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Electron spin lattice relaxation rates for five semiquinones (2,5-di-t-butyl-1,4-benzosemiquinone, 2,5-di-
t-amyl-1,4-benzosemiquinone, 2,5-di-phenyl-1,4-benzosemiquinone, 2,6-di-t-butyl-1,4-benzosemiqui-
none, tetrahydroxy-1,4-benzosemiquione) were studied by long-pulse saturation recovery EPR in 1:4
glycerol:ethanol, 1:1 glycerol:ethanol, and triethanolamine between 25 and 295 K. Although the domi-
nant process changes with temperature, relaxation rates vary smoothly with temperature, even near
the glass transition temperatures, and could be modeled as the sum of contributions that have the tem-
perature dependence that is predicted for the direct, Raman, local mode and tumbling-dependent pro-
cesses. At 85K, which is in a temperature range where the Raman process dominates, relaxation rates
along the gy (g ~ 2.006) and g, (g ~ 2.005) axes are about 2.7-1.5 times faster than along the g, axis
(g=2.0023). In highly viscous triethanolamine, contributions from tumbling-dependent processes are
negligible. At temperatures above 100 K relaxation rates in triethanolamine are unchanged between X-
band (9.5 GHz) and Q-band (34 GHz), so the process that dominates in this temperature interval was
assigned as a local mode rather than a thermally activated process. Because the largest proton hyperfine
couplings are only 2.2 G, spin rotation makes a larger contribution than tumbling-dependent modulation
of hyperfine anisotropy. Since g anisotropy is small, tumbling-dependent modulation of g anisotropy
makes a smaller contribution than spin rotation at X-band. Although there was negligible impact of
methyl rotation on Ty, rotation of t-butyl or t-amyl methyl groups enhances spin echo dephasing between
85 and 150 K.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

Contributions to relaxation with this linear temperature depen-
dence have been found to increase with spin concentration [13],

Understanding of electron spin relaxation rates is needed for
studies of interspin distances by relaxation enhancement [1] and
for design of experiments such as electron-nuclear double reso-
nance [2] and electron-electron double resonance [3]. Early funda-
mental work on electron spin lattice relaxation was based on ions
in a crystalline lattice, as summarized in references [4-6]. Subse-
quent studies have found that the characteristic temperature
dependence predicted for these solid state mechanisms also is ob-
served in glassy solvents [7-9] for triarylmethyl [10,11], nitroxyl
[12-14], and galvinoxyl [12] radicals, and for Cu(Il) [15] and
V(IV) complexes [16].

The contribution from the one-phonon direct process, which of-
ten dominates at low temperatures, increases linearly with
temperature.
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which suggests that intermolecular spin-spin interaction can be
significant. For a vanadyl porphyrin the contribution from the direct
process increased with increasing Larmor frequency [17].

The two-phonon Raman process for S =1 [18] has the charac-
teristic temperature dependence [19,20]:

1 T 9 Op Op On/T e*
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where 6 is the effective Debye temperature in K and Jg is the trans-
port integral. In the derivation of the direct and Raman processes
the Debye temperature is the upper cutoff frequency for the phonon
distribution. Especially in molecular solids, there is not a sharp cut-
off frequency, so the Debye temperature determined by fitting to
experimental data is an ‘effective’ Debye temperature that is char-
acteristic of a particular sample [21]. The effective Debye tempera-
tures in glasses usually are lower than in ionic lattices and often are
between 30 and 150 K [7]. The high temperature limiting behavior
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of the Raman process, which is observed above the Debye temper-

ature, is

o = G &)
1

Temperature regions in which 1/T; increases proportional to T? are

well defined for triarylmethyl [10,11] and nitroxyl [7,12] radicals in

glassy solvents.

In glassy solvents at higher temperatures, but where the mole-
culeis still tumbling slowly on the EPR time scale, 1/T; increases with
temperature more rapidly than the T?> dependence of the Raman pro-
cess, which could arise from a local mode as described by Eq. (4) [22]
or a thermally activated process as described by Eq. (5) [9].

1 exp[ )
e — SlocT A T o
T (exp[] - 1)°
where A, is the energy of the local mode in K. If G is independent
of Larmor frequency, the contribution from the local mode is fre-
quency independent.
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where w is the Larmor frequency, Tiherm iS the correlation time for
the dynamic process =12 exp(E./RT), E, is the activation energy,
and 70 is the pre-exponential factor. Unless the coefficient Ciperm
has a frequency dependence that compensates for the frequency
dependence of the spectral density function in Eq. (5), the contribu-
tion from a thermally activated process is frequency dependent. For
a limited temperature range at a single Larmor frequency, it is dif-
ficult to distinguish between the temperature dependence of relax-
ation due to a thermally activated process or a local mode.
However, the two processes can be distinguished based on the fre-
quency dependence of the thermally activated process and the fre-
quency independence of the local mode [8].

For triarylmethyl radicals [11], nitroxyl radicals [12], bis-
diethyldithiocarbamato(Cu(Il)) [17], and a vanadyl porphyrin
[17] a frequency-independent process is observed, which is
therefore assigned to a local mode. For radicals with large hyper-
fine couplings to methyl protons, rotation of the methyl groups
at a rate comparable to the Larmor frequency enhances 1/Ty,
which is a thermally activated process [23,24]. Enhancement of
1/T; below about 20 K by methyl tunneling has been observed
[25,26].

