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ABSTRACT
Trityl and nitroxide radicals are widely used as probes in chemical and
biochemical systems. Understanding of factors that impact the electron spin relaxation
for these radicals is important for selection of probes and experimental operating
conditions. It has been previously reported that 13C isotope enrichment of the central
carbon of the trityl yields a highly sensitive micro viscosity probe. It was important to
characterize the impact of this substitution on the relaxation processes in fluid solution
and immobilized samples.
Electron spin relaxation times for perdeuterated Finland trityl 99% enriched in 13C
at the central carbon (13C1-dFT) and perchlorinated triarylmethyl tricarboxylic acid
radical enriched in 13C at the central carbon (13C1-PTMTC) were measured in phosphate
buffered saline (pH = 7.2) (PBS) solution at X-band. The 13C1 increased both spin-lattice
and spin-spin relaxation rates in fluid solution, but the 13C1 and chlorine substituents on
the phenyl rings have little impact on T1 for immobilized samples. In fluid solution 1/T1
was modeled as the sum of contributions from spin rotation, modulation of the
anisotropic 13C hyperfine, modulation of g anisotropy, and a local mode. The temperature
dependence of 1/T1 for immobilized samples was modeled with contributions from the
direct, Raman, and local mode processes.
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Understanding of the mechanisms of relaxation in diradicals is needed to improve
applications in dynamic nuclear polarization and in vivo imaging. EPR line shapes in
fluid solution and electron spin relaxation times and lineshapes in frozen solution were
measured at X-band for two dinitroxides. For proxyl dinitroxides PxCONHPx and
PxCOenPx the fluid solution spectra are characteristic of dynamic exchange between
conformations with strong exchange (J > 850 MHz) and conformations with weaker
exchange interaction. The relaxation rates for immobilized samples were within
experimental uncertainty of values for structurally similar mono-radicals. These data
demonstrate that even for these relatively flexible linkages dipolar interaction with an
interspin distance of about 9 Å does not provide an effective spin-lattice relaxation
mechanism for dinitroxides in glassy water:glycerol.
Simulation of X-band and Q-band spectra in phosphate buffered saline (PBS)
fluid solution of a trityl-nitroxide connected by an amide linkage found J = 15 (83%) and
5 G (17%) at 293 K. For a second trityl-nitroxide with a hydroxyl-ether substituent on the
amide linkage there were two conformations in fluid solution PBS with J = 113 G (67%)
and 59 G (33%) at 293 K. X-band values of spin lattice relaxation rates (1/T1) at 80 to
120 K for the trityl-nitroxides are similar to values for mono-nitroxides, and faster than
for trityl radicals. Values of 1/Tm for the trityl-nitroxides are similar to values for
nitroxides between 80 and 120 K.
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Chapter 1: Introduction
The work in this thesis concerns electron spin relaxation for two types of organic
radicals: triarylmethyl (trityl) radicals and nitroxides. Trityls are used to measure local
oxygen concentrations (oximetry), as polarizing agents for dynamic nuclear polarization
(DNP) [1–4] and to measure interspin distances in double electron-electron (DEER)
experiments [5–7]. Nitroxide radicals have been used to understand a wide range of
properties including viscosity, local dynamics, pH, polarity, H-bond networks, phase
transition temperatures, and distances between pairs attached to biomolecules by DEER
[8–10]. For many of these applications it is important to understand the electron spin
relaxation. Two questions were addressed in this work. 1) What is the impact on electron
spin relaxation of enriching the central carbon of a trityl radical with the 13C isotope
which has nuclear spin I = ½ whereas 12C is I = 0 and 2) what is the impact of electronelectron spin-spin interaction on electron spin relaxation in a molecule that contains two
nitroxides or a nitroxide and a trityl connected by flexible linkers?
The most direct method to study molecules with unpaired electrons is electron
paramagnetic resonance (EPR) which uses a magnetic field to create an energy difference
between molecules with different electron spin states, ms = +1/2 and -1/2. EPR can
1

provide information concerning electronic structure, molecular structure, dynamics, and
concentration of paramagnetic species in a sample [11–14]. The magnetic field in the
vicinity of an unpaired electron includes contributions from neighboring nuclear spins, in
addition to the external magnetic field. The interaction with neighboring nuclear spins is
called hyperfine interaction. The number and identity of nuclei can be determined from
the EPR spectra, as well as the distance of a nucleus from the unpaired electron in a rigid
environment. Electron-nuclei interaction mechanisms are Fermi contact and dipole
interactions [15,16].
When a radical is immobilized in a glass or powdered sample all possible
orientations of the molecule with respect to the external field are present and the EPR
spectrum is a superposition of signals from all of these orientations. Analysis of spectra
from immobilized samples can provide information concerning the full anisotropy of the
EPR parameters including the g values and the nuclear hyperfine interactions. The g
values are similar to chemical shifts in NMR. Deviations from the free electron g value of
2.0023 reflect the extent of spin-orbit coupling and are characteristic of the electronic
structure of the radical. Hyperfine interactions arise from interaction with neighboring
nuclear spins. Linewidths for immobilized samples may be large enough to obscure small
hyperfine interactions, but larger hyperfine splittings often are resolved [11]. In fluid
solution small molecules are tumbling sufficiently rapidly that most of the molecular
anisotropy is averaged out. However incomplete motional averaging can be analyzed to
2

determine tumbling correlation times if the anisotropic parameters have been determined
by analysis of the spectra for immobilized samples.
In this thesis the two primary EPR techniques that were used were continuous
wave (CW) and pulsed EPR. In a CW experiment a sample is irradiated continuously by
microwave radiation with constant frequency. As the magnetic field is slowly swept,
different EPR transitions are brought into resonance with the microwave radiation. A
second rapidly-varying magnetic field, denoted as modulation, is used to encode the
signal. Phase sensitive detection at the modulation frequency produces the first-derivative
of the absorption lineshape. CW EPR was used to measure spectra in fluid solution and
samples in glassy samples. Simulations were used to determine tumbling correlation
times.
The EPR experiments reported in this thesis were performed at X-band and Qband. For X-band the microwave frequency is about 9.5 GHz and the resonance for
organic radicals occurs at about 3400 G. For Q-band the frequency is about 34 GHz and
the resonance field is about 12150 G. The excess population of lower state over upper
state is described by the Boltzmann population equation and at these magnetic field
strengths it is very small for a single spin system (S = ½) . The slight excess in the lower
level leads to net energy absorption. When energy is absorbed by the spins this
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equilibrium is perturbed. The process of this energy release to maintain equilibrium is
called spin relaxation.
There are two types of relaxation processes: spin-lattice relaxation and spin-spin
relaxation. Electron spin-spin, also known as transverse, relaxation is the energy
exchange between two electrons without transferring energy to the lattice. The spin-spin
relaxation time constant is T2. In fluid solution T2 can be calculated from the linewidth if
there is no unresolved hyperfine interaction. In most species there is unresolved
hyperfine, so a 2-pulse echo experiment is used to measure T2 for either fluid solution or
immobilized samples. The pulse sequence is /2 -  -  - - echo. The time  is
incremented and the echo intensity is recorded as a function of . The 2-pulse echo decay
time constant is designated as Tm because it may include contribution from various
processes in addition to T2. Some contributions to Tm include instantaneous diffusion,
intramolecular dynamic processes, averaging of g and hyperfine, also known as A,
anisotropy by molecular tumbling, and nuclear spin diffusion in the surroundings.
Instantaneous diffusion occurs when the second pulse flips a neighboring spin thereby
'instantly' changing the resonant frequency for the observed spin. This process has a large
impact for high spin concentrations, narrower EPR lines, and a larger microwave B1. B1 is
the microwave magnetic field that causes spin transitions. The impact of instantaneous
diffusion can be tested by varying the microwave B1. For the experiments reported in this
4

thesis sample concentrations and pulse conditions were selected that minimize the effect
of instantaneous diffusion. Intramolecular dynamic processes involving electron or
nuclear spins that are coupled to an unpaired electron contribute to Tm when the rate of
the process is comparable to the timescale of the EPR experiment. As temperature
increases from 4 K to 293 K, the dominant contributions to Tm for nitroxides in glassy
solvents changes from nuclear spins in the surroundings (T < ~80 K) to collapse of
couplings to methyl groups or rapidly relaxing spins ( ~80 K< T < melting point of glass)
to averaging of g and A anisotropy (T > melting point of glass) to T1 (rapid tumbling
regime) [11]. For most trityls rotation of methyl groups is not a significant contribution to
Tm In the absence of isotopic enrichment g and A anisotropy is small for trityls, so Tm
fluid solution in fluid solution is determined by T1, which is dominated by a local mode.
Spin-lattice or longitudinal relaxation involves the transfer of energy from the
spin system to the surrounding molecules, known as the lattice. Spin lattice relaxation is
characterized by a time constant T1, which is the time for the spin system to lose 1/e of its
excess energy. Dissipation of this energy is essential if the population difference of spins
is to be maintained. If microwave energy is absorbed by the spin system at a rate that is
faster than the population difference of the upper and lower spin states the intensity of the
EPR signal decreases, which is called saturation [17]. Since T1 for organic radicals is
relatively long, the signals are easily saturated, which means that experimental
parameters must be selected carefully to avoid saturation.
5

Pulse EPR experiments are needed to measure electron spin relaxation. Methods
of measuring T1 consist of spin echo inversion recovery and CW saturation recovery. The
pulse sequence for inversion recovery is  - T - /2 -  -  -  - echo. The initial  pulse
flips the net magnetization from the +z to the –z axis and the 2-pulse spin echo sequence
monitors the magnetization along the z axis as a function of the delay time t. Initially the
echo is inverted but returns to the equilibrium intensity with time constant T1. The
experiment is performed with 'hard' short pulses that excite essentially all of the spins
within a several gauss window. In a CW saturation recovery experiment a long lower
power pulse is used to saturate the spin system and is followed by CW observation of the
signal with low observe power. The low observe power in a CW-SR experiment excites
only a small fraction of the spins, over a narrow field range [18]. Consequently signal-tonoise usually is better for inversion recovery than for CW-SR. However, the short
inverting pulse may not saturate all spin levels that are accessible by spectral diffusion, so
the observed recovery curve may be strongly impacted by spectral diffusion [18]. Most
relaxation times in this thesis were acquired using spin echo inversion recovery because
of the improved signal-to-noise. Inversion recovery curves were fit to the sum of two
exponentials and the long component was assigned as T1. The short component is
probably due to spectral diffusion.
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Contributions to T1 for an immobilized sample are analyzed based on theories that
were developed for ions in crystalline lattices and subsequently applied to glassy
samples. These processes have different temperature dependence, which is the basis for
distinguishing contributions. The contributions that are important for nitroxides and
trityls are the following mechanisms:
1. Direct process: In this process there is an exact match between the excess
energy of an electron spin and a motional mode of the lattice that is denoted as
a phonon. The rate of this process is linearly dependent on temperature.
Spectral diffusion and cross relaxation processes that arise from electronelectron spin-spin interaction have the same temperature dependence but are
concentration dependent [19].
2. Raman process: Similar to Raman processes in electronic spectroscopy, this
process involves excitation to a virtual phonon state that is much higher in
energy than the spin levels, followed by energy release. The difference
between the excitation and energy released is equal to the excess energy of the
electron spin. Depending on the spin system, the temperature dependence of
T1 for this process can vary from T-5 to T-9, and this process becomes more
prominent as temperature increases [17, 20]. The temperature dependence of
the Raman process approaches T-2 above the Debye temperature.
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3. Local mode: This process applies to molecular species and involves a discrete
vibrational frequency. The energy is higher than for the continuum of
delocalized phonon modes [21].
As temperature increases from 4 K to 293 K, the dominant contributions to T1 for
immobilized nitroxides and trityls are the direct process (or other processes with similar
temperature dependence) at T < ~ 10 K, Raman process up to about 100 K, and local
mode at higher temperatures [20]. These processes are typical for organic radicals
[22,23]. As a glassy matrix softens, the rate of molecular tumbling increases and
tumbling-dependent processes contribute to the relaxation [22,24,25]. As ambient
temperatures are approached modulation of g- and A- anisotropy and spin rotation, are
required to model the relaxation rates [26]. Spin rotation is important for short correlation
times due to Brownian rotational motion. Each contribution to T1 has a characteristic
temperature and tumbling dependence. As a result of the slower tumbling and smaller g
anisotropy for the trityls than for small nitroxides, values of T1 for trityls at ambient
temperature in phosphate buffered saline (PBS), solution are longer than for nitroxides.
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Chapter 2 contains the data and analysis of relaxation times in fluid solution and
rigid lattice for 13C enriched trityls with the goal of understanding the role of the
anisotropic 13C hyperfine coupling. There are two trityls discussed in Chapter 2:
deuterated Finland trityl and perchlorotriarylmethyl tricarboxylic acid, a tetrachloro
substituted version of Finland trityl. The following chapters are focused on diradical
nitroxides and trityl-nitroxides and how the spin-spin interaction effects their respective
relaxation mechanisms. Chapter 3 summarizes extensive studies of the CW spectra and
electron spin relaxation for diradical nitroxides PxCONHPx and PxCOenCOPx. Studies of
the CW lineshapes and electron spin relaxation for two trityl-nitroxides, NATriPol-1 and
GTNMOH, are reported in Chapter 4. Abbreviations are defined on pp. x-xi.

9

Chapter 2: 13C1-Trityls
2.1 Introduction
Triphenylmethyl radical was discovered by Gomberg in 1900 [27]. Substituted
triarylmethyl radicals were among the first solids and radicals in solution that Weissman
measured in early EPR [28]. Water soluble triarylmethyl radicals (aka trityls or TAMs)
were synthesized with few nuclear spins at positions where the unpaired electron
probability is high, giving a narrow EPR spectrum and long spin relaxation times in fluid
solutions [29]. An example is deuterated Finland trityl (dFT) and related species [29].
These radicals are being used for oximetry in imaging experiments in vivo [30]. dFT is
lipophilic and toxic to mice at the high concentrations used in dynamic nuclear
polarization (DNP) [5,30–32]. Toxicity can be reduced by encapsulation in liposomes or
replacing methyl groups with hydroxyethyls as seen in OX63 [33]. Pairs of trityl radicals
can be attached to proteins or nucleic acids to measure interspin distances [6,7,10,34,35].
Electron spin relaxation times play key roles in each of these applications, so it is crucial
to understand how the relaxation mechanisms are impacted by the 13C isotope enrichment
to the central carbon in dFT. Results published in [37] indicate that 13C1-dFT is a highly
10

sensitive micro viscosity probe. The experiments reported in this chapter for 13C1-dFT are
published in [14] and a paper concerning results for 13C1-PTMTC [36] has been accepted
for publication.
13C -dFT
1

13C -PTMTC
1

OX63

The 13C isotope enrichment gives substantial anisotropic coupling to a single I = ½
nucleus [37]. The linewidths in the continuous wave (CW) EPR spectra of the enriched
radical correlate with the tumbling correlation times, allowing use of the trityls as probes
of molecular motion in addition to oxygen measurements [37]. This enrichment gives the
opportunity to study the effect of the 13C nucleus on electron spin relaxation, testing
models that have been developed for 15N (I = ½) and 14N (I = 1) nitroxides [24,38,39].
The molar masses of trityls are larger than for nitroxides so the tumbling correlation time
is longer for trityl than nitroxide in the same solutions [40]. The g anisotropy is much
smaller for trityls than nitroxides, which alters the relative contributions from the
tumbling-dependent relaxation mechanisms.

11

In this study we show that the T1 for 13C1-dFT is strongly dependent on the local
oxygen concentration, which is needed for oximetry. This study also focuses on T1 for
13

C1-PTMTC in fluid solution and T1 in rigid lattice for 13C1-PTMTC and 13C1-dFT.

