(7), 

3.0(3), 2.8(3), 2.9(7), and 2.9(4) GHz, for 1-5, respectively (0.11(2), 0.10(1), 0.09(1), 0.09(2), and 

0.09(1) cm-1 for 1-5 respectively). Here, errors are estimated by eye from inspection of simulation 

quality upon variation of D, since Easyspin does not determine uncertainties. Importantly, these g 

and D values are similar in magnitude and sign to prior analyses of Cr3+ diamine complexes.63–65 

Note that simulation quality was not improved by the inclusion of E though this parameter (while 

small relative to D) is expected to be present.66–70 A full list of the parameters determined by the 

best simulations of each spectrum are tabulated in Table A1.11. 

The spin Hamiltonian parameters from the simulations give insight into the nature of the 

observed transitions in the L-band spectrum (Fig. 5). The low-field transition involves levels of 

mixed identity that are mostly MS = ±1/2 character, but with a significant (ca. 8 %) MS = ±3/2 

component, and stems from Cr3+ molecules aligned perpendicular to the applied magnetic field, 

B0. The high-field transition (near 50 mT), in contrast, stems from molecules aligned parallel to 

B0, and is a transition between unmixed MS = ±1/2 levels. Finally, the spin Hamiltonian values 

predict low-frequency transitions at fields beyond the range of the used instrument. For example, 

for 1, crossing of the MS = –3/2 and MS = –1/2 levels at 237 mT means that EPR transitions below 

1 GHz are possible within the 200 to 273 mT window. 

The broadening model provides a direct way to quantitate the trend in spectral shape shown 

in Figure 2.5. Here, the changing signal shape from two resolved peaks in the first-derivative 

spectrum to the broadened signal can be quantified with the full width at half maximum (FWHM) 

of the distribution of each g value for 1-5. For the L-band spectra, the gz FWHM values are 0.01, 



 
32 

 

0.1, 0.8, 0.38, and 0.4, respectively, for 1-5, generally increasing across the probed molecules (with 

3 as the exception). For gx,y, the FWHM of the parameter is considerably larger than gz for all 

studied complexes. Indeed, the FWHM for gx,y varies, respectively, as 0.6, 0.8, 1.12, 3.80, and 4.0 

for 1-5. From these data, it appears that the broadening of gx,y is the most important feature in 

dictating the spectral shape, as it is this g factor that directly affects the energy of the low-field 

transition in Figure 2.6. Thus, these analyses suggest that the broadening of gx,y (and hence the 

low-field transition) is responsible for the trend in spectral shape.  

 
Figure 2.6. Spectral assignment for L-band EPR spectrum of 2. The top- and bottom-most 
panels are MS-level energies computed for B0 parallel and perpendicular to the molecular C3 
axis, respectively. MS-level energies were calculated with gx,y = 1.985; gz = 1.960; D = +0.1 
cm–1, E = 0 cm–1. Dashed lines correlate peaks to indicated transitions between levels. Energies 
and level compositions were computed with Easyspin. 
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On the basis of a superficial prediction of sharper linewidths from steric bulk on ligands, 1 

and 5 were expected to yield the sharpest peaks. Instead, these ligands produced the sharpest (1) 

and broadest (5) spectra. Hence, we sought a more quantitative estimate of rigidity in the 

coordination shell of the Cr3+ metal ion. Tests of correlation between rigidity and ligand identity 

were pursued in a three-fold manner: by electronic absorption/emission spectroscopies, ligand 

isomer identity, and then, finally, molecular dynamics simulations.  

Steady-state and time-resolved photoemission analyses of 1-5 were carried out as the first 

measure of quantifying rigidity in the ligand shell. Indeed, intense, long-lived emission is a sign 

of a rigid environment.23,24,71 Complexes 1-5 are all emissive. Analyses of 30 mM aqueous solution 

of 1-5 with 460 nm excitation revealed a prominent emission generally near 675 nm (Figure A1.8). 

The shape and intensity of this emission peak varied, with 1, 2, and 5 having a relatively intense 

single peak, while 3 and 4 exhibited smaller peaks. The luminescence decays of these peaks were 

collected (Figures A1.10-A1.11) to provide the time constants of the decays (Table A1.10), which 

can serve as a quantitative measure for molecular rigidity.23–26 The time-resolved emission data 

for 1-5 were best fit using either a bi- (2-5) or tri-exponential (1) decay model. Complexes 2-5 

exhibit two starkly different relaxation emission decay times (τ): the first (τ1) was on the order of 

1 ns, and the second (τ2) was on the order of 2 µs. Studies on similarly structured Cr(III) hexamine 

complexes indicate that the faster τ1 corresponds to fluorescence, while τ2 corresponds to a longer-

lived phosphorescence.72 For complex 1, the tri-exponential decay yielded three lifetimes, τ1 = 

0.45(3), τ2 = 38(5), and τ3 = 1884(66) ns. Note that the free ligand (1R,2R)-(+)-1,2-

diphenylethylenediamine in aqueous solution has an emission lifetime on the same order as τ1 for 

1 (Figure A1.12).73 Hence we can conclude that the τ2 from complex 1 is likely ligand-related, 

and τ3 is metal-ion phosphorescence.  
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More importantly, our analysis suggests that emission as an indicator of rigidity appears to 

fail in describing the EPR broadening. Indeed, by the metric of the emission lifetimes, 2 is the 

most rigid complex with τ1 = 1.40(5) ns, followed by 3 (τ1 = 0.99(5) ns), 5 (τ1 = 0.97(6) ns), 4 (τ1 

= 0.48(6) ns), and 1 (τ1 = 0.45(3) ns). This ordering of rigidity does not correlate with the observed 

trend of 1 < 2 < 3 < 4 < 5 in the FWHM of gxy. Emission lifetimes and rigidity can frequently be 

correlated directly with specific structural features like C–H v. C–D functionalization.74 Thus, this 

work suggests that, at least for 1-5, and possibly for other open-shell complexes, the specific 

“rigid” structural features that impact photophysics and EPR linewidth are not entirely coincident.  

Our second and third tests of rigidity probed direct structural factors. First, note that tris-

bidentate metal complexes exhibit stereochemistry that is influenced by the identity of the ligand 

backbone. Indeed, several previous studies of analogous tris-diamine metal complexes 

demonstrate that there are myriad isomers possible.75,76 To test if the number of isomers influences 

EPR spectral linewidth, as these may each impose different g or D values (and thus broaden the 

signals), we synthesized and analysed 5-SS, a chemically identical complex to 5, but using the 

enantiopure (1S,2S)-(+)-1,2-diaminocyclohexane, instead of racemic trans-(±)-1,2-

diaminocyclohexane. The use of this ligand reduced the number of possible isomers from eight to 

two. We hypothesized that we would observe a sharper spectrum for complex 5-SS compared to 

5, if the number of isomers dictates spectral broadness in this system. 

Continuous-wave L-band EPR spectra were collected for 5-SS in identical sample 

conditions to 5 and was subsequently modelled with EasySpin36 to extract the spin Hamiltonian 

parameters (Figure A1.13, Table A1.11). There is a field offset because of differing experiment 

frequencies (1.360 GHz for 5 and 1.095 GHz for 5-SS). However, adequate simulations of both 

spectra could be achieved using the same simulation parameters. Furthermore, the FWHM of the 
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gxy term was the same (4.0) in the analysis. This result indicates that EPR line broadening is likely 

not influenced by the number of isomers of a given species, and thus the differences in the possible 

number of isomers between 1-5 likely is not responsible for the observed trend in linewidth.  

Systems 1, 2, 4, and 5, for which crystal structures are available in this work or others,49,50 

were further investigated by means of quantum chemical (QC) calculations and ab initio molecular 

dynamics (AIMD) simulations in explicit water. The purpose of these simulations is to test for 

correlations between mean atomic displacements in the first coordination shell (as a function of 

ligand) and the EPR spectral shape. The structures of 1, 2, 4, and 5 micro-solvated by 20 water 

molecules were first optimized at the TPSSh+D3BJ/def2-TZVP level of theory using NWPEsSE 

(Figure A1.14).39 The optimized structures were then used as initial structures in the following 

AIMD simulations in water boxes (Figure A1.15). Relevant structural parameters are listed in 

Table 2.2. 

 Molecular dynamics (MD) simulations are commonly used for simulating EPR spectra in 

spin-labelled proteins,77–79 or evaluating distances between metal complexes (either as spin labels80 

or aggregates81). Here we present, to the best of our knowledge, the first effort to use MD 

simulations to understand EPR spectral linewidth of S > 1/2 metal complexes. Note that the 

Table 2.2. Mean structural bond distances (Å) and angles (°) from Quantum chemical (QC) 

calculations and Ab initio molecular dynamics (AIMD) simulations. 
 1 2 4 5 

Cr−N (QC) 2.102 2.125 2.134 2.116 
Cr−N (AIMD) 2.213 2.197 2.214 2.200 
FWHM 0.120 0.229 0.128 0.123 

N−Cr−NBite (QC) 80.7 80.9 89.5 80.9 
N−Cr−NBite (AIMD) 79.8 81.0 89.4 80.9 

N−Cr−NAdj (QC) 93.1 94.0 90.1 93.8 
N−Cr−NAdj (AIMD) 93.2 92.6 89.5 92.6 

N−Cr−NOpp (QC) 171.3 170.9 178.6 170.6 
N−Cr−NOpp (AIMD) 166.2 169.2 173.8 168.9 
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following structural analyses from AIMD simulations are obtained from solution-phase 

environments. These conditions are different than the frozen-glass solutions that produced the 

spectra in Figure 2.5. In the following analysis and discussion, we consider the spectra of the 

frozen glasses to provide a “snap-shot” of the distribution of possible geometries of the Cr3+ 

complexes in solution when frozen. 

AIMD simulations were conducted using the CP2K package.82 The potential energy 

surface was calculated at the PBE-D3 density functional83 level of theory with Grimmes' correction 

for dispersion.84 We adopted the Gaussian-Plane wave hybrid basis set scheme,85 in which the 

Gaussian basis sets of the DVZP quality, in conjunction with a plane wave energy cut-off of 450 

Ry, were used. MD simulations were performed within the NVT ensemble, with the temperature 

kept at 300 K with a velocity-rescaling thermostat.86 For each simulation of a complex, the Cr(III) 

complex, three Cl– counterions, and a box of water solvent molecules were initially equilibrated 

for at least 8 ps, followed with 10 ps production runs that were finally used for the computation of 

properties. Additional details for the simulations can be found in Section 2.3.5. 

 The structural parameters deduced from the AIMD simulations exhibit distributions in 

structural metrics but are otherwise similar to the crystalline structures. For example, all complexes 

are six-coordinate throughout the 10 ps time window, and distributions in observed Cr–N bond 

distances are all centered around 2.2 Å, which is close to the crystal structures. We note, however, 

that the full widths at half maxima of the Cr–N distributions change with the ligand: 0.120 Å for 

1, 0.118 Å for 2, 0.128 Å for 4, and 0.123 Å for 5. The simulations also reveal that all complexes 

exhibit distributions in N–Cr–N angles, also close to the crystal structures.49,50 For example, for 1, 

2, and 5, three peaks are exhibited in the distributions at ca. 79° (bite angle), 94° (adjacent N atoms 

on different ligands), and 170° (approximately trans N atoms). Complex 4, in contrast, exhibits 
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only two peaks, one near 90° and one closer to 175°. Here, the sharpest two angles are relatively 

close in value, potentially encouraged by ligand strain, and consistent with solution-phase 

extended x-ray absorption fine-structure analyses of [Co(tn)3]3+.87 The distributions of discussed 

parameters are depicted in Figure 2.7. We note that perfect agreement should not be expected for 

any structural parameter here since the crystalline environment is more rigid than the fluxional one 

in solution captured by molecular dynamics simulations.  

 The simulations also provided insights into the solvation structure of the complexes, by 

revealing the radial distribution function, g(r), that provides a measure of the average M•••Owater 

       

 
Figure 2.7. (a) Simulated distribution of Cr−N bond lengths for complexes 1, 2, 4, and 5. (b) 
Simulated distribution of N−Cr−N bond angles for complexes 1, 2, 4, and 5. (c) Simulated 
distribution of distances between Cr(III) metal centres and the oxygen atoms of surrounding 
water molecules for complexes 1, 2, 4, and 5. 

a. b. 

c. 
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distance and its fluctuation over the simulation period. For 1, 2, 4, and 5, the computed g(r) places 

the first solvent shell near 4.2 Å for all complexes: 4.17 Å for 1, 4.23 Å for 2, 4.34 Å for 4, and 

4.23 Å for 5. Beyond 5 Å, a rise in g(r) is observed for all complexes, indicating the start of the 

second solvent shell in the 5.5-5.75 Å range.  

The distributions of bond angles, bond distances, and solvent shell values were compared 

with the observed spectroscopic trends. We reasoned that the relative rigidity in the coordination 

shell correlates with the relatively tighter distributions of observed bond distances and angles from 

the 10 ps trajectory in solution for 1, 2, 4, and 5. The one parameter that approximately correlates 

to the observed spectral trend is the distribution in Cr–N bond distances. Complexes 1 and 2 have 

relatively sharper EPR spectra, smaller gx,y FWHM values, and slightly sharper distributions in the 

simulated Cr–N distances. Complexes 4 and 5, in contrast, have slightly larger Cr–N distributions, 

which would broaden spectra by producing variation in electronic structure.88,89 We tentatively 

speculate that 4 and 5 produce both broader distributions and spectra owing to more efficient 

structural trans-effect interactions between the N donor atoms. This effect results in larger M–L 

bond distances for donor atoms that are directly trans to another atom, which been observed with 

larger mean atomic displacements in crystal structures of other metal complexes.90,91 Indeed, 4 and 

5 are closest to Oh geometry (from the SHAPE measure analysis). Thus, the N–Cr–N the bond 

angles between trans N-donors in 4 and 5 are overall closer to 180°, enabling a stronger structural 

trans effect. If true, this idea suggests that geometries where the trans-effect is less operative (e.g. 

Td or perhaps trigonal-prismatic coordination) are particularly promising for future molecules with 

sharper linewidths. Finally, we note that the observed difference between the distributions of 1, 2, 

4, and 5 is small, suggesting an extremely high sensitivity of spectral shape to ligand field.  
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Our calculations suggest variability in Cr–N bond lengths of over 0.2 Å (~10% based on 

total width of the distributions), which we infer leads to a large variation of g-values. We also 

suggest that the relative changes in the FWHM of these distributions, while small (e.g. 0.003 Å 

between 1 and 5), are appreciably affecting relative linewidth. For this last point, literature 

evidence supports that relatively tiny changes can induce large changes to EPR spectra. For 

example, variable-pressure studies of Cr-doped solids (Al2O3:Cr and Al2(SO4)3:Cr) show pressure 

dependence of zero-field splitting92,93 and g-values93, in some cases showing ca. 0.005 changes in 

g with 0.02 Å changes in Cr–O bond distances.93,94 In a 1 GHz EPR spectrum at g = 2.00, a 

variation in g of ±0.15 would induce a 60 G span for the EPR peak, well within the width of the 

full spectra shown in Figure 2.5. Thus, these data suggest that the ligand-based distributions in 

observed Cr–N bond distances are affecting spectral shape, though quantitative correlation will 

likely need deeper studies of solution structure (e.g. by extended X-ray absorption fine structure 

spectroscopy), which are underway. 

 

2.5. Conclusion 

 The foregoing study is the first analysis of low-frequency EPR linewidth as a function of 

ligand identity in S > 1/2 metal complexes. Most importantly, our studies of tris-diamine Cr3+ 

complexes reveal three novel insights:  

(1) Relatively minor changes in ligand identity can impact the L-band EPR spectral shape, 

which has important implications for, e.g., using tuneable ligand fields to image local chemistry 

via magnetic resonance.  
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(2) Our studies show that the same parameters that define “rigidity” in the sense of 

photochemical lifetimes do not correlate to EPR linewidth, suggesting more detailed approaches 

to rigidity design are necessary in this new field. 

(3) Finally, our studies suggest that EPR linewidth in Cr3+ complexes can be correlated to 

variation in Cr–L bond distance variation in frozen solution.  

This final outcome suggests that many tuneable aspects of metal complexes, e.g. donor atom, 

metal-ligand bond strength, and covalency, can all be harnessed to manipulate low-frequency EPR 

linewidth by controlling metal-ligand interactions. We note that the linewidths here (> 10 G) are 

still substantially larger than organic radicals under similar conditions (< 1G).15 Thus, further tests 

of the effects of ligand shells on linewidth are clearly needed for functional metal-ion based EPRI 

molecular probes. 
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CHAPTER 3 – Structure and Dynamics of Ligands in Cr(III) Complexes for the 

Interpretation of EPR and Raman Spectral Lines 

 

3.1. Overview 

 Understanding how to control electron paramagnetic resonance (EPR) linewidth in metal 

complexes is a challenge. In this report we apply a combination of Extended X-ray Absorption 

Fine Structure (EXAFS) and Raman spectroscopies, as well as ab initio molecular dynamics 

(AIMD) and density functional theory (DFT) analyses to four Cr(III)-complexes, 1 

[Cr(en)3]Cl3 (en = ethylenediamine),  2 [Cr(tn)3]Cl3 (tn = 1,3-diaminopropane), 3 [Cr(trans-

chxn)3]Cl3 (trans-chxn = trans-(±)-1,2-diaminocyclohexane), and 4 [Cr(RR-dphen)3]Cl3 (RR-

dphen = (1R,2R)-(+)-1,2-diphenylethylenediamine), with the aim of developing a valid model of 

inhomogeneous broadening for the interpretation of the EPR spectra of these species. We show 

that variations in bond lengths, strengths, vibrational level populations and vibration composition 

do not trend with linewidth. The results therefore provide numerous disproofs of inhomogeneous 

broadening as an important mechanism of spectral broadening and suggest homogenous 

broadening mechanisms related to spin relaxation are instead operative. 

 

3.2. Introduction 

 The solution-phase structure of a metal complex can often differ greatly from the solid-

state or crystal structure.1,2 The disparities between these structures can impact electronic 

structures and all of the properties that stem from it, including reactivity,3 optical spectra,4 and 

magnetic resonance5 or magnetic behaviors.6 Of the latter class, a key magnetic resonance property 

is the line shape of the EPR spectrum.7 The spectral shape directly stems from electronic structure, 
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which, for an S > 1/2 metal ion, dictates magnetic parameters such as the g factor,8 the zero-field 

splitting parameters (D and E)9,10 and the distributions of these values. These parameters are often 

diagnostic for metal ion geometry,11–13 oxidation state,14–16 and identity,17–19 and are thus of interest 

to the bioinorganic community and the study of metalloenzymes in non-crystalline conditions.20 

On the applied front, the spectral shape, specifically resonance location and sharpness, can reveal 

potential utility for applications as spin labels,21 addressable molecular qubits,22 or bioimaging 

techniques such as electron paramagnetic resonance imaging.23 

For the foregoing reasons, simultaneously characterizing metal-complex solution 

structures and tying those structures to EPR linewidths is essential for developing a wide range of 

applications. Yet, this is a stark challenge as identifying solution-phase molecular structures with 

the same accuracy as single-crystal techniques is daunting, therefore multiple different techniques 

spanning solution spectroscopies and computational analyses are typically required. An additional 

complication is that structures in solution are dynamic, exhibiting distributions of structural 

parameters and thus electronic structures. In practice, these distributions inhomogeneously broaden 

the EPR linewidth.23 Understanding how to minimize and control the effects of this broadening 

mechanism by molecular design is an important goal toward sharp transitions and applicability for 

any of the above applications. Indeed, such design principles also assume that inhomogenous 

broadening is the operative mechanism, and tests of the “truthiness” of that assumption are also 

necessary. Thus, the validation of new experimental/computational methods to elucidate the 

specific structural features contributing to this broadening mechanism is vital. 

Quantum mechanical computation (DFT) and ab initio molecular dynamics (AIMD) 

simulations can assist in this effort. The g, D, and E parameters of an S > 1/2 metal ion are directly 

tied to the d-orbital identities and energies of a metal complex,24 and thus DFT can, in principle, 
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capture the molecular flexibilities along the AIMD trajectories that dictate distributions in D or g, 

and thus be used to model EPR spectral broadening. Instances of using DFT and AIMD 

simulations to model the EPR spectra of spin-labelled proteins,25–27 and trinuclear metal 

complexes, where inter-spin interactions impact the spectra, demonstrate the power of modern 

computational methods.28,29 Additionally, calculations of spin-Hamiltonian parameters for S > ½ 

metal ions based on single-crystal structure are also well trodden.30,31 However, to the best of our 

knowledge, there are no tests of whether MD simulations can aid in understanding the spectral 

broadening mechanisms of S > 1/2 metal ions, particularly those that arise from in-solution 

structural dynamics.  

In this report, we use a battery of spectroscopic and computational techniques to aid in the 

connection of the solution-phase structures of a series of Cr(III) complexes with low-frequency 

(L-band, 1.3 GHz) EPR spectral shape. We tested four tris-diamino complexes as shown in Figure 

3.1: [Cr(en)3]Cl3 (1, en = ethylenediamine), [Cr(tn)3]Cl3 (2, tn = 1,3-diaminopropane), and 

[Cr(trans-chxn)3]Cl3 (3, trans-chxn = trans-(±)-1,2-diaminocyclohexane), [Cr(RR-

dphen)3]Cl3 (4, RR-dphen = (1R,2R)-(+)-1,2-diphenylethylenediamine). A prior report described 

the ligand-dependence of the L-band EPR linewidth for these species, which was posited to stem 

from relative distributions of Cr–N bond distances in solution.7 In this manuscript, we further 

investigate correlating the structural distributions in MD simulations to EPR spectra with the 

assistance of frozen-solution EXAFS, Raman and local vibrational spectroscopies aiming for the 

following objectives: 

(1) Determine spin-Hamiltonian parameters to characterize the molecular structure and 

detect bonding interactions relevant to those parameters;  
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(2) Assess the distribution of Cr−N bond lengths in frozen solutions and the solid-state 

spectroscopically and test specifically how that distribution affects spectral shape;  

Elucidate the bonding character related to Cr-ligand modes and characterize the local components 

that contribute to enhanced intensity in the Raman spectra; 

(3) Determine the intrinsic strength of the Cr-N bonds and whether correlation to spectral 

shape follows. 

We found that the aggregate of these analyses yields new insight into the original reported 

analysis, and, in the process, provides a new toolkit for interpreting solution-phase EPR spectra of 

metal complexes. 

 

3.3. Experimental Section 

3.3.1 General Considerations 

 Compounds 1-4 were prepared following literature procedures.7 Ethylene glycol and 

polyethylene glycol were purchased from commercial vendors and used as received. Water was 

purified through a Milli-Q system and sparged for 30 minutes prior to use. 

 
Figure 3.1. Structural depictions of the Cr(III) complexes 1-4 surrounded by water investigated 
by AIMD simulations. The complexes are [Cr(en)3]Cl3 (1, en = ethylenediamine), 
[Cr(tn)3]Cl3 (2, tn = 1,3-diaminopropane), and [Cr(trans-chxn)3]Cl3 (3, trans-chxn = trans-(±)-
1,2-diaminocyclohexane), [Cr(RR-dphen)3]Cl3 (4, RR-dphen = (1R,2R)-(+)-1,2-
diphenylethylenediamine). 

1 2 3 4
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3.3.2. Extended X-ray Absorption Spectroscopy 

 Samples were prepared in the solution phase and solid state. Frozen solutions for analyses 

were prepared at 30 mM in water and ethylene glycol (1:1 v/v), which forms a glass when frozen. 

These solutions were collected at 110 K. These conditions were selected to mirror those used for 

the L-band EPR data collection. Solid-state pellets were prepared by mixing polycrystalline 

samples of the respective Cr(III) complexes (4-6 mg) in polyethylene glycol (PEG, 25-30 mg) and 

finely grinding the mixture until homogeneous. The solid mixtures were then pressed into 7 mm 

diameter pellets and affixed to a 3D-printed sample holder with Kapton tape.  

X-ray absorption fine structure (XAFS) spectroscopy measurements were carried out at 

beamline 9-BM of the Advanced Photon Source. The X-ray beam was focused to a roughly 1 mm 

diameter spot by a Rh-coated toroidal X-ray mirror, and X-ray energy was selected by a Si (111) 

double crystal monochromator. Liquid samples were injected into Teflon cells with Kapton 

windows. The cells were then loaded into a cryocooler and cooled to approximately 110 K during 

data collection. The XAFS spectra were obtained by detecting the Cr-Kα fluorescence with a four-

element silicon drift detector while scanning the energy through the Cr K-edge. Each experiment 

consisted of 8-12 collected scans per sample measurement.  

EXAFS data were acquired from the raw XAS data in which the EXAFS regions were 

analyzed. Scans for each compound were averaged before rebinning the k2-weighted EXAFS data. 

All data reduction and fits were made using the Demeter: XAS Data Processing and Analysis 

software using IFEFFIT. In the completed investigation of dynamic structural change between 

differing ligand compositions, the Fourier transform (FT) data of all solution-phase EXAFS 

spectra were fit against their respective crystal structures as each has been previously 
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reported.7,32,33 Calculated scattering paths from these experimental solid-stated models were then 

used to construct fits elucidating the relative changes in bond lengths and degrees of atomic 

displacements between each solution-phase compound. The calculated scattering paths from the 

crystal-structure models were used to construct a complete fit for all spectra over k-range of 2-12 

Å–1. The magnitudes and real parts of the Fourier transform of k2c(k) along with the resulting fits 

are shown in Figures A2.1-2.6. All R-space fits were taken with k, k2, and k3-weighting from which 

S0
2, E0, ΔR, and σ2 parameters were evaluated from the fitting software Artemis.34 Atomic 

distances R were determined from ΔR of the fit, where ΔR = R – Reff and Reff is the atomic distance 

for a specified set of atoms in the reference model structure and was determined with the ATOMS 

function in Artemis, using the provided crystal structure data. All of the spectral fit parameters are 

summarized in Tables A2.1-2.8. 