Above the glass transition temperature, as the rate of molecular
tumbling becomes faster, two additional processes may become
significant - spin rotation (Eq. (6)) [27] and modulation of g and
A anisotropy by tumbling (Eq. (7)) [28-32].
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where 7 is the tumbling correlation time and i =x, y, z.
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where w is the electron Larmor frequency.
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where I is the nuclear spin, A is the average nuclear hyperfine cou-
pling, and A; is the x, y, or z component of the nuclear hyperfine
coupling.

Ag =8, — O'S(gxx +gyy) and 5g = 05(gxx - gyy) (9)

For nitroxyl radicals in the absence of O,, the dominant tumbling-
dependent contribution to relaxation is modulation of g and A
anisotropy [14,30,33,34]. Tumbling correlation times for nitroxyl
radicals can be determined by simulation of lineshapes in CW spec-
tra [35]. For nitroxyl 7> 10"° s modeling of spin lattice relaxation
rates requires a tumbling-independent contribution that has been
proposed to be thermally activated methyl rotation [30], solvent
spin diffusion [28,36], or a combination of Raman process and local
mode [14]. For triarylmethyl radicals g values are close to g. and
hyperfine interactions are small, so tumbling-dependent processes
make negligible contribution to 1/T; at X-band and the dominant
contribution, even in water at room temperature, has the tempera-
ture dependence that is characteristic of a local mode [10,11]. For
triarylmethyl radicals at 250 MHz wt is ~1 at ambient temperature
so modulation of weak hyperfine interactions makes larger contri-
butions to 1/T; than at X-band [37].

Semiquinones are important in a variety of biological systems
[38,39]. Knowledge of semiquinone relaxation rates is needed for
relaxation enhancement measurements of interspin distances such
as between the iron-sulfur cluster and the flavin adenine dinucle-
otide (FAD) semiquinone of electron transfer flavoprotein ubiqui-
none oxidoreductase (ETF-QO) [40,41]. There are a few reports in
the literature concerning the temperature dependence or mecha-
nism of spin lattice relaxation of semiquinones [42-48] at temper-
atures between about 200 K and room temperature at X-band. The
dependence of semiquinone relaxation on microwave frequency
was tested only at room temperature [46]. Values of the spin lattice
relaxation rate, 1/T;, obtained by pulse methods as a function of
temperature and viscosity [42-44,46,47] have been fitted with
Eq. (10).
l:AI-i—BeE“/RT (10)
T] n
where # is viscosity and E, is activation energy. There is general
agreement that the term containing T/x is due to spin rotation.
However the second term is not well understood and has been
attributed to hindered rotation [43,47], and/or spin rotation [46].

To better understand relaxation processes for semiquinones,
relaxation rates for five semiquinones (Table 1) were measured
by long-pulse saturation recovery (SR) between 25K and room
temperature and by electron spin echo (ESE) between about
85K and room temperature. The semiquinones were selected to
vary the positions of substitution on the ring, the magnitude of
proton hyperfine couplings, and the presence or absence of
methyl groups that could undergo dynamic processes on the time
scale of the experiments (Table 1). To vary the magnitude of the
tumbling-dependent contribution to 1/T; three solvents systems
were selected that have increasing viscosities at room tempera-
ture: 1:4 glycerol:ethanol, 1:1 glycerol:ethanol, and triethanola-
mine. Because of differences in solubilities and stabilities it was
not possible to study all of the semiquinones in all of the sol-
vents. Data at X-band and Q-band were compared to distinguish
between proposed mechanisms. Room temperature SR measure-
ments also were performed at S-band. Since spin echo dephasing
rates can provide complementary information about molecular
dynamics, values of 1/T;,, were measured for the series of
semiquinones.

2. Experimental
2.1. Preparation of samples
2,5-Di-t-butyl-hydroquinone (98%, Alfa Aesar), 2,6-di-t-butyl-

1,4-benzoquinone (98%, Aldrich), 2,3,5,6-tetrafluro-1,4-benzoqui-
none (97%, Aldrich Chemical Co.), 2,5-di-t-amyl-1,4-benzoquinone
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Table 1
Semiquinones studied.

Name Structure Molar mass (g/mol) Isotropic 'H hyperfine (G) +0.002 Anisotropic ring 'H hyperfine (G) 0.1
o
HO. OH
THSQ 172
HO OH
Oo_
2,6tBSQ 220 0.052 (18 H) Aw=128
1.24 (2 H) A,y =092
A=144
o
C(CH3)3
2,5tBSQ 220 0.056 (18 H) Ax=2.14
215(2H Ayy=1.92
(HsC)sC 2H) s
zZ ~ L
Oo_
o
C(CHj)2CoHs
2,5tASQ 250 2.14 (2H) Ax=2.13
A,y =2.03
CZHS(H3C)2C AZ:= 2235
O_
o
CeHs
2,5PSQ 260 2.21 (2H) A =268
CoHs A,y =2.07
A;;=2.88
(@)

(TCI America), 2,5-di-phenyl-1,4-benzoquinone (TCI America), 4-
hydroxy-2,2,6,6-tetramethylpiperidin-1-yl ~ (tempol)  (Aldrich
Chemical Co.) and 4-oxo0-2,2,6,6-tetramethylpiperidin-1-yl (tem-
pone) (Aldrich Chemical Co.) were used without further
purification.

2,5-Di-t-butyl-1,4-benzosemiquinone (2,5tBSQ) was prepared
by air oxidation at pH 12 by mixing equal volumes of air-saturated
solutions of the corresponding hydroquinone and KOH [49], fol-
lowed immediately by freeze-pump-thaw-degassing of the solu-
tion. The 2,6-di-t-butyl-1,4-benzosemiquinone (2,6tBSQ) and 2,5-
di-t-amyl-1,4-benzosemiquinone (2,5tASQ) also were prepared
by air oxidation of the corresponding quinones.

Tetrahydroxy benzosemiquinone (THSQ) was prepared by mix-
ing one equivalent of air saturated triethanolamine solution of
2,3,5,6-tetrafluro-1,4-benzoquinone with five equivalents of KOH.
2,5-Di-phenyl-1,4-benzoquinone was reduced to hydroquinone
with sodium dithionite, and semiquinone (2,5PSQ) was then gener-
ated by air oxidation as described above.

2.2. EPR spectra

Samples were degassed by freeze-pump-thaw. Relaxation rates
at 0.2 and 0.5 mM are the same, within experimental error, which
indicates negligible concentration dependence in this range. To im-
prove signal-to-noise ratios, concentrations typically were about
0.5 mM.

2.2.1. CW spectra

X-band CW spectra were recorded on a Varian E9 spectrometer
with a rectangular TEo, cavity. A modulation frequency of 25 kHz
was used to avoid modulation broadening. DPPH (g = 2.0036) was

used as the g value standard at X-band. Spectra were simulated
using locally written software to determine hyperfine coupling
constants and g values. To more accurately determine anisotropic
g values Q-band CW spectra were obtained on a Bruker E580 spec-
trometer with a split ring resonator using 10 kHz modulation. The
average of the g values obtained from the Q-band spectra was ad-
justed to match the calibrated g5, values obtained at X-band.

2.2.2. Pulsed EPR

X-band spin lattice relaxation rates (1/T;) were measured on a
locally constructed SR spectrometer [50] using a rectangular cav-
ity with Q ~3000. Q-band measurements were performed on a
Bruker E580. Relaxation rates as a function of temperature were
measured at the magnetic field position that corresponds to the
maximum intensity in the absorption spectrum. Observe power
was reduced until further decrease had no impact on apparent
T;. Below about 25K the relaxation times of semiquinones are
longer than about 50 ms. The attenuation available on the spec-
trometer was not sufficient to decrease the observe power to
the low levels required to avoid perturbing the recovery curves
for such long values of T,. Therefore measurements were per-
formed between 25 and 295 K. In order to avoid contributions
from spectral diffusion to the recovery signal, the pump pulse
was longer than T;. Pump times ranged from 40 ms at 25K to
20 ps at 298 K for 2,6tBSQ in 1:4 glycerol:ethanol, for example.
Artifacts due to switching and cavity heating were removed by
subtraction of an off-resonance signal. The time windows used
to record recovery signals were 10 times T;. Single exponentials
gave good fits to the recovery curves.

The X-band spin lattice relaxation rates for 2,5tBSQ and THSQ in
triethanolamine also were measured by inversion recovery with a



114 V. Kathirvelu et al./Journal of Magnetic Resonance 198 (2009) 111-120

1-Tyar-Tt/2-T-1-T-echo pulse sequence on a Bruker E580 spectrom-
eter, using an over-coupled split ring resonator. Measurements
were made using 20 ns, 10 ns, 20 ns pulses. The time windows
used to record the inversion recovery signals were 10 times Ty,
The values of T; obtained by inversion recovery in the center of
the spectra between 85 and 300 K were 10-15% longer than the
values measured by long-pulse SR. Inversion recovery signals are
more susceptible to the effects of spectral diffusion than SR signals
because the inverting pulse is short [8]. However, spectral diffusion
would be expected to decrease, rather than increase, the apparent
T, so differences between T, values obtained by SR and inversion
recovery are not due to spectral diffusion. The 10 ns 1t/2 pulses pro-
duce a B; of about 9 G, which is much larger than the B; for the SR
experiments. As discussed below, T; is longer along g,, than along
Zxx OT gyy. The X-band T values were measured in the center of the
spectrum, which is dominated by g, and g,,. The systematically
longer values of T; obtained by inversion recovery are attributed
to the broader excitation bandwidth which averaged in longer con-
tributions from other orientations. Data used to analyze the tem-
perature dependence of 1/T; and shown in the figures were
obtained by SR unless noted otherwise.

S-band SR measurements at room temperature were performed
on a locally designed spectrometer [51] using a loop gap resonator
with Q ~ 2900.

Two-pulse echo decays were measured on a Bruker E580 spec-
trometer using a split ring resonator with Q ~ 500 that was over-
coupled to Q ~ 150. Measurements were made using 40 and
80 ns pulses and detection windows about 10 times Ty,. Initial
times for data acquisition were 100 ns.

In 1:1 and 1:4 glycerol:ethanol relaxation rates for the semiqui-
nones were the same for samples that were gradually cooled and
ones that were rapidly cooled and then gradually warmed. Solu-
tions in triethanolamine became cloudy if the solution was cooled
slowly between about 260 and 280 K. Relaxation rates in trietha-
nolamine above about 280 K were obtained by slow cooling from
room temperature. Rates at lower temperatures were obtained
by cooling quickly in liquid nitrogen and then gradually warming
the sample.

2.3. Tumbling correlation times

The glass transition temperatures for the solvent mixtures that
were used in this study have not been reported in the literature.
The temperatures above which the line shapes of the CW spectra
for tempol become more temperature dependent are about 180 K
for 1:4 glycerol:ethanol and about 218 K for 1:1 glycerol:ethanol.
These temperatures are below the point where tumbling was ob-
served to make a significant contribution to 1/T;.

Since methods have not been developed to calculate the tum-
bling correlation times of semiquinones from CW EPR spectra, it
was assumed that tumbling times for the semiquinones would
be proportional to those of a nitroxyl. For nitroxyl radicals in 1:1
water:glycerol tumbling correlation times, 7, follow the Stokes-
Einstein model with addition of a slip coefficient cqip, T = CipVi7/KT
where V is molecular volume, and # is viscosity [14]. The slip coef-
ficient depends on both solvent and solute and ranges between
0.02 and 0.12 for tempone in various solvents. The X-band CW
spectra of tempone and tempol were recorded as a function of tem-
perature in the same solvents that were used for the semiquinone
experiments, and the nitroxyl lineshapes were simulated using the
NLSL program [35] to estimate the rotational diffusion rates R, and
R,. The parameters needed for the NLSL simulations (g, &y, &xx
Az, Ay, A;;) were obtained by simulating frozen solution spectra
using locally written software. Rotational anisotropy was signifi-
cant only at lower temperatures where the tumbling-dependent
contributions to 1/T; were small. Isotropic motion was therefore
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Fig. 1. Temperature dependence of tumbling correlation times 7 in 1:4 glyc-
erol:ethanol for tempone () and tempol (+) obtained by simulation of CW
lineshapes and ot for 2,5tBSQ (v7), 2,5tASQ (O), 2,5PSQ (A), and 2,6tBSQ (O0)
obtained by analysis of the temperature dependence of 1/T;.

assumed in analyzing relaxation, and the tumbling correlation
times were obtained from the rotational diffusion rates using the
expression t = 1/(6[R;R*])'".

The temperature dependence of t for tempol and tempone in
1:4 glycerol:ethanol is shown in Fig. 1. Although the molar masses
differ by only 2 amu, the 7 values for tempol are about twice as
large as for tempone, which demonstrates the effect of hydrogen
bonding on cyp. Since hydrogen bonding is significant for the semi-
quinones, it was assumed that values of T for semiquinones were
proportional to values for tempol. The curves for tempone and
tempol in Fig. 1 are parallel, so the use of tempone instead of tem-
pol to estimate 7 for semiquinones would only increase values of «
in Eqs. (12) and (13) and would not otherwise change the fit
functions.

2.4. Analysis of the temperature dependence of 1/T;

The temperature dependence of the relaxation rates was mod-
eled as the sum of contributions (Eq. (11)) from the direct process
(Eq. (1)), Raman process (Eq. (2)), local mode (Eq. (4)), spin rotation
(Eq. (12)), and modulation of g and A anisotropy (Eq. (13)).

1 1 1 1 1 1

T e “”
1 — 21'3:1 (gl 7ge)2 (12)
TSRt 9t
1 ot (13)

L _Ch
5 M1 (o)

Egs. (12) and (13) for the tumbling-dependent processes were mod-
ified from Eqgs. (6) and (7) by using a7 instead of 7, where 7 is the
tumbling correlation time for tempol in the same solvent at that
temperature, and o is the scaling factor that relates the semiqui-
none tumbling time to that for tempol. For nitroxyl radicals in fluid
solution [14] it was observed that the Cole-Davidson (CD) spectral
density function [52], which was developed for dielectric relaxation,
was a better model than the Bloembergen Pound Purcell (BPP) spec-
tral density function. For the semiquinones the contribution from
modulation of g and A anisotropy (Egs. (7) and (13)) is so small that
it was not possible to distinguish between the models, so the sim-
pler BPP spectral density function was used.

Each of these processes predicts a distinctive dependence of
1/T; on temperature and tumbling correlation time. Cg; (Eq.
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(1)), Cram (Eq. (2)), and Gy (Eq. (4)) are adjustable parameters
that scale the contributions from the corresponding processes.
The other adjustable parameters are Op, 4o, and «. These six
parameters were varied to give the best least-squares fit to the
plots of log(1/T;) vs. logT. The dominant contribution changes
with temperature. In the initial analyses all parameters were var-
ied, and values were selected based on the goodness of fit in the
temperature regime where a particular process dominated. Based
on these analyses 0p, ranged from 148 to 155K and 4, ranged
from 595 to 607 K; these variations are less than the uncertain-
ties in the values. Values of Cg,y, and 0p are correlated, so to per-
mit comparisons of Cr,n, independent of 6p, Op was fixed at
150K. Values of Coc and Ay, are correlated, so to permit
comparisons of Gy, independent of the energy of the local mode,
Ajoc Was fixed at 600 K. The use of the average values of 0p and
Ajoc instead of the extreme values corresponds to an uncertainty
of about 5% in the coefficients Cram, or Cjoc. Although extrapolation
of the T?> dependence of the Raman process above the glass
transition temperature is not proven, substantial deviation from
T? results in coefficients of other processes that seem less physi-
cally reasonable. It is expected that as more relaxation informa-
tion is obtained for organic radicals in fluid solution, additional
mechanisms will be identified that may suggest refinement of
the coefficients reported here. The tumbling scaling parameter o
in Eq. (12) was determined by first adjusting Cray, and Gy to
match the relaxation rates at temperatures where the contribu-
tion from the tumbling-dependent process is negligible, and then
adjusting o to minimize the error function at higher tempera-
tures. The resulting parameters are given in Table 2. Values of
o (Table 2) are in the range of 1.23-1.5 and correlate with trends
in molecular weight, as expected. The values of at for four sem-
iquinones in 1:4 glycerol:ethanol (Fig. 1) gave good fit to the
tumbling-dependent contributions to relaxation as discussed
below.

TIK]

25 50 75 190 250

= 4

Log[1/T(s"

14 16 18 20 22 24 26
Log[T(K)]

Fig. 2. Temperature dependence of relaxation rates at X-band for 2,5tASQ in 1:4
glycerol:ethanol (O), 1:1 glycerol:ethanol (M), and triethanolamine (A). The solid
line is the fit function and the dashed lines are the contributions from the direct (1),
Raman (2), and local-mode processes (3), respectively, in triethanolamine. It is
assumed that the temperature dependence that is characteristic of the Raman and
local modes in glasses persists above the glass transition temperature.

3. Results and discussion
3.1. Temperature dependence of 1/T;

X-band spin-lattice relaxation rates for 2,5tASQ in 1:4 glyc-
erol:ethanol, 1:1 glycerol:ethanol, and triethanolamine between
25 and 295K (Fig. 2) are typical of the semiquinones studied.
Although relaxation rates change monotonically with temperature,

Table 2

Parameters used to model the temperature dependence of relaxation rates at X-band?.

Radical Solvent g value +0.0001 Cair (571 Cram® (x10%s7) Cioc (x10%s71) Cen (10" 572) o

2,5PSQ 1:4 glycerol: ethanol g, =2.0067 0.3 12.6 0.127 1.69 1.5
gy, =2.0051
g,=2.0023

2,5tASQ 1:4 glycerol: ethanol gx=2.0064 04 14.9 0.17 1.567 1.45
gy =2.0053
g,=2.0023

2,5tBSQ 1:4 glycerol: ethanol 8x = 2.0065 0.3 15.5 0.175 1.571 1.23
gy =2.0052
g,=2.0023

2,6tBSQ 1:4 glycerol: ethanol g, =2.0064 0.65 16.9 0.18 1.493 1.23
gy =2.0052
g,=2.0023

2,5tASQ 1:1 glycerol: ethanol g, =2.0064 0.45 133 0.127 1.567 1.45
g, =2.0053
g,=2.0023

2,5tBSQ 1:1 glycerol: ethanol 8x =2.0065 0.45 13.7 0.131 1.571 1.23
gy =2.0052
g,=2.0023

2,6tBSQ 1:1 glycerol: ethanol gx =2.0064 0.7 15.4 0.142 1.492 1.23
gy =2.0052
g,=2.0023

2,5PSQ Triethanolamine 0.4 10.8 0.089

2,5tASQ Triethanolamine 0.41 124 0.107

2,5tBSQ Triethanolamine 0.41 12.8 0.110

2,6tBSQ Triethanolamine 0.56 14.7 0.128

THSQ Triethanolamine 0.1 15 0.129

2 Relaxation rates were measured at the position of maximum intensity of the absorption signal.

b Debye temperature fixed at 150 K.
¢ Energy of local mode fixed at 600 K.
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the temperature dependence could not be modeled with a single
relaxation process. Between about 35 and 80 K the Raman process
dominates. Below about 35 K the temperature dependence of 1/T;
could not be fitted with the Raman process alone, which required
inclusion of a contribution with the linear temperature depen-
dence that is characteristic of the direct process (Eq. (1)). Above
about 80 K log(1/T7) vs. log T would have a slope of 2, if it followed
the high temperature limiting form of the Raman process (Eq. (3)).
However, the slope is greater than 2, which indicates that an addi-
tional process contributes. The basis for assignment of that process
as a local mode is discussed below. In highly viscous triethanola-
mine, contributions from the direct, Raman, and local-mode
processes are sufficient to model the temperature dependence of
1/T; over the full temperature range studied (Fig. 2). In the least
viscous solvent, 1:4 glycerol:ethanol, relaxation rates above
230K were faster than in the more viscous solvents, which is
attributed to tumbling-dependent processes.

3.2. Orientation dependence of 1/T;
The X-band CW EPR spectrum of 2,6tBSQ in 1:4 glycerol:eth-

anol at 85K is a single broad line with peak to peak line width
of 5.5 G (Fig. 3a). Although g anisotropy is not resolved at X-band,

a 8o0x10°

6.0x10°

P
p~

Relaxation rate (s'1)

5.0x10° -

0.0 d T T T g T T T v
3370 3380 3390 3400 3410 3420
Field (G)

b 200

1.0x10° 2

1.5x10°

Relaxation rate (s™)

égxx ;gyy ggzz

T T T
12160 12180 12200

Field (G)

T
12120 12140

Fig. 3. (a) X-band data for 2,6tBSQ in 1:4 glycerol: ethanol at 85 K. (1) Orientation
dependence of 1/T, (2) orientation dependence of 1/T; obtained by inversion
recovery, and (3) CW EPR spectrum. (b) Q-band data for 2,6tBSQ in 1:4 glycerol:
ethanol at 85 K. (1) Orientation dependence of 1/T,, (2) orientation dependence of
1/T, obtained by inversion recovery, and (3) CW EPR spectrum.

at Q-band resonance for g,, (2.0023) is well resolved from gy,
(2.0064) and gy, (2.0052) (Fig. 3b). The g values for the other
semiquinones are similar to those of 2,6tBSQ (Table 2). Because
of the g value resolution, the dependence of spin lattice relaxa-
tion rates at 85 K on position in the spectrum is better resolved
at Q-band than at X-band (Fig. 3a and b). The relaxation rates
are 2.7-1.5 times faster near the g, (£~2.006) and g,
(g ~2.005) axes than along the g, axis (g ~ 2.0023). Slower relax-
ation along the g,, axis, which has the smallest g value, also has
been observed for nitroxyl radicals [53]. Anisotropy of vibrational
modes or of spin-orbit coupling may contribute to orientation
dependence of relaxation [53].

3.3. Frequency dependence of 1/T;
The temperature dependence between 85 and 295 K of 1/T; in

triethanolamine at X and Q-band for 2,5tASQ and THSQ is shown
in Fig. 4a and b, respectively. Rates at S-band at 293 K are also
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Fig. 4. (a) Temperature dependence of spin lattice relaxation rates for 2,5tASQ in
triethanolamine at X-band (O), at Q-band along the g, axis (), at Q-band along the
g,, axis (A), and at S-band (M). (b) Temperature dependence of spin lattice
relaxation rates for THSQ in triethanolamine at X-band (), at Q-band along the gy,
axis (v), at Q-band along the g, axis (A), and at S-band (M). The solid lines are the
fit functions for the X-band data. It is assumed that the temperature dependence
that is characteristic of the Raman and local modes in glasses persists above the
glass transition temperature.
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Fig. 5. Temperature dependence of relaxation rates for 2,6tBSQ (0), 2,5tASQ (O),
and 2,5PSQ (A) in 1:4 glycerol:ethanol. The solid line is the fit function which is the
sum of contributions that are shown as dashed lines for the direct (1), Raman (2),
local mode (3), spin rotation (4), and modulation of g and A processes (5). It is
assumed that the temperature dependence that is characteristic of the Raman and
local modes in glasses persists above the glass transition temperature.

shown. At Q-band, throughout the temperature range studied,
rates for 2,5tASQ are about 20% faster along gy, and about 20%
slower along g,, than in the center of the spectrum at X-band.
For THSQ the rates measured at X-band along the g, axis are sim-
ilar to the rates measured at Q-band along g,,, which are about
twice as fast as along g,, at Q-band (Fig. 4b). At room temperature
rates at S-band are within experimental uncertainty of rates at X-
band. Since the differences between rates at X-band and Q-band
are small and temperature independent, they are attributed to bet-
ter resolution of the orientation dependence of 1/T; at Q-band than
at X-band, and not to frequency dependence of the process. Hence,
the process is assigned as a local mode.

3.4. Impact of semiquinone structure on contributions to 1/T;

Relaxation rates in 1:4 glycerol:ethanol between 25 and 295 K
show systematic differences between semiquinones (Fig. 5),
although the overall dependence on temperature is similar. These
differences are reflected in the coefficients for the contributions
from the relaxation processes that are summarized in Table 2.

3.4.1. Direct process

The values of Cy;; are between 0.1 and 0.7, are not strongly sol-
vent dependent, and increase in the order THSQ <2,5-substituted
semiquinones <2,6tBSQ. Ion pairing of semiquinones with alkali
metals [54-56] may contribute to locally high concentrations that
enhance the direct process [13]. The large variations in Cy;; may be
due to differences in stacking, with the most negatively charged
THSQ having the smallest tendency to stack. Differences in spin
density distributions may also contribute to variations in Cgi;.

3.4.2. Raman process

The trends in Cgay, are the same for the three solvents: 2,5PSQ
(mw = 260) < 2,5tASQ (mw = 250) < 2,5tBSQ (mw = 220) < 2,6tBSQ
(mw =220)<THSQ (mw =172). The relaxation rates increase
approximately inversely proportional to molar mass, which is sim-
ilar to what has been observed for nitroxyl radicals [12]. Although
the molar masses are the same, the relaxation rates are faster for
2,6tBSQ than for 2,5tBSQ. The proton hyperfine couplings in
2,5tBSQ to the ring protons (2.15G) and to the t-butyl protons
(0.056 G) are larger than the corresponding couplings for 2,6tBSQ:
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Fig. 6. Contributions to spin-lattice relaxation rates from the local mode as a
function of temperature for semiquinones in triethanolamine: 2,5tBSQ (</), 2,5tASQ
(0), 2,5PSQ (A), 2,6tBSQ (O), THSQ (x). The solid lines are the fit functions.

1.24 G and 0.052 G. These differences in coupling constants indi-
cate that in the 2,5-substituted semiquinone, the spin density is
enhanced at the 2,3,5,6 positions of the ring at the expense of
the 1,4 positions and oxygens. Since the Raman process is a vibra-
tion-related process, changes in the spin density distributions that
modify the impact of individual vibrations on the unpaired elec-
tron, impact spin lattice relaxation. The lower spin density on the
1,4 positions decreases spin-orbit coupling for 2,5tBSQ, which de-
creases the spin-lattice relaxation rate.

3.4.3. Local mode

In triethanolamine, tumbling is so slow that even at room tem-
perature the tumbling-dependent processes make negligible con-
tributions to the spin lattice relaxation (Fig. 2), so relaxation
rates in this solvent were chosen to examine the local mode in
greater detail. The contributions from the local mode, Tﬂ—p were

estimated from the experimental rates by subtracting the contri-
butions from the direct, T% and Raman, wm, processes calculated
1 1
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Fig. 7. Correlation between the experimental contributions from the Raman and
local-mode processes in triethanolamine for 2,5tBSQ (57), 2,5tASQ (O), 2,5PSQ (A),
2,6tBSQ (OJ), and THSQ (x). To obtain this master curve the values added to the x
and y coordinates were 0.07 for 2,5PSQ, 0.03 for 2,5tASQ, —0.05 for 2,6tBSQ, and
—0.06 for THSQ.
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Fig. 8. Dependence, between 295 and 233K, of contributions to spin-lattice
relaxation from the tumbling-dependent processes on tumbling correlation time in
1:4 glycerol:ethanol for 2,5tBSQ (), 2,5tASQ (O), 2,5PSQ (A), 2,6tBSQ (O). The
solid line is the sum of contributions from spin rotation (--) and modulation of g and
A anisotropy (...) for 2,5PSQ.

using the parameters in Table 2 at each temperature (Eq. (14)). The
resulting values are shown in Fig. 6.
1 1 1 1

Tloc‘ exp T] - W - Tl]?am (14)
1

The temperature dependence of ,Uc = 1s similar for the five semiqui-
nones and Cj,. increases in the ‘order 2,5PSQ < 2,5tASQ ~ 2,5tBSQ
<2,6tBSQ ~ THSQ (Table 2), which is similar to the trends observed
for Cram. The contributions to relaxation from the local mode are
plotted against the contributions from the Raman process in
Fig. 7. For each semiquinone a constant value was added to both
the x and y coordinates to scale the values to overlay the curve
for 2,5tBSQ. On this master curve the contributions from the two
processes are proportional throughout the accessible temperature
region, which means that if 0p and Ay, are constant, Cray, i pro-
portional to Gocar. This observation indicates that similar factors im-
pact both two-phonon processes. Similar correlations were
observed in other solvents. A correlation between the contributions
from the Raman and local-mode processes also was observed for ni-
troxyl radicals [12].

In highly viscous triethanolamine, tumbling-dependent pro-
cesses make negligible contribution to relaxation and there is no
change in the slope of the plot of log(1/T;) vs. logT (Figs. 2 and
4a and b) in the vicinity of the glass transition temperature. This
implies that processes with the temperature dependence that is
characteristic of the Raman and local mode in the glassy state con-
tribute to relaxation in fluid solution.

3.4.4. Tumbling-dependent processes

The contributions to the experimental rates from the tumbling-
dependent processes were determined by subtracting the contri-
butions from the direct, Raman, and local-mode processes calcu-
lated using the parameters in Table 2 at each temperature

1 1 1 1 1

Tgumb.exp Tl - ﬁ - TI]Lam - W (1 5)

Values of -+ for the four semiquinones that could be studied in
1:4 glycerdl:ethanol are proportional to a1, which corrects for dif-
ferences in molar masses (Fig. 8). As indicated by the fit lines, the
contribution from spin rotation is much larger than from modula-
tion of g and A anisotropy [42-44,46,47].

3.4.5. Negligible impact of methyl groups

The relaxation rates for all of the methyl-containing semiqui-
nones were slower than for THSQ, which contains no methyl
groups. Thus there is no indication of T; relaxation enhancement
by rotation of methyl groups.

3.5. Comparison with relaxation processes for nitroxyl radicals

Throughout the temperature range studied relaxation rates for
the semiquinones are slower than for nitroxyl radicals [8,12,14].
The isotropic g values for semiquinones are 2.0046-2.0051 which
are substantially smaller then the g ~ 2.006 for nitroxyls, so the
slower relaxation rates for the semiquinones are attributed to
smaller spin-orbit coupling [12], which influences all of the relax-
ation process, except the direct process. The proton hyperfine cou-
plings of the semiquinones (Table 2) are much smaller than the
nitrogen hyperfine couplings of the nitroxyl (Aw=5.9G,
Ayy=4.3G, A;;=33.2G for tempone in 1:4 glycerol:ethanol). The
coefficient Ca, (Eq. (8)) is about 1.5 x 10" s~2 for semiquinones
(Table 2), which is more than an order of magnitude smaller that
the value of about 9 x 10'® 52 for nitroxyls [14]. The contribution
to relaxation from spm rotatlon (Eqgs. (6) and (12)) is proportional
to the coefficient 37 , &g gf . This factor is about 3 x 10~® for sem-
iquinones, which is only about a factor of two smaller than the va-
lue of about 7 x 10~ for nitroxyls. Although modulation of A
anisotropy dominates the tumbling-dependent contribution to
relaxation for nitroxyl radicals at X-band, the much smaller de-
crease in the coefficient for the spin rotation process than in the
coefficient C4, means that the spin-rotation contribution is the
dominant tumbling-dependent contribution for semiquinones, as
concluded in prior studies [42-44,46,47]. The modulation of g
and A anisotropy makes negligible contribution to the relaxation
for the semiquinones.

3.6. Spin echo dephasing rates (1/T,,)

Spin echo dephasing experiments can elucidate the dynamics of
the methyl groups and provide information that is not available
from spin lattice relaxation. The spin echo dephasing rate (1/T,,)
includes the effects of all process that take spins off resonance:
instantaneous diffusion, fluctuation of dipolar interactions, libra-
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Fig. 9. Temperature dependence of spin echo dephasing rates in triethanolamine
for 2,5PSQ (A), THSQ (%), 2,5tASQ (O), 2,6tBSQ (O), and 2,5tBSQ (/).



V. Kathirvelu et al. /Journal of Magnetic Resonance 198 (2009) 111-120 119

tional motion of the paramagnetic species and nuclear spin diffu-
sion [8].

3.6.1. Temperature dependence of 1/Tp,

The echo decay curves for 2,5tASQ, 2,5tBSQ, and 2,6tBSQ
in triethanolamine could be fit well with the function
Y(7) = Y(0)exp[($¥)"] + C with n=1, which is observed when a
dynamic process occurs on the time scale of the experiment [57].
Echo decay curves for 2,5PSQ and THSQ below 150 K could be fit
better with n =2, which is observed when nuclear spin diffusion
dominates [57]. To facilitate comparisons, n = 1 was used to obtain
the values of 1/T,, that are shown in Figs. 3a and b and 9 for all
samples. The temperature dependence of 1/T, is substantially dif-
ferent for 2,5PSQ and THSQ, which do not contain methyl groups,
than for the semiquinones that have methyl groups (Fig. 9). In ni-
troxyl radicals and Cr(V) complexes rotation of ring methyl groups
at rates comparable to inequivalences in the electron-proton cou-
plings enhances spin echo dephasing at temperatures between
about 80 and 175 K [8,58,59]. By analogy, the enhanced dephasing
rates between about 80 and 160 K for the t-butyl or t-amyl con-
taining semiquinones is attributed to rotation of methyl groups.
As the temperature is increased above 150 K, the dephasing rates
became faster for all of the radicals, which is attributed to in-
creased molecular motion as the glass softens. The maximum
enhancement of 1/T,, occurs at higher temperatures for molecules
with higher activation energies [59], which indicates that the acti-
vation energies are in the order 2,5tBSQ > 25tASQ > 26tBSQ. The
higher activation energy for 2,5tBSQ than for 2,5tASQ is consistent
with increased steric hindrance in a t-butyl group than in a t-amyl
group. The higher activation energy for 2,5tBSQ than for 2,6tBSQ
(Fig. 9) can be explained by considering the activation energies
for rotation of the methyl groups of 1-hydroxy-2,4,6 tri-t-butyl-
benzene and 1-hydroxy-2,5-di-t-butylbenzene. The activation en-
ergy for reorientation of two c type methyl group and one b type
methyl group of the B type t-butyl groups of 1-hydroxy-2,4,6 tri-
t-butylbenzene and 1-hydroxy-2,5-di-t-butylbenzene are 10, 20
k] mol~'and 15, 28 k] mol~! [60]. With respect to the molecular
symmetry, the B type t-butyl groups at the 2 and 6 position of 1-
hydroxy-2,4,6 tri-t-butylbenzene are equivalent to the B type t-bu-
tyl groups at the 2 and 6 position of 2,6tBSQ. The B type t-butyl
groups at position 2 of 1-hydroxy-2,5-di-t-butylbenzene are equiv-
alent to the B type t-butyl groups at the 2 and 5 position of 2,5tBSQ.
Based on this analogy the activation energy for reorientation of the
methyl groups of 2,6tBSQ are expected to be much smaller than for
2,5tBSQ.

3.6.2. Orientation dependence of 1/T,,

The spin echo dephasing rate also depends on position in the EPR
spectrum, which can be seen more clearly at Q-band than at X-band
(Fig. 3a and b). The spin echo dephasing rate is faster near the center
of the spectrum than at either extreme. This field dependence is
characteristic of the impact of molecular motion on 1/T,,, [61], which
is smaller along the principal axes and larger for intermediate orien-
tations. Movement of the spin off resonance is a dephasing process.
In the CW spectrum gy, is not well resolved from g, and hence the
field dependence is not clear around the g, axis, but has greater im-
pact at positions intermediate between g, and gy,.

4. Conclusions

The electron spin-lattice relaxation rates of semiquinones be-
tween 25 and 295 K in highly viscous triethanolamine can be mod-
eled with contributions from the direct, Raman, and local-mode
processes. The contributions from the Raman and local-mode pro-
cesses are correlated (Fig. 7). The higher spin density on the 1,4

positions and oxygens for 2,6tBSQ than for 2,5-disubstituted sem-
iquinones results in faster relaxation by the Raman, and local-
mode processes. Near room temperature in lower viscosity 1:4
glycerol:ethanol and 1:1 glycerol:ethanol spin rotation makes sig-
nificant contributions to the relaxation. Spin lattice relaxation rates
for semiquinones are slower than for nitroxyl radicals at all tem-
peratures studied, which is attributed to smaller spin-orbit cou-
pling. Because of the much smaller hyperfine couplings, the
dominant tumbling-dependent relaxation process for semiquin-
ones is spin rotation, instead of the modulation of g and A anisot-
ropy that dominates for nitroxyls.
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