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Abstract X-band electron spin relaxation times of BDPA (1:1 a,y-bisdiphenyl-
ene-B-phenylallyl), galvinoxyl 2,6-di-tert-butyl-o-(3,5-di-tert-butyl-4-oxo0-2,5-
cyclohexadien-1-ylidene)-p-tolyloxy, DPPH (2,2-diphenyl-1-picrylhydrazyl) and
thianthrene radicals in fluid solution were measured by electron spin echo and
inversion recovery at ambient temperature. Tumbling correlation times are esti-
mated to be in the range of 20-30 ps. In this fast tumbling regime T ~ T5.
Relaxation times are compared with previously reported values for symmetrically
substituted triarylmethyl, semiquinone, and nitroxide radicals. The concentration
dependence of spin lattice relaxation for neutral BDPA in toluene is about 10* times
greater than for anionic trityl radicals in water. T decreases in the order carbon-
center BDPA > galvinoxyl > DPPH > thianthrene. The dominant relaxation
mechanisms are proposed to be a local mode for BDPA, spin rotation, local mode
and modulation of anisotropic proton hyperfine coupling for galvinoxyl, modulation
of anisotropic nitrogen hyperfine for DPPH, and spin rotation plus modulation of
anisotropic proton hyperfine coupling for thianthrene.

1 Introduction

Understanding of electron spin relaxation times is important for predicting
feasibility of pulsed electron paramagnetic resonance (EPR) experiments and for
wise selection of parameters for continuous wave (CW) EPR spectra. Knowledge of
spin relaxation times also supports numerous chemical and analytical applications,
including dynamic nuclear polarization (DNP). Since many contributions to
relaxation in solution depend strongly on molecular motion, understanding of
relaxation also elucidates motional properties. Extensive studies of relaxation in
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Fig. 1 Molecular structures of the radicals studied

solution as a function of temperature, tumbling correlation time and resonance
frequency have been performed for symmetrically substituted triarylmethyl radicals
(trityls) [1, 2], benzosemiquinones [3-5], and nitroxides [6—8]. These studies have
provided substantial insight into relaxation mechanisms. It is proposed that
understanding gained from those studies permits plausible assignments of mech-
anisms for related systems. To test this proposal, X-band relaxation times at ambient
temperature are now reported for BDPA (1:1 a,y-bisdiphenylene-B-phenylallyl),
galvinoxyl  (2,6-di-fert-butyl-a-(3,5-di-fert-butyl-4-oxo-2,5-cyclohexadien-1-yli-
dene)-p-tolyloxy), DPPH (2,2-diphenyl-1-picrylhydrazyl) and thianthrene radicals
(Fig. 1).

BDPA is an unsymmetrical triarylmethyl radical that contains no heteroatoms. It
is used in solution to monitor the kinetics of peroxide scavenging [9, 10] and for
DNP [11-14]. DPPH and galvinoxyl are used for applications similar to those of
BDPA. In solution, DPPH has been widely used for radical scavenging, especially
in food science and natural product investigation [10, 15-17]. Similarly, galvinoxyl
has been used to assess antioxidant activity of many food products [18-20]. Like
BDPA, DPPH [13, 21] and galvinoxyl [14, 22] have been used for DNP
enhancement. The thianthrene cation radical is less common, but derivatives have
been utilized in organic synthesis [23] and as EPR-active oxidation probes [24].
Nitroxide radicals may be the most ubiquitous class of compounds studied by EPR.
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X-band Electron Spin Relaxation Times for Four Aromatic Radicals 995

Applications range from spin trapping [25] to spin labeling of biomolecules [26].
The nitroxides discussed here are fully deuterated, except for a single hydrogen on
the mHCTPO ring, essentially removing any unresolved proton hyperfine splitting.
Like nitroxides, semiquinone and trityl radicals have been extensively studied by
EPR.