 

3.3.3. Computational Methods 

 EXAFS. Molecular trajectories reported in our previous work7 were used to provide 

structures for EXAFS simulations and electronic structure analyses in the present work. 

Simulations were carried out using the FEFF software (v8.5).35 For each compound, 20 evenly 

spaced AIMD frames were taken from a 10 ps trajectory. An ensemble average spectrum was then 

generated from all the frames. 

 EPR. Using density functional theory (DFT), g-tensor, hyperfine couplings, nuclear-

quadrupole couplings, and the zero-field splitting tensors were calculated with the PBE exchange-

correlation functional.36 The all-electron scalar relativistic approach (ZORA)37 and the EPR-III 

basis functions38 were used to model the Cr-metal center, while the rest of the atoms are described 

using def2-TZVPP.39 The spin-Hamiltonian parameters are shown in Tables A2.9-2.12. To 
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generate predicted EPR spectra that model the experimental frozen solution spectra, the spin 

Hamiltonian parameters were computed at using 50 frames extracted from 10 ps AIMD 

simulations.7 A single spectrum is generated using the EasySpin function “Pepper” for each set of 

spin-Hamiltonian parameters. The individual spectra were weighted evenly and summed to 

produce a combined EPR spectra that accounted for the multitude of orientations found in solution. 

 Raman. Raman spectra of 1-4 were collected in H2O samples at ca. 30 mM concentration. 

All samples were prepared in 1 dram (ca. 4 mL) volume vials and measured using a Horiba 

Scientific ONDAX IHR 550 Spectrometer equipped with a 785 nm near-IR laser. The collected 

spectral range was made over 100-1000 cm–1 and background subtracted from each sample’s 

respective blank. Samples were collected for a 270 second acquisition time. A vial containing only 

deionized water was also collected under identical conditions for a blank and background 

subtraction upon data processing. 

Raman calculations corresponding to gas and solvent phases of the Cr-complexes were also 

carried out using the PBE functional.36 The Stuttgart−Dresden effective core potential (SDD)40 

was used for Cr and cc-pVTZ41 for H, C, and N atoms. The PBE functional is reported as an 

effective choice for computing the vibrational modes of 3d transition metal complexes42–44 and 

combined with SDD can achieve high accuracy.45 Implicit solvent Raman spectra were obtained 

using CPCM46 solvation model with a dielectric constant of 78.4 corresponding to water. Selected 

geometry parameters are shown in Table A2.13. The obtained Raman intensities and frequencies 

were plotted using Gaussian functions of constant width (σ = 6.5 and 10.0, respectively for 1-3 

and 4 complexes).  

Raman spectra, with a frequency below 1000 cm–1 were further characterized using local 

vibrational mode theory47 to directly compare the vibrational spectra and determine the intrinsic 
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bond strength. Contrary to normal frequencies, local modes have the advantage of being 

independent of the choice of the coordinates used to describe the molecule in question and are 

independent of the atomic masses. Local modes are susceptible to differences in the electronic 

structure (e.g., caused by changing a ligand), and they capture only electronic effects. Therefore, 

they are an excellent choice to determine the bond strength in the transition metal complexes and 

evaluate the character of the spectra.48–53 The local vibrational mode analysis was done using the 

LModeA software. All DFT calculations were done using ORCA package.54 

 

3.4. Results and Discussion 

 Cr K-edge EXAFS spectroscopy was conducted to investigate the molecular structure of 

complexes 1-4 as frozen solutions and in the solid state. Our primary goal was to assess the 

distribution of Cr−N bond lengths in frozen solution to compare to solid-state structure and 

previously calculated MD simulation data, which initially suggested that the distributions of those 

bond lengths dictate EPR spectral broadening. Individual bond lengths are not determined by 

EXAFS, but the determination of the distributions of bond lengths is possible from the mean square 

of relative displacement parameter (σ2) for the Cr−N scattering pathways. With this analysis, a 

larger σ2 parameter would imply a larger distribution of Cr−N bond lengths. 

 For each complex in frozen solution, the Fourier transforms of the EXAFS spectra yield a 

large primary peak centered just above an apparent distance of 1.6 Å (1.66 Å for 1 and 2, 1.63 Å 

for 3 and 4) with several subsequent smaller peaks out to about 5 Å that vary with each complex 

(Figure 3.2). In the solid-state, a similar result is obtained (Figure A2.3-2.6), though the apparent 

distances are slightly shorter: 1.56, 1.59, 1.66, and 1.62 Å, respectively, for 1-4. These results are 

consistent with the AIMD-EXAFS simulations for 1-4 in H2O (Figure 3.2b), which produced 
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primary peaks centered at ~ 1.68 Å. The largest peak in each spectrum is likely attributable to 

scattering paths between the central Cr(III) ion and N atoms in the first coordination sphere. It is 

important to note that the center of this first peak, while stemming from the Cr–N bonding, should 

not directly match the Cr–N internuclear distance, as the scattering is triggered by electrons which 

also exist between the nuclei on the bond path. The smaller peaks at higher R likely originate from 

scattering paths between other atoms in the molecules, like the C-atoms of the ligand backbones. 

Overall, the collected spectra looked largely similar for 1-4, regardless of the way they were 

collected, in frozen solution or the solid state. 

 The collected data were fit by modeling single-scattering-event pathways and starting with 

the reported crystal structures of 1-4. For 1, 3, and 4, for example, three distinct shells of scattering 

 
Figure 3.2. EXAFS analyses of 3 and 4, which produce the broadest and sharpest EPR spectra, 
respectively. (a) Highlighted intramolecular atomic single scattering distances of 3 and 4 from 
the primary Cr–N6 shell r1, followed by second and third shells of ligand hydrogen and carbon 
atoms, r2 and r3, respectively. (b) Radial structure-function plot shown as Fourier Transform 
EXAFS data (Black) of 3 (left) and 4 (right), fit of experimental results (Red), and computed 
spectra from AIMD (Blue) with k2-weighting over k-range of 2–12 Å−1. Insets: k2-weighted k-
space plots and fits of 3 and 4. 
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atoms were included in the model (Figure 3.2a). The first shell included pathways between the 

Cr(III) center and the first coordination sphere N-atoms. The second shell included pathways 

between the Cr(III) center and the H-atoms connected to the coordinating N-atoms (N−H). Finally, 

the third shell included scattering pathways between the Cr(III) center and the first pair of C-atoms 

on the ligand backbone which are bound directly to the N-atoms. In complex 2, all of the 

aforementioned scattering pathways were included, with one more: a single scattering path 

between the Cr(III) center and the third, central C-atom on that ligand backbone. 

 Fitting parameters appear to vary only slightly between the different phases. Focusing 

specifically on the parameters for the first coordination sphere, R values varied from 2.0796 Å for 

4 to 2.0995 Å for 2 in frozen solution and 2.0704 Å for 2 to 2.0848 Å for 1 in the solid state. The 

R values indicate half of the total scattering path (from Cr to N, back to Cr), which can be thought 

of as analogous to the Cr−N atomic distance. These values can be compared to the 

crystallographically determined Cr−N bond lengths, which show good agreement, differing by less 

than 0.5% in both the solid and frozen solution phases.7 Together, the EXAFS data indicate a high 

similarity between the CrN6 coordination spheres from crystalline to solution phases.  

 The σ2 values from the analysis of the first scattering path serve as the handle for the 

distribution of that scattering path length, and thus Cr−N bond length distributions. As shown in 

Table 3.1, extracted σ2 values from the frozen solution and solid state imply that the greatest 

variation of Cr−N bond lengths occurs in complex 4, followed by 1, 2, and 3 in solution. Whereas 

the greatest variation in Cr−N bond lengths in the solid state are found in complex 1, followed by 

Table 3.1. Relative displacement parameter (σ2) for the Cr−N scattering pathways in Å2. 
σ2 Frozen Solution Solid State 
1 0.00153 ± 0.00125 0.00410 ± 0.00243 
2 0.00133 ± 0.00134 0.00406 ± 0.00242 
3 0.00112 ± 0.00153 0.00183 ± 0.00174 
4 0.00243 ± 0.00137 0.00353 ± 0.00197 
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2, 4, and 3. However, a closer inspection of the differences between each of the σ2 values shows 

that those differences are smaller than the computed errors. For example, for 1 in frozen solution, 

the uncertainty of σ2 is 0.00125 Å2 when the value of σ2 is 0.00153 Å2. The resulting range, by 

extending the uncertainty in either direction around the principal value, includes the σ2 values for 

the rest of the compounds measured. The same outcome is observed for 2-4. 

Based on the findings in our previous study,7 we hypothesized the outcomes of this 

experiment would show that 1 and 4 would have the smallest σ2, coincident with the sharpest EPR 

spectra and that 2 and 3 would have the largest σ2 to match their broader spectra. Instead, the trend 

in σ2 does not follow the observed broadening nor the variance in Cr−N bond lengths as determined 

by AIMD. Furthermore, a critical analysis of the error and parameter magnitudes suggests that the 

differences between the distributions of bond lengths may be below our ability to measure 

accurately. If that latter point is true, it is also possible that the bond distributions are too small to 

contribute significantly to EPR spectral broadening, disproving our prior hypothesis for linewidth 

control. Albeit this conclusion requires a conceptual leap between the determining that the 

differences in σ2 are too small to measure and the reasoning that they may not contribute strongly 

to EPR spectral broadening, the results still indicate the need to test additional hypotheses to rule 

out other potential causes of the trend in linewidth. As such, we sought to investigate the role of 

metal-ligand vibrations to better understand the extent of its influence on EPR spectral broadening. 

 A growing body of work is showing the importance of Raman-active vibrational modes in 

governing spin-based properties, including spin-lattice relaxation for electron spins55 and 

chemical-shift temperature sensitivity in 59Co nuclear spins.56 As such, we analyzed the Raman 

vibrational spectra of 1-4 to test the hypothesis that the EPR spectral shape may trend with specific 

vibrational characteristics. To conduct this analysis, we used a combination of the theoretical 
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Raman spectra calculated in implicit water as a solvent, which was corroborated with 

experimentally obtained Raman spectra collected in aqueous solutions in across a 200-1000 cm−1 

frequency range.  

 As shown in Figure 3.3, the calculated spectra correctly reflect peaks and relative 

intensities of those observed experimentally. Complexes 1-3 possess strong bands in the 400-500 

cm−1 region due to Cr−N stretching modes and in the 800-1000 cm−1 region due to Cr−N−C/H 

bending modes. A similar trend is seen in the gas phase, which is presented in Figure A2.7, and 

the Cr−N stretching is shown by the vibrational density-of-states (VDOS) obtained from the 

AIMD. Figure A2.8 presents that the VDOS associated with stretching modes of Cr−N bonds 

 
Figure 3.3. Experimental (Blue) and computed (DFT, Red) Raman spectra of solvated Cr-
complexes (1-4). Spectra were collected in room temperature aqueous solutions at 30 mM 
concentrations. 
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appear in the same frequency as those observed in Raman spectroscopy. These results are all 

consistent with the quasi-octahedral coordination assigned to the Cr(III) complexes.57 

 The most striking difference between experiment and simulation is observed in complex 4. 

However, a bulkiness of complex 4 can lead to the antisymmetric behavior of the vibrations.58 

Consequently, the enhancement at 450 cm−1 is observed due to Cr−N stretching, while high-

frequency peaks are due to Cr−N−C/H bending and other coupling modes, which is explained in 

the next section.  

 We compared total vibrational partition functions for 1-4 using the computed Raman- and 

IR-active modes to test for correlations to linewidth. The total vibrational partition function (qtotal) 

was calculated as the product of the partition function of each normal-mode given the equation 𝑞 = 1 (1 − 𝑒−𝐸/𝑘𝐵𝑇)⁄ , where E is the normal-mode energy, kB is Boltzmann’s constant, and T is 

the temperature. A higher qtotal value would imply that the included modes are more populated at 

a given temperature, and, potentially, more possibility for structural variation and spectral 

broadening. However, comparison of observed linewidths simply with number of Raman modes 

failed to produce a meaningful correlation.  

 Owing to that lack of correlation, we sought to go a step deeper, acknowledging that a 

given normal mode in 1-4 is not a simple diatomic vibration but a complicated movement of 

multiple atoms in each molecule. We reasoned that we could therefore analyze the data by 

truncating the total vibrations to those that were “more localized” on the metal than those that were 

primarily focused on the ligands, which in this case corresponded to Cr–N stretches and N–Cr–N 

bends. Raman modes containing > 30% Cr−N stretch character were considered (Figures 3.4, 

A2.9-2.12), and the corresponding qtotal values under these conditions yielded 1.16 (1), 1.27 (2), 

1.18 (3), and 1.34 (4). These values do not follow the previously reported trend in broadening, 
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where 1 and 4 have the sharpest spectra. We further explored this point by assessing only modes 

that were primarily (> 30%) N−Cr−N bend in character, which also were generally low in energy. 

These comparisons yielded qtotal values of 1.11 (1), 1.34 (2), 1.07 (3), and 8.48 (4), again standing 

in contrast to the observed trend in the EPR spectra shapes. We therefore conclude that simple 

numbers of low-energy symmetric Raman stretches do not guide EPR signal broadening as they 

do to other dynamic spin phenomena, at least under the conditions we measured.  

 Another possible explanation for the previously observed trend in spectral broadening 

relates to bond strength. In this hypothesis, a stronger Cr–N bond may produce a more rigid 

structure and therefore sharpen linewidth. To test this hypothesis, we applied local vibrational 

mode theory47 to 1-4 to extract metal-ligand bond strengths and provide a comprehensive picture 

of the Raman spectra by decomposition of normal frequencies into local vibrational modes and 

contributions focusing on local parameters such as bonds and angles, as shown in Figure 3.4. 

 
Figure 3.4. Decomposition of each normal vibrational mode of complex 1 into the local mode 
contributions. On the x-axis, the vibrational frequencies are given. The local modes are color-
coded as defined in the legend: blue corresponds to Cr−N stretching contributions, yellow to 
N−Cr−N bending, green to Cr−N−C/H bending. 
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 The bands between 402–486 cm−1 of complex 1 are attributed to all Cr−N stretches, which 

make up over 50% of each vibration and explain the peak broadening in the Raman spectra. The 

highest combination of all Cr−N stretches (75%) is observed at 434 cm−1. The remaining 25% of 

this frequency consists of numerous N−Cr−N, Cr−N−C/H bends, and local vibrations that do not 

include the Cr atom. Frequencies below 234 cm−1 mainly consist of the various local modes 

associated with N−Cr−N stretches (yellow bars in Figure 3.4), while the frequencies above 751 

cm−1 with Cr−N−C/H stretches (green bars). A similar trend is observed in complexes 2-4, for 

which the local mode contributions are shown in Figures A2.10-S12.  

 Since the vibrational spectra are sensitive to the bond forces, the force constant is derived 

through local vibrational modes to determine the strength of the Cr-N bonds. We note that the 

information on the bond strength can be obtained from the relative displacement parameter (σ2) 

shown in the EXAFS discussion above. However, the local stretching force constant, ka, captures 

the pure electronic effects and provides a quantitative measure of the bond strength.59 

 As shown in Table 3.2, the strongest Cr−N bonds are calculated in complexes 3 and 4 with 

average force constants of 1.516 and 1.526 mdyn/Å, respectively. The weakest Cr−N bond is in 

complex 2 where the force constant is 1.373 mdyn/Å.  A similar trend is observed in σ2 measured 

by EXAFS in the solid state. In complexes 1, 3, and 4, the Cr ion forms a five-membered ring with 

each bidentate ligand, which minimizes strain, optimizes overlap, and contributes to the electron 

donation towards the metal center, and strengthens the Cr–N bond. The triethylenediamine ligands 

Table 3.2. Average of the Cr–N bond length, rn, local force constant, ka, and local vibrational 
frequency, a. 

 rn (Å) ka (mdyn/Å) a (cm-1) 
1 2.101 1.424 468 
2 2.121 1.373 460 
3 2.102 1.516 483 
4 2.111 1.526 484 
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in complex 2 form six-membered rings with Cr and increase steric strain to weaken the Cr–N bond, 

in line with expectations.60 Finally, we note that, like the other sections above, a comparison of ka 

with linewidth broadening does not follow a trend, disproving the hypothesis that Cr–N bond 

strength is controlling the EPR linewidths of 1-4 in frozen solution. 

 Finally, we sought to compare the L-band EPR spectra determined from the spin-

Hamiltonian parameters obtained via our computational methods to the experimentally determined 

EPR spectra. Computational tools for predicting EPR spectra were previously reported with 

connection to DFT, Hartree-Fock, and QM/MM methods.61–63 With the aim of achieving a better 

understanding of the solvent dependence and electrostatic effects due to the polarity of the solvent, 

here the EPR spectra are predicted from AIMD, annealed to 110K, and compared to experimental 

values at the same temperature using the EasySpin software package.64 

 Experimental and two simulated EPR spectra of complexes 1-4 are displayed in Figure 

3.5. The MD-simulated spectra were calculated as the average spectrum of the simulations of 50 

different EPR spectra from 50 respective frames along the MD trajectory for that species. These 

simulations capture the changing orientations and geometries of each molecule in solution. The 

simulated EPR spectra were determined by fitting (by eye) the experimental spectra in EasySpin 

by modulating the spin-Hamiltonian parameters until a close match is achieved. Details for the 

latter fitting process are discussed at length in our previous report of these complexes.7 For each 

complex, the MD-simulated EPR spectra produce an intense peak near 20 mT and a small dip that 

occurs between 50 and 70 mT. Hence, these simulated spectra capture the global features found in 

the experimentally obtained spectra, yet the simulations are not as smooth as the experimental 

data. 
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 Table 3.3 shows the EPR parameters for complex 1, and 2-3 are presented in Tables 

A2.10-2.12. The table includes anisotropic g-tensor components, gx, gy, gz, an axial zero-field 

splitting interaction tensor, D, a hyperfine coupling constant, A, and E/D ratio, where E is the 

transverse zero-field splitting. The computed g-tensor components for both gas-phase and AIMD 

are in good agreement with experimental data. One can note that the g-tensor is nearly isotropic, 

suggesting weak polarity of the immediate surroundings, which is expected for a nearly octahedral 

 
Figure 3.5. Experimental (Black), theoretical from the average of 50 snapshots in a 10 ps MD 
simulation (Blue), and simulated in EasySpin from inputted spin Hamiltonian parameters (Red) 
L-band EPR spectra of complexes 1-4. 
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CrN6 coordination sphere. Axial g-values close to 1.99 are in line with octahedrally coordinated 

Cr(III) complexes,65 thus, are satisfactory for obtaining optimal fit of experimental data in all four 

complexes. The AIMD-computed E/D ratios for all complexes are below 0.03, which is generally 

smaller than the value predicted from the crystal structures, where E/D ~ 0.10, resulting from small 

structural distortions from the ideal 3-fold rotational symmetry. The magnitude of E/D can 

sometimes correlate to molecular geometry: low E/D values are found for molecules with high 

axial symmetry and high E/D values for species with low molecular symmetry.24 In this case, the 

predicted low values from AIMD, in conjunction with the results from the frozen-solution data, 

likely predict higher molecular symmetry for 1-4 in solution than in the solid state. 

The foregoing results are illuminating of the viability of using AIMD and spectroscopy to 

understand solution structure and simulate low-frequency EPR spectroscopy. Indeed, to our 

knowledge, no previous attempts have been made to use computationally derived methods to 

predict L-band EPR spectra of metal complexes. Though the matches between the spectra derived 

from the MD simulations and the experimental spectra are not perfect, they are in reasonable 

agreement, capturing the major spectral features, which does suggest that this method can be a 

useful tool for predicting EPR spectra of frozen-solution phase molecules. This tool can be further 

Table 3.3. EPR parameters for complex 1 of the data processing and calculation of the spin 
Hamiltonian parameters. For complexes 2-4, see Tables A2.10-2.12. 

 Gas Phase AIMD 
Crystal 

Structure 
Experiment 

(fitted) 

gx  1.9938 1.9936 1.9944 1.985 
gy 1.9940 1.9937 1.9947 1.985 
gz 1.9942 1.9939 1.9950 1.960 

D (cm−1) –0.22 –0.08 –0.13 0.100  
A (MHz) 27.10 27.45 26.98 0  

E/D (cm−1)  0.05 0.03 0.10 0  
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utilized for its predictive power in aiding the development of metal-based EPR imaging probes for 

future low-frequency/high-field spectroscopic studies. 

Despite our application of multiple spectroscopies and AIMD analyses, the origin of the 

spectral broadening trend in 1-4 is not yet elucidated. However, Platt’s method of strong 

inference66 would argue the importance of these results as vital disproofs toward an understanding 

of the operative mechanism of broadening. First to the best of our evaluations here, variations on 

Cr–N bond distances or angles are likely not driving linewidth. Hence, we disproved one of the 

conclusions in our 2021 report. Second, we disproved that a Raman vibration population-based 

mechanism for broadening in 1-4 is active. Finally, third, we disproved that simple bond strengths 

and trends in spin Hamiltonian parameters are guiding the broadening. Each of these disproofs is 

important because they all reflect an assumption that the broadening is inhomogenous in nature. 

In light of all the disproofs this report provides, the alternative explanation that comes up 

is related to homogeneous broadening. This mechanism is related to spin relaxation, namely, that 

the spin-spin relaxation time (T2) of a spin is inversely proportional to the spectroscopic linewidth. 

In principle, this relaxation time could be slightly tweaked by two molecular features related to 

nuclear spin content.67 First, changes in the solvent shell, governed by the ligand, could affect the 

proximity and number of protons, which in turn would influence T2. Indeed, a preliminary plotting 

of the radial density distribution function of water molecules from the Cr(III) ions taken from the 

AIMD experiment (Figure A2.13) reveals a variable water content at distances out of 6 to 11 Å 

from the Cr(III) ion. Recent work by Stoll and coworkers68,69 highlight protons in this region for 

their potency in causing T2 to be short. Indeed complex 1 is predicted to have the fewest water 

molecules (and therefore protons) past the 6 Å, indicating that the lack of nuclear spin content in 

that region may play a role in the spectral sharpness. Hence, control of this solvent shell might be 
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integral to the linewidths of 1-4. A second nuclear spin effect may be from those on the molecule 

itself, as these can affect T2.70–73 Ultimately, future studies utilizing pulsed EPR at low frequency 

are necessary to directly measure variations in T2 and determine which factors strongly influence 

the relaxation dynamics, and thus homogeneous broadening. However, pulsed low-frequency EPR 

is an unusual capability and target for the magnetic resonance community,74 and relaxation times 

often change with magnetic field/frequency,75,76 so therefore simple extrapolation from common, 

higher-frequency experiments should be treated with caution. Instead, low-frequency 

instrumentation is necessary, and studies in this area will be reported in due course. 

 

3.5. Conclusion 

 Understanding the EPR spectral shape of metal complexes, particularly in frozen solution, 

requires in depth studies of physical and electronic structures outside the comfortable confines of 

the single crystals. In this work, vibrational/X-ray absorption spectroscopies and modern 

DFT/AIMD methods allow for realistic modeling of the spectra and solution structures of Cr(III) 

complexes with tris-diamine ligands. As a result, we find the following as relevant to the frozen-

solution EPR spectroscopic properties of the Cr(III) ions:   

(1) The DFT-produced spin-Hamiltonian parameters, such as g, A, and E/D are in good 

agreement with those observed experimentally.  

(2) The distribution of Cr−N bond lengths in frozen solution and solid state probed by Cr 

K-edge EXAFS spectroscopy and AIMD suggest that simple bond-length distributions do not 

contribute strongly to EPR spectral broadening. 



 
69 

 

(3) Analysis of the low-frequency Raman spectra via local-mode analysis for 1-4 enabled 

assignment of the observed vibrational modes and analysis of the thermal populations of these 

modes suggest that they are not a strong influence in EPR spectral broadening. 

(4) Local force constant analysis revealed a trend in bond strengths for 1-4, with 3 having 

the strongest and 1 the weakest Cr–N bonds. Importantly, the trend in this constant does not appear 

to follow the EPR results.  

The aggregate insight afforded by the four conclusions above appears to be that homogeneous 

broadening could be driving the linewidth. This point then suggests design principles for spectral 

sharpness that do not depend on simple coordination chemistry principles like rigidity, but rather 

nuclear spin content, solvent-shell engineering, and more sophisticated design strategies based on 

magnetic effects. Future work exploring these ideas will be reported in due course.  
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CHAPTER 4 – Ligand Design of Zero-Field Splitting in Trigonal Prismatic Ni(II) Cage 

Complexes 

 

4.1. Overview 

 Complexes of encapsulated metal ions are promising potential metal-based electron 

paramagnetic resonance imaging (EPRI) agents due to zero-field splitting. Herein, we synthesize 

and magnetically characterize a series of five new Ni(II) complexes based on a clathrochelate 

ligand to provide a new design strategy for zero-field splitting in the encaged environment. UV-

Vis and x-ray single-crystal diffraction experiments demonstrate slight physical and electronic 

structure changes as a function of the differing substituents. The consequence of these changes at 

the remote apical and sidearm positions of the encaging ligands is a zero-field splitting parameter 

(D) that varies over a range of 11 cm–1. These results demonstrate a remarkable flexibility of the 

zero-field splitting and electronic structure in nickelous cages, giving a clear toolkit for modifying 

zero-field splitting in highly stable ligand shells. 

