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Abstract

Hyperfine coupling tensors to "H, ?H, and natural abundance '*C were measured using X-band pulsed electron nuclear double
resonance (ENDOR) spectroscopy for two triarylmethyl (trityl) radicals used in electron paramagnetic resonance imaging and
oximetry: methyl tris(8-carboxy-2,2,6,6-tetramethyl-benzo[1,2d:4,5-d'|bis(1,3)dithiol-4-yl) and methyl tris(8-carboxy-2,2,6,6-tetra-
methyl(-ds)-benzo[1,2d:4,5-d' Tbis(1,3)dithiol-4-yl). Quantum chemical calculations using density functional theory predict a structure
that reproduces the experimentally determined hyperfine tensors. The radicals are propeller-shaped with the three aryl rings nearly
mutually orthogonal. The central carbon atom carrying most of the unpaired electron spin density is surrounded by the sulfur atoms
in the radical and is completely shielded from solvent. This structure explains features of the electron spin relaxation of these radicals

and suggests ways in which the radicals can be chemically modified to improve their characteristics for imaging and oximetry.

© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The trityl family of triarylmethyl radicals has recently
come into use in a number of magnetic resonance appli-
cations because of their favorable relaxation and spec-
tral properties. These radicals, as typified by I, (see
Scheme 1), methyl tris(8-carboxy-2,2,6,6-tetramethyl-
benzo[1,2d:4,5-d']bis(1,3)dithiol-4-yl), have a single, nar-
row electron paramagnetic resonance (EPR) line even at
high fields and have long relaxation times in fluid solu-
tion, which make them useful electron spins for some
classes of dynamic nuclear polarization measurements
[1-4]. They also have good chemical stability and are
not generally broadened by interaction with proteins
and other biological molecules, making them attractive
probes for biological EPR imaging and EPR oximetry
applications [5-11].
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The trityl family has two major sites for chemical var-
iation that can be used to adjust their chemical or spec-
troscopic properties for specific uses: the para position
on the phenyl rings or the methylene bridge in the
five-membered rings. An improved knowledge of the
electronic and physical structure of the trityl radicals
in solution would help guide development of improved
trityl radicals and would aid in understanding the re-
sponse of current trityl radicals to molecular oxygen
and to other paramagnetic species, and the transfer of
polarization to solvent nuclei in liquid phase dynamic
nuclear polarization (DNP). The chemical structure of
I is usually drawn as if the molecules were planar. How-
ever, the substituted phenyl rings are far too bulky to al-
low three coplanar phenyl rings around the central
carbon. The rings must twist substantially out of plane,
decreasing conjugation of the m-clectron system. The
conformation adopted by I in solution will have a large
effect on the unpaired spin density distribution and on
the ability of dissolved species such as molecular oxygen
and paramagnetic metal ions to interact with the
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Scheme 1.

unpaired electron spin and to cause relaxation or broad-
ening of the EPR spectral lines. In addition, fluctuations
in the conformation and transient hydrogen bonds
formed with solvent have the potential to modulate
the unpaired spin distribution and contribute to intrinsic
EPR linewidth.

The conformation of free radicals in solution is often
probed experimentally using proton hyperfine interac-
tions to map out the unpaired spin density distribution
in the radical. The trityl radicals of most interest for
EPR oximetry are purposely designed to minimize or
eliminate hyperfine couplings to protons, leaving few
sites on I that can be probed. An alternative probe of
the unpaired electron spin density is provided by the car-
bons which form most of 1. This requires measurement
of the hyperfine couplings of '*C, the only stable carbon
isotope with a nuclear spin, either by EPR or by electron
nuclear double resonance (ENDOR). Although the nat-
ural abundance of the '*C isotope is only 1.11%, there
are two factors that make it practical to measure the
13C hyperfine interactions of the trityl radical in natural
abundance samples. The first factor is that I has many
carbon atoms in it arranged in a few chemically equiva-
lent groups with degeneracies of 3, 6 or 12. Thus, a sub-
stantial fraction, about 36%, of radicals in the sample is
naturally ‘labeled’ with '*C. The second favorable factor
for the measurement of '*C ENDOR is the fact that the
13C hyperfine splittings for several of the carbon posi-
tions are much larger than the EPR linewidth of the ‘un-
labeled’ radical. Measurements can be cleanly made of
only the naturally ‘labeled’ I without interference from
‘unlabeled’ I. These factors allow a detailed experimental

characterization of the electronic structure of I based on
both the proton and carbon hyperfine interactions.

We report here on an EPR, ENDOR, and quantum
chemical study of the simple, symmetric trityl radical
I. The results indicate a single structure in both liquid
and frozen solutions in which the three phenyl rings
are twisted 51° out of plane so that the rings are almost
mutually perpendicular, making an angle of 84.5° to
each other. This conformation shields the central carbon
atom bearing the majority of the unpaired electron spin
density from the solvent and may be responsible for ren-
dering I relatively insensitive to most interactions with
its environment.

2. Experimental
2.1. EPR and ENDOR

CW EPR spectra were obtained with a spectrometer
operating at 255 MHz. The bridge has a reference arm
and uses quadrature RF detection [12]. One channel de-
tects the modulated RF EPR signal that is passed to the
phase sensitive detector, and the other is used in a DC
Pound automatic frequency control (AFC) system [13].
One required extra feature of the bridge is a correction
for frequency drift of the EPR resonator. The resonator
drifts in frequency by tens of kHz in the course of a mea-
surement. Because resonance position changes by 0.1 uT
for a 2.8 kHz frequency change, such a slow frequency
drift would cause broadening in the recorded EPR spec-
tra and would prevent accurate analysis of the hyperfine
splittings. The frequency drift correction operates by
measuring the moment-to-moment RF frequency of
the 250 MHz source oscillator as it is adjusted by the
AFC. These frequency data are used to correct for the
shifts in resonance position.

A one loop-one gap resonator with a diameter of
19 mm and length 15 mm was used. The computer-con-
trolled DC magnet field has a high absolute stability of
0.05 pT which represents a fractional stability of 6 ppm
relative to the center magnetic field of only 9 mT. The
~5kHz Zeeman modulation is produced by a Helm-
holtz coil pair with less than 0.02 pT (20 ppm/cm) vari-
ation over a 1 cm diameter region along the resonator
axis (RF B; field direction). For accurate simulations
of the spectra careful calibration of the modulation
amplitude was done.

Pulsed EPR measurements were performed at X-
band on a Bruker ESP 380E EPR spectrometer with
DICE ENDOR accessory and a Flexline CFG-935 he-
lium flow cryostat and Flexline ENDOR resonator.
Microwave frequency was measured with an EIP 575B
microwave counter. A 20 W ENI 320L RF amplifier
was used for Mims ENDOR measurements and a
500 W ENI A-500 amplifier was used for coherence
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transfer ENDOR of protons based on the Mims EN-
DOR sequence and using time proportional phase incre-
mentation (TPPI) as described by Hofer [14] to separate
the higher multiple quantum orders. Pulsed EPR mea-
surements of frozen solutions were made with the expec-
tation that the hyperfine anisotropy could provide
additional checks on the accuracy of the quantum chem-
ical calculations.