Initial relaxation studies showed that T1 for trityls was not strongly influenced by
chlorine substituents on the phenyl ring [41], although differences in solubility of dFT
and PTM required use of different solvents, which makes it difficult to distinguish
solvent effects from the effects of substituents.
In addition to the 13C enrichment at C1 there are significant natural-abundance
populations of 13C at other positions in the trityls. Literature values of the 13C hyperfine
couplings for isotopologues of trityls in fluid solution are summarized by in Table 2.1.
The natural abundance of 13C is 1.11% so the C3,3’ positions on the phenyl rings with a
degeneracy of 6 have a summed probability of ~6.6%. Considering all 28 carbons that
have large enough spin density to give resolved hyperfine splittings, there is ~30%
chance that the molecule will contain another 13C at one of those carbons. A small
fraction of the 13C1-dFT trityls contains two 13C isotopes, but ~70% of the trityls contain
12

C or have 13C hyperfine that is unresolved at the center of the spectrum. A collision

with trityl with different resonant frequency causes Tm decay to be faster than T1. For the
natural abundance trityls a large portion of the collisions are with other trityls of similar
frequencies. The hyperfine splitting caused by the 13C1 isotope enrichment allows a study

12

of the impact on spin-spin relaxation from collisions with molecules of different
resonance frequencies.
The 13C1-dFT was synthesized, using the protocol to synthesize 12C-dFT, but with
the commercially available 99% 13C isotope purity methyl chloroformate to produce 99%
enrichment at the central trivalent carbon [37]. This trityl has about 1% 12C1-dFT, giving
a residual signal in the spectrum. Most collisions involving the 1% 12C1-dFT are with the
other 99% that is 13C1-dFT, which have different resonance frequencies because of the
hyperfine coupling to the 13C.
Table 2.1
C Couplings (G) for trityl radicals in fluid solution
degeneracy Bowman Kuzhelev Trukhan
[49]
[43]
[1]
1
23.9
23.4
23.7
3
11.3
11.1
11.2
6
9.07
9.0
9.06
6
2.4
2.4
2.37
3
3.4
3.3
3.34
3
1.3
1.3
1.28
6
0.18
0.18
13

carbon
C1
C2
C3,3'
C4
C5
C7
C6,6'

2.2 Materials and methods
The 99% labeled 13C1-dFT and 13C1-PTMTC were prepared by the group of Prof.
Driesschaert at West Virginia University as reported in ref. [37][36] and isolated as
tricarboxylic acids. Solutions were prepared at concentrations from 0.1 – 1.9 mM for
13

13

C1-dFT and 0.5 or 1.0 mM for 13C1-PTMTC in 50 mM PBS, containing 142 mM NaCl

at pH ~ 7.2. The high buffer concentration was selected to ensure effective buffering over
the full range of trityl concentrations studied and to mimic the physiological ionic
strength. The PBS ensures deprotonation of the carboxylate groups on the phenyl rings of
this trityl, improving solubility and decreasing the probability of collisions that might
broaden lines or enhance electron spin relaxation. The 3:1 PBS:glycerol and 1:1
PBS:glycerol mixtures (v:v) were prepared as described in ref. [13]. A sample was
immobilized in 9:1 trehalose:sucrose following procedures from ref. [44]. Based on the
density of trehalose of 1.6 g/mL the estimated concentrations of radicals in the glasses are
2 and 4 mM for 13C1-dFT and 13C1-PTMTC, respectively.
Fluid solution spectra were taken at ambient temperatures (~20°C) on samples
contained in Zeus AW19 thin wall Teflon tubing with an internal diameter of ~0.97 mm
and a 0.05 mm wall. 20 μL of sample was drawn into the tubing with a micropipette. The
open end was plugged with critoseal that was separated from the sample by an air bubble.
The tubing was folded in half to ensure the sealant was not in the active space of the
resonator and to get a high filling factor [22]. The tubing was then inserted into a 4 mm
OD quartz tube and purged with a flow of N2 to perform a gas exchange with O2 through
the thin wall of the Teflon tube. Samples were purged for at least 30 minutes or until line
broadening was brought to a minimum while actively taking spectra. Samples
immobilized in 9:1 trehalose:sucrose glasses at 293 K or in 1:1 buffer:glycerol at 160 K
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were in 4 mm OD quartz tubes for X-band or in 1.6 mm OD quartz capillaries for Qband. Buffer:glycerol samples were flash frozen in liquid nitrogen to ensure glass
formation, prior to insertion into a resonator at 160 K. Relaxation time measurements
were performed on immobilized samples that had been deoxygenated by freeze-pumpthaw degassing and back-filling with a partial pressure of helium to provide thermal
conductivity.
2.2.1 EPR spectra
X-band CW spectra for fluid solution, slow tumbling, and immobilized samples
were taken using a Bruker EMX spectrometer with an SHQE cavity. The frequency was
measured with an external counter and the magnetic field was calibrated with DPPH, g =
2.0036. Q-band CW spectra were taken on a Bruker E580 using an ER5107 dielectric
resonator. The linewidth of the 12C1-dFT signal in fluid solution was narrow enough that
10 kHz modulation frequency was used to avoid distortion. Modulation amplitudes did
not exceed 20% of the linewidth for the 13C1-dFT in a variety of matrices. For 13C1PTMTC, the modulation amplitude was 0.2 G for samples in PBS at X-band, 0.3 G for
3:1 PBS glycerol at X-band and 0.6 G for PBS at Q-band with modulation frequency of
100 kHz.
Pulsed EPR measurements were made using a Bruker E580 with an X-band
dielectric or split ring resonator (ER4118X-MD5 or ER4118X-MS5), and 1 kW TWT
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amplifier in a CF935 flow cryostat cooled by liquid N2 boiloff gas or by He gas cooled
with a Bruker/ColdEdge Stinger closed cycle system. CW spectra at 160 K were
performed at 60 dB attenuation (B1 ~ 0.9 mG) to minimize power saturation and passage
effects. The resonator was overcoupled to a Q~180 to reduce ringdown from pulses and
dead time. Tm values were measured with a two pulse Hahn echo sequence of π/2 - τ – π
– τ – echo and two step phase cycling of the first pulse. A background subtraction and
phase correction were employed to cancel FID (free induction decay), and resonator
ringdown. The reference phase was adjusted to ensure that most of the signal was in the I
(real) and not the Q (imaginary) channel. The value of τ was incremented to record echo
decays. To decrease the FID, a plastic covered Allen wrench was put in between the
cryostat and the pole of the magnet to make the magnetic field less homogenous. The
pulse lengths were varied with accompanying changes in microwave attenuation to check
if instantaneous diffusion contributed to the recorded echo decays. Most of the data were
acquired with π/2 - π pulses with 40 - 80 ns lengths, corresponding to a B1 of ~ 2.2 G.
The time constant for spin echo dephasing is designated as Tm, the phase memory time.
The spin echo dephasing times in fluid solution are close to the experimental deadtime, ~
100 ns, which gives rise to uncertainties in the Tm values. The deadtime in this case is due
to resonator ringdown after the pulses and reflections from impedance mismatches in the
system. For a rapidly tumbling radical in fluid solution Tm = T2, so in this chapter T2 is
used to designate the phase memory time in fluid solution. An approximate value of T2 =
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110 ns in fluid solution was calculated using the expression T2 = 2/(√3γΔBpp) where γ is
the gyromagnetic ratio and ΔBpp = 0.6 G is the tumbling-independent contribution to the
peak-to-peak linewidths. Above the glass transition temperature incomplete motional
averaging of the A anisotropy makes Tm for 13C1-dFT or 13C1-PTMTC too short to detect
an echo between ~160 K and ~ 293 K, so measurements of Tm in 1:1 PBS:glycerol was
performed only up to about 160 K. The rigidity of 9:1 trehalose:sucrose glasses permit
measurements of Tm up to room temperature.
T1 was measured with a three pulse Hahn echo inversion recovery (T1-Echo IR)
with the pulse sequence π – T - π/2 - τ – π – τ – echo with two step phase cycling of the
first pulse in the sequence. The value of T was incremented to record the recovery curve.
The constant τ = 140 ns, the initial T = 360 ns, and the step sizes of 240 ns were used for
both 13C1-dFT and 12C1-dFT. Pulse lengths from 40 to 120 ns were used for 13C1-PTMTC.
T1 also was measured by FID-detected inversion recovery (T1-FID IR) using the pulse
sequence π – T - π/2 – FID with digitization of the FID as a function of T. If the Allen
wrench is removed from the magnet pole, the FID detection is preferred over the T1-Echo
IR. The π/2 pulse length for T1-Echo IR and T1-FID IR was 40 ns for 13C1-dFT. The
inversion recovery curves were fit with the sum of two exponentials and the longer time
constant was attributed to T1 [12]. T1 was also measured with long pulse saturation
recovery on a home-built digital saturation recovery spectrometer using a Bruker
ER4118X-MS5 resonator [18]. The saturating pulse was 20 – 60 μs. Off-resonance
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background measurements were subtracted from the recovery signal to suppress the
resonator ringdown and potential spectral artifacts. Values of T1 recorded on the
saturation recovery system were in good agreement with T1 values measured by inversion
recovery on the E580. T1-Echo IR provides higher S/N than the saturation recovery
system. Comparison between T1-Echo IR and SR is necessary to check for contributions
to T1 such as spectral diffusion, which is decreased in saturation recovery measurements
by using long low power saturating pulses. To minimize the impact of the detection
power on the recovery and passage effects, the B1 for detection of the SR signal was 1.7
mG, 0.8 mG, and 0.8 mG for 13C1-dFT in PBS, 25%, and 50% glycerol respectively. For
an air saturated PBS sample, B1 was 2.8 mG.
X-band field-swept two pulse echo detected spectra of a 0.1 mM 1:1 PBS:glycerol
sample were recorded with π/2 pulses of 40-80 ns and a fixed τ = 200 ns at 160 K. Q
band field-swept 2 pulse echo detected spectra of 0.1 and 0.03 mM samples in 1:1
PBS:glycerol at 160 K and in 9:1 trehalose:sucrose at 293 K were obtained with varying
π/2 and τ values. The shapes of the echo detected spectra depend on the pulse lengths.
Longer, more selective pulses gave sharper features in the spectra. Longer values of Tm
were obtained with shorter pulse lengths which indicated that there is substantial spectral
diffusion, which is more prevalent near the perpendicular plane. Although spectral
diffusion impacts the lineshape of the echo detected spectrum, it does not alter the values
of g or A in the simulated spectrum. The magnetic field of the E580 was calibrated with
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DPPH, g = 2.0036. A single crystal of LiPc (lithium phthalocyanine), g = 2.0021, was
used to calibrate the field at Q-band.
2.2.2 Data analysis
The first derivative Bpp (peak to peak linewidth) in CW spectra was estimated
using the cursor function on the Bruker EMX spectrometer and confirmed by EasySpin
[46] with a Lorentzian lineshape. The CW spectra at 160 K in 1:1 PBS:glycerol or at 295
K in 9:1 trehalose:sucrose and the first derivatives of the field-swept echo detected
spectra were simulated using the ‘pepper’ function in EasySpin [46]. Values of g and A
are summarized in Table 2.2. The values were used in EasySpin simulations to extract
tumbling correlation for fast and slow tumbling solutions using ‘garlic’ and ‘chili’
functions, utilizing the Stochastic Liouville equation [46, 82]. The g values were kept
consistent in the simulations of the fluid solution spectra. There are small variations in
Aiso that were attributed to changes in the large Az value while Ax and Ay were kept
constant. The Gaussian contributions to the linewidths are ~0.06 G for 13C1-dFT and
~0.65 G for 13C1-PTMTC. The large Gaussian contribution for 13C1-PTMTC is attributed
to unresolved 35,37Cl hyperfine coupling. EasySpin simulations indicate that a linewidth
of about 0.6 G could arise from coupling to a set of six Cl with ACl of ~ 0.24 MHz and a
second set of six Cl with ACl of ~ 0.16 MHz. These hyperfine couplings are in
reasonable agreement with values of 0.17 MHz and 0.09 MHz predicted by DFT
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calculations for PTMTC [47]. The tumbling correlation times were varied iteratively to
achieve a least-squares fit to the experimental data. The spin-echo decays in fluid solution
and inversion recovery decays at all temperatures were fit with single exponential or the
sum of two exponentials using the Bruker Xepr software. In the case of 13C1- PTMTC
and 13C1-dFT, the long component of the biexponential fit was assigned as T1 and the
shorter component was assumed to be due to spectral diffusion. The fits for the saturation
recovery data are slightly better with a biexponential fit, however the S/N was not high
enough to define a second component. S/N must be at least > 100 to extract a second
component. The spin echo decays at 160 K were analyzed with a stretched exponential,
unless they differ greatly or have opposite signs.
The dependence of T1 on tumbling correlation time in fluid solution was modeled
as described in [14]. The temperature dependence of T1 in immobilized samples was
modeled as the sum of the direct, Raman, and local mode processes as described
previously in [41,48]. The process that is denoted as the direct process may be impacted
by cross relaxation between neighboring paramagnetic centers. The relevant equations
are included in section 2.3.8.
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Table 2.2
g and A (MHz) values for trityl radicals
Radical
13
C1dFT

Solvent
9:1 Trehalose:
sucrose

gx
2.0033

gy
2.0032

gz
2.00275

giso
2.0031

dFT

2.0030

2.0027

2.0021

2.0026

dFT

1:1
water:glyc
erol
methanol

2.0029

2.0029

2.0021

2.0026

FT

ethanol

2.00345

2.00338

2.00254

2.00312

[1,
49]
[42]

OX63

1:1
water:glyc
erol
1:1
PBS:glyce
rol
9:1 Trehalose:
sucrose
buffer
CCl4

2.0032

2.0032

2.0026

2.0030

[23]

2.0013

2.0016

2.0042

2.0024

24

24

200

2.0015

2.0015

2.0040

2.0024

26

25

199.5

2.0009

2.0009

2.004

13

C1PTMTC
13

C1PTMTC
PTMTC
PTM

2.0026

21

Ax
18

Ay
18

Az
162

Aiso

Ref.
This
work
[14]
[23]

20

20

159

82.7

[50]

[36]

[51]
[52]

2.3 Results and discussion
2.3.1 Spectra in fluid solution

Figure 2.1: X-band spectra (black lines) of 13C1-dFT at 20oC (A) 0.2 mM in PBS and (B)
0.2 mM in 3:1 PBS:glycerol. Spectra were simulated (red dashed lines) using the garlic
function of the EasySpin toolbox with gx = 2.0032. gy = 2.0031, gz = 2.00265, Ax = Ay =
17, Az =162 MHz with τR = 0.29 ns, and 0.80 ns for PBS and 3:1 PBS:glycerol,
respectively. The sharp signal in the center of the spectrum is from ~1% residual 12C1dFT in the isotopically enriched sample.
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The fluid solution X-band CW spectrum of 13C1-dFT in PBS, pH ~ 7.2 is shown
in Figure 2.1A. The doublet splitting due to the 13C hyperfine of 23.4 G (65.5 MHz) is
well resolved. For solutions with concentrations from 0.1 – 0.3 mM the ΔBpp, peak-topeak linewidth, for the high and low field lines are 0.58 and 0.64 G, respectively. The
smaller sharper peak in the center of the spectrum is the residual 1% 12C1-dFT with a
ΔBpp = 0.037 G when the modulation frequency is 10 kHz and the modulation amplitude
is 0.01 G. The unequal amplitudes of the 13C hyperfine lines are due to incomplete
motional averaging of the hyperfine coupling. In a slower tumbling environment (Figure
2.1B) the linewidths broaden by a factor of 3 giving ΔBpp of 1.9 and 2.0 G due to
incomplete motional averaging of anisotropy. The tumbling correlation times obtained
from the simulations are discussed in section 2.3.3. The linewidth of the peak for the
residual 1% 12C1-dFT was independent of viscosity [29]. Spectra in Figure 2.1 were
acquired for samples equilibrated with N2. In samples equilibrated with air at Denver's
reduced atmospheric pressure the linewidths for the 13C1-dFT signal increases by about
0.1 G, which is a small fractional change that is difficult to quantitate. By contrast, a
change in the linewidth for the 12C1-dFT signal by 0.1 G is about a factor of three, which
is readily measured. Similarly, the linewidths for the 13C1-dFT signals in a 1.0 mM
solution are about 0.01 G greater than at 0.1 to 0.3 mM, which is a very small fraction
change. For the same concentration change the linewidth for the 12C1-dFT signal
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increases from 0.037 to 0.046 G, which is readily detectable. Although linewidth changes
for 12C1-trityl are a convenient tool for measuring oxygen concentration [32], the weak
dependence of the broader 13C1-trityl linewidths on oxygen concentration would be less
effective for oximetry.
X-band and Q-band fluid solution spectra of 13C1-PTMTC in deoxygenated
solutions at ambient temperature are shown in Figure 2.2. Spectra for 13C1-PTMTC were
acquired under the same condition as 13C1-dFT. Different microwave frequencies are
used to distinguish differences in g values, which scale with microwave frequency from
hyperfine splittings that are independent of frequency.. The well-resolved 13C1 hyperfine
of 82.8 MHz = 29.6 G is similar to the values of 83.5 MHz reported for 13C1-PTMTC in
water [36] or DMSO [53], and 82.5 MHz for PTM in CCl4 [52]. The very small sharp
peak in the center of the spectrum is due to residual 12C1-PTMTC. In deoxygenated
samples of 13C1-PTMTC in PBS the ΔBpp at X-band are 0.96 and 0.90 G for the low-field
and high-field lines, respectively. The X-band linewidths in PBS are about 0.15 G
narrower than reported in water [36], which is attributed to the use of lower modulation
amplitude.
Incomplete motional averaging of the g and A anisotropy contributes to the
unequal amplitudes (and widths) of the two 13C hyperfine lines and the broader lines for
13