 

4.2. Introduction 

 Electron paramagnetic resonance imaging (EPRI), the electron-spin analogue to 

conventional 1H magnetic resonance imaging (MRI), is a potentially breakthrough technology1–3 

that can allow for non-invasive detection of various chemical markers (e.g. pH,4–6 redox stress,7–

10 oxygenation11–13) indicative of biological distress and disease. Practical implementation of this 

technique requires low-frequency (< 1 GHz) microwaves to mitigate heating of water-rich 

biological tissue.1,14 Thus, organic-radical based probes (the most common type)1,11,15 require low 

magnetic fields for low-frequency analysis (Figure 4.1 Top Left). Integration of EPRI with MRI 
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would enable mapping chemical and anatomical information, a transformative diagnostic 

capability. Yet, common MRI scanners operate at 1.5 T and above, where high frequency 

microwaves (ca. 35 GHz) are necessary for the function of organic radical probe systems (Figure 

4.1 Top Left). Thus, new types of probes are needed if EPRI is to merge with high-field MRI. 

 Metal ions in encaging ligands are a promising yet unexplored alternative imaging probe 

platform, which could provide access to novel reactivities (relative to radicals),16–20 high chemical 

stabilities,21 and ultimately new, tunable magnetic properties. Centerpiece among such magnetic 

properties is the feature of zero-field splitting (ZFS, characterized by the zero-field splitting 

parameter D) for high electron spin systems (S > 1/2), which can uniquely produce low-frequency 

EPR resonances at high magnetic fields. Zero-field splitting, which is ubiquitous in S > 1/2  metal 

ions, can therefore potentially surmount a key challenge imposed by using organic radicals for 

 
Figure 4.1. (Top) Depiction of low-frequency EPR transitions in an organic radical (S = 1/2) 
system, compared to that in a metal complex (S = 1) system. (Bottom) Overview of new work 
presented in this study. 
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high-field EPRI (Figure 4.1 Top Right).22–24 Furthermore, this property could be leveraged for 

chemical sensing: changes in ligand field (e.g. from ligand-based protonation reactions or changes 

in metal-ion redox state) can result in modification of ZFS and thus induce changes in EPR signal 

intensity or frequency.  

 If we are to realize a new generation of metal-complex-based EPRI probes, it is therefore 

imperative to understand how to control ZFS in ligands that impose high chemical stability for 

metal complexes. One class of such molecules are clathrochelates, which consist of a metal ion 

encaged with a macrocyclic ligand that imposes high molecular stability.21 We note that there is 

an abundance of strategies for controlling aspects of the electronic structure and magnetic 

properties of coordination complexes.25,26 However, clathrochelate ligand frameworks only 

typically permit functional group changes multiple chemical units away from the central metal, 

where impacts on D may be suppressed. Thus, it is important to understand the basic design 

principles for controlling ZFS in clathrochelates and how to maximize the tunability of this 

parameter.  

Towards that understanding, herein we report a synthetic, spectroscopic, magnetic, and 

computational study of a series of five new Ni(II) complexes that test how specific clathrochelate 

ligand functional groups influence ZFS. We hypothesized that modifying the locations of the 

functional groups and electron donating/withdrawing capabilities of the ligand would modulate 

ZFS, with the remaining question being the whether the magnitude of change would be large or 

small. To test this hypothesis, we prepared and analyzed five novel complexes, NiL1 (1), NiL2 

(2), NiL3 (3), NiL4 (4), and NiL5 (5) (Figure 4.2). The clathrochelate ligands (L1, L2, L3, L4, 

and L5) in this series vary the apical aryl rings and equatorial sidearms to test how the different 

groups affect the ZFS. We find that slight changes in the electronics and structure of the metal 
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complexes from these functional groups enable a high tunability of D, 11 cm–1 over 1-5. These 

results demonstrate a high possible degree of tunability for D in clathrochelate complexes via 

synthetic design.  

 

4.3. Experimental Section 

4.3.1. General Considerations 

 Compounds 1-3 were synthesized using acetonitrile (MeCN) purified through a 

commercial solvent purification system from LC Technologies. Non-purified MeCN in 

atmospheric conditions was found to work as well for the syntheses of 1-3, however, higher yields 

were obtained using MeCN from a solvent purification system under N2. Nitromethane (MeNO2) 

used in the synthesis of 4-5 was degassed via the freeze-pump-thaw method and stored over 3 Å 

molecular sieves for 3 days prior to use. Anhydrous nickelous chloride dimethoxyethane adduct 

(NiCl2•DME) was synthesized following a literature procedure.27 3,4-hexanedione-dioxime,28 

glyoxime,29 and dichloroglyoxime29 were synthesized following their respective literature 

procedures. The aryl boronic acids used throughout were purchased from commercial sources and 

 
Figure 4.2. Molecular structures of 1-5 as determined from single crystal X-ray diffraction. 
Light green, gray, blue, red, pink, neon green, dark yellow, and white spheres correspond to 
Ni, C, N, O, B, F, Cl, and H atoms, respectively. Most hydrogen atoms (except the sidearms 
of 4) and a solvent molecule (in 3) were omitted for clarity.   
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used as received. Prior to the synthesis of 4 and 5, excess moisture was removed from 

phenylboronic acid by heating the powder at 80°C under high vacuum for 12 hours. Elemental 

analyses were performed by Roberson Microlit Laboratories (Ledgewood, New Jersey, USA). 

Infrared spectra were recorded on a Nicolet 6700 FTIR spectrometer using a diamond window 

ATR. Electronic absorption spectra of all complexes were recorded on aqueous with a Hewlett-

Packard 8453 spectrophotometer using standard quartz cuvettes with a 1 cm path length. Mass 

spectral analyses were performed on an Agilent 6224 Accurate Mass TOF LC/MS in positive ion 

mode using direct injection. Peak assignment was on the basis of m/z, interpeak spacing, and 

isotopic distribution. 

 

4.3.2. Preparation of Compounds 

 Synthesis of Ni(L1)•0.5H2O (1). In a 25 mL round-bottom flask, 202 mg (0.85 mmol, 1 

eq.) of NiCl2•6H2O was dissolved in 10 mL of MeCN, followed by 367 mg (2.55 mmol, 3 eq.) of 

3,4-hexanedione-dioxime, producing a maroon solution. This solution was heated at reflux for one 

hour under N2, followed by the addition of 360 mg (1.70 mmol, 2 eq.) of pentafluorophenylboronic 

acid. The subsequent solution was then refluxed for four days, while remaining under N2. After 

this time, a light green precipitant was observable in the reaction flask. The solution was cooled to 

room temperature and filtered open to air. The resulting light green powder was washed with 

MeCN (3 × 5 mL) followed by ethyl ether (3 × 10 mL) and dried overnight in a vacuum oven at 

70°C. The final yield was 310 mg (43%) of 1. Crystals suitable for single crystal x-ray diffraction 

were grown by layering a saturated chloroform solution of 1 with MeCN. IR (cm-1, diamond ATR): 

2984, 2944, 2880, 1645, 1609, 1467, 1293, 1129, 1106, 1058, 1032, 978, 919, 821, 752, 587. UV-

vis (Methylene chloride); λmax (εM, M−1cm−1): 770 nm (41.8). LC-MS (m/z): positive ion mode: 
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{H[Ni(L1)]}+, 841.17. Elemental analysis for C30H40B2F10N6NiO6•0.5H2O calculated (found): 

%C: 42.40 (42.35), %H: 3.68 (3.97), %N: 9.89 (9.68). 

 Synthesis of Ni(L2)•1H2O (2). In a 25 mL round-bottom flask, 178 mg (0.75 mmol, 1 eq.) 

of NiCl2•6H2O was dissolved in 10 mL of MeCN, followed by 324 mg (2.25 mmol, 3 eq.) of 3,4-

hexanedione-dioxime, producing a maroon solution. This solution was heated at reflux for one 

hour under N2, followed by the addition of 273 mg (1.50 mmol, 2 eq.) of 3,5-

dimethoxyphenylboronic acid. The subsequent solution was then refluxed for two days, while 

remaining under N2. After this time, a light green precipitant was observable in the reaction flask. 

The solution was cooled to room temperature and filtered open to air. The resulting light green 

powder was washed with MeCN (3 × 5 mL) followed by ethyl ether (3 × 10 mL) and dried 

overnight in a vacuum oven at 70°C. The final yield was 415 mg (69%) of 2. Crystals suitable for 

single crystal x-ray diffraction were grown by layering a saturated methylene chloride solution of 

2 with MeCN. IR (cm-1, diamond ATR): 2978, 2946, 2932, 2832, 1583, 1456, 1410, 1331, 1284, 

1245, 1198, 1171, 1148, 1106, 1062, 1025, 989, 900, 846, 816, 756, 710, 585. UV-vis (H2O); λmax 

(εM, M−1cm−1): 772 nm (62.3); 464 nm (94.5). LC-MS (m/z): positive ion mode: {H[Ni(L2)]}+, 

781.29. Elemental analysis for C34H48B2N6NiO10•H2O calculated (found): %C: 51.10 (50.87), %H: 

6.31 (6.05), %N: 10.52 (10.98). 

 Synthesis of Ni(L3) (3). In a 25 mL round-bottom flask, 119 mg (0.5 mmol, 1 eq.) of 

NiCl2•6H2O was dissolved in 10 mL of MeCN, followed by 216 mg (1.5 mmol, 3 eq.) of 3,4-

hexanedione-dioxime, producing a maroon solution. This solution was heated at reflux for one 

hour under N2, followed by the addition of 121 mg (1.0 mmol, 2 eq.) of phenylboronic acid. The 

subsequent solution was then refluxed for two days, while remaining under N2. After this time, a 

light green precipitant was observable in the reaction flask. The solution was cooled to room 
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temperature and filtered open to air. The resulting light green powder was washed with MeCN (3 

× 5 mL) followed by ethyl ether (3 × 10 mL) and dried overnight in a vacuum oven at 70°C. The 

final yield was 281 mg (85%) of 3. Crystals suitable for single crystal x-ray diffraction were grown 

by layering a saturated methylene chloride solution of 3 with ethyl ether.  IR (cm-1, diamond ATR): 

2976, 2940, 2876, 1612, 1461, 1433, 1218, 1179, 1105, 1055, 1016, 950, 899, 816, 745, 705, 651, 

577, 492. UV-vis (H2O); λmax (εM, M−1cm−1): 772 nm (55.5); LC-MS (m/z): positive ion mode: 

{H[Ni(L3)]}+, 661.25. Elemental analysis for C30H40B2N6NiO6 calculated (found): %C: 54.51 

(54.19), %H: 6.10 (5.92), %N: 12.71 (12.63). 

 Synthesis of Ni(L4)•2.5H2O (4). In a N2 glove box, 200 mg (0.91 mmol, 1 eq.) of 

NiCl2•DME was dissolved in 10 mL of MeNO2 in a 25 mL Schlenk flask, followed by 241 mg 

(2.73 mmol, 3 eq.) of glyoxime, and 221 mg (1.82 mmol, 2 eq.) of phenylboronic acid. The reaction 

vessel was removed from the glovebox and affixed to a Schlenk line under N2. The solution was 

heated at reflux for four days. The solution was then cooled to room temperature and filtered open 

to air. The resulting light green powder was washed with MeOH (3 × 5 mL) followed by ethyl 

ether (3 × 10 mL) and dried overnight in a vacuum oven at 70°C. The final yield was 319 mg 

(65%) of 4. Crystals suitable for single crystal x-ray diffraction were grown by vapor diffusion of 

ethyl ether into a saturated 1,4-dioxane solution of 4. IR (cm-1, diamond ATR): 3054, 3015, 2963, 

2852, 1596, 1499, 1433, 1281, 1260, 1260, 1217, 1131, 1095, 943, 890, 847, 823, 754, 721, 700, 

585. UV-vis (H2O); λmax (εM, M−1cm−1): 764 nm (29.2); LC-MS (m/z): positive ion mode: 

{H[Ni(L4)]}+, 493.07. Elemental analysis for C18H16B2N6NiO6•2.5H2O calculated (found): %C: 

40.21 (40.42), %H: 3.94 (3.55), %N: 15.63 (15.41). 

 Synthesis of Ni(L5) (5). In a N2 glove box, 110 mg (0.5 mmol, 1 eq.) of NiCl2•DME was 

dissolved in 10 mL of MeNO2 in a 25 mL Schlenk flask, followed by 235 mg (1.5 mmol, 3 eq.) of 
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dichloroglyoxime, and 122 mg (1.0 mmol, 2 eq.) of phenylboronic acid. The reaction vessel was 

removed from the glovebox and affixed to a Schlenk line under N2. The solution was heated at 

reflux for two days. The solution was then cooled to room temperature and filtered open to air. 

The resulting light green powder was washed with MeOH (3 × 5 mL) followed by ethyl ether (3 

× 10 mL) and dried overnight in a vacuum oven at 70°C. The final yield was 326 mg (93%) of 5. 

Crystals suitable for single crystal x-ray diffraction were grown by vapor diffusion of ethyl ether 

into a saturated dichloromethane solution of 5. IR (cm-1, diamond ATR): 3074, 3054, 3014, 1562, 

1433, 1260, 1224, 1148, 1081, 959, 910, 883, 946, 761, 704, 657, 532. UV-vis (H2O); λmax (εM, 

M−1cm−1): 838 nm (44.2). Elemental analysis for C18H10B2N6NiO6 calculated (found): %C: 30.62 

(30.67), %H: 1.44 (1.33), %N: 12.02 (11.79). 

 

4.3.3. X-ray Data Collection, Structure Solution and Refinement for 1-5 

 The diffraction data were collected at the X-Ray Diffraction facility of the Analytical 

Resources Core at Colorado State University. Data for 1-5 were collected on a Bruker D8 Quest 

ECO single-crystal X-ray diffractometer equipped with Mo Kα (λ = 0.71073 A). Data were 

collected and integrated using Bruker Apex 3 software. Absorption correction were applied using 

SADABS. Space group assignments were determined by examination of systematic absences, E7 

statistics, and successive refinement of the structures. Crystal structures were solved using 

SHELXT and refined with the aid of successive difference Fourier maps by SHELXL operated in 

conjunction with OLEX2 software.30–32 None of the crystals demonstrated decay by X-ray 

radiation over the course of the experiment. Hydrogen atoms were placed in ideal positions and 

refined using a riding model for all structures. In 1, two disordered carbon atoms in one of the 

ethyl side-arms were modeled with fixed occupancies of 0.50 and 0.50, and 0.67 and 0.33. 
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Crystallographic information files for 1-5 are available in the CSD at accession numbers 2086087-

2086091. 

 

4.3.4. Magnetic Measurements 

 Magnetic data were collected on a Quantum Design MPMS SQUID magnetometer. 

Microcrystalline samples of 1-5 were pulverized and placed into a gelatin capsule then restrained 

with molten eicosane. Direct current (dc) measurements were obtained with 1000, 5000, 10000, 

and 30000 G applied fields with temperatures ranging from 1.8 to 300 K. All dc measurements 

were corrected for the diamagnetic contribution of the sample holder, as well as the restraining 

material and ligand framework (calculated using Pascal’s constants).33 

 

4.3.5. Computational Details 

 All computations were carried out using Orca 4.11 software package.34 Experimental single 

crystal X-ray diffraction structures were used as the starting geometries for all computations with 

all C–H bonds modified to 1.09 Å. Initial orbital energies were generated via DFT (B3LYP 

functional)35 using the SVP basis set,36 RIJCOSX approximation,37,38 and unrestricted natural 

orbitals (UNOs). With respect to the five 3d-orbitals and eight electrons of nickel(II), complete 

active space self-consistent field (CASSCF)39,40 calculations were performed with the UNOs to 

yield zero-field splitting parameters, including D and giso. The %CASSCF block included triplet 

and singlet multiplets with 10 and 15 excitations, respectively. Additionally, calculations were 

completed including relativistic effects, spin-orbit coupling, and spin-spin coupling, and 

convergence followed using the SOSCF switchstep. Ab initio ligand field theory calculations 
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(AILFT)41,42 were complete starting from successfully converged CASSCF outputs via MOREAD 

function and included NEVPT243–45 treatment. 

 

4.3.6. Electron Paramagnetic Resonance Measurements 

 All samples were prepared at atmospheric conditions as 5 mM solutions in a glassing 

mixture of chloroform and toluene (1:1 v/v) the same day the measurements took place. X-band 

CW EPR data were collected on a Bruker ESR-300 spectrometer equipped with a ColdEdge liquid 

helium cryostat and the Bruker ER 4116DM dual-mode resonator. No signal that could be 

attributed to any of the nickel complexes studied was found under these conditions. 

 

4.4. Results and Discussion 

 The encapsulating boron-capped tris-dioximate ligands in 1-5 were synthesized via a 

template reaction with a Ni(II) source. This ligand design was first realized for Co(II,III)46,47 and 

later expanded to Fe(II),48 Ru(II),49 and Mn(II).50 To the best of our knowledge, this is the first 

synthetic report of Ni(II) in this basic ligand structure, and only one other Ni(II) structure of a 

ligand of this type found in the CSD.51 Complexes 1-3 were synthesized by combining NiCl2•6H2O 

and 3,4-hexanedionedioxime in dry MeCN, resulting in a maroon solution, followed by the 

addition of the respective aryl boronic acid and refluxing for 2-4 days to give the product as a light 

green powder. Complexes 4 and 5 were synthesized similarly with NiCl2•DME (DME = 

dimethoxyethane), glyoxime (for 4) or dichloroglyoxime (for 5), and phenylboronic acid. Dry 

MeNO2 was used as a solvent in these latter two syntheses due to the higher boiling point, which 

offsets the reported lesser reactivity of glyoxime and dichloroglyoxime.52 
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 The selected functional groups vary electron-donating and -withdrawing capabilities. 

Complexes 1-3 vary only the electron-withdrawing nature of the apical phenyl-borate unit and 

retain the same ethyl-sidearms. Complex 1 features perfluorinated phenyl rings and is the most 

electron-withdrawing system, followed by complex 2, which bears axial phenyl groups with two 

methoxy groups in the 3- and 5-positions. Finally, 3 has no additional functional groups on the 

phenyl ring, suggesting that it is the least electron-withdrawing of the three. In complexes 3-5, we 

instead vary the sidearms while keeping the apical phenyl group constant. Complex 3, with ethyl 

groups, represents the most relative electron donating functional group in this series. In contrast, 

complex 4, with hydrogen atoms and complex 5, with chlorine atoms as sidearms, represent more 

electron-withdrawing systems. These qualitative assessments of the electron 

donating/withdrawing capabilities of the functional groups were made by comparing the 

appropriate Hammett constants for each substituent.53 

All crystal structures indicate a nearly trigonal prismatic D3h local symmetry for the NiN6 

coordination shell (Figures 4.2, 4.3a-b, and Tables A3.1-A3.5). Average Ni–N distances are in a 

 
Figure 4.3. (a) Molecular structure of 2 highlighting the uncommon trigonal prismatic inner 
coordination geometry. Ethyl and phenyl groups were omitted for clarity. (b) Molecular 
structures of 2 and 3 viewed down the B–Ni–B axis showing the two extremes of the twist 
angle for 1-5 (denoted as α). Ethyl and phenyl groups were omitted for clarity. (c) 3d-orbital 
splitting diagram for a d8 ion in an ideal trigonal prismatic geometry. 20/3Dq represents the 
energy gap between the top and bottom sets of orbitals.   
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tight range, increasing from 1.996(9) Å (1) to 2.019(12) Å (5) across the series. These are longer 

than those found in the analogous Fe(II)54,55 (near 1.910 Å) and Co(II)47 (near 1.970 Å) complexes. 

The N–Ni–N bite angles range from 76.0(7)° to 78.4(4)°. All compounds are close to ideal trigonal 

prisms with average distortion angles (α, Figure 4.3b) of 9.87(6)° (1), 5.83(8)° (2), 11.85(7)° (3), 

11.63(8)° (4), and 6.60(2)° (5), where an ideal trigonal prism would have α = 0° and an octahedron 

would have α = 60°. Continuous-Shape-Measurement analysis using the SHAPE 2.0 software56,57 

quantitively assessed any geometric distortions from SHAPE score of 0 corresponds to perfect 

alignment with the tested geometry. For the trigonal prismatic D3h geometry, SHAPE scores for 

complexes 1-5 range from 0.26 to 0.78, while scores for octahedral geometries are much higher, 

between 11.55 and 15.58. These results indicate that all five complexes presented closely resemble 

perfect trigonal prisms, a relatively uncommon geometry for first-row metals in six-coordinate 

environments.58 As one final point, the closest intermolecular Ni···Ni distances range from 

5.797(2) Å in 4 to 9.571(2) Å in 1. 

 Electronic absorption spectra were collected to identify changes in the Ni(II) ligand field 

as a function of ligand tuning. A broad, low-intensity peak was observed near 13,000 cm–1 for 1-

4 and near 12,000 cm–1 for 5. A higher intensity shoulder peak was also observed between 22,000 

cm–1 (5) and 22,300 cm–1 (2), (Figure 4.4). Peaks at energies above this latter set have been 

assigned as charge transfer bands in similar, isoelectronic Co(I) complexes.52 Prior reports59–61 of 

similar Ni(II) complexes in this geometry have made tentative assignments of the observed 

transitions, which enable comparisons between Dq values (where 20/3Dq for a trigonal prismatic 

complex is analogous to Δo, or 10Dq, for Oh geometries, (Figure 4.3c) and ligand functional 

groups.60 
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 For 1-5, spectral deconvolution revealed two, low-energy peak in the absorbance spectra 

(Figures A3.1-A3.6). The peaks occurred at 11,400 and 13,100 cm–1 for 1, 11,400 and 13,100 cm–

1 for 2, 11,600 and 13,200 cm–1 for 3, 11,700 and 13,400 cm–1 for 4, and 9900 and 12,400 cm–1 for 

5. Using a Tanabe-Sugano diagram for a d8 trigonal prismatic system,60 we assigned the lowest 

energy peak to the spin-forbidden 3A2'→1E' transition, owing to its significantly lower intensity 

compared to the higher energy peak, which was subsequently assigned to the spin-allowed 

3A2'→3E'(P) transition. The computed 20/3Dq and B values are listed in Table 4.1 and agree with 

those expected for species like 1-5.61 

 For complexes 1-3 20/3Dq decreased from 8,470 cm–1 (3), to 8,330 cm–1 (1 and 2) with the 

addition of more electron withdrawing ligand groups to the apical phenyl ring, implying a small 

 
Figure 4.4. Electronic absorption spectra of complexes 1-5 collected in CH2Cl2 with focus on 
the regions with the d-d transitions. Energies of peak absorption are discussed in the main text. 
High energy charge transfer bands were omitted for clarity. The sharp features near 15,200 
cm−1 and near 20,500 cm−1 are artifacts of the instrument. 
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decrease in the ligand field strength (Figure 4.3c). To quantify the degree to which this change 

correlates with the electron withdrawing properties of ligand in 1-3, we compared these results 

with the 11B-NMR chemical shifts from the free boronic acid ligands. Spectra obtained of 

phenylboronic acid, 3,5-dimethoxyphenylboronic acid, and pentafluorophenylboronic acid 

produced 11B chemical shifts at 29.18, 29.05, and 18.98 ppm, respectively (Figures A3.6-A3.9). 

Though the trend is weak, we do see that an increase in the 11B chemical shift of the free boronic 

acid is coupled with an increase in 20/3Dq between complexes 1-3. These results illustrate how 

changing apical ligand electronics, which are relatively far away from the Ni ion, are still important 

in the ligand field for these encaging ligands. 

In comparing 3-5, where the sidearms were varied, we saw a more substantial change in 

20/3Dq, where it ranged from 7,250 cm–1 (5) to 8,530 cm–1 (4) and compound 3 fell in between at 

8,470 cm–1. These results imply that there is a substantial decrease in the 3d-orbital splitting energy 

by adding Cl groups to the sidearms when compared to adding ethyl- or hydro- groups. However, 

these findings do not follow a clear trend with the electron donating/withdrawing character of the 

sidearm functional groups generally based on Hammett constants.53 We note that although 

Hammett parameters are typically applied towards aromatic systems, in this instance, they only 

serve as a qualitative handle to make comparisons between the electronic effects of the ligand 

Table 4.1. UV-Vis spectroscopic and spin Hamiltonian parameters determined for 1-5 through 
experimental (top) and computational (bottom) methods. aIn units of cm–1. bRefined value is 
2.5 × 10–6. 

 1 2 3 4 5 
20/3Dqa 8,330 8,330 8,470 8,530 7,250 

Ba 779 776 788 799 740 
giso 1.997(3)  2.166(1) 2.033(1) 2.111(1) 2.157(4) 
Da 19.1(1) 19.8(2) 25.2(1) 29.4(4) 29.9(2) 
|E|a 1.3(1) ~0b 1.3(7) 6.2(1) 3.9(6) 

20/3Dqa 14,170 13,912 13,717 13,400 13,204 
giso 2.176 2.183 2.176 2.177 2.192 
Da 33.6 47.7 27.2 30.7 39.5 
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groups. We speculate the departure of the expected trend in 5 could be due to π-donation from the 

Cl groups into the conjugated binding units, an effect absent in the side-arms in 3 and 4. In this 

picture, the π-donation may offset the changing σ-interactions accounted for when solely looking 

at the degree of electron withdrawing and donating ability. 

 Variable-temperature dc susceptibility data at 0.1, 0.5 1.0, and 3.0 T for 1-5 were analyzed 

to correlate changes in electronic structure to changes in zero-field splitting. Data collected at 1.0 

T displayed as χMT vs. T revealed χMT values of 1.04, 1.07, 1.03, 1.11, and 1.15 cm3K/mol at 300 

K for 1-5, respectively, (Figure 4.5a) close to the expected value for an S = 1 system (1.00 

cm3K/mol, g = 2.00).  With decreasing temperature, χMT remains relatively constant until about 

50 K, where it begins to decrease substantially. The decrease in χMT with temperature is likely 

from zero-field splitting in the measured complexes. The multi-field reduced magnetization data 

were fit with PHI62 to the following spin Hamiltonian: 

𝐻̂ = 𝑔𝜇𝐵𝑩𝑺̂ + 𝐷 (𝑆̂𝑧2 − 13 𝑆(𝑆 + 1)) +  𝐸(𝑆̂𝑥2 − 𝑆̂𝑦2). 