The echo induced EPR spectrum [15] was measured
with a n/2—-t-m—t-detect sequence where /2 and = indi-
cate the turning angles of the respective microwave
pulses separated by a time 7. A simple phase cycle was
used to remove unwanted signals and to correct baseline
offset. The phase of the first pulse was set to 0° and 180°
on successive scans that were then subtracted from each
other. The Mims ENDOR spectrum [16] was measured
with the sequence n/2—t—n/2-RF (T)-rn/2—t-detect. The
RF frequency was swept and the RF pulse length is 7.
The phase of the second microwave pulse was set to 0°
and 180° on successive scans that were then subtracted
from each other.

The electron nuclear quadruple resonance (ENQOR)
spectrum [17] was measured with a variation of the
Mims ENDOR sequence, that is, w/2-t—m/2-RF1-
RF2-n-RF2'-RF1’-n/2—1-detect. Phase cycling of the
second microwave pulse was used as for Mims ENDOR.
The RF pulses have equal length. RF1 and RF1’ indi-
cate the same frequency which is different from that of
RF2 and RF2’. The amplitude of one of the RF pulses
in each pair RFn and RF#»’ is always zero. Additional
phase cycling was superimposed on that of the micro-
wave pulses depending on whether RF1 and RF2 have
the same or different amplitudes.

For coherence transfer ENDOR [14,16], the single
RF pulse was replaced by a pair of high-power RF
pulses with turning angles of ©/2 for the protons. The
frequency of the RF pulses was the same but their rela-
tive phase was incremented with the time between the
RF pulses at a rate of 1.44°/ns. The total time between
the second and third microwave pulses was kept con-
stant and the same phase cycling used as for Mims EN-
DOR. First RF pulse produces proton coherences which
then evolve and are converted by the second RF pulse
back to population differences for detection by the elec-
tron spin echo. The TPPI produces a phase modulation
that is proportional to that multiple quantum order of
the proton coherence. Fourier transformation of such
a coherence transfer ENDOR signal produces an EN-
DOR spectrum with the different multiple quantum or-
ders offset in frequency.

The Davies ENDOR spectrum [16] was measured
with the sequence n-RF (7)-n/2-t—n-t-detect. The RF
frequency was swept and the RF pulse length is 7.
The phase of the second microwave pulse was set to 0°
and 180° on successive scans that were then subtracted
from each other.

In the pulsed ENDOR measurements, the pulse
widths, delays, amplitudes, and the magnetic field were
adjusted to emphasize a particular feature in the EN-
DOR spectrum. That feature was then used to determine
one of the many hyperfine tensor elements. The hyperfine
tensors were constructed and assigned to specific posi-
tions in I on the basis of the tensors obtained from the
quantum chemical calculations and the experimental
EPR spectra. Precise fitting of experimental ENDOR
spectra is not practical because it requires more informa-
tion concerning the range of conformations of I present
in the frozen solution samples and the consequent range
of hyperfine tensor elements than is available.

2.2. Computational

Calculations of the hyperfine couplings were per-
formed using the Gaussian 98 suite of programs [18].
The calculations were carried out on an 8 CPU Silicon
Graphics Origin 2000 computer. The structure of I was
optimized without the use of symmetry using density
functional theory with the B3LYP functional, first with
a 6-21G basis set and then with the 6-31G basis set.
The optimized 6-31G structure was then used for calcu-
lations with other basis sets. The structure of I was mod-
eled starting with the carboxyl groups ionized and three
H;0" in order to have a neutral system and to avoid hav-
ing naked counter ions. The optimized structures have
protonated carboxyl groups that are hydrogen bonded
to a water molecule. The hyperfine tensors were calcu-
lated using the EPR Properties keyword of Gaussian.

ENDOR spectra were simulated using the program
EPR-NMR (Department of Chemistry, University of
Saskatchewan, Saskatoon, SK).

3. Results
3.1. Liquid phase CW EPR

The CW EPR spectrum of I is dominated by a single,
narrow line. This is one of its attractions for magnetic
resonance applications. However, there are a number
of weak flanking lines from those radicals that contain
a *C nucleus (natural abundance 1.11%). With 40 car-
bons in I, a random distribution would give 64% of
the trityl radicals with no 13C, 28% with one, 6.3% with
2, and 0.9% with 3. Each equivalent carbon position
produces a pair of lines with equal intensity split
approximately symmetrically about the central EPR line
and an intensity directly related to its degeneracy in L.
The splitting directly gives the isotropic hyperfine inter-
action after correction for second-order shifts that are
noticeable in the 255 MHz EPR measurements. The line
shape of the central line was carefully fit using an anal-
ysis program that completely corrects for Zeeman mod-
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Table 1
Isotropic hyperfine couplings of I from liquid phase CW EPR measurements and DFT calculations with the 6-311G** basis set
Nucleus Aiso (MHz) Degeneracy Assignment

255 MHz X-band Calculated
B¢ 67.1 61.60 1 Central carbon
B¢ 32.09 31.7 —32.51 £ 0.04 3 1-Phenyl
B¢ 25.30 25.4 25.66 4+ 0.10 6 2,6-Phenyl
B¢ 9.41 — 5.90 + 0.04 3 4-Phenyl
B¢ 6.60 — —5.07 £ 0.05 6 3,5-Phenyl
e 3.57 — —3.424+0.03 3 Carboxyl
Bea 0.494 + 0.036 — —0.51 4 0.01 6 Methylene bridge
Bea 0.066 + 0.001 — 0.083 £ 0.003 12 Methyl carbons
0.031 4 0.001

'H? 0.033 = 0.001 (0.006 >H) — Average: —0.050 ('H) 36 Methyl protons
'H — — —0.11 £ 0.003 3 Carboxyl protons®
s — — 0.48 +0.03 6 2,6-Phenyl
3 — — —0.42 +0.01 6 3,5-Phenyl

EPR measurements determine only the absolute value of the hyperfine coupling constant while the DFT calculations also give the sign of the

coupling.

& Splittings were not resolved and couplings were obtained from fitting the line shape of the central line. The values of the hyperfine couplings are
highly correlated and the estimated uncertainties are more relevant to the second moment than for the individual couplings. The uncertainty in the
resolved hyperfine couplings is a fraction of the ~0.076 MHz CW EPR linewidth of the deuterated radical.

® Protons hydrogen bonded to the carbonyl oxygen have smaller, —0.01 MHz, calculated isotropic hyperfine couplings.

ulation frequency and amplitude and also models the re-
solved and unresolved hyperfine patterns expected from
the structure (Table 1) [19]. Equivalent results, Table 1,
were obtained in room temperature CW EPR measure-
ments at 255 MHz on 1 mM deuterated I in water and at
X-band on 1.5 mM deuterated I in perdeuterated meth-
anol. The degeneracies listed in Table 1 are derived from
the relative EPR line intensities. There appears to be suf-
ficient conformational mobility of I to make the poten-
tially inequivalent sets of methyl groups magnetically
equivalent in solution.

