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Abstract

Electron spin relaxation times for four triarylmethyl (trityl) radicals at room temperature were measured by long-pulse saturation
recovery, inversion recovery, and electron spin echo at 250 MHz, 1.5, 3.1, and 9.2 GHz in mixtures of water and glycerol. At
250 MHz T1 is shorter than at X-band and more strongly dependent on viscosity. The enhanced relaxation at 250 MHz is attributed
to modulation of electron–proton dipolar coupling by tumbling of the trityl radicals at rates that are comparable to the reciprocal of
the resonance frequency. Deuteration of the solvent was used to distinguish relaxation due to solvent protons from the relaxation
due to intra-molecular electron–proton interactions at 250 MHz. For trityl-CD3, which contains no protons, modulation of dipolar
interaction with solvent protons dominates T1. For proton-containing radicals the relative importance of modulation of intra- and
inter-molecular proton interactions varies with solution viscosity. The viscosity and frequency dependence of T1 was modeled based
on dipolar interaction with a defined number of protons at specified distances from the unpaired electron. At each of the frequencies
examined T2 decreases with increasing viscosity consistent with contributions from T1 and from incomplete motional averaging of
anisotropic hyperfine interaction.
� 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Triarylmethyl (trityl) radicals are being developed as
EPR oximetry probes for in vivo spectroscopy and
imaging [1–3]. Collisions with oxygen decrease relaxa-
tion times and increase continuous wave (CW) line-
widths, and these changes can be calibrated to
measure local oxygen concentration. To optimize probe
design and to correctly distinguish changes due to oxy-
gen from other factors that impact relaxation, it is
important to understand the mechanisms of relaxation.
Extensive studies of electron spin relaxation have been
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performed for immobilized samples at cryogenic temper-
atures, but much less is known about relaxation in fluid
solution [4]. Studies of relaxation mechanisms for ni-
troxyl spin labels at or near room temperature have been
performed by Freed and co-workers [5,6], Percival and
Hyde [7], Robinson et al. [8,9], and Eaton and co-work-
ers [10] and invoke contributions from modulation of
nitrogen hyperfine interaction and g anisotropy by
molecular tumbling, contributions from one or more
thermally activated processes, and from spin rotation.
The relative importance of these contributions depends
on resonant frequency and molecular tumbling correla-
tion times [10]. For semiquinones the dominant contri-
butions to spin–lattice relaxation in fluid solution at
X-band are spin rotation and a thermally activated pro-
cess [11–14].
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Fig. 1. The triarylmethyl (trityl) radicals selected for this study have
the same core structure and 12 identical R groups that are different for
the 4 radicals. The cation, M+, was Na+.

R. Owenius et al. / Journal of Magnetic Resonance 172 (2005) 168–175 169
For trityl radicals g values are about 2.0027 and g

anisotropy is small [15], so spin rotation and modulation
of g anisotropy are relatively ineffective relaxation mech-
anisms. Also there is not a large nuclear hyperfine inter-
action. Thus relaxation mechanisms for trityls are
expected to be quite different than for nitroxyls or sem-
iquinones. For trityl-CD3 the temperature dependence
of T1 at X-band, and the weak dependence of room tem-
perature T1 on viscosity or on frequency between 1.5
and 9.2 GHz led to a proposal that the dominant contri-
bution to T1 in this frequency range was from a local
vibrational mode [3]. To permit work with large lossy
samples many in vivo experiments are performed at fre-
quencies below 1 GHz so it is important to extend the
relaxation time measurements to lower frequencies. It
is also important to determine how the structure of the
radical impacts the relaxation rates and mechanisms so
the present study includes four trityl radicals that differ
in the peripheral substituents (Fig. 1).
2. Experimental