2 Experimental

2.1 Sources of Materials

DPPH, galvinoxyl, and the 1:1 BDPA:benzene complex were purchased from
Sigma Aldrich (St. Louis, MO, USA). Solid thianthrene was prepared by Ashley
McDaniel in the laboratory of Matthew Shores (Colorado State University).

2.2 Solution Preparation and Concentration Measured by UV-Vis Absorbance
BDPA, DPPH, and galvinoxyl were dissolved in toluene (Acros Organics). BDPA
was prepared at several concentrations: 0.7, 2.8, 5.5, and 12.5 pM. The 12.0 pM

concentration of the DPPH solution was confirmed by UV-Vis absorbance at
515 nm based on an extinction coefficient of 12,000 M~! cm™! [27]. The 2.8 M
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Fig. 2 X-band CW EPR spectra for dilute toluene solutions of BDPA in Teflon tubing with 0.3 mm wall
thickness after various time of purging with N, gas: 2 h, 3 h, 6 h, and 8 h. Y-axis amplitudes are
normalized. The decrease in S/N from 6 to 8 h indicates that the radical concentration decreased during
this time. Spectra were averaged for 9 scans and collected using 30 kHz modulation frequency, 0.2 G
modulation amplitude, and 2 mW microwave power
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concentration of the galvinoxyl solution was confirmed by UV-Vis absorbance at
428 nm using an extinction coefficient of 175,000 M~! cm™' [28]. Due to limited
solubility thianthrene was dissolved in trifluoroacetic acid (TFA, Mallinckrodt
Baker) instead of toluene, at a concentration of 500 uM.

2.3 Removal of O,

Toluene solutions of BDPA, DPPH, and galvinoxyl were contained in quartz tubes
with 4 mm outer diameter (o.d.). Samples were degassed via several cycles of
freeze—pump—thaw (FPT). In studies of nitroxides or semiquinones in aqueous
solution, purging (bubbling) with N, gas for 1-2 h was sufficient to remove O, [5,
29]. FPT is difficult to perform for aqueous solutions because water expansion on
thawing frequently breaks tubes. However, for a sample of BDPA in toluene,
changes in the resolution of the hyperfine splitting in the CW spectrum (Fig. 2)
demonstrated that more than 6 h of continuous N, purge is required to adequately
displace dissolved O,. The higher solubility of O, in toluene than in water may
contribute to the inefficiency in removing O, by purging toluene solutions with Nj.
The higher volatility of toluene than of water also makes N, purging less attractive
for toluene than for water solutions.

Solutions of thianthrene in TFA were drawn into thin-walled Teflon tubing [0.97
inner diameter (i.d.)] that was sealed at both ends with Critoseal ™. The Teflon
tubing was folded over and supported in a 4 mm o.d. tube alongside a purge line
(also Teflon) that delivered N, to exchange O, through the walls of the tubing.
Samples were purged for several hours until 7, reached a maximum value and
remained stable. Purging was continued for the duration of the measurements. FPT
preparation was attempted for thianthrene, but sample degradation was rapid under
these conditions. Relaxation time measurements were performed within a few hours
of thianthrene radical preparation. The linewidths in the spectra of thianthrene
radical decrease from about 3.9 G in equilibrium with air to about 0.26 G after
oxygen is removed (Fig. 3), which is an unusually large sensitivity to oxygen. By

Fig. 3 X-band CW EPR
spectrum of thianthrene radical
in trifluoroacetic acid, with
concentration <700 pM.
Solution purged with N, (gray).
Air saturated solution (black).

Spectra were averaged for 4
scans and collected with jX/ A
100 kHz modulation frequency V

and 0.02 G modulation
amplitude at 0.63 mW
microwave power

3503 3505 3507 3509 3511 3513
Field (G)
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Fig. 4 X-band field-swept
echo-detected spectra
demonstrating differences in

g values and hyperfine splitting.
Amplitudes have been
normalized. Spectra were
collected using 40 ns 7/2 pulse
lengths and averaged using
multiple scans. The detector
gates were selected to maximize
S/N, so the resolution was not
high enough to reveal all of the
hyperfine components
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Fig. 5 Field-swept echo-detected spectrum (a) and Fourier transform of the FID signal (b) of the
thianthrene radical cation. The spectrum in A was collected using a 150 ns ©/2 pulse length, and the

detector gate was set for optimum resolution

contrast the linewidth for PDT in water at ambient temperature decreases from
about 300 mG in equilibrium with air to 160 mG in the absence of oxygen.