The "*C hyperfine lines from central methyl carbon
were not measured in the 255 MHz EPR spectra because
narrow, high-resolution field sweeps were used to focus
on the smaller splittings of the remaining carbons.
Although "°C hyperfine splittings were readily observed,
there was no trace of hyperfine splittings from **S which
has a natural abundance of 0.75% and I= 3/2. There
should be two sets of **S hyperfine splittings from the
2,6- and the 3,5-phenyl positions, respectively, each with
a degeneracy of 6. No such splittings were observed,
most likely because the large quadrupole moment of
338 cause rapid nuclear relaxation and broaden the
hyperfine lines beyond detection.

3.2. Solid-state EPR

The CW EPR spectrum of frozen solutions of I are
also dominated by a single, narrow line. The sharp '*C
hyperfine lines are replaced by the full hyperfine powder
patterns for each '*C position in the radical. Each one
has the form of a high-field '*C powder ENDOR spec-
trum centered near the EPR frequency of 1. The relative
intensity of each hyperfine powder pattern is determined

by the degeneracy of that carbon position in the radical
and by the relative spectral dispersion or hyperfine
anisotropy. Thus, the more anisotropic the coupling
the weaker its intensity in the spectrum. Only a few of
the larger hyperfine couplings were well resolved in either
CW EPR or ESE detected EPR spectra, Fig. 1, giving
values in Table 2. The spectra were consistent with
roughly axial hyperfine tensors. There is one well-re-

x10

Echo Detected EPR

342 344 346 348 350
Magnetic Field/mT

Fig. 1. The echo detected EPR spectrum of 1.5 mM deuterated I in
deuterated methanol at 60 K at 9.707 GHz. The pulse repetition rate
was 122 Hz, and the interpulse delay in the two-pulse echo sequence
was 800 ns with microwave pulses of 256 and 512 ns corresponding to
n/2 and & pulses, respectively, and the entire echo was integrated. The
main peak of the trityl radical saturated the receiver and is not shown.
The shoulders marked by vertical lines are the A features with a
splitting of 160.1 MHz in the first entry in Table 2; the horizontal bars
indicate the overlapping features in the second and third entries in
Table 2; and the stars mark shoulders assigned to an impurity in the
sample as discussed in the text.
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Table 2

Hyperfine tensors of I from solid-state EPR and ENDOR measurements and from DFT calculations

Nucleus CW EPR hyperfine ENDOR hyperfine Gaussian-98 hyperfine coupling

coupling (MHz) coupling (MHz) (MHz)

AH AL A” AL Al Az, A3
Central >C 160.1 (20.6) — — 176.7 4.1, 4.1
1-Phenyl *C 39.6 29.5 40.3 27.8 —42.1 —28.5, —26.9
2,6-Phenyl 13C 37.7 17.0 36.7 18.0 37.0 20.8, 19.1
4-Phenyl *C 15.6 (6.3) 12.7 7.6 16.8 0.9, 0.0
3,5-Phenyl *C — — 10.5 5.4 —10.2 -3.1,-1.9
Carboxyl 1*C — — — — -3.7 —33, =32
Bridging *C — — —0.4% —0.8% —0.18 —0.66, —0.69
Methyl *C — — 0.16 0.0 0.24 0.26 —0.05, —0.05, 0.01, —0.05
Methyl 'H — — 1.0° —0.5° 0.4-1.1 —0.2 to —0.6
Carboxyl 'H® — — — — 0.62 —0.45, —0.50
Impurity 64.4 50.5 — — — —

The calculated values for the methyl protons show the range of values while the methyl '*C couplings for axial and equatorial groups are reported on
different lines. The experimental spectra did not allow resolution of the 4,. The CW EPR values reported in parentheses were calculated from the

measured A4 and 4js, but were not directly observed in the spectra.

2 The sign of the hyperfine couplings were determined by ENQOR relative to the methyl 'H couplings which were assumed to be dominated by a
nearly point-dipole interaction with spin density on the central carbon atom.

® Extrema from features in the coherence transfer ENDOR spectrum.

¢ The anisotropic part of the calculated hyperfine tensor from protons hydrogen bonded to the carbonyl oxygen is slightly smaller than for the

—OH proton.

solved shoulder in both the CW and ESE detected spec-
tra that has small anisotropy and rather weak intensity
considering its small anisotropy. The calculated isotropic
hyperfine coupling of 55.1 MHz is quite different from
those measured in the liquid phase and is consequently
assigned to a trace impurity in the sample that is notice-
able only because of its large, nearly isotropic coupling.

Overlap, from the wings of the intense EPR line from
radicals that contain no '°C, obscures the region ex-
pected to contain the features from the small '>C hyper-
fine tensor components. The largest splitting observed,
A =160.1 MHz, must correspond to the largest isotro-
pic coupling of 67.1 MHz because all other features in
the solid-state EPR spectrum have splittings less than
this isotropic coupling. The other two principal values
of this hyperfine tensor would average 20.6 MHz and
lie buried under the much more intense central portion
of the solid-state EPR spectrum.

3.3. Pulsed ENDOR

3.3.1. Hydrogen Mims ENDOR

The proton Mims ENDOR spectrum of I is narrow
and contains partially resolved features that shift notice-
ably as the RF pulse amplitude and length are varied.
However, the shape of the Mims ENDOR spectrum
does not depend on temperature. Spectra measured be-
tween 4.5 and 60 K can be superimposed and show no
indication that methyl group dynamics alters the spec-
trum over this temperature range.

In a typical spectrum, Fig. 2, there is a set of broad
lobes split by ~800 kHz and a pair of sharper peaks split
by ~300 kHz. These lines may result either from two

overlapping powder patterns with similar principal val-
ues from the pair of slightly inequivalent methyl groups
on each five-membered ring, or from a distribution of
hyperfine couplings from methyl groups in slightly dif-
ferent conformations. However, the variation in split-
tings with RF pulse parameters strongly suggest that
the spectra are modified by coherence splittings [20,21]
or multiple quantum transient nutation effects [22]. Each
trityl radical contains 36 similar, if not exactly equiva-
lent, protons, so that excitation of proton multiple
quantum coherences by the 72 us RF pulses used in
Fig. 2 is a distinct possibility.