2.1. Samples

Triarylmethyl (trityl) radicals trityl-CD3, trityl-CH3,
OX63, and OX31 (Fig. 1) were provided by Nycomed
[1]. Glycerol was of anhydrous grade (Aldrich Chemical,
Milwaukee, WI), glycerol-d8 was 99.7% isotopically en-
riched (CDN Isotopes, Que., Canada), and D2O was
99.9% isotopically enriched (Cambridge Isotope Labo-
ratories, Woburn, MA). Glycerol/water and glycerol-
d8/D2O mixtures ranging from 10 to 90%, by volume
were prepared gravimetrically based on a density of
1.26 g/mL for glycerol and glycerol-d8. Trityl concentra-
tions were 0.2 mM. This concentration is sufficiently low
that radical–radical collisions make negligible contribu-
tion to spin relaxation [1,3], but high enough to get good
signal-to-noise in the low-frequency measurements.
Samples for X-band and S-band experiments were con-
tained in thin-wall Teflon tubing with 1.15 mm i.d. and
1.35 mm i.d., respectively. The Teflon tubing was sup-
ported in a 4 mm o.d. quartz tube. Deoxygenation was
performed by passing N2 over the samples via a thin
Teflon tube positioned in the quartz tube alongside the
sample-containing Teflon tube until the relaxation times
reached a limiting value. L-band samples were contained
in 4 mm o.d. quartz tubes. Water samples were bubbled
with N2 to purge out oxygen and glycerol/water samples
were degassed by multiple freeze–pump–thaw cycles.
Samples for measurements at 250 MHz were contained
in 10 mm pyrex NMR tubes. Deoxygenation of the sam-
ples was performed by bubbling N2 into the sample.
Sample tubes for L-band and 250 MHz experiments
were flame-sealed.

2.2. EPR measurements

Measurements were performed at 20 ± 2 �C. X-band
saturation recovery (SR) measurements of T1 were made
on a locally designed spectrometer [16]. X-band two-
pulse electron spin echo (ESE) measurements of T2

and three-pulse inversion recovery (IR)-ESE measure-
ments of T1 were performed on a previously described
spectrometer [17,18] using an overcoupled modified Var-
ian TE102 rectangular resonator. S- and L-band SR,
two-pulse ESE and three-pulse IR-ESE measurements
used locally designed S- and L-band spectrometers
[19,20] with crossed-loop resonators (CLR) [19,21,22].
Each of the above resonators was designed to work with
4 mm o.d. tubes. Two-pulse ESE and three-pulse IR-
ESE measurements at 250 MHz were made on a locally
designed spectrometer [23] equipped with a CLR de-
signed for 25 mm o.d. tubes [24] that was overcoupled
to a Q of �60. Dynamic Q-switching was used to mini-
mize the dead time.

Long-pulse X-band SR measurements were per-
formed at observe powers that were low enough that
the recovery time constant was independent of observe
power. Because the trityl EPR line is so narrow, it was
fully excited in the IR-ESE experiment. Hence, the
recovery was not affected by spectral diffusion, resulting
in agreement, within uncertainty, between T1 relaxation
times obtained by SR and IR-ESE measurements. The
reported X-band values are averages of results from
SR and IR-ESE experiments. At X-, S-, and L-band,
T2 in the water and 50% glycerol samples is sufficiently
long that T1 was measured by IR-ESE. For the 90%
glycerol samples T2 is very short so T1 was measured
by SR. The 250 MHz spectrometer does not have an
SR mode. For samples with sufficiently long T2, T1

was measured by IR-ESE. For the samples with
P65% glycerol, the echo intensity at 250 MHz was too
weak to measure two-pulse echo decays. However, T1

values could be calculated from the dependence of the
amplitude of the FID on s in a p–s–p/2, FID-IR pulse
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sequence. SR, FID-IR, IR-ESE, and echo decay curves
were corrected for instrumental artifacts by subtracting
an off-resonance curve from the on-resonance curve.
The data for all of the samples could be fit with single
exponentials. The uncertainties in values of T1 and T2

are about 5–10%. In fluid solution the spin echo dephas-
ing for the trityl radicals is dominated by spin–lattice
relaxation and incomplete motional averaging of anisot-
ropy, so the echo decay time constant is designated as
T2. Values are summarized in Tables 1 and 2.