2.4 EPR Spectroscopy

Continuous wave (CW) EPR to monitor the effect of dissolved oxygen on resolution
of small proton hyperfine splittings in the spectra of BDPA (Fig. 2) and on the
linewidths for thianthrene (Fig. 3) was performed using a Bruker EMX spectrom-
eter equipped with an ER4122-SHQ (super high quality factor) resonator.
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Pulse measurements at X-band (9.5 GHz) were performed on a locally built
spectrometer [30] equipped with a Bruker ER4118X-MSS5 split ring resonator and a
nominal 1 kW TWT amplifier. The resonator was overcoupled to O ~ 150 to
reduce resonator ringdown. 7, was measured by 2-pulse spin echo decay and T; by
3-pulse inversion recovery. Appropriate field positions were determined by
recording a field-swept echo-detected spectrum (Figs. 4, 5a) prior to relaxation
measurement. Relaxation time measurements were performed at the field position of
maximum echo height for BDPA, DPPH, and thianthrene. For galvinoxyl, the high-
field line position was used to measure relaxation. The n/2 pulse lengths were 40 ns
and power was adjusted to give maximum echo amplitude for each measurement.
Relaxation times did not depend on pulse length. The detector gate was set at
FWHM for each measurement. Other parameters differed slightly between radicals
and were selected to give maximum signal.

For the thianthrene radical, the free induction decay (FID) is so intense that it is
difficult to record a spin echo, even with an iron object placed in the magnetic field
to decrease homogeneity. FTEPR measurements were performed at X-band on a
Bruker E580 system. The resonator and TWT were comparable to those used on the
locally built system, and the resonator was similarly overcoupled to Q@ ~ 150. The
FID was collected using 4-step phase cycling and a 12 ns pulse length. Following
acquisition, the data were Fourier transformed and zero-filled to 4,096 points.

2.5 Data Analysis

Relaxation curves were fit with exponential functions using a locally written
program, Multifit. It is based on Provencher’s algorithms [31] and compares the
quality of fits to single, double, and triple exponentials, assigning a weighting to
each component. Both 7, and T, curves fit well to single exponential functions for
all samples studied. The resulting relaxation times are listed in Table 1.

2.6 Tumbling Correlation Times

Tumbling-dependent processes make significant contributions to 7; in fluid
solution for many radicals. Tumbling correlation times for trityl-CD; [1], OX63

Table 1 Comparison of 77 and 7, with literature values

Radical center My Solvent Conc (uM) T (ps) T: (us)  References

Trityl-CHj C 975  Water 200 9.1 16 [1]

0X63 C 1,340  Water 200 6.4 15 [1]

BDPA C 496  Toluene 0.7 9.8 12 This study
2,5-DTBSQ O 220  Ethanol 300 32 8.1 [5]
Galvinoxyl o 422 Toluene 2.8 2.1 2.8 This study
DPPH N 394 Toluene 12 1.3 2.0 This study
Thianthrene S 216  TFA <500 0.4 0.4 This study
mHCTPO NO 195  Water 250 0.53 0.67 [29]

PDT NO 170  Water 250 0.56 0.59 [29]
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X-band Electron Spin Relaxation Times for Four Aromatic Radicals 999