 
Figure 4.5. (a) Variable temperature dc susceptibility data under 1.0 T applied dc magnetic 
field for powder samples of 1-5. Solid lines are simulated data using the parameters generated 
from fitting the reduced magnetization data. (b) Reduced magnetization data and molecular 
structure of complex 3. Solid lines are fits for the data generated using PHI. The spin 
Hamiltonian parameters (Table 4.1) are discussed in the main text. See Figures A3.6-A3.9 for 
the reduced magnetization plots of 1-2, 4-5. 
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Here, 𝑔 is an isotropic g-factor (gx = gy = gz), 𝜇𝐵 is the Bohr magneton, 𝑩 is the applied magnetic 

field, 𝑺̂ is the electronic spin operator, 𝐷 is the axial zero-field splitting parameter, and 𝐸 is the 

rhombic zero-field splitting parameter. The values obtained from the fits are summarized in Table 

4.1. As an additional measure of ZFS, we collected variable-field dc magnetometry on complexes 

1-5 at 0.1 T, 0.5 T, and 3.0 T in temperatures ranging from 1.8 to 300 K (Figure 4.5b). Reduced 

magnetization data from these measurements were fit in PHI to obtain spin Hamiltonian 

parameters g and D. The fits were relatively insensitive to E in both magnitude and sign. The 

values of D were initially found to be 19.1(1) cm–1 (1), 19.8(2) cm–1 (2), 25.2(1) cm–1 (3), −29.4(4) 

cm–1 (4), and 29.9(2) cm–1 (5) and g values range from 1.997(3) to 2.166(1). The g values are 

within reported ranges of hexacoordinate Ni(II), however the D values are generally higher in 

magnitude than the typical –22 to +9.5  cm–1 range of Oh Ni(II) complexes.63–67 To the best of our 

knowledge, this study represents the first experimental estimate of the tunability of D via ligand 

field modification in the D3h, clathrochelate structure for Ni(II). 

It stands out that 4 produced a fit with a negative sign for D. We note that fits of magnetic 

susceptibility data can give inaccuracies in D and E, particularly the signs of these parameters, 

where positive and negative D and E values can yield near-equal-quality data simulations.68 

Furthermore, as noted above, the susceptibility fits seemed insensitive to sign and magnitude of E. 

It is for these reasons that we report |E| in Table 4.1 rather than the sign.  

Previous computational analyses of trigonal prismatic Ni(II) complexes,69 as well as first-

principle predictions based on the specific 3d-orbital excitations indicate that the sign of D should 

be positive.70,71 This conclusion is also supported by χMT trending towards zero as the systems 

reach an Ms = 0 ground state. However, due to the possible inaccuracies in susceptibility 

determination of D, we pursued parallel-mode X-band EPR analyses of 1-5 to search for the ΔMS 
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= ±1 intradoublet transition to provide additional experimental evidence to assign the sign of D. 

Analyses were conducted on 1-5 as 5 mM frozen glass solutions in a 1:1 (v/v) mixture chloroform 

and toluene at temperatures ranging from 4.5 K to 10 K. In the magnetic field of 0-600 mT, we 

failed to observe any signal that could be assigned to the complexes. At these lowest temperatures, 

observation of the intradoublet transition, with an intensity that increased with decreasing 

temperature, would have conclusively pinned the sign of D to be negative. Instead, there is no 

signal, even for 2, which has a negligible E parameter. Owing to these spectroscopic and 

computational data, we confidently assign the zero-field splitting values as positive in 1-5 as noted 

in Table 4.1. 

 Ab initio calculations based on single crystal structures allowed theoretical assessment of 

the electronic structures of 1-5 for comparison to experimental results (see ESI). Predictions of 

molecular orbital energies via ab initio ligand field theory (AILFT)41,42 were extracted from 

Complete Active Space Self Consistent Field (CASSCF)39,40 and n-electron valence state 

perturbation theory (NEVPT2)43–45 calculations. The complete active space chosen for these 

computations included eight electrons and the five d orbitals of the Ni(II) ions, denoted as 

CAS(8,5). Calculations included 10 triplet and 15 singlet states, of which the 3A2g triplet ground 

state was lowest in energy. AILFT analyses reveal values of 20/3Dq for 1-5 at 14170, 13912, 13717, 

13400, 13204 cm–1, respectively. The results trend in a decreasing order from 1 to 5 (Figure 4.6). 

For the series of apical-substituted groups (1-3), reducing the electron-withdrawing nature of the 

phenyl ring coincides with lower 20/3Dq. Conversely, for the series of sidearm-substituted groups 

(3-5), enhancing the electron-withdrawing nature of the dioximates follows with lower 20/3Dq. We 

note the overestimation of the calculated 20/3Dq relative to the experimental values stems from the 
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limited active space, however, the observed decrease in 20/3Dq is consistent with a progressively 

weaker σ-donating ligand resulting from the increased electron withdrawing ligand character on 

the side-arms, contributing to a weaker ligand field.72 AILFT showed a steady decrease in 20/3Dq 

over the full series from 1-5 and specifically supports the experimental trend of decreasing 20/3Dq 

for 3-5, driven by the electron-withdrawing capability of the ligand sidearm functional groups.  

The foregoing electronic structures were also used to compute D for 1-5. Results from 

CASSCF and NEVPT2 treatment gave all positive D values for 1-5 with magnitudes of 33.6, 47.7, 

27.2, 30.7, and 39.5 cm–1, respectively. No specific trend in D was accounted for by the apical 

substituents in series 1-3. However, a notable increase in D in 3-5 matches the increased electron-

withdrawing capabilities through the ligand sidearm. 

 The observed range of D in 1-5 stems from a range of contributions from the excited states. 

Of the 10 triplet states considered by CAS(8,5), only the four lowest-energy triplet excitations 

 
Figure 4.6. (a) Energies of the 3d orbitals in 1-5 determined via AILFT. (b) Surface plots of 
the 3d orbitals corresponding to their relative energy levels in the energy level diagram. 
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(within 10,000 to 13,000 cm–1) contribute significantly to D (Table A3.6, Figures A3.13-A3.14) 

For all five complexes, the first triplet excited states contribute to D with negative contributions 

that range from –2 to –12 cm–1. The following three triplet excited states contribute positively to 

D, the largest of which range from +19 to +24 cm–1. Strict consideration of triplet excitations 

showed mostly positive D contributions. Inclusion of singlet states was found to provide non-

negligible contributions, despite the higher energies of these excitations (24,000 to 26,000 cm–1). 

Of the 15 singlet states considered, only three affected D significantly, these being the second and 

third excited states (each near –5 cm–1) and the fourth excited singlet state (between +15 to +19 

cm–1). 

 We note that the excited states are multiconfigurational, thus underlining the magnetic 

complexity of the zero-field splitting in these species (Tables A3.7-A3.11). Indeed, excitations 

between d orbitals of different |ml| value contribute to positive zero-field splitting magnitudes, 

whereas excitations within the same |ml| value are expected to contribute to a negative D (Figure 

A3.15).73,74 The fact that some of the excitations deviate from this rule emphasizes their 

multiconfigurational nature and the not-at-all trivial origin of the magnetic anisotropy.  

The experimental results do not follow the predicted 20/3Dq and D values which warrants 

further discussion. Restriction of the active space to just the 3d orbitals via CAS(8,5) likely fails 

to capture all of the complexities of the electronic structures in 1-5. Indeed, with the delocalized, 

conjugated structures, it is possible that including orbitals with more ligand character would 

ultimately drive the experimental trend, as has been previously suggested for Ni(II) chelate 

complexes.64 The present outcome, that a metal-only approach does not perfectly reproduce the 

series, thus underlines the potential tunability of electronic structures and ZFS in through 

clathrochelate modification.  
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An overarching analysis of the zero-field splitting trends in 1-5 and the 

spectroscopic/structural/computational data makes it challenging to assign the trend to a specific 

electronic or structural feature. For one, the trends in 20/3Dq seem to weakly suggest a stronger 

ligand field correlates to a higher ZFS in 1-3, while the opposite is true in 3-5 (with 4 lying outside 

this trend), the latter being supported by our computations. In a more practical sense, that argument 

then suggests a more electron withdrawing group favors a larger D value when placed on the 

sidearm whereas an opposite effect is seen in the apical positions. The typical expectation for zero-

field splitting is that it will be greatest with weakest ligand field splitting,70 for which the trends 

from 1-3 seem to be in defiance of.  

A complicating feature in the analysis of the D trend is that the changes to the coordination 

geometries with functional group are minor,75 but may be significant for the zero-field splitting.69 

From 1 to 5, an increase in D is observed with an increase in the average Ni–N distance across the 

series with 1 showing the shortest Ni–N distances (ca. 1.996 Å) and lowest D value, and 5 showing 

the highest Ni–N distances (ca. 2.019 Å) and highest D value, respectively. The Ni–N distances 

are likely reflective of the ligand-field consequences of the different functional groups, where 

electron withdrawing groups enforce weaker bonding, longer Ni–N distances, lower 20/3Dq, and 

thus larger D. But, we also note that the apical functional groups could be inducing a change in the 

twist angle, a, of the trigonal prismatic ligand shell via steric forces around the congested B atom. 

Separate analyses suggest that a is the central parameter for affecting ZFS and electronic structure 

in similar complexes.69,76 Yet there does not appear to be a correlation between α and D in our 

data. Owing to the foregoing points, it is thus challenging to attribute one sole feature to the 

modification of D, necessitating future studies to fully understand the variation. 
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Importantly, the variation in D that we observe here is dramatic for the relatively minor 

variations observed in the ligand shells of 1-5. Large variations in D tend to result from substantial 

changes to the coordination shell. For example, large changes occur when donor atoms are directly 

swapped, as observed in the Co(II) complexes [Co(EPh)4]2– (E = O, S, and Se), which vary 70 cm–

1 in D as a function of E atom.77 Second, large changes in geometry, e.g. changes in coordination 

number,78 or conformation from square planar to tetrahedral,79 can trigger high-amplitude 

modifications of D.26 In the present system, we observe very slight change in bond distances (ca. 

0.01 Å) and bond angles (ca. 5° for a), all within a nearly trigonal-prismatic, six-coordinate 

structure. Furthermore, these changes are imposed by varying function groups that are two and 

four bonds away from the Ni(II) ion, wherein any expected impact should be small. Yet, both 

experimental and computational evidence shows that these physical changes still exert a large 

effect on the zero-field splitting, even if the underlying electronic origin is still to be determined.  

 Finally, we used the spin-Hamiltonian parameters from 1 and 5 to calculate where safe, 

low-frequency transitions would potentially show up, because 1 and 5 are the two extremes of the 

series in terms of D (Figure 4.7). For molecules with the magnetic field aligned perpendicular to 

the B···Ni···B axis of the molecule, 1 GHz transitions appear at 19.0 T (for 1) and 29.8 T (for 5). 

This is nearly an 11 T range and demonstrates a remarkable degree of tunability of the low-

frequency transition as a function of ligand identity. However, note that the resonant fields of these 

low-frequency EPR transitions are considerably larger than the typical fields used in MRI (ca. 1.5 

T) and preclinical (ca. 7 T) scanners.80 In order to have the desired low-frequency transitions in 

those field ranges for an S = 1 system, D would have to be near 1.5 cm–1 for the former case, and 

6.6 cm–1 for the latter case. Thus, there is a need to design the low-frequency EPR transition for 

lower fields in Ni(II) systems, as well as taking the learned design strategies and applying them 
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towards other candidate EPRI molecular probes. Nevertheless, this striking degree of tunability 

suggests that will be possible with judicious ligand/metal selection. 

 
Figure 4.7. MS-level energies for 1 and 5 (assuming magnetic field alignment with molecular 
z axis) showing the extent that D is tuned in this study. As a result of the change in D, the spin 
Hamiltonian parameters predict a ca. 11 T shift in the crossings of the MS = 0 and MS = –1 
levels, demonstrating the tunability of fields for potential high-field/low-frequency EPR 
imaging studies. 
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4.5. Conclusion 

 In summary, we demonstrate a synthetic toolkit for finetuning the zero-field splitting in 

Ni(II) clathrochelate complexes. We found that judicious selection of axial and sidearm functional 

groups will modify ZFS over a relatively large, 11 cm–1 range. The significance of this range is 

underlined considering we do not directly modify the donor atom, but rather peripheral functional 

groups up to four bonds away from the metal. We note that there are several magnetostructural 

correlations for D and Ni(II),63,65–68 but this study is, to the best of our knowledge, the first of its 

kind for the trigonal prismatic geometry.  

The observations in this paper show that relatively tiny design changes to the encapsulating 

ligand shell can have dramatic impacts on ZFS, which has two important implications. First, the 

results highlight the possibility of engineering the operating field range for low-frequency EPR-

based techniques by tuning D. A second implication of the sensitivity is that, if one engineered a 

pH-, redox- or other chemically responsive ligand field into a clathrochelate ligand, one could 

engender chemical sensitivity into any magnetic resonance spectroscopic property influenced by 

zero-field splitting. Toward applications of this type, including EPRI, we must first test whether 

the observed tunability carries over to the magnetic resonance properties of other metal ions and 

other spin states like S = 3/2 Co(II) or S = 5/2 Fe(III). 
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CHAPTER 5 – Tailoring the Temperature Sensitivity of Zero-Field Splitting in Mn(II) 

Cage Complexes 

 

5.1. Overview 

 Controlling the temperature response of magnetic resonance properties is an essential step 

toward novel molecular thermometers or quantum sensing platforms. To date, however, 

demonstrations using molecular design to control the temperature dependence of zero-field 

splitting (D), a critical property that governs the electron paramagnetic resonance (EPR) response 

of open-shell molecules, are absent in the literature. Herein we demonstrate that ligand design can 

control the temperature dependence of D. To do so, we prepared and analyzed three different 

encapsulated Mn2+ complexes. High-field, high-frequency EPR spectroscopy reveals an EPR 

spectrum that varies in width as a function of temperature, indicating a change in D value. At high 

temperature, D values vary from 1400 to 650 MHz (300 MHz ≅ 0.01 cm−1). With decreasing 

temperature, these values change, in one case by nearly an order of magnitude. Importantly, the D 

values increase with decreasing temperature for the ligand L1 and L3 and decrease with increasing 

temperature for L2. These results are the first demonstration of the ability to tune the variable-

temperature nature of D via ligand selection in any complex, and the first for the Mn2+ metal ion. 

 

5.2. Introduction 

 Controlling the temperature dependence of magnetic resonance signals in molecules is a 

step toward better understanding of environmental sensitivity of quantum objects, which will pave 

the way toward new quantum sensing platforms.1,2 This is especially true in open-shell molecules, 

which are tunable and can be dissolved in solution, paving the way for potential spin-based, 
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electron-paramagnetic-resonance imaging technologies that embrace quantum controls. Long-

term abilities afforded by this application could include noninvasive thermometry via EPR3,4 or 

optically-detected magnetic resonance, the latter of which currently harnesses nitrogen-vacancy 

center qubits.5,6 

The temperature dependence of EPR properties in S > 1/2 metal complexes is particularly 

appealing for potential thermometric applications because of its potential effects on zero-field 

splitting. This property is prevalent in paramagnetic metal ions and depends on the ligand field, its 

magnitude. and symmetry.7 Small, temperature-dependent changes to a metal ion’s geometry that 

affect the ligand field, such as M–L bond distance expansions/contractions are thus expected to 

directly affect the zero-field splitting.8,9 Indeed, analogous arguments are made for the temperature 

dependence of the nuclear magnetic properties of metal nuclei (e.g. 59Co).10 In addition, the zero-

field splitting parameter directly affects the magnetic field, frequency, and number of observed 

EPR transitions.11 Hence, controlling the temperature dependence of the zero-field splitting would 

provide valuable routes spin-based quantum sensing capabilities, if completely understood. 

Beyond the surface-level bond-distance compression/expansion view of temperature-

dependent zero-field splitting, little is known about how actual molecular identity governs the 

temperature dependence of zero-field splitting in metal complexes. Indeed, outside of spin 

crossover12 and valence tautomerizations,13 the general procedure for modeling temperature-

dependent magnetic data in mononuclear complexes assumes that D and other general spin 

Hamiltonian parameters are constant with temperature,14,15 creating a blind spot of understanding 

for a potentially useful phenomenon. 

Herein we present the synthesis and investigation of a series of three Mn2+ complexes with 

cryptand-derivative ligands: [MnL1](PF6)2 (1, L1 = 1,4,7,10,13,16,21,24-Octaazabicyclo[8.8.8]
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hexacosa-4,6,13,15,21,23-hexaene), [MnL2](PF6)2 (2, L2 = 1,4,7,10,13,16,21,24-

Octaazabicyclo[8.8.8]hexacosane), and [MnL3](PF6)2 (3, L3 = 17,20,25,28-Tetraoxa-1,14,31,32-

tetraazatetracyclo[12.8.8.13,7.18,12]dotriaconta-3,5,7(32),8,10,12(31)-hexaene) (Figure 5.1). 

We anticipated that Mn2+ would exhibit relatively high changes in D with changes in T owing to 

the high-spin states and population of eg* MOs, such that the excited state energies should be 

significantly affected by slight T-dependent changes to bond distances and angles. The focus on 

encaging ligands is because of the kinetic stability afforded by such ligands, and that 

environmental sensitivities imposed by these ligands may, in the long run, be leveraged for novel 

bioimaging applications that avoid toxicity from metal-ion release.  

We find that there is a strong temperature dependence of the EPR spectra for 1-3 that can 

be modeled with a variable-temperature zero-field splitting. Excitingly, the observed temperature 

 
Figure 5.1. Crystal structures of [MnL1]2+ (1), [MnL2]2+ (2), and [MnL3]2+ (3) determined 
from x-ray diffraction. Purple, red, blue, and gray spheres represent Mn-, O-, N-, and C- atoms, 
respectively. H-atoms, solvents, and PF6

– counterions were omitted for clarity. 
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dependences of D are all large for 1-3 and eclipse the magnetic resonance thermometry sensitivities 

of the prototypical NV center.16,17 The variation in behavior across the complexes is likely dictated 

by ligand-counterion interactions, as nearly negligible changes are observed in solution, where 

complex-counterion interactions are expected to be suppressed. The results thus represent an 

important step in understanding what molecular features control temperature sensitivity of spin 

Hamiltonian parameters and therefore magnetic resonance spectra. 

 

5.3. Experimental Section 

5.3.1. General Considerations 

 L1, L2, and [NaL3]Br were synthesized following published procedures.18–20 Methanol 

(MeOH), ethanol (EtOH), diethyl ether (Et2O), acetonitrile (MeCN), NH4PF6, sucrose, and 

MnCl2•4H2O were all purchased commercially and used as received. Infrared spectra were 

recorded on a Bruker TENSOR II FTIR spectrometer. Mass spectral analyses were performed on 

an Agilent 6224 Accurate Mass TOF LC/MS in positive ion mode using direct injection. Peak 

assignment was on the basis of m/z, interpeak spacing, and isotopic distribution. UV-Vis spectra 

were collected on solutions of complexes with a Shimadzu UV-2600i UV-Vis-NIR 

spectrophotometer and standard quartz cuvettes of 1 cm path length. Emission spectra were 

obtained on an Edinburgh FS5 Spectrofluorometer using a quartz cuvette with a 1 cm path length 

in a temperature-controlled sample holder. Samples were prepared as 3.7-, 11.7-, and 0.23-mM 

solutions (1, 2, and 3, respectively) in MeCN and held at 20 °C. The differing concentrations were 

to give each complex roughly the same absorption. Steady state emission spectra were obtained 

by exciting each sample at 330 nm (1 and 3) and 220 nm (2) with a 5.0 nm slit width and collecting 
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from 350-750 nm (1 and 3) and 240-650 (2). Spectra were averaged over three scans with a 0.5 s 

integration time.  

 

5.3.2. Preparation of Compounds 

 Synthesis of [MnL1](PF6)2•H2O (1). A solution of L1 (0.3087 g, 0.8611 mmol) in 5 mL 

EtOH was added dropwise to a solution of MnCl2•4H2O (0.1713 g, 0.8656 mmol) in 5 mL EtOH 

and allowed to stir overnight, producing an intense orange solution and a small amount of 

precipitate. The mixture was evaporated to dryness, redissolved in a minimum amount (8 mL) of 

MeOH and filtered. The filtrate was placed in an Et2O chamber and crystallized by vapor diffusion. 

The orange solid was collected and dissolved in a minimum amount (5 mL) of EtOH. This orange 

solution was then added to 5 mL of EtOH saturated in NH4PF6. An orange powder immediately 

precipitated, which was collected by vacuum filtration, washed with water, and dried under 

reduced pressure at 70˚C to yield 1 (0.2381 g, 0.3301 mmol, 38% yield). Single crystals suitable 

for single-crystal x-ray diffraction were grown by vapor diffusion of Et2O into a concentrated 

MeCN solution of 1. Combustion analysis, calculated for C24H30N8MnF12P2•H2O : 29.97 %C, 4.47 

%H, 15.53 %N; found: 29.99 %C, 4.24 %H, 15.36 %N. IR (cm−1, Diamond ATR): 2929, 2869, 

2846, 1672, 1621, 1463, 1449, 1391, 1377, 1280, 1269, 1166, 1105, 1085, 1067, 1052, 999, 922, 

825, 745, 622, 556, 544, 448, 423, 409. LC-MS (m/z), positive ion mode: {[Mn(L1)]PF6}+, 558.16. 

See Figure A4.2 for UV-Vis characterization. 

 Synthesis of [MnL2](PF6)2 (2). A colorless MeOH solution (5 mL) of MnCl2•4H2O (0.1380 

g, 0.6973 mmol) was added dropwise to a colorless methanol solution (5 mL) of L2 (0.2586 g, 

0.6978 mmol). The pale orange reaction mixture was stirred at room temperature under ambient 

atmosphere overnight. The resulting solution was filtered through diatomaceous earth and the 
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resulting solution was crystallized via the slow evaporation of EtOH. The pale orange solid was 

then dissolved in a minimum amount (5 mL) of EtOH and this colorless solution was added to 5 

mL of EtOH saturated in NH4PF6. A very pale orange powder immediately precipitated, which 

was collected by vacuum filtration, washed with water, and dried under reduced pressure to yield 

2 (0.2126 g, 0.2971 mmol, 42% yield). Single crystals suitable for single-crystal x-ray diffraction 

were be grown by diffusion of Et2O vapor into a concentrated MeCN solution of 2. Combustion 

analysis, calculated for C24H36N8MnF12P2 : 30.22 %C, 5.92 %H, 15.66 %N; found: 30.47 %C, 

5.94 %H, 15.68 %N. IR (cm−1, Diamond ATR): 3336, 2980, 2928, 2877, 2841, 1472, 1452, 1376, 

1360, 1304, 1269, 1158, 1100, 1067, 959, 936, 881, 833, 815, 798, 597, 556, 510, 426. LC-MS 

(m/z), positive ion mode: {[Mn(L2)]PF6}+, 570.25. See Figure A4.2 for UV-Vis characterization. 

 Synthesis of [MnL3](PF6)2•0.5MeCN (3). A solution of MnCl2•4H2O (0.2502 g, 1.2643 

mmol) in 30 mL MeOH was added dropwise to a stirring 30 mL EtOH solution of [(L3)Na]Br 

(0.6672 g, 1.2232 mmol), and the reaction mixture was stirred at 60˚C overnight. Upon cooling, a 

small amount of white precipitant was filtered off. The filtrate was concentrated by rotary 

evaporation yielding a whitish-orange powder. The powder was then dissolved in minimum 

amount (10 mL) of EtOH and this solution was added to 10 mL of EtOH solution saturated in 

NH4PF6. A very pale orange powder immediately precipitated, which was collected by vacuum 

filtration and washed with EtOH to yield 3 (0.4058 g, 0.5023 mmol, 41% yield). Single crystals 

suitable for single-crystal x-ray diffraction were be grown by vapor diffusion of Et2O into a 

concentrated MeCN solution of 3. Combustion analysis, calculated for 

C24H34N4O4MnF12P2•0.5C2H3N : 30.22 %C, 5.92 %H, 15.66 %N; found: 30.47 %C, 5.94 %H, 

15.68 %N. IR (cm−1, Diamond ATR): 2962, 2898, 2857, 1599, 1578, 1468, 1439, 1264, 1243, 

1177, 1131, 1088, 1058, 1040, 1012, 939, 908, 878, 830, 782, 739, 719, 649, 556, 434, 407. LC-
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MS (m/z), positive ion mode: {[Mn(L3)]PF6}+, 642.16. See Figure A4.2 for UV-Vis 

characterization. 

 

5.3.3. X-ray Data Collection, Structure Solution and Refinement for 1-3 

 Single-crystal x-ray diffraction data were collected at the x-ray diffraction facility of the 

Analytical Resources Core at Colorado State University. Data for 1-3 were collected on a Bruker 

D8 Quest ECO single-crystal x-ray diffractometer equipped with Mo Kα (λ = 0.71073 Å) x-ray 

source. Data were collected and integrated using Bruker Apex 4 software. Absorption corrections 

were applied using SADABS. Space group assignments were determined by examination of 

systematic absences, E-statistics, and successive refinement of the structures. Crystal structures 

were solved using SHELXT21 and refined with the aid of successive difference Fourier maps by 

SHELXL22,23 operated in conjunction with OLEX2 software.24 None of the crystals demonstrated 

decay by x-ray radiation over the course of the experiment. All non-hydrogen atoms were refined 

anisotropically. Hydrogen atoms were placed in ideal positions and refined using a riding model 

for all structures. The structure of 1 was slightly twinned with an initial Flack parameter near 0.5. 