C1-PTMTC than for 12C1-PTMTC. The spectra were simulated with EasySpin using the
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anisotropic g and A values shown in Table 2.2 to obtain tumbling correlation times, R =
0.20  0.02 ns in PBS and 0.40  0.05 ns in 3:1 PBS:glycerol. The much lower-intensity
satellite lines with hyperfine splittings of about 36 and 29 MHz have been assigned to
isotopologues with a 13C at positions C2 and C3,3’, respectively [36]. EasySpin simulations
indicate that a linewidth of about 0.6 G could arise from coupling to a set of six Cl with
ACl of ~ 0.24 MHz and a second set of six Cl with ACl of ~ 0.16 MHz. These hyperfine
couplings are in reasonable agreement with values of 0.17 MHz and 0.09 MHz predicted
by DFT calculations for PTMTC [47].
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Figure 2.2: Room temperature (~20°C) spectra (black) for deoxygenated solutions of (A)
0.5 mM 13C1-PTMTC in 50 mM PBS pH ~ 7.2, (B) 0.5 mM 13C1-PTMTC in 3:1
PBS:glycerol (X-band, 9.8151 GHz) and (C) 1.0 mM 13C1-PTMTC in PBS (Q-band, 33.8
GHz). Spectra were simulated (red) with EasySpin using “garlic” with the gx = 2.0013, gy
= 2.0016 gz = 2.0042, Ax = Ay = 24, Az = 200.5 MHz for 13C1, and τ = 0.20 ns or 0.40 ns
for PBS and 3:1 PBS:glycerol, respectively. Bpp for Gaussian and Lorentzian
contributions to the simulations are 0.62 and 0.15 (G), respectively.
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Figure 2.3: X-band (9.66 GHz) spectra at ~150 K (black) of 13C1-dFT and 13C1-PTMTC
in glassy 3:1 PBS:glycerol acquired with 60 dB attenuation (B1 ~ 0.9 mG) and 1.0 G
modulation amplitude at 10 kHz. Spectra were simulated (red) with EasySpin using
‘pepper’ and the g and A parameters for 13C1 listed in Table 2.1 plus Hstrain along the x, y,
and z axes of 5, 16, and 7.5 MHz for 13C1-dFT and 80% of total intensity or Hstrain along
the x, y, and z axes of 10.5, 12, and 14 MHz for 13C1-PTMTC with 91% of total intensity,
respectively. For 13C1-dFT the isotopologues with a second 13C had coupling constants
for C2,3,3’ of Ax = Ay =30, Az = 36 MHz with 10% of total intensity and coupling
constants for C4,4’,5 of Ax = Ay = 14, Az =13 MHz with 10% of total intensity. For 13C1PTMTC the isotopologues with a second 13C had coupling constants for C3,3’ of Ax = Ay
=26, Az = 37 MHz with 6% of total intensity and coupling constants for C2 of Ax = Ay =
33, Az =41 MHz with 3% of total intensity.
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2.3.2 Rigid lattice spectra and spin Hamiltonian parameters
At the cryogenic temperatures that are required to obtain well-immobilized
spectra in 1:1 buffer:glycerol, T1 for trityl radicals becomes very long [40], so it is
difficult to acquire CW spectra that have lineshapes that are free of passage effects or
admixtures of dispersion. Three approaches were taken to address this problem: (i) CW
spectra in glassy 1:1 PBS:glycerol were obtained at 160 K using the lowest power
attenuations available on the spectrometer (Figure 2.3), (ii) CW spectra were acquired in
9:1 trehalose:sucrose glass at 293 K (Figure 2.5), and (ii) field-swept echo-detected
spectra were acquired in 1:1 buffer:glycerol at 160 K for 13C1-dFT in Figure 2.4. The spin
Hamiltonian parameters obtained by the three methods are in good agreement [11].
The X-band spectrum of 13C1-PTMTC in glassy 1:1 PBS:glycerol (Figure 2.3) has
well-resolved features for the 13C1 hyperfine couplings with Az = 200  1 MHz and Ax ~
Ay = 24  2 MHz, which are larger than for 13C1-dFT, consistent with the literature (Table
2.2). The A|| lines are well resolved in the rigid lattice X-band spectra of both 13C1PTMTC and 13C1-dFT (Figure 2.3), which permits more precise definition of g anisotropy
than can be obtained in spectra of samples with natural isotope abundance. For 13C1PTMTC the g values are approximately axial with gx ~ gy < gz which is the reverse of gx ~
gy > gz for dFT and 13C1-dFT. Small contributions from isotopologues with a second 13C
are not well resolved, but were included in the simulations, with the parameters listed in
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the figure caption. The average values were constrained to match the isotropic couplings
observed in fluid solution. The values of the line-broadening parameter Hstrain that were
found in the EasySpin simulations along the parallel axis were 14 MHz for 13C1-PTMTC
and 7.5 MHz for 13C1-dFT. The additional broadening of ~6.5 MHz (~2 G) is attributed
to unresolved chlorine hyperfine. The small anisotropy in g and A⊥ cause uncertainty in
linewidths in the perpendicular region of the spectra so it is difficult to determine the
broadening from unresolved chlorine hyperfine in the perpendicular plane.
The X-band CW spectra of 13C1-dFT in 9:1 trehalose:sucrose at 293 K have well
resolved lines (Figure 2.5). On the wings of the extrema for both the parallel and
perpendicular orientations there are weak sidebands that are assigned to isotopologues
that have a second 13C, in addition to the 13C1. The sidebands on the parallel lines are
highlighted in the insets in Figure 2.5A. The two small peaks in the center of the
spectrum (about 3520 G) are sidebands on the perpendicular turning points. These
sidebands are poorly resolved but were simulated with 10% of the radicals having 13C
hyperfine of about 29 MHz and 10% having 13C hyperfine of about 14 MHz. The
anisotropy of these couplings are small, but poorly defined because of the low resolution
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of the sidebands. The large splitting is assigned to 13C2,3,3' and the smaller splitting to
13

C4,4',5 on the phenyl rings based on the values summarized in Table 2.1.

Figure 2.4: First-derivatives of field-swept echo-detected spectra recorded at 160 K
(black lines) of 13C1-dFT in (A) 1:1 water:glycerol at X-band (0.1 mM) and (B) in 1:1
PBS:glycerol at Q-band (0.03 mM). The X-band spectrum was obtained with 40 ns /2
pulses and a constant pulse spacing of 200 ns. The Q-band spectrum was obtained with
400 ns /2 pulses and constant pulse spacing of 400 ns. Spectra were simulated with
EasySpin using the parameters g = [2.0033 2.0032 2.00275] and A = [17 17 162] MHz
(red line). The EasySpin Hstrain parameters were [6.4 6.4 7.9] and [6.8 6.8 7.2] at X-band
and Q-band, respectively. The weak signal from the ~1% 12C1-dFT makes negligible
contribution. Contributions from isotopologues with a second 13C were not included in
the simulations.
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Linewidths are greater for the Q-band CW and first derivatives of echo-detected
spectra than for the X-band CW spectrum so the contributions from the additional 13C
sidebands were not resolved in these spectra, although they were included in the
simulations. Coupling from multiple 13C were included in the simulation to address the
unresolved hyperfine that arises from said coupling; this coupling is seen for both the
13

C-dFT and PTMTC. The Q-band spectra were analyzed primarily to define the g

anisotropy. At Q-band the CW spectral lineshapes are slightly distorted because a higher
than optimal power was needed to maintain the AFC lock. In the Q-band echo-detected
spectrum the value of Tm depends on position in the spectrum which is not included in
the simulations. There also are contributions to the lineshapes from spectral diffusion that
were not included in the simulation. First derivatives of field-swept echo detected spectra
at X-band and Q-band in a 1:1 buffer:glycerol sample at 160 K were calculated. The
major lines in the spectra are very similar to those in trehalose:sucrose. The lines are
broader than for the CW spectra and sidebands due to molecules with a second 13C are
not resolved, so these contributions were not included in the simulations. The extrema for
the large Az are well defined at both X-band and Q-band, which clearly define the values
of gz (2.00275 ± 0.0001) and Az (162 ± 1 MHz). The relatively narrow linewidths near
the perpendicular plane require that anisotropy in the x,y-plane is small. Based on the Xband spectra it was concluded that Ax = Ay = 18 ± 2 MHz. Based on the Q-band spectra it
was concluded that gx = 2.0033 and gy = 2.0032. The isotropic average of the rigid-lattice
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g values is 2.0031 ± 0.0001, which differs slightly from the average g value in PBS at
room temperature of 2.0028 ± 0.0001. This difference suggests that the molecular
conformation in frozen solution is different from that in fluid solution. The average of the
anisotropic hyperfine values is 65.3 MHz (23.3 G), which is very similar to the value
observed in fluid solution 65.5 MHz (23.4 G). This agreement indicates that the 13C
hyperfine is not strongly temperature dependent. The g and A values are compared with
literature values in Table 2.2. Even at W-band the g anisotropy in the spectrum of natural
abundance 12C1-dFT is not resolved so the reported g values were obtained by simulation
of the lineshape. For 13C1-dFT the anisotropy of the 13C hyperfine is useful in defining the
anisotropy of both the g and A values because the centers of the parallel and
perpendicular hyperfine patterns are clearly defined.
The variation in reported g values is relatively small and may be due in part to
solvent effects on conformation. The 13C hyperfine values observed for 13C1-dFT in 1:1
PBS:glycerol is similar to values reported previously in methanol (Table 2.2).
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Figure 2.5: Spectra of 13C1-dFT in 9:1 trehalose:sucrose at 293 K. (A) X-band CW
spectrum. The insets show y-axis amplitude multiplied x6.6 to highlight the contributions
from isotopologues with a second 13C splitting. (B) Q-band CW spectrum. (C) Firstderivative of field-swept echo-detected Q-band spectrum. Spectra were simulated with
EasySpin using the parameters g = [2.0033 2.0032 2.00275] with A(C1) = [18.5 18.5 162]
MHz 80% weighting; A(C1) = [18.5 18.5 162] MHz plus A(C2,3,3') = [29 29 30] MHz
10% weighting; A(C1) = [18.5 18.5 162] MHz plus A(C4,4',5) = [14 14 13] MHz 10%
weighting (red line). The EasySpin Hstrain parameters for the 13C1 lines were [4.8 4.8 7.3],
[8.5 8.5 11], and [10 10 11] for X-band CW, Q-band CW, and Q-band echo-detected,
respectively. The weak signal from the ~1% 12C1-dFT makes negligible contribution.
33

2.3.3 Tumbling correlation times
The tumbling correlation times, τR, for 13C1-dFT and 13C1-PTMTC were
determined by simulating the CW spectra (Figure 2.1 and 2.2) using the 'garlic' function
in EasySpin and the g and A values obtained from the simulations shown in Figure 2.1
(Table 2.2). At X-band (~ 9.85 GHz) the spread in g values (2.0033 to 2.00275 for 13C1dFT) corresponds to only a difference of ~1.0 G. This very small g anisotropy is why the
linewidth for the 12C1-dFT signal is approximately independent of tumbling. This small g
anisotropy also means that small uncertainties in the anisotropic g values have little
impact on the calculated values of τR for 13C1-dFT. The anisotropy that is averaged by the
tumbling of 13C1-dFT is predominantly due to the anisotropy in the hyperfine interaction
which is 𝐴∥ - 𝐴⊥ ~144 MHz ~ 52 G. Incomplete motional averaging of the anisotropic
hyperfine contributes equally to the linewidths of the mI = ±1/2 lines. This equal
contribution to the two hyperfine lines is difficult to distinguish from broadening by
oxygen, intermolecular collisions, or over-modulation. Therefore, to get the most
accurate values of τR it is preferable to work with low-concentration de-oxygenated
samples and spectra acquired with modulation amplitudes that are small relative to
linewidths. Alternatively, these contributions to the linewidths can be included in the
EasySpin simulations. For 13C1-PTMTC the g anisotropy (2.0013 to 2.0042) is larger than
for 13C1-dFT so incomplete motional averaging causes more broadening of the low-field
line than of the high-field lines (Figure 2.2). Simulation of the spectra for 13C1-dFT in
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PBS (Figure 2.1) using the ‘garlic’ function in EasySpin gave τR 0.29 ns ± 0.02 ns at
20°C. This value of τR is in good agreement with τR = 0.29 ns for natural abundance 12C1trityl-CH3 in water solution that was determined by analysis of the viscosity dependence
of relaxation times at 250 MHz where modulation of electron-proton dipolar interaction
dominates T1 [54]. This contribution to trityl relaxation is negligible at X-band.
In PBS the R for 13C1-PTMTC is 0.20  0.02 ns (Figure 2.2). The molecular
radius is calculated to be 6.5 Å [36]. Use of the Stokes-Einstein equation R = V/kT
where V = molecular volume in m3,  = viscosity in poise, k = Boltzmann's constant =
1.381x10-23 J/K, and T = temperature in Kelvin predicts R = 0.28 ns. For relatively small
solutes the Stokes-Einstein model has been modified by inclusion of a slip coefficient,
cslip, and becomes R = cslipV/kT [55]. The ratio 0.20/0.28 gives cslip = 0.71 for 13C1PTMTC in PBS, which is intermediate between the cslip =0.78 for 13C1-PTMTC in water
[36] and cslip = 0.66 for dFT in water [14, 54]. The smaller molecular radius for 13C1PTMTC than for dFT (7.5 Å) [54] is consistent with smaller values of R for 13C1-PTMTC
than for 13C1-dFT. In 3:1 PBS:glycerol R for 13C1-PTMTC and 13C1-dFT are 0.40  0.05
ns and 0.80  0.05 ns [14], respectively (Figures 2.2 and 2.1).
The molar mass of 1035 g/mole for dFT is about 6 times larger than for simple
nitroxides such as tempol (molar mass = 172 g/mole). The larger molar mass for 13C1dFT predicts slower tumbling and longer τR than for tempol. For small nitroxides in water
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τR is in the range of 9 to 19 ps [22], which is more than a factor of 6 shorter than for 13C1dFT. Slip coefficients for small nitroxides in water are about 0.1 to 0.2, with the larger
values observed for nitroxide with polar substituents [40]. The larger slip coefficient for
13

C1-trityl than for small nitroxides is attributed to the larger size of the molecule and the

polarity of the three carboxylate groups.
The linewidths (and therefore tumbling correlation times) in water (data not
shown) and PBS are similar for both 13C1-PTMTC and 13C1-dFT. The impact of the 50
mM PBS on viscosity is small but was considered. The effect of electrolytes on viscosity
can be modeled using Eq. (2.1) [56].
𝜂
𝜂1

= 1 + 𝐴√𝑐 + 𝐵𝑐

(2.1)

where 1 is the viscosity of pure solvent,  is the viscosity of the electrolyte solution, c is
the molarity of each ion (phosphate and sodium), A can be calculated based on ionic
charge, and B is an empirical parameter. The Ac term is much smaller than the Bc term
𝜂

and often is neglected. Using literature values of B [57] the 𝜂 ratio for 50 mM sodium
1

phosphate buffer, containing 142 mM NaCl, was calculated as 1.044, of which about
75% of the effect is from the phosphate ions. This impact of ionic strength on viscosity is
less than the uncertainties in τR, which also is consistent with the similarity in tumbling
correlation times in water and in PBS.
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2.3.4 Fluid solution T2 for 13C1-dFT and 13C1-PTMTC
Electron spin-spin relaxation times were measured for deoxygenated samples of
13