[1], PDT [8] and mHCTPO [8] in water and for 2,5-DTBSQ in ethanol [5] have
been reported. For small molecules tumbling rapidly in liquid solution, the
tumbling correlation time can be estimated by adding an adjustable slip parameter
to the Stokes—Einstein calculation such that tg = ¢y, V n/kT where V is the
molecular volume, 7 is solvent viscosity, and k is Boltzmann’s constant [32, 33].
The adjustable parameter cgj;, ranges from 0 to 1.0 depending on the size of the
molecule and the extent of solute—solvent interaction [32, 33]. To permit estimates
of the contribution of spin rotation to relaxation for BDPA, galvinoxyl, DPPH, and
thianthrene in toluene, values of tg in Table 2 were estimated assuming
cqip ~ 0.20. This is higher than for tempone in toluene because of the expectation
of significant n—m interaction between the aromatic solutes in toluene, but smaller
than the cgi, = 0.4 observed for negatively charged semiquinones in alcohol
solution [5] or the 0.65 for trityl-CD; or OX63 in water [1]. Calculations of tg
(Table 2) used the following viscosities (1) at 295 K: toluene 0.55 cP, TFA
0.58 cP, water 1.0 cP, and ethanol 1.08 cP [34].

3 Results and Discussion
3.1 Radical Stability

The following comments concerning radical stability are based on observation for
solutions prepared with reagent grade solvents. Additional solvent purification was
not attempted. Degradation of the thianthrene cation radical, monitored by UV-Vis
absorbance, was rapid in the first 24 h following sample preparation, but then
slowed. To obtain reproducible results, fresh samples were prepared each day.
Significant loss of signal intensity was observed within 24 h for BDPA. Solutions of
galvinoxyl and DPPH were more stable than for BDPA. Degradation was slowed by
storage in the dark at —20 °C. In contrast, the nitroxide radicals are remarkably
stable compounds due to the steric bulk of substituent groups on the carbons
adjacent to the N-O moiety.

3.2 Concentration Dependence of Relaxation Time for BDPA in Toluene

Relaxation times reported in Table 1 are at low concentrations, approaching the
limiting values. The relaxation rates for the neutral aromatic radicals BDPA,
galvinoxyl, and DPPH in toluene solution are strongly concentration dependent
(Fig. 6). The T, for galvinoxyl in sec-butyl benzene was found to exhibit
concentration dependence even at concentrations as low as 0.1 mM [35]. The slope
of the plot of 1/T, for BDPA in toluene is 6.2 x 10’ s~!/mM. By contrast the slope
of an analogous plot for OX63 in water is 3.6 x 10* s~!//mM [36]. The smaller
concentration dependence of 1/7; for OX63 than for BDPA is attributed to the
charged carboxylic acid groups, which result in electrostatic repulsions that
decrease collision probability. There may also be a tendency for m-stacking of the
neutral aromatic radicals in toluene. 1/7; for 2,5-DTBSQ and similar semiquinones
is approximately independent of concentration in the mM range [3, 5].
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1002 V. Meyer et al.

Fig. 6 Concentration 0.9 1
dependence of 1/7; and 1/T for 08 + 1/T2
BDPA in deoxygenated toluene '
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3.3 Comparison of Electron Spin Lattice Relaxation Rates for Organic Radicals
in Solution

The relaxation times for BDPA, galvinoxyl, and DPPH in toluene and thianthrene in
TFA are listed in Table 1 in order of decreasing T;. Values were measured at
concentrations that are low enough that collisions do not dominate relaxation.
Comparison values from the literature are included for trityl-CH;, OX63, 2,5-
DTBSQ, and two nitroxides. The molar masses are between 170 and 1340 g/mol
and tumbling correlation times are between 500 and 9 ps (Table 2), so the radicals
are near the fast tumbling limit in which T} ~ T,. The focus of this paper is on T}.
Values of T, may be shorter than T due to incomplete motional averaging of g and/
or A anisotropy [37]. Studies of electron spin lattice relaxation as a function of
temperature and resonance frequency have identified the dominant relaxation
mechanisms for trityl-CD;, OX63, semiquinones, and nitroxides. We seek to
compare the relaxation rates for BDPA, galvinoxyl, DPPH, and thianthrene
(Table 2) with rates for other radicals with known relaxation mechanisms.