We modeled twinned system with the TWIN Law (0, –1, 0, –1, 0, 0, 0, 0, –1), which improved the 

Flack parameter to 0.007. 

  

5.3.4. Magnetic Measurements 

 Magnetic measurements were performed on polycrystalline samples of 1-3 using a 

Magnetic Property Measurement System MPMS3 (Quantum Design) equipped with a 

superconducting quantum interference device (SQUID) magnetometer. Direct-current (DC) 

magnetic susceptibility was measured in an applied magnetic field of 1000 Oe in the 2-300 K 
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temperature range, with a temperature sweep rate of 2 K/min. The data were corrected for the 

contribution from the sample holder and for intrinsic diamagnetism by using Pascal’s constants. 

 

5.3.5. EPR Measurements and Analyses 

 Variable magnetic field (up to 17 T) and high frequency (390 GHz) EPR spectra were 

recorded with a home-built spectrometer at the EMR facility of National High Magnetic Field 

Laboratory in Tallahassee, FL. The instrument has been described in detail elsewhere.25 Briefly, 

the instrument is a transmission-type device in which waves are propagated in cylindrical light-

pipes. The microwaves were generated by a phase-locked oscillator (Virginia Diodes) operating 

at a frequency of 8-20 GHz and generating its harmonics, of which the 4th, 8th, 12th, 16th, 24th 

and 32nd were available. A superconducting magnet (Oxford Instruments) capable of reaching a 

field of 17 T was employed. 390 GHz was selected as the frequency for EPR analysis based on 

signal-to-noise and peak-to-peak separation. Analyzed samples were solid, microcrystalline 

powders of 1, 2, and 3 ground with sucrose, loaded into a sample cup, then inserted into the 

spectrometer.  

Samples for X-band EPR analyses of 1−3 were prepared by loading solutions of 1−3 in 

butyronitrile (5 mM) into a 4 mm outer diameter (OD) quartz EPR tube (Wilmad 707-SQ-250M) 

and placed into a Bruker ELEXSYS ESR-500 X-band EPR spectrometer (Bruker Biospin, 

Rheinstetten, Germany). The high-sensitivity probe was used, and temperatures were controlled 

via a Coldedge system for these measurements. All EPR spectra were analyzed via the program 

Easyspin26 and modeled by the spin Hamiltonian and broadening mechanisms reported in the main 

text and Tables A4.4-A4.9. 
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5.4. Results and Discussion 

 Syntheses of the studied complexes proceeded via combination of the encapsulating 

ligands with MnCl2 in ethanol. Counterion metathesis reactions with NH4PF6 yielded the PF6
– salts 

of 1, 2, and 3 as yellow-orange compounds. These compounds were readily crystallized for single-

crystal x-ray diffraction analyses (Tables A4.1-A4.3). 

The Mn2+ ions in complexes 1-3 are of varying geometry (Figure 5.1). For 1 and 2, the Mn 

ions are six-coordinate, bound to the side arms of the cryptand ligands and the apical N atoms are 

unbound, though seemingly oriented with the lone pairs pointing toward the Mn. For 3, the Mn 

ion is eight-coordinate, bound to the two N and six O atoms of the ligand. For 1, average Mn–N 

distances are 2.30(3) Å for bound N atoms and 3.12(8) Å for the apical N atoms. For 2, the Mn–

N distances expand slightly to 2.443(1) Å for bound N atoms but contract slightly, to 2.85(5) Å 

for the apical N–Mn distance. This particular change likely reflects the change in the metal-ligand 

interaction for imino N-donor atoms versus the amino N-donor atoms, which then distorts the total 

ligand geometry and shifts the apical N atoms. For 3, there are two sets of Mn–N bonds, one set 

with the bipyridine group and the other are tertiary amines, with average Mn–N distances of 

2.27(1) and 2.44(1) Å, respectively. For 3, there are also Mn–O bonds, with an average distance 

of 2.39(6) Å. The local geometries of the Mn(II) ions in 1 and 2 are best described as axially 

compressed trigonal antiprismatic geometries, as the N–Mn–N bite angles are 71.92(3)° for 1 and 

71.6(1)° for 2 (Figure A4.1). In contrast, the Mn(II) geometry in 3 is a distorted 

dodecahedral/square antiprismatic one, owing to the larger coordination number and three distinct 

types of donor atoms.  

Solution phase UV-Vis spectroscopy analyses of 1-3 reveal peaks above 20,000 cm–1 with 

strong intensities indicative of charge transfer bands (Figure A4.2). Complex 1 exhibits the lowest 



 
116 

 

energy peak of the series, near 29,000 cm–1. Complex 3 yields the next lowest energy peaks, near 

33,000 and 40,000 cm–1. Complex 2 yields the highest energy peak, near 45,000 cm–1. The 

intensities of these transitions suggest that they are charge transfer transitions with the extended 

conjugated units in 1 and 3. For 2, however, which has no extended conjugation on the ligand 

shell, assignment of the high-energy transition is not as clear. These spectra are within expectation 

for Mn2+ as a high-spin, high-coordinate ion with half-filled shell, where any d-d transitions are 

forbidden, therefore weak or not observed.27  

Complexes 1-3 also emit light when irradiated with light in the 300-220 nm window 

(Figure A4.3). The trend in highest emission intensity follows from 1 to 2 to 3. Complex 1 emits 

at 22,000 cm–1, 2 emits at 30,000 cm–1, and then 3 yields even higher-energy emission, near 37,000 

cm–1. The ground state of the Mn(II) ions in 1-3 are all 6A1, as indicated by the S = 5/2 ground state 

(see magnetic analyses below). Inspection of the d5 Tanabe-Sugano diagram28 with the 6A1 ground 

state in mind suggests the trend in emission energy could reflect a decreasing ligand-field strength 

from 3-1, if the observed emission is from any of the lowest-three energy excited states (4T2, 4T1, 

or 2T2), with the 2T2 → 6A1 emission being lowest in energy. These emissive characteristics are in 

agreement with observations of other Mn(II) complexes.29,30 

Potential correlation of the electronic structures of 1-3 to zero-field splitting and other spin-

Hamiltonian parameters was pursued by magnetic susceptibility and two EPR techniques. At 300 

K, χMT values for 1, 2, and 3 are, respectively, 4.02, 4.28 and 4.32 cm3K/mol (Figure A4.3). These 

values are close to the expected room temperature value of 4.38 cm3K/mol for S = 5/2 and g = 2.00. 

With decreasing temperature, χMT is relatively constant with little temperature dependence. Zero-

field splitting values larger than 1-2 cm–1 will produce T-dependent χMT values below 50 K, hence, 

the absence of a strong T-dependence highlights a very small zero-field splitting (< 1 cm–1). 
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The first EPR analysis we pursued was low-temperature (5 K), high-frequency (390 GHz), 

high-field EPR spectroscopy in the solid state (Figure 5.2). At high field and for most Mn2+ species 

(which often have positive D values < ca. 1 cm–1) the EPR experiment proceeds in the so-called 

high-field limit, where the Zeeman interaction is the largest-energy term in the spin-Hamiltonian. 

As a result, one should expect five peaks corresponding to |MS = –5/2 to  |MS = –3/2,  |MS = –3/2 

to  |MS = –1/2,  |MS = –1/2 to  |MS = +1/2,  |MS = +1/2 to  |MS = +3/2, and  |MS = +3/2 to  |MS = 

+5/2 transitions. The resolution of these individual peaks at high frequency may be challenging 

owing to broadening from g strain or unresolved hyperfine interactions (e.g. with I = 5/2 55Mn or I 

= 1 14N and I = 1/2 15N donor atoms).31 Nevertheless, the span of the peaks on the field axis should 

trend with the zero-field splitting magnitude for Mn2+ and display a greater width for a larger D 

magnitude.  

 
Figure 5.2. EPR spectra collected at 5 K and a frequency of 390 GHz for 1-3 in sucrose 
dispersions. Gray lines are fits using the spin-Hamiltonian parameters in Tables A4.4-4.6. 
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Simulations of the 390 GHz EPR spectra for 1-3 at 5 K (Figures 5.2, A4.5-A4.6) give a 

general trend in zero-field splitting magnitude of |D| increasing from 1 to 2 to 3. These values were 

determined from Easyspin,26 which modeled the spectra using the following spin-Hamiltonian: 𝐻̂ = 𝜇𝐵𝑔𝑩𝑺 + 𝐷𝑆̂𝑧2 + 𝐸(𝑆̂𝑥2 − 𝑆̂𝑦2) 

Here, 𝜇𝐵 is the Bohr magneton, 𝑔 is the anisotropic g factor, 𝑺 is the electronic spin operator, 𝑩 is 

the applied magnetic field, 𝐷 is the axial zero-field splitting, 𝐸 is the transverse zero-field splitting, 

and 𝑆̂𝑖2  (i = x, y, and z) are the spin operators. Note that none of the 390 GHz spectra depict a clear 

six-line splitting that can be attributed to hyperfine coupling between the S = 5/2 electronic spin 

and the I = 5/2 55Mn nucleus, and it is likely that the hyperfine coupling is contained within the 

general broadening of the spectra we observe (see Tables A4.4-A4.6 for simulation details). We 

specifically avoided the inclusion of hyperfine coupling because of the spectral absence of its 

effects and a desire to avoid overparameterization. Obtained values of D and E are, respectively, 

D = + 800 and E = +220 MHz for 1, D = +900 and E = +220 MHz for 2, and D = +1050 and E = 

+260 MHz for 3. The g values for all three are rhombic, hovering around average values of 2.004, 

1.995, and 2.006, respectively, for 1, 2, and 3. We note that comparison of simulations qualities 

with the signs of D and E appears diagnostic for these parameters, except for E in 3. 

The general magnitudes of D obtained here are consistent with expectations for the Mn(II) 

ion and our other magnetic data.32–35 Indeed, the observed temperature independence of the χMT 

data suggest |D| < 1 cm–1. The obtained signs of D and E are also consistent with the general 

expectations for S = 5/2, Mn2+.36–38 Finally, we note that our use of MHz as an energy unit here is 

necessitated by the small magnitudes in D and E that we observe; for ease of comparison with 

other transition metal ions, wherein D and E are often much larger7 (300 MHz ≅ 0.01 cm−1). We 

note that the UV-Vis data suggested that most electronic states for the Mn2+ ions in 1-3 are at very 



 
119 

 

high energy. The inverse relationship between the zero-field splitting value and the energy 

separation between the ground and excited states suggests that these contributions should be small 

and consistent with the small D values we find from our extensive magnetic analyses here.  

Next, we evaluated the temperature dependence of the spectra for evidence of ligand effects 

on the temperature sensitivity of D and E. For 1, 2, and 3, the 390 GHz EPR spectra from 5 to 300 

K reveal broad signals near g = 2.00 (13.9 T) with an overall width that varies with temperature in 

a unique way for each complex (Figures 5.3, A4.5-A4.6). For 1, the width of the signal (peak-to-

peak) is ca. 0.07 T at 300 K and widens slightly with decreasing temperature, but more 

dramatically below 30 K to 0.2 T at 5 K. For 2, in contrast, the spectral width starts at 0.36 T at 

300 K and decreases by only 0.04 T from 300 to 5 K. Finally, for 3, the spectral width increases 

with decreasing temperature, from 0.07 T at 300 K to 0.3 T at 5 K. The shapes of the spectra 

change as well, in some cases appearing to be single, broad resonances with slight features to 

low/high field of the main peak. At low temperature, however, the shapes are far more distinct.   

 
Figure 5.3. Selected variable temperature EPR spectra of 2 collected from 5-300 K at 390 GHz 
in sucrose dispersions. Spectra vary in width across this range as a result of the temperature 
sensitive ZFS. Spin-Hamiltonian parameters are found in Table A4.5. 
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The broadness and shapes of the collected 390 GHz variable-temperature spectra were 

modeled with the program Easyspin26 to extract g, D, and E values for the studied complexes and 

their temperature dependence (Figures 5.3, 5.4 and Tables A4.4-4.6). For all complexes, g values 

hover close to 2.00 from 5 to 300 K with slight anisotropy that varies slightly with temperature. 

The obtained D and E values vary in a more noticeable way with temperature (Figure 5.4). For 1, 

 
Figure 5.4. Temperature dependence of D and E from solid-state, 390 GHz analyses of 1, 2, 
and 3. (a) Temperature dependence of D values. The uncertainty in each D values is ca. 10 
MHz and evaluated by eye. (b) Temperature dependence of the E values for 1, 2, and 3. 
Uncertainties in E are ca. 20 MHz. Solid lines in both a and b are guides for the eye.   
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D is 650 MHz at 300 K and increases slowly and only slightly with decreasing temperature to 700 

MHz at 30 K. Below 30 K, D for 1 increases more substantially, reaching 800 MHz at 5 K. For 2, 

D is relatively constant near 1300 MHz from 300 to 40 K, but decreases below 40 K to 900 MHz 

at 5 K. Finally, for 3, D increases slightly from 900 to 940 MHz from 300 to 20 K, then more 

dramatically, reaching 1050 MHz at 5 K.  The relative ranking of D values is generally 2 (1300 

MHz) > 3 (900 MHz) > 1 (650 MHz), except at the lowest temperatures of analysis. The obtained 

E values are smaller than the D values and exhibit a smaller T sensitivity, showing the highest 

changes below 30 K, like D, but generally reflect the trends in D (E of 3 > E of 2 > E of 1). The 

degree of rhombicity defined by E/D remained relatively constant for each complex, as an increase 

in D coincided with an increase in E, and vice versa. 

The temperature sensitivities of the zero-field splitting are large. Taking the change in D 

for 1, 2, and 3 over the temperature range of 5 to 50 K, one finds 2.2, 9.8, and 2.2 MHz/K for the 

temperature sensitivity of D. For E, the temperature sensitivities are generally smaller over this 

window. For 1, 2, and 3,  E/T values are 0.4 4 and 0.9 MHz/K. At higher temperatures, the 

changes are much smaller. From 50 to 300 K, D/T values are 0.2, 0.4, and 0.2 MHz/K, 

respectively, and E/T values are 0, 0.1, and 0 MHz/K for 1, 2, and 3, also respectively.   

The temperature sensitivities of the zero-field splitting parameters in 1-3 are significant in 

the greater context of what is known about T-dependent spin-Hamiltonian parameters. The 

temperature dependent values of D and E that we observe are, except for the E/T values of 1 

and 3, all greater than the temperature sensitivity of the D value of the S = 1 nitrogen vacancy 

center in diamond (78 kHz/K),39,40 several by orders of magnitude. These values are also among 

the highest temperature sensitivities for molecular systems and eclipse those of several other 

notable molecules. For example, the ΔD/ΔT value of 2 eclipses the 5.7 MHz/K dependence on the 
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singlet-triplet EPR transition in [Cu2(tren)2-(OCN)2](BPh4)2 (tren = tris(2-aminoethyl)amine),41 a 

2.4 MHz/K sensitivity for the S = 5/2 [Fe(DMSO)6](NO3)3 (DMSO = dimethyl sulfoxide),42 the 2.3 

MHz/K sensitivity for [Cr(en)3]3+ doped in [Co(en)3]Cl3•0.5NaCl•3H2O (en = ethylenediamine),43 

and 1.5 MHz/K sensitivity of [Cr(H2O)6]3+ in guanidinium aluminum sulfate hexahydrate.44 

We also applied X-band EPR spectroscopy to frozen solutions of 1-3, reasoning that the 

lower frequency may sharpen spectra sufficiently to enable the observation of hyperfine coupling 

and any associated T-dependence,31 as well as providing a second measurement of the T-

dependence of the zero-field splitting in a different phase than microcrystalline powder. The X-

band EPR spectra were collected from 5.5 K (10 K in 2) to 60 K in 5 mM butyronitrile solutions. 

They each exhibit intense peaks at ca. 3500 G with smaller features at lower and higher fields, as 

is typical for low-zero-field splitting (e.g. Mn(II)) complexes. Importantly, the strongest central 

peak and some of the minor peaks exhibit the six-fold pattern that is typical for Mn(II) with 

hyperfine coupling to the I = 5/2 55Mn nucleus. At temperatures below 30 K, there were noticeable 

changes between each temperature point with small spectral features becoming more distinct as 

the temperature decreased, which was consistent between each molecule. Above 30 K, the spectra 

were largely similar to each other, with only very slight changes appearing in the baselines 

(Figures 5.5, A4.10-11).  

To extrapolate how D varied with temperature for each of these complexes, spectral 

simulations were carried out in EasySpin26 and the best fit spin-Hamiltonian parameters are listed 

in Tables A4.7-4.9. As the lower frequency experiment afforded a sharper spectrum with clear 

hyperfine peaks (relative to the high-frequency data), the hyperfine coupling energies (A) and their 

respective strains (A-strain) were included in these spectral simulations, along with g-values, D 

and E values. When assessing how D and E vary as a function of temperature, instead of finding a 
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large temperature dependence in these values, as we had found in the high-frequency EPR 

experiments, the variations remained flat across the temperature range measured (Figure 5.6).  

An initial survey of the relationships that govern the magnitude of D and E suggest that the 

temperature sensitivity should not vary with frequency or field strength.45 Consequently, this result 

suggests that the high temperature sensitivity of the zero-field splitting is only present in the solid 

state, likely from changes to the crystalline structure as a function of temperature. We propose that 

butyronitrile, when used as a polar glassing solvent, affords an environment where there is little 

structural changes to the dissolved complexes that also disrupts counterion-complex interactions.   

Finally, we think these data are an important note of caution for drawing structure-property 

relationships in systems with relatively small-magnitude spin-Hamiltonian parameters. Low-

 
Figure 5.5. Variable temperature EPR spectra of complex 2 collected from 5.5 K to 60 K at 
9.3 GHz in 5 mM butryonitrile solutions. Colored lines are the experimental data, and the gray 
lines are the spectral simulations. Spin-Hamiltonian are found in Table A4.8. 
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temperature high-field/frequency EPR measurements are often performed to determine the signs 

of D and E for high-spin complexes, though we did not need to apply that analysis here.11 We think 

these data urge caution in comparing D values that are close between similar complexes, 

 
Figure 5.6. Temperature dependence of D and E from frozen solution, 9.3 GHz analyses of 1, 
2, and 3. (a) Temperature dependence of D values. The uncertainty in each D values is ca. 5 
MHz and evaluated by eye. (b) Temperature dependence of the E values for 1, 2, and 3. 
Uncertainties in E are ca. 10 MHz. Solid lines in both a and b are guides for the eye.  
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particularly if the temperatures are different. Indeed, we see that the general trend in D magnitude 

switches from 1 < 2 < 3 at the lowest temperatures to 1 < 3 < 2 at the highest. We emphasize that 

the importance of this caution is largest when the general magnitudes of D, g, E, etc. are relatively 

small, as they are here. For example, a compound with a D value greater than 5 cm–1 is likely to 

yield spectra attributable to a greater-than-5 cm–1 D-value complex at low and high temperature, 

even with a 1000 MHz shift in spin Hamiltonian parameters, because that 1000 MHz shift is 

relatively small compared to the total magnitude of D (300 MHz ≅ 0.01 cm–1). A complex with a 

ca. 500 MHz D value will in contrast yield spectra that appear much different.  

 

5.5. Conclusion 

 The foregoing data illustrate that relatively simple transition metal complexes of Mn(II) 

can exhibit large temperature-dependent spin Hamiltonian parameters that eclipse the sensitivity 

of the NV center. In principle, understanding how to design this temperature sensitivity could be 

applied to developing novel means of sensing temperature through EPR imaging or optically-

detected magnetic resonance. We note that the exceptional temperature sensitivities we observe 

are restricted to the solid state and absent in solution. These observations point toward complex-

cation interactions in the crystalline state as a key driving force for engineering future, higher 

temperature dependences, and ligand design is likely a key part of that. To further elucidate the 

source of this temperature dependence, x-ray diffraction studies at low temperatures will be 

conducted to directly measure any changes to the molecular structure.  
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CHAPTER 6 – Exploring Metal Complexes as Microviscosity Probes for EPR 

 

6.1. Overview 

 The biggest advantage of electron paramagnetic resonance imaging (EPRI) over 

conventional magnetic resonance imaging is its leveraging of the high sensitivity of the electron 

spin to the local environment. One important environmental aspect that can be detected effectively 

with EPRI is the microviscosity, or viscosity at the molecular level, as the rate of molecular 

tumbling directly affects the EPR spectrum. Herein, we present the first study measuring 

microviscosity with metal-based molecular probes, where we test a novel design strategy to 

improve the sensitivity by increasing the intrinsic magnetic anisotropy in the spin-Hamiltonian of 

the Mn(II) complexes [MnL1]Br2 (1) and [MnL2]Br2 (2). Solution-phase X-band EPR was utilized 

to assess the variation of rotational correlation time (τr) as a function of viscosity, where complex 

1 produced an over two-fold increase in sensitivity over complex 2. This study serves as a first of 

its kind to highlight the exciting potential of metal complexes as EPR viscosity sensing agents. 

 

6.2. Introduction 

 Electron paramagnetic resonance imaging (EPRI) is the electron-spin analog of (nuclear) 

magnetic resonance imaging (MRI) whereby unpaired electrons are probed with low-frequency 

microwaves in a magnetic field in order to generate a biological image.1–4 When comparing the 

two non-invasive techniques, EPRI affords greater chemical sensitivity to the local environment, 

having been used to detect chemical heralds of physiological dysfunction like pH,5–7 tissue 

oxygenation,2,8–10 redox status,11–13 and microviscosity.14–21 Combining the techniques of MRI and 
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EPRI would provide both anatomical and physiological images of a biological system, aiding in 

medical diagnostics and gaining an additional window to studying living biochemistry. 

As there is a dearth of natural paramagnetic material in biological systems for EPRI, a 

probe species must be introduced.1 In most cases, this exogenous probe is an organic radical, 

having a spin state S = 1/2 from its one unpaired electron.3 For these species, the large magnetic 

moment and the simplicity of the spin-Hamiltonian (where the Zeeman interaction is the 

strongest), high frequency microwaves (ca. 40 GHz), must be used to address these systems at the 

high magnetic fields typically used in MRI (1.5 T). As these high-frequency microwaves would 

be absorbed by water-rich biological tissue, causing heating and limiting penetration depth, the 

systems described would not be viable for implementation of EPRI with MRI.1,22,23 To overcome 

this hurdle, metal complexes with multiple unpaired electrons (S > 1/2) and zero-field splitting 

(ZFS, D) offer a more complex electronic structure that can produce low-frequency EPR 

transitions at high magnetic field.24,25 The tunability of their electronic structures allows for 

optimizing metal complexes for specific sensing tasks, as well as controlling resonant field and 

other magnetic resonance properties. Investigations into low-frequency EPR at high magnetic field 

with these systems are few,26 representing a fertile area for fundamental research. 

As previously mentioned, EPRI can detect numerous environmental chemical signatures. 

In particular, intracellular viscosity is able to be tracked by other, well-studied spectroscopic 

methods like emission spectroscopy.27–30 Though high sensitivities with fluorescent probes are 

possible, measuring viscosity by this technique is inherently invasive, as detecting visible-light 

photons requires direct imaging of the cells with no tissue in the path of the light. As a result, 

volumetric imaging of opaque tissue is impossible with emission spectroscopy and EPRI serves as 

a complimentary technique. 
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Measuring microviscosity via EPRI has been researched for over 20 years,14 and many 

recent publications on the subject represent an increased interest in this application of EPR 

spectroscopy.15,18–21 For such measurements, it becomes advantageous to conduct at lower 

frequencies, from both having less non-resonant absorption by water, and from the change in 

relaxation dynamics at lower frequencies. Under these conditions, the shorter T1 relaxation times 

found by low frequency EPR measurements result in increased viscosity sensitivity, as the shortest 

correlation time that can be measured is limited by the electron spin’s relaxation time.16 In all of 

these studies, an organic radical molecule was the magnetic unit used to probe the microviscosity. 

The two classes of probes investigated are nitroxide radicals and isotopically enriched 13C triaryl 

methyl (13C-trityl) radicals. The former suffers from facile reduction in vivo to EPR silent 

hydroxylamines, and the latter requires expensive isotopically enriched starting materials to afford 

a measurable hyperfine interaction.20,31 We propose that these two limitations could be easily 

addressed by developing metal complexes as the imaging probes.  

Sensing microviscosity with EPR requires an anisotropic magnetic interaction to be present 

in the molecule in order to differentiate slow tumbling, where the directional dependences can be 

measured, and fast tumbling, where the anisotropies average out (Figure 6.1). Nitroxide radicals 

take advantage of the anisotropic hyperfine interaction between the unpaired electron and the 14N 

nucleus (I = 1, Ax  = 5.3 MHz, Ay = 9.6 MHz, Az = 35.8 MHz), and anisotropic g-values (gx = 

2.0088, gy = 2.0062, gz = 2.0020).21 Trityl radicals, on the other hand, typically have isotropic g-

values (gx = 2.0033, gy = 2.0032, gz = 2.00275) , and without enrichment of the methyl carbon, 

have no measurable hyperfine interaction.16 However, upon enrichment to the 13C-trityl species, a 

strongly axial hyperfine interaction (Ax  = 18 MHz, Ay = 18 MHz, Az = 160 MHz) can be leveraged 

to measure molecular tumbling rate, and thus microviscosity.15,16,18–20 In metal complexes, the 
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anisotropy of the g-values and the hyperfine interaction can be easily controlled via judicious 

ligand choice, one can envision it a simple task to have a complex that is sensitive to 

microviscosity. In fact, anisotropy in the g-tensor has been as great as  gx = 0.53, gy = 0.59, and gz 

= 7.57,32 typical hyperfine anisotropy can be over a range of Ax  = 313 MHz, Ay = 363 MHz, Az = 

60 MHz,33 but get as high as 3,500 MHz.34 In addition, the presence of axial and transverse zero-

field splitting in S > 1/2 systems presents another facet of magnetic anisotropy only found in metal 

complexes. As there are a multitude of air/water stable, paramagnetic oxidation states in first-row 

 
Figure 6.1. (Left) In a high viscosity system (slow molecular tumbling), an isotropic system 
(top, sphere) has identical EPR spectra from any orientation. An anisotropic system (bottom, 
prolate spheroid) has orientation dependence of its magnetic properties, resulting in EPR 
spectra that are different depending on the system’s orientation. (Right) In a low viscosity 
system (fast molecular tumbling), the molecular orientations are averaged out. In the isotropic 
system, there is no change to the EPR spectra. In the anisotropic system, the spectra change, 
producing a viscosity dependent EPR spectra. 
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transition metal ions (Cr3+, Mn2+, Fe2/3+, Co2+, Ni2+, Cu2+), as well as multiple elements with near 

100% abundance of nuclear spin isotopes (51V, 55Mn, 59Co, 63/65Cu), metal complexes are ideal 

candidates for this measurement technique (Figure 6.2). 