2.3. Calculation of viscosity and rotational correlation

time

For each of the water:glycerol compositions that was
studied, the solvent viscosity was calculated based on
values in the CRC Handbook (55th ed., p. D-206).
The trityl tumbling correlation times (s) were estimated
from the Stokes–Einstein equation
Table 1
Electron spin relaxation times for trityls at 20 ± 2 �Ca

Trityl Frequencyb H2O

T1 T2

Trityl-CD3 X 17 11
S 16 12
L 14 12
VHF 12 11

Trityl-CH3 X 16 9.1
S 14 9.0
L 12 8.9
VHF 7.9 7.4

OX63 X 15 6.4
S 14 6.6
L 13 6.9
VHF 6.2 5.3

OX31 X 14 5.1
S 14 5.2
L 12 5.5
VHF 5.9 4.3

a Values are for deoxygenated samples. Relaxation times are in ls. H2O/
b X-band measurements were made at 9.2 GHz, S-band at ca. 3.1 GHz, L
c 80% glycerol.

Table 2
Spin–spin relaxation times (T2) for trityls at 250 MHza

Trityl H2O % glycerol

10 20 35

Trityl-CD3 11 9.8 7.4 5.5
Trityl-CH3 7.4 6.0 4.7 3.2
OX63 5.3 4.3 3.6 2.2
OX31 4.3 3.7 3.0 2.0

a Values are for deoxygenated samples measured at 20 ± 2 �C. Relaxat
described by v/v fractions in %.
s ¼ 4pgr3

3kT
¼ V g

kT
; ð1Þ

where g is the solvent viscosity, r is the molecular ra-
dius, k is Boltzmann�s constant, T is the temperature,
and V is the molecular volume. The molecular vol-
ume was calculated from the molar mass, assuming
a density of 0.9 g/cm3. Use of this relationship be-
tween molar mass and molecular volume for trityl-
CD3, gives r = 7.5 Å, which is in good agreement
with the value of r = 7 Å that was estimated by anal-
ysis of the spin echo dephasing by solvent protons
[25]. The theory behind Eq. (1) assumes that the first
layer of solvent molecules rotates with the solute,
which is called the ‘‘stick’’ limit. To allow for varia-
tion in solute–solvent interaction a slip coefficient,
Cslip, is introduced [26,27]

s ¼ V g
kT

Cslip: ð2Þ
50% glycerol 90% glycerol

T1 T2 T1 T2

17 3.7 19 0.24
17 3.6 18 0.21
15 3.7 17 0.21
7.5 3.4 10c —

17 1.8 17 0.18
17 1.8 17 —
13 1.7 15 —
5.9 2.0 — —

16 1.2 17 0.16
16 1.2 17 —
13 1.2 14 —
6.3 1.4 — —

15 1.1 16 0.13
15 1.0 16 —
13 1.1 14 —
6.2 1.2 — —

glycerol mixtures are described by v/v fractions.
-band at ca. 1.5 GHz, and VHF at ca. 250 MHz.

D2O % glycerol-d8

50 65 20 35

3.4 1.6 14 — 12
2.0 1.3 8.8 6.3 4.6
1.4 — 5.6 4.0 3.1
1.2 — 4.4 — 2.5

ion times are in ls. H2O/glycerol and D2O/glycerol-d8 mixtures are



Fig. 2. Dependence of 1/T1 on solvent composition for trityl-CD3 (s,
d), trityl-CH3 (h, j), OX63 (n, m), and OX31 (}, �) at X-band
(open symbols) and at 250 MHz (solid symbols). To emphasize trends
solid lines connect the points.
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Values of Cslip are typically between 0 and 1 [27]. In
aqueous solutions containing sucrose or glycerol, devia-
tions from ideal Stokes–Einstein behavior tend to in-
crease at high solute concentrations, s becomes much
smaller than predicted by Eq. (1), and Cslip decreases
[9,28–30]. In this study the value of Cslip was an adjust-
able parameter.