3.3.1 Relaxation Mechanisms in Fluid Solution

The spin rotation mechanism (Eq. 1) was proposed to explain early studies [38, 39].

3 2
I > icr (8 — &)

R IR

(1)

where i = x, y, z and g, is 2.0023.

Values of 1/TPR can be calculated based solely on the g values and the tumbling
correlation time, tg and are listed in Table 2.

The local mode mechanism of relaxation (Eq. 2) was initially proposed for
glasses and solid lattices [40], but the absence of a change in slope for plots of 1/T}
vs. temperature at the melting/softening point indicated that this is the dominant
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X-band Electron Spin Relaxation Times for Four Aromatic Radicals 1003

contribution to spin lattice relaxation at X-band for trityl-CH; and OX63 in liquid
solution [2].

1 eAloc/T

local (eAloc/T B 1)2

ool = 2)
where Ay, is the energy of the local mode in Kelvin and Ciyy is determined
experimentally.

Studies of the frequency dependence of spin-lattice relaxation for symmetrically
substituted triarylmethyl radicals [1], benzosemiquinones in alcohol solutions [5],
and nitroxide radicals in water [8, 41, 42] have demonstrated the significance of
additional relaxation mechanisms that depend on tr. These processes modulate
anisotropic interactions—g anisotropy (Eq. 3), hyperfine (A;) anisotropy (Eq. 5), or
dipolar coupling to solvent nuclei (Eq. 6).

The contribution to relaxation due to modulation of g anisotropy is given by [6,
43],

2 2
7 =3 () {@+ <5g>2}f<w> ®)

where Ag = g,, — 0.5(gx + &), 08 = 0.5(gx — &), Hp is the electron Bohr
magneton and J(w) is the Bloembergen, Purcell, Pound (BPP) spectral density
function (Eq. 4).

J(w) = T (o) (0mm)’ (4)

where tx is the tumbling correlation time and  is the resonance frequency in
angular units. At X-band @ ~ 6 x 10'® s™' so for g > 17 ps, wtg > 1. Values of
1/T% (Table 2) are much smaller than the experimental values of 1/T for the radicals
studied.
Modulation of anisotropic coupling to a nucleus with nuclear spin / is given by
[6, 7, 43],
1
T

2 _
I+ 1) (A=A J() (5)
Equation (5) is not directly applicable to multiple nuclei. However, it indicates
qualitatively that this contribution will (1) increase with the square of the anisotropy
of the nuclear hyperfine coupling, (2) increase with increasing I, and (3) will
increase as tr decreases within the relevant motional regime.
Modulation of dipolar coupling to solvent nuclei is given by [1]

1 Tsolvent ( 6)

solvent  —solvent 3
Tl 1+ (a)rsolvem)

where Ty1vent 18 the correlation time for motion of the solvent relative to the radical,
and Cgopvene 1S a function of the dipolar interaction with solvent nuclei. This
contribution has been found to be more significant at resonance frequencies lower
than X-band [1, 5].
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3.3.2 Trends in Electron Spin Relaxation Rates

Of the radicals for which data are available for comparison in liquid solution, the
slowest spin lattice relaxation rates at X-band and ambient temperature are for trityl-
CH; and OX63 [40] (Table 2). The tumbling correlation times (300 and 500 ps,
respectively) are relatively long, and g values are close to 2.0023, so the
contribution from spin rotation (Eq. 1) is small. It is more than an order of
magnitude smaller than the observed relaxation rate. Relaxation rates were
measured for the central line in the trityl spectrum in which all carbons are '*C
(I = 0). Proton hyperfine couplings are very small, so there is negligible
contribution to relaxation from modulation of nuclear hyperfine couplings
(Eqg. 5). The dominant contribution to relaxation at X-band has been shown to be
from a local mode [1, 2].