An apparent pair of peaks with a splitting of
~100 kHz is actually a single featureless peak from
residual protons in the solvent with a ‘polarization hole’
burned in the center. This hole is a well-characterized
feature of Mims ENDOR spectra. Unlike real hyperfine
splittings, the apparent splitting of this peak strongly de-
pends on experimental parameters that determine the
depth and width of the ‘polarization hole.” There is also
a pair of wings that extend out beyond the lobes split by
~750 kHz mentioned earlier and are the tails of the sol-
vent or matrix ENDOR line. This is clearly seen in a
sample of perdeuterated I in H,O/glycerol, Fig. 2, inset.
The wings of the matrix line are enhanced by the ‘z-sup-
pression holes’ or ‘blind spots’ characteristic of Mims
ENDOR [16,23]. The ENDOR intensity is modulated
by a factor roughly proportional to (1 — cos(2mAt))
where A is the hyperfine splitting and 7 is the separation
between the first two microwave pulses in the Mims EN-
DOR pulse sequence. In Fig. 2, 7 =312 ns and the rele-
vant blind spots or holes appear for |4|=0 or
3.20 MHz, that is, for protons at v, and v, & 1.6 MHz,
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Fig. 2. The lower, darker trace is the Mims ENDOR spectrum of
1.5 mM I in deuterated methanol at 60 K and 346.28 mT. The pulse
repetition rate was 195 Hz with 16 ns 9.705 GHz microwave pulses,
and interpulse delays of 0.312 and 73 pus with a 72 us RF pulse at a
nominal power of 5 W. The solid line is the normalized ENDOR effect,
AE/E. The so-called ‘t-suppression holes’ that appear in Mims
ENDOR spectra lie far outside this spectral window at 11.5 and
17.9 MHz. However, there is a central hole at the proton Zeeman
frequency, that enhances ENDOR lines proportional to their distance
from the proton Zeeman frequency. This has the effect of unduly
emphasizing the small tails from residual solvent protons near 14.1 and
15.4 MHz by a factor of 2-4 relative to the main ENDOR peaks. The
ENDOR spectrum of solvent protons of 0.5 mM perdeuterated I in
H,0/glycerol under similar conditions is shown in the inset box. The
lighter, upper trace is the deuterium Mims ENDOR spectrum of
0.5 mM perdeuterated I in H,O/glycerol at 60 K and 345.13 mT. The
pulse repetition rate was 98 Hz with 16 ns 9.675 GHz microwave
pulses, and interpulse delays of 0.512 and 73 ps with a 72 pus RF pulse
at a nominal power of 5 W. The solid line is the normalized ENDOR
effect, AE/E. The axes for the deuterium spectrum are at the top and
right-hand side of the plot. The frequency scales have been adjusted by
the ratio of the nuclear Zeeman frequencies to allow direct compar-
ison. The deuterium ENDOR spectrum is approximately an order of
magnitude weaker than the proton ENDOR because of the so-called
‘t-suppression hole’ for the reduced hyperfine splittings.

while the full intensity is observed only at v, & 0.8 MHz
which is near the two edges of the spectrum in Fig. 2.
The practical consequence is the partial suppression of
that part of the spectrum with small couplings and the
apparent ‘emphasis’ of the wings near v, £ 0.7 MHz by
comparison.

The extreme ends of this matrix ENDOR line corre-
spond to a hyperfine splitting of 1.4 MHz. If this is as-
signed to the parallel principal value of a purely
dipolar interaction between the closest solvent proton
and the unpaired electron in the point—dipole approxi-
mation, it would indicate a distance of closest approach
of 0.48 nm. This would suggest steric shielding of the un-
paired electron spin from the solvent in 1.

The deuterium ENDOR spectrum of the perdeuter-
ated I in a protiated solvent, Fig. 2, is much broader
than would be expected simply by scaling the proton
hyperfine couplings. The deuteron has a much smaller
magnetic moment than the proton, which reduces the

nuclear Zeeman frequency and the hyperfine couplings
to 15.35% those of the protons. Yet the scaled deuterium
ENDOR spectrum is more than twice the width of the
proton ENDOR spectrum and the lineshapes are quite
different. The reason for this difference in spectra is that
the deuteron has a nuclear spin / = 1 and consequently a
nuclear quadrupole moment while the proton with
I=1/2 does not. The deuterium ENDOR spectrum is
~200 kHz wider than would be expected from scaling
the proton ENDOR spectrum of I and indicates that
the quadrupole splitting is characteristic of an immobi-
lized C-D bond rather than a freely rotating methyl
group.

The deuterium ENDOR spectrum is approximately
10% of the intensity of the proton ENDOR spectrum.
This decrease is caused in large part by the ‘z-suppres-
sion hole’ or ‘blind spot’ for very small hyperfine split-
tings. The product Az, even with the slightly larger
value of used to measure the deuterium ENDOR spec-
trum, is only a quarter that for the corresponding
splitting in the proton ENDOR spectrum, thus pro-
ducing a substantial decrease in the intensity factor
(1 — cos(2nAr)).

The carboxyl groups are free to exchange with the
solvent and will have the same isotopic composition as
the solvent. No 'H or ’H ENDOR peaks were observed
that could be distinguished from the solvent and as-
signed to protons on the carboxyl groups of the trityl
radical. Because of their low degeneracy and expected
strong overlap with the methyl protons and solvent pro-
tons, the carboxyl protons should not be easily
observed.

3.3.2. Proton coherence transfer ENDOR

The best proton ENDOR spectrum was obtained
using coherence transfer ENDOR with TPPI to separate
out multiple quantum contributions. The /2 RF pulses
were 3 us wide which is too wide to completely excite the
proton ENDOR spectrum, particularly in the higher
multiple quantum orders. Therefore, a two-dimensional
(2D) measurement was made in which the second
dimension is the RF frequency. The coherence transfer
ENDOR spectrum, Fig. 3, was obtained as a skyline
projection of the 2D spectrum. The TPPI results in the
single-quantum ENDOR spectrum appearing centered
at 4 MHz, the double-quantum ENDOR spectrum at
8 MHz, and the triple-quantum ENDOR spectrum at
12 MHz as marked by the arrows. The spectrum shows
spurious responses near 11.25 and 15.25 MHz appar-
ently from coherent noise of the pulse programmer.

The single-quantum ENDOR spectrum is similar to,
but broader than, the Mims ENDOR spectrum. The
outer lobes of the spectrum indicate a maximum hyper-
fine splitting of about 1 MHz and the polarization hole
produces a pair of inner lobes split by 260 kHz. The
double-quantum ENDOR peak is weak and rather fea-
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ENDOR Signal arbitrary units

0 2 4 6 8 10 12 14
Frequency/MHz

Fig. 3. Multiple quantum coherence transfer ENDOR spectrum of
1.5mM I in deuterated methanol at 60 K. The multiple quantum
orders are separated by 4 MHz as a result of the TPPI as described in
the text. Arrows mark the expected locations of the single-, double-,
and triple-quantum ENDOR spectra.

tureless and the triple-quantum peak is missing entirely.
The absence of a triple-quantum ENDOR signal indi-
cates that the protons in the methyl groups are non-de-
generate and hence non-rotating. In this case, the single
quantum and the Mims ENDOR spectra would be the
superposition of spectra from each methyl conformer
in the sample and the proton ENDOR spectrum could
not be interpreted in terms of one or two hyperfine ten-
sors for the methyl protons.

3.3.3.”C ENDOR

The ENDOR spectrum measured at the center of the
intense EPR line, Fig. 4, upper trace, shows weak EN-
DOR signals near the '*C nuclear Zeeman frequency
corresponding to small hyperfine couplings of less than
0.9 MHz. The relative signs of hyperfine couplings can
be determined using ENQOR spectroscopy. The EN-
QOR spectrum, Fig. 4, lower trace, reveals a correlation
between the '*C ENDOR and the proton ENDOR.
Here the RF pump frequency of 14.452 MHz corre-
sponds to the low-frequency lobe of the methyl protons.
The '*C ENDOR peak near 3.4 MHz has negative
amplitude in this ENQOR spectrum while its partner
near 4.0 MHz has positive amplitude. The ENQOR
spectrum inverts when the high-frequency lobe at
14.996 MHz is pumped, indicating that the ~0.8 MHz
13C hyperfine coupling and the largest hyperfine splitting
of the methyl protons have opposite signs. The aniso-
tropic part of the methyl proton hyperfine interaction
is dominated by dipolar interaction with the large un-
paired electron spin density at the central carbon atom
as discussed later. Consequently, the largest hyperfine
splitting of the methyl protons is positive and the '*C
hyperfine coupling in Fig. 4 of ~0.8 MHz negative.

1.0

08 1 Vise

0.6 A
04 ENDOR

0.2

% ENDOR Effect

ENQOR
0.4 1 \~p=14.452 MHz

34 36 38 40 42 44 46
ENDOR Frequency/MHz

Fig. 4. (Upper trace) The Mims ENDOR spectrum of 1.5mM I in
perdeuterated methanol at 60 K and 346.35 mT. The pulse repetition
rate was 122 Hz with 16ns 9.705 GHz microwave pulses, and
interpulse delays of 0.512 and 73 us with a 72 us RF pulse at a
nominal power of 100 W. The spectrum is plotted as the normalized
ENDOR effect, AE/E. The nuclear Zeeman frequency of '*C is
indicated by the arrow at 3.676 MHz. The so-called ‘z-suppression
holes’ that appear in Mims ENDOR spectra lie far outside this spectral
window at 1.7 and 5.6 MHz. Only the smallest hyperfine couplings are
observed in this narrow scan. (Lower trace) The Mims ENQOR
spectrum of the same sample using 40 ps RF pulses. The pump
frequency of 14.452 MHz corresponds to the 4 of the methyl protons.
The baseline is offset by —0.2%. The pattern in the ENQOR spectrum
indicates that the'*C hyperfine coupling of ~0.8 MHz and the A of the
methyl protons have opposite signs.

30 32

Despite observations of large '*C hyperfine couplings
in CW EPR spectra, no large couplings were observed in
ENDOR spectra measured at the center of the intense
EPR line of 1. This result should not be a surprise be-
cause the vast majority of radicals containing '*C are
only singly ‘labeled.” Consequently, the radicals that
are resonant at the center of the EPR spectrum have
only a small or no '*C hyperfine splitting. The radicals
with the large couplings are split out away from the cen-
ter of the EPR spectrum so that the ENDOR spectrum
depends on the position in the EPR spectrum at which it
is measured. This phenomenon is well known in the
fields of ENDOR and ESEEM as ‘orientation selection’
[24]. That is, measurements made in any part of an
anisotropic EPR spectrum select out a subset of radicals
whose orientations, hyperfine couplings, isotopic com-
position, etc. satisfy the resonance condition for that
specific EPR field/frequency combination. Thus in order
to observe the large hyperfine couplings in the ENDOR
spectrum it is necessary to make the measurement in a
part of the EPR spectrum where the observed radicals
have a large hyperfine coupling. This is equally true
for CW ENDOR whether in the liquid or frozen state.
For the larger '*C hyperfine couplings, solution EN-
DOR has limited value because the hyperfine coupling
must be determined in order to find the field position
for the ENDOR measurement.



M.K. Bowman et al. | Journal of Magnetic Resonance 172 (2005) 254-267 261

A series of ENDOR spectra, Fig. 5, measured on the
high-field side of the intense EPR line demonstrate this
effect. The Davies ENDOR sequence was used because
it avoids the ‘z-suppression holes” of Mims ENDOR at
the expense of suppressing small couplings. Microwave
and RF pulse widths were shorter than absolutely neces-
sary in order to suppress the intense proton matrix EN-
DOR line from the solvent and to enhance the broad,
anisotropic '°C ENDOR lines. This strategy was only
partially successful and a large remnant of the proton
ENDOR line arising from both ‘labeled’ and ‘unlabeled’
radicals remains in the spectra.

The upper traces in Fig. 5 were measured with the
magnetic field close to the center of the trityl EPR spec-
trum where the hyperfine splittings are small. The traces
toward the bottom were measured at higher fields where
the splittings are larger. These traces form a 2D spec-
trum correlating the magnetic field (or hyperfine split-
ting) with the ENDOR frequency. To first order it is a
linear mapping, so that the ENDOR frequency is given
by v=|vc+ 4/2| for small hyperfine couplings with
ve > |A/2], or v=|A4/2 + v¢| for ve <|A/2| where vc is
the '*C nuclear Zeeman frequency. Near the center of

5 10 15 20 25
ENDOR Frequency/MHz

Fig. 5. The Davies ENDOR spectrum of 1.5mM I in perdeuterated
methanol at 60 K. The pulse repetition rate was 122 Hz with
9.703 GHz microwave pulses of lengths 128, 128, and 256 ns, and
interpulse delays of 13 and 0.512 ps with a 12 ps RF pulse at a nominal
power of 500 W. This plot shows a stacked plot of a series of ENDOR
spectra measured at different magnetic fields starting at 346.28 mT at
the top of the figure to 347.38 at the bottom with the field changing
0.0245 mT between successive traces. This range covers approximately
from the center of the EPR spectrum through all of the resolved *C
resolved hyperfine lines except for the most anisotropic coupling and
midway out on the high field wing in Fig. 1. The Davies ENDOR
method is not subject to the ‘t-suppression holes,” but does tend to
discriminate against small hyperfine couplings. The strong line just
below 15MHz is the proton matrix ENDOR line from residual
protons in the solvent and the line just above 2.2 MHz is the deuterium
ENDOR signal. The rest of the lines in the spectrum are from the
natural abundance '*C in I.

the EPR spectrum the ENDOR peaks are all confined
largely to the region between 0 and 2vc = 7.5 MHz
while in the lower traces the ENDOR peaks fall onto
two parallel ridges separated by 2vc. In this particular
type of 2D spectrum the peaks fall on top of each other
and are not dispersed over two dimensions. The hyper-
fine tensors can only be determined from this spectrum
by considering the intensity profile of the ENDOR
ridges or their projections onto the ENDOR frequency
axis. Some features can readily be identified, such as
two perpendicular hyperfine features in the higher fre-
quency ridge at roughly 13.5 MHz and at 17.5 MHz.
The corresponding parallel hyperfine features can be
identified with more difficulty near 22.0 and 24.6 MHz,
respectively. However, spectral overlap and congestion
becomes severe for ENDOR frequencies in the range
5.5-9.0 MHz.