2.4. Contributions to 1/T1

The trityl spin–lattice relaxation rates were modeled
as the sum of contributions from a local mode, modula-
tion of intra-molecular electron–proton dipolar interac-
tion by tumbling of the trityl, and modulation of
intermolecular electron–proton dipolar interaction by
motion of solvation-sphere solvent molecules as shown
in Eq. (3)

1

T 1

¼ 1

T local
1

þ Cintra

strityl
1þ ðxstritylÞ2

þ Csolvent

� ssolvent
1þ ðxssolventÞ2

; ð3Þ

where 1=T local
1 is the frequency-independent contribution

to the relaxation, x is the resonance frequency in angu-
lar units (2pm), strityl is the tumbling correlation time for
the trityl, ssolvent is the tumbling correlation time for the
solvent, which was parameterized as ssolvent = Fstrityl,
and Cintra and Csolvent are calculated as shown in Eqs.
(4) and (5). The second and third terms on the right-
hand side of Eq. (3) are the intra- and inter-molecular
proton modulation contributions, respectively,

Cintra ¼ n1
gegnbebn

�hr31

� �2

¼ n1
4:96� 108

r31

� �2

s�2; ð4Þ

where n1 is the number of interacting protons, r1 is the
average distance between the unpaired electron and
the protons, ge is the electron g value, gn is the proton
nuclear g value, and be and bn are the electron and nu-
clear Bohr magneton

Csolvent ¼ nprot
gegnbebn

�hr3solvent

� �2

¼ nprot
4:96� 108

r3solvent

� �2

s�2; ð5Þ

where nprot is the number of protons in a shell 5–5.5 Å
thick, centered at an interspin distance of rsolvent. The
thickness of the shell was adjusted to fit the experimental
data. The thickness of the shell and the radius are not
independent variables, and the resulting solutions are
not unique. The modeling of the inter- and intra-molec-
ular dipolar interactions is highly simplified and does
not attempt to account for locations of individual pro-
tons. The goal of the modeling is to determine whether
the magnitudes of the contributions to relaxation that
are calculated for plausible interspin distances are suffi-
cient to account for the observed changes in T1 as a
function of frequency and tumbling correlation times.
3. Results

3.1. Spin–lattice relaxation

The structures of the four trityl radicals for which
relaxation times were measured are shown in Fig. 1.
The radicals differ only in the peripheral substituents,
R. The values of T1 and T2 in water, 50% glycerol,
and 90% glycerol as a function of frequency are summa-
rized in Table 1. For all four radicals the values of T1 are
significantly shorter at VHF (250 MHz) than at higher
frequency. To elucidate the processes that contribute
to the faster relaxation at lower frequency, data were
recorded as a function of solvent viscosity, which was
varied by changing the ratio of glycerol to water. At
X-band there is little dependence of T1 on viscosity
(Fig. 2). However, at 250 MHz there is substantial vari-
ation in T1 as a function of viscosity and the maximum
relaxation rate occurs at different solvent compositions
for different radicals (Fig. 2).

At 250 MHz in D2O or 35% glycerol-d8/D2O the val-
ues of T1 for trityl-CD3 are 16.4 and 15.9 ls, respec-
tively, which are similar to the values observed at
higher microwave frequencies (Table 1), and are much
longer than the 12.2 and 8.0 ls observed in H2O or
35% glycerol, respectively, at 250 MHz. The increase
in T1 when solvent is deuterated indicates that solvent
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protons play a significant role in the relaxation. Tum-
bling correlation times for trityl-CD3 calculated using
the Stokes–Einstein equation (Eq. (1)) are similar to
1/x at 250 MHz which makes modulation of electron–
proton dipolar interaction by tumbling an efficient relax-
ation process. Since there are no protons in trityl-CD3,
the only protons that are available to effect relaxation
are the solvent protons. Electron–nuclear dipolar inter-
action is proportional to the nuclear magnetic moment.
The decrease of the nuclear magnetic moment by a fac-
tor of 6 from proton to deuteron is so large that relaxa-
tion due to dipolar interaction with deuterons was small
relative to experimental uncertainties in these measure-
ments. The intermolecular contribution to relaxation
for trityl-CD3 ð1=T 1 � 1=T local