BDPA is an unsymmetrical triarylmethyl radical, for which 1/7) in toluene is
about 30 % larger than for trityl-CH3 or OX63 in water. Due to the smaller molar
mass of BDPA, the lower viscosity of toluene than of water, and a smaller slip
coefficient, the tgr of BDPA in toluene is expected to be about a factor of 10 shorter
than for OX63 in water. Even with this large decrease in tr the spin rotation
contribution to relaxation, 1/ Tf‘R, is calculated to be an order of magnitude smaller
than the experimental value of 1/T, for BDPA. The contribution to relaxation from a
local mode depends on the energy of the mode (Aj,.) and on a coefficient Cj,.. The
structure of BDPA is substantially different than that of trityl-CH3 or OX63, so it is
plausible that changes in either or both of Ay, or Cj, are large enough to account
for the slightly enhanced relaxation for BDPA. Individual proton hyperfine
couplings in BDPA are relatively small, but the approximately equal couplings to
eight protons results in extensive splitting of the signal (Fig. 2). Although
contributions to relaxation analogous to Eq.5 depend on the square of the
hyperfine anisotropy, modulation of the numerous nuclear hyperfine interactions
may contribute to enhanced relaxation.

For oxygen-centered benzosemiquinones and galvinoxyl, spin—orbit coupling
results in g values that are substantially higher than 2.0023 (Table 2). Due to the
relatively short g (40 ps) and higher g values, spin rotation makes a significant
contribution to spin relaxation for 2,5-DTBSQ (Table 2), that is comparable to the
contribution from the local mode [5]. For galvinoxyl in toluene g (23 ps) is
expected to be smaller than for 2,5-DTBSQ in ethanol which compensates for
slightly smaller g values and predicts that the contribution from spin rotation for
galvinoxyl in toluene will be similar to that for 2,5-DTBSQ in ethanol. 1/7T; for
galvinoxyl in toluene is about a factor of 3 larger than for 2,5-DTBSQ in ethanol.
The substantial increase in relaxation rate suggests a contribution from an additional
process. In galvinoxyl there is a substantial proton hyperfine coupling to the unique
proton on the central carbon [44]. It is proposed that the substantially enhanced
relaxation for galvinoxyl compared with 2,5-DTBSQ is due to modulation of the
anisotropic proton hyperfine coupling.

Because the molecular weights are similar, the tg for DPPH in toluene is
expected to be similar to that for galvinoxyl in toluene. However, the g values are
not as high for DPPH as for the semiquinones, so spin rotation is a less effective
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X-band Electron Spin Relaxation Times for Four Aromatic Radicals 1005

relaxation mechanism for DPPH than for the semiquinones. For DPPH there are
large anisotropic hyperfine couplings to two nitrogens [45]. Modulation of these
interactions by tumbling is proposed to be the primary reason that 1/7 for DPPH is
substantially larger than for 2,5-DTBSQ.

The sulfur-centered thianthrene radical has larger spin—orbit coupling than the
carbon or oxygen-centered radicals, which results in higher g values. The lower
molecular weight makes 7z smaller. Because of the higher g values and smaller tg,
the spin rotation contribution to relaxation for thianthrene is the largest of the
radicals included in this study. Within the uncertainty of estimating Ty, spin rotation
is estimated to make a substantial contribution to 1/7;. Modulation of the significant
hyperfine couplings to four protons also is likely to be a significant contribution.

Of the radicals included in this study, the nitroxides have the shortest 7. For
rapidly tumbling nitroxides at X-band the spin rotation contribution is comparable
to the contribution from modulation of the anisotropic nitrogen hyperfine coupling,
and the relative importance is strongly dependent on g [29].

4 Conclusions

For trityl radicals that have g values close to 2.0023 and very weak proton hyperfine
couplings, 1/T} is dominated by a local mode. Increasing spin orbit coupling in
radicals containing heteroatoms, including semiquinones, thianthrene, and nitroxide
radicals increases g values and increases the contributions to relaxation from spin
rotation. Modulation of anisotropic nuclear hyperfine interactions makes a large
contribution to relaxation for DPPH and for nitroxyl radicals.
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