Towards this goal, we perform the first study of using metal complexes to measure solution 

microviscosity with EPR. We aimed to test 1) to what degree magnetic anisotropy plays a role in 

viscosity sensitivity and 2) if metal complexes can be as measurably sensitive as the state-of-the-

art organic radical probes. Two Mn(II) clathrochelate complexes [Mn(L1)]Br2 (1, L1 = 1,4,7,10,

13,16,21,24-Octaazabicyclo[8.8.8]hexacosa-4,6,13,15,21,23-hexaene)  and [Mn(L2)]Br2 (2, L2 = 

17,20,25,28-Tetraoxa-1,14,31,32-tetraazatetracyclo [12.8.8.13,7.18,12] dotriaconta-3,5,7(32),8,

10,12(31)-hexaene) were investigated where the inner coordination sphere geometry varied 

drastically (Figure 6.3). In 1, relatively symmetric imino binding groups sequester the Mn(II) in 

the cage-like ligand, affording an apparent less anisotropic coordination sphere. Note that we do 

not assign this structure to be isotropic, as the coordination environment is not perfectly 

 
Figure 6.2. (Left) Depictions of two examples of state of the art EPRI viscosity probes (refs. 
14 and 15). (Right) Depictions the two viscosity probe molecular complexes discussed in this 
chapter and their advantages over the traditional molecules on the left. 
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symmetrical. In 2, L2 provides a bipyridine binding unit, two tertiary amine groups, and four ether 

groups as potential binding units, which we anticipated would produce more anisotropic 

coordination sphere. Mn(II) (S = 5/2) was picked as the metal ion due to its stability in ambient and 

aqueous conditions and the 100% abundance of the 55Mn isotope (I = 5/2) to produce a strong 

hyperfine interaction. We hypothesized that the more anisotropic coordination sphere in 2 would 

produce a more sensitive viscosity probe when measured with EPR. 

 

6.3. Experimental Section 

6.3.1. General Considerations 

 L1 and L2 were synthesized following published procedures.35,36 Methanol (MeOH), 

ethanol, (EtOH), diethyl ether (Et2O), acetone, MnCl2•4H2O, and MnBr2•4H2O were purchased 

 
Figure 6.3. Crystal structures of [MnL1]2+ (1) and [MnL2]2+ (2) as determined from single-
crystal x-ray diffraction. Purple, red, blue, and gray spheres represent Mn, O, N, and C atoms, 
respectively. Hydrogen atoms, solvents of crystallization, and Br− counterions have been 
omitted for clarity. 
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and used as received. UV-Vis spectra were collected with a Shimadzu UV-2600i UV-Vis-NIR 

spectrophotometer and standard quartz cuvettes of 1 cm path length. 

 

6.3.2. Preparation of compounds 

 Synthesis of [Mn(L1)]Br2 (1). A solution of L1 (0.317 g, 0.888 mmol) in 10 mL of EtOH 

was combined with a solution of MnBr2•4H2O (254 mg, 0.888 mmol) in 5 mL of EtOH and 

allowed to stir for 18 hours at room temperature. The pale yellow precipitant was filtered, dissolved 

in a minimum amount of MeOH, and recrystallized by vapor diffusion with Et2O to yield 1 as a 

polycrystalline powder (485 mg, 0.846 mmol, 95% yield). Single crystals suitable for x-ray 

diffraction were achieved by the vapor diffusion of Et2O into a concentrated methanol solution of 

1 at −20 C. See Figure A5.4 for UV-vis characterization. 

 Synthesis of [Mn(L2)]Br2 (2). A solution of MnCl2•4H2O (0.2502 g, 1.2643 mmol) in 30 

mL of MeOH was combined with a 30 mL EtOH solution of [(L2)Na]Br (0.6672 g, 1.2232 mmol), 

and stirred at 60˚C overnight at room temperature. A small amount of white precipitant was filtered 

off. The filtrate was concentrated by rotary evaporator yielding a white powder. This was dissolved 

in a minimum amount (10 mL) of EtOH and added to 10 mL of an EtOH solution saturated with 

NH4PF6. A very pale orange powder immediately precipitated, which was collected by vacuum 

filtration and washed with EtOH. From the resulting PF6
- salt, 140 mg was dissolved in 2 mL of 

acetone. In a separate vial, 2 mL of a concentrated tetrabutylammonium bromide solution in 

acetone was prepared, and they were combined. A colorless precipitant immediately formed, and 

was allowed to stir for 1 hour at room temperature. The suspension was filtered, washed with 

acetone, and dissolved in 4 mL of MeOH. Colorless-orange crystals of 2 were grown by the vapor 
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diffusion of the MeOH solution with Et2O (84 mg, 0.128 mmol). See Figure A5.4 for UV-vis 

characterization. 

 

6.3.3. X-ray Data Collection, Structure Solution and Refinement for 1 and 2. 

 Single-crystal x-ray diffraction data were collected at the x-ray diffraction facility in 

Analytical Resources Core at Colorado State University. Data for 1 and 2 were collected on a 

Bruker D8 Quest ECO single-crystal x-ray diffractometer with MoKα (λ = 0.71073 Å) radiation. 

Data were collected and integrated using Bruker Apex 4 software. Absorption corrections were 

applied using SADABS. Space group assignments were determined by examination of systematic 

absences, E-statistics, and successive refinement of the structures. Crystal structures were solved 

using SHELXT37 and refined with successive difference Fourier maps by SHELXL38,39 operated 

in conjunction with OLEX2 software.40 None of the crystals demonstrated decay by x-ray radiation 

over the course of the experiment. All non-hydrogen atoms were refined anisotropically. Hydrogen 

atoms were placed in ideal positions and refined using a riding model for all structures. In 2, a 

disordered methanol solvent molecule was modeled over a special position. 

 

6.3.4. EPR Measurements and Analyses 

 Solutions for variable viscosity EPR measurements were prepared at a concentration of 5 

mM in water/glycerol mixtures. Viscosity values were determined for room temperature solutions 

(293 K). A MATLAB function created by Volk41 was used to calculate exact viscosity values 

based on the mass fractions of water and glycerol. Water was obtained from a Milli-Q system and 

sparged with nitrogen for 30 minutes. Glycerol was also sparged with nitrogen for 30 minutes prior 

to mixing. When samples of each complex were dissolved, they were loaded into 2 mm OD quartz 
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mark-tubes (Hilgenberg), sealed with high vacuum grease, and each tube was subsequently placed 

into a 5 mm OD quartz EPR tube for measurement. EPR spectra were collected with a Bruker 

ELEXSYS ESR-500 X-band EPR spectrometer (Bruker Biospin, Rheinstetten, Germany) 

equipped with the high-sensitivity probe. For frozen solution measurements, a helium cryostat was 

used (Oxford Coldedge). All spectra were analyzed with the program EasySpin42 and modeled by 

the spin-Hamiltonian and broadening mechanisms reported in the main text. 

 

6.4. Results and Discussion 

 Complex 1 was synthesized by the facile combination of MnBr2•4H2O and L1 in ethanol, 

affording a pale yellow precipitant that could be crystallized from methanol. The PF6
− salt of 

complex 2 was utilized in a prior study (see Chapter 5) and a small amount was subsequently 

converted to the bromide salt via a salt metathesis reaction with tetrabutylammonium bromide. 

Interestingly, we found that when attempting to isolate these complexes as chloride salts, we 

instead isolated crystal structures of the [MnCl4]2− salts. Owing to the presence of two possible 

sources of an EPR signal and potential convolution of subsequent EPR analyses, we instead 

isolated 1 and 2 as bromide salts, where we avoided the problem.  

 EPR analyses of 1 and 2 in varied-viscosity solutions were performed to assess each 

complex’s ability to spectroscopically detect microviscosity through changes in their molecular 

tumbling rates. The 5 mM solutions of 1 and 2 were prepared ranging from 1 cP (100% H2O, 0% 

glycerol) to 711 cP (2% H2O, 98% glycerol) and measured as room temperature solutions using 

continuous wave X-band EPR spectroscopy. In low viscosity solutions, both complexes produced 

relatively symmetric six-line spectra that are typical of isotropic Mn2+ systems (Figures 6.4, A5.1). 

As the tumbling rate is fast in low viscosity solutions, any anisotropies in g-values, A-values, or 
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zero-field splitting (D) are averaged. As the viscosity of the solutions is increased, new features 

become more apparent, in particular the peak-to-peak spacing decreases and a seventh peak 

appears at the high-field end of the spectra, both are likely arising from the anisotropies in the spin-

Hamiltonian becoming apparent from slower molecular tumbling.   

 To determine how viscosity effects the molecular tumbling rate, the EPR spectra were fit 

using the EasySpin42 program. The function “chili” was used as it supports a wide range of 

correlation times and higher-spin (S > 1/2) systems. The following spin-Hamiltonian was used to 

model the spectra: 𝐻̂ = 𝜇𝐵𝑔𝑩𝑺̂ + 𝑺̂𝐷𝑺̂ + 𝐼𝐴𝑺̂ 

Here, 𝜇𝐵 is the Bohr magneton, 𝑔 is the anisotropic g factor, 𝑩 is the applied magnetic field, 𝑺̂ is 

the electronic spin, 𝐷 is the axial zero-field splitting, 𝐴 is the hyperfine coupling constant, 𝐼 is the 

 
Figure 6.3. Viscosity dependent EPR spectra of 1 collected at X-band (9.8 GHz). Viscosities 
varied from 1 cP (top) to 711 cP (bottom). Experimental spectra are colored, and the spectral 
simulations are in gray. Simulation parameters are found in Table A5.3. 
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nuclear spin. Included in the simulation is the rotational correlation time (τr), which contributes to 

the overall spectral shape and broadness, and varies as a direct result of the solution microviscosity. 

The best fit simulation parameters are listed in Tables A5.3-5.4 and fall in expected ranges 

consistent with other Mn(II) systems.43–46 

As viscosity increased, τr also increased, implying that in solutions with higher viscosity, 

the molecules were tumbling at a slower rate. For 1, τr was found to be 1000 ns in the 711 cP 

solution and fell to 0.562 ns in the 1.00 cP solution. Similarly, the τr for 2 fell from 298 ns to 0.891 

ns. To quantify the sensitivity, we examined the relationship between τr and viscosity (Figure 6.5). 

Analysis of the data reveals that 1 has a sensitivity of 1.42 ns/cP and 2 has a sensitivity of 0.564 

ns/cP, indicating that 1 is a more sensitive viscosity probe.  

 
Figure 6.5. Plot of rotational correlation time (τr) as a function of solution viscosity (η) as 
determined from EPR for 1, 2, and selected radical EPR probes from previous studies. Slopes 
of the best-fit lines are discussed in the main text. It should be noted that the data are plotted 
on a Log-Log scale, where the differences in slope appear to be less than on a linear scale. 
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Upon initial inspection, 1 was predicted to be less sensitive to viscosity due to the fact it 

had a more “symmetrical” coordination environment. However, these results indicate that 1 is 

more sensitive, suggesting that the initial conception of a symmetrical coordination environment 

may not correlate with an isotropic spin-Hamiltonian. In order to quantify the degree of anisotropy 

in these complexes, EPR spectra were obtained in frozen glass solutions of 1 and 2 at 10 K (30% 

water, 70% glycerol). By measuring the complexes under these conditions, the degree of 

anisotropy can be determined as the molecules would not be moving, thus there would be no 

spectral averaging. 

The frozen solution EPR spectra are displayed in Figures A5.2-5.3. Complex 1 produced 

a sharp seven-line spectra, consistent with the Mn(II) ion with zero-field splitting, whereas 

complex 2 produced a broader, six-line spectra, albeit the low field peak likely was the convolution 

of two smaller features akin to a seven-line spectra. Simulations in EasySpin were conducted to 

extrapolate the spin-Hamiltonian parameters. Since the spectra were frozen, the function “Pepper” 

was used, and the best fit parameters are found in Table A5.5. To assess the degree of anisotropy 

in the spin-Hamiltonian parameters, we can first consider the |E/D| ratio, which is often used to 

quantify the degree of rhombic symmetry, where a greater ratio would imply a greater degree of 

anisotropy in the zero-field splitting.47 This ratio is 0.28 for 1 and 0.22 for 2, corroborating the 

results in relative viscosity sensitivity. As an additional measure, the range of g-values or A-values 

may also be useful metrics for assessing the degree of anisotropy these complexes. Here, the range 

of g-values is 0.029 for 1 and 0.007 for 2,  and the range of A-values is 30 MHz for 1 and 25 MHz 

for 2, which both corroborate the results in relative viscosity sensitivity. Despite appearing more 

symmetrical by the initial inspection, complex 1 has a more anisotropic spin-Hamiltonian, and that 

larger anisotropy corresponds to an increased viscosity sensitivity. 
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Finally, we aimed to assess how the viscosity sensitivities of 1 and 2 compare to that of 

other known EPR probes from similar studies. Three additional radical-based probes were 

selected: the dFT-trityl radical,15 Cl4-trityl radical,18 and the Tempol nitroxide radical.21 The 

published data are plotted alongside the data from this study in Figure 6.5, where the sensitivities 

for the additional probes from the best-fit lines are 0.320, 0.215, and 0.115 ns/cP, respectively. 

Excitingly, our metal complex probes outperform all of these recent studies with their sensitivity 

values of 1.42 ns/cP for 1 and 0.564 ns/cP for 2, demonstrating the potential metal complexes to 

be effective EPR probes for sensing microviscosity. 

 

6.5. Conclusion 

 Herein, we describe the first investigation into the use of metal complexes  as viscosity 

sensitive EPR probes, where we describe how increasing the anisotropy of the spin-Hamiltonian 

is an effective design strategy for increasing the sensitivity of EPR measurements to viscosity. 

Interestingly, the degree of anisotropy in the spin-Hamiltonian did not appear to correlate with the 

apparent molecular symmetry of the coordination sphere, suggesting that judiciously designing a 

ligand to maximize the asymmetry requires more than just having different types of binding groups 

to the metal. Computational insight may be required to definitively describe how L1 imparts a 

more anisotropic spin-Hamiltonian on the Mn(II) center. Broadly, these findings illustrate the 

potential for metal complexes to improve upon the viscosity sensitivity of the state-of-the-art 

radical systems. Future directions to improve these systems further will include increasing the size 

of the molecule, by designing similar ligand environments with long alkyl chains appended to the 

structure, to take advantage of the direct relationship between correlation time and molecular 

volume in the Stokes-Einstein equation. 
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CHAPTER 7 – Summary 

  

This dissertation describes five studies aimed at furthering the utility of metal-based probes 

for EPRI. Electron spins are extremely sensitive to their local environment, an attribute that can 

be leveraged for sensing local physiology and aiding in non-invasive medical diagnostics. 

Investigations over the past 30 years toward this goal have utilized molecular organic radicals as 

sensing probes. However, limitations of these systems, in particular their incompatibility with high 

magnetic field measurements, prove that new systems must be investigated. The unique electronic 

structures of paramagnetic metal complexes may allow for the combination of safe low-frequency 

EPR measurements at high magnetic fields. Yet, prior to the studies in this dissertation, there was 

little fundamental insight into the spectral behavior of metal complexes in this regime, and how 

that spectral behavior can be controlled through synthetic chemistry. 

To illuminate this blind spot in magnetic resonance and bring metal complexes closer to 

implementation for EPRI, several aspects of molecular design were investigated. They were 1) 

how to sharpen EPR spectral linewidths through judicious ligand choice, 2) how to control zero-

field splitting through ligand functional group in robust clathrochelate complexes, 3) how 

molecular structure can afford a temperature sensitive electronic structure, and 4) how to improve 

environmental sensitivity through ligand structure changes. Each one of these facets was explored 

and has provided novel insight for the magnetic resonance properties of metal complexes. Firstly, 

towards sharpening EPR spectral linewidth, our initial report suggested that a more distorted 

coordination environment favors a sharper spectrum. However, further experimental insight 

disproved this hypothesis. Several additional spectroscopic and computational studies were 

conducted, eliminating key alternative hypotheses. The results suggest that the second 
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coordination sphere or environmental nuclear spins may play a key role, and as further 

developments in low-frequency instrumentation are made, key experiments can be conducted to 

test this hypothesis. Second, a robust cage ligand was investigated to assess the degree that zero-

field splitting is tunable from several bonds away from the metal center. This unique ligand 

enforced an unusual trigonal prismatic geometry and resulted in large changes in zero-field 

splitting with small chemical augmentations from multiple bonds away. Third, we explored how 

temperature sensitivity of the zero-field splitting varied as a function of ligand and the 

measurement environment, which was found to be greater than the nitrogen vacancy center. 

Further probing of this temperature sensitivity found that it was only present in the solid state, 

indicating temperature dependent structural changes are likely the cause behind the changes in 

zero-field splitting. Finally, sensing microviscosity with EPR and a metal complex probe is a key 

demonstration of the utility of these molecules towards the goal of bioimaging. We determined 

that increasing magnetic anisotropy results in increasing viscosity sensitivity, a key design 

principle that can be used going forward to design the next generation of metal-based EPR probes 

for viscosity. 

This work is envisioned as laying a foundation for advancing metal-based EPR and its 

applications. Further research to study more pronounced structural distortions may lead to 

increased clarity as to the nature of spectral broadening, as the Cr(III) complexes initially 

investigated were rather similar. To explore additional tunable ligand systems that afford smaller 

zero-field splitting, the next robust ligand system that is of interest is the pentapyridyl ligand 

described by Zadrozny et. al in 2010. The open coordination site this ligand affords will allow for 

systematic studies of the electronic structure by varying the binding group at the open site. Lastly, 
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to explore environmental sensing, other chemical signatures, like pH, will be investigated to assess 

how the protonation state of the ligand affects the EPR properties of the metal center. 
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Appendix 1: Supporting Information for Chapter 2 

 

Appendix Table 1.1. Crystallographic information for the structural refinement of 1. 
Empirical formula C96H138Cl6Cr2N12O9S2 

Formula weight 1985.00 g/mol 
Temperature 100.02 K 
Crystal system Monoclinic 
Space group P21 
a 12.3901(5) Å 
b 19.3151(8) Å 
c 24.4122(11) Å 
α 90° 
β 104.287(2)° 
γ 90° 
Volume 5661.5(4) Å3 

Z 2 
ρcalc 1.164 g cm-3 

µ 0.424 mm-1 

F(000) 2104.0 
Crystal color Orange 
Crystal size 0.224 × 0.151 × 0.086 mm3 

Radiation MoKα (λ = 0.71073 Å) 
2 range for data collection 1.722 to 49.42° 
Index ranges –14 ≤ h ≤ 14, –22 ≤ k ≤ 22, –28 ≤ l ≤ 28 
Reflections collected 151263 
Independent collections 19288 [Rint = 0.0591, Rsigma = 0.0339] 
Data/restraints/parameters 19288/762/1158 
Goodness-of-fit on F2 1.040 
Final R indexes [I  2 () R1 = 0.0853, wR2 = 0.2412 
Final R indexes [all data] R1 = 0.1009, wR2 = 0.2622 
Largest diff. peak/hole 1.45/–1.19 e Å-3 
Flack parameter 0.044(6) 
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Appendix Table 1.2. Crystallographic information for the structural refinement of 4. 
Empirical formula C20H74Cl6Cr2N12O5 
Formula weight 879.61 g/mol 
Temperature 154.01 K 
Crystal system Monoclinic 
Space group Cc 

a 28.4948(19) Å 
b 12.0595(7) Å 
c 14.7903(8) Å 
α 90° 
β 121.059(3)° 
γ 90° 
Volume 4353.8(5) Å3 

Z 4 
ρcalc 1.342 g cm-3 

µ 0.910 mm-1 

F(000) 1878.5 
Crystal color Orange 
Crystal size 0.253 × 0.136 × 0.103 mm3 

Radiation MoKα (λ = 0.71073 Å) 
2 range for data collection 3.214 to 64.258° 
Index ranges –42 ≤ h ≤ 42, –18 ≤ k ≤ 18, –22 ≤ l ≤ 22 
Reflections collected 69980 
Independent collections 12060 [Rint = 0.0499, Rsigma = 0.0382] 
Data/restraints/parameters 12060/9/394 
Goodness-of-fit on F2 1.116 
Final R indexes [I  2 () R1 = 0.0667, wR2 = 0.1883 
Final R indexes [all data] R1 = 0.0878, wR2 = 0.2117 
Largest diff. peak/hole 1.53/–1.78 e Å-3 
Flack parameter 0.021(7) 
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Appendix Table 1.3. Crystallographic information for the structural refinement of 5-SS. 
Empirical formula C18H52Cl3CrN6O5 
Formula weight 591.01 g/mol 
Temperature 99.99 K 
Crystal system Hexagonal 
Space group P61 
a 12.2492(5) Å 
b 12.2492(5) Å 
c 33.5991(16) Å 
α 90° 
β 90° 
γ 120° 
Volume 4365.9(4) Å3 
Z 6 
ρcalc 1.349 g cm-3 
µ 0.705 mm-1 
F(000) 1902.0 
Crystal color Orange 
Crystal size 0.123 × 0.088 × 0.086 mm3 
Radiation MoKα (λ = 0.71073 Å) 
2 range for data collection 3.84 to 50.024° 
Index ranges –14 ≤ h ≤ 13, –14 ≤ k ≤ 13, –39 ≤ l ≤ 39 
Reflections collected 19578 
Independent collections 5157 [Rint = 0.0509, Rsigma = 0.0504] 
Data/restraints/parameters 5157/3/313 
Goodness-of-fit on F2 1.097 
Final R indexes [I  2 () R1 = 0.0560, wR2 = 0.1362 
Final R indexes [all data] R1 = 0.0650, wR2 = 0.1472 
Largest diff. peak/hole 1.84/–0.65 e Å-3 
Flack parameter 0.031(13) 
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Appendix Table 1.4. Crystallographic information for the structural refinement of 5-RR. 
Empirical formula C18H52Cl3CrN6O5 
Formula weight 591.01 g/mol 
Temperature 100.0 K 
Crystal system Hexagonal 
Space group P65 
a 12.2603(6) Å 
b 12.2603(6) Å 
c 33.2599(16) Å 
α 90° 
β 90° 
γ 120° 
Volume 4329.7(5) Å3 
Z 6 
ρcalc 1.360 g cm-3 
µ 0.711 mm-1 
F(000) 1902.0 
Crystal color Orange 
Crystal size 0.121 × 0.104 × 0.079 mm3 
Radiation MoKα (λ = 0.71073 Å) 
2 range for data collection 4.026 to 52.73° 
Index ranges –15 ≤ h ≤ 15, –15 ≤ k ≤ 15, –41 ≤ l ≤ 41 
Reflections collected 171415 
Independent collections 5914 [Rint = 0.0669, Rsigma = 0.0184] 
Data/restraints/parameters 5914/112/330 
Goodness-of-fit on F2 1.081 
Final R indexes [I  2 () R1 = 0.0561, wR2 = 0.1251 
Final R indexes [all data] R1 = 0.0608, wR2 = 0.1288 
Largest diff. peak/hole 1.09/–0.88 e Å-3 
Flack parameter 0.020(6) 
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Appendix Table 1.5. Selected inner coordination sphere bond lengths and angles of 1. 
Atoms Length (Å) Atoms Angle (˚) 
Cr01–N00C 2.087(7) N00E–Cr01–N00G 82.0(3) 
Cr01–N00E 2.078(7) N00F–Cr01–N00H 82.3(3) 
Cr01–N00F 2.050(8) N00I–Cr01–N00C 82.0(3) 
Cr01–N00G 2.078(7) N00F–Cr01–N00E 171.0(3) 
Cr01–N00H 2.073(7) N00G–Cr01–N00C 169.8(3) 
Cr01–N00I 2.080(7) N00H–Cr01–N00I 169.6(3) 
Cr02–N00K 2.083(8) N00N–Cr02–N00V 81.6(3) 
Cr02–N00N 2.070(8) N00S–Cr02–N00K 80.8(3) 
Cr02–N00P 2.097(7) N01D–Cr02–N00P 81.0(3) 
Cr02–N00S 2.083(9) N00N–Cr02–N00P 171.0(3) 
Cr02–N00V 2.075(8) N00V–Cr02–N00K 172.4(3) 
Cr02–N01D 2.068((9) N01D–Cr02–N00S 173.7(3) 

 