No indication of **S ENDOR was observed. Because
33$ has a large quadrupole moment (comparable to that
of ¥37C1), the ENDOR spectra of **S would be strongly
broadened and shifted.

Most of the features in roughly 200 proton and car-
bon ENDOR spectra measured under different condi-
tions could be assigned guided by the CW liquid phase
and solid-state EPR spectra and calculated hyperfine
tensors from the quantum chemical modeling. The
experimental hyperfine tensors were approximated as
axially symmetric because of the limited resolution in
the spectra. The results are summarized in Table 2.

3.4. Quantum chemical modeling

3.4.1. Trityl radical

The geometry optimization of I with the 6-21G and
631G basis sets converged to a symmetric, propeller-
shaped molecule, Fig. 6. No symmetry was imposed dur-
ing optimization, but the final structure nearly has Cs
symmetry. The total energy of I calculated with different
basis sets is listed in Table 3. Generally the calculated
isotropic hyperfine couplings decrease as the quality of
the basis set increases, Table 3. Good agreement be-
tween calculated and measured isotropic hyperfine cou-
plings was achieved with the 6-311G** basis, Table 1.
Average values and standard deviations are given for
‘equivalent’ positions.

Each carboxyl group converged to the acid form
hydrogen bonded to a water molecule. The carboxyl
group and associated water have the same orientation
and are related by the 3-fold axis. The common orienta-
tion is probably due to the initial starting structure be-
cause a rotation of any carboxyl group and associated
water by 180° (or reflection in the O—C-O plane) should
have negligible effect on total energy. The carboxyl
group is twisted out of the plane of the phenyl by nearly
21° caused by contacts between the oxygens of the car-
boxyl group and the sulfurs on the phenyl group. The
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Fig. 6. (Upper) The optimized structure of I viewed approximately
along the 3-fold axis. The central methyl carbon is colored light green
to make it visible through the opening between three sulfur atoms
around the 3-fold axis. (Lower) A stereoview of one of the aryl groups
showing its conformation. The view also includes the central methyl
group and the attached carbons from the two other aryl groups,
illustrating the ‘propeller’ twist of the aryl groups. The structure was
optimized by Gaussian 98 with the B3LYP functional and the 6-31G
basis set.

oxygen—sulfur distance is 0.271 nm, which is consider-
ably smaller than the sum of their van der Waals radii.

The two five-member rings on each phenyl group are
non-planar with the bridging carbon twisted out-of-
plane. In addition, the five-member rings on each phenyl
group are twisted in opposite directions so that the
whole substituted phenyl group is in a chair-like confor-
mation. The bulky substituted phenyl groups are much
too large for the three phenyls to be coplanar and so

inequivalence’ of chemically equivalent groups results in
a dispersion of hyperfine couplings which are reflected in
Tables 1 and 2. The experimental ENDOR and frozen
solution EPR spectra show ‘A4-strain’ from the disper-
sion of hyperfine tensor values from the distribution of
conformations throughout the sample. In a hydrogen
bonding solvent, many different opportunities for
hydrogen bonds involving the carboxyl groups and the
sulfur atoms are possible but are beyond the scope of
these quantum chemical calculations. Fortunately, they
appear not to have a strong effect on the hyperfine
couplings.

Fig. 6 shows a striking feature of I. The central car-
bon is completely surrounded in a plane by the three
carbons it is bonded to, while above and below that
plane are close packed clusters of three sulfur atoms
from three different phenyl groups. The carbons at the
1, 2, and 6 positions of the phenyl rings are completely
inaccessible to solvent while there is only limited access
to the carbons at the 3, 4, and 5 positions and to the sul-
furs in contact with the central methyl group. As a result
of this structure, most of the unpaired electron density is
inaccessible to solvent. The total atomic spin densities
with magnitudes greater than 0.001 calculated with the
6-311G** basis set are reported in Table 4 along with
a qualitative indication of the solvent accessibility to
that atom. The carbonyl oxygens on the carboxyl group
have the largest spin density with good access to the sol-
vent while the carbon at the 4-phenyl position where the
carboxyl group is attached has the largest spin density
among the atoms with limited solvent access.

Table 4
Average atomic spin density and solvent accessibility

they are twisted. The phenyl ring is twisted by 51° rela- Position Atomic spin Degeneracy Solvent
tive to the plane defined by the central carbon and its density accessible
three bonds. This makes the three phenyl rings nearly Central methyl 0.746 1 No
perpendicular to each other with an angle of 84.5° be- 1-Phenyl —0.107 3 No
tween the planes. If the carboxyl groups are ignored, this 2,6-Phenyl 0.079 6 No
trityl radical would have D3 symmetry. 3,3-Phenyl —0.033 6 Limited
. . . . 4-Phenyl 0.072 3 Limited

This radical structure is more a structural model in S at 2,6-Phenyl 0.012 6 Limited
the sense that it closely resembles most radicals in the S at 3,5-Phenyl —0.001 6 Yes
solution, analogous to the NMR structure’ of a protein. Carboxyl C —0.004 3 Yes
The lack of precise 3-fold symmetry indicates that the Carbonyl O 0.014 3 Yes
energy minimum does have some width. The ‘structural Hydroxyl O 0.003 3 Yes
Table 3
Calculated energy and isotropic hyperfine couplings of I using different basis sets with the B3LYP functional
Basis set 6-21G 6-31G 6-31G** 6-311G 6-311G** Measured
Energy/Hartree —7003.826 —7005.738 ~7006.752 —7006.607 —7007.578 —
Central Carbon 153.7 142.3 102.2 68.6 61.6 67.1
1-Phenyl —42.75 —40.16 -31.19 —36.73 —32.51 32.09
2,6-Phenyl 37.02 34.32 28.26 28.58 25.66 25.30

Structure optimized using the 6-31G basis set except for the 6-21G calculation which was optimized with that basis.
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3.4.2. Trityl radical fragment

There is significant spin density on the carbonyl oxy-
gen of the carboxyl groups and at the phenyl carbon
where the carboxyl group is attached. Consequently,
the conformation of the carboxyl group relative to the
phenyl ring could potentially modulate spin density,
hyperfine couplings and provide a possible route for
electron spin relaxation driven by solvent interactions
with the carbonyl group and the sulfurs it is in contact
with.

A fragment of I was modeled to examine the effect of
carboxyl group rotation. This fragment is related to the
structure in Fig. 6 by the removal of the water coordi-
nated to the carboxyl group and the replacement of
two substituted phenyl rings by protons. The dihedral
angle between the phenyl ring and plane of the central
carbon and its bonds was constrained to be 51°. The car-
boxyl group was then rotated in 15° increments and the
structure was optimized with the 6-31G basis set and the
properties were calculated. The unpaired spin wavefunc-
tion was similar to that calculated with the same basis
set for I with coordinated water molecules. The isotropic
hyperfine coupling on the central carbon increased
about 7% because of decreased delocalization onto the
two missing aryl groups while the isotropic hyperfine
couplings calculated for the carbons of the phenyl ring
and carboxyl group increased in magnitude by 10-30%.

In the trityl fragment, the two five-membered rings
adopted a ‘boat’ conformation in the lowest energy
structures rather than the ‘chair’ conformation of I
Apparently steric constraints from the other aryl groups
favor the ‘chair’ conformation. The meta (and ortho)
positions on the phenyl ring are not related by symmetry
in the ‘chair’ conformation and the isotropic hyperfine
couplings calculated for those carbons differ by ~15%
while they are essentially identical in the full molecule.

Rotation of the carboxyl group had little effect on
the unpaired spin density except on the carboxyl
group itself. The isotropic hyperfine couplings of the
carbons in the fragment varied by 1-2 MHz, which
could broaden the '*C ENDOR spectra but would
not likely lead to spin relaxation particularly in radi-
cals without '*C. Paradoxically, the isotropic hyperfine
coupling of the carboxyl carbon was practically invari-
ant with carboxyl group rotation. However, the -OH
proton on the carboxyl group had isotropic couplings
that varied between —0.51 when coplanar and
+2.45 MHz when perpendicular to the phenyl ring.
Also, the unpaired spin density on the carbonyl oxy-
gen of the carboxyl group was relatively large and
varied strongly with rotation of the carboxyl group
as shown in Fig. 7. The barrier for rotation of the
carboxyl group is 22.3 kJ/mol, however, the minimum
is fairly broad with 4+ 15° rotation from the minimum
raising the energy by less than thermal energy at
300 K.

0.030

o
o
]
a
iy @

Oxygen Spin Density

86 160 12IO 1;10 1éO 1éO
Carboxyl Dihedral Angle/Degrees

Fig. 7. Dependence of the total unpaired spin density on the carboxyl
oxygens of the trityl fragment as a function of the relative orientation
of the phenyl ring and carboxyl group. Calculated as discussed in text
using the 6-31G basis set. The solid symbols are for the carbonyl
oxygen and the open symbols for the hydroxyl oxygen. The circles are
for the ‘boat’ conformation while the triangles are for the ‘chair’
conformation.

4. Discussion
4.1. Radical structure

This trityl radical, I, is the archetype of a class of sul-
fur containing, extremely stable free radicals that have
narrow EPR spectra suited for magnetic resonance
imaging of living systems using EPR. It is important
to understand how the physical and chemical structure
of this class of free radicals affects its properties for
imaging. The trityl radicals, like other triaryl methyl
radicals, have the potential to form a delocalized, planar
aromatic system. However, steric interactions among
the substituents of the aryl groups prevent the molecule
from being planar and consequently disrupt the delocal-
ization of the unpaired spin. Much of the unpaired spin
density is trapped on the central methyl carbon atom
with the exact amount depending on the conformation
of the free radical.

There is a need to synthesize new members of the tri-
tyl family with properties better suited for particular
applications. Some of the desirable properties include
a narrower EPR linewidth and longer spin relaxation
times, better solubility and chemical stability, modifica-
tions to target particular physiological compartments,
greater response to molecular oxygen and insensitivity
to other paramagnetic species and low acute and long-
term toxicity. However, any modification can impact
the conformation of the radical in solution and the host
of properties dependent on structure. The synthesis of
new trityl radicals is sufficiently arduous [25] that it is
important to be able to predict, to some extent, the
structure and magnetic resonance properties of a pro-
posed synthetic target. The results on I presented here
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indicate that quantum chemical modeling is sufficiently
accurate to allow such predictions.

The excellent agreement between calculated and
experimentally measured hyperfine interactions indi-
cates that both the electronic wavefunction and the
molecular structure are calculated accurately. Our suc-
cess in measuring the natural abundance '>*C EPR and
ENDOR spectra means that essentially all the unpaired
spin density in I is represented in the experimental mea-
surements. A glaring exception is the calculated values
for the central carbon, which deviate 10-20% from the
measured isotropic and the anisotropic hyperfine cou-
plings. This is significantly worse than for any of the car-
bons in the phenyl rings. The central carbon-sulfur
distance is 0.317 nm, less than the sum of their van der
Waals radii. Any covalent character in the carbon—sul-
fur interaction would not be modeled well in geometry
optimization with the 6-31G basis set, resulting in errors
in calculated hyperfine couplings for the central carbon.

The isotropic hyperfine couplings probe the unpaired
spin distribution near each atom, while the anisotropic
part of the hyperfine tensor depends on the overall shape
of the unpaired spin density. Thus, the wavefunction
and the geometry-optimized structure calculated for I
are accurate models for the vast majority of conforma-
tions present in the sample. Because trityl radicals share
the same molecular core, it is likely that spin unre-
stricted DFT calculations with the B3LYP functional
will correctly predict structures of other members of
the trityl family using the 6-31G basis set and their
hyperfine tensors using the 6-311G** basis set.

4.2. Dynamics and relaxation

The DFT calculations provide hyperfine couplings
for a static structure. The methyl groups on I can under-
go substantial motion if the rotational barriers were
small compared to the sample temperature or were in
a regime that supported quantum mechanical tunneling
rotation. There are many examples of static, tunneling,
and freely rotating methyl groups in free radicals and
each type of dynamics has different effects on the EN-
DOR spectrum of the methyl group. If the methyl
groups are static, the proton ENDOR spectrum consists
of an envelope from all possible hyperfine couplings.
The single structure from the DFT calculations does
not reflect any interactions between the methyl groups
and solvent. The methyl groups in the calculated struc-
ture are probably more ordered than in the sample.
Yet the 36 calculated hyperfine tensors should generate
an ENDOR spectrum that indicates the general form
of the ENDOR spectrum in the limit of static methyl
groups.