1 Þ, is plotted in Fig. 3A
as a function of the tumbling correlation times for the
solvent protons. The thickness of the shell of interacting
protons and average distance to the protons was ad-
justed to match the maximum amplitude of the contri-
bution from solvent protons in Eq. (3) to the
maximum value of 1=T inter

1 . The value of Cslip (Eq. (2))
was adjusted to match the curve calculated for the inter-
molecular interactions to the experimental values of
1=T inter

1 . Up to 50% glycerol good agreement was ob-
tained for Cslip = 0.21 and the Stokes–Einstein tumbling
Fig. 3. Dependence of contributions to 1/T1 at 250 MHz on tumbling
correlation times. (A) 1=T inter

1 ¼ 1=T 1 � 1=T local
1 for trityl-CD3 (d).

1=T intra
1 ¼ 1=T 1 � 1=T local

1 � 1=T inter
1 for (B) trityl-CH3, (C) OX63 or

(D) OX31 in water:glycerol (d) or D2O:glycerol-d8 mixtures (h). The
solution compositions are the same as in Fig. 2. In part (A) the
correlation times shown on the x-axis are for solvent protons. In parts
(B–D) the correlation times shown on the x-axes are for the trityl
radical. The solid lines are the fits to the individual contributions that
were obtained with the model discussed in the text (Eq. (3)) and the
parameters summarized in Table 3.
correlation times of trityl-CD3. At 65 and 80% glycerol
Cslip = 0.10 and 0.07, respectively. The smaller values of
Cslip at higher glycerol concentration are consistent with
prior studies of the limitations of the Stokes–Einstein
model [9,28–30].

The relaxation rates for trityl-CH3 as a function of
viscosity at 250 MHz (Fig. 2) were significantly different
than for trityl-CD3, which indicates that modulation
of intra-molecular electron–proton dipolar interaction
also contributes to the relaxation. For each glycerol/
water mixture the intra-molecular contribution to
1/T1 for trityl-CH3 (Fig. 3B) was calculated as
1=T intra

1 ¼ 1=T 1 � 1=T local
1 � 1=T inter

1 , where 1=T local
1 is

the frequency-independent contribution and 1=T inter
1 is

the contribution from solvent protons to the relaxation
of trityl-CD3 (Fig. 3A). To test the validity of this ap-
proach to separating contributions, values of T1 in glyc-
erol-d8/D2O mixtures also were obtained. For the
deuterated solvents 1=T intra

1 ¼ 1=T 1 � 1=T local
1 . The val-

ues of 1=T intra
1 obtained in the natural isotope abundance

solvents and in the deuterated solvents are in good
agreement (Fig. 3B). To calculate the coefficient Cintra

(Eq. (4)) the number of protons (n1) was fixed at 36
and the interspin distance, r1, was adjusted to match
the maximum in 1=T intra

1 . The value of Cslip in Eq. (2)
was adjusted to obtain agreement between the curve cal-
culated for intra-molecular interaction and the experi-
mental data points (Fig. 3, Table 3).

The intra-molecular contributions to 1/T1 for OX63
and OX31 were analyzed by a procedure analogous to
that for trityl-CH3 except that two shells of protons
were included in the calculation of the intra-molecular
interaction (Eq. (4)). Also, the intermolecular interac-
tion with solvent protons for OX63 and OX31 was as-
sumed to be 0.9 or 0.8, respectively, times that for
trityl-CD3 because of the larger sizes of the molecules.
For both OX63 and OX31 there is good agreement
between the values of 1=T intra

1 calculated by subtrac-
tion of the contribution of solvent protons in natural
isotope abundance solvents and values found in deu-
terated solvents (Figs. 3C and D). The parameters
that were used to obtain the fit lines are summarized
in Table 3.