C1-dFT with concentrations between 0.1 and 1.0 mM were measured by two-pulse spin

echo. In PBS solution, T2 is 0.13 ± 0.02 µs. A typical two-pulse echo decay curve is
shown in Figure 2.6A, along with the fit to a single exponential. Use of the sum of two
exponentials did not improve the fit to the data. Differences between values of T2 for the
low-field and high-field hyperfine lines were not statistically significant. This value of T2
is much shorter than observed for natural abundance 12C1-dFT in PBS (3.8 µs for 0.2 mM
solution) because of incomplete motional average of the A anisotropy (Figure 2.5B). The
corresponding value of ΔBpp for a Lorentzian line calculated using the expression
Δ𝐵𝑝𝑝 (𝐺) = 6.56 𝑥10−8 /𝑇2 (𝑠) is 0.50 ± 0.10 G which is in reasonable agreement with
the experimental values (Table 2.3) [11]. The experimental linewidths include an
additional contribution of about 0.05 G from unresolved nuclear hyperfine coupling. The
variation in CW linewidths for 13C1-dFT with concentration is smaller than the estimated
uncertainties in T2. For closely-related trityl OX63 in PBS, the T2 and CW linewidths
have been shown to depend on trityl concentration with a slope of 0.165x106 s-1/mM
trityl [5]. For OX63 in PBS this concentration dependence could be observed because T2
at low concentration is 6.3 µs [5]. Contributions to relaxation combine as the sum of
reciprocals, so a similar concentration dependence of the much shorter T2 for 13C1-dFT
would not be detectable. The T2 for 13C1-PTMTC in PBS at 293 K obtained by two-pulse
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spin echo is 110  20 ns. An approximate value of T2 = 110 ns in fluid solution was
calculated using the expression T2 = 2/(3  ΔBpp) where  is the gyromagnetic ratio and
ΔBpp = 0.6 G is the tumbling-independent contribution to the peak-to-peak linewidths,
which is in good agreement with the T2 obtained in the pulse experiments.
2.3.5 Fluid solution T1 for 13C1-dFT and 13C1-PTMTC
Values of T1 were measured by 3-pulse echo-detected inversion recovery or FIDdetected inversion recovery for 13C1-dFT concentrations between 0.1 and 1.0 mM in PBS.
Differences in values of T1 obtained by the two methods were not statistically significant.
Values of T1 measured by long-pulse saturation recovery for 0.2 to 1.9 mM samples also
were in agreement with the echo and FID-detected experiments. From the three
techniques, T1 in PBS was found to be 5.9 ± 0.5 µs. In 3:1 PBS:glycerol, the CW
linewidths are about 1.5 to 1.8 G, which corresponds to T2 of about 40 ns. When T2 is this
short relative to the instrument deadtime it is difficult to detect a spin echo or FID with
sufficient signal-to-noise to measure T1 by pulse methods. For the 3:1 and 1:1
PBS:glycerol samples T1 was measured by long-pulse saturation recovery for 1.0 mM
solutions (Figure 2.5C). The resulting T1 values are 9.7 ± 0.7 µs and 12.0 ± 1.0 µs for the
3:1 and 1:1 PBS:glycerol solutions, respectively. The longer T1 in the more viscous
glycerol-containing solutions demonstrates the importance of tumbling-dependent
contributions to relaxation. This observation is in contrast to results for 12C1-dFT at
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X-band where T1 is independent of viscosity [54]. For deoxygenated solutions of 13C1PTMTC T1 is 3.5  0.5 s in PBS and 5.8  0.8 s in 3:1 PBS:glycerol. When the
samples are air saturated, T1 decreases to 0.48 µs for 13C1-dFT and 0.8 µs for 13C1PTMTC (Table 3). This very strong dependence of T1 on oxygen concentration (Figure
2.5D) is analogous to what has been reported for closely-related trityl OX63, which is the
basis for pulsed oximetry at 250 MHz [5,30]. The T1 for OX63 in an air saturated
solution decreases to ~1.5 µs [5, 54]. The strong dependence of T1 for 13C1-dFT and 13C1PTMTC on oxygen concentration means that these trityls can be used as oximetric
probes analogous to what has been demonstrated for OX63 [5], although shorter T2
values for 13C1-dFT or 13C1-PTMTC compared to OX63 will require shorter interpulse
spacing when performing inversion recovery oximetry experiments.
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Figure 2.6. X-band measurements of electron spin relaxation times at 20oC for 13C1-dFT
samples containing ~1% 12C1-dFT. Unless noted the data are for deoxygenated 1.0 mM
solutions. A) Two-pulse echo decays for the high-field 13C hyperfine line (red) and the
12
C line (black). Data were acquired with 256 shots per point and averaged for 100 scans.
Single exponential fits (dashed black) were calculated with Tm = 0.13 μs for 13C and 1.1
μs for 12C. B) Three-pulse inversion recoveries for the high-field 13C hyperfine line (red)
and the 12C line (black). Data were acquired with 256 shots per point and averaged for 3
scans for 12C and 2 scans for 13C. Single exponential fits (black dashed lines) were
calculated with T1 = 6.0 μs for 13C and 9.1 μs for 12C. C) Long-pulse saturation recovery
curves for the high-field 13C hyperfine line in PBS (red), 3:1 PBS:glycerol (blue), and 1:1
PBS:glycerol (pink). Data were averaged for 10 scans (30 min). Single exponential fits
(black dashed lines) were calculated for T1 = 5.6 μs in PBS, 9.8 μs in 3:1 PBS:glycerol,
and 12.0 μs for 1:1 PBS:glycerol. D) Long-pulse saturation recovery curves for the highfield 13C line in air saturated (orange) and deoxygenated (green) solutions. Data were
averaged for 10 scans (30 min) for the deoxygenated sample and 5 scans (10 min) for the
air saturated sample. Single exponential fits (black dashed lines) were calculated for T1 =
480 ns and 5.6 μs for the air saturated and deoxygenated samples, respectively.
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Table 2.3
Impact of C1 nuclear spin on dFT linewidths and relaxation times (µs) in PBS at X-band
at ca. 20oC.
13
12
C1-dFT in 12C1-dFT in
C1-dFT in natural
a
13
PBS
C1-dFT in PBS
abundance dFT
ΔBpp in PBS,
0.58, 0.64 b 0.037 ± 0.002 (0.1
deoxygenated
mM)
(G)
0.047 ± 0.002 (1 mM)
b
ΔBpp in PBS, air 0.66, 0.75
0.14 ±0.01 (1 mM)
saturated (G)
T2 (µs),
0.13 ± 0.02 5.6 (0.2 mM, PBS)
11 ± 1 (0.2 mM,
deoxygenated
2.4 (1 mM, PBS)
water) c
3.8 (0.2 mM, PBS)
0.6 (2 mM PBS)
T1 (µs),
5.9 ± 0.5
11. (0.2 mM, PBS)
17 ±1 (0.2 mM,
deoxygenated
3.8 (1 mM, PBS)
water) c
16 ±1 (0.2 to 2 mM,
PBS)
T1 (µs), air
0.48 ± 0.04
saturated
a
For concentrations between about 0.1 and 1.5 mM. b Linewidths for low-field and highfield lines, respectively. Uncertainties are about 0.02 G. c Values from Ref. [54].
13

The dependence of T1 for 13C1-dFT on tumbling correlation time in PBS, 3:1
PBS:glycerol, and 1:1 PBS:glycerol and for 13C1-PTMTC in PBS and 3:1 PBS:glycerol
was modeled, as reported previously [50], using Eq. (2.2) which is the sum of
1

contributions from modulation of 13C hyperfine anisotropy 𝑇 𝐴 (Eq. 2.3), a local mode
1

1
𝑇1𝑙𝑜𝑐𝑎𝑙

1

1

1

1

, spin rotation 𝑇 𝑆𝑅 (Eq. 2.4), and modulation of g anisotropy 𝑇 𝑔 (Eq. 2.5).
1
𝑇1

1

1

1

1

1

1

= 𝑇 𝐴 + 𝑇 𝑙𝑜𝑐𝑎𝑙 + 𝑇 𝑆𝑅 + 𝑇 𝑔

1
𝑇1𝐴

1

2

1

(2.2)
𝜏

𝑅
= 9 𝐼(𝐼 + 1) ∑𝑖 (𝐴𝑖 − 𝐴𝑖𝑠𝑜 )2 1+(𝜔𝜏

2
𝑅)
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(2.3)

where I = 1/2 for 13C, Ai is a component of the 13C nuclear hyperfine in angular
frequency units, Aiso is the average 13C hyperfine observed in fluid solution, and ω is the
Zeeman frequency in angular units.
1
𝑇1𝑆𝑅

1
𝑔
𝑇1

=

∑3𝑖=1( 𝑔𝑖 −𝑔𝑒 )2

2 𝜔 2 (Δ𝑔)2

= 5 (𝑔 ) (

(2.4)

9𝜏𝑅

3

𝜏

𝑅
+ (𝛿𝑔)2 ) 1+(𝜔𝜏

(2.5)

2
𝑅)

where g = gzz – 0.5(gxx+gyy), g = 0.5(gxx – gyy).
Table 2.4
Contributions to calculated T1 for 13C1-dFT in deoxygenated solutiona
Calculated with τR =
Calculated with τR = Calculated with τR =
0.29 ± 0.02 ns (PBS) 0.80 ± 0.05 ns
3.4 ± 0.3 ns
(3:1 PBS:glycerol)
(1:1 PBS:glycerol)
4
4
1
(8.3±0.5) x10
(3.0 ± 0.2) x10
(0.70±0.6) x104
(s-1)
𝑇𝐴
1

1

𝑇1𝑙𝑜𝑐𝑎𝑙
1
𝑇1𝑆𝑅
1

𝑔

𝑇1

7.6x104

7.6x104

7.6x104

(s-1)

(4.6±0.3) x102

170±10

40±4

(s-1)

104 ± 7

38±3

9.0±0.8

(1.59 ± 0.1) x105

(1.06 ± 0.03) x105

(0.83 ± 0.02) x105

(9.4 ± 0.3) x10-6
(9.7 ± 0.7) x10-6

(12.0 ± 0.2) x10-6
(12.0 ± 1.0) x10-6

(s-1) b

1

Calc. 𝑇 (s-1)
1

Calc. T1 (µs)
(6.3 ± 0.4) x10-6
Exper. T1 (µs)
(5.9 ± 0.5) x10-6
a
Calculated using Eq. (2.2) – (2.5)
b

Adjusted to fit the experimental values of T1.
The contributions to the tumbling dependence of T1 for 13C1-dFT and 13C1-

PTMTC are summarized in Tables 2.4 and 2.5, respectively. The uncertainties in the
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calculated values of T1 are based on uncertainties in τR, which is estimated to be the
parameter with the most uncertainty in the calculation. The calculated values of T1 are
within estimated uncertainties of the experimental values. In PBS the magnitude of the
contributions decreases in the following order: modulation of hyperfine anisotropy >
local mode >> spin rotation > modulation of g anisotropy, which emphasizes the
importance of the hyperfine anisotropy. For the slower tumbling in 3:1 and 1:1
PBS:glycerol solutions the contribution from modulation of hyperfine anisotropy is much
smaller than in PBS, and it becomes less than the contribution from the local mode. The
1

value of 𝑇 𝑙𝑜𝑐𝑎𝑙 = 6.6x104 s-1 at room temperature in deoxygenated solution was
1

determined previously for natural abundance 12C1-dFT and closely-related trityls
including OX63. The fit to the experimental values of T1 was improved by increasing
1
𝑇1𝑙𝑜𝑐𝑎𝑙

to 7.6x104 s-1 for 13C1-dFT. It is plausible that the ionic strength of the PBS buffer

could impact this parameter. The fit to the experimental values of T1 in fluid solution for
1

13

C1-PTMTC (Table 2.5) was improved by increasing 𝑇 𝑙𝑜𝑐𝑎𝑙 to 1.0 x105 s-1. It is plausible
1

that the chlorine substituents on the trityl rings could impact this parameter.
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Table 2.5
Contributions to calculated T1 for 13C1-PTMTC in deoxygenated solutiona
Calculated with
Calculated with
τR = 0.2 ± 0.02 ns (PBS)
τR = 0.4 ± 0.05 ns
(3:1 PBS:glycerol)
5
1
(1.77±0.14) x10
(9.0±0.92) x104
−1
(𝑠
)
𝑇1𝐴
1
(1.0±0.2) x105
(1.0±0.2) x105
−1 𝑏
(𝑠
)
𝑇1𝑙𝑜𝑐𝑎𝑙
1
(2.85±0.23) x103
(1.43±0.15) x103
−1
(𝑠
)
𝑇1𝑆𝑅
1
(1.3±0.1) x103
(6.39±0.66) x102
−1
(𝑠
)
𝑔
𝑇1
1
(2.87±0.15) x105
(2.0±0.094) x105
Calc. (𝑠 −1 )
𝑇1

Calc. T1 (s)

(3.5±0.2) x10-6

(5.1±0.3) x10-6

Exper. T1 (s)

(3.5 ± 0.5) x10-6

(5.3 ± 0.4) x10-6

a

Calculated using Eq. (2.2) – (2.5)

b

Adjusted to fit the experimental values of T1
2.3.6 Relaxation times for the residual 1% 12C1-trityl in fluid solution

For the residual 12C1-dFT signal in the predominantly 13C1-dFT sample T1 and T2
are strongly concentration dependent as shown in Figure 2.7. The plot for 1/T1 as a
function of trityl concentration was fit with 0.18x106 s-1/mM [trityl] + 0.055x106 s-1 ,
which gives a slope that is about a factor of 5 larger than was observed for OX63 in PBS
(0.36x105 s-1/mM [trityl]+0.16x106 s-1) [5]. It has been proposed that the relatively weak
concentration dependence of T1 for OX63 is due to the fact that most of the collisions are
with molecules with approximately the same resonance frequencies [58]. In the solution
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that contains predominantly 13C1-dFT, most of the collisions of residual 12C1-trityl are
with 13C1-trityls that have different resonance frequencies and faster relaxation rates
which provides an increasingly effective relaxation pathway as concentration is
increased. Isotopologues containing a second 13C have different resonant frequencies than
that of the dominant lines in the spectrum. However the Heisenberg exchange, a
swapping of spin states in neighboring electrons, in these low concentration solutions is
in the 'slow exchange' regime where the impact of a collision on T2 (or linewidth) is
independent of the energy difference between the colliding species [7, 39], so the various
isotopologues have similar Heisenberg exchange effects.
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Figure 2.7: Dependence of 1/T1 (blue circles) and 1/T2 (black squares) of the residual 1%
12
C1-dFT in 13C1-dFT in 50 mM PBS on the total trityl concentration. The dashed lines are
the least squares fit lines: 0.18x106 s-1 /mM [trityl]+0.055x106 s-1 for 1/T1 and 0.35x106 s1
/mM [trityl]+0.1x105 s-1 for 1/T2.
Even at low concentrations of the 13C1-dFT solutions the value of T2 for the
residual 12C1-dFT (5.6 µs) is much shorter than the 11 µs observed previously for 0.2 mM
natural abundance 12C1-dFT in water at X-band [54], indicating a greater impact of
collisions. In water the three negative charges on the carboxylates may decrease the
collision frequencies. Ion pairing of the carboxylates with Na+ in the high ionic-strength
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PBS solutions is expected to be small, based on negligible association of sodium
benzoate [59] and limited data from sea water. Ionic strength may decrease collision
frequencies of the trityls analogous to what has been observed for nitroxides [60]. Most
of the decrease in T2 is attributed to collisions with the faster relaxing 13C1-dFT. The plot
of 1/T2 for residual 12C1-dFT as a function of total trityl concentration was fit with
0.35x106 s-1/mM [trityl]+0.1x105 s-1, which is a slope that is about a factor of 2 larger
than for OX63 in PBS (0.165x106 s-1/mM [trityl]+0.16x105 s-1) [5]. Since these data are
in the same buffer, interaction with buffer cations is not a factor. About 30% of the
greater concentration dependence of T2 for residual 12C1-dFT (1035 g/mol) than for
OX63 (1358 g/mol) is attributed to the smaller molar mass and resulting increase in
translational diffusion. Hydrogen bonding to the OH groups of OX63 also may decrease
translational diffusion, accounting for some of the difference between 12C1-dFT and
OX63 [7]. The remaining contributions to the stronger concentration dependence for
residual 12C1-dFT in predominantly 13C1-dFT than for OX63 reflects the fact that most of
the collisions are with the faster relaxing 13C1-dFT.
2.3.7 Comparison with relaxation of nitroxides in fluid solution
T1 for small nitroxides in water at X-band are about 1 µs, which raises the
question why T1 is so much shorter for nitroxides than for 13C1-dFT [22]. The typical
anisotropic hyperfine couplings for 15N nitroxides are 21.6, 24.6 and 141 MHz [22]. The
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anisotropy of these values is similar to that observed for 13C1-dFT so the contributions to
1/T1 from modulation of the I = 1/2 nuclear hyperfine coupling are expected to be of the
same magnitude if τR is similar. However, the much shorter τR for nitroxides than for
trityls in water or PBS solution makes the contributions to T1 from modulation of
hyperfine anisotropy much larger for nitroxides than for trityls [39]. The g anisotropy for
typical nitroxides in water (2.0092, 2.0061, 2.0022) is much larger than for trityls. The
larger g anisotropy and shorter τR makes the contribution from spin rotation larger for
nitroxides than for trityls. Thus, the slower tumbling of the trityls is a major factor in the
longer values of T1 for trityls than for low molecular weight nitroxides in solution. By
contrast values of T2 for nitroxides in water are about 0.5 µs [39], which is significantly
longer than the 0.13 µs for 13C1-dFT. The slower tumbling of the trityl results in less
complete motional averaging of the anisotropic hyperfine interaction than occurs for
small nitroxides, leading to broader lines and shorter T2 for the 13C1-trityls than for
nitroxides.
2.3.8 T1 for 13C1-dFT and 13C1-PTMTC in rigid lattice
Electron spin relaxation times were measured for a 0.1 mM sample of 13C1-dFT in
1:1 PBS:glycerol. At 160 K values of T1 at X-band and Q-band are140 to 173 µs,
depending on position in the line, which is similar to the T1 = 150 µs of the residual 12C1dFT line. These values also are in good agreement with the previously reported value for
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natural abundance dFT in 1:1 water:glycerol [54]. The absence of an effect of the 13C
nuclear hyperfine on T1 for the immobilized sample of 13C1-dFT is consistent with
previous reports that nuclear hyperfine does not contribute to T1 for organic radicals in a
rigid lattice [17, 40]. Values of Tm, obtained by fitting data with a stretched exponential,
for both the 12C and the 13C lines of 13C1-dFT at X-band and Q-band, were 3.0 to 3.5 µs
with stretch parameters of 1.5 to 1.7, depending on position in the spectrum. These values
also are in good agreement with values for natural abundance dFT reported previously for
1:1 water:glycerol solutions [54].
In the immobilized samples the echo envelope modulation (ESEEM) from the
chlorines in 13C1-PTMTC was sufficiently deep that it precluded accurate measurements
of Tm, so the focus of the relaxation measurements was on T1. The T1 obtained by
inversion recovery for 13C1-PTMTC and 13C1-dFT in 1:1 PBS:glycerol and in 9:1
trehalose:sucrose as a function of temperature are plotted in Figure 2.6 along with T1
obtained by inversion recovery for 12C1-FT, 12C1-FT in 1:1 water:glycerol, and T1
obtained by saturation recovery for 12C1-dFT and 12C1-FT in 1:1 water:glycerol [23,48].
At the lowest temperatures T1 for 13C1-PTMTC in 9:1 trehalose:sucrose is shorter than for
other samples which is attributed to a larger contribution from cross relaxation. The
estimated concentration in the glass (~ 4 mM) is higher than for other samples. The large
difference in T1 for 13C1-PTMTC between the 9:1 trehalose:sucrose glass and 1:1
PBS:glycerol at low temperature suggests that there may also be a nonuniform
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distribution of radicals in the sugar glass. The temperature dependence of the relaxation
rates was modeled as the sum of direct, Raman [20,61], and local mode processes as
shown in eq (2.6) and (2.7) [23].

1
𝑇1

𝑇

9

𝜃𝐷

= 𝐴𝑑𝑖𝑟 𝑇 + 𝐴𝑅𝑎𝑚 (𝜃 ) 𝐽8 ( 𝑇 ) + 𝐴𝑙𝑜𝑐 [
𝐷

(𝑒

𝑒

Δ𝑙𝑜𝑐
⁄
𝑇

2
Δ𝑙𝑜𝑐
⁄
𝑇 −1)

]

(2.6)

where J8 is the transport integral that is described by Eq. (6)

J8 (

θD
)=
T

D / T


0

x8

ex
dx
(e x - 1) 2

(2.7)

and Adir = coefficient of the direct process, Aram= coefficient of the Raman process, D =
Debye temperature, Aloc = coefficient of the local mode, and ∆loc = energy of the local
mode. Below about 20 K the process that depends linearly on T makes a significant
contribution. The Raman process dominates between about 20 and 120 K and the
contribution from the local mode is increasingly important at higher temperatures. It was
possible to acquire data over a wider temperature range in 9:1 trehalose:sucrose, which
facilitated a more accurate determination of the energy of the local mode than can be
obtained in 1:1 PBS:glycerol. The fit lines for data in 9:1 trehalose:sucrose (Fig. 2.6)
were obtained with Adir = 0.22 s-1, ARam = 1.4x104 s-1, D = 160 K, Aloc = 4.9x105 s-1 and
∆loc = 850 K for 13C1-dFT and with Adir = 0.6 s-1, ARam = 1.3x104 s-1, D = 160 K, Aloc =
1.1x106 s-1 and ∆loc = 1000 K for 13C1-PTMTC. The Debye temperature for the
50

trehalose:sucrose matrix is higher than the value of 120 K observed in 1:1 water:glycerol
[48]. The energy of the local mode for 13C1-dFT is in good agreement with the value
reported in 1:1 water:glycerol [23]. The energy for the local mode for 13C1-PTMTC is
slightly higher than for 13C1-dFT.
Although there is scatter in the data in Figure 2.6 the overall temperature
dependence is similar for all of the trityls, which leads to the conclusion that the chlorine
substituents have little impact on T1. Prior studies of the impact of chlorination on T1
were complicated by differences in solubility that required use of different solvents for
pairs of molecules with and without chlorine substituents. 1/T1 for PTM in 4:1
toluene:CHCl3 was about 50% faster than for dFT in 1:1 water:glycerol between 25 and
250 K [41]. The hydrogen-bonded 1:1 water:glycerol glass is more rigid than 4:1
toluene:CHCl3 which may have contributed to differences in the relaxation rates.
Between about 125 and 250 K 1/T1 for 2,3,5,6-tetrachlorobenzosemiquinone in 2:1
triacetin:hexamethylphosphoramide was about a factor of 4 faster than for 2,5-dichloro3,6-dihydroxy-1,4-benzosemiquinone in 1:1 water:glycerol. Here too the relaxation rate
for the more highly chlorinated molecule may have been increased by greater mobility in
the non-hydrogen bonded glass. In evaluating the trends for the semiquinones it should be
noted that the two additional chlorines resulted in an increase in giso of 0.0012 whereas
chlorination of 13C1-PTMTC resulted in an increase of giso of only 0.0002 in 1:1
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PBS:glycerol. Increasing g values, which are a surrogate for increasing spin orbit
coupling, also contributes to faster spin-lattice relaxation.

Figure 2.8: Temperature dependence of T1 for 13C1-PTMTC in 9:1 trehalose:sucrose
(pink +), 13C1-dFT in 9:1 trehalose:sucrose (green x), 13C1-PTMTC (pink inverted
triangle), 13C1-dFT (green triangle), 12C1-dFT (green open square), 12C1-FT ( olive x),
12
C1-dFT by saturation recovery (orange star), and 12C1-FT by saturation recovery (black
diamond) in 1:1 PBS:glycerol. Below about 30 K the relaxation rates for 13C1-PTMTC in
9:1 trehalose:sucrose are enhanced because of the high spin concentration. The lines are
fits to 1/T1 for 13C1-PTMTC (long dashes) or 13C1-dFT (short dashes) in 9:1
trehalose:sucrose calculated as the sum of contributions from the direct, Raman, and local
mode processes with the parameters discussed in the text.
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2.4 Conclusions
As a result of the longer τR and smaller g anisotropy for the trityls than for small
nitroxides, values of T1 for trityls at ambient temperature in PBS solution are longer than
for nitroxides. The spin lattice relaxation is dominated by contributions from modulation
of A anisotropy and a local mode. Although the 13C hyperfine anisotropy for trityls is
similar to that for 15N-nitroxides, T2 for 13C1-dFT in solution is shorter than for low
molecular weight nitroxides because of longer τR. The anisotropic 13C hyperfine in 13C1dFT and 13C1-PTMTC provides a tool for measuring tumbling correlation times. The
strong dependence of T1 for 13C1-dFT and 13C1-PTMTC on oxygen concentration implies
that these probes can be used to measure both molecular tumbling and oxygen
concentration. In air saturated solutions, T1 for 13C1-dFT decreases to ~400 ns. The much
stronger dependence of T1 on concentration for residual 12C1-dFT in a solution containing
predominantly 13C1-dFT than in a solution containing predominantly 12C1-dFT confirms
the importance of collisions and Heisenberg exchange with molecules that have different
resonance frequencies and faster relaxation. Chlorine substitution on the trityl rings has
little additional impact on T1 in fluid solution, beyond that observed for 13C1-dFT. In
immobilized samples 13C1 substitution or chlorine substitution on the phenyl rings has
negligible impact on T1.
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Chapter 3: Nitroxide diradicals
3.1 Introduction
The EPR spectra of species containing two nitroxide radicals have fascinated and
informed scientists for well over a half century [62], and continue to reward study.
Dinitroxides have been designed to report a wide range of properties including dynamics
in solution [63], conformational changes of peptides, exchange pathways through bonds
and through space, coordination to paramagnetic metal complexes [64], and dipolar
interactions. Dinitroxide radicals are being used to maximize dynamic nuclear
polarization (DNP) [65]. Disulfide-linked dinitroxides can measure in vivo physiology
via cleavage of the -S-S- bond by reducing agents, predominantly glutathione
[40,63,64,65]. Proof of principle imaging of tumor redox status by dinitroxides has been
achieved [66].
Dipolar interactions are the foundation for the widely-used methods of measuring
distances in polymers and biomolecular systems, including proteins and nucleic acids
(double electron-electron resonance (DEER), pulsed electron double resonance
(PELDOR), and double quantum coherence (DQC)) [67]. Experience with the wellseparated nitroxide labels used in DEER reveal that the T1 and Tm relaxation times are
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affected by the lattice environment (other paramagnetic species, nearby methyl groups,
and deuteration) and not by the effect of one nitroxide on the other [17,40,70]. Diradicals
with interactions strong enough to cause spin-spin splittings in the continuous wave (CW)
spectra in solution have shortened T2 relaxation times that are seen as broadened lines in
fluid solution. Relatively few measurements have been made of relaxation times of
dinitroxides in frozen solution or other rigid lattice.
Data reported previously by Sato et al [71] showed that for dinitroxides with J >>
the nitrogen hyperfine interaction (AN) modulation of nitroxide-nitroxide dipolar
interactions at distances of 5 to 6 Å enhanced spin-spin (Tm) and spin-lattice (T1)
relaxation in rigid lattice. However, in a diradical with a relatively rigid azine linkage and
interspin distance of 9 Å, T1 and Tm were similar to values for a monoradical. Those
results left unresolved the question whether relaxation enhancement at a distance as long
as 9 Å would be greater if the linker in the diradical were more flexible. The
effectiveness of dinitroxide radicals in NMR dynamic nuclear polarization depends on
the electron spin relaxation, because it determines the time required to polarize the
electron spins.. In this chapter CW lineshape analysis and electron spin relaxation times
at temperatures between 10 and 160 K are reported for two dinitroxides with interspin
distances of about 9 Å and J >> AN, but with more flexible amide and ethylene diamine
linkers. This chapter is based on work reported in [72].
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3.2 Experimental
3.2.1 General
Synthesis of dinitroxides PxCONHPx and PxCOenPx was done by Dr. Joseph P.
Y. Kao, Nathaniel D. A. Dirda, and Eric A. Legenzov of the University of Maryland
School of Medicine as reported in [72] and summarized in Figure 3.1. The thesis focuses
on the EPR spectroscopy of these compounds.

Figure 3.1: Synthesis scheme for dinitroxides 1 (PxCONHPx) and 2 (PxCOenPx).
Abbreviations: HBTU = 1H-1-[bis(dimethylamino)methylene]-benzotriazolium-3-oxide
hexafluorophosphate; DIPEA = diisopropylethylamine; DMA = N,N-dimethylacetamide;
py = pyridine. Figure is reproduced with permission from [72].
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3.2.2 EPR spectroscopy
CW spectra at temperatures up to 55 oC were measured by G. R. Eaton on a
Bruker EMX X-band spectrometer, using an HSQE resonator, at incident microwave
powers in the linear response region. The 0.2 mM samples in 1:1 water:ethanol were
contained in a thin Teflon tube, placed in a 4 mm o.d. quartz tube open at both ends.
Nitrogen gas was passed over the sample to remove O2 from the solution. The N2 gas was
heated to achieve the sample temperature, which was measured with a thermocouple
above the resonator. The sample temperature probably was higher than the recorded
temperature due to the vertical thermal gradient.
Relaxation times of nitroxides and dinitroxides in glassy 1:1 water:glycerol are
sufficiently long that low microwave power and modulation must be used to record
undistorted spectra. Much better signal-to-noise can be achieved by 2-pulse field-swept
echo detection than by CW. First derivative spectra were calculated from the echodetected absorption spectra by pseudomodulation [73] using a Matlab routine.
Time-domain spectra on immobilized samples were acquired using a Bruker E580
pulsed EPR spectrometer using 0.2 mM solutions in 1:1 water:glycerol. Two-pulse spin
echo and three-pulse inversion recovery experiments were performed with /2 pulse
lengths of 40 ns. The ER4118X-MD5-W1 resonator was in a CF935 cryostat.
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Temperature was controlled with a Bruker/ColdEdge Stinger closed-cycle helium system
for temperatures between 4 and 70 K, or with N2 gas from liquid N2 in a dewar via an
Oxford Instruments transfer line for temperatures between 80 and 260 K. Temperature at
the resonator was measured with a Lakeshore Cernox sensor.
Most of the 3-pulse inversion recoveries to measure T1 and the 2-pulse spin echo
decays to measure the phase memory time, Tm, were not simple exponentials. The
reported values for Tm were obtained by fitting the experimental data with a stretched
exponential. Values of T1 are the longer time of a fit with a double exponential. We
assume, but have not proven, that the shorter time is due to spectral diffusion.
3.2.3 Simulations of EPR spectra
Fluid solution spectra were simulated by L. Woodcock with a previouslydescribed Matlab program developed for use with EasySpin [46,63]. The giso = 2.0058
and AN = 43.7 MHz for both PxCONHPx and PxCOenPx were selected to fit the spectra
and are in good agreement with prior reports for pyrrolidine (proxyl) nitroxides [22].
Simulations of spectra for PxCONHPx are based on a single value of J and were not
improved by adding a contribution from a second component with different value of J.
Simulations of spectra for PxCOenPx are based on interconversion of two conformations
with substantially different values of J.

58

Rigid-lattice spectra were simulated with custom software originally written for
spin-coupled metal-nitroxide spectra [64]. Values of J were assumed to be >> AN.
Decreasing J to values below the ones listed in the figure captions, did not improve the
simulations. The value of interspin distance was adjusted to match the extent of the
spectra. The angles that define the relative orientations are shown in Figure 3 of [64]. The
simulations are very sensitive to the orientation of the interspin vector relative to the z
axes of both nitroxides and relatively insensitive to rotation around the z axis, which is
not surprising given the relatively small anisotropy of the nitroxide parameters in the x, y,
plane.  is the angle between the electron-electron interspin vector and the z axis of one
nitroxide, and  is the angle that is defined by projection of the interspin vector on the x,
y plane of that nitroxide. The angles used to calculate the simulation for PxCONHPx
were  = 75o and  =60o. The simulation parameters for PxCOenPx were  = 65o and  =
25o. The angle between the z axes of the two nitroxides is α1 and the other two Euler
angles are α2 and α3. For nitroxides PxCONHPx and PxCOenPx the values of α1, α2, and
α3 that were used in the simulations were 150o, 75o, and 0o and 110o, 10o, and 0o,
respectively. The nitroxide parameters were gx = 2.0089, gy = 2.0066, gz = 2.0025 and Ax
= Ay = 15 MHz, Az = 105 MHz. The temperature dependence of 1/T1 was modeled as the
sum of contributions from the direct process (or other process with similar dependence on
the reciprocal of temperature), the Raman process, and a local mode [17,74].
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3.3 Results and discussion
3.3.1 Fluid solution spectra
CW spectra of PxCONHPx in 1:1 water:ethanol (Figure 3.2) exhibit the 5-line
1:2:3:2:1 relative intensity pattern that is characteristic of dinitroxides with J >> AN
[62,75]. The simulated spectra were calculated for a single species with J = 850 MHz.
Increasing J had no impact on the simulation. Multiple conformations may be present that
are interconverting rapidly on the EPR timescale. The lines are sufficiently broad that
removal of O2 by purging with N2 had little impact on the linewidths. Increasing
temperature from 21 oC to 55 oC caused the linewidths to decrease by about a factor of 2.
Since the viscosity of 1:1 water:ethanol decreases by about a factor of two over this
temperature interval [77], the decrease in linewidths with increasing temperature is
attributed to faster tumbling that more effectively averages g and AN anisotropy and the
anisotropy of the dipolar interaction between the unpaired electrons.
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Figure 3.2: Spectra as a function of temperature for 0.2 mM PxCONHPx in 1:1
water:ethanol, purged with N2 gas (solid lines). Simulations (dashed lines in overlays with
experimental data) used J = 1000 MHz and Gaussian Bpp linewidths that decreased with
temperature: 0.26 mT at 21 oC, 0.19 mT at 30 oC, and 0.13 mT at 55 oC. To highlight the
changes in linewidths the simulations are overlaid in the lower panel using the same colors
at each temperature as in the upper panels. Figure is reproduced with permission from [72].
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CW spectra of PxCOenPx in 1:1 water:ethanol (Figure 3.3) exhibit the
‘alternating linewidth’ effect that is characteristic of systems with dynamic processes
occurring on the timescale of the EPR experiment [69]. For this and many other
dinitroxides, the dynamic process is interpreted as interconversion of conformations that
differ substantially in the value of J. The lowest-field and highest-field lines of the 5-line
pattern arise from molecules with mI = +1 or mI = -1 for both nitroxide nitrogens and
have resonance positions that are independent of the value of J [63]. The central line has
contributions from molecules with mI = 0 for both nitrogens as well as partially averaged
contributions from molecules with one nitrogen mI = -1 and one mI = +1. The lines at
intermediate positions are partially averaged contributions from molecules with one mI =
-1 and one mI = 0 or one mI = 0 and one mI = 1. The positions of these intermediate lines
are strongly dependent on the values of J and the rates of interconversion of
conformations with different values of J. The simulations shown in Figure 3.3 are based
on two conformations with J = 1000 and 20 MHz. These values probably represent
ensembles of relatively rapidly interconverting conformations. Simulations were not
improved by addition of a third conformation with an intermediate value of J. The
population of the conformation with the larger value of J increased with increasing
temperature, which has been observed in other flexible diradicals [76].
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Figure 3.3: Spectra as a function of temperature for 0.2 mM dinitroxide PxCOenPx in
1:1 water:ethanol, purged with N2 gas (solid lines). Simulations (dashed lines in overlays
with experimental data) used two conformations with J = 1000 MHz and 20 MHz,
respectively. The ratio of populations of the conformations with the larger and smaller
values of J increased from 2.1 to 2.2 to 2.7 at 21, 34, and 47 oC, respectively. Gaussian
Bpp linewidths decreased from 0.15 to 0.14 to 0.11 mT at 30, 34, and 47 oC, respectively
The rate of conversion from the conformation with smaller J to the one with larger J was
7  106 s-1. To highlight the changes in lineshapes the simulations are overlaid in the
lower panel using the same colors at each temperature as in the upper panels. Figure is
reproduced with permission from [72].
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3.3.2 Rigid lattice spectra
Rigid-lattice spectra for PxCONHPx and PxCOenPx in 1:1 glassy water:glycerol
at 80 K are shown in Figure 3.4. The values of J are >850 or >650 MHz, respectively,
which are >> AN. Decreasing J resulted in poorer agreement between simulation and
experiment. Increasing J had no observable impact on the calculated spectra. Simulations
of the rigid lattice spectra were obtained with r = 8.8  0.3 Å for 1 and 9.2  0.4 Å for
PxCOenPx. The spectral extents are strongly dependent on the interspin distance, r, so
there is relatively little uncertainty in r. The values r for PxCONHPx and PxCOenPx are
consistent with conformations calculated in the gas phase with the molecular dynamics
program WebMO. Because of the flexibility of the linkers there is a variety of
conformations with similar energies. There is substantially greater uncertainty in the
angular parameters that define the conformations of the diradicals than in the values of r.
The splittings in the rigid lattice spectra depend on the relative orientations of the
hyperfine axes, which are strongly dependent on conformations. The imperfect agreement
between experimental data and simulations in Figure 3.4 may be due to overlapping
spectra from different conformations.
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Figure 3.4: First derivatives of X-band two-pulse field-swept echo-detected spectra for
A) PxCONHPx and B) PxCOenPx in 1:1 water:glycerol at 80 K. Simulations (red dashed
lines) were obtained with the parameters given in the text. Figure is reproduced with
permission from [72].
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3.3.3 Relaxation times
Electron spin relaxation times for dinitroxides PxCONHPx and PxCOenPx in 1:1
water:glycerol at 10 to 160 K are shown in Figure 3.5.
Relaxation times are compared with
[values for the monoradical MTSL
that contains the same pyrroline ring
as in PxCONHPx and PxCOenPx and with tempone that

tempone

contains a 6-membered piperidinyl ring. Below about 70 K Tm is similar for the two
dinitroxides, MTSL, and tempone and values are approximately independent of
temperature. In this temperature range Tm is dominated by nuclear spin diffusion of
solvent protons [70]. Above about 70 K 1/Tm increases similarly for the four samples and
is attributed to rotation of the gem-dimethyl groups at rates that are comparable to the
anisotropy of the proton-electron couplings that are averaged by the rotation [78]. The
temperature-dependent values of T1 for the two dinitroxides, MTSL, and tempone are
very similar and could be modeled as the sum of contributions from a direct process (or
other processes with similar temperature dependence), Raman process, and a local mode.
These processes are typical for organic radicals [74].

66

3.3.4 Comparison with prior results
Sato et al. [71] measured T1 and Tm of structurally-related mono-, di-, and
tetraradicals, with interspin distances of 5 to 9 Å and J values several orders of magnitude
larger than for diradicals 1 and 2. The diradicals with interspin distances of 5 – 6 Å had
shorter Tm relaxation time than the monoradical of the same molecular frame, and both
relaxed much faster than the monoradical Fremy’s salt (peroxylamine disulfonate). In the
temperature range above ca. 70 K methyl rotation dominated Tm. The data in Sato et al.
demonstrated that modulation of dipolar interaction between spins 5 – 6 Å apart is a
major contributor to both 1/T1 and 1/Tm [71]. The 1/T1 relaxation rate of the tetraradical
was more than an order of magnitude faster than that of the related diradical, and three
orders of magnitude faster than that of the monoradicals. In glycerol a rigid diradical with
large J had the same relaxation rate at X-band and Q-band. A local mode dominated the
relaxation above about 80 K. The relaxation enhancement arising from electron-electron
spin-spin interaction was greater for the tetraradicals than for the diradicals. The motions
involved in Raman and local mode relaxation enhance relaxation of di- and tetra-radicals.
Above the softening point modulation of the spin-spin interaction becomes a very
important relaxation mechanism. When motion is large enough to result in dynamic
variation in exchange interactions, relaxation becomes very efficient.
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However, Sato et al. showed that an azo-linked diradical with spin-spin distance
ca. 9 Å had the same T1 relaxation times as a related monoradical. The absence of an
impact of spin-spin interaction on the relaxation rates for the azo-linked diradical could
be the result of the very rigid linker. In PxCONHPx and PxCOenPx the linker is more
flexible than the azo linage. The new data for PxCONHPx and PxCOenPx confirm that
modulation of dipolar interactions at distances of about 9 Å is not an effective electron
spin relaxation mechanism, even for dinitroxides with relatively flexible linkers.
The extensive literature reporting the use of dinitroxide radicals to enhance
dynamic nuclear polarization in NMR includes direct measurements of electron spin
relaxation [68,80,79,2]. Many of the relaxation measurements were made on ca. 10 mM
solutions, as commonly used in DNP experiments. The very large effect of spin
concentration is illustrated by the data for 0.2 mM and 16 mM solutions from [68].
Relaxation times in high-concentration samples exhibited non-exponential T1 recoveries
and Tm decays. When approximated as a double-exponential, the shorter component was
interpreted as a spectral diffusion time. Some 0.1 mM solutions were measured at 9 GHz
and 97 K [2]. One set of measurements on a dinitroxide showed that there was no change
in T1 at 100 K from 9.5 to 260 GHz [2]. The inversion recovery time and spin echo decay
time at 100 K in 16 mM tetrachloroethane solutions, measured at 94 GHz, was roughly
proportional to molecular weight [2], consistent with the observations of Sato et al [40].
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Figure 3.5: Temperature dependence in 1:1 water:glycerol of 1/T1 for PxCONHPx (blue
circles), PxCOenPx (black triangles), MTSL (red x), and tempone (green inverted
triangles) and 1/Tm for PxCONHPx (blue squares), PxCOenPx (black diamonds), MTSL
(red + ), and tempone (green *).The black dashed line is a model based on contributions
from the direct process (or other processes with similar temperature dependence), Raman
process, and local mode. Figure is reproduced with permission from [72].
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Chapter 4: Trityl-nitroxides
4.1 Introduction
Nitroxides and trityl radicals are invaluable tools for probing many aspects of
physiology. For example, the impact of O2 on the electron spin relaxation of trityl
radicals is the basis for quantitative oximetric imaging in vivo [30,81]. Nitroxides are
widely used to probe molecular tumbling [17, 82]. Nitroxides and trityls are used as
labels to measure interspin distances via double electron-electron resonance (DEER)
[83]. This wide range of potential applications has stimulated creation of bifunctional
probes containing both trityl and nitroxide moieties [84,85]. The potential of tritylnitroxide diradicals (TN) as DNP (dynamic nuclear polarization) polarizing agents has
been reported recently [86–89]. The efficiency of DNP experiments depends strongly on
the electron spin relaxation of the polarizing agent. Experiments are needed to determine
the extent to which the faster relaxing nitroxide impacts the slower relaxing trityl. The
electron spin T1 and T2 for two TN with different linkers between a trityl carboxylate
group and a piperidinyl nitroxide, NATriPol-1 and GTNMOH, were studied at
temperatures between 80 and 120 K. Comparison values were obtained for trityl-CH3, H-
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NATripol-1, and H-GTNMOH in which the trityl moiety had been reduced to the
analogous triphenylmethane.
4.2 Methods and materials
The trityl-nitroxide diradicals and related mono-radicals were prepared at the
Tianjin Medical University. The synthesis of NATriPol-1 was reported in [86]. Fluid
solution samples were in 50 mM sodium phosphate buffer, pH ~ 7.3, containing 142 mM
NaCl, which is designated as PBS. Solutions for studies at 80 to 120 K were in 1:1
PBS:glycerol. Most solutions contained a small amount of trityl and/or nitroxide monoradical that is designated as 'non-interacting.
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4.3 EPR spectroscopy
X-band CW spectra of fluid solution samples were recorded using a Bruker EMX
spectrometer with an SHQE cavity at frequencies between 9.842 and 9.870 GHz. The
frequency was measured with an external counter and the magnetic field was calibrated
with DPPH, g = 2.0036. Spectra were acquired at ambient temperatures (~293 K) on
samples contained in Zeus AW19 thin wall Teflon tubing with an internal diameter of
~0.97 mm and a 0.05 mm wall. 20 μL of sample was drawn into the tubing with a
micropipette. The open end was plugged with Critoseal that was separated from the
sample by an air bubble. The tubing was folded in half to ensure the sealant was not in
the active space of the resonator and to get a high filling factor. The tubing was inserted
into a 4 mm OD quartz tube and purged with a flow of N2 to perform gas exchange with
O2 through the thin wall of the Teflon tubing [22]. Samples were purged for at least 30
minutes or until no further change in linewidths was observed for the non-interacting
trityl. Purging with N2 had no detectable impact on the linewidths for the TN signals. The
microwave power was selected to be in the linear response regime for the TN signals and
the modulation amplitude was 0.4 G. These parameters caused some broadening of the
small signal from non-interacting trityl.
Q-band CW spectra at 293 K were recorded on a Bruker E580 using an ER5107
dielectric resonator. A single crystal of LiPc (lithium phthalocyanine), for which g =
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2.0021 had been determined at X-band, was used to calibrate the field at Q-band.
Solutions of NATripol-1 and GTNMOH were placed in 1.6 mm OD quartz capillaries
and were not deoxygenated. The microwave power was in the linear response regime for
the TN signals and the modulation amplitude was 0.4 G.
Pulsed EPR measurements were made using a Bruker E580 with an X-band
dielectric resonator in a CF935 flow cryostat cooled by liquid N2 boiloff gas. The
resonator was over-coupled to a Q of 150 to 200. Samples in 1:1 PBS:glycerol in 4 mm
OD quartz tubes were flash frozen in liquid nitrogen to ensure glass formation, prior to
insertion into the resonator. Tm was measured by two-pulse spin echo, and T1 was
measured by 3-pulse inversion recovery, with π/2 pulse lengths of 80 ns. The output of a
1 kW TWT was attenuated to yield the maximum echo amplitude and adjusted for each
experiment.
Table 4.1.
g and A values (MHz) for immobilized nitroxide at 80 K
Radical

Solvent

gx

gy

gz

Ax

Ay

Az

Ref.

H-NATriPol-1

2.0092

2.0061

2.0022

17.6

15.4

107

This
work

2.0092

2.0061

2.0022

17.6

15.4

107

This
work

Tempamine

1:1
PBS:glycerol
1:1
PBS:glycerol
CD3OD

2.0090

2.0061

2.0022

20.2

14.6

100.5

[89]

TEMPOL

Water

2.0092

2.0063

2.0023

14.8

26.9

100.2

[22]

HGTNMOH
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4.4 Data analysis
The tumbling correlation times for H-NATripol-1 and H-GTNMOH in fluid solution
were determined by simulations with EasySpin [45], using the g and A values listed in
Table 4.1. ‘Garlic’ was used for solutions in PBS and 'chili' was used for 1:1
PBS:glycerol. Values of Az were decreased by about 2 MHz to fit the average values in
fluid solution. The g and A values for H-NATripol-1 and H-GTNMOH mono-radicals
(Table 1) were determined by simulation with EasySpin of spectra in 1:1 PBS:glycerol at
80 K. Simulations of the fluid solution spectra of the TN were performed using the
program CUNO that was written initially for metal-nitroxide interactions [91], and uses
isotropic g and A values. The literature g-value of 2.0026 for trityl-CH3 [14,23] and the
isotropic g and A values for the nitroxide mono-radicals (Table 1) were held constant and
the J values, populations of conformations, and linewidths were varied to match the
spectra. The first-derivatives of field-swept echo detected spectra of the TN at 80 K were
simulated using the locally written program MENO [92, 93] that was initially written to
simulate spectra of nitroxide spin-labeled copper (II) complexes. For copper-nitroxides
the g and A values for both spins are highly anisotropic so analysis of the spectra for the
spin-coupled systems required two angles to define the orientation of the interspin vector
relative to the axes of one of the spins and three additional angles to define the orientation
of the axes of the second spin to those of the first spin. For trityl radicals the g anisotropy
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is very small (2.0030, 2.0027, 2.0021 [14]) and there is no resolved nuclear hyperfine so
the orientation of the axes of the trityl radical relative to the axes of the nitroxide has
negligible impact on the simulated spectra. The nitroxide parameters are close enough to
axial, and the lines in the TN spectra are so broad, that the only angle that had major
impact on the simulations was the angle between the interspin vector and the nitroxide z
axis, which was designated as . The anisotropic g and A values for the mono-nitroxides
(Table 1) and the g values for the trityl were held constant in the simulations while the
values of J, r, populations of conformations, values of , and linewidths were varied to
match the TN spectra. For the spectra of NATripol-1 and GTNMOH there are features in
the spectra that are strongly dependent on  so the estimated uncertainty in  is about 5o.
The two-pulse echo decays were fit with stretched exponentials [70], Eq. 4.1
𝛽

𝑌(𝜏) = 𝐶0 + 𝐶1 𝑒 (−2𝜏/𝑇𝑚)

(4.1)

The inversion recovery data were fit with the sum of two exponentials and also
with a stretched exponential [12]. The uncertainty in  is about 0.05.
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Figure 4.1A&B

Figure 4.2A&B

Figure 4.1: X-band experimental (black) and simulated spectra (red) at 293 K of 0.5 mM
HGTNMOH in PBS (A) and in 1:1 PBS:glycerol (B) (left). Spectra were simulated using
EasySpin functions ‘garlic’ and ‘chili’ with the following parameters g = [2.0092 2.0061
2.0022], A (MHz) = [17.6 15.5 109 MHz], and τR = 0.14 ns in PBS or 1.6 ns in 1:1
PBS:glycerol.
Figure 4.2: X-band experimental (black) and simulated spectra (red) of 0.5 mM HNATriPol-1 at 293 K in PBS (A) and 1:1 PBS:glycerol (B) (right). Spectra were
simulated using EasySpin functions ‘garlic’ and ‘chili’ with the following parameters g =
[2.0092 2.0061 2.0022], A (MHz) = [17.6 15.5 109 MHz], and τR = 0.38 ns in PBS. In
1:1 PBS:glycerol the anisotropic motion was simulated with τR = 0.32, 2.0 and 1.0 ns
relative to the x, y, and z axis of the nitroxide.
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Figure 4.3: X-band experimental (black) and simulated rigid lattice spectra (red) of 0.5
mM solutions in 1:1 PBS:glycerol. CW spectrum at 150 K of H-NATriPol-1 (A), firstderivative of field-swept echo-detected spectrum of H-NATriPol-1 at 80 K (B), and firstderivative of field-swept echo-detected spectrum of HGTNMOH at 80 K (C). The
magnetic field axes were shifted to compensate for small differences in the microwave
frequencies for data acquisition. Spectra were simulated with EasySpin using ‘pepper’
with the g and A values listed in Table 4.1.
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4.5 Results and discussion
4.5.1 EPR spectra of nitroxide mono-radicals
The X-band CW EPR spectra for nitroxide mono-radicals H-GTNMOH and HNATripol-1 in 50 mM PBS, pH ~ 7.3 are shown in Figures 4.1A and 4.2A. The spectra
were simulated with tumbling correlation times, R, of 0.14±0.03 ns and 0.38±0.04,
respectively. For trityl-CH3 (mw = 975) R is 0.27 to 0.29 ns in water [54] or PBS
[14,37]. Since the molar masses of H-GTNMOH (1311.2 g/mol) and H-NATriPol-1
(1223.1 g/mol) are significantly larger than for trityl-CH3, longer values of R are
predicted if the linker is sufficiently rigid that nitroxide motion is determined by the
motion of the molecule as a whole. The larger value of R for H-NATripol-1 than for
trityl-CH3 suggests that this TN linker is relatively rigid. The significantly shorter value
of R for H-GTNMOH than for H-NATripol-1 or trityl-CH3 suggests that this linker
permits substantial motion of the nitroxide independent of the molecule as a whole. The
methyl group adjacent to the amide linkage in H-NATripol-1, but not in H-GTNMOH,
may restrict nitroxide motion. In the more viscous 1:1 PBS:glycerol the value of R for HGTNMOH increases to 1.6±0.3 ns. For H-NATripol-1 in 1:1 PBS:glycerol the nitroxide
tumbling is anisotropic and the components of R around the x, y, and z axes that were
used in the simulation shown in Fig. 4.2 were 0.32, 2.0, and 1.0 ns, respectively. For both
TN the values of R in 1:1 PBS:glycerol are smaller than the value of R = 3.4±0.3 ns for
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C1-trityl-CD3, which indicates that in the high viscosity solvent the linker remains

relatively flexible. The X-band CW (Figure 4.3A) and field-swept echo-detected spectra
(Figure 4.3B and 4.3C) for the nitroxide mono-radicals, H-NATriPol-1 and H-GTNMOH
in glassy 1:1 PBS:glycerol are typical for nitroxides [90]. The spectra were simulated
with the ‘pepper’ function in EasySpin using the g- and A- values listed in Table 4.1,
which are similar to values for other piperidinyl nitroxides. In each mono-radical sample
there was a small amount of TN. The trityl line for the TN is broadened in the echodetected spectra by the bandwidths of the pulses and the filter used in the routine to
calculate the derivative.
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Figure 4.4: Diagram of AB splitting pattern at X-band for the 1/3 of TN molecules that
have nitrogen mI = -1. The lines that originate from the nitroxide are N'-1 and N-1 and
lines originating from trityl are T-1 and T'-1. In the absence of spin-spin interaction this
nitroxide line is at 3498.0 G and the trityl line is at 3520.6 G (top panel), which
corresponds to Δ= 22.6 G and Bavg = 3509.3 G. For J = 15 G (lower panel) the N'-1 and
N-1 lines are at 3488.2 and 3503.2 G, and the T1 and T'-1 lines are at 3515.3 and 3530.3 G.
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4.5.2 EPR spectra of trityl-nitroxides
The Hamiltonian for the spin-coupled trityl-nitroxides in fluid solution can be
written [91] as
̂ = 𝑔1 𝛽𝐵𝑆̂1 + 𝑔2 𝛽𝐵𝑆̂2 + ℎ𝐴1 𝑆̂1 𝐼̂1 + ℎ𝐽𝑆̂1 𝑆̂1
𝐻

(4.2)

Where g1 and g2 are the g values for nitroxide and trityl, A1 is the nitroxide nitrogen
hyperfine coupling in Hz, and J is the electron-electron exchange interaction in Hz. The
first three terms describe the spectra for non-interacting nitroxide and trityl. As reported
previously spin-spin interaction between the trityl and nitroxide unpaired electrons causes
the signal for each paramagnetic center in fluid solution to split into a doublet [63]. The
positions and intensities for these lines can be calculated using equations for AB splitting
patterns that were developed initially for NMR J-coupling [94] and summarized in Table
4.2. Analysis of electron-electron spin-spin interactions in fluid solution in terms of AB
splittings has been applied to metal-nitroxides [91] and dinitroxides [63]. The nitrogen I
= 1 splits the nitroxide signal into 3 lines with mI = -1, 0, and 1, which are designated as
N-1, N0, and N1. Each individual TN molecule includes a nitrogen in one of these nuclear
spin states, so there are three superimposed AB patterns corresponding to molecules with
the three different nitrogen nuclear spin states. The calculated line positions and
intensities at X-band are illustrated in Figure 4.4 for the 1/3 of the GTMNOH molecules
that contain nitrogen mI = -1 and are in the conformation with J = 15 G. This AB splitting
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pattern is centered at 3509.3 G (Bavg) and the splitting between this nitroxide line and the
trityl line is 22.6 G. The spin-spin interaction produces 4 lines. The subscript "-1"
designates the AB pattern that involves the N-1 line. The separation between transitions
N'-1 and N-1 equals J, which also is the separation between T-1 and T'-1. The ratio of the
intensity N'-1/N-1 and of T'-1/T-1 for this AB pattern is about 3.4 (Figure 4.4). These lines
are also marked in Figure 4.5 (left panel). As J increases the unprimed lines move toward
the average position and increase in intensity, and the primed lines move away from the
center and decrease in intensity.
Table 4.2
Positions and relative intensities of the four lines in an AB splitting patterna
Line
Offset from Bavgb
Relative Intensity
a'
-J/2 - C
1 - sin (2)
a
J/2 - C
1 + sin (2)
b
-J/2 + C
1 + sin (2)
b’
J/2 + C
1 - sin (2)
a
Equations taken from Ref. [94]. Bavg, J, C, Δ are in magnetic field units, which are G in
this paper. The designations a' and a refer to the lines for the spin that is observed at
lower field in the absence of interaction. When applied to trityl-nitroxides the
designations a', a, b, and b' are replaced by N', N, T, and T'.
b
Bavg is the average of the resonance fields for the two spins in the absence of interaction
and is different for TN with each of the three nitrogen mI values. Δ is the separation
between resonance fields for the trityl and nitrogen mI lines in the absence of spin-spin
interaction. C = 0.5*(J2 + Δ2)1/2 and sin(2) = J/2C [94].

82

Spectra of GTNMOH in PBS at 293 K and X-band or Q-band and simulations are
shown in Figure 4.5. The top panels show the positions of the nitroxide and trityl lines in
the absence of interaction. The middle panels show the positions of the lines for J = 15 G.
The simulated spectra are the sum of contributions from two conformations. The values
of J are 15±4 (83%) and 5±2 G (17%). The two conformations are attributed to the amide
linkage because electron-electron spin-spin exchange has been shown to be strongly
dependent on the conformation of amide linkages [96]. The X-band spectrum could be
simulated reasonably well with a single J = 15 G, but the resolution of multiple peaks in
the Q-band spectra between about 12035 and 12075 G indicated two values of J. The
observation of conformations with different values of J is consistent with the flexibility of
the linker and the strong dependence of J on linker conformation. At X-band, in the
absence of spin-spin interaction the trityl line is about 6 G to high field of the nitroxide
mI = 0 line. Both J = 15 and 5 G are large enough relative to this small Δ = 6 G, that the
N0 and T0 lines are heavily overlapped near Bavg =3517.7 G. The splitting Δ between the
trityl line and the nitrogen mI = 1 line is about 11 G which is large enough that the T1 and
N1 lines for J = 15 G are resolved at about 3524 and 3528 G, respectively. The T-1 line for
J = 15 G is close to the N0 and T0 lines and the N-1 line is well resolved at 3503 G. At Xband the positions of the lines for J = 5.3 G are close to those for J = 15 G and are not
resolved. The intensities of the primed transitions are too weak to observe at X-band. At
Q-band the trityl line is very close to the nitroxide mI = 1 line so the T1 and N1 lines are
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superimposed at about Bavg = 12133 G. The Q-band spectra reveal that there is a small
amount of non-interacting nitroxide that is marked with * in Figure 4.5. At Q-band the
values of Δ are substantially larger for the AB patterns involving the nitrogen mI = 0 and 1 lines than at X-band. Larger values of Δ make the intensities of the primed transitions
larger. The positions of the primed transitions are more strongly dependent on the value
of J than for the unprimed transitions so observation of these transitions puts tighter
constraints on the value of J than when these transitions are not observed. At Q-band the
line at 12040 G is the N'-1 line for J = 15 G. The additional line at about 12044 G is
assigned as the N'-1 line for a second conformation with J = 5.3 G. The weak lines at
about 12093 G are the T'-1 and T'0 lines for J = 15 G.
Spectra of NATriPol-1 in PBS at 293 K and X-band or Q-band and simulations
are shown in Figure 4.6. The top panels show the positions of the nitroxide and trityl lines
in the absence of interaction. The middle panels show the positions of the lines for J =
113 G. Although the X-band spectra could be fit fairly well with a single value of J =
113±12 G, the fit to the Q-band spectra was improved by including two conformations
with J = 113±12 G (67%) and 59±7 G (33%). The two components are consistent with
the X-band spectra. These values of J are large enough relative to the values of Δ for the
three AB patterns at both X-band and Q-band that the primed transitions were not
observed. At X-band the N0 and T0 lines are superimposed and the T1 and N1 lines are
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heavily overlapped. The splitting of the N-1 and T-1 lines is a useful measure of the value
of J, as has been noted previously. At Q-band the N1 and T1 lines are heavily overlapped.
There is some resolution of the N0 and T0 lines and the N-1 and T-1 lines are well
resolved. However, the resolution is decreased by the overlapping contributions from the
two conformations. The uncertainties in parameters is decreased by requiring fit to data at
the two microwave frequencies.

Figure 4.5: Experimental (black, lower panel) and simulated spectra (red) at 293 K of 0.5
mM GTNMOH in PBS at X-band (9.867 GHz, left) and 0.8 mM GTNMOH at Q-band
(33.851 GHz, right). The upper panels show the positions of the nitroxide and trityl lines
in the absence of spin-spin interaction. The intensities of the primed transitions are too
small to detect at X-band. The middle panel, with y axis in arbitrary units, shows the
calculated positions of lines for J = 15 G. The simulated spectra are the sum of two
contributions with J = 15 and 5 G, with weightings of 83% and 17% respectively. A
small contribution for non-interacting trityl or nitroxide is marked with an * on the Xband and Q-band spectra.
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Figure 4.6: Experimental (black, lower panel) and simulated spectra (red) at 293 K of
0.5mM NATriPol-1 in PBS at X-band (9.868 GHz, left) and 0.89 mM NATriPol-1 at Qband (34.002 GHz, right). The upper panel shows the positions of the nitroxide and trityl
lines in the absence of spin-spin interaction. The intensities of the primed transitions are
too small to detect at X-band or Q-band. The middle panel, with y axis in arbitrary units,
shows the calculated positions of lines for J = 113 G. The simulated spectra are the sum
of two contributions with J = 113 and 59 G, with weightings of 67% and 33%,
respectively. A small contribution for non-interacting trityl is marked with an * on the Xband spectra.
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In the rigid lattice the spin Hamiltonian for the trityl-nitroxides includes the terms
shown in equation (4.2) plus the dipolar splitting term that can be written as in Eq. (4.3)
𝐷=

3𝑔1 𝑔2 𝛽𝑒2
2𝑟 3

(1 − 3𝑐𝑜𝑠 2 𝜃)

(4.3)

where e is the electron Bohr magneton and  is the angle between the interspin vector
and the external magnetic field. If r is in Angstroms,
D (in Gauss) = 1.39x104 g2 (1-3cos2)/r3.
Analogous to fluid solution there are AB splitting patterns for the trityl interacting
with each of the three nitrogen mI hyperfine lines. However, unlike fluid solution, both
the splitting Δ and the spin-spin interaction are orientation dependent. The spin-spin
interaction is the sum of J and the orientation-dependent dipolar interaction. For
immobilized TN samples at X-band the trityl signal is about ~4 G to high field of the
perpendicular region of the nitroxide signal. Since there is no contribution from nitrogen
nuclear hyperfine to the resonance with mI = 0 and the effect of nitroxide g anisotropy is
small at X band, the energy separation Δ is small for mI = 0 at all orientations with
respect to the external magnetic field. Thus, for these spins even relatively small values
of J are sufficient to cause resonance at the average of the fields for non-interacting spins.
For mI = 1 Δ varies from relatively small in the nitroxide perpendicular plane where A⊥
is small, to much larger near the parallel axes where A|| is maximum. Increasing J moves
spectral intensity toward the average of the resonance fields for trityl and nitroxide,
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which for TNs is close to the middle of the nitroxide spectrum. In the limit of J >> A|| and
relatively long interspin distance, the rigid lattice spectrum would be similar to that for
nitroxide but with A|| reduced by a factor of 2. The spin-spin interaction for GTNMOH
and NATriPol-1 is much weaker than this limiting case.
The X-band spectrum of GTNMOH in 1:1 PBS:glycerol at 80 K (Figure 4.7A) is
compared with that for H-GTNMOH (Figure 4.7B) to show the impact of the spin-spin
interaction. The spectrum of GTNMOH could be simulated with two conformations J
=27±6 (67%) and 3±2 G (33%) with interspin distances of 16±1 and 12±2 Å,
respectively. For molecules with mI = +1 or -1, and orientations in which the magnetic
field is along the nitroxide z axis, these values of J are substantially less than the
separation Δ ~ 33 G between non-interacting resonance positions. The spin-spin
interaction results in splitting of the low-field and high-field regions of the spectra by the
sum of J plus the dipolar splitting at this orientation. Both the unprimed and primed
transitions of the AB patterns are observed. These regions of the spectrum are strongly
dependent on the spin-spin interaction parameters. For r = 12 and 16 Å, the maximum
dipolar splittings along the axis of the interspin vector are 32 and 13 G, respectively. The
contribution of the dipolar interaction along the nitroxide z axis is strongly dependent on
the angle . The widths of the lines are attributed to distributions of values of J and r. The
center of the spectrum is complicated by overlap of trityl lines from AB patterns from all
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orientations of the molecule in the magnetic field as well as the AB patterns from
nitroxide perpendicular lines. The sharper feature at about 3455 G has substantial
contributions from trityl lines and is strongly dependent on values of J and r.
The X-band spectrum of NATriPol-1 in 1:1 PBS:glycerol at 80 K (Figure 4.8A) is
compared with that for H-NATriPol-1 in Figure 4.8B. The simulated spectrum of
NATriPol-1 was obtained with two conformations. The spin-spin interaction parameters
are J = 43±4 G for both confirmations with interspin distances of 13±2 (90%) and 11.5±1
Å (10%), respectively. For molecules with mI = +1 or -1, and orientations in which the
magnetic field is along the nitroxide z axis, these values of J are significantly larger than
the Δ of about 33 G. For these larger values of J the intensities of the primed transitions
are much smaller than for the unprimed transitions so the spin-spin interaction moves
much of the intensity toward the average TN positions near the center of the spectrum.
The overall width of the signal is sensitive to the values of J and r and the orientation of
the interspin vector, .
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Figure 4.7: Experimental spectra (black) at 80 K in 1:1 PBS:glycerol of 0.5 mM
GTNMOH (A) and 0.5 mM HGTNMOH (B) (as in Figure 3B) at X-band and simulations
(red). The * mark denotes the non-interacting trityl in the experimental data. The
simulated spectrum of GTNMOH is the sum of contributions from one conformation with
J = 27 G, r =16 Å,  = 140o, and weighting of 67% and a second contribution with J = 3
G, r = 12 Å,  = 140o and weighting of 33%.
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Figure 4.8: Experimental spectra (black) at 80 K in 1:1 PBS:glycerol of 0.5 mM
NATriPol-1 (A) and 0.5 mM H-NATriPol-1 (B) (as in Figure 3C) at X-band and
simulations (red). The * mark denotes the non-interacting trityl in the experimental data.
The simulated spectrum for NATriPol-1 is the sum of contributions from one
conformation with J = 43 G, r =13 Å,  = 130o, and weighting of 90% and a second
contribution with J = 43 G, r = 11.5 Å,  = 170o and weighting of 10%.
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Figure 4.9: Field dependence of relaxation rates (A) at 80 K in 1:1 PBS:glycerol of 0.5
mM GTNMOH (blue), NATriPol-1 (black), H-GTNMOH (dark green), H-NAtriPol-1
(green) and trityl-CH3 (red). The rates are the long component of two-component fit to
inversion recovery curves, T1 (plus); stretched exponential fit to inversion recovery
curves, T1 (circle); and stretched exponential fit to echo decay curves, Tm (triangle).
Field-swept echo detected X-band spectra (B) at 80 K in 1:1 PBS:glycerol of 0.5 mM
GTNMOH (blue), NATriPol-1 (black), and H-GTNMOH (dark green). The integrated
area under the curve for H-GTNMOH is half that for the trityl-nitroxides to account for
the factor of two fewer spins.
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The echo detected absorption spectra of mono-nitroxide HGTNMOH and of the
TN GTNMOH, NATriPol-1 are superimposed in Figure 4.9B. The absorption spectra
highlight the spin density that varies continuously between orientations for which the
magnetic field is along the parallel or perpendicular axes of the nitroxide. For the mononitroxide the spin density in the wings of the spectrum arises from nitroxides for which
the magnetic field is near the z-axis of the nitroxide hyperfine tensor. The spin-spin
interaction with the trityl shifts intensity toward the center of the spectrum, which is more
evident in the absorption spectrum than in the first derivative. The larger values of J
GTNMOH shifts intensity toward the center of the spectrum to a greater intensity than for
GTNMOH.
Although only two conformations were used in the simulations of spectra for both
TN at 80 K, these may be surrogates for more complicated distributions. Exact fit of
simulation to experiment should not be expected because contributions for isotopologues
with 13C couplings larger than the central spin packets of the trityl spectrum were not
included. Depending on which of the 13C hyperfine couplings are considered, 20% to
30% of the intensity of the trityl spectrum is in these 13C sidebands [14]. Each of these
13

C lines exhibits AB patterns due to coupling to the nitroxide lines, as described for the

central lines. Inclusion of these contributions would magnify the number of variables
beyond the number of features in the spectra.
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For GTNMOH the values of J for the immobilized sample at 80 K (27±6 and 3±2
G) are similar to values observed at 293 K (15±4 and 5±2 G) in fluid solution. For
NATriPol-1 the value of J for the immobilized sample at 80 K (43±4 G) is smaller than
the average of values at 293 K (113±12 G and 59±7 G). In prior studies of TN it was
observed that J decreased with decreasing temperature [88]. For NATriPol-1 in phosphate
buffer at ambient temperature the value of J was reported as 61 G, which is smaller than
the values of 59 and 113 G in PBS. In 60:40 glycerol:buffer the parameters for
NATriPol-1 were J = 17 G and dipolar couplings that correspond to r ~ 17 Å [86]. The
differences in parameters may be due to solvent effects on the relatively flexible linkers.
4.6 Electron spin relaxation rates
Electron spin relaxation rates at 80 K at selected positions in the spectra are
shown in Figure 4.9B. The inversion recovery curves were not single exponentials, so
data were analyzed both as the sum of two exponentials and as a stretched exponential
[12]. In analyses with the sum of two exponentials the longer component is typically
assigned as T1 and the shorter component attributed to spectral diffusion, although the
assignments may be different for this system with overlapping signals. The rates obtained
from the stretched exponential are consistently faster than the long component of the two
component fit, although the trends as a function of position in the spectrum are similar.
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The observed orientation dependence of 1/T1 for the mono-nitroxides is similar to
previous reports [95] with slower relaxation rates for orientations with the magnetic field
along the nitroxide z axis (the parallel axis) and faster rates near the perpendicular plane.
The 1/T1 for trityl-CH3 at this temperature is significantly longer than the longest values
for nitroxide. Comparison of the absorption spectra (Fig. 4.9B) shows that the electronelectron spin-spin interaction is large enough to shift intensity toward the center of the
TN spectra and there is very little intensity in the TN spectra at the magnetic fields that
correspond to N||. 1/T1 for the TN were therefore measured over a narrower field range
than for the mono-nitroxides. Near the center of the spectra (about 3450 G) there is a
weak signal from non-interacting trityl. At this position in the spectrum the long
component of the two-component fit is dominated by the longer T1 for trityl. At other
positions in the spectrum there is extensive overlap of transitions that have more trityl
character and ones with more nitroxide character. The values of 1/T1 for the TN show
little variation across the spectrum and are similar to values for the mono-nitroxides.
These observations show that the spin-spin interaction and overlapping transitions result
in enhancement of the 1/T1 relaxation rate for the slower-relaxing trityl. The trends in
1/T1 as a function of position in the spectrum at 90, 100, and 120 K are similar to those
shown in Figure 4.9A at 80 K.
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At 80 K 1/Tm for the mono-nitroxides is independent of position in the spectrum
and similar to the value for trityl-CH3. At this temperature the spin echo dephasing is
dominated by nuclear spin diffusion from protons in the solvent environment [70]. The
1:1 PBS:glycerol is sufficiently rigid at 80 K that there is little librational motion and the
rate of methyl rotation is slow relative to the anisotropy in the hyperfine coupling to the
unpaired electron [97]. The 1/Tm for the TN is slightly faster than for the monoradicals
which may be due to some flexibility. As temperature is increased 1/Tm values for the
mono-nitroxides and the TN increase as rotation of the nitroxide gem-dimethyls becomes
faster and dominates the echo dephasing [78,98].
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Figure 4.10: Field dependence of stretched parameter  at 80 K for 1/T1 (circles) and
1/Tm (triangles) for GTNMOH (blue), H-GTNMOH (dark green), NATriPol-1 (black), HNATriPol-1 (green), trityl-CH3 (red), PxCONHPx (magenta), and PxCOenPx (orange).
The parameter  in the stretched exponential fits provides insight into the nature
of the distribution [99]. Values of  further from 1 indicate wider distributions [12,100].
Values of  for 1/T1 and 1/Tm at 80 K are shown in Figure 4.10. For 1/T1 of trityl-CH3 
is ~1 which indicates that the inversion recovery curve is close to a single exponential.
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This observation is consistent with the fact that the trityl line is very narrow, there is no
orientation dependence of 1/T1 for trityl, and the pulses are sufficiently wide to excite all
spins thereby eliminating opportunities for spectral diffusion. By contrast the  values for
1/T1 for the nitroxide mono-radicals are in the range of 0.4 to 0.5, which indicates wide
distributions. Pulse lengths of 80 and 160 ns excite spin bandwidths of about 1 G. Even
over these relatively narrow ranges there is substantial orientation dependence of 1/T1
and there is opportunity for spectral diffusion. The  values for the TN are similar to the
values for the mono-nitroxides, reflecting the substantial nitroxide contributions to the
transitions. As temperature increases,  increases and becomes closer to 1 as the
orientation dependence of T1 decreases.
The values of  for 1/Tm at 80 K are all substantially greater than 1 which is
characteristic of dephasing by nuclear spin diffusion [101]. In the limit of very slow
motion at lower temperatures values of  typically are greater than 2. Values of ~1.6 for
the mono-nitroxides are typical of
nitroxides at about 80 K [102]. The
slightly larger value of  for trityl
than for nitroxides is attributed to
the longer distance of closest
approach of neighboring solvent protons [54]. The slightly smaller values of  for the
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TNs may reflect a wider distribution of environments than for the monoradicals. The
values of  for the TN are similar to values for nitroxide diradicals with relatively large J,
PxCONHPx and PxCOenCOPx [72]. As temperature increases (data not shown) the rate of
methyl rotation increases which causes a decrease in  for 1/Tm that is characteristic of
proxyl and piperidinyl nitroxides.
4.7 Conclusion
At least two conformations are required to simulate the fluid solution and glassy
solution EPR spectra of GTMNOH and NATripol-1, which is attributed to flexibility of
the linker between the trityl and the nitroxide. There is extensive overlap of transitions in
the rigid lattice spectra. In the temperature range 80 to 120 K electron spin relaxation
rates for the trityl-nitroxides show little variation through the spectrum and are similar to
rates for mono-nitroxides. The impact of the spin-spin interaction on relaxation rates may
be frequency specific. At X-band the resonances for the nitroxide and trityl lines are
heavily overlapped which makes Δ for the AB splitting patterns relatively small. At
higher microwave frequency and magnetic field, there will be less overlap of the trityl
and nitroxide transitions and therefore larger values of Δ, which may decrease the impact
of the nitroxide on the trityl relaxation rates.
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Chapter 5: Future work
With research showing the effects of spin-spin interaction and 13C1 hyperfine on
spin relaxation, the next proposed steps are to address three unanswered questions.
1. In the X-band studies of trityl-nitroxide relaxation rates reported in this thesis the
rates for the slower relaxing trityl were enhanced and became approximately equal to the
rates for the faster relaxing nitroxide. A proposed application of trityl-nitroxides is to
DNP experiments, where slower relaxation rates permit saturation of the EPR signal at
lower power. For these experiments it would be better to have relaxation rates similar to
non-interacting trityl, while taking advantage of the anisotropy of the nitroxide signal. An
important question is whether a trityl-nitroxide could be designed in which the nitroxide
has less impact on the trityl relaxation. At X-band the trityl signal comes approximately
in the middle of the signal for an immobilized nitroxide so there is extensive overlap of
the trityl and nitroxide transitions. This overlap causes relatively small splittings () and
large ratios of spin-spin interaction to  even for relatively small J. The extensive overlap
also makes it difficult to measure relaxation rates for transitions that are primarily trityl in
character. At Q-band the trityl lines overlap the nitroxide mI = 0 lines for molecules in
which the magnetic field is near the nitroxide z axis. Since the nitrogen hyperfine
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splitting is large for this orientation of the molecules in the magnetic field, there still is
substantial intensity of nitroxide transitions at higher magnetic field than for noninteracting trityl. The overlap between trityl and nitroxide lines could be decreased by
isotopic substitution. Enriching the nitroxide nitrogen with 15N decreases the number of
nitrogen hyperfine lines from 3 to 2, which would decrease the nitroxide intensity to
higher field of the gz position. As discussed in Ch. 2 isotopically enriching the central
carbon of the trityl with 13C causes a large I = ½ splitting of the trityl signal for molecules
in which the magnetic field is along the trityl z-axis. Although only a small fraction of
molecules may have the magnetic field near the z axes of both the trityl and the nitroxide,
there would be a finite possibility of minimally overlapping transitions due to the
anisotropy from the 13C enrichment, causing a large hyperfine splitting. This would test
the hypothesis that a larger  would cause less effect of the spin-spin interaction on the
trityl relaxation times. These experiments could be performed with the same tritylnitroxide linkage as in NATriPol-1.
2. Interpretation of the EPR spectra of the trityl-nitroxides discussed in Ch. 4 was
complicated by the presence of multiple conformations of the trityl-nitroxide linkage with
different values of J. In the experiments with the isotopically labeled trityl-nitroxides a
more rigid linker could restrict the accessible conformations and potentially permit
examination of the impact of J on the extent to which the trityl relaxation is enhanced by
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the nitroxide. Acetylene linkers have been effectively used to prepare rigid linkages
between nitroxides [103, 104] and could be useful for trityl-nitroxides. It has been shown
that between a single bond or an acetylene bond, that bond lengths, angles, radical
distance, and confirmations of the radical molecules did not show substantial changes
when calculated with COSMO [105]. Temperature dependences for rigid linkers are
shown to have minimal impact on J and confirmation [104]. However, it has been shown
for acetylene rotamers that there are very fast transitions on the z axis for the nitroxide
biradical and it is shown that a biradical with a larger J, is thermodynamically more stable
than a compound with a smaller J [103]. Due to the flexible linkers discussed in Ch. 4,
the broadening effect observed at ambient and cryogenic temperatures is due to motional
effects originating from anisotropy in both the g and hyperfine tensors. The motional
broadening accelerates the spin−spin relaxation. With a decreased population of
conformations due to an acetylene bond, this would decrease the probability of multiple
conformations that were present in fluid solution and rigid lattice spectra with less rigid
linkers as seen in Ch. 4. This would make rigid biradicals a very convenient model for
indirect spin exchange, DNP enhancement, and acquiring relaxation measurements to
determine impact of nitroxide relaxation enhancement with minimal contribution from
varying conformations.
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3. Chlorine substitution on a trityl did not affect relaxation mechanisms greatly, due
to weak coupling from the halogen to the radical; however, nothing has been published
on a chlorine substituted nitroxide radical, its effect on relaxation, and if resolved
chlorine hyperfine would appear in the spectra. A chlorinated nitroxide could provide a
system in which it is possible to examine the impact of a more strongly coupled chlorine
on electron spin relaxation. In general, replacing H with Cl on an aromatic radical results
in a radical that does not exhibit hyperfine coupling to the Cl nucleus. Phenoxy radicals
are one of the exceptions to this case [106]. Coupling often is observed in chlorine
substituted alkyl radicals. This could be an opportunity to study the impact of
chlorination in nitroxides. 4-chloro nitroxide has been synthesized at 82%, producing red
needle crystals [106]. This could also be a steppingstone to synthesizing a dichloro
nitroxide. Chlorinated nitroxides, based on the stability of others similar to it, would
decompose under excess chlorine in solution and are expected to only be stable at low
temperatures, but should still be amenable to study [107]. With pulse EPR, it could be
determined if the impact of the chlorine substituents could enhance T1 at cryogenic
temperatures due to the difference in nuclear spin between Cl and hydrogen. Chlorine
nuclear hyperfine might be observable in CW experiments at X- and Q-band. It might be
possible to vary the location of the chlorine and determine whether the location of
chlorine at positions with higher unpaired spin density would increase coupling to the
chlorine; HYSCORE and ESEEM experiments would confirm coupling that is not
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resolved and be identified based on the Zeeman frequency for 35, 37Cl. A well-studied
sample that can be used to compare quadrupole coupling, hyperfine, and other chlorine
frequencies is pentachlorocyclopentadienyl radical, which has not been investigated with
Pulse EPR.
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