ENDOR spectra were simulated for each of the 36
proton hyperfine tensors from the DFT calculations
using EPR-NMR and summed together to represent

the case of static methyl groups. The summed spectrum,
the solid, dark line in Fig. 8, was multiplied by
(1 — cos(2mAr)) to account for the ‘blind spots’ in Mims
ENDOR spectra. A second spectrum was calculated in
similar fashion using the tensor averages of the three
proton hyperfine tensors in each methyl group. That
spectrum, the dotted line in Fig. 8, represents the EN-
DOR spectrum expected from rapidly rotating methyl
groups. A slice through the single-quantum coherence
transfer ENDOR spectrum at zero offset frequency is
shown as the dashed line in Fig. 8. This slice should
be unaffected by the finite RF fields used in the coher-
ence transfer ENDOR measurement. Both simulated
spectra match the two lobes of the experimental spec-
trum at ~14.5 and ~14.9 MHz, but only the calculated
spectrum for static methyl groups reproduces the wings
near 14.25 and 15.20 MHz. The simulated spectra have
better-resolved features than the experimental spectra.
However, the simulations do not include the full confor-
mational heterogeneity of the methyl groups or possible
relaxation effects in coherence transfer ENDOR, which
would serve to smear out the sharp features in the calcu-
lated spectra. The absence of any three- or higher-quan-
tum peaks in the coherence transfer ENDOR spectrum
also argues for static methyl groups because with the
limited RF fields available in this study, significant
three-quantum coherence intensity is expected only if
the three protons have the same ENDOR frequency,
which would occur only for rapidly rotating methyl
groups.

The proton ENDOR spectra rule out tunneling for
the methyl groups. The proton ENDOR spectrum is
temperature independent in the range 4.5-60 K. Above

ENDOR Intensity/A.U.
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Fig. 8. Dashed line: a slice at zero offset frequency of the single-
quantum coherence transfer ENDOR spectrum of 1.5mM I in
deuterated methanol. Dark, solid line: simulated ENDOR spectrum
based on the DFT hyperfine tensors and static, non-rotating methyl
groups. Dotted line: simulated ENDOR spectrum based on the DFT
hyperfine tensors and rapidly rotating methyl groups as described in
the text.
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60 K, very slow spectral diffusion caused by motion of
the radical or the solvent molecules accelerates decay
of the stimulated echo sufficiently to prevent measure-
ment of high-resolution Mims ENDOR spectra. Methyl
group tunneling could not persist with such noticeable
solute or solvent motion and there would be substantial
changes in the EPR or ENDOR spectrum [26].

Thus, the methyl groups of I show no sign of motion
on the ENDOR timescale of ~1 ms in frozen samples
below 60 K, which is the typical temperature range for
their use in DNP. In vivo oxymetry and imaging appli-
cations, however, are done at temperatures near 300 K.
Space-filling models of I show that the methyl groups
are relatively unhindered and are likely in motion at
300 K. Carboxyl group rotation, inversion of the five-
membered rings, and a concerted inversion of the
‘propeller’ twist of I are distinct possibilities that would
affect spin relaxation near physiological temperatures.
Previous electron spin relaxation measurements on I re-
veal two different motional processes [27].

The decay rate of electron phase coherence, known
variously as the spin—spin or phase memory relaxation,
has a maximum in deuterated I that depends on solvent
viscosity and was assigned to molecular tumbling of I
[27]. There should be an additional maximum in the
relaxation rate in protiated I when the correlation time
for methyl group rotation is comparable to the proton
hyperfine coupling. However, the smaller magnetic mo-
ment of deuterium makes this relaxation mechanism
much less effective and more difficult to observe in deu-
terated I while the difference in mass alters the methyl
group dynamics. These effects of deuteration apparently
combine to prevent observation of the onset of methyl
group rotation.

The second motional process was observed in the
spin—lattice relaxation and was assigned to a local
mode process with an energy of 590 cm™~' which drives
relaxation at temperatures above ~100 K [27]. The
spin-lattice relaxation was unaffected when the solvent
went from a frozen solid to a liquid, indicating that the
motion is decoupled from the solvent. Thus, the local
mode probably does not involve the carboxyl group
which would be hydrogen bonded to the aqueous sol-
vent, but could involve a carbon—sulfur stretch, as orig-
inally suggested [27], inversion of the five-membered
rings or inversion of the propeller pitch. All of these
possibilities involve some motion of the sulfurs which
surround the central carbon carrying most of the un-
paired electron spin density. The sulfurs are the sites
of the largest spin—orbit coupling in the radical, so that
their motion would provide a mechanism for spin-—lat-
tice relaxation. It was noted [27] that spin-lattice relax-
ation for protiated 1 is slightly faster than for
deuterated I at 294 K where the local mode process
dominates. This observation indicates that the relaxa-
tion is not mediated by electron-nuclear-spin interac-

tion but is consistent with a small change in the
reduced mass of the groups in motion [28].

In dilute solution, I appears to be static at cryogenic
temperatures, with non-rotating methyl groups. At
physiological temperatures, the methyl groups seem to
be rotating so rapidly that their rotational dynamics
no longer contributes substantially to either electron
spin—spin or spin-lattice relaxation. However, dynamics
involving the five-membered rings does seem to deter-
mine electron spin-lattice relaxation, so that replace-
ment of the methyl groups by bulkier groups or
groups that hydrogen bond and interact more strongly
with solvent should decrease the spin—lattice relaxation
rate. The spin—spin relaxation at physiological temper-
atures and low viscosity was found earlier to be inde-
pendent of molecular rotation and appears limited by
the spin-lattice relaxation at X-band [27]. Replacement
of the methyl groups by bulky, hydrogen bonding
groups should also slow the rate of spin—spin relaxation
and, because the spin-spin relaxation rate is the ulti-
mate limit on EPR linewidth, might be expected to pro-
duce narrower EPR lines in deuterated, substituted
trityl radicals for imaging and oximetry applications.
However, extrapolation of X-band spin relaxation to
the vastly different magnetic fields used for EPR imag-
ing (as low as 250 MHz) or for DNP and NMR con-
trast agents (140 GHz or more) is risky because new
spin relaxation mechanisms may become dominant at
those fields.

4.3. DFT calculation of hyperfine tensors

EPR and particularly the hyperfine interaction ten-
sors with protons and carbons provide an excellent
probe of I. The isotropic hyperfine couplings report
the unpaired spin density nucleus by nucleus throughout
the radical. The anisotropic hyperfine interaction reflects
the general shape of the unpaired electron wavefunction
and its position relative to each nucleus. The isotropic
hyperfine coupling often can be measured in liquid solu-
tions of the free radical under conditions directly rele-
vant to in vivo applications while the anisotropic
hyperfine interaction requires measurements in the solid
state, typically in frozen solutions. Modern ab initio
quantum chemical programs can calculate the full
hyperfine tensors rather accurately for any conforma-
tion of a free radical, so that experimental hyperfine
parameters are an indication of the quality of a struc-
tural model or wavefunction.

The three largest isotropic hyperfine couplings in I
are readily measured in liquid solution and can be tenta-
tively assigned to particular positions based on their rel-
ative intensity or degeneracy. Table 3 shows that the
DFT calculations converge on those three isotropic
hyperfine couplings as the quality of the basis sets im-
proves in much the same manner as the total energy
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does. The anisotropic part of the hyperfine tensor is
much less sensitive to the quality of the basis set, partic-
ularly when it is dominated by dipolar interactions with
electron spin density on distant atoms. Thus, the DFT
calculations can provide valuable insights into the geom-
etry of I and related radicals, their electronic structure,
and their electron spin relaxation properties.
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