 
Appendix Table 1.6. Selected inner coordination sphere bond lengths and angles of 4. 
Atoms Length (Å) Atoms Angle (˚) 
Cr01–N009 2.098(7) N00Q–Cr01–N00K 91.2(6) 
Cr01–N00C 2.096(7) N00R–Cr01–N00K 87.6(5) 
Cr01–N00I 2.078(7) N1–Cr01–N009 89.0(5) 
Cr01–N00J 2.138(16) N00I–Cr01–N00J 85.6(5) 
Cr01–N00K 2.089(7) N00I–Cr01–N00C 90.5(3) 
Cr01–N00Q 2.045(17) N00C–Cr01–N00R 173.8(6) 
Cr01–N1 2.078(17) N00I–Cr01–N009 176.8(3) 
Cr01–N00R 2.144(14) N00K–Cr01–N00J 175.6(6) 
Cr02–N00D 2.35(3) N00Q–Cr01–N00C 174.8(8) 
Cr02–N00E 1.930(17) N1–Cr01–N00K 174.7(7) 
Cr02–N00H 2.207(17) N2AA–Cr02–N00V 94.6(6) 
Cr02–N00U 2.18(2) N00D–Cr02–N00U 80.6(9) 
Cr02–N0AA 2.195(15) N4AA–Cr02–N3AA 90.4(4) 
Cr02–N1AA 2.029(13) N0AA–Cr02–N1AA 90.8(6) 
Cr02–N00V 2.074(13) N00E–Cr02–N00H 92.2(7) 
Cr02–N2AA 1.971(17) N00E–Cr02–N00D 173.2(8) 
Cr02–N3AA 2.117(8) N1AA–Cr02–N4AA 173.1(5) 
Cr02–N4AA 2.105(10) N2AA–Cr02–N0AA 172.4(6) 
  N3AA–Cr02–N00U 169.1(9) 
  N4AA–Cr02–N00H 172.4(6) 
  N00V–Cr02–N3AA 175.9(5) 
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Appendix Table 1.7. Selected inner coordination sphere bond lengths and angles of 5-SS. 
Atoms Length (Å) Atoms Angle (˚) 
Cr01–N005 2.079(5) N007–Cr01–N005 82.57(19) 
Cr01–N006 2.083(5) N008–Cr01–N006 82.14(19) 
Cr01–N007 2.078(5) N00A–Cr01–N00B 82.2(2) 
Cr01–N008 2.081(5) N005–Cr01–N006 170.96(19) 
Cr01–N00A 2.065(5) N00A–Cr01–N007 170.2(2) 
Cr01–N00B 2.074(5) N00B–Cr01–N008 172.5(2) 

 

 
Appendix Table 1.8. Selected inner coordination sphere bond lengths and angles of 5-RR. 
Atoms Length (Å) Atoms Angle (˚) 
Cr01–N005 2.088(6) N006–Cr01–N007 81.7(2) 
Cr01–N006 2.076(6) N008–Cr01–N00A 82.4(2) 
Cr01–N007 2.084(6) N009–Cr01–N005 82.4(2) 
Cr01–N008 2.080(6) N006–Cr01–N005 170.8(2) 
Cr01–N009 2.085(7) N007–Cr01–N00A 172.2(2) 
Cr01–N00A 2.086(6) N008–Cr01–N009 170.2(2) 

 

 

Appendix Table 1.9. Continuous-shape-measurement (CSM) results for 1, 2, 4, 5, 5-SS, 5-RR.  
Complex SHAPE analysis octahedral SHAPE analysis trigonal prismatic 

1 0.731 12.69 
2 0.616 13.43 
4 0.064 15.73 
5 0.510 13.79 

5-SS 0.661 12.54 
5-RR 0.636 12.55 

 

 

Appendix Table 1.10. Emission lifetimes for 1-5 obtained through bi-exponential decay (2-5, 5-
SS, and 5-RR) or tri-exponential decay (1) fits. 
Complex τ1 (ns) τ2 (ns) τ3 (ns) 
1 0.45 ± 0.033 37.9 ± 4.7 1884 ± 66 
2 1.40 ± 0.049 1800 ± 37 - 
3 0.99 ± 0.054 1830 ± 32 - 
4 0.48 ± 0.062 1950 ± 29 - 
5 0.97 ± 0.059 1910 ± 34 - 
5-SS 0.72 ± 0.034 1550 ± 23 - 
5-RR 0.58 ± 0.048 1590 ± 21 - 
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Appendix Figure 1.1. Thermal ellipsoid plot of 1 drawn at the 50% probability level. Hydrogen 
atoms, counterions, and solvent molecules were removed for clarity. Pink, blue, and grey 
ellipsoids correspond to chromium, nitrogen, and carbon, respectively. 
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Appendix Figure 1.2. Thermal ellipsoid plot of 4 drawn at the 50% probability level. Disorder 
is illustrated for two of the 1,3-propanediamine arms, and the atoms here were modeled 
isotropically. Hydrogen atoms, counterions, and solvent molecules were removed for clarity. 
Pink, blue, and grey ellipsoids correspond to chromium, nitrogen, and carbon atoms, 
respectively. 
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Appendix Figure 1.3. Thermal ellipsoid plot of 5-SS drawn at the 70% probability level. 
Hydrogen atoms, counterions, and solvent molecules were removed for clarity. Pink, blue, and 
grey ellipsoids correspond to chromium, nitrogen, and carbon atoms, respectively. 
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Appendix Figure 1.4. Thermal ellipsoid plot of 5-RR drawn at the 50% probability level. 
Hydrogen atoms, counterions, and solvent molecules were removed for clarity. Pink, blue, and 
grey ellipsoids correspond to chromium, nitrogen, and carbon atoms, respectively. 
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Appendix Figure 1.5. Continuous-wave X-band EPR spectra of 1-5 in ethylene glycol-water 
solutions (50:50 v/v) collected at 77 K. 
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Appendix Figure 1.6. Electronic absorption spectroscopy data for complexes 1-5. Solutions 
were prepared at ca. 1, 5, and 10 mM in deionized H2O and spectra were collected at room 
temperature. 
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Appendix Figure 1.7. Electronic absorption spectroscopy data for complexes 5, 5-SS, and 5-
RR. Solutions were prepared at ca. 1, 5, and 10 mM in deionized H2O and spectra were 
collected at room temperature. 
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Appendix Figure 1.8. Steady-state emission spectroscopy data for 1-5. Solutions were 
prepared at ca. 30 mM in deionized H2O and spectra were collected at 20 °C. 
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Appendix Figure 1.9. Steady-state emission spectroscopy data for 5, 5-SS, and 5-RR. Solutions 
were prepared at ca. 30 mM in deionized H2O and spectra were collected at 20 °C. 
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Appendix Figure 1.10. Time-resolved emission spectra for 2 and 5. The solutions were 
prepared at ca. 30 mM in deionized H2O and spectra were collected at 20 °C. 
 
 

 
Appendix Figure 1.11. Time-resolved emission spectra for 1, 3 and 4. The solutions were 
prepared at ca. 30 mM in deionized H2O and spectra were collected at 20 °C. 
 
 

0 5 10 15 20 25
200

400

600

800
1000

0 100 200 300 400
200

300

400

500

600

700
800
900

1000

In
te

ns
ity

 (
co

un
ts

)

Time (ns)

 2
 5

In
te

ns
ity

 (
co

un
ts

)

Time (ns)

 2
 5

0 100 200 300 400

300

400

500

600

700

800
900

1000
1100
1200

0 5 10 15 20 25

400

600

800

1000

In
te

ns
ity

 (
co

un
ts

)

Time (ns)

 1
 3
 4

In
te

ns
ity

 (
co

un
ts

)

Time (ns)

 1
 3
 4



 
166 

 

 

 

 

  

 
Appendix Figure 1.12. Time-resolved emission spectra for (1R,2R)-(+)-1,2-
diphenylethylenediamine. The solution was prepared at ca. 30 mM in deionized H2O and 
spectra were collected at 20 °C. 
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Appendix Figure 1.13. CW L-band EPR spectra of 5 and 5-SS in 30 mM frozen glass solutions 
of an ethylene glycol/water (1:1 v/v) solvent system at 112 K. Dashed lines below each 
spectrum are the simulated spectra using the parameters from Table S7. Spectra appear offset 
due to slightly different tuning frequencies used in each experiment (1.095 GHz for 5-SS and 
1.360 GHz for 5). 
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Appendix Figure 1.14. The putative global minima of the structures of the four Cr(III) 
complexes 1, 2, 4, and 5 micro-solvated with 20 water molecules. 
 

 

 
Appendix Figure 1.15. Molecular simulation boxes of the four Cr(III) complexes in water. 
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Appendix 2: Supporting Information for Chapter 3 

  

Appendix Table 2.1. EXAFS parameters for complex 1 obtained from fitting the EXAFS 
spectra. Spectra were collected as 30 mM frozen solutions at 110 K. 
 N C H 

N 6 6 12 
σ2 (Å2) 0.00153 ± 0.00125 0.00634 ± 0.00455 0.00192 ± 0.00575 
R (Å) 2.0822 ± 0.0089 2.9112 ± 0.0031 2.3875 ± 0.0453 

S02 0.645 ± 0.080 
E0 (eV) −0.550 ± 1.005 

 

 
Appendix Table 2.2. EXAFS parameters for complex 2 obtained from fitting the EXAFS 
spectra. Spectra were collected as 30 mM frozen solutions at 110 K. 

 N C1 C2 H 

N 6 6 3 12 

σ2 (Å2) 0.00133 ± 0.00134 0.00271 ± 0.00318 0.01073 ± 0.01668 0.00192 ± 0.00575 

R (Å) 2.0994 ± 0.0098 3.1142 ± 0.0252 3.5450 ± 0.0167 2.4430 ± 0.0532 

S02 0.665 ± 0.088 

E0 (eV) 0.150 ± 1.144 
 

 
Appendix Table 2.3. EXAFS parameters for complex 3 obtained from fitting the EXAFS 
spectra. Spectra were collected as 30 mM frozen solutions at 110 K. 

 N C H 

N 6 6 12 
σ2 (Å2) 0.00112 ± 0. 00153 0.00545 ± 0.00538 0.00218 ± 0.00793 
R (Å) 2.0813 ± 0.0109 2.9166 ± 0.0038 2.3941 ± 0.0607 

S02 0.696 ± 0.106 
E0 (eV) −1.097 ± 1.219 
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Appendix Table 2.4. EXAFS parameters for complex 4 obtained from fitting the EXAFS 
spectra. Spectra were collected as 30 mM frozen solutions at 110 K. 

 N C H 

N 6 6 12 
σ2 (Å2) 0.00243 ± 0. 00137 0.00691 ± 0.00498 0.00175 ± 0.00528 
R (Å) 2.0796 ± 0.0100 2.9472 ± 0.0328 2.3775 ± 0.0414 

S02 0.736 ± 0.092 
E0 (eV) −0.131 ± 1.076 

 
 

Appendix Table 2.5. EXAFS parameters for complex 1 obtained from fitting the EXAFS 
spectra. Spectra were collected as solid-state pellets at 30 K. 
 N C H 

N 6 6 12 
σ2 (Å2) 0.00410 ± 0. 00243 0.01401 ± 0.01175 0.00219 ± 0.00641 
R (Å) 2.0622 ± 0.0159 2.8432 ± 0.0517 2.3368 ± 0.0631 

S02 0.813 ± 0.209 
E0 (eV) −1.843 ± 1.746 

 

 
Appendix Table 2.6. EXAFS parameters for complex 2 obtained from fitting the EXAFS 
spectra. Spectra were collected as solid-state pellets at 30 K. 

 N C1 C2 H 

N 6 6 3 12 
σ2 (Å2) 0.00406 ± 0.00242 0.00810 ± 0.00580 0.02108 ± 0.04337 0.01184 ± 0.01813 
R (Å) 2.0887 ± 0.0188 3.1026 ± 0.0535 3.4550 ± 0.280 2.3706 ± 0.146 

S02 0.839 ± 0.265 
E0 (eV) 1.616 ± 3.262 
 
 

Appendix Table 2.7. EXAFS parameters for complex 3 obtained from fitting the EXAFS 
spectra. Spectra were collected as solid-state pellets at 30 K. 

 N C H 

N 6 6 12 
σ2 (Å2) 0.00183 ± 0. 00174 0.00428 ± 0.00505 0.00659 ± 0.01494 
R (Å) 2.0853 ± 0.0137 2.9220 ± 0.0425 2.4155 ± 0.1015 

S02 0.689 ± 0.139 
E0 (eV) 0.551 ± 2.017 

 



 
171 

 

 

Appendix Table 2.8. EXAFS parameters for complex 4 obtained from fitting the EXAFS 
spectra. Spectra were collected as solid-state pellets at 30 K. 

 N C H 

N 6 6 12 
σ2 (Å2) 0.00353 ± 0. 00197 0.00674 ± 0.00530 0.00526 ± 0.01014 
R (Å) 2.0711 ± 0.0141 2.9586 ± 0.0405 2.3974 ± 0.0614 

S02 0.819 ± 0.171 
E0 (eV) −0.626 ± 2.020 

 

 

Appendix Table 2.9. Spin-Hamiltonian parameters of complex 1 computed with PBE/EPR-
III(Cr)/ zora-def2-TZVPP level of theory. 

 
Gas Phase AIMD (0K) 

Crystal 

Structure 

Experiment 

(fitted) 

gx 1.9938 1.9936 1.9944 1.985 

gy 1.9940 1.9937 1.9947 1.985 

gz 1.9942 1.9939 1.9950 1.960 

D (cm−1) −0.214472 −0.0787 −0.1323 0.100  
A (Mhz)  27.0958 27.4458 26.9796 0  
E/D  0.0504 0.0309 0.0991 0  

 

 

Appendix Table 2.10. Spin-Hamiltonian parameters of complex 2 computed with PBE/EPR-
III(Cr)/ zora-def2-TZVPP level of theory. 

 
Gas Phase AIMD (0K) Crystal 

Structure 
Experiment 

(fitted) 
gx 1.9933 1.9928 1.9939 2.300 

gy 1.9934 1.9930 1.9941 2.300 
gz 1.9940 1.9936 1.9943 1.990 

D (cm−1) −0.084752 0.0918 0.1480 0.0967  
A (Mhz)  28.0765 28.2721 27.7479 0  
E/D  0.2510 0.2732 0.2490 0  
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Appendix Table 2.11. Spin-Hamiltonian parameters of complex 3 computed with PBE/EPR-
III(Cr)/ zora-def2-TZVPP level of theory. 

 
Gas Phase AIMD (0K) 

Crystal 

Structure 

Experiment 

(fitted) 

gx 1.9939 1.9937 1.9945 2.300 

gy 1.9943 1.9938 1.9949 2.300 
gz 1.9945 1.9939 1.9951 2.000 

D (cm−1) −0.097198 0.0765 −0.1621 0.0967 
A (Mhz)  27.6673 27.7619 27.0174 0 
E/D  0.1800 0.1272 0.1442 0 

 

 

 

Appendix Table 2.12. Spin-Hamiltonian parameters of complex 4 computed with PBE/EPR-
III(Cr)/ zora-def2-TZVPP level of theory. 

 
Gas Phase AIMD (0K) 

Crystal 

Structure 

Experiment 

(fitted) 

gx 1.9941 1.9935 1.9945 1.995 

gy 1.9942 1.9937 1.9952 1.995 
gz 1.9944 1.9940 1.9955 1.955 

D (cm−1) −0.099732 0.0618 −0.1294 0.108 
A (Mhz)  28.2944 27.8251 26.7759 0 
E/D  0.2766 0.2614 0.1837 0 

 

 

 

Appendix Table 2.13. Comparison of calculated geometry parameters in 1-4 in the gas phase 
and water solvation as determined by PBE/cc-pVTZ/SDD level of theory. 

 1 2 3 4 
Gas 

phase  
Water Gas 

phase 
Water Gas 

phase 
Water Gas 

phase 
Water 

Cr-N 2.15 2.10 2.14 2.12  2.15 2.10 2.20 2.11 
N-Cr-Nbite 79.5 81.9 87.3 88.5 79.5 82.4 80.8 81.0 
N-Cr-Nadj 93.7 92.9 90.9 90.6 93.6 92.8 93.2 93.3 
N-Cr-Nopp 172.4 170.5 177.4 175 172.6 169.9 174.1 168.7 
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Appendix Figure 2.1. Radial structure function plot shown as Fourier Transform EXAFS data 
(Black) of 1 as a frozen solution, fit of experimental results (Red), and computed spectra from 
AIMD (Blue) with k2-weighting over k-range of 2–12 Å−1. Insets: k2-weighted k-space plots 
and fits of 1. 
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Appendix Figure 2.2. Radial structure function plot shown as Fourier Transform EXAFS data 
(Black) of 2 as a frozen solution, fit of experimental results (Red), and computed spectra from 
AIMD (Blue) with k2-weighting over k-range of 2–12 Å−1. Insets: k2-weighted k-space plots 
and fits of 2. 
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Appendix Figure 2.3. Radial structure function plot shown as Fourier Transform EXAFS data 
(Black) of 1 in the solid state and fit of experimental results (Red), with k2-weighting over k-
range of 2–12 Å−1. Insets: k2-weighted k-space plots and fits of 1. 
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Appendix Figure 2.4. Radial structure function plot shown as Fourier Transform EXAFS data 
(Black) of 2 in the solid state and fit of experimental results (Red), with k2-weighting over k-
range of 2–12 Å−1. Insets: k2-weighted k-space plots and fits of 2. 
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Appendix Figure 2.5. Radial structure function plot shown as Fourier Transform EXAFS data 
(Black) of 3 in the solid state and fit of experimental results (Red), with k2-weighting over k-
range of 2–12 Å−1. Insets: k2-weighted k-space plots and fits of 3. 
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Appendix Figure 2.6. Radial structure function plot shown as Fourier Transform EXAFS data 
(Black) of 4 in the solid state and fit of experimental results (Red), with k2-weighting over k-
range of 2–12 Å−1. Insets: k2-weighted k-space plots and fits of 4. 
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Appendix Figure 2.7. Calculated Raman spectra for Cr-complexes in water solvent and gas 
phase at PBE/cc-pVTZ/SDD level of theory. 
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Appendix Figure 2.8. Vibrational density of states (VDOS) of Cr–N stretching modes. VDOS 
was calculated using the cosine transform of the autocorrelation function of corresponding 
internal coordinate. For example, the bond stretching mode was determined by:  𝑉𝐷𝑂𝑆(𝜔) = ∫ 𝑑𝜏 〈𝑑(𝜏)𝑑(0)〉〈𝑑(0)𝑑(0)〉 cos (𝜔𝜏)∞

0  

where d(τ) the time-dependent length of a given bond relative to its time-average value. 
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Appendix Figure 2.9. Decomposition of normal vibrational frequencies into % local vibrational 
mode contributions for complex 1. In blues correspond to Cr−N stretching contributions, 
yellows to N−Cr−N bending, greens to Cr−N−C/H bending, greys to local modes without the 
Cr atom. 
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Appendix Figure 2.10. Decomposition of normal vibrational frequencies into % local 
vibrational mode contributions for complex 2. In blues correspond to Cr−N stretching 
contributions, yellows to N−Cr−N bending, greens to Cr−N−C/H bending. Local modes without 
Cr are omitted for clarity. 
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Appendix Figure 2.11. Decomposition of normal vibrational frequencies into % local 
vibrational mode contributions for complex 3. In blues correspond to Cr−N stretching 
contributions, yellows to N−Cr−N bending, greens to Cr−N−C/H bending. Local modes without 
Cr are omitted for clarity. 
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Appendix Figure 2.12. Decomposition of normal vibrational frequencies into % local 
vibrational mode contributions for complex 4. In blues correspond to Cr−N stretching 
contributions, yellows to N−Cr−N bending, greens to Cr−N−C/H bending. Local modes without 
Cr are omitted for clarity. 
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Appendix Figure 2.13. Radial distribution plot of Cr-water distances derived from AIMD. 



 
186 

 

Appendix 3: Supporting Information for Chapter 4 

 

Appendix Table 3.1. Crystallographic information for the structural refinement of 1. 
Empirical formula C30H30B2F10N6NiO6 

Formula weight 840.96 g/mol 
Temperature 104.13 K 
Crystal system Triclinic 
Space group P-1 
a 11.7082(3) Å 
b 12.2248(3) Å 
c 13.9254(4) Å 
α 67.6230(10)° 
β 88.3260(10)° 
γ 71.7290(10)° 
Volume 1740.90(8) Å3 

Z 2 
ρcalc 1.604 g cm-3 

µ 0.663 mm-1 

F(000) 856.0 
Crystal color Green 
Crystal size 0.138 × 0.061 × 0.031 mm3 

Radiation MoKα (λ = 0.71073 Å) 
2q range for data collection 3.18 to 52.74° 
Index ranges –14 ≤ h ≤ 14, –15 ≤ k ≤ 15, –17 ≤ l ≤ 17 
Reflections collected 96824 
Independent collections 7132 [Rint = 0.0783, Rsigma = 0.0276] 
Data/restraints/parameters 7132/0/501 
Goodness-of-fit on F2 1.134 
Final R indexes [I  2 () R1 = 0.0431, wR2 = 0.1100 
Final R indexes [all data] R1 = 0.0576, wR2 = 0.1261 
Largest diff. peak/hole 1.74/–0.67 e Å-3 
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Appendix Table 3.2. Crystallographic information for the structural refinement of 2. 
Empirical formula C34H46B2N6NiO10 

Formula weight 779.10 g/mol 
Temperature 100.01 K 
Crystal system Monoclinic 
Space group C2/c 
a 26.8983(12) Å 
b 8.7226(4) Å 
c 17.7343(7) Å 
α 90° 
β 117.800(2)° 
γ 90° 
Volume 3680.6(3) Å3 

Z 4 
ρcalc 1.406 g cm-3 

µ 0.592 mm-1 

F(000) 1640.0 
Crystal color Green 
Crystal size 0.268 × 0.127 × 0.029 mm3 

Radiation MoKα (λ = 0.71073 Å) 
2q range for data collection 3.424 to 49.418° 
Index ranges –31 ≤ h ≤ 31, –10 ≤ k ≤ 10, –20 ≤ l ≤ 20 
Reflections collected 45379 
Independent collections 3142 [Rint = 0.1308, Rsigma = 0.0424] 
Data/restraints/parameters 3142/0/245 
Goodness-of-fit on F2 1.109 
Final R indexes [I  2 () R1 = 0.0673, wR2 = 0.1695 
Final R indexes [all data] R1 = 0.0899, wR2 = 0.1899 
Largest diff. peak/hole 1.55/–0.84 e Å-3 
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Appendix Table 3.3. Crystallographic information for the structural refinement of 3. 
Empirical formula C31H42B2Cl2N6NiO6 

Formula weight 745.92 g/mol 
Temperature 100.02 K 
Crystal system Triclinic 
Space group P1 
a 8.7045(3) Å 
b 12.6193(5) Å 
c 16.8514(6) Å 
α 108.029(2)° 
β 91.507(2)° 
γ 100.848(2)° 
Volume 1721.60(11) Å3 

Z 2 
ρcalc 1.439 g cm-3 

µ 0.771 mm-1 

F(000) 780.0 
Crystal color Green 
Crystal size 0.256 × 0.043 × 0.037 mm3 

Radiation MoKα (λ = 0.71073 Å) 
2q range for data collection 3.468 to 52.742° 
Index ranges –10 ≤ h ≤ 10, –15 ≤ k ≤ 15, –21 ≤ l ≤ 21 
Reflections collected 49643 
Independent collections 14052 [Rint = 0.0612, Rsigma = 0.0586] 
Data/restraints/parameters 14052/3/877 
Goodness-of-fit on F2 1.098 
Final R indexes [I  2 () R1 = 0.0408, wR2 = 0.0908 
Final R indexes [all data] R1 = 0.0565, wR2 = 0.1049 
Largest diff. peak/hole 0.44/–0.57 e Å-3 
Flack parameter 0.387(6) 
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Appendix Table 3.4. Crystallographic information for the structural refinement of 4. 
Empirical formula C18H16B2N6NiO6 

Formula weight 492.68 g/mol 
Temperature 214.44 K 
Crystal system Monoclinic 
Space group P21/c 
a 11.291(6) Å 
b 11.251(4) Å 
c 15.826(6) Å 
α 90° 
β 104.49(2)° 
γ 90° 
Volume 1946.5(15) Å3 

Z 4 
ρcalc 1.681g cm-3 

µ 1.051 mm-1 

F(000) 1008.0 
Crystal color Green 
Crystal size 0.102 × 0.065 × 0.032 mm3 

Radiation MoKα (λ = 0.71073 Å) 
2q range for data collection 3.726 to 52.04° 
Index ranges –13 ≤ h ≤ 13, –13 ≤ k ≤ 13, –19 ≤ l ≤ 19 
Reflections collected 74743 
Independent collections 3824 [Rint = 0.0838, Rsigma = 0.0247] 
Data/restraints/parameters 3824/0/298 
Goodness-of-fit on F2 1.222 
Final R indexes [I  2 () R1 = 0.0306, wR2 = 0.0813 
Final R indexes [all data] R1 = 0.0442, wR2 = 0.0995 
Largest diff. peak/hole 0.61/–0.60 e Å-3 

 

  



 
190 

 

Appendix Table 3.5. Crystallographic information for the structural refinement of 5. 
Empirical formula C18H10B2Cl6N6NiO6 

Formula weight 699.35 g/mol 
Temperature 110.22 K 
Crystal system Triclinic 
Space group P-1 
a 8.1747(10) Å 
b 12.442(2) Å 
c 13.2849(18) Å 
α 96.637(7)° 
β 103.105(9)° 
γ 108.640(7)° 
Volume 1220.8(3) Å3 

Z 2 
ρcalc 1.903 g cm-3 

µ 1.503 mm-1 

F(000) 696.0 
Crystal color Green 
Crystal size 0.052 × 0.046 × 0.035 mm3 

Radiation MoKα (λ = 0.71073 Å) 
2q range for data collection 3.216 to 52.988° 
Index ranges –10 ≤ h ≤ 10, –15 ≤ k ≤ 15, –16 ≤ l ≤ 16 
Reflections collected 52346 
Independent collections 5031 [Rint = 0.1056, Rsigma = 0.0477] 
Data/restraints/parameters 5031/0/352 
Goodness-of-fit on F2 1.044 
Final R indexes [I  2 () R1 = 0.0428, wR2 = 0.0957 
Final R indexes [all data] R1 = 0.0649, wR2 = 0.1043 
Largest diff. peak/hole 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

1.24/–0.40 e Å-3 
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Appendix Table 3.6. Contributions to D respective of triplet (T) and singlet (S) excited states in 
each complex and their respective energies. 

 

 

Appendix Table 3.7. Multiconfiguration coefficients for 1. Configurations here are listed as 
occupancy of d orbitals, with increasing energy from left to right. For example, in the T1 column 
above, “22211” indicates a configuration of (dz2)2(dx2-y2)2(dxy)2(dxz)1(dyz)1, like depicted in Fig. 3c 
of the main text, and the “A” number of 0.226 indicates the contribution of that configuration to 
the T1 state. 

 
  



 
192 

 

Appendix Table 3.8. Multiconfiguration coefficients for 2. Configurations here are listed as 
occupancy of d orbitals, with increasing energy from left to right. For example, at the top of the 
T1 column above, “12122” indicates a configuration of (dz2)1(dx2-y2)2(dxy)1(dxz)2(dyz)2, and the “A” 
number of 0.352 indicates the contribution of that configuration to the T1 state. 

 
 
 
 
Appendix Table 3.9. Multiconfiguration coefficients for 3. Configurations here are listed as 
occupancy of d orbitals, with increasing energy from left to right. For example, at the top of the 
T1 column above, “21221” indicates a configuration of (dz2)2(dx2-y2)1(dxy)2(dxz)2(dyz)1 and the “A” 
number of 0.550 indicates the contribution of that configuration to the T1 state. 
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Appendix Table 3.10. Multiconfiguration coefficients for 4. Configurations here are listed as 
occupancy of d orbitals, with increasing energy from left to right. For example, at the top of the 
T1 column above, “21212” indicates a configuration of (dz2)2(dx2-y2)1(dxy)2(dxz)1(dyz)2 and the “A” 
number of 0.277 indicates the contribution of that configuration to the T1 state. 

 
 
 
 
Appendix Table 3.11. Multiconfiguration coefficients for 5. Configurations here are listed as 
occupancy of d orbitals, with increasing energy from left to right. For example, in the T1 column 
above, “21221” indicates a configuration of (dz2)2(dx2-y2)1(dxy)2(dxz)2(dyz)1 and the “A” number of 
0.681 indicates the contribution of that configuration to the T1 state. 
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Appendix Figure 3.1. Deconvoluted electronic absorption spectra of 1. Peak 1: 11406 cm−1. 
Peak 2: 13071 cm−1. 
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Appendix Figure 3.2. Deconvoluted electronic absorption spectra of 2. Peak 1: 11397 cm−1. 
Peak 2: 13053 cm−1. 
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Appendix Figure 3.3. Deconvoluted electronic absorption spectra of 3. Peak 1: 11608 cm−1. 
Peak 2: 13222 cm−1. 
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Appendix Figure 3.4. Deconvoluted electronic absorption spectra of 4. Peak 1: 13412 cm−1. 
Peak 2: 11703 cm−1.  
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Appendix Figure 3.5. Deconvoluted electronic absorption spectra of 5. Peak 1: 9903 cm−1. 
Peak 2: 12396 cm−1. 
 



 
199 

 

  

 
Appendix Figure 3.6. 11B NMR spectra of phenylboronic acid referenced to NaBPh4 collected 
in MeOH-d4. 
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Appendix Figure 3.7. 11B NMR spectra of 3,5-dimethoxyphenylboronic acid referenced to 
NaBPh4 collected in MeOH-d4. 
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Appendix Figure 3.8. 11B NMR spectra of pentafluorophenylboronic acid referenced to 
NaBPh4 collected in MeOH-d4. 
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Appendix Figure 3.9. Reduced magnetization data and fits obtained through PHI for complex 
1. 
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Appendix Figure 3.10. Reduced magnetization data and fits obtained through PHI for complex 
2. 
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Appendix Figure 3.11. Reduced magnetization data and fits obtained through PHI for complex 
4. 



 
205 

 

 

 

 

 

 

 

  

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
0.00

0.05

0.10

0.15

0.20

0.25

0.30

 3.0 T

 1.0 T

 0.5 T

 0.1 T

M
 (

N
m B

)

H/T (T/K)
 

Appendix Figure 3.12. Reduced magnetization data and fits obtained through PHI for complex 
5. 
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Appendix Figure 3.13. Contributions to D respective of triplet (T) excited states relative to the 
predicted total D value for each of the five compounds. 
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Appendix Figure 3.14. Contributions to D respective of singlet (S) excited states relative to the 
predicted total D value for each of the five compounds. 
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Appendix Figure 3.15. Depiction of some example triplet (top) and singlet (bottom) excitations 
responsible for positive and negative contributions to D, highlighted by the change in Dml for 
the specific excitation. 
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Appendix 4: Supporting Information for Chapter 5 

 

Appendix Table 4.1. Crystallographic information for the structural refinement of 1. 
Empirical formula C18H30F12Mn2N8P2 

Formula weight 703.38 g/mol 
Temperature 99.99 K 
Crystal system Trigonal 
Space group P31c 
a 9.5381(2) Å 
b 9.5381(2) Å 
c 17.2367(6) Å 
α 90° 
β 90° 
γ 120° 
Volume 1358.03(7) Å3 

Z 2 
ρcalc 1.720 g cm-3 

µ 0.713 mm-1 

F(000) 714 
Crystal color Orange 
Crystal size 0.997 × 0.793 × 0.101 mm3 

Radiation MoKα (λ = 0.71073 Å) 
2 range for data collection 2.362 to 51.346° 
Index ranges –11 ≤ h ≤ 11, –11 ≤ k ≤ 11, –21 ≤ l ≤ 21 
Reflections collected 90018 
Independent collections 1728 [Rint = 0.0704, Rsigma = 0.0127] 
Data/restraints/parameters 1728/1/125 
Goodness-of-fit on F2 1.112 
Final R indexes [I  2σ (I)] R1 = 0.0260, wR2 = 0.0679 
Final R indexes [all data] R1 = 0.0277, wR2 = 0.0688 
Largest diff. peak/hole 0.42/–0.19 e Å-3 
Flack parameter 0.007(6) 
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Appendix Table 4.2. Crystallographic information for the structural refinement of 2. 
Empirical formula C18H42F12MnN8P2 

Formula weight 715.48 g/mol 
Temperature 100 K 
Crystal system Trigonal 
Space group P–3c1 
a 9.7469(4) Å 
b 9.7469(4) Å 
c 16.8886(13) Å 
α 90° 
β 90° 
γ 120° 
Volume 1389.50(16) Å3 

Z 2 
ρcalc 1.710 g cm-3 

µ 0.698 mm-1 

F(000) 738 
Crystal color Orange 
Crystal size 0.178 × 0.114 × 0.111 mm3 

Radiation MoKα (λ = 0.71073 Å) 
2 range for data collection 4.824 to 62.988° 
Index ranges –14 ≤ h ≤ 14, –14 ≤ k ≤ 14, –24 ≤ l ≤ 24 
Reflections collected 154430 
Independent collections 1560 [Rint = 0.0609, Rsigma = 0.0085] 
Data/restraints/parameters 1559/0/64 
Goodness-of-fit on F2 1.056 
Final R indexes [I  2σ (I)] R1 = 0.0237, wR2 = 0.0641 
Final R indexes [all data] R1 = 0.0269, wR2 = 0.0663 
Largest diff. peak/hole 0.44/–0.34 e Å-3 
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Appendix Table 4.3. Crystallographic information for the structural refinement of 3. 
Empirical formula C26H37F12MnN5O4P2 

Formula weight 828.49 g/mol 
Temperature 99 K 
Crystal system Monoclinic 
Space group P21/c 
a 20.6706(13) Å 
b 9.5894(6) Å 
c 16.6823(11) Å 
α 90° 
β 100.993(2)° 
γ 90° 
Volume 3246.1(4) Å3 

Z 4 
ρcalc 1.695 g cm-3 

µ 0.617 mm-1 

F(000) 1692 
Crystal color Orange 
Crystal size 0.089 × 0.071 × 0.052 mm3 

Radiation MoKα (λ = 0.71073 Å) 
2 range for data collection 4.922 to 51.360° 
Index ranges –25 ≤ h ≤ 25, –11 ≤ k ≤ 11, –20 ≤ l ≤ 20 
Reflections collected 56128 
Independent collections 6172 [Rint = 0.1103, Rsigma = 0.0536] 
Data/restraints/parameters 6172/0/452 
Goodness-of-fit on F2 1.036 
Final R indexes [I  2σ (I)] R1 = 0.0411, wR2 = 0.0744 
Final R indexes [all data] R1 = 0.0751, wR2 = 0.0842 
Largest diff. peak/hole 0.41/–0.36 e Å-3 
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Appendix Table 4.4. Tabulation of best simulation parameters for the variable-temperature, solid 
state 390 GHz EPR spectra of 1. aStrains used are g strains ordered as strain in [gx gy gz]. 

T gx gy gz Straina D (MHz) E (MHz) 
5 2.008 2.000 2.004 [0.011 0.02 0.01] 800 220 
10 2.005 2.001 2.000 [0.01 0.01 0.012] 760 210 
20 2.006 2.003 2.002 [0.01 0.008 0.01] 720 210 
30 2.006 2.003 2.002 [0.017 0.009 0.014] 700 210 
40 2.002 2.0015 2.001 [0.011 0.01 0.01] 700 200 
50 2.004 2.002 1.999 [0.009 0.009 0.009] 700 200 
60 2.002 2.001 1.995 [0.009 0.009 0.009] 700 200 
70 2.003 2.002 1.999 [0.009 0.008 0.009] 700 200 
80 2.000 1.999 1.995 [0.009 0.008 0.009] 700 200 
100 2.001 2.000 1.995 [0.009 0.008 0.009] 700 200 
120 2.003 2.002 1.999 [0.007 0.008 0.008] 700 200 
140 2.0015 2.000 1.994 [0.007 0.008 0.008] 700 200 
160 2.0035 2.002 1.995 [0.007 0.009 0.009] 700 200 
180 2.003 2.001 1.992 [0.007 0.007 0.008] 700 200 
200 2.0035 2.0025 2.000 [0.007 0.007 0.008] 650 200 
250 2.003 2.001 1.995 [0.007 0.009 0.008] 650 200 
300 2.005 2.004 1.999 [0.007 0.009 0.008] 650 200 

 

 

Appendix Table 4.5. Tabulation of best simulation parameters for the variable-temperature, solid 
state 390 GHz EPR spectra of 2. aStrains used are g strains ordered as strain in [gx gy gz]. 

T gx gy gz Straina D (MHz) E (MHz) 
5 1.998 1.999 1.989 [0.02 0.0025 0.007] 900 220 
10 1.998 1.999 1.994 [0.02 0.002 0.006] 1070 220 
20 2.000 1.997 1.995 [0.02 0.002 0.007] 1090 260 
30 2.004 2.0025 2.000 [0.02 0.003 0.006] 1250 360 
40 2.0025 2.001 1.999 [0.015 0.007 0.006] 1290 400 
50 2.004 2.0037 2.002 [0.015 0.007 0.006] 1340 400 
60 2.002 2.001 2.000 [0.015 0.007 0.006] 1340 400 
70 2.004 2.0037 2.002 [0.015 0.007 0.008] 1340 400 
80 2.0035 2.003 2.002 [0.013 0.007 0.009] 1300 400 
100 2.0035 2.003 2.002 [0.014 0.006 0.009] 1340 410 
120 2.001 2.001 2.000 [0.014 0.006 0.009] 1280 400 
140 2.0035 2.0035 2.0025 [0.013 0.006 0.01] 1280 400 
160 2.0015 2.0005 1.999 [0.013 0.006 0.008] 1280 400 
180 2.004 2.0035 2.001 [0.013 0.0065 0.008] 1280 400 
200 2.002 2.0015 2.000 [0.013 0.007 0.008] 1280 400 
250 2.004 2.003 2.003 [0.013 0.009 0.006] 1280 400 
300 2.0015 2.0005 2.000 [0.013 0.007 0.006] 1240 380 
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Appendix Table 4.6. Tabulation of best simulation parameters for the variable-temperature, solid 
state 390 GHz EPR spectra of 3. aStrains used are g strains ordered as strain in [gx gy gz]. 

T gx gy gz Straina D (MHz) E (MHz) 
5 1.997 2.006 2.001 [0.011 0.009 0.010] 1050 260 
10 1.999 2.008 2.003 [0.008 0.008 0.011] 950 230 
20 1.996 2.0045 2.001 [0.006 0.006 0.005] 940 200 
30 1.996 2.006 2.001 [0.006 0.006 0.005] 940 200 
40 1.998 2.008 2.004 [0.006 0.007 0.006] 940 220 
50 1.999 2.005 2.001 [0.006 0.006 0.007] 940 220 
60 2.000 2.006 2.002 [0.005 0.005 0.006] 940 220 
70 1.999 2.0045 2.000 [0.006 0.005 0.006] 940 220 
80 2.001 2.0065 2.002 [0.0055 0.005 0.006] 940 220 
100 2.001 2.007 2.002 [0.006 0.005 0.006] 940 220 
120 2.000 2.005 2.001 [0.006 0.0055 0.006] 940 220 
140 2.001 2.006 2.001 [0.006 0.006 0.006] 940 220 
160 2.000 2.004 2.000 [0.006 0.006 0.006 ] 940 220 
180 2.001 2.005 2.001 [0.006 0.006 0.006 ] 940 220 
200 2.001 2.005 2.001 [0.006 0.006 0.006] 940 220 
250 2.002 2.005 2.002 [0.006 0.006 0.006] 900 220 
300 2.000 2.002 2.000 [0.006 0.006 0.006] 900 220 

 

 

Appendix Table 4.7. Tabulation of best simulation parameters for the variable-temperature, frozen 
solution state 9.36 GHz EPR spectra of 1 in butyronitrile at 5 mM. Units of A and A-strain are 
MHz. aStrains used are g/A strains ordered as strain in [g/Ax g/Ay g/Az]. 

T gx gy gz g-straina D (MHz) E (MHz) 
5.5 2.049 2.038 2.034 [0.003 0.035 0.002] 800 225 
10 2.049 2.042 2.030 [0.003 0.020 0.002] 790 210 
20 2.000 1.990 1.980 [0.001 0.040 0.040] 795 220 
30 2.000 1.990 1.980 [0.001 0.035 0.035] 810 220 
40 2.000 1.995 1.975 [0.001 0.035 0.035] 790 220 
50 2.000 1.995 1.975 [0.001 0.035 0.035] 800 215 
60 2.000 1.995 1.975 [0.001 0.025 0.025] 800 215 
T Ax Ay Az A-straina 

5.5 210 255 210 [55 95 95] 
10 215 257 215 [55 85 70] 
20 230 220 235 [5 95 85] 
30 230 220 235 [5 95 85] 
40 230 225 230 [5 95 85] 
50 230 225 230 [5 95 85] 
60 230 225 240 [5 95 85] 
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Appendix Table 4.8. Tabulation of best simulation parameters for the variable-temperature, frozen 
solution state 9.36 GHz EPR spectra of 2 in butyronitrile at 5 mM. Units of A and A-strain are 
MHz. aStrains used are g/A strains ordered as strain in [g/Ax g/Ay g/Az]. 

T gx gy gz g-straina D (MHz) E (MHz) 
10 2.007 2.004 2.002 [0.015 0.015 0.015] 1260 220 
20 2.007 2.004 2.002 [0.015 0.015 0.015] 1280 220 
30 2.007 2.004 2.002 [0.015 0.015 0.015] 1270 215 
40 2.007 2.004 2.002 [0.015 0.015 0.015] 1275 210 
50 2.007 2.004 2.002 [0.015 0.015 0.015] 1275 210 
60 2.007 2.004 2.002 [0.015 0.015 0.015] 1285 210 
T Ax Ay Az A-straina 
10 215 240 220 [75 85 85] 
20 210 235 215 [75 85 85] 
30 215 240 220 [75 85 85] 
40 215 240 220 [75 85 85] 
50 215 240 220 [75 85 85] 
60 215 240 220 [75 85 85] 

 

 

Appendix Table 4.9. Tabulation of best simulation parameters for the variable-temperature, frozen 
solution state 9.36 GHz EPR spectra of 3 in butyronitrile at 5 mM. Units of A and A-strain are 
MHz. aStrains used are g/A strains ordered as strain in [g/Ax g/Ay g/Az]. 

T gx gy gz g-straina D (MHz) E (MHz) 
5.5 2.020 2.015 2.022 [0.002 0.002 0.002] 980 205 
10 2.010 2.005 2.012 [0.002 0.002 0.002] 980 220 
25 2.010 2.005 2.012 [0.002 0.002 0.002] 975 215 
30 2.005 2.005 2.005 [0.002 0.002 0.002] 960 205 
40 2.005 2.005 2.005 [0.008 0.008 0.008] 955 210 
50 2.005 2.005 2.005 [0.008 0.008 0.008] 945 205 
60 2.005 2.005 2.005 [0.008 0.008 0.008] 945 205 
T Ax Ay Az A-straina 

5.5 210 200 240 [25 45 15] 
10 240 265 245 [25 45 25] 
25 235 255 235 [35 45 35] 
30 210 275 240 [15 55 15] 
40 235 300 265 [80 85 35] 
50 230 295 260 [80 85 35] 
60 230 295 260 [80 85 35] 
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Appendix Figure 4.1. Depictions of the Mn-centered polyhedral in 1-3. 

 
Appendix Figure 4.2. Solution phase, room temperature UV-Vis spectra for 1-3. 
Concentrations were ca. 0.1 to 10 mM in the complexes. Intensities were normalized to e values 
from 3-point Beers’ law analyses.  
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Appendix Figure 4.3. Solution phase, room temperature Emission spectra for 1 (top), 2 
(middle), and 3 (bottom). Irradiation wavelengths were 300 m (1), 220 nm (2), 300 nm (3), 
with integration times of 0.5 s. Concentrations were 0.2 to 12 mM (same as UV-Vis in Figure 
A4.2. the solvent was MeCN and the temperature of measurement was 20 °C. 
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Appendix Figure 4.4. Variable temperature dc magnetometry data collected at 1000 Oe for 1-
3.  
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Appendix Figure 4.5. Selected variable temperature EPR spectra of complex 1 collected from 
5 K to 300 K at a frequency of 390 GHz. Spectra were collected on sucrose dispersions. Spectra 
vary considerably in width across this range as a result of the temperature sensitive D 
parameter. 
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Appendix Figure 4.6. Selected variable temperature EPR spectra of complex 3 collected from 
5 K to 300 K at a frequency of 390 GHz. Spectra were collected on sucrose dispersions. Spectra 
vary considerably in width across this range as a result of the temperature sensitive D 
parameter. 
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Appendix Figure 4.7. 5 K, 390 GHz EPR spectrum for pure 1 and simulations with opposing 
signs of D and E. Spin Hamiltonian parameters and magnitudes used follow the 5 K parameters 
given in Appendix Table 4.4. Closest match between experiment and simulation appears for 
D and E > 0 with these measurements. 
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Appendix Figure 4.8. 5 K, 390 GHz EPR spectrum for pure 2 and simulations with opposing 
signs of D and E. Spin Hamiltonian parameters and magnitudes used follow the 5 K parameters 
given in Table A4.5. Closest match between experiment and simulation appears for D and E > 
0 with these measurements. 
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Appendix Figure 4.9. 5 K, 390 GHz EPR spectrum for pure 3 and simulations with opposing 
signs of D and E. Spin Hamiltonian parameters and magnitudes used follow the 5 K parameters 
given in Table A4.6. Closest match between experiment and simulation appears for D and E > 
0 with these measurements. 
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Appendix Figure 4.10. Variable temperature EPR spectra of complex 1 collected from 5.5 K 
to 60 K at 9.3 GHz. Spectra were collected in 5 mM butryonitrile solutions. Spin-Hamiltonian 
parameters for the best spectral simulations are found in Table A4.7. 
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Appendix Figure 4.11. Variable temperature EPR spectra of complex 3 collected from 5.5 K 
to 60 K at 9.3 GHz. Spectra were collected in 5 mM butryonitrile solutions. Spin-Hamiltonian 
parameters for the best spectral simulations are found in Table A4.9. 
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Appendix 5: Supporting Information for Chapter 6 

 

Appendix Table 5.1. Crystallographic information for the structural refinement of 2. 
Empirical formula C24.5H36Br2MnN4O4.5 

Formula weight 673.33 g/mol 
Temperature 106.53 K 
Crystal system Monoclinic 
Space group P21/n 
a 10.4063(3) Å 
b 13.2785(4) Å 
c 19.4079(5) Å 
α 90° 
β 101.9070(10)° 
γ 90° 
Volume 2624.08(13) Å3 

Z 4 
ρcalc 1.704 g cm-3 

µ 3.590 mm-1 

F(000) 1368.0 
Crystal color Colorless 
Crystal size 0.131 × 0.082 × 0.069 mm3 

Radiation MoKα (λ = 0.71073 Å) 
2 range for data collection 3.742 to 66.564° 
Index ranges –16 ≤ h ≤ 16, –20 ≤ k ≤ 20, –29 ≤ l ≤ 29 
Reflections collected 140447 
Independent collections 10033 [Rint = 0.1440, Rsigma = 0.0629] 
Data/restraints/parameters 10033/0/344 
Goodness-of-fit on F2 1.014 
Final R indexes [I  2σ (I)] R1 = 0.0376, wR2 = 0.0696 
Final R indexes [all data] R1 = 0.0771, wR2 = 0.0793 
Largest diff. peak/hole 0.74/–0.54 e Å-3 
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Appendix Table 5.2. Crystallographic information for the structural refinement of 1. 
Empirical formula C18H30Br2MnN8 

Formula weight 573.26 g/mol 
Temperature 100.72 K 
Crystal system Trigonal 
Space group R-3 
a 8.482 Å 
b 8.482 Å 
c 26.656 Å 
α 90° 
β 90 
γ 120° 
Volume 1660.8 Å3 

Z 3 
ρcalc 1.719 g cm-3 

µ 4.227 mm-1 

F(000) 867.0 
Crystal color Orange 
Crystal size 0.060 × 0.046 × 0.015 mm3 

Radiation MoKα (λ = 0.71073 Å) 
2 range for data collection 5.752 to 51.27° 
Index ranges –10 ≤ h ≤ 10, –10 ≤ k ≤ 10, –32 ≤ l ≤ 32 
Reflections collected 13922 
Independent collections 705 [Rint = 0.1210, Rsigma = 0.0376] 
Data/restraints/parameters 705/0/54 
Goodness-of-fit on F2 1.116 
Final R indexes [I  2σ (I)] R1 = 0.0491, wR2 = 0.1131 
Final R indexes [all data] R1 = 0.0623, wR2 = 0.1189 
Largest diff. peak/hole 1.73/–0.80 e Å-3 
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Appendix Table 5.3. Tabulation of best simulation parameters for the variable-viscosity, solution 
state EPR spectra of 1. 

η (cP) gxy gz D (MHz) Axy (MHz) Az (MHz) τr (ns) 
711 2.020 1.955 280 240 200 1000 
222 2.015 1.955 280 240 200 316 
112 2.010 1.955 270 260 220 126 
30.3 2.005 1.945 150 235 230 20.0 
11.0 2.002 1.960 180 240 230 6.31 
2.46 2.002 1.960 190 255 225 2.00 
1.00 2.017 1.960 150 280 230 0.562 

 

 

Appendix Table 5.4. Tabulation of best simulation parameters for the variable-viscosity, solution 
state EPR spectra of 2. 

η (cP) gxy gz D (MHz) Axy (MHz) Az (MHz) τr (ns) 
711 2.000 1.950 180 240 220 398 
112 2.015 1.960 230 245 245 56.2 
30.3 2.015 1.960 230 255 255 22.4 
11.0 2.005 1.960 220 235 250 7.08 
2.46 2.005 1.960 200 245 250 2.24 
1.00 2.010 1.960 180 270 235 0.891 

 

 

Appendix Table 5.5. Tabulation of best simulation parameters for frozen solution state 9.36 GHz 
EPR spectra of 1 and 2 a water/glycerol mixture at 5 mM. Units of A and A-strain are MHz. aStrains 
used are g/A strains ordered as strain in [g/Ax g/Ay g/Az]. 

Complex gx gy gz g-straina D (MHz) E (MHz) 
1 1.970 1.990 1.999 [0.005 0.005 0.005] 670 −190 
2 2.010 2.005 2.012 [0.0025 0.025 0.0025] 1000 215 

Complex Ax Ay Az A-straina 
1 220 240 210 [5 15 35] 
2 235 260 240 [45 65 55] 

 

  



 
228 

 

 

 

  

 
Appendix Figure 5.1. Viscosity dependent EPR spectra of 2 collected at X-band (9.8 GHz). 
Viscosities varied from 1 cP (top) to 711 cP (bottom). Experimental spectra are colored, and 
the spectral simulations are in gray. Simulation parameters are found in Table A5.4. 
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Appendix Figure 5.2. Frozen solution EPR spectra of 1 collected at X-band (9.8 GHz) at 10 
K. Experimental spectrum is in red, and the spectral simulation is in gray. Simulation 
parameters are found in Table A5.5. 
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Appendix Figure 5.3. Frozen solution EPR spectra of 2 collected at X-band (9.8 GHz) at 10 
K. Experimental spectrum is in blue, and the spectral simulation is in gray. Simulation 
parameters are found in Table A5.5. 
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Appendix Figure 5.4. Solution UV-vis spectra of 1 (red), and 2 (blue) collected in methanol. 
 