For trityl-CD3 the x-axis in Fig. 3A is the solvent
tumbling correlation time. The intermolecular contribu-
tion to relaxation is maximum when ssolvent = 1/x =
0.63 ns, which occurs in approximately 50% glycerol.
For the proton-containing trityls the x-axes in Figs.
3B–D are the tumbling correlation times for the trityls.
For the same solvent composition the trityl tumbling
correlation time increases with increasing molar mass,
i.e., trityl-CH3 < OX63 < OX31. The maximum in
1=T intra

1 occurs at strityl = 0.63 ns for each of the trityls
but that tumbling correlation time occurs in about
20% glycerol for trityl-CH3, about 10% glycerol for
OX63 and about 5% glycerol for OX31 (Figs. 2 and 3).



Table 3
Fitting parameters

Trityl MWa 1
T local
1

b (s�1) r1 (n1)
c (Å) r2 (n2)

d (Å) rsolvent
e (Å) Cslip

f Fg

trityl-CD3 1010 0.59 · 105 8.2 0.21
trityl-CH3 975 0.61 · 105 5.9 (36) 8.2 0.65 0.28
OX63 1335 0.66 · 105 5.3 (24) 7.2 (24) 8.4 0.68 0.22
OX31 1695 0.66 · 105 5.3 (24) 7.5 (24) 8.4 0.65 0.15

a Molecular weight for radical, not including cations.
b Contribution to relaxation from local mode.
c Average distance to first set of proton in molecule; number of protons in set.
d Average distance to second set of protons in molecule; number of protons in set.
e Average radius of shell of solvent protons with thickness of 5–5.5 Å.
f Slip coefficient (multiplier of Stokes–Einstein tumbling correlation time) for solutions with glycerol up to 50%. For trityl-CD3 this value relates

the effective tumbling correlation time for solvent protons to the Stokes–Einstein value for the trityl.
g Ratio of tumbling correlation time for solvent to tumbling correlation time for trityl.
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The contributions to relaxation from all of the pro-
cesses are combined in the plots shown in Fig. 4. The
importance of the intermolecular contributions is high-
lighted by the differences between values of 1/T1 in nat-
ural abundance solvents (d) and deuterated solvents
(h). The plot for trityl-CD3 (Fig. 4A) differs from that
in Fig. 3A only in the addition of 1=T local

1 , which is inde-
pendent of ssolvent. As in Fig. 3, the x-axes in Figs. 4B–D
are the tumbling correlation times for the trityls. For
Fig. 4. Dependence of 1/T1 at 250 MHz on tumbling correlation times
for (A) trityl-CD3, (B) trityl-CH3, (C) OX63, and (D) OX31 in
water:glycerol (d) or D2O:glycerol-d8 mixtures (h). In part (A) the
correlation times shown on the x-axis are for solvent protons. In parts
(B–D) the correlation times shown on the x-axes are for the trityl
radical and the correlation times for solvent protons are F (Table 3)
times that for the trityl. In normal isotope abundance solvents the fit
lines (___) include contributions from a local mode plus modulation of
intra-molecular and inter-molecular (radical-solvent) electron–proton
interactions (Eq. (3)). In deuterated solvents there is no contribution to
the fit line (___) from solvent protons. The parameters used in the
fitting are shown in Table 3.
each solvent composition, the tumbling correlation time
for the solvent, ssolvent, is shorter than strityl. The tum-
bling correlation times of the solvent protons were ex-
pressed as a fraction (F) of the values for the trityl.
The maximum intermolecular effect (ssolvent = 0.63 ns)
occurs in approximately 50% glycerol and strityl is about
2, 3, and 4 ns for trityl-CH3, OX63, and OX31, respec-
tively, in solvent with this composition. Thus inclusion
of the intermolecular contribution causes the shapes of
the plots in Fig. 4B–D to be quite different than the cor-
responding ones in Fig. 3.

The frequency dependence of 1/T1 for the four trityl
radicals is shown in Fig. 5. The same fit parameters that
were used to obtain the calculated curves in Figs. 3 and 4
(Table 3) also give good agreement with the observed
frequency dependence.
Fig. 5. Frequency dependence of 1/T1 for trityl-CD3 (d), trityl-CH3

(j), OX63 (m), and OX31 (�) in water. The fit lines (___) were
obtained with the same parameters as used for the samples in normal
isotope abundance solvents (Fig. 4, Table 3).



Fig. 6. Contributions to 1/T2 from incomplete motional averaging of
anisotropic interactions as a function of tumbling correlation time for
trityl-CD3 (s, d), trityl-CH3 (h, j), OX63 (n, m), and OX31 (}, �).
The closed symbols are values at 250 MHz, and the open symbols are
averages of data at L, S-, and X-band. The lines connect the points.
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3.2. Spin–spin relaxation

The values of T2 in Tables 1 and 2 vary both with fre-
quency and solvent composition. In solutions with low-
glycerol concentrations the similarity of values of T1 and
T2 indicates that T1 accounts for a substantial fraction
of T2. To analyze trends in other contributions to T2,
values of 1/T2 � 1/T1 are plotted as a function of strityl
in Fig. 6. The contributions shown in Fig. 6 increase
as the tumbling correlation rate slows as expected for
incomplete motional averaging of anisotropic interac-
tions. The averages of values of (1/T2 � 1/T1) for data
at X-band, S-band, and L-band are similar to the values
at 250 MHz, which indicates that the anisotropies that
are averaged are from hyperfine interactions rather than
g anisotropy.
4. Discussion

In a discussion of spin–lattice relaxation mechanisms
for nitroxyl radicals in fluid solution it was proposed
that modulation of dipolar coupling between the un-
paired electron and solvent protons contributed [8].
However, this contribution was subsequently ruled out
when it was shown that deuteration of the solvent did
not impact the nitroxyl T1 [10]. The results obtained in
the current studies demonstrate that modulation of both
inter- and intra-molecular electron–proton dipolar cou-
pling by molecular tumbling makes significant contribu-
tions to spin–lattice relaxation for trityl radicals at
250 MHz. The contribution from modulation of proton
interactions is more significant for the trityl radicals
than for the nitroxyl radicals because several of the con-
tributions that dominate for the nitroxyl radicals are not
present for the trityls. This contribution is largest for
trityls at operating frequencies near 250 MHz because
strityl is approximately 1/x.

To model the spin–lattice relaxation rates it was nec-
essary to introduce a slip-coefficient correction into the
Stokes–Einstein equation (Eq. (2)). The coefficients for
the three proton-containing trityls were in the range of
0.65–0.68 (Table 3) for solvent compositions up to
50% glycerol. The similarity in the slip coefficients for
the three radicals indicates that the solute–solvent inter-
action is similar for the three molecules, as would be ex-
pected based on the three carboxylate groups in each of
the trityls. The similarity between trityl-CH3, which does
not contain hydroxyl groups and OX63 and OX31,
which contain hydroxyl groups, suggests that the hydro-
xyl groups do not dominate the interactions that deter-
mine Cslip.

A very simple model of the electron–proton dipolar
interaction was used to test whether the magnitude of
the interaction was sufficient to explain the relaxation ef-
fects. The average distance to the protons of the methyl
groups (r1) of trityl-CH3 are slightly longer than the dis-
tances to the nearest methylene protons of OX63 or
OX31 (Table 3), which is consistent with expectations
that in the preferred conformations, the bulky substitu-
ents are pointed away from the radical center. Values of
r1 about 5.3–5.9 Å are consistent with conformations
calculated by simple energy minimization performed
with PC Spartan (WaveFunction, Irvine, CA). For
OX63 and OX31 the more distant sets of methylene pro-
tons at distance r2 contribute very little to the spin relax-
ation so a substantial range of r2 values could be used in
the modeling